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Abbreviations

CA = Ammon’s horn

EAAT = Excitatory Amino Acid Transporter

GLAST = Glutamate-Aspertate-Transporter

GLT = Glutamate Transporter

ML = Molecular Layer

MTLE = Mesial Temporal Lobe Epilepsy

PTLE = Paradoxical Temporal Lobe Epilepsy

SDS = Sodium Dodecyl Sulfate

SDS-PAGE = Sodium Dodecyl Sulfate — polyacrylamide gel electrophoresis
TLE = Temporal Lobe Epilepsy



Aims of present study

The overall interest in Professor Danbolt’s research group at the Department of
Anatomy, University of Oslo, is the control of neurotransmitter concentrations and
diffusion in the extracellular space in between synapses in the central nervous system.
My research has focused on the transporter proteins moving the transmitter amino acids
(GABA and glutamate) across cell membranes, and on the roles of these transporter
proteins in normal brain physiology and temporal lobe epilepsy. Changes in transporter
function and expression have been reported in all neurological diseases, and these
changes appear to be part of the pathogenetic processes ultimately leading to nerve cell
damage and neurological and psychological disabilities (for review see: Danbolt, 2001).

In 1999 I applied for a summer research scholarship that was announced by the
Norwegian Research Council. Professor Jon Storm-Mathisen at the Department of
Anatomy was my lecturer and I had talked to him about starting research. I did not get the
scholarship, but Professor Storm-Mathisen wanted students in his lab and he gave me
economic compensation for doing research in his lab that summer. My project was to
study changes in expression of glutamate and GABA transporters in rat brain after
injection of amphetamine. For an inexperienced researcher like me it turned out to be a
project way over my head, but that summer I really got a good introduction to basic lab
techniques.

After that summer I started to work as a Medical Student Research Fellow under
Professor Niels Chr. Danbolt and gradually during my year at Medical School I felt more
competent as a researcher. I have contributed on different projects that involved
transporter expression after immobilization stress, corticosterone injections (see abstract
1), and worked on developing an ELISA procedure using a robot. The results form the
immobilization stress project was presented as a poster on the International Society for
Neurochemistry 18th Biennial Meeting, Buenos Aires, Argentina, and the ELISA
procedure was later used to test antibody specificity (Paper 2). My main project at
Professor Danbolt’s lab was later localization and quantification of the two GABA
transporters in the rat brain (unpublished). This research project is in collaboration with

Prof. D. Furness form Keele, UK.



I was later enrolled in the Medical Research Curriculum and because Professor
Danbolt was collaborating with a lab at Yale University School of Medicine I got the
opportunity to spend almost a year in USA doing research. I did my research at Professor
de Lanerolle’s lab at Yale School of Medicine and had Dr. Tore Eid as my supervisor.
The main goal in this lab is to investigate proteins and enzymes in hippocampus that are
involved in temporal lobe epilepsy. Because the lab is affiliated with the internationally
recognized The Epilepsy Surgery Program at Yale-New Haven Hospital, we had access
to hippocampus tissue from patients with mesial temporal lobe epilepsy.

Since high extracellular glutamate concentrations have been identified as a likely
trigger of epileptic seizures in mesial temporal lobe epilepsy (MTLE), it was a good
opportunity to investigate if these high glutamate levels could be the result of down-
regulation of glutamate transporters (paper 1).

I addition to my main project I worked on two other project at Yale involving the
human epileptic hippocampus. I looked at perivascular expression of aquaporin 4 (AQP4)
using electron microscopy (paper 3) and investigated the distribution of GABA
transporters (GAT1 and GAT3) using immunohistochemistry, Western blotting and
electron microscopy (unpublished).

Overall my research has involved GABA or glutamate transporter proteins in
normal brain physiology and temporal lobe epilepsy. I have learned and used techniques
like membrane protein purification, confocal imaging, electron microscopy, Western
blotting, antibody production, and immunohistochemistry. In addition to using rats,
human tissue from epileptic patients has given me more clinical knowledge. It is after all
patients that bring research to life. Research has given me an appreciation and enthusiasm
for problem solving and basic science and I intend to continue research activity

throughout my career, applying these skills to my work in the clinic.



Papers

Abstract 1

AP14-12

immobilization stress increases the hippocampal protein
leveis of the GABA transporter GAT1

H. Beckstrom, L. F. Bjernscn, S. Arancibia*®,

L. Tapia-Arancibia* and N. C. Danboh

Department Anatomy, Institute of Basic Medical Sciencey,
University of Oslo. Nurway. *Laboratoire de Plasticite Ceéréhrale,
Université de Montpellier 11, Monipellier, France

GABA and ghycine are the major inhibitory neurotransmitters in the
mammalian brain and spinal cord. respectively, while glutamate is the
mapor excitatory transmiller. These tmnsmiters are deared from the
extracellular fluid by Na* -dependent collular uptake. GABA uptake
is mediated by four different transporters (GATL GAT2, GAT3 and
GAT4), while ghvine and glutamate uptake are mediated by two
(GLYT! and GLYT2) and five (GLAST, GLT, EAAC, EAATS and
EAATS) different transporters, respectively. A number of reports have
been published on the effects of stress on GA BA, glutamate or ghycine
receptors, but few data is available on the effect of stress on the uptake
of these transmitters. Here we show the effects of immobilization stress
on the expression of GATL, GAT3, GLYTI, GLT and GLAST. Rats
were stressed by immobihzation for 7 h. Transporter immunoreactiv-
itkes were determined in hippocampus, hy pothalamus and frontd cor
tex by quantitative immunoblotting 3, 7, 15 and 24 h afler termination of
immobilization sress GAT] immunoreactivity was significantly in-
orcased in hippocampus by a maximum of 57 * 18%% (mean = SEM)
afler 3 h. This effect was still detectable after 24 h. There were no signif-
icant effect on the immunorssctivitics of the other transporiers, with a
possible exception of GAT3 in the hypothalamus. Inpection (1.p) of cor-
ucostcrone-21-acetate (10 mg/kg) did not result in a similar up regula-
ton of GATL In conclusion. our data show that immaobilization stress
up-regulates preferentially GATI in the hippocampus.

Comments on abstract 1

Beckstrem, H. // Bjernsen, L. P. // Arancibia, S. // Tapia-Arancibia, L. // Danbolt, N. C.
- Immobilization stress increases the hippocampal protein levels of the GABA transporter
GAT1-Journal of Neurochemistry-2001-78-Supplement: 1- p. 37-Abstract

This was a project where I collaborated with Dr. Henning Beckstrom to
investigate changes in GABA, glycine, and glutamate transporters during stress. I was
responsible for carrying out the part of the project that involved corticosterone-21-
acetate. | injected the corticosterone into the rats, prepared the rat brain tissue, and

performed the Western blot analysis. I also visited our colleagues S. Aranicibia and L.



Tapia-Arncibia at Laboratoire de Plasticité, Univerist¢é de Montpellier, Montpellier,
France, to pick up tissue samples for the project. The immobilization stress was

performed using special restraining devices in France.



Paper 1

Glial Glutamate Transporters in Human Epileptogenic Hippocampus

LP Bjernsen 3 T Eid"?, S Holmseth®, NC Danbolt’, D.D. Spencerl, NC de Lanerolle'
! Department of Neurosurgery and * Laboratory Medicine, Yale University School of Medicine, New Haven,
Connecticut, USA; > CMBN at Department of Anatomy, Institute of Basic Medical Sciences, University of Oslo,
Blindern, Norway

Corresponding author: Dr. Nihal C. de Lanerolle, Department of Neurosurgery FMB414, Yale University School of Medicine,
333 Cedar Street, New Haven, Connecticut 06520-8082, USA. Tel: 203-785-3258, Fax: 203-737-2159, email:

nihal.delanerolle@yale.edu

Abstract

Glutamate is the major excitatory neurotransmitter in
the brain and is implicated in the pathogenesis of
neurodegenerative diseases. High extracellular
glutamate concentrations have been identified as a
likely trigger of epileptic seizures in mesial temporal
lobe epilepsy (MTLE), and these high glutamate levels
could be the result of malfunctioning and /or down-
regulation of glutamate transporters. Five glutamate
transporters have been cloned and are responsible for
the removal of potentially excitotoxic excess glutamate
from the extracellular space. This study aimed to
investigate the differences in distribution of the two
glial glutamate transporters that are predominantly
responsible for removal of synatically released
glutamate, in hippocampal seizure foci with and
without sclerosis. The distribution of EAAT1
(GLAST) and EAAT2 (GLT) in hippocampi of
patients with medically intractable temporal lobe
epilepsy was studied by means of
immunohistochemistry, electron microscopy and
Western blotting. Western blotting showed no
significant differences between non-sclerotic and
sclerotic hippocampi for both EAAT1 and EAAT2.
Immunocytochemistry only detected EAAT1 and
EAAT?2 in astrocytes in non-sclerotic and sclerotic
hippocampi. There was weaker immunoreactivity for
both glutamate transporters in areas associated with
neuronal loss, especially in CAl. In areas with less
pronounced neuronal loss, like CA2, subiculum and
parts of the dentate ML, showed no decrease and even
an apparent increase in immunoreactivity. Such
compensatory changes in immunoreactivity may
account of the lack of differences between the groups
in immunoblot studies because the blots shows the
average concentrations in the samples. These data
suggest that differences in glial glutamate transporter
distribution between the two groups of hippocampi
may be an insufficient explanation for the high levels
of extracellular glutamate in sclerotic seizure foci
observed in in vivo dialysis studies.

Keywords: Astrocytes, Glutamate, Hippocampus,
Temporal Lobe Epilepsy, MTLE, EAAT, GLAST,
GLT

Introduction

Glutamate has long been thought to play a major role in
the initiation and spread of seizure activity (Meldrum,
1994). Animal studies have shown that the administration
to the hippocampus of glutamate or glutamate analogues

triggers seizures, while co-injection of glutamate
antagonists blocks the seizures (Olney JW., 1978; Olney
et al, 1986).

Temporal lobe epilepsy (TLE) is among the
most common of the chronic seizure disorders (Hauser et
al., 1975), and since this form of epilepsy is often
intractable (Chadwick D., 1990) many of these patients
undergo anteromedial temporal lobectomy with
hippocampectomy for seizure control (Spencer et al.,
1984). Approximately 70% of the resected hippocampi
are characterized by pronounced neuronal loss and
astroglial proliferation, especially in areas CA1, CA3 and
the dentate hilus (de Lanerolle et al., 1994). These
neuropathological features are the hallmarks of
hippocampal sclerosis, a distinctive characteristic of
patients with mesial temporal lobe epilepsy (MTLE)
(Sommer W., 1880). Hippocampal sclerosis is believed to
play a key-role in the generation of seizures in MTLE
(Mathern et al., 1997; de Lanerolle and Lee, 2005).

In the sclerotic hippocampus changes in
NMDA and AMPA receptors have been observed (de
Lanerolle et al., 1998; Musshoff et al., 2000) and
intracellular recordings from dentate granule cells in the
human MTLE hippocampus have revealed a glutamate
dependent hyperexcitability in these neurons (Williamson
A, 1994). Elevated levels of extracellular glutamate are
observed in patients with various epilepsies (e.g. Janjua et
al., 1992; Ferrie et al., 1999) and in vivo microdialysis
studies of patients with MTLE have shown that the
extracellular concentration of glutamate rises in sclerotic
hippocampi just before a seizure and remains high for at
least 15 minutes after the cessation of electrographic
seizure activity (During and Spencer, 1993). These results
indicate that there may be an impaired glutamate uptake
capacity and thus possible malfunctioning and/or down-
regulation of glutamate transporters (Meldrum et al.,
1999).

Synaptically released glutamate is normally
taken up by astrocytes and rapidly converted to the
nonexcitotoxic amino acid glutamine (Broman et al.,
2000). The glutamate uptake system (for review see
Danbolt, 2001) consists of at five different transporter
proteins and represents the only mechanism for removal
of glutamate from the extracellular fluid in the brain. Five
different glutamate (excitatory amino acid) transporters
have been identified: EAAT1 (GLAST) (Storck et al.,
1992; Tanaka, 1993), EAAT2 (GLT) (Pines et al., 1992),
EAAT3 (EAACI1) (Kanai and Hediger, 1992), EAAT4
(Fairman et al., 1995), and EAATS5 (Arriza et al., 1997).
EAATI and EAAT?2 are expressed by astrocytes (Danbolt
etal., 1992; Levy et al., 1993; Chaudhry et al., 1995;



Lehre et al., 1995), while EAAT3 is neuronal and
probably predominantly postsynaptic (Rothstein et al.,
1994). EAAT4 is a neuronal postsynaptic glutamate
transporter in Purkinje cell spines (Yamada et al., 1996;
Nagao et al., 1997; Dehnes et al., 1998) and EAATS is
primarily expressed in the retina (Arriza ef al., 1997).
Although both neurons and glia contain glutamate
transporters, it is generally accepted that more than 90 %
of the forebrain glutamate uptake activity is mediated by
EAAT2 (Danbolt et al., 1992; Haugeto et al., 1996;
Tanaka et al., 1997; For review and discussion see
Danbolt 2001) ().

Reduced expression of glutamate transporters
has been shown to cause or be associated with seizures in
animal models. A relationship between glutamate
transporter dysfunction and epilepsy was established by
Tanaka and colleagues, who found that mutant mice
lacking EAAT? had increased extracellular glutamate
levels and developed spontaneous seizures (Tanaka et al.,
1997). Several studies on animal models have later linked
glutamate transporter expression and epilepsy, but the
results of these studies have been contradictory. The
majority show a decrease in EAAT1 and EAAT2 mRNA
and protein (e.g. Samuelsson et al., 2000; Ueda et al.,
2001; Ingram et al., 2001), and an increase in EAAT3
mRNA and protein (e.g. Ghijsen et al., 1999; Ueda et al.,
2001; Crino et al., 2002;Gorter et al., 2002) in animal
epileptic models. Some have on the other hand found an
increase in EAAT1 mRNA (Nonaka ef al., 1998) and
decreased EAAT3 mRNA (Akbar et al., 1998), while
Simantov et al. found a down-regulation of EAAT3 and a
modest increase in expression of EAAT2 in restricted
hippocampal regions (Simantov et al., 1999).

There are a few studies reporting on glutamate
transporters in human epileptic patients. Tessler and
colleagues (Tessler et al., 1999) found no change in the
level of the mRNA or protein, by using in situ
hybridization and Western blotting techniques
respectively, for EAAT1 and EAAT2 in hippocampus
and temporal cortex in temporal lobe epilepsy (TLE)
patients compared to post mortem controls. In a study by
Mathern and colleagues using immunocytochemical
methods coupled with neuronal counting and image
analysis, no changes in EAAT immunoreactivity (IR)
were observed in hippocampi from TLE patients with
hippocampal sclerosis compared with TLE patients
without hippocampal sclerosis. Decreased EAAT2-IR
was, in the same study, associated with neuronal loss. An
increased EAAT3-IR was seen in areas where neurons
were spared and a decrease in areas with neuronal loss
(Mathern et al., 1999). A recent study from Proper et al.
showed a general decrease in EAAT1-IR and EAAT2-IR
in the sclerotic hippocampus when compared with the
non-sclerotic hippocampus or post mortem controls
(Proper et al., 2002). This decrease was accompanied by
a decrease in mRNA levels for both transporters. An
increase in neuronal EAAT3 protein levels in the resistant
areas (CA2, granule cell layer and subiculum) in the
hippocampal sclerosis group was also observed. Using
immmunohistochemistry and quantitative western blots
Eid et al. found no difference in EAAT?2 expression
between non-MTLE and MTLE hippocampi (Eid ef al.,
2004).

The aim of the present study is to further
explore the differences in glial glutamate transporter
distribution in the hippocampus between non-sclerotic
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and sclerotic hippocampi in TLE patients. The two glial
transporters (EAAT1 and EAAT2) were studied by
immunoblotting, immunohistochemistry and electron
microscopic methods.

Methods

Patient Tissue

Patients with medically intractable temporal lobe epilepsy
underwent phased presurgical evaluation at the Yale-New
Haven Hospital, and appropriate candidates underwent
anteromedial temporal lobectomy with hippocampectomy
according to standard procedures (Spencer DD, 1984).
Informed consent from each patient and institutional
approval were obtained for the use of tissue in this
project. The surgically resected hippocampi were
classified into two groups: (1) mesial temporal lobe
epilepsy (MTLE) and (2) non-MTLE as described by Eid
et al. (Eid et al., 2004). The MTLE hippocampus was
characterized by pronounced neuronal loss (>50%) and
extensive astroglial proliferation most pronounced in the
hippocampal subfields CA1, CA3, and hilus (Kim JH,
2001). Reorganization of peptidergic neurons (neurons
containing dynorphin, somatostatin, neuropeptide Y, and
substance P) in the dentate gyrus was also seen (de
Lanerolle et al., 1994). On the other hand the non-MTLE
hippocampi were recognized by a modest (<25%)
neuronal loss throughout all hippocampal subfields,
minimal astroglial proliferation, and no reorganization of
peptidergic neurons in the dentate gyrus (Kim JH, 2001).
They were obtained from patients with a mass lesion in
the temporal lobe outside the hippocampus (MaTLE) and
those with no clear etiology, described previously as
paradoxical temporal lobe epilepsy —PTLE (de Lanerolle
etal., 1997).

Tissue preparation

Immediately after surgical resection two 5 mm thick
slices were cut from the mid-portion of the hippocampus.
One of the samples was immersed into a fixative
containing 4 % formaldehyde and 15 % (v/v) of a
saturated picric acid solution in 0.1 M phosphate buffer
pH 7.4 (PB) for 1 hour, followed by immersion into 5 %
acrolein in PB for 3 hours. Thereafter the tissue was
rinsed and stored in PB at 4 °C. Fifty-micrometer coronal
sections were cut on a Vibratome and processed for
immunohistochemistry. The other sample was rapidly
frozen on dry ice, stored at —80 °C, and later used for
Western blots.

Hippocampal Nomenclature

The mesial temporal lobe consists of the hippocampus,
parahippocampal gyrus, entorhinal cortex and amygdala.
The hippocampus is commonly divided into the
subiculum, Ammon’s horn and dentate gyrus (Lorente de
No6 R., 1934). The Ammon’s horn is further subdivided
into the areas CA1, CA2 and CA3, while the dentate
gyrus is subdivided into the hilus, granule cell layer and
molecular layer (Amaral and Insauti, 1990).

Antisera and chemicals

Antibodies against GLAST and GLT were prepared by
immunizing rabbits with synthetic peptides (A522-541
(PYQLIAQDNEPEKPVADSET) for GLAST and B563-
573 (SVEEEPWKREK) for GLT) coupled to keyhole
limpet hemocyanin with glutaraldehyde (Lehre et al.,



1995; Danbolt et al., 1998). The corresponding anti-
peptide antibodies were referred to as anti-A522 (rabbit
8D0161; Ab,314) and anti-B563 (rabbit 1B0707;
Ab,355). These antibodies were tested and characterized
by Western blotting (Fig. 1) and immunohistochemical
methods, and cross-reacted with human GLAST and
GLT, respectively. Unless otherwise specified, all other
chemicals were obtained from Sigma-Aldrich (St. Louis,
MO).

Immunohistochemistry and electron microscopy
Vibratome sections were incubated free-floating in anti-
A522 (200 ng/ml) or anti-B563 (200 ng / ml) antibodies
for 24 hours (RT), and then processed according to the
avidin-biotin peroxidase method (Hsu et al., 1981) using
a commercially available kit (Vectastain Elite, Vector
Laboratories, Burlingame, CA). Immunstained sections
from each patient were mounted on slides, dehydrated
and coverslipped for light microscopic analysis. Control
sections incubated without the primary antibody or by
replacing it with preimmune sera were not
immunostained. Additional immunostained sections were
processed for electron microscopy. After immunostaining
as described above the sections were treated with 2 %
osmium tetroxide in PB, stained en bloc with 2 % uranyl
acetate in water, dehydrated and flat-embedded in
Durcupan ACM. Sections were cut on an ultramicrotome,
transferred to 500-mesh copper grids (Electron
Microscopic Sciences, Fort Washington, PA, USA),
contrast-stained with lead citrate and examined in a
transmission electron microscope (Jeol 1200 EX II) at 60
kV.

Western blot Analysis

Sections containing all hippocampal subregions were cut
from frozen non-MTLE and MTLE specimens. The tissue
was homogenized in 10 tissue volumes of SDS-
solubilization buffer (1 % SDS with 150 mM NaCl and
10 mM PB pH 7.4, 5mM EDTA, and 1 mM PMSF) using
a FastPrep® Instrument (Qbiogene, Inc., Ca) and the
FastRNA® Pro Green Kit (Qbiogene, Inc., Ca). The
homogenates were then incubated for 10 min and
centrifuged (1000 x g, 10 min, 15°C). The supernatant
solutions were stored at 80°C. The sample protein
concentrations were determined using BCA Protein
Assay Kit (Pierce, #23227) and the determination was
preformed according to manufacturer’s protocol. Bovine
serum albumin (BSA) was used as standard and the
spectrophotometer (GeneQuant pro, Amersham) was set
to 562 nm. The extracts were then subjected to SDS-
PAGE (Laemmli, 1970) and electroblotted (Towbin et al.,
1979) to nitrocellulose (100v, 1h). The Protein
homogenates were diluted to a final protein concentration
of 2 mg/ml in a loading buffer (10 % sucrose, 2 % (W/v)
SDS (pure C12; Pierce 28312), 0.001 % (w/v)
bromophenol blue, 62.5 mM Tris-HCI pH 6.8, and 5% 2-
mercaptoethanol) and applied at different concentration
on precast polyacrylamide gels (Criterion, 10% Tris-HCl,
BIORAD). The gels were run (200V, 40 min) in
Criterion™ Cell Electrophoresis Module (BIORAD).
Immunostaining of blots was done as previously
described (Lehre et al., 1995) at room temperature. The
immunolabeling of the blots was preformed using
Supersignal West Dura Extended Duration Substrate
(Pierce, cat#34075). First the nitrocellulose blots were
washed (1x1min) in TBST (150mM NaCl, 0.05% (v/v)
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Tween 20, 0.05% (w/v) sodium azide and 10mM Tris-
HCI pH 8), blocked (30 min) in TBST with 4 % (w/v)
skimmed milk powder (Nestle, Carnation, instant nonfat
dry milk), washed (1 x 1 min) with TBST and incubated
(overnight) with primary antibodies (200 ng / ml anti-
A522 or 200 ng / ml anti-B563) in TBST with 1% BSA
(Sigma A-7888) and 0.05% (w/v) sodium azide. The blots
were washed (1x1 min and 3x5-10 min) in TBST without
azide, incubated 1 hour with peroxidase conjugated
(HRP-Conjugated) anti-rabbit IgG (Anti-rabbit IgG
peroxidase conjugate, A-1949, Sigma, diluted 1:30000) in
TBST with 4 % dry milk (without azide) on a shaker. The
blots were incubated for 5 min in Supersignal Substrate
according to manufacturers protocol (Pierce, Prod #
34075), after they had been washed (1x1 min and 3x5-10
min) with TBST (without azide). The blots were read at a
Kodak Image 2000 R and the intensity of the bands was
calculated for GLAST and GLT using the Kodak
software. A standard curve was made with increasing
concentrations of homogenized hippocampal tissue from
anon-MTLE patient to determine the linear range and 3,
6, and 12 pg protein were used from each patient. Both
antibodies gave a strong single band consistent with the
expected molecular mass of the glial glutamate
transporters. Substitution of the primary antibodies with
normal serum completely abolished the staining. The
blots were assessed using a two-tailed Mann-Whitney U
test (Statview Software, SAS Institute, NC).

Results

Clinical characteristics of patients

The demographic and clinical characteristics of the
patients used in this study were similar to those in a larger
sample reported previously (de Lanerolle et al., 2003)
(Table 1). Similar numbers of males and females were
studied in the non-MTLE group, but the male:female
relationship was 5:8 in the MTLE group. Eight of the 10
non-MTLE hippocampi were of the PTLE category
(Table 1). The ages at surgery of the patients in the
MTLE group were not significantly different (MTLE
mean 37 years = 4 SEM and non-MTLE 26 years + 5
SEM, p = 0.082, Mann-Whitney U, two-tailed test). The
duration of seizure history prior to surgery was also not
significantly different (MTLE 27 £2 and non-MTLE 19
+4 years, p = 0.0585, Mann-Whitney U, two-tailed test).
All MTLE patients had hippocampal sclerosis
characterized by significant neuronal loss easily seen in
area CA1 (neuronal counts not shown) compared to non-
MTLE. There was no difference between groups as
regards the antiepileptic drugs they were on at the time of
surgery.

Western blotting

Western blot studies of the transporters GLAST and GLT
were carried out on whole hippocampal sections from
non-MTLE and MTLE hippocampi to determine if there
was an overall difference in the levels of these
transporters between patient groups (figure 1). No
statistically significant difference in the expression of
GLAST and GLT between the non-MTLE and MTLE
hippocampi was observed (GLAST: p=0.27, GLT: p=
0.95, Mann-Whitney U, two-tailed test). However, since
such a result may also be produced in the face of regional
changes in distribution, which may be compensatory, an
immunohistochemical study of the distribution of GLAST
and GLT was undertaken.



Cellular localization of GLAST and GLT

In both non-MTLE and MTLE hippocampi
both EAATI and EAAT?2 were localized to astrocytes,
being seen in both somata and processes of these cells
(Fig. 2D, 2E, 3D, 3E). The staining was around neurons
sometimes outlining them (Fig. 2C-F, 3C-F). No neuronal
labeling was detected.

At the ultrastructural level localization of
EAATI and EAAT?2 the immunoreactivity was studied in
area CA1 of the hippocampus in both MTLE and non-
MTLE patients (Fig. 4). CA1 was chosen as sclerosis is
most prominent in this area of the hippocampus. Only
astrocytes were labeled, processes (Fig.4A) as well as
somata. Labeled astrocytic processes could be seen to
separate unlabeled pyramidal cell bodies and terminals
(Fig. 4B, C, D). The immunostained somata contained the
organelles typical for astrocytes. Though they were
adjacent to strongly labeled astrocytic processes, the axon
terminals themselves always appeared completely
unlabeled (Fig. 4B, 4D). The labeling was entirely
intracellular. In moderately reacted preparations the
diaminobenzidine reaction product appeared concentrated
close to the inner surface of the plasma membrane sparing
the outer lamina (Fig 4E). The extracellular space always
was free of reaction product. Fibrous astrocytes in white
matter were also labeled (Fig. 4F). Strong
immunolabeling for EAAT1 and EAAT?2 was also seen at
the endothelial-astrocyte interface with the labeling on the
astrocyte membrane (Fig. 4E). Such labeling was seen in
both non-MTLE and MTLE tissue.

Regional distribution of immunolabeling

The pattern of immunolabeling for EAAT1 and
EAAT?2 in non-MTLE differed somewhat from the
MTLE group. Overall, there was weaker EAAT1 than
EAAT2 immunostaining. EAAT1 and EAAT2 were
expressed in all subfields of both non-MTLE and MTLE
hippocampi. The immunoreactivity was homogeneous
and seen in all sublayers, but a patchy pattern, was seen in
some subareas such as CA1 for both EAAT1 and EAAT2
in non-MTLE and MTLE (Fig. 2A, 2B, 3A, 3B), as
earlier described for GLT in post mortem material
(Milton et al., 1997; Proper et al., 2002).
Dentate gyrus and hilus

The staining of both GLAST and GLT was
mainly around pyramidal cells in hilus (not shown) and
granule cells (figure 2c-d and 3c-d), outlining the
neurons, and individual labeled astrocyte cell bodies were
seen in the dentate molecular layer and polymorphic layer
(not shown) in both non-MTLE (Fig. 2C, 3C) and MTLE
(Fig. 2D, 3D). In MTLE compared to non-MTLE a loss
of GLAST immunoreactivity was visually observed
throughout these two regions (Fig. 2B). The
immunoreactivity for GLT in the molecular layer of
MTLE hippocampi, was less uniform than in the non-
MTLE, with some regions of the molecular layer showing
even stronger labeling (Fig. 3B).

Some areas of the hilus in MTLE also retained
EAATI and EAAT2 immunoreactivity and individual
labeled astrocytes were seen in these resistant areas (not
shown). Blood vessels were outlined by the
immunostaining for both EAAT1 and EAAT?2 in all
hippocampi (Fig 2C, 2D, 3C, and 3D).
Hippocampal area CAl
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The CAL region in the MTLE is clearly
sclerotic and smaller in size then the non-MTLE
hippocampus (Fig 2B, 3B). The staining of both EAAT1
and EAAT2 were mainly around pyramidal cells in non-
MTLE (Fig 2E, 3E). The neurons were outlined, but not
as clearly as around the granule cells. It was hard to
distinguish individual astrocytes due to an intricate
meshwork of labeling in stratum radiatum, stratum
pyramidale, and stratum oriens in non-MTLE hippocampi
(not shown). In the MTLE hippocampi, the intensity of
immunoreactivity for both GLAST and GLT appeared
reduced in astrocyte cell bodies compared the non-MTLE
area CA1, and this was associated with the neuronal loss
and astroglial proliferation in CA1 (Fig. 2F, 3F).
Hippocampal area CA3, CA2 and subiculum

The immunostaining for both GLAST and
GLT in these regions was also mainly in fine processes
around pyramidal neurons, but individual astrocytes were
seen in stratum radiatum, stratum oriens, and subiculum
in both non-MTLE and MTLE (not shown). Blood
vessels were outlined by the staining for both GLAST and
GLT in both groups of hippocampi, specially pronounced
in subiculum. In the MTLE hippocampi, weaker
immunoreactivity for GLAST was apparent in CA3 and
CA2, whereas for GLT no noticeable differences were
observed. The subiculum did not show any loss of
immunoreactivity for either transporter in either group of
hippocampi (Fig. 2B, 3B). Individual astrocytes cell
bodies labeled for GLAST and GLT were observed in
MTLE. (not shown).

White matter and alveus

A few astrocytes labeled with GLAST and GLT were
seen in alveus and the white matter in both non-MTLE
and MTLE groups (not shown).

Discussion

In this study we demonstrate both at the light
microscopic and ultrastructural level that in the human
hippocampus both EAAT1 and EAAT?2 are found in
astrocytes. No immunoreativity for these two proteins
was observed in neurons. This finding is fully consistent
with the localization of EAAT1 and EAAT?2 in the rat
hippocampus (Lehre ef al., 1995). In contrast, one study
of the human hippocampus has reported EAAT2 mRNA
in neurons as well. This has not been corroborated in the
immunohistochemical studies by these same workers or
by in situ hybridization or immunohistochemistry in any
other studies (Lehre et al., 1995; Mathern et al., 1999;
Tessler et al., 1999).

Prior studies of the distribution of EAAT1 and
EAAT?2 in surgically removed human sclerotic
hippocampi compared to non-sclerotic hippocampi have
concluded that there is a reduction in EAAT?2 (Proper et
al., 2002; Mathern et al., 1999), a slight or no reduction
in EAATI1 (Proper et al., 2002; Mathern et al., 1999) or
essentially no-change in these transporters (Tessler et al.,
1999). The Western blot data presented in the current
study suggests that there is no change in the levels of
either EAAT1 or EAAT?2, though immunohistochemical
localization shows weaker staining in sclerotic regions
like CA1 and the hilus compared to that in non-sclerotic
hippocampi. This apparent discrepancy needs
explanation.

Careful perusal of previous reports of reduced
astrocyte glutamate transporters in the sclerotic
hippocampus from patients with TLE, show that the



actual evidence for such reduction is not compelling.
Firstly the two studies that report a reduction of glutamate
transporters, especially of EAAT2, do so on the basis of
immunohistochemistry on fixed tissue (4% formaldehyde
for 24 - 48 hr), whereas those that assessed transporter
levels in parallel with immunoblots report no change
(Tessler et al., 1999 and this study). It is well known that
fixatives reduce the antigenicity of molecules and do not
provide a reliable basis for quantification (Danbolt,
2001).

Evaluation of immunohistochemical data also
presents further issues for discussion. The data presented
in Proper et al (Proper et al., 2002) show that staining
levels for EAAT1 quantified as a Relative Optical
Density (ROD) measure show a reduction only for the
dentate polymorphic layer (PML) in the sclerotic
compared to the non-sclerotic hippocampus, despite the
demonstration in their immunohistochemical
photomicrographs of reductions in staining in area CA1
and CA3/CA2 (see Fig. 2 Proper et al., 2002). Mathern et
al (Mathern et al., 1999) also find no difference in
EAATI immunostaining levels between sclerotic and
non-sclerotic hippocampi. Thus in essence all previous
studies concur with our data that there is no difference in
EAATI levels. Comparisons that report reductions
relative to autopsy controls must be interpreted with
caution as postmortem changes are in general likely to
results in changes of glutamate transporter levels due to
autolytic effects (Beckstrom et al., 1999).

EAAT? is the predominant glutamate
transporter in the hippocampus (Danbolt et al., 1992;
Haugeto et al., 1996; Tanaka et al., 1997; For review and
discussion see Danbolt, 2001). Proper et al (Proper et al.,
2002) report on the basis of immunohistochemical
staining that EAAT?2 levels in areas CA1, CA2, CA3 and
CA4 were reduced. Unlike for EAATI, the
immunohistochemical patterns and well as their ROD
quantification are generally in concordance for EAAT2.
However, in situ hybridization studies by the same group
show no quantitative change in EAAT?2 in areas CA1 and
CA2 (Fig 6B Proper et al., 2002) between sclerotic and
non-sclerotic hippocampi. Even though the granule cell
layer in the sclerotic hippocampus appears visually to
have a considerable reduction in mRNA (see Fig. 5F and
5G Proper et al., 2002) no quantitative difference is
recorded (Fig. 6B Proper et al., 2002). Thus the data for
EAAT?2 as presented in this study is equivocal at best. In
a study using similar surgical tissue and patient types and
fixed similar to that of the study by Proper et al., Mathern
and co-workers found a reduction in EAAT2 only in the
hilar area of sclerotic hippocampi (see Fig. 11 Mathern et
al., 1999). No depletion of EAAT?2 is shown for CA1
either in gray value measures or immunoreactivity pattern
shown in the illustrated figures (Fig 6E and F Mathern et
al., 1999). Tessler et al (1999) also found no difference in
EAAT?2 levels between epileptic hippocampi and
postmortem controls; this study did not distinguish
between sclerotic and non-sclerotic hippocampi (Tessler
et al., 1999). On the basis of these studies it would be
reasonable to conclude that there is no appreciable
difference in EAAT?2 levels as well between sclerotic and
non-sclerotic hippocampi.

However, in the immunohistochemical
localization studies shown in this paper as well as others,
why does there appear to be reduced immunoreactivity in
areas such as CA1 and the hilus in sclerotic hippocampi,
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while immunoblot analyses show no difference? There
are some possible explanations for this. The first may be
that in areas such as CA1 where there is an apparent
reduction in staining intensity, this may only be reflective
of a redistribution of the transporter throughout the
astrocytic processes in the sclerotic hippocampi rather
than a true reduction in level. Evidence in support of this
is that ultrastructural localization studies show EAAT2
immunoreactivity throughout astrocytic process despite
apparent loss suggestive in light microscopy (present
study). Likewise confocal immunohistochmical studies
reveal EAAT2 immunoreactivity throughout astrocyte
processes, even though staining in somata is reduced (Eid
et al., 2004). Such redistribution of EAAT? transporter in
epileptic surgical tissue has previously been suggested by
others (Tessler et al., 1999). An alternative possibility is
that there may be compensatory changes in the expression
of transporters in its different regions. Such a possibility
is recognized in suggestive upregulation of transporter in
subiculum and molecular layer (our study) with the
apparent down regulation in other areas.

Previous studies of the distribution of
glutamate transporters (Proper et al., 2002; Mathern et
al., 1999) have postulated a reduction in glutamate
transporters to explain the striking physiological
observation that there are elevated levels of extracellular
glutamate in the epileptogenic (sclerotic) hippocampus
(During and Spencer, 1993; Cavus et al., 2005) during
seizures. Our own findings, like those of Tessler et al.
(Tessler et al., 1999) find little support for a role of
glutamate transporters in this phenomenon.

On the contrary, there are several plausible
alternative explanations for such elevated extracellular
glutamate levels. One possibility may be related to the
down regulation of glutamine synthetase in astrocytes in
sclerotic areas of the hippocampus, which has been
argued as a possible cause (Eid et al., 2004).
Alternatively, or in addition, increased levels of
inflammatory factors such as interleukin 1 and
chemokines in sclerotic hippocampi are now recognized
as able to cause the release of glutamate from astrocytes,
which may be the source of the increased glutamate (data
reviewed in de Lanerolle and Lee, 2005). These
mechanisms may be more pertinent to elevated
extracellular glutamate in sclerotic seizure foci than
alterations in transporter levels or their function and
certainly merit further study.
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SPECIFICITY OF ANTIBODIES: UNEXPECTED CROSS-REACTIVITY OF
ANTIBODIES DIRECTED AGAINST THE EXCITATORY AMINO ACID
TRANSPORTER 3 (EAAC) GLUTAMATE TRANSPORTER
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AMND N. C. DANBOLT™

“Departments of Anatormy, institule of Basic Medical Scienceas, Uni-
versity of Oslo, PO, Box 1705, Blindem, N-0377 Oslo, Norvay

“MacKay Institute of Communication and Neurasciance, Keele Univer-
sity, Keele, 5taffs 5T 58BG, UK

"Dapariment of Newrosciencs, Johns Hoplins Universily Schaol of
Medicine, WBSE 813, 725 North Wolfe Sireet, Baltimore, MD 24208,
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Abstract—Specific antibodies are essential tools for identify-
ing individual proteins in complex biological samples. While
generation of antibodies is often straightforward, determina-
tion of the antibody specificity is not. Here we illustrate how
complicated this can be by describing the production and
characterization of antibodies to the excitatory amine acid
transporter 3 glutamate transporter. We synthesized 13 pep-
tides corresponding to parts of the excitatory amino acid
transporter 3 sequence and immunized 36 different animals
(6 sheep and 30 rabbits}, All sera were affinity purified against
the relevant immebilized peptide. Antibodies to the peptides
were obtained in almost all cases. Immunoblotting with tis-
sue extracts from wild type and excitatory amino acid
transporter 3 knockout animals revealed that most of the
antibodies did not recognize the native excitatory amino
acid transporter 3 protein, and that some antibodies rec-
ognized non-excitatory amino acid transporter 3 proteins.
Several immunization protocols were tried, but strong reac-
tions with excitatory amino acid transporter 3 ware only seen
with antibodies to the C<terminal peptides. In contrast, good
antibodies were obtained to several parts of excitatory amino
acid transporter 2 (GLT). The C-terminal excitatory aming
acid transporter 3 antibodies labeled only neurons in tissue
sections. Howewer, rabbits immunized with an excitatory
amino acid transporter 2-peptide corresponding to residues
478-493 produced antibodies that labeled axoplasm and mi-
crotubules therein particularly strongly. On blots, these anti-
bodies recognized both excitatory amino acid transporter 3
and a slightly smaller, but far more abundant protein that
turned out to be tubulin. The antibodies were fractionated on

*Corrasponding author. Tel: +47-22-85-10-83; fax: +47-22-85-12-78
E-mail address: n.c.danbofi@medisin.uic.no (M, C. Danbaolt)
Abbrewiatians: BSA, bavine serum albumin: CHAPS, 3-[(3-cholamide-
prapylidimathylammonial-1-proepanasulphonate; EAACT, rabbit gluta-
mate transporter (Kanai and Hediger, 1902); EAAT, excitatory aming
acid fransporier {=glutamate transporter); EDOTA, sodium ethylenedi-
aming lelraacelate; HEPES, 4-2-hydraxyathyl)-1-piperazineathane-
sulfonic acid; HZA, human serum albumin; KLH, keyhole limpet he-
mosyanin, map, multiple antigenic peptide, MBP, myelin basic protein;
MBS, m-malaimido beanzayl-N-hydroxysuccinimide asier MaPi, sodium
phosphate buffer with pH 7.4, PMSF, phenyimethanesulfonyl fluoride
505, zodium dodecyl sulfate; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis;, TBST, Ths-buffered saling with
0.1% Tritan X-100.

columns with immobilized tubulin, One fraction contained
antibodies apparently specific for excitatory amine acid
transporter 3 while another fraction contained antibodies rec-
ognizing both excitatory amino acid transporter 3 and tubulin
despite the lack of primary sequence identity between the
two proteins. Addition of free peptide to the incubation solu-
tion blocked immunostaining of both excitatory amino acid
transporter 3 and tubulin. Conclusions: (1) Not all antibodies
to synthetic peptides recognize the native protein. (2) The
specificity of an antibody is hard to predict. Unwanted reac-
tivity can be highly specific and thereby hard to recognize. In
this case, cross-reactivity was discovered because antibod-
ies to different epitopes gave different labeling patterns,
© 2005 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: glutamate uptake, neurctransmitter transport, im-
munocytochemistry, antibodies, tubulin, specificity testing,
ocligodendrocyte.

The amino acid glutamate is the major excitatory neuro-
transmitter in the mammalian CNS. The only significant
meachanism for inactivation of extracellular glutamate ap-
pears to be cellular uptake mediated by a family of gluta-
mate fransporter proteins (excitatory amino acid trans-
porter (EAAT)1-5; for review see: Danbolt, 2001). EAATA
is expressed in neurons (Kanai and Hediger, 1992; Roth-
stein at al., 1984, Shashidharan et al., 19897; He et al.,
2001), including GABAergic ones, in most parts of the
nervous system. EAATS is concentrated in the neuronal
cell bodies (somata) and dendrites apparently avoiding the
nerve terminals. Later studies (Conti et al., 1938, Kugler
and Schmitt, 1999) have confirmed these findings, but
have reported that astrocytes of the cerebral cortex and
white matter also express EAATS (Conti et al., 1998)
Kugler and Schrmitt {1999) detected the protein in oligo-
dendrocytes and noted co-localization with tubulin using
an antibody directed to a synthetic peptide corresponding
to residues 480-499 of rat EAATA.

Wa have previpusly produced antibodies to EAATT,
EAATZ and EAAT4, and used them to identify the trans-
porter proteins in tissue sections and protein extracts (e.g.
Danbolt et al., 1992; Levy et al., 1993; Lehre et al., 1995;
Dehnes et al., 1998; Lehre and Danbolt, 1998a). In parallel
with this wark, we have also generated antibodies to
EAATS by immunizing animals with synthetic peptides cor-
responding to different parts of the EAAT3 protein se-
quence. Here we deseribe the production and testing of the
latter antibodies in order to demonstrate some of the diffi-
culties in determining the specificity of an antibody. We
show that rabbits immunized with a peptide corresponding

D306-4522/06530.00 +0.00 © 2005 IBRO. Published by Elsevier Ltd. All rights reserved.
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1 MASTEGANHMPEOVEVEMHDSHLSSEE PEHENLGMEMC DELGENLLLSLTVEGVILGAVCGGLLELARPIHPDVVMLIAFPGDILMEMLEMLILPLIISS
B2-11 Bl2=25 Bag=83 (ECL)
cal-4 c158-180 (ECL)

75 HITGVAALDSHVSGEIGLARRVVYYFSTTVIAVILGIVLVYSIEPGVTQRVHEINRTGETPEVSTVIAMLDL IRNKF PENLVORACFOOYETEKREEVEEASD
101 LITGLSGLDARASGRLGTRAMYYYMSTTIIAAY LGV ILVLATHPGHNPELEKQLGEGKENDEVSSLOAFLOL IRNLE PENLVOACFQOICTVTEEVLVARE

B107=120
c182-209

BI46-162 (ECL)

Elg6-182 (ECL)

201 SEEANTTHAVISLLNETHMHEAPEETKIVIKKGLEFKDGMNVLGLIGEFFIAFGIANGKMGEQRX LMVEFFNILNET VMELVIMIMWY SPLGIACLICGET ]

B213=-230 (ECL}

CR09-317

C3d2-355

271 EVEDREIFR-ELGLYMATVLSGLAIHSLVVLPLIYFIVYRENPFREALGMACGALLTALMISSSSATLEPVTFRCREEENHVIFRITRFVLEVGATINMDGT
301 AIKDLEVVARQLGMYMITVIVGLI IHGGIFLPLIYEVVTRENPFSFFAGIFOAWI TALGTASSAGTLPYVT FRCLECHLGI DERVTRFYLPVGATTHMEGT

B301-313 (ECL)

B372-382

370 ALYEAVARVFIAOVNGMDLSIGOIITISITATAASIGAARGYPGAGLVTMVIVLEAVGLPAELVTLITAVDWLLDRERTMVHVLGDAFGTGLV
401 RLYEAVARIFIAQMNGVILOGGIVTVSLTATLASIGAARSIPSAGLVTMLLILTAVGLPTEDLSLLVAVDWLL DRMRTSVNVVGLS FGAGIV

B403-415 (TM}

Cd79-4598 Cc481-523

C510=524

Bd73-d86 (TH)

462 EKLSEKELEOVDVSSEVHIVHEFALEPTILDNEDSDTEESYVHEEFSYDESDTISETQTSQE #523 Rat EAATI

493 YHLSKSELDTIDSQHRMHEDIEMTHTQSVYDDTENHRESHSNOCY T AAHNSYY T DECEVT LARNGESADCSVEEEPWERER #573 Rat ERATZ

B433-508 B518-536

B550-561 E563-573

Fig. 1. Sequence alignment of rat EAATZ and ral EAATS. The amine acid sequences used for peptide synthesis are underlined and the peplide
names given either above (EAATE) or balow (EAATZ) the sequences. Some paplidas represent parts of pulative axtracedlular (ECL) or transmembrane
(TM} domains as indicated. All ihe other peptides are selected from putative intraceliular domains. The peplides C468-482 and C486-499
correspond to parts of rabbit EAATS differing from rat EAATS and are therefore not shown in this figure. Peptide C510-524 is also from rabbit, but
this sequence is identical 1o rat. corresponding to rat amino acids S08-523. To avaoid confusion, we have kapl this paptide's ariginal {rabbil) numbering,
as it is used throughout this paper. Peptide C1-13 i3 not shown because of the overlap with C1-18.

to residues 479-498 of rat EAAT3 gave rise to antibodies
recognizing both EAATS and tubulin. Using antibodies
spacific to EAAT3, no EAATI immunoreactivity was de-
tected in oligodendrocytes in contrast to the previous re-
port basad on antibodies to EAATI residues 480-499
(Kugler and Schmitt, 1999),

EXPERIMENTAL PROCEDURES
Materials

Sodium dodecyl sulfate (SDS) of high purity (=58% C12 alkyl
sulfate) and bis{sulfosuccinimidyl) suberate were obtained from
Pierce (Rockford, IL, USA). NN -meihylene-bisacrylamidea, acryl-
amide, ammonium persulfzte, TEMED and alkaline phosphatase
subsirates (nitroblue tetrazolium and S-bromo-4-chioro-3-indolyl
phosphate) wera from Promega (Madison, W, USA), Biotinylated
anti-rabbit, anti-sheep and anfi-mouse immunaglubuling, strepta-
vidin-biotinylated horseradish peroxidase complex, and colloidal
gold-labeled anti-rabbit and anti-mouse immunaglubaling, alectro-
phoresis equipment, molecular mass markers for sodium dodecyl
sulfate—polyacrylamide ged electrophoresis (SDS-PAGE), nitrocal-
lulose sheets (0.22 m pores, 100% nitrocellulose), Protein A-
Sepharose Fast Flow and Sephadex G-50 fine were from Amer-
sham Biosciences (Buckinghamshire, LIK). Alexa fluar goat anti-
rabbit 555 and goat anti-mouse 488 wera from Molecular Probes
{Eugene, OR, USA). Paraformaldehyde and glutaraldehyde EM
grade was from TAAB (Reading, UK). Fleoromount G and Lowi-
cryl HM20 were from Electran Microscopy Sciences (Fort Wash-
ington, PA, USA). Alkaline phosphatase-conjugated monoclonal an-
tibodies to rabbit and sheep IgG, anti-beia-tubulin, bovine serum
albumin (BSA), 3-[(3-chalamido-propylidimethylammanic]- 1-pro-
panasulphonate (CHAPS), dithiotreitol {DTT), EDTA. guanosine-
B dAriphosphate (GTP), HEPES, human serum albumin (HSA),
keyhole limpet hemocyanin (KLH), m-maleimido benzoyl-f-hy-
draxysuccinimide ester {MBS), phenylmethanesulfonyl fluoride

(PMSF), rabbit serum albumin, thyroglobulin, Trizma base,
Trizma=HCI and fubulin wera obtained from Sigma (St Lowis, MO,
US4}, Other reagents were obtained from Fluka (Buchs, Switzer-
land). Anti-myelin basgic protein {MBP} and anti-CHPase were
from Sternberger Monoclonals (Lutherville, MD, LISA)

Peptides

Peplides representing parts of EAATZ (Pines et al., 1982, 573
amino acid residues) and EAAT3 are referred to by capital letlers
“B" and "C." respactivaly, followed by numbers indicaling the
corresponding amino acid residues in the sequences (given in
parentheses). The first EAAT3-peptides were made based on the
rabbit sequence which is 524 amino acid residuas lang (Kanai and
Hediger, 1952). The ral saquence was used when it becama
available {Bjeras et al., 1996} and iz 523 residues long (lacking
residue 191 in the rabbit sequence). The peplide sequances are
shown in Fig, 1. MNote that the CE10-524 peptide is numbered
according o the rabbil sequence although identical to the rat
509523, The following two rabbit peptides are not shown in Fig
1 because the sequences are differenl; CAGE—-482 (KELEQRMD-
WSEEVNIV-amide) and C486 — 494 (ALESATLDNEDSDT-armude).

Only the peptides representing the C-termini of the native
proteins were synthesized as free C-larminal acids (BSG3-573,
C491-523 and C510-524). The remaining peptides shown were
synthesized as C-terminal amides. B301-313 and C1-13 were
glso synthesized as mulliple antigenic peplides (map). Map-pap-
lides were used for immunization without coupling to carrier pro-
tein while the other peptides were coupled to either KLH, rabbit
sarum albumin ar thyroglobulin with either glularaldetydea (with or
without reduction with sodium borohydride) or MBS as described
previously (Danbolt et al., 1998}, The producticn of gold particles
{Frens, 1973) and the conjugation of gold to immunaganas (Pow
and Crook, 1883) were performed as described.

Antigenicity profiles (Fig. 2) were calculated for rat EAATZ2
and EAAT3 according to Jameson and Wolf (1988) uwsing the
Pratean pragram {OMASTAR, Inc.).
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Fig. 2. Comparison of antibody production to EAAT2 (A) and EAATS (B). Antigenicity prafiles (Jameson and Waolf, 1988) were used to help find the
most antigenic amino acid sequences in the profeins. The amino acid sequances of the two transporters are represenied by numbered ines above
the profiles. Peptides cormesponding to parts of the seguences wera synthesized as indicated by short horizontal black lines betweean the numbered
lines and the antigenicity profiles. Sequence information is given in Fig. 1. All pepledes shown {except B403-415) gave rise to antibodies as determined
be the amount of protein isclated by affinity purification. The purified antibodias were subsequently tested by immunablotting (see Table 2 for anfibody
concentralions) as shown below the profiles. Tha nitrocallulose blots represeni PAGE separated SD5 extracis of rat hippocampus, and the blots wera
cut into identical strips. (A) Antibodias from left to right: anti-B2 {+); ant-B12B (+); anti-BES, anti-B107 (+); ant-B146; anti-8166 (+); ant-B219;
anti-B301; anti-B372 (+); anti-B473; ant-B493 (+); anti-B518 [ +); anii-B550 and anti-B563 (+ ). Each strip contained 1.75 pg protein rat hippocampus
protein excapt the strip for ant-B166 which had 17.5 wa. (B) Antibodies from lefl to nght: anti-C1; anti-C39; anti-CB1; anti-C158; anti-C192; anti-C342;
anti-C479P {+}; anti-C4918 (+) and anti-C5 104 [+, All the strips had 35 pg rat hippocampus protain, Pleasa note: {1) Lack of labeling reaction does
not imply lack of antibody, but lack of reactivity toward the native proteins. (2) EAATZ was recognized by antibodies to eight of the 15 EAAT2-paptides,
but EAATI by only thrae of 13 EAATI-peplides. N&, na anlibady, [+, posilive reaction with native proteins.

Animals, immunizations and collection of tissue

All animal experimentation was carned out in accordance with the
Maticnal Institutes of Health Guide for the Care and Use of Lab-
oratory Animals [MIH Publications No. 80-23) ravised 1858 and
the Eurcpean Communities Council Directive of 24 November
1986 (85/809/EEC). Formal approval to conduct the expenments
described was oblained from the animal subjects review baard of
our institutions.

Rabbits and sheep.  Chinchilla rabbits {Chbb:CH) and Mew
Zealand rabbits (oblained from B&K Universal, Sollentuna, Swea-
den) were kepl in the animal facility af the Institute of Basic
Medical Sciences (University of Oslp, Oslo, Morway). The sheep
wera kapl at the Governmental Institute of Public Health {SIFF}) or
at the School of Veterinary Medicine [(Oslo, Norway). The animals
(Tahle 1) wers immunized and bled as described previously (Dan-
bolt et al., 1998), but using s.c. rather than intracutaneocus injec-
tions.

Rats and mice, Adult male Wistar rats (1012 weeks old)
were oblained from BEK Universal. Mice lacking EAAT3 (Peghini
et al., 1997} were bred and kepl in the animal facility at the John

Hopkings University (Baltimore, USA) until they reached 4 weeks of
age. Fresh tissue for bochemical studies was oblained from rats
and mice killed humanely using approved procedures. Brain lis-
sue for immunecytochemistry was oblained from animals that had
been killed by injection of pentobarbital followed by perfusion
fixation (see Immunocytochemistry below).

Glutamate transporter antibody purification
and nomenclature

Antibedies against the peplides could be isclated from the antl-
zera in most cases, albeit in highly variable amounts (0-300 po/mi
serum; data not shown). Testing of crude antisera was usually
done (data not shown), but all antibodies presented here have
baen affinity purified as described previousky on columns contain-
ing covalently immaobilized antigen (Lehre et al., 1995, Danbolt at
al., 1898), Sera from rabbits immunized with multiple peptides
ware passed through ane affinity column far each af tha peptides
used for immunization. Rabbit 52356 (Table 1) may serve as an
example. This rabbit was immunized with three peptides (C468—
482, C486-499 and C510-524}, and the serum was passed
through three affinity columns which were eluted separately. This



Table 1, Overview over EAAC antibedy praduction

Animal no. Peptide(s) Carmer Coupling reagent Antibody, 1D na.
20580° C1-18+C30+ CA1+ G468+ 54086+ C510 KLH, map GA, MBS
26693 C1-18+C39+C81+C158+C192 + 0342+ TG GA, red. Anti-C510, ab243
A58+ G486+ C510
Anti-C158+C192, an158
26697 C1-184 0304081 ~C158+C192+ 0342+ RSA and liposomes GA, rad, Anti-C158+C192, ab161:
CAGE + C486+ C510 (i) anti-C510, ab240
MHES (v}
28699 C1-18+0394CE1+C158+C192+ 0342 + KLH GA, red. Anli-C510, ab239
CABB+Ca486+ C510
26719 C1-18+CI9+CA1+C158+-C192+ 0342 + RSA GA, red. Antl-C510, ab23s
C4B8+C4B5+CH10
H738° 510 Raa Gy, red, Anti-CH10, ab138
80820 CE10
B2356 Ca684+ C486+ G510 KLH GA, red. Anti-C510, abs2
84172 CA68+C510 G, red. Anti-C510, ab234
32052 C1-13+C33 map
B350 c1-13 maap
3a780 C39 KLH
DBOB20 cava KLH GaA, rad.
OBO71S 474 KLH Ga, rad. Anti-C479, ab3dd
oBavIyT 4749 KLH GA, free Anti-C4TS8, ab333
0BO721 479 KLH GA, free Anti-CATS, ab33s, 359,
545 and 547
1BOBRS C491 KLH GA, fres Anti-C481, ab10 and 371
1BDESS" C1-13+C39+CE14+C158+C192 Gold-TG GA, free
1B07T16* C1-13+C39+ CA1+C1508+C192 Gald-TG GA, frea
1B0TE4* C1-13+C39+CB1+C158+C192 Gald-TG GA, free
1BOTES Cag KLH GA, frea
1B0ASI" C1-13+0C38+CR1+C158 Gold-TG G, frea
1B1012* C1-13+ 038+ 081 +0158 Gold-TG GA, frea
1B1225* C1-13 1+ C38+C81+C158 Gold-TG Ga, frea
TOOSER 491 KLH GA, free Anti-C491, ab236
TD0993 C491 KLH GA, free Ant-C491, ab23y
Jas1 C491 KLH GA, free
JR25 c4a1 KLH GA, free
MB303 CB1 KLH GA, rad.
MBI455 C1-18+C39+CB1+C468+CA86+ C510 GA, rad.
Sh36 C1-13-map+CI9-MBS-KLH+ CH10-Ga- map, KLH MBS and GA,
KLH =]
Sha131 491 KLH GA, frea Anti-C491, ab2sa: anti-
CE10, ab340
Sha430 C158+C192+C510 KLH MBS Anti-C158, ab2049: anti-
G192, ab211
Shl C510 KLH GA, red.
Shll C468 KLH GA, red.
Sh il C486 KLH GA, red.

Mast of the EAAC peptide sequences gave nse 1o antibodies recegnizing the peplides they were direcled against, bul only a few ol these labaled
EAAL protain (listed in “Antibody. [0 no.", Although some very weak antibodias were obtained for C158-180and C182-203, the by far best antibodies
were obtained from seguences close to the C-terminal (C4T9=498, C491-523 and C510-524; see also Fig. 1). Changing the carrier protein or
coupling reagent did ot seem o change this trend, and this was true whether the animals wars immunized with one paplide or a mix of different ones.
Peplide-conjugales were mixed with Freund's Completa Adjuvant (FCA) at the first immunization and Freund's incomplete Adjuvant (FIA) &t the
subsequent ones, excapl for those animalz marked with asterisk ("), These animals received FI& supplemenied with muramyl dipeplida at all

immunizations. Abbreviations: GA, glutaraldehyde (reduced with NaBH4 or free); NHS, N-hydroxysuecinimide: TG, thyroglabulin,

resulted in three different anfibody fractions which were namad
according to the antigen immobilized on the respective affinity
column: anti-C468 (Ab 507, anti-C486 (Ab,51) and anti-C510
{8b.52). (The parentheses contain the database identification
numbers). Only the latter antibady is listed in Table 1 because it
was the anly one which recognized EAATS.

An overview of the antibodies used in the present raporl is
given in Table 2. To make this manuscript easier to read, the
anlibedies have been given short systematic and informative

nameas. However, these names do not contain sufficient infor-
mation to identify them unegquivecally in our records, Therefore
we have also included the unigue database identification num-
bars.

The antiserum from rabbit [(Rb) 0BOT21 ta CA7H—498
(19,09 2002 was subjacted to a four stage purification process
(see Resultz) which included absorption against tubulin, Purified
antibodies ware quantified spactrophotometrically at 280 nm using
bovine lgG as the standard.



Table 2. Primary antibodies used

Antibody Animal Antibody names used in Ligand on affinity Reference Cong, used for biot
1D n number tha prasant report calumn date labeling (walml}
Ab 109 Rb 88350 Anti-C1 C1-18 1994-07-16 3
Ab, 125 Rib 88780 Anl-C39 (39-58 1994-07-16 3
Ak 206 Rb 26693 Anti-CE1 CA1-84 198E-07-08 3
Ab, 245 Rb 26693 Anti-C158 C158-180 1997-12-17 3
Al 166 Rb 26699 Ant-Ca42 C342-355 1996-05-27 3
Al S0 Rb 52356 Anti-C468 Cag8—482 1983-08-20 3
Ab, 334 Rb 0B0G20 Anli-C4798 CaTo-458 2001-07-26 1
Ab, 334 Rb 0BOT15 Anti-C4798 CA4TH-458 2001-07-26 1
Ab, 333 Rk 0B0OTIT Anti-C479C CATE-498 2001-07-26 i
Ab, 335 Rb 080721 Anti-C4780 CA79-4508 200107 -26 1
Ab 545 Rb DBOT21 Anti-Z478-KLH KLH 20020519

Ab 54T Rb MEOT21 Anti-C479-Tub Tubulin 2002-09-149

Ab, 359 Rb 0BO721 Antl-C479P CATS-498 2002-0%-19 3
Ab 371 Rb OBOGE3 Anti-C4918 £491-523 2005-01-03 1
Ab 237 Rk YDO993 Anti-C491A C4%1-523 1957-12-14 i
Ab 126 Rk BA738 Ainti=C51 BA C510-523 1993-04-04 1
Aln, 340 Sh 4131 Anti-C5108 C510=523 200010816 1
Ab 48 Rb 81024 Anti-B2 B2-11 1983-06-15 1
A 152 Rk 68518 Anti-B12A B12-26 1995-09-14 0.2
Ab, 360 Rb 25970 Antl-B128 B12-26 2002-07-10 0.2
A, 130 Rb 29606 Anti-B107 BA107-120 19895-04-23 1
Ab.528 Rb D155 Anti-B 146 Bldg—162 1998-08-01 1
Ab 311 Rl 84204 Anil-B166 B1GE-102 1998-08-01 10
Ab 42 R G550 Anti-B219 B219-230 1893-01-30 1
Ab, 132 Rb 88330 Anti-Ba01 B301-313 1995-07-25 1
Ab B3 Rb 52898 Anti-BaT2 BaT2-304 1994-05-05 1
Al B4 Rb 52893 Anti-B473 BAT3-486 1943-08-0% 1
Ab.OT Rb 84946 Anti-B483 B483-508 1984-05-25 0.5
Al 54 Rb 54532 Anti-B518 B518-536 1903-12-28 1
Ab, 356 Rb 180707 Anti-B550 B550-561 2002-09-05 3
Ak, 355 Rb 1BOTOT Anti-B5G3 BSB3-573 0.5

2002-09-05

Electrophoresis and immunoblotting

Brain and kidney tissues were rapidly dissected out from rats
and micg and directly homogenized in five to 15 volumes of
20 mi sodium phosphate buffer (NaPi) pH 7.4 containing 1%
[wiv) SO5 and 1 mM PMSF. The mixture was sonicated (30 s;
dr. Higlscher UP 80HT) 1o reduce viscosity (by breaking up
DMA), Brain tissus was homagenized in a Dounce glass—glass
homogenizer while kidney fissue was first homogenized by
means of a Palytron PT1200% homogenizer (which is able ta
break up connective tissue) and then further treated in a
Dounce glass—glass homogenizer. Undissolved kidney tissue
components were sedimented by centrifugation {3000 r.p.m.,
41 *C, 5 min). These extracts ara refarred to below as brain or
kidney SDS-extracts. Protein concentrations were determined
with the bicinchaninic acid assay (BCA assay, Smith et al,
1985).

The S05-extracts were diluted in SDS-sample bufier (Lae-
menli, 1970 to 1 mg/ml and subjected to SD3-PAGE which was
performed as described before {Laemml, 1970, Lehra al al,,
1995) with separating gels consisting of 7.5 or 10% acrylamide.
The molecular mass markers were used In non-reduced form.
Afler electrapharesis the praleins were gither silver stained (Dan-
bolt et al., 1990} or electreblotted onto nitrecellulose membranes
{Towbin et al., 1979, Lehre et al., 1995}, The blots were immuno-
stained with alkaline phosphatase-conjugated secondary antibod-
ies (Lebre el al., 1995)

Light microscopical immunocytochemistry

This was perlormed as described previously (Danbalt et &l 1998;
Boulland et al., 2004}, Brefly, animals weare deeply anesthetizad
and fixed by transcardiac perfusion with 0.1 K NaPi containing
either 4% formaldehyde or 4% formaldehyde and 0.05% glutaral-
dehyde, Free floating vibratome sections (40 pm thick) were
treated with 1 M ethanalamine—HCI (pH 7.4), blocked with 10%
newbom call serum and 3% (wiv) BSA in TEST (300 mM NaCl,
0.5% Triton X-100 and 100 mM Tris—HCI pH 7.4), and incubated
ovemight with primary antibodies diluted in TBST with 3% new-
barn calf serum and 1% BSA), followed by secondary antibodies
diluted in blocking solution. Anti-glutamate transporter antibodies
were used in different concentrations as indicated. The mouse
manoclonal anti-CNPase and anti-MBP from Stemberger Mono-
clonals were both used at 1:500 dilutions. The secandary anlibod-
ies (biotinylated anti-rabbit, anti-sheep and anti-mouse, and fluo-
rescently tagged GAM Alexa 4B8 and GAR Alexa 555) were all
used at 1:1000 dilutions. When fluorescently marked secondary
antibodies ware used, the sactions ware mounted in Fluoromount
G water base, and observed in a Zeiss Axioplan 2 microscope
equipped with a Zgiss L3M 5 Pa confocal scanner head. Pinhole
size was around 1 area unit, oplimized for each wavelength to
ensure confocality. When biotinylated secondary antibodies ware
used, then the seclions were developed with the bistin—slrapia-
vidin=peroxidase system and diaminobenzidine as described
(Danbalt et al., 1998), Control sections incubated with preimmune
IgG instead of anti-peplide antibodies, or with anfibodies preab-
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sorbed with the peplide used for immunization, showed na label-
ing

Postembedding

Postembedding immunagold labealing was performed on freeze-
substituted low lemperature resin-embedded tissue, from rals
perfugion fixed as above with 4% formaldehyde and 0.05% glu-
taraldehyde, as described previously (Dehnes et al., 1998) Uitra-
thin sections weare cul, collected on nickel grids and labeled by
sequential immersion for 10 min each at room temperature unless
olherwise stated, in small drops of the following solutions: Tris-
buffered saline with 0.1% (wv) Triton X-100 (TEST), 2-3% HSAIn
TBST, primary antibody diluted as appropriate in HSA-TEST
{4 *C overnight), three times in TBST, gold-conjugated secondary
antibody in HSA-TBST diluted 1:20 (1=2 h}, three times in TBST
and wo times in distilled water. They wera stained with uranyl
acetate and lead citrate and examined in a Tecnai 12 transmission
elactron micrnscope.

ELISA-procedure for antibody testing

The procedure was performed by a Tecan Genesis 200 Worksta-
tion robot. The microtilerplates were kept on a horzontal shaker al
room temperature during all incubations. Each well in the 56 well
microfiterplate was first incubatad (2 h} with 50 pl TBS (10 mhd
Tris—HCI pH 8.0, 150 mM MaCl, 0.05% MaM,) containing 3 pg
antigen per ml and then washed with TBS {4 cycles, 50 s) to
remove unbound antigen. To block free binding sites, the wells
werz incubated with TBS (380 pliwell) containing 20% NCS (when
not stated otherwise) for 2 b with agitation and washed in TES with
0.058% (wiv) Tween 20 (TEST) (4 cycles, 50 ). Antibody fractions
1o be tested were diluted in blocking solution to the desired con-
centration. 50 pl was added to each well and was incubated far 60
rmin and then washed with TBST (eight cycles. 50 s). The wells
were incubated for B0 min with 50 wl TBST containing 20% MCS
and alkaling phosphataze-conjugated anti-rabhit diluted 1:1000. A
final washing with TBST (sight cycles, 50 s} was followed by
addition of 100 ul p-nitrophenyl phosphate (1 mo/ml) in 0.9 M
diathanolamina—HC| buffer (pH 9.8) with 1 mM MgCl.. The QD405
was measured after 60 min. Background levels in each assay
were determinad by using BSA as the coating antigen

RESULTS

Anti-peptide antibodies are usually obtained, but
they often fail to recognize the parent protein

Animals were immunized with synthetic peplides corre-
sponding to parts of the EAAT3-sequence (Fig. 1, Table 1),
The amounts of antibodies which could be isolated by
antigen affinity chromatography vaned greatly. For exam-
ple, rabbit 80886 which was immunized with B403—-415 did
not produce any detectable amounts of anti-peptide anti-
bodies while about 0.2 mg anti-C491 antibodies (Ab.237)
was isolated from each ml of serum from rabbit 7D0993
{data not shown),

Because the antibodies were affinity purified, it follows
that all the antibodies shown here (Table 2} did recognize
the peptides used to generate them. In spite of this, only a
mincrity of the affinity purified antibodies recognized the
EAAT3 protein on immunoblots (Fig. 2B), Only peptides in
the C-terminal region generated antibodies recognizing
EAATZ. The two peptides from the putative second exira-
cellular loop (G158 and C192) also generated antibodies to
the EAAT3 proteins, but their reaction is oo weak to be

-

seen in Fig. 2B and too weak to be useful. The other
peptides showed no detectable signal.

The peptide sequence is the main factor, but is hard
to predict

It is interesting to note that the ability of a peptide antibody
to recognize both the peptide and the parent protein
seemed to be a property of the peptides and not of the
immunization protocol used. The last column to the right in
Table 1 lists the peptides giving rise to antibodies recog-
nizing EAAT3-protein. It can be seen that even when an-
imals were immunized with mixtures of peptides, it was the
same peptides that gave rise to the good antibodies.

Consequently, in order to produce good anti-peptide
antibodies, the key factor is to select the right parts of the
seguence for peptide synthesis. Unfortunately, this is dif-
ficult as shown in Fig. 2. The EAATS and EAATZ proteins
are about 60% identical and the predicted antigenicity
profiles are similar. Like EAATS, peplides selected from
the C-terminal region of EAATZ were excellent immuno-
gens while, similarly, weak antibodies were obtained to the
second extracellular loop (B166), but not to the first one
(BEY and C39). But in contrast to EAATS, peptides from
the M-terminus (B2 and B12) and from both the first (C107)
and the third (B372) intracellular loops gave rise to good
antibodies, This could not be predicted prior to immuniza-
tion and testing.

Antibodies recognizing unrelated proteins are
frequently obtained

Because the purpose of the immunoblotting was o maxi-
mize the probability of detecting possible immunareactivity
toward non-EAAT 3-proteins, the samples were made from
whole tissue directly homogenized in SDS to ensure that
the immunoblots would contain as many of the fissue
antigens as possible. Examples of labeling patterns are
shown in Fig. 3. The antibodies generated by immunization
and purification with five of the peptides (C1-13, C1-18,
C39-58, C81-94 and C468-482) did not recognize
EAATI, but did frequently bind to other proteins (examples
are shown in Fig. 3A, strips 1-4) and are therefore not
discussed further. Strong reaction with the EAAT 3-protein
was observed with the majority of the antibodies obtained
after immunization with the C479-488, C491-523 and
C510-523 (Fig. 34, strips 5-11; Fig. 3B, strips 1-3}.

The anti-C491 and the ant-C510 antibodies labeled
one relatively broad fuzzy band at around 70 kDa on
immunoblots of brain (Fig. 3A, strips 8-11) and kidney
(Fig. 3B, strips 2 and 3). The labeling intensity of this band
was weak compared with the band immunopositive for
antibodies to EAATZ2 (Fig. 3A, strip 12). The weak labeling
was due to the low amounts of EAATI-pratein in brain
tissue and not the result of low affinity of the antibodies,
because high labeling intensities were obtained when they
were tested on immunoblots of transfected Hela cells
{data not shown) and on blots containing purified EAAT3-
protein (data not shown).

The anti-C479 antibodies labeled the same band as
the anti-C491 and the anti-C510 antibodies, but also a
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Fig. 3. Specificity lesting of EAATI antibodies by immunobiolting.
Whole ral tissue was solubilized with S0S, subjected o SDS-PAGE
and blolled onlo nitrocellulese. Tha mtrecelulose shests ware cul inlo
idaritical strips (each with 16 wg protein) which were labaled wilh tha
following antibodies: & (hippocampus): (1) anti-C1; {2) anti-C39; (3)
anti-CA58; (4) anti-C4T94; (5) anti-C4T98; (B) ani-CaTaCl; (7} anti-
CATa0; (8) ani-C491B; (9) anti-C491A; (10} anti-C5104; (11) anti-
CE10B; (12) anti-B12A {positive contral); {13) no pamary antibody
(negative contral. (B} (kidney) (1) anti-C479P; (2} anti-C4818; (3)
anti-C5104; (4] no primary antibody (negative control). Mote the strang
labeling of an extra band just below the EAATS labeling in panel A
[strips 5-T). For antibody concentrations see Table 2,

broad band just below the 66 kDa marker (Fig. 3A, lanes
5-7). This band was labeled with higher intensity than that
of the upper band.

Uncovering of the identity of the lower anti-C479
positive band

It was important to uncover the identity of the protein
represented by the lower band recognized by the anti-
478 antibodies because the strong labeling sugoested it
is abundant, and expression of such high concentrations of
an EAAT3 variant would be a major discovery. We there-
fore attempted to immunoisolate the molecular species
using procedures we have successfully applied to trans-
porter proteins (Dehnes et al., 1998; Lehre and Danbaolt,
18980) in order to subject the purified protein to partial
protein sequencing. However, we found that the water
solubility of the unknown protein varied with the buffer
compaosition during homagenization, in contrast to EAATS3,
which was always found in the pellet, and always soluble
with CHAPS (data not shown).

The variable water solubility suggested reversible at-
tachment to cytoskeletal proteins. To obtain information
about the protein's localization, the different EAAT 3-anti-
bodies were used to label vibratome sections of brain
tissue. All the anti-C491 and anti-C510 antibodies and
three of the anti-C479 antibodies labeled neuronal cell
bodies and dendrites in tissue sections. Examples using
anti-C491B, anti-C479D and anti-C479PF antibodies are
illustrated (Fig. 4). One particularly striking difference be-
tween the three anti-C479 antibodies and the rest was the

dense labeling of axons. The labeling of dendritic cyto-
plasm was also somewhat stronger. Axonal labeling was
particularly evident in white matter tracts (Fig. 40). At the
electron microscopical level, label was found to be asso-
ciated with axonal and dendritic microtubules (Fig. 4E).

The antibodies were then tested in a robotic ELISA
assay for reactivity toward proteins present in high con-
cantralions in axons. A strong and specific reaction to
tubulin was observed, but not to any of the other proteins
tested, including another abundant cytoskeletal protein,
actin. This result indicated that the anti-C479 antibodies
recognized both tubulin and EAATS despite of being affin-
ity purified against the C479-498 peptide.

Fractionation of the anti-C479 antiserum

In order to separate antibodies to EAAT3 from the antibod-
ies to tubulin, another aliquot of crude serum from one of
the same rabbits {0BO721) was first fractionated by ab-
sarption on a column containing glutaraldehyde-treated
bovine serum proteins to remove polyreactive antibodies
and antibodies recognizing aldehyde-treated proteins in
genaral (Fig. 4F). Then it was passed through a column
with immobilized KLH (the camer protein to which the
peptide was conjugated during immunization), and subse-
guently through columns containing immebilized twbulin
and the C475-498 peptide. The antibodies that ware re-
tained on the varous columns wera eluted with low pH-
buffer and tested in an ELISA assay. The immunoreactiv-
ities of the antibody fractions obtained are shown in Table
3. The antibodies eluted with low pH from the KLH-column
(referred to as “anti-C479KLH"Y) reacted both with the
C4T9—-498 peplide and with KLH. The antibodies eluted
from the tubulin-column ("anti-C479-Tub") reacted both
with tubulin and with the C479-498 peptide, while the
antibodies collectad from the peplide-column reacted only
with the peptide and neither with KLH nor with tubulin,
These latter antibodies are referred to below as the "anti-
C47ap."

The anti-C4749F antibodies were then tested on both
immunoblots and tissue sections (Figs. 3, 4,5, 6and 7). As
can be seen in Fig. 4| (strip 2) these absorbed antibodies
displayed the same labeling profile as the anti-C421 anti-
bodies (strip 3). They did not recognize the lower band
labeled by the non-absorbed anti-C479 antibodies (strip 1).
Consequently, absorption against tubulin removed the an-
fipodies labeling the lower band. The absorption also re-
moved the antibodies giving rise to labeling of axons (Figs.
4G, 4H and TD).

Reaction of the antibodies with proteins from wild-
type and EAAT3 knockout mice

Ta verify that the band expected to represent EAAT3 really
did so, the antibodies were tested by immunoblotting with
protein extracts from wild-type (Fig. 54) and EAATS knock-
out mice (Fig. 5B). The bands detected in the wild type
{Fig. 5A, strips 1-5) were exactly as would be observed in
rat tissue. In contrast, neither the absorbed anti-C479 nor
anti-C491 antibodies showed detectable reaction with
blots of tissue from genetically modified mice deficient in
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Table 3. Testing of fracticnated anti-C4T9 antiserumn {0B0721) by
ELIZA

Antigen coating in the
micretiterplate wells

Ca7g Tubulin KLH
Anti-CATI-KLH (14 poiml) 3.98 0.05 3.86
ANG-CATIRLH (1.4 wgiml) a.97 0.00 363
Anti-C4T9-Tub (4 patml) 3.95 3.66 0,06
Anti-CATE-Tub {04 wgimi) .83 0.52 0.00
Ant-C479P (4 ugiml) 3,95 0.03 0.03
Anti-CATIP (0.4 woiml) 3.94 0.00 0,00
ANti-CA91E {1 wolml) 0.31 0.0 0.0

C479-498 peplide, purified tubulin and KLH were immoebilized in the
wedlls of microtiter plates, The plates were used o test the immunore-
activities of the various antibody fractions from the saparation axper-
iment described in Fig. 4. Table shows the absorbance values ob-
tained (average of duplicate determinations). Mote that the antibodies
collected on the last column {containing C47%-paplide) were deveid of
lubulin reactivity. The ant-C491B antibodies did not react with tubuling,
The slight reactivity towards the C475-498 peplide shows thal some
of tha antibodies directed to the C491-523 paplida reacl with the
ovarlapping part of the sequence,

EAATS (Fig. 5B, strips 3 and 4) while tubulin labeling only
was prasent with the non-absorbed anti-C479 (strip 2) and
EAATZ was detected, as expected, with anti-B12 {strip 1).
Labeling with anti-tubulin antibody {strip 5) produced a
band consistent with that observed with the non-absorbed
anti-C479.

Screening of antibodies for reactivity toward tubulin

Tubulin was purified from rabbit brain and immunoblotted
with a number of antibodies. Some of these tests are
shown in Fig. 6. Of the anti-glutamate transporter antibod-
ies tested, only the unabsorbed anti-C479 antibodies rec-
cgnized tubulin, Mo reaction was observed with any of the
anti-B12 or anti-C491 antibodies.

Preabsorption of the anti-C479D and the anti-
C479Tub antibodies

As shown in Table 3, the tubulin-reactive antibodies in the
anti-C479 antisera bound to both tubulin and the C479—
498 peptide. This indicated that the antiserum contained a
mixture of antibodies, Some of these were specific for the
peptide (anti-C479P) and some had a dual specificity in
that they could bind both the peptide and tubulin. To test
this further, anti-C4790 and anti-C479Tub antibodies were
preincubated with free C47%-498 peptide prior to incuba-
tion with immunoblots and sections. As expected, the free
peptide was able ta block all binding of the antibodies to all
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Fig. 5. Immunabdotting of antibadies with brain protein from wild type
(paned A) and EAAT3-knockout mice (panel B): {elrip 1) anti-B12
antibodies 10 EAATZ, (strip 2) unabsorbed anti-C4730; (strip 3) ab-
sorbed ant=-C479P, (strip 4} ant-C491B; {strip 5) manoclonal anti-
tubulin {Sigma-Akdrichy 1:200; (strip &) no primary antibody. Mote that
the labeling of the EAAT3-band is absent an the Western Mot of
profeins from the EAAT3-knockout. Also note the difference in labeling
intansity obtained with the anti-C479F and anti-C4918 in mice, The
anti-C47% antibodies show almost no reaction, while they label the rat
EAATS almast as strongly &5 the anti-C491 antibodies (compare sirips
1 amd 2 in Fig. 3B or strips 2 and 3 in Fig. 41). The unabsorbed
anti-C4730 antibodies recegnize tubulin in both wild-type and EAAT 3-
kmockout.

fissue proteins. Thus, the peplide also abolished the bind-
ing of the antibodies fo tubulin (data not shown).

Double labeling with anti-EAAT3 antibodies and
oligodendrocyte markers

It has been reported {Kugler and Schmitt, 1999} that
EAATI is expressed in oligodendrocytes. This study is
based on antibodies to a peptide comesponding to EAAT3
residues 480-499, Because our peptide (C479-498)
covers almost the same sequence, it is natural to ask if
their antibodies also cross-react with tubulin, This has not
heen tested, and the antibody has not been available to us.
However, the authors show in their article that they have
performed double labeling with a monoclonal anti-tubulin
antibody and observe colocalization of labeling. On this
background, we wanted to check if our antihodies also
labeled oligodendrocytes. Vibratome sections were double
labeled with rabbit antibodies to EAATS and with mouse

per strip): anti-C4790 (not absorbed; strip 1), anti-C479P {after tubulin absorption; strip 2), anti-C491B (2irip 3). a monoclonal anti-tubulin antibody (12
200 fram Sigma-Aldrich [strip 4) and negative control (no primary antibody, strip 5. Nete that both EAATS antibedies labeled neurons {armowheads),
but that the latter antibody labeled axons and dendrites stronger than the formear and labeted microtubuwles at the electron microscopcal level (E).
Absorplion against tubulin removes both the tubulin reactivity and the axenal labeling in tissue sechons, There was no evidence of myelin labeling.
Scale bars=50 pm in pangls A, C and G and 10 pm in panegls B, D and H. Lettars (T, 5, m} in panel E indicate nerve terminal, dendntic spine and
mitechondran, raspaciively. The animals were perfusion fixad with 0.1 M MaPi containing 4% formaldehyde (panels A-D, H) or 4% formaldehyde and

0.05% glutarakdehyde (paned E).
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antipodies to oligodendrocyte markers (CMPase and
MBP). Mo co-localization betwaen oligodendrocyte mark-
ers and EAATI was detected {(Fig. TA-D). The antibody
produced by Kugler and Schmitt {1929) must be different
from our anti-C479D, because none of our anti-EAATI
antibodies label myelin or oligodendrocyte cell bodies.

DISCUSSION

This paper illustrates that immunization with an antigen
may lead to the generation of antibodies that recognize not
anly the antigen, but also molecules that appear com-
pletely unrelated to the antigen. While it might be expected
that two molecules which share some sequence similarity
could be recognized by antibodies raised against one of
them, in this case the cross-reactivity between anti-EAAT3
antipodies and tubulin could not have been predicted from
existing knowledge.

Clearly, as reported here, animals frequently produce
antibodies that have the ability to bind to the antigen-
columns and also o bind to unrelated proteins on immu-
noblots. Consequently, the generation of anti h:ur:lr:., with
oligo- or poly-reactivity is something that frequently occurs.
We have seen this also in connection with the production
of antibodies to other transporter proteins, e.q9. a monoclo-
nal polyreactive 1gG antibody (Danbolt et al., 1998). This is
in line with studies of autoantibodies in systemic lupus
erythematosus where certain peptide sequences bind ani-
DMA antibodies {Sikille et al.,, 1997; James et al., 1993).

Another issue this raises relates to preabsorption with
the relevant antigen which is considered by many to be a

key test of antibody specificity. The results presented here
show that this test is of little value when the arlllbud-_.- s
already affinity purified against the immaobilized antigen
hecause only the antibodies recognizing the <:ntl_:;-..—n have
baen collected and the rest eliminated. Since antibodies
have a finite number of binding sites (lgG molecules have
twol, It follows that antigen added in excess, will always
saturate the antibody binding sites and thereby completely
block the labeling of tissue sections, even when the anti-
body has affinity for other tissue antigens. As we show
here, the anti-C479-Tub fraction labels both EAATI and tu
bulin in sections. Preabsomption with C479-paplide blocks all
labeling of the sections, including that directed against
tubulin.

A third point illustrated here is that it is hard to predict
in advance if sequence differences between species are
going to matter for antibody binding, The rat 479—-498
sequence and the rat 481-523 sequence both differ with
one amino acid from the corresponding mouse sequences:

479 NIWVNPFALEPTILDNEDSDTH 498 Rat

491 LDMEDSDTKKESYWVNGGFESVDKSDTISFTQTSOF
523 Rat

479 NIVNPFALEPTTLDMEDSDTKKSYVNGGFAVD-
KSDTISFTQTSAF 523 Mouse

The anti-C491 antibodies datect mousea and rat EAATS
with about the same strength, while anti-C479 antibodies
do not recognize the mouse protein to any significant
degree.
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& fourth point illustrated is that generation of good
anti-peptide antibodies mainly depend on the selection of
the best part of the protein segquence. This, howevar, is
hard as shown in Fig. 2. The difference between EAATZ
and EAATI was not predicted in advance. Our conclusion
is that the most efficient way to produce anti-peptide anti-
bodies is to use a “shotgun” approach: synthesize several
peptides, mix them togsther before conjugation to carrier
protein and inject them all into the same rabbits. By sep-
arating the various antibodies from the ensuing antisera, it
is easy to find out which are the best peptides. Then these
can he injectad alone into new rabbits if larger amounts of
antibody are needed. This approach conserves the num-
ber of animals used. Further, if good antibodies are not
obtained, it is better to try new peptides rathar than trying
unsuccessful peptides in new rabbits.

Caoncluding remarks

Palyreactivity is a well-known phenomenon which comes
in various disguises, As this paper demonstrates, antibody
specificity is no trivial matter. Because the cross-reactivity
can be highly specific, it may be hard to discover. It also
follows from this that cross-reactivity depends on the pres-
ence of the cross-reacting molecular species. Thus, an
antibody may be specific in one organ and naot in another
due to differences in the expression of proteins cross-
reacting with the antibody. Often, antibodies tested in one
organ in animals of a certain age and species are used to
study other organs in animals of different ages or species
using differant immunoccytochemical protocols. On this
background it is unacceptable that immunocytochemical
papers are published with little or no information on the
antibodies used.

If sharp and beautiful pictures are obtainad, investiga-
tors often tend to believe that the antibodies are specific.
The main concern is that the cost involved in disproving
spuricus results from other laboratories is huge, and often
much highar than the costs of proper testing in the first
place. This problem is recognized, and the Journal of
Comparalive Neurclogy lists requirements that must be
met in order to make a paper acceptable for publication
{Saper and Sawchenko, 2003). Data presented in this
paper suggest that these requirements should be taken
seriously and perhaps be made stricter. The main difficulty
is not to distinguish between antibodies that recognize the
desired antigen and those antibodies that recognize other
antigens, but to find ocut whether or not antibody molecules
derived from a single clone recognize both the desired
antigen and something else. This is costly and a solution to
this problem may be to establish web-based database
systems in which all antibodies used in scientific publica-
tions are listed (for general consideration on neuroscignce
databases, see Amar et al., 2002; Koslow and Subrama-
niam, 2005). Then it would be possible to track each
antibody, and thereby make it possible to accumulate
knowledge on the specificity of each antibody. This would
be particularly valuable for monoclonal antibodies, but if
such a system is established, then it could just as well
include all antibodies because polyclonal ones are often

produced in sufficient quantities to be used in a number of
studies.
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Comments to Paper 2

Holmseth, Silvia // Dehnes, Yvette // Bjornsen, L.P. // Boulland, Jean Luc // Bergles,
Dwight // Furness N David // Danbolt, Niels Chr.- Specificity of antibodies — unexpected
crossreactivity of antibodies directed against the EAAT3 (EAAC) glutamate transporter,
Special Issue Article, Neuroscience

Specific antibodies are essential tools for identifying individual proteins in
complex biological samples. While generation of antibodies is often straight forward,
determinations of the antibody specificity is not. In this paper we illustrate how
complicated this can be by describing the production and characterization of antibodies of
the excitatory amino acid transporter 3 (EAAT3) glutamate transporter. I contributed on
this paper by working on the ELISA-procedure for antibody testing. The procedure was
performed by a Tecan Genesis 200 Workstation robot that I programmed. The antibodies
were tested for reactivity toward proteins present in high concentrations in axons. A
strong and specific reaction to tubulin was observed, but no to any of the other proteins
tested, including another abundant cytoskeletal protein, actin. This result indicated that
the anti-C479 antibodies recognized both tubulin and EAAT3 despite of being affinity
purified against the corresponding peptide.

This paper show that not all antibodies to synthetic peptides recognize the native protein
and that the specificity of an antibody is hard to predict. Unwanted reactivity can be
highly specific and thereby hard to recognize.
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Loss of perivascular aquaporin 4 may underlie
deficient water and K homeostasis in the human

epileptogenic hippocampus
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Contributed by Peter Agre, December 17, 2004

An abnormal accumulation of extracellular K* in the brain has been
implicated in the generation of seizures in patients with mesial
temporal lobe epilepsy (MTLE) and hippocampal sclerosis. Experi-
mental studies have shown that clearance of extracellular K* is
compromised by removal of the perivascular pool of the water
channel aquaporin 4 (AQP4), suggesting that an efficient clearance
of K* depends on a concomitant water flux through astrocyte
membranes. Therefore, we hypothesized that loss of perivascular
AQP4 might be involved in the pathogenesis of MTLE. Whereas
Western blot analysis showed an overall increase in AQP4 levels in
MTLE compared with non-MTLE hippocampi, quantitative Immu-
noGold electron microscopy revealed that the density of AQP4
along the perivascular membrane domain of astrocytes was re-
duced by 44% in area CA1 of MTLE vs. non-MTLE hippocampi. There
was no difference in the density of AQP4 on the astrocyte mem-
brane facing the neuropil. Because anchoring of AQP4 to the
perivascular astrocyte endfoot membrane depends on the dystro-
phin complex, the localization of the 71-kDa brain-specific isoform
of dystrophin was assessed by immunohistochemistry. In non-
MTLE hippocampus, dystrophin was preferentially localized near
blood vessels. However, in the MTLE hippocampus, the perivascu-
lar dystrophin was absent in sclerotic areas, suggesting that the
loss of perivascular AQP4 is secondary to a disruption of the
dystrophin complex. We postulate that the loss of perivascular
AQP4in MTLE is likely to result in a perturbed flux of water through
astrocytes leading to an impaired buffering of extracellular K+ and
an increased propensity for seizures.

dystrophin | epilepsy | seizures | astrocytes

M esial temporal lobe epilepsy (MTLE) is one of the com-
monest forms of medically intractable epilepsies. MTLE is
characterized by seizures that originate from mediobasal tem-
poral lobe structures, particularly the hippocampus, and neuro-
surgical resection of the epileptogenic hippocampus is often used
to treat this disorder. The resected, epileptogenic hippocampus
in MTLE is typically indurated and atrophic and displays massive
loss of neurons along with astroglial changes, particularly in
areas CA1 and CA3 and the dentate hilus, a condition known as
hippocampal (or Ammon’s horn) sclerosis. Electrophysiological
recordings from MTLE hippocampi have demonstrated that
these hippocampi are hyperexcitable when compared with non-
sclerotic hippocampi from patients with other types of temporal
lobe epilepsy, such as mass associated temporal lobe epilepsy
(patients with an extrahippocampal mass lesion) or paradoxical
temporal lobe epilepsy (patients without a mass lesion and with
seizures of unknown etiology). A fundamental question that
remains to be resolved is why the MTLE hippocampus is
hyperexcitable.

Studies of MTLE patient hippocampi have shown that the K*
buffering capacity is diminished when compared with non-
MTLE hippocampi (1). This decrease is most pronounced in

www.pnas.org/cgi/doi/10.1073/pnas.0409308102

sclerotic areas of the hippocampus, such as CA1l, where patch
clamp experiments have demonstrated impaired uptake of K*
into astrocytes by means of inwardly rectifying K* channels (2,
3). The sclerotic, MTLE hippocampus also exhibits increased T2
signal density on magnetic resonance imaging and higher than
normal apparent diffusion coefficient on diffusion-weighted
imaging, suggesting that water accumulates in this structure (4).
Moreover, the expression of mRNA for aquaporin 4 (AQP4) is
increased in area CAl of MTLE hippocampi compared with
non-MTLE hippocampi (5).

Loss of AQP4 from the perivascular endfoot domain of
astrocytes is associated with reduced clearance of extracellular
K" and increased severity of seizures in an animal model of
a-syntrophin deletion (6). This and other studies (7, 8) suggest
that buffering of K* by means of inwardly rectifying K* channels
on astrocytes depends on a parallel flux of water through the
plasma membrane of these cells. Under conditions of high
neuronal activity, K* and water are taken up by the astrocyte
membrane facing the neuropil and siphoned into blood or
cerebrospinal fluid through the endfoot membrane (9). Thus, in
experimental models, a perturbation of the flux of K* and water
exacerbates the potential for seizures. Here, we present data
suggesting that a similar mechanism may operate in the hip-
pocampus of patients with MTLE.

Materials and Methods

Tissue. Patients with medically intractable temporal lobe epilepsy
underwent phased presurgical evaluation at the Yale-New Ha-
ven Hospital, and those selected for surgery had their hippocam-
pus resected according to standard procedures (10). During the
period of July 1996 to February 2002, a total of 86 hippocampi
were resected. Twenty-four of these hippocampi were randomly
selected for the present study, and they are therefore represen-
tative of the patient population that undergoes surgery at Yale.
Informed consent from each patient and institutional approval
were obtained for the use of tissue in this project (see Table 1).

Classification. Tissue classification was carried out separately by
two investigators (T.E. and N.C.d.L.), and the samples were
encoded for further use. Thus, the investigators performing the
Western blots (M.J.T. and M.A.-M.) and quantitative electron
microscopy (L.P.B.) were unaware of the patient categories until
the experiments had been completed and the data were ready for
statistical analysis.

Abbreviations: MTLE, mesial temporal lobe epilepsy; AQP4, aquaporin 4.
*T.E. and T.-S.W.L. contributed equally to this work.

5To whom correspondence should be addressed at: Department of Neurosurgery, Yale
University School of Medicine, 333 Cedar Street, P.O. Box 208082, New Haven, CT 06520-
8082. E-mail: tore.eid@yale.edu.

© 2005 by The National Academy of Sciences of the USA

PNAS | January 25,2005 | vol. 102 | no.4 | 1193-1198

NEUROSCIENCE




Lo L

P

1\

=y

Table 1. Characteristics of patients selected for the study

Years since first

Age, unprovoked AEDs at
Case Gender years seizure surgery MRI findings Pathology Classification
1 M 39 16 Itg Unremarkable Unremarkable Non-MTLE
2 F 22 10 tpm Unremarkable Unremarkable Non-MTLE
3 F 46 28 cbz Unremarkable Unremarkable Non-MTLE
4 M 40 4 lev, vpa Unremarkable Unremarkable Non-MTLE
5 M a4 18 cbz, clo R hippocampal sclerosis Unremarkable Non-MTLE
6 F 49 42 lev Chiari | malformation; otherwise unremarkable Unremarkable Non-MTLE
7 F 38 30 cbz, tpm Unremarkable Unremarkable Non-MTLE
8 M 35 17 Itg, cbz Cavernous hemangioma, R amygdala, adjacent  Cavernous Non-MTLE
to hippocampal head; normal hippocampus hemangioma
9 M 27 1 cbz L mesial temporal lobe mass lesion encroaching Oligodendroglioma Non-MTLE
subbasal ganglia, replacing and involving
amygdala and anterior hippocampus
10 F 10 5 Itg R temporal lobe tumor involving basal ganglia  Low-grade Non-MTLE
and amygdala; bilateral hippocampal astrocytoma
atrophy.
11 F 8 4 cbz L temporal lobe tumor Oligodendroglioma Non-MTLE
12 M 47 22 cbz R hippocampal atrophy Hippocampal sclerosis MTLE
13 F 36 14 cbz L hippocampal sclerosis Hippocampal sclerosis MTLE
14 F 45 27 cbz, pri, gpn R hippocampal atrophy Hippocampal sclerosis MTLE
15 M 40 39 cbz, pht Unremarkable Hippocampal sclerosis MTLE
16 M 27 26 gpn, flb R hippocampal atrophy Hippocampal sclerosis MTLE
17 M 24 16 tpm, pb R hippocampal atrophy Hippocampal sclerosis MTLE
18 F 28 19 cbz L hippocampal atrophy Hippocampal sclerosis MTLE
19 F 15 10 cbz, Itg L hippocampal sclerosis with increased signal Hippocampal sclerosis MTLE
on FLAIR
20 F 50 40 cbz L hippocampal sclerosis with increased signal Hippocampal sclerosis MTLE
on FLAIR; bilateral small vessel ischemic
changes
21 F 36 26 Itg, pri R hippocampal sclerosis with increased signal Hippocampal sclerosis MTLE
on FLAIR
22 F 39 12 gpn, Itg R hippocampal sclerosis Hippocampal sclerosis MTLE
23 M 46 10 Itg, lev R hippocampal sclerosis Hippocampal sclerosis MTLE
24 F 51 33 cbz L hippocampal sclerosis Hippocampal sclerosis MTLE

For non-MTLE, n = 11, and for MTLE, n = 13. M, male; F, female; AEDs, antiepileptic drugs; cbz, carbamazepine; clo, clonazepam; flb, felbamate; pht,
phenytoin; lev, levetiracetam; li, lithium; Itg, lamotrigine; gpn, gabapentin; pb, phenobarbial; pri, primidone; tpm, topiramate; vpa, valproate; L, left; R, right;

FLAIR, fluid-attenuated inversion recovery imaging.

The surgically resected hippocampi were classified into two
groups (see ref. 11 for details): MTLE (group 1) and non-MTLE
(group 2). In MTLE, the seizure activity is believed to originate
from the hippocampus based on noninvasive studies, depth,
and/or subdural electrode recordings. The MTLE hippocampus
is characterized by pronounced neuronal loss (>50%) and
extensive astroglial proliferation in the hippocampal subfields
CA1l, CA3, and hilus. Also, this category shows reorganization
of peptidergic (dynorphin, somatostatin, neuropeptide Y, and
substance P) neurons in the dentate gyrus. The non-MTLE
hippocampi are recognized by a modest (<25%) neuronal loss
throughout all hippocampal subfields, minimal astroglial prolif-
eration, and no reorganization of peptidergic neurons in the
dentate gyrus. The histological pattern in the non-MTLE hip-
pocampi is similar to that of autopsy hippocampi. In ~50% of the
non-MTLE hippocampi, the seizures are thought to originate
from a mass lesion (usually a tumor) outside the hippocampus
but within the temporal lobe territory. In the remaining cases, no
mass lesion is apparent and the hippocampi are selected for
resection based on intracranial recordings of seizure onset.

Tissue Preparation. Immediately after surgical resection, two

S-mm-thick slices were cut from the center portion of the
hippocampus. One of the samples was immersed into a fixative

1194 | www.pnas.org/cgi/doi/10.1073/pnas.0409308102

containing 4% paraformaldehyde and 15% (vol/vol) saturated
picric acid in 0.1 M phosphate buffer, pH 7.4, for 1 h, followed
by immersion into 5% acrolein in phosphate buffer, pH 7.4, for
3 h. Fifty-micrometer coronal sections were cut on a Vibratome
and either (i) stored in a cryoprotection solution (FD Neuro-
Technologies, Catonsville, MD) at —80°C until processed for
preembedding immunohistochemistry or (ii) processed immedi-
ately for freeze substitution. The other sample was rapidly frozen
on dry ice and cut coronally into 200-um sections on a cryostat
and stored at —80°C until used for Western blotting.

Antisera and Chemicals. Affinity-purified polyclonal (rabbit) an-
tibodies against AQP4 (Chemicon) and monoclonal (mouse)
antibodies against dystrophin (NovoCastra, Newcastle upon
Tyne, U.K.) were used. The dystrophin antibody was made
against a synthetic polypeptide consisting of the last 17 aa of the
carboxyl terminus of the human dystrophin sequence (SSR-
GRNTPGKPMREDTM). This sequence is present in the as-
trocyte-specific form of dystrophin, Dp71 (12). Unless otherwise
specified, all other chemicals were obtained from Sigma-—
Aldrich.

Western Blotting. Frozen non-MTLE and MTLE whole hip-
pocampi were sonicated on ice in homogenization buffer (50

Eid et al.
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Fig. 1. There is an overall increase in AQP4 protein in the MTLE hippocam-
pus. Western blots of representative non-MTLE and MTLE patient hippocampi
immunostained with antibodies against AQP4 reveal single bands at the
expected molecular mass of 32 kDa. The band intensities from six randomly
selected non-MTLE and MTLE hippocampi (total of 12) were determined and
visualized by box plots. The value of the y axis is the labeling intensity of AQP4
compared with a standard control of neocortical tissue (see Materials and
Methods for details). A 360% increase in labeling intensity for AQP4 is evident
in MTLE vs. non-MTLE (*, P = 0.002, two-tailed Mann-Whitney U test).

mM 3-[N-morpholino]propane-sulfonic acid-HCl/2 mM DTT,
pH 7.6/3 mM EGTA/0.5 mM magnesium acetate/0.1 mM
sodium orthovanadate/0.1 mM PMSF/20 pg/ml leupeptin/10
pg/ml pepstatin A/5 pg/ml aprotinin/0.32 M sucrose). Protein
concentrations were determined with a BCA Protein Assay kit
(Pierce). After being diluted in a sample loading buffer (50%
sucrose/7.5% SDS/62.5 mM Tris, pH 6.8/2 mM EDTA/3.1%
DTT/0.01% bromophenol blue), 10 ug of protein was added per
lane, separated by electrophoresis on 12% polyacrylamide gels
(MiniProtean II, Bio-Rad) and transferred onto poly(vinylidene
difluoride) membranes. Membranes were blocked for 1 h in
Tris-buffered saline (20 mM Tris/137 mM NaCl, pH 7.6) plus
0.1% Tween 20 (TBS-T) plus 5% blocking agent [Enhanced
Chemifluorescence (ECH) kit, Amersham Biosciences], fol-
lowed by overnight incubation in primary antibody (1 wg/ml
AQP4; catalog no. AB3068, Chemicon). Membranes were sub-
sequently incubated for 1 h in fluorescein-conjugated anti-rabbit
antibodies (ECF kit, diluted 1:600), followed by a 1-h incubation
in alkaline phosphatase-conjugated anti-fluorescein antibody
(ECF Kkit, diluted 1:2,500). All steps were carried out at room
temperature with antibodies diluted in TBST plus 1% milk
powder.

After each incubation, membranes were washed in TBS-T.
The chemifluorescent signal was detected with a laser scanner
(Molecular Imager FX, Bio-Rad). For each blot, a global
background subtraction was performed that removed the high-
frequency, low-intensity pixels. After magnification, individual
pixels were visible, and each band was traced manually by using
the same background pixel intensity immediately adjacent to the
band as a cutoff. Similarly, a standard curve was constructed for
each blot with increasing concentrations (within the linear range
of the curve) of SDS-homogenized human neocortex from a
non-MTLE patient, with the highest concentration set at 100%.
The volume values (volume = sum of intensities of the pixels
within the volume boundary X pixel area) of the bands were
determined for AQP4 and the relative concentrations from the
patient samples were determined by comparison with the stan-
dard curve.

Preembedding Immunohistochemistry for Light Microscopy. Vi-

bratome sections were processed free-floating according to the
avidin—biotin complex method of Hsu ez al. (13) as described in

Eid et al.

ref. 14 with the following modifications: Incubation in the
primary antibodies was done for 18 h at room temperature at
dilutions of 1:10,000 for anti-AQP4 and 1:5,000 for anti-
dystrophin; a commercially available kit (VECTASTAIN Elite,
Vector Laboratories) was used for the remaining procedure.

Freeze Substitution. Small tissue blocks (0.3 X 0.5 X 1 mm?) of
area CAl were dissected from the 500-um Vibratome sections
and subjected to freeze substitution (15). Briefly, the tissue
blocks were cryoprotected in glycerol and rapidly frozen in liquid
propane at —190°C. The frozen tissue was immersed into
anhydrous methanol containing 0.5% uranyl acetate at —90°C in
an automatic freeze substitution unit (EMAFS, Leica, Vienna,
Austria). The blocks were infiltrated with Lowicryl HM20 Resin
(Lowi, Waldkraiburg, Germany) at —30°C, polymerized by UV
light, sectioned at 60 nm, transferred to 500-mesh nickel grids,
and processed for ImmunoGold electron microscopy.

Postembedding ImmunoGold Electron Microscopy and Specificity Con-
trols. On-grid immunolabeling of AQP4 was carried out in six
non-MTLE and six MTLE cases according to the procedure of
Laake et al. (16) with some modifications. Briefly, the sections
were incubated for 2 h or overnight with the AQP4 antiserum
(raised in rabbit) diluted 1:100, followed by incubation for 2 h
with 10-nm colloidal gold-conjugated secondary antibodies to
rabbit IgG diluted 1:20 (EMGFAR, BB International, Cardiff,

A

Fig. 2. Although AQP4 is preferentially distributed around blood vessels in
the non-MTLE hippocampus, this localization is lost in MTLE. AQP4 is demon-
strated by preembedding immunohistochemistry on Vibratome sections of a
representative non-MTLE (A and D) and MTLE (B and C) hippocampus. (A) In
the non-MTLE hippocampus, immunoreactivity for AQP4 in the pyramidal
layer of Ammon’s horn (the area within the dashed line) is preferentially
distributed around blood capillaries. (Scale bar, 1 mm.) (D) This finding is
demonstrated in the high-power field of CA1, where the arrow indicates a
strongly immunopositive capillary amidst a weakly labeled neuropil. (Magni-
fication, X6 selected portion of A.) (B) In the MTLE hippocampus, the prefer-
ential distribution of AQP4 around blood capillaries is lost in the pyramidal
layer in areas of sclerosis (such as CA1). Scale is the same as in A. (C) In the
high-power field of CA1 moderate immunolabeling for AQP4 is present
throughout the neuropil and also around blood capillaries, which are indi-
cated by arrows. (Magnification, X6 selected portion of B.)

PNAS | January 25,2005 | vol.102 | no.4 | 1195
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Quantitative ImmunoGold electron microscopy reveals significant loss of AQP4 from the perivascular astrocyte membrane in MTLE vs. non-MTLE

hippocampi. ImmunoGold electron microscopy of the endothelial-astrocyte interface in CA1 of a representative non-MTLE hippocampus demonstrates that
AQP4 (arrows) is enriched on the astrocyte membrane facing the endothelial cell. Considerably less labeling is present on the astrocyte membrane facing the
neuropil (arrowheads). (Inset) Quantitation of gold particle densities in random fields from area CA1 of six non-MTLE (n-MTLE) and six MTLE hippocampi. Gold
particle counts for MTLE are given as percent of non-MTLE = SEM: astrocyte membranes facing the endothelial cell (+cap; particles per um), 56 = 16% (*, P =
0.01); astrocyte membranes facing the neuropil (—cap; particles per um), no change. The number of gold particles per unit area of neuropil (particles per um?)
was 273 + 23% (**, P = 0.013). A two-tailed Mann-Whitney U test was used for statistical analysis. bm, basal lamina; ns, not significant. (Scale bar, 100 nm.)

U.K.). The sections were counterstained with uranyl acetate
followed by lead citrate or lead nitrate before being examined in
a transmission electron microscope (Jeol EM 300). Substitution
of the primary antibodies with normal serum or preimmune sera
completely abolished the staining.

Statistical Analysis. A two-tailed Mann—Whitney U test was used
to examine the differences in the Western blot results. In the
postembedding experiments, gold particle densities were calcu-
lated per unit plasma membrane of randomly selected astrocyte
profiles that were facing (i) the perivascular compartment or (if)
the neuropil. Gold particles were included in the counts as long
as they touched the membrane, even if their center of gravity
projected outside the plasma membrane. In addition, the total
number of gold particles per unit area was calculated from
particle counts in five randomly selected areas (total ~60 um?)
of the neuropil from each patient. Analysis was performed on
electron micrographs that were digitized and analyzed by the
Neurolucida system (Microbrightfield, Burlington, VT). Gold
particle counts from six non-MTLE and six MTLE patients were
used in the analysis.

Results

The level of AQP4 protein in hippocampal specimens from six
non-MTLE and six MTLE patients was assessed by quantitative
Western blotting. AQP4 was elevated by 360% in MTLE than in
non-MTLE (P = 0.002, two-tailed Mann—Whitney U test) (Fig.
1). This finding is in accord with RT-PCR experiments of patient

1196 | www.pnas.org/cgi/doi/10.1073/pnas.0409308102

hippocampi in which the content of AQP4 mRNA is elevated by
257% in MTLE vs. non-MTLE (5). The increase in AQP4 in
MTLE is proportional to the increase in the astrocyte marker
glial fibrillary acidic protein (5); thus, the overall increase in
AQP4 in MTLE can be explained by the proliferation of
astrocytes typical of hippocampal sclerosis.

Immunocytochemistry was carried out to determine whether
the increase in AQP4 was associated with a subcellular redis-
tribution of AQP4. Light microscopic analysis revealed that
AQP4 was enriched near blood vessels in non-MTLE hip-
pocampi, consistent with a preferential localization of AQP4 in
the perivascular endfeet of astrocytes (n = 11) (Fig. 2.4 and D).
In CALl of the MTLE hippocampus (n = 13), the perivascular
localization of AQP4 was disrupted (Fig. 2 B and C). Detailed
analysis by ImmunoGold electron microscopy confirmed that the
AQP4 labeling was confined to the plasma membrane of astro-
cytes in non-MTLE (n = 6) (Fig. 3) and MTLE (n = 6)
hippocampi. Quantitation revealed that the labeling density was
reduced by 44% on the perivascular astrocyte membrane in
MTLE vs. non-MTLE (Fig. 3) hippocampi. In contrast, the
labeling density of the astrocyte membrane facing the neuropil
was the same in both patient categories. As expected from the
increased number of astrocyte profiles in MTLE the gold particle
density per unit area in randomly selected fields of the neuropil
was 173% higher in MTLE hippocampi than in non-MTLE
hippocampi (Fig. 3).

Anchoring of AQP4 to the perivascular astrocyte endfoot
membrane depends on interactions with proteins of the dystro-

Eid et al.



Fig.4. Lossof perivascular AQP4in the MTLE hippocampus is associated with
a deficiency in perivascular dystrophin. Adjacent sections from the non-MTLE
(A, C, and E) and MTLE (B, D, and F) hippocampi shown in Fig. 1 were
immunolabeled with an antibody against the astrocyte-specific isoform of
dystrophin (Dp71) and counterstained with neutral red. (A and B) The low-
power micrographs from non-MTLE (A) and MTLE (B) depict the CA1-
subiculum-transition, with the pyramidal layer between the dashed lines.
(Scale bar, 500 um.) (C, D, and E) In CA1 (C) and subiculum (E) of the non-MTLE
hippocampus, there is strong immunolabeling for dystrophin around blood
capillaries (arrowsin Cand E), whereas in the MTLE hippocampus, pericapillary
immunolabeling for dystrophin is reduced in CA1 (arrows in D). (Scale bars, 40
um.) (F) The validity of this finding is attested by the presence of numerous
strongly dystrophin-positive capillaries in the subiculum of MTLE. (Scale bar,
40 pm.)

phin complex (17). Notably, deficiency in either dystrophin (18)
or a-syntrophin (6) leads to loss of perivascular AQP4. More-
over, patients with Becker muscular dystrophy, a disorder char-
acterized by defective expression of dystrophin, have increased
incidence of epilepsy (19). In a recent microarray analysis of
mRNA expression of nine dystrophin-associated proteins, only
dystrophin was significantly lower by 68% in MTLE vs. non-
MTLE hippocampi, whereas a-syntrophin mRNA was un-
changed (5). To evaluate whether the deficiency of dystrophin in
MTLE is related to the redistribution of AQP4, we localized
dystrophin by immunohistochemistry with an antibody against
the carboxyl terminus of the molecule. This antibody recognizes
the 71-kDa major brain dystrophin isoform, Dp71, which is
expressed in astrocytes (20). In agreement with animal studies,
in the non-MTLE hippocampus, the immunolabeling for dys-
trophin was preferentially localized near blood vessels through-
out all hippocampal subfields (Fig. 4 4, C, and E). In the MTLE
hippocampus, the perivascular labeling for dystrophin was re-
duced in sclerotic areas (e.g., CAl) (Fig. 4 B, D, and F), despite
the presence of numerous blood vessels in the latter (data not
shown). In nonsclerotic areas of the MTLE hippocampus (Fig.
4 B and F), the labeling for dystrophin was similar to that of
non-MTLE hippocampi (Fig. 4 A and E).

Discussion

As pointed out in the Introduction, hippocampi removed from
patients with MTLE show evidence of an impaired water and K*
homeostasis (1-3). This finding has obvious pathophysiological
implications, because any buildup of K* in the extracellular
space would increase neuronal excitability and contribute to the
epileptogenicity of the relevant hippocampal subfields (21, 22).
A reduced capacity to handle excess K* is likely to be particularly
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deleterious once a seizure has been precipitated. In such a
situation a loss of K™ homeostasis could easily set up a vicious
cycle leading to a prolongation and aggravation of the epileptic
seizures (23).

According to experimental studies, the processes responsible
for clearance of extracellular K™ are compromised by removing
perivascular AQP4 (6). The most parsimonious interpretation of
the latter observation is that K* homeostasis depends on the
integrity of the mechanisms that are responsible for water flux
through the perivascular astrocyte membrane. Functionally, the
perivascular membrane domain is coupled in series with the
astrocyte membrane domain that faces the neuropil and is likely
to be critically involved in mediating water and K* efflux from
the extracellular space surrounding active synapses (6). Corrob-
orating the functional coupling between water transport and K*
clearance, it has long been known that synaptic activation causes
not only an increase in extracellular K* but also a decrease in
extracellular space volume (24, 25). The exact mechanism un-
derlying the coupling between K* and water transport is not
known, but it has been proposed that the two transport processes
are coupled through the activation of glial bicarbonate uptake
(26). What is clear is that K* is not fluxed through AQP4 itself
because AQP4 shows no evidence of a K* conductance in
experimental models (27).

Mice lacking perivascular AQP4 after the removal of the
anchoring protein a-syntrophin do not show any reduction in the
total level of AQP4 in brain tissue (28). Quantitative electron
microscopical studies have provided an explanation of this
finding: The loss of AQP4 from the perivascular membrane
domain is compensated for by a sustained or increased comple-
ment of AQP4 in the remainder of the astrocyte plasma mem-
brane (28). Our previous finding that the brains of these mice
display obvious deficiencies in water and K" transport under-
lines the fact that astrocytes are functionally polarized and that
their normal function depends on a correct compartmentation of
their membrane molecules (6). Specifically, the mislocalization
of AQP4 induced by a-syntrophin deletion interferes with
homeostatic processes that require a serial coupling between
endfeet and non-endfeet astrocyte plasma membranes (29).

The question addressed in the present study is whether
epileptogenic hippocampi from patients with MTLE display a
mislocalization of AQP4 similar to that found to be associated
with increased seizure vulnerability in transgenic mice. Our data
indeed show that MTLE tissue mimics tissue from syn=/—
animals by displaying a reduced density of AQP4 in perivascular
membranes. Moreover, as in syn™/~ animals, the tissue level of
AQP4 is not decreased but significantly increased.

The most pressing question is whether the changes observed
are responsible for the observed loss of K* and water homeosta-
sis in the epileptogenic hippocampus. Extrapolation from the
transgenic studies discussed above suggests that such a mecha-
nistic coupling may exist. For obvious reasons this question
cannot be subjected to direct experimental testing. It should be
pointed out, however, that the present study provides the first
evidence that a perturbed expression pattern of a membrane
molecule could underlie the deficiency in water and K* ho-
meostasis in MTLE. Whether other molecular mechanisms also
contribute will have to be resolved in future studies.

What could be the mechanism underlying the loss of perivascular
AQP4 in MTLE hippocampi? That this loss reflects a general
depletion of AQP4 is ruled out by the finding that the tissue level
of AQP4 increases rather than decreases. It was logical to look for
changes in the dystrophin complex, which is known to be respon-
sible for anchoring of AQP4 at perivascular membranes (17).
Specifically, we tested whether tissue deficient in perivascular
AQP4 showed a concomitant loss of perivascular DP71, the major
dystrophin isoform in the brain (20). The finding that AQP4 and
DP71 were similarly mislocalized suggests that the loss of perivas-
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cular AQP4 may be secondary to a dissolution of the dystrophin
complex. One possible mechanism underlying a dissolution of this
complex is activation of extracellular proteases (such as metal-
loproteinases) that could sever the coupling to the laminin of the
perivascular basal lamina that normally keeps the dystrophin/
aquaporin complex in place (30, 31). Activation of extracellular
metalloproteinases is a common pathophysiological response e.g.,
to infections and stroke in the CNS (32).

Based on the present findings, we conclude that mislocaliza-
tion of AQP4 might contribute to the epileptogenicity of the
MTLE hippocampi. This conclusion does not necessarily mean
that the changes observed are primary events in the pathogenesis
of MTLE. It could well be that the mislocalization develops
rather late in the sequence of events that culminates in epilepsy.
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Comments to Paper 3
This study suggest that loss of AQP4 may underlie deficient water and K+

homeostasis and contribute to the epileptogenicity of the MTLE hippocampi in humans. I
performed the quantitative electron microscopy and made bar-plot in figure 3. In the
postembedding experiments, gold particle densities were calculated per unit plasma
membrane of randomly selected astrocyte profiles that were facing the perivascular
compartment or the neuropil. Gold particles ere included in the counts as long as they
touched the membrane, even if their center of gravity was projected outside the plasma
membrane. In addition, the total number of gold particles per unit area was calculated
from particle counts in five randomly selected areas (total ~ 60 um?) of the neuropil from
each patient. Analysis was performed on electron micrographs that were digitized and
analyzed. Gold particle counts from six non-MTLE and six MTLE patients were used in

the analysis.
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Focus of the thesis

In this thesis I have chosen to focus on my work with glial glutamate transporters
in the human epileptic hippocampus. I have contributed to other projects (see abstract 1,
and Paper 2-3), but this is the project that I have been singly responsible for. I have done
the research and writing on my own and feel that this project has given me the chance to

be part of the whole research process; from idea to the finished product.

Introduction

Glutamate is the major excitatory neurotransmitter in the brain and is implicated
in the pathogenesis of neurodegenerative diseases. High extracellular glutamate
concentrations have been identified as a likely trigger of epileptic seizures in mesial
temporal lobe epilepsy (MTLE), and these high glutamate levels could be the result of
malfunctioning and /or down-regulation of glutamate transporters. The aim of the present
study is to further explore the differences in glial glutamate transporter distribution in the
hippocampus between non-sclerotic and sclerotic hippocampi in TLE patients. The two
glial transporters (EAAT1 and EAAT2) were studied by immunoblotting,

immunohistochemistry and electron microscopic methods.

Glutamate

The neurotransmitter glutamate mediates most of the excitatory (stimulating,
activating) signals in the central nervous system. This does not only include signals
involved in perception, cognition and movements, but also for cell survival, elimination,
migration and differentiation, as well as for synapse formation and elimination (Fonnum,
1984; Ottersen and Storm-Mathisen, 1984; Collingridge and Lester, 1989; Headley and
Grillner, 1990). Further, glutamate affects brain energy consumption, free radical
formation, cell volume and water transport. Glutamate has a role in the signal
transduction in the nervous systems of apparently all complex living organisms, including
man, and is considered to be the major mediator of excitatory signals in the mammalian
central nervous system. From this it follows that glutamate has to be present in the right

concentrations in the right places for the right time. Both too much and too little

-37-



glutamate is harmful. This implies that glutamate is both essential and highly toxic at the
same time.

Glutamate is one of the ordinary 20 amino acids which are used to make proteins
and takes parts in typical metabolic functions like energy production and ammonia
detoxification in addition to protein synthesis. Glutamate forwards its signaling function
by binding to and thereby activating receptor on cells that are programmed to respond
when exposed to glutamate. Several subtypes of glutamate receptors have been identified:
NMDA, AMPA /kainate and metabotropic receptors (mGIluR). Most of the nerve cells,
and even glial cells, have glutamate receptors (Hosli and Hosli, 1993; Steinhauser and
Gallo, 1996; Vernadakis, 1996; Conti et al., 1999; Shelton and McCarthy, 1999; Bergles
et al., 2000).

The normal concentration of glutamate in the extracellular fluid is low, in the
order of a few micromolar. In contrast, the glutamate concentration inside the cells is
several thousand times higher. The highest glutamate concentrations are found in nerve
terminals (Storm-Mathisen et al., 1992; Ottersen et al., 1996) and the concentration inside
synaptic vesicles may be as high as 100 millimolar. Glutamate is therefore almost
exclusively located inside the cells and the intracellular location of some 99.99 % of
brain glutamate is the reason why the huge amount of the transmitter is not toxic for the
brain (Danbolt, 2001). This is essential because glutamate receptors can only be activated
by glutamate binding to them from the outside. Hence, glutamate is relatively inactive as
long as it is intracellular.

There is uptake of glutamate into both glial cells and nerve terminals. Glutamate
taken up by astroglial cells is converted to glutamine. Glutamine is inactive in the sense
that it cannot activate glutamate receptors, and is released from the glial cells into to
extracellular fluid. Nerve terminals take up glutamine and convert glutamine back to
glutamate (Van den Berg and Garfinkel, 1971). This process is referred to as the
glutamate-glutamine, and is important because it allows glutamate to be inactivated by
glial cells and transported back to neurons in an inactive (non-toxic) form (Gjessing et al.,

1972; Hamberger et al., 1983; Hamberger and Nystrom, 1984).
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Fig. 1. The glutamate-glutamine cycle. This pathway represents a way of recycling transmitter glutamate. Glutamate
released from a nerve terminal by exocytosis (Which is ATP and Ca2 + dependent) is taken up by glutamate
transporters present presynaptically (VI), postsynaptically (I) and extrasynaptically in astroglial cells (II). Astroglia
detoxifies glutamate by converting it to glutamine in an ATP-dependent process. Glutamine is subsequently released
from the glial cells by means of glutamine transporter (I1II) and taken up by neurons by means of other glutamine
transporter (IV). Neurons convert glutamine back to glutamate. Synaptic vesicles are loaded with glutamate from
cytosol by means of a vesicular glutamate transporter (V).

Glutamate transporters

Controlling the extracellular concentration of the neurotransmitter glutamate is
crucial, but the mechanisms controlling glutamate are hard to study because glutamate is
involved in so many different and interconnected processes. Evidence suggests that the
control mechanisms of glutamate play key roles in the disease processes ultimately
leading to the nerve cell damage, disabilities and suffering (for review see: Danbolt,
2001).

Synaptically released glutamate is normally taken up by astrocytes and, as
mentioned, rapidly converted to the non-excitotoxic amino acid glutamine (Broman et al.,
2000). The glutamate uptake system (for review see Danbolt, 2001) consists of five
different transporter proteins and represents the only (significant) mechanism for removal
of glutamate from the extracellular fluid in the brain. Five different glutamate (excitatory
amino acid) transporters have been identified: EAAT1 (GLAST) (Storck et al., 1992;
Tanaka, 1993), EAAT2 (GLT) (Pines et al., 1992), EAAT3 (EAAC1) (Kanai and
Hediger, 1992), EAAT4 (Fairman et al., 1995), and EAATS (Arriza et al., 1997). EAAT1
and EAAT2 are expressed by astrocytes (Danbolt et al., 1992; Levy et al., 1993;
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Chaudhry et al., 1995; Lehre et al., 1995), while EAAT3 is neuronal and probably
predominantly postsynaptic (Rothstein et al., 1994). EAAT4 is a neuronal postsynaptic
glutamate transporter in Purkinje cell spines (Yamada et al., 1996; Nagao et al., 1997;
Dehnes et al., 1998) and EAATS is primarily expressed in the retina (Arriza et al., 1997).
Although both neurons and glia contain glutamate transporters, it is generally accepted
that more than 90 % of the forebrain glutamate uptake activity is mediated by EAAT2
(Danbolt et al., 1992; Haugeto et al., 1996; Tanaka et al., 1997; For review and
discussion see Danbolt 2001).

The uptake process is driven by the electrochemical gradient across the cell
membrane. Sodium is required for glutamate binding while potassium is required for net
transport (Kanner and Sharon, 1978a; Roskoski, 1979; Barbour et al., 1988: Sarantis and
Attwell, 1990: Szatkowski et al., 1991). The process is electrogenic (net positive charge
moving in) and it is thereby stimulated by a negative membrane potential. The
electrogenicity of the process implies that it generates a current, which can be measured
with electrophysiological techniques. The transporters utilize the ion gradients of both
sodium and potassium, and also H' (Billups et al., 1996; Zerangue and Kavanaught,
1996a; Levy et al., 1998Db) as energy sources for the transport process. The EAAC and
GLT glutamate transporters have the following stoichiometry: one glutamate is taken up
together with three Na" and one H' in exchange for K™ (Zerangue and Kavanaught,
1996a; Levy et al., 1998). In the only published study of the stoichiometry of GLAST
(Klockner et al., 1993) no conclusions were made concerning H+/OH-, but a

stoichiometry of three Na', one glutamate and one K was suggested.

Localization of the glial transporter subtypes

GLAST (EAAT]I) is expressed in astroglia throughout the central nervous system
(Lehre et al., 1995; Chaudhry et al., 1995; Schmitt et al., 1997; Ullensvang et al., 1997).
GLAST is present in all regions of the brain, with a relatively high level in the olfactory
bulb, hippocampus, cerebral cortex and striatum, and lower concentrations in
diencephalon and brainstem (Lehre et al., 1995). The GLAST protein concentration is
particularly high in the Bergmann glia, in the molecular layer of cerebellum where it is

the quantitatively dominating transporter (Lehre and Danbolt, 1998).
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Fig. 2. Types of glutamate transporters at glutamatergic dependent ATPase in the vesicular membrane pumping

synapses. . Glutamate transporters in glial cell plasma H' into the vesicles. V. Cystine, which is essential for the
membranes, GLT and GLAST as well as some EAAC, synthesis of glutathione (an important antioxidant), is
remove glutamate from the extracellular fluid. This transported into cells in exchange with glutamate.

implies that they remove the glutamate that has already
escaped from the synaptic cleft. GLT and EAAC pump
one glutamate together with three Na™ and one H' in to
the cells in the exchange of one K*. GLT is the most
abundant of the so far molecularly identified glutamate
transporters. GLAST is, however, the major transporter in
some regions, including cerebellum (molecular layer) and
retina. II. Glutamate transporters are also found post
synaptically in the plasma membranes of dendritic spines.
These transporters, which include EAAT4 (only in
cerebellar Purkinje cells) and EAAC (throughout the
brain), have a relatively high associated CI- channel
activity. III. The glutamate transporter in glutamatergic
nerve terminals has still not been molecularly identified
and the exact stoichiometry of the transport cycle is not
known. Because it is reversal of this transporter that is
responsible for release of most of the glutamate during
ischemia and because the ease by which it reverses
depends on the stoichiometry, precise information of the
stoichiometry is important to obtain. IV. Synaptic
vesicles are loaded with glutamate from cytosol by means
of a glutamate transporter located in the plasma
membrane of synaptic vesicles. The energy driving this
transporter comes from the action of a vesicular Mg**-

Glutamatergic
nerve terminal

Synaptic
vesicle

Dendritic
spine

GLAST appears to be the quantitatively dominating glutamate transporter also in retina,
where it is found in Miiller cells and astrocytes (Derouiche and Rauen, 1995; Rauen et
al., 1996; Lehre et al., 1997; Harada et al., 1998; Eliasof et al., 1998). There is a high
degree of consistency between the localization of GLAST protein and GLAST mRNA as
determined by immunoblotting, immunocytochemistry, and in situ hybridization.

GLT (EAAT?2) has only been found in astroglia in the normal postnatal and adult
central nervous system (Danbolt et al., 1992; Levy et al., 1993; Rothstein et al., 1994;
Lehre et al., 1995; Chaudhry et al., 1995; Schmitt et al., 1996; Ullensvang et al., 1997),
with the exception of retina (Rauen and Kanner, 1994; Rauen et al., 1996; Harada et al.,
1998). It is the quantitatively dominating glutamate transporter in the forebrain (Lehre
and Danbolt, 1998). It is found in the same astroglial cell membranes as GLAST (Lehre
et al., 1995; Haugeto et al., 1996), and both GLT and GLAST are found at higher
concentrations in the parts of the cell membranes facing neuropil (axons, nerve terminals,
and small dendrites) than in membranes facing capillaries, pia, or large dendrites
(Chaudhry et al., 1995). The regional distribution of GLT, however, is different from that
of GLAST: The GLT concentration is highest in hippocampus, cerebral cortex and
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striatum, with lower levels in diencephalon and mesencephalon, and only a low level in
the olfactory bulb and cerebellum (Lehre et al., 1995). In spite of the exclusive astroglial
localization, a clear GL T mRNA signal is also found in neurons in the adult brain,
including pyramidal cells in hippocampus CA3 and pyramidal cells in the cerebral cortex
(Torp et al., 1994; Schmitt et al., 1996; Torp et al., 1997; Berger and Hediger, 1998).
Nevertheless, with these notable exceptions there is general consistency between the
immunoblot data, immunocytochemistry, and in situ hybridization data for the regional
distribution of GL T in the brain. Certain conditions apparently induce the expression of
GLT protein in some neurons. This has been observed during prenatal development
(Furuta et al., 1997a; Yamada et al., 1998; Northington et al., 1998), hypoxia (Martin et
al., 1997), and in cell cultures (Mennerick et al., 1998; Brooks-Kayal et al., 1998).

(O Glutamate
A containing B
vesiclas

O VGELUT 1 and 2

[ GLAST (EAATT)
L GLT (EAATZ)
‘ Terminal © EAAC (EAATS) Terminal
cell ® EAAT4 cell
body l body 09 @
0C%00
i f
1 Astroglial |
Astroglial Astroglial prq:;gis .
process I process g’
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Fig. 3. Schematic representation of the detailed localization of glutamate transporters in the vicinity of the
glutamatergic synapses. (A) Parallel fiber to Purkinje cell dendritic spine synapses in the cerebellar molecular layer.
These synapses are completely surrounded by astroglial membranes containing GLAST and GLT at average densities
of 4700 and 740 molecules per pm* membrane, respectively (Lehre and Danbolt, 1998). The concentrations are highest
towards neuropil and lower towards other structures like cell bodies, vascular endothelium, large dendrites and pia
mater. EAAT4 is concentrated in the glia-covered parts of the membranes of Purkinje cell dendrites, highest at the
spines and thinner dendrites. EAAC is present in Purkinje cell membrane as well as cytoplasm (Conti et al., 1998;
Kugler and Schmitt, 1999), but quantitative data and information on the precise subcellular distribution of this are
currently unavailable. (B) Glutamatergic synapse in the hippocampus (e.g. Schaffer collateral to pyramidal cell
synapse). The synapses are only contacted and not surrounded by astroglia. GLT and GLAST are present in the
astroglial membranes at average densities of 8500 and 2300 molecules per um” membrane, respectively, with highest
concentration towards neuropil. Quantitative information is neither available on EAAC nor on the molecularly
unidentified transporter in the glutamatergic nerve endings.
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Temporal lobe epilepsy

Although there are many types of epilepsy of both genetic and acquired forms,
temporal lobe epilepsy (TLE) is among the most common of the chronic seizure disorders
(Hauser et al., 1975; Engel et al., 2001), and the one most intensely studied. Temporal
lobe epilepsy (TLE) was defined in 1985 by the International League Against Epilepsy
(ILAE) as a condition characterized by recurrent unprovoked seizures originating from
the medial or lateral temporal lobe. Despite a wealth of descriptive data obtained from
patient histories, imaging techniques, electroencephalographic recording, depth recording
before and during surgery, and from histological study of surgical and autopsy tissues,
the epileptogenic process remains poorly understood.

Patients with TLE exhibit neuronal loss and a network imbalance that presumably
causes the clinical condition. It is believed that when the hippocampus is found to be
asymmetrically atrophic on initial imaging (figure 4), the shrunken hippocampus is a
likely source of epileptic seizures in TLE (Engel et al., 2001). The presence of a shrunken
hippocampus is also a predictive indicator of the medically refractory state of the disease
(Semah et al., 1998). Depth electrode recordings demonstrate hypersynchronous

electrical activity in the hippocampus that is often associated with auras that can spread to

cause clinical seizures (Engel et al., 2001).

Figure 4

Mesial temporal lobe epilepsy (MTLE). The EEG suggested a right temporal lobe focus. Coronal high-resolution T2-
weighted fast spin echo magnetic resonance image obtained through the body of the hippocampus demonstrates
abnormal high signal intensity in the right hippocampus (white arrows; compare with the normal hippocampus on the
left, black arrows) consistent with mesial temporal sclerosis (The McGraw-Hill Companies).
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Since this form of epilepsy is often intractable (Chadwick, 1990) many of these
patients undergo anteromedial temporal lobectomy with hippocampectomy for seizure
control (Spencer et al., 1984). Approximately 70% of the resected hippocampi are
characterized by pronounced neuronal loss and astroglial proliferation, especially in areas
CA1, CA3 and the dentate hilus (de Lanerolle et al., 1994). The CA2 region is, on the
other hand relatively spared. These neuropathological features are the hallmarks of
hippocampal sclerosis, a distinctive characteristic of patients with mesial temporal lobe

epilepsy (MTLE) (Sommer, 1880) (figure 5).

Figure 5

Photomicrographs of EAAT3 (EAAC)-like immunoreactivity in MTLE hippocampus. This low power view of the
entire cross-section of a MTLE hippocampus shows the hallmarks of hippocampal sclerosis. The immunoreactivity is
seen in the granule cell layer (GCL), molecular layer (ML), throughout the Ammon’s horn (CA4, CA3, CA2, CAl) in
the pyramidal cells and subiculum. The hippocampus is characterized by pronounced neuronal loss in areas CA1, CA3
and the dentate hilus (CA4), so there are less labeling in these regions. The CA2 region and subiculum are spared. Only
neurons are labeled (granule cells and pyramidal cells). Pyr, stratum pyramidale; Im, lacunosum moleculare; alv,
alveus; fim, fimbra. (LPB)

Hippocampal sclerosis is believed to play a key-role in the generation of seizures
in MTLE (Mathern et al., 1997; de Lanerolle and Lee, 2005), but we do not really know
precisely which cell populations, when lost, cause the network imbalance in TLE, or
which cells generate the seizure discharges. Nor do we have an effective drug treatment
that both points to the identity of the defective component and corrects the network
imbalance to an extent that produces symptomatic improvement (Sloviter, 2005).

If the assumption that the hippocampus is a frequent source of seizures is correct,

the observation that typical hippocampal sclerosis involves an extensive loss of dentate
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hilar neurons and CA1 and CA3 pyramidal cells (Meldrum et al., 1992), logically focuses
attention on surviving dentate granule cells (Tauck et al., 1985) and (Nadler et al., 2003)
and subicular neurons (Cohen et al., 2002) as likely candidates for neurons that become
the seizure generators. One perspective (“epileptogenic” mossy fiber sprouting) posits
that a trauma- or seizure-induced loss of vulnerable dentate hilar neurons causes granule
cells to redirect their axonal output to each other, resulting in a recurrent excitatory
network (Tauck et al., 1985; Nadler et al., 2003). A second perspective (‘inhibitory’
mossy fiber sprouting) focuses on the postsynaptic targets of vulnerable hilar neurons,

which include both granule cells and inhibitory neurons (Sloviter et al., 1992).

Glutamate transporters in epilepsy

Glutamate has long been thought to play a major role in the initiation and spread
of seizure activity (Meldrum, 1994). Animal studies have shown that the administration
to the hippocampus of glutamate or glutamate analogues triggers seizures, while co-
injection of glutamate antagonists blocks the seizures (Olney JW., 1978; Olney et al,
1986).

In the sclerotic hippocampus changes in NMDA and AMPA receptors have been
observed (de Lanerolle et al., 1998; Musshoff et al., 2000) and intracellular recordings
from dentate granule cells in the human MTLE hippocampus have revealed a glutamate
dependent hyperexcitability in these neurons (Williamson, 1995). Elevated levels of
extracellular glutamate are observed in patients with various epilepsies (e.g. Janjua ef al.,
1992; Ferrie et al., 1999) and in vivo microdialysis studies of patients with MTLE have
shown that the extracellular concentration of glutamate rises in sclerotic hippocampi just
before a seizure and remains high for at least 15 minutes after the cessation of
electrographic seizure activity (During and Spencer, 1993). These results indicate that
there may be an impaired glutamate uptake capacity and thus possible malfunctioning
and/or down-regulation of glutamate transporters (Meldrum et al., 1999).

Reduced expression of glutamate transporters has been shown to cause or be
associated with seizures in animal models. A relationship between glutamate transporter
dysfunction and epilepsy was established by Tanaka and colleagues, who found that

mutant mice lacking EAAT?2 had increased extracellular glutamate levels and developed
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spontaneous seizures (Tanaka et al., 1997). Several studies on animal models have later
linked glutamate transporter expression and epilepsy, but the results of these studies have
been contradictory. The majority show a decrease in EAATI] and EAAT2 mRNA and
protein (e.g. Samuelsson et al., 2000; Ueda et al., 2001; Ingram et al., 2001), and an
increase in EAAT3 mRNA and protein (e.g. Ghijsen ef al., 1999; Ueda et al., 2001; Crino
et al., 2002;Gorter et al., 2002) in animal epileptic models. Some have on the other hand
found an increase in EAAT1 mRNA (Nonaka et al., 1998) and decreased EAAT3 mRNA
(Akbar et al., 1998), while Simantov et al. found a down-regulation of EAAT3 and a
modest increase in expression of EAAT?2 in restricted hippocampal regions (Simantov et
al., 1999).

There are a few studies reporting on glutamate transporters in human epileptic
patients. Tessler and colleagues (Tessler et al., 1999) found no change in the level of the
mRNA or protein, by using in situ hybridization and Western blotting techniques
respectively, for EAATI and EAAT?2 in hippocampus and temporal cortex in temporal
lobe epilepsy (TLE) patients compared to post mortem controls. In a study by Mathern
and colleagues using immunocytochemical methods coupled with neuronal counting and
image analysis, no changes in EAAT1 immunoreactivity (IR) were observed in
hippocampi from TLE patients with hippocampal sclerosis compared with TLE patients
without hippocampal sclerosis. Decreased EAAT2-IR was, in the same study, associated
with neuronal loss. An increased EAAT3-IR was seen in areas where neurons were
spared and a decrease in areas with neuronal loss (Mathern et al., 1999). A recent study
from Proper et al. showed a general decrease in EAAT1-IR and EAAT2-IR in the
sclerotic hippocampus when compared with the non-sclerotic hippocampus or post
mortem controls (Proper et al., 2002). This decrease was accompanied by a decrease in
mRNA levels for both transporters. An increase in neuronal EAAT3 protein levels in the
resistant areas (CA2, granule cell layer and subiculum) in the hippocampal sclerosis
group was also observed. Using immunohistochemistry and quantitative western blots
Eid et al. found no difference in EAAT2 expression between non-MTLE and MTLE
hippocampi (Eid et al., 2004).
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Materials and Methods

Patient Tissue

Patients with medically intractable temporal lobe epilepsy underwent phased
presurgical evaluation at the Yale-New Haven Hospital, and appropriate candidates
underwent anteromedial temporal lobectomy with hippocampectomy according to
standard procedures (Spencer, 1984). Informed consent from each patient and
institutional approval were obtained for the use of tissue in this project. The surgically
resected hippocampi were classified into two groups: (1) mesial temporal lobe epilepsy
(MTLE) and (2) non-MTLE as described by Eid et al. (Eid et al., 2004). The MTLE
hippocampus was characterized by pronounced neuronal loss (>50%) and extensive
astroglial proliferation most pronounced in the hippocampal subfields CA1, CA3, and
hilus (Kim, 2001). Reorganization of peptidergic neurons (neurons containing dynorphin,
somatostatin, neuropeptide Y, and substance P) in the dentate gyrus was also seen (de
Lanerolle ef al., 1994). On the other hand the non-MTLE hippocampi were recognized by
a modest (<25%) neuronal loss throughout all hippocampal subfields, minimal astroglial
proliferation, and no reorganization of peptidergic neurons in the dentate gyrus (Kim,
2001). They were obtained from patients with a mass lesion in the temporal lobe outside
the hippocampus (MaTLE) and those with no clear etiology, described previously as
paradoxical temporal lobe epilepsy —PTLE (de Lanerolle et al., 1997).

Tissue preparation

Immediately after surgical resection two 5 mm thick slices were cut from the mid-
portion of the hippocampus. One of the samples was immersed into a fixative containing
4 % formaldehyde and 15 % (v/v) of a saturated picric acid solution in 0.1 M phosphate
buffer pH 7.4 (PB) for 1 hour, followed by immersion into 5 % acrolein in PB for 3
hours. Thereafter the tissue was rinsed and stored in PB at 4 °C. Fifty-micrometer coronal
sections were cut on a Vibratome and processed for immunohistochemistry. The other

sample was rapidly frozen on dry ice, stored at —80 °C, and later used for Western blots.
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Hippocampal Nomenclature

The mesial temporal lobe consists of the hippocampus, parahippocampal gyrus,
entorhinal cortex and amygdala. The hippocampus is commonly divided into the
subiculum, Ammon’s horn and dentate gyrus (Lorente de No, 1934). The Ammon’s horn
is further subdivided into the areas CA1, CA2 and CA3, while the dentate gyrus is
subdivided into the hilus, granule cell layer and molecular layer (Amaral and Insauti,

1990).

Antisera and chemicals

Antibodies against GLAST and GLT were prepared by immunizing rabbits with
synthetic peptides (A522-541 (PYQLIAQDNEPEKPVADSET) for GLAST and B563-
573 (SVEEEPWKREK) for GLT) coupled to keyhole limpet hemocyanin with
glutaraldehyde (Lehre et al., 1995; Danbolt et al., 1998). The corresponding anti-peptide
antibodies were referred to as anti-A522 (rabbit 8D0161; Ab, 314) and anti-B563 (rabbit
1B0707; Ab, 355). These antibodies were tested and characterized by Western blotting
(Fig. 1) and immunohistochemical methods, and cross-reacted with human GLAST and
GLT, respectively. Unless otherwise specified, all other chemicals were obtained from

Sigma-Aldrich (St. Louis, MO).

Immunohistochemistry and electron microscopy

Vibratome sections were incubated free-floating in anti-A522 (200 ng/ml) or anti-
B563 (200 ng / ml) antibodies for 24 hours (RT), and then processed according to the
avidin-biotin peroxidase method (Hsu et al., 1981) using a commercially available kit
(Vectastain Elite, Vector Laboratories, Burlingame, CA). Immunstained sections from
each patient were mounted on slides, dehydrated and coverslipped for light microscopic
analysis. Control sections incubated without the primary antibody or by replacing it with
preimmune sera were not immunostained. Additional immunostained sections were
processed for electron microscopy. After immunostaining as described above the sections
were treated with 2 % osmium tetroxide in PB, stained en bloc with 2 % uranyl acetate in
water, dehydrated and flat-embedded in Durcupan ACM. Sections were cut on an

ultramicrotome, transferred to 500-mesh copper grids (Electron Microscopic Sciences,
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Fort Washington, PA, USA), contrast-stained with lead citrate and examined in a

transmission electron microscope (Jeol 1200 EX II) at 60 kV.

Western blot Analysis

Sections containing all hippocampal subregions were cut from frozen non-MTLE
and MTLE specimens. The tissue was homogenized in 10 tissue volumes of SDS-
solubilization buffer (1 % SDS with 150 mM NaCl and 10 mM PB pH 7.4, 5SmM EDTA,
and 1 mM PMSF) using a FastPrep® Instrument (Qbiogene, Inc., Ca) and the FastRNA®
Pro Green Kit (Qbiogene, Inc., Ca). The homogenates were then incubated for 10 min
and centrifuged (1000 x g, 10 min, 15°C). The supernatant solutions were stored at 80°C.
The sample protein concentrations were determined using BCA Protein Assay Kit
(Pierce, #23227) and the determination was preformed according to manufacturer’s
protocol. Bovine serum albumin (BSA) was used as standard and the spectrophotometer
(GeneQuant pro, Amersham) was set to 562 nm. The extracts were then subjected to
SDS-PAGE (Laemmli, 1970) and electroblotted (Towbin ef al., 1979) to nitrocellulose
(100v, 1h). The Protein homogenates were diluted to a final protein concentration of 2
mg/ml in a loading buffer (10 % sucrose, 2 % (w/v) SDS (pure C12; Pierce 28312), 0.001
% (w/v) bromophenol blue, 62.5 mM Tris-HCI pH 6.8, and 5% 2-mercaptoethanol) and
applied at different concentration on precast polyacrylamide gels (Criterion, 10% Tris-
HCI, BIORAD). The gels were run (200V, 40 min) in Criterion™ Cell Electrophoresis
Module (BIORAD). Immunostaining of blots was done as previously described (Lehre et
al., 1995) at room temperature. The immunolabeling of the blots was preformed using
Supersignal West Dura Extended Duration Substrate (Pierce, cat#34075). First the
nitrocellulose blots were washed (1x1min) in TBST (150mM NacCl, 0.05% (v/v) Tween
20, 0.05% (w/v) sodium azide and 10mM Tris-HCI pH 8), blocked (30 min) in TBST
with 4 % (w/v) skimmed milk powder (Nestle, Carnation, instant nonfat dry milk),
washed (1 x 1 min) with TBST and incubated (overnight) with primary antibodies (200
ng / ml anti-A522 or 200 ng / ml anti-B563) in TBST with 1% BSA (Sigma A-7888) and
0.05% (w/v) sodium azide. The blots were washed (1x1 min and 3x5-10 min) in TBST
without azide, incubated 1 hour with peroxidase conjugated (HRP-Conjugated) anti-

rabbit IgG (Anti-rabbit IgG peroxidase conjugate, A-1949, Sigma, diluted 1:30000) in
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TBST with 4 % dry milk (without azide) on a shaker. The blots were incubated for 5 min
in Supersignal Substrate according to manufacturers protocol (Pierce, Prod # 34075),
after they had been washed (1x1 min and 3x5-10 min) with TBST (without azide). The
blots were read at a Kodak Image 2000 R and the intensity of the bands was calculated
for GLAST and GLT using the Kodak software. A standard curve was made with
increasing concentrations of homogenized hippocampal tissue from a non-MTLE patient
to determine the linear range and 3, 6, and 12 pg protein were used from each patient.
Both antibodies gave a strong single band consistent with the expected molecular mass of
the glial glutamate transporters. Substitution of the primary antibodies with normal serum
completely abolished the staining. The blots were assessed using a two-tailed Mann-

Whitney U test (Statview Software, SAS Institute, NC).
Results

Clinical characteristics of patients

The demographic and clinical characteristics of the patients used in this study
were similar to those in a larger sample reported previously (de Lanerolle et al., 2003)
(Table 1). Similar numbers of males and females were studied in the non-MTLE group,
but the male:female relationship was 5:8 in the MTLE group. Eight of the 10 non-MTLE
hippocampi were of the PTLE category (Table 1). The ages at surgery of the patients in
the MTLE group were not significantly different (MTLE mean 37 years + 4 SEM and
non-MTLE 26 years = 5 SEM, p = 0.082, Mann-Whitney U, two-tailed test). The
duration of seizure history prior to surgery was also not significantly different (MTLE 27
+2 and non-MTLE 19 +4 years, p = 0.0585, Mann-Whitney U, two-tailed test). All
MTLE patients had hippocampal sclerosis characterized by significant neuronal loss
easily seen in area CA1 (neuronal counts not shown) compared to non-MTLE. There was
no difference between groups as regards the antiepileptic drugs they were on at the time

of surgery.
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Table 1 — Patient Characteristics

Patient and Gender Age at Years since | Antiepileptic drugs at | Pathology
classification Surgery first seizure | surgery

(years) to surgery
Non-MTLE
1 M 24 24 GBP, PHT, TPM PTLE
2 F 34 21 CBZ PTLE
3 F 5 5 PHT Ischemic stroke
4 F 15 15 LEV, OXC Cortical dysplasia
5 F 50 42 LEV PTLE
6 M 5 4 CLP, ZNS, TPM, PTLE
7 M 34 21 CBZ PTLE
8 F 43 34 CBZX, LTG, TPM PTLE
9 M 10 10 LTG, PHT PTLE
10 M 44 18 CBZX, CZP PTLE
MTLE
11 M 37 31 CBz Hippocampal Sclerosis
12 F 40 38 GBP, LTG, LEV Hippocampal Sclerosis
13 F 18 17 CBZX Hippocampal Sclerosis
14 F 39 36 CBZ, PRM Hippocampal Sclerosis
15 F 25 25 CBZX Hippocampal Sclerosis
16 F 52 27 PHT, VPA Hippocampal Sclerosis
17 F 51 40 CBzZ Hippocampal Sclerosis
18 F 52 33 CBZX Hippocampal Sclerosis
19 M 47 10 LTG, LEV, CBZX Hippocampal Sclerosis
20 M 17 17 CBZ, PHT Hippocampal Sclerosis
21 M 53 50 CBZ, PRM Hippocampal Sclerosis
22 M 28 26 CBZ, PHT Hippocampal Sclerosis
23 F 26 26 CBz Hippocampal Sclerosis

Table 1: Characteristics of patients selected for the study. Abbreviations for anti-epileptic drugs:
Carbamazepine/Tegretol (CBZ), Gabapentin/Neurontin (GBP), Phenytoin/Dilantin (PHT),
Topiramate/Topamax (TPM), Lamotrigine/Lamictal (LTG), Levetiracetam/Keppra (LEV),
CarbamzepineXR (CBZX), Primidone/Mysoline (PRM), Valproic Acid/Depakote (VPA),
Clorazepate/Tranxene (CLP), Oxcarbazepine/Trileptal (OXC)
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(A) Immunoblots of crude SDS extracts of human neocortex which were subjected to SDS-PAGE (~ 50 pg
protein/lane) and reacted with EAAT1 (GLAST) (anti A522, 200 ng/ml, lane 1) and EAAT2 (GLT) (anti-
B563, 200 ng/ml, lane 2) antibodies followed by alkaline phosphatase conjugated secondary antibodies.
Both antibodies gave a band at the expected molecular weight for each of the glutamate transporters.
Substitution of normal serum for the primary antibodies abolished staining (lane 3). Molecular mass
markers (kDa) are shown alongside the blots. (B) A bar plot showing the relative amounts of EAAT1
(GLAST) and EAAT?2 (GLT) (expressed as a percentage of the non-MTLE mean) quantified from Western
blots for non-MTLE (n=6) and MTLE (n=9) hippocampi. No significant differences in GLAST (EAATI)
or GLT (EAAT?2) were detected between patient groups.

Western blotting

Western blot studies of the transporters GLAST and GLT were carried out on
whole hippocampal sections from non-MTLE and MTLE hippocampi to determine if
there was an overall difference in the levels of these transporters between patient groups
(figure 1). No statistically significant difference in the expression of GLAST and GLT
between the non-MTLE and MTLE hippocampi was observed (GLAST: p =0.27, GLT:
p = 0.95, Mann-Whitney U, two-tailed test). However, since such a result may also be
produced in the face of regional changes in distribution, which may be compensatory, an

immunohistochemical study of the distribution of GLAST and GLT was undertaken.
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Cellular localization of GLAST and GLT
In both non-MTLE and MTLE hippocampi both EAAT1 and EAAT2 were

localized to astrocytes, being seen in both somata and processes of these cells (Fig. 2D,
2E, 3D, 3E). The staining was around neurons sometimes outlining them (Fig. 2C-F, 3C-
F). No neuronal labeling was detected.

At the ultrastructural level localization of EAAT1 and EAAT?2 the
immunoreactivity was studied in area CA1 of the hippocampus in both MTLE and non-
MTLE patients (Fig. 4). CA1 was chosen as sclerosis is most prominent in this area of the
hippocampus. Only astrocytes were labeled, processes (Fig.4A) as well as somata.
Labeled astrocytic processes could be seen to separate unlabeled pyramidal cell bodies
and terminals (Fig. 4B, C, D). The immunostained somata contained the organelles
typical for astrocytes. Though they were adjacent to strongly labeled astrocytic processes,
the axon terminals themselves always appeared completely unlabeled (Fig. 4B, 4D). The
labeling was entirely intracellular. In moderately reacted preparations the
diaminobenzidine reaction product appeared concentrated close to the inner surface of the
plasma membrane sparing the outer lamina (Fig 4E). The extracellular space always was
free of reaction product. Fibrous astrocytes in white matter were also labeled (Fig. 4F).
Strong immunolabeling for EAAT1 and EAAT?2 was also seen at the endothelial-
astrocyte interface with the labeling on the astrocyte membrane (Fig. 4E). Such labeling

was seen in both non-MTLE and MTLE tissue.

Regional distribution of immunolabeling

The pattern of immunolabeling for EAAT1 and EAAT2 in non-MTLE differed
somewhat from the MTLE group. Overall, there was weaker EAAT1 than EAAT2
immunostaining. EAAT1 and EAAT2 were expressed in all subfields of both non-MTLE
and MTLE hippocampi. The immunoreactivity was homogeneous and seen in all
sublayers, but a patchy pattern, was seen in some subareas such as CA1 for both EAATI1
and EAAT?2 in non-MTLE and MTLE (Fig. 2A, 2B, 3A, 3B), as earlier described for
GLT in post mortem material (Milton et al., 1997; Proper et al., 2002).
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Dentate gyrus and hilus

The staining of both GLAST and GLT was mainly around pyramidal cells in hilus
(not shown) and granule cells (figure 2¢c-d and 3c¢-d), outlining the neurons, and
individual labeled astrocyte cell bodies were seen in the dentate molecular layer and
polymorphic layer (not shown) in both non-MTLE (Fig. 2C, 3C) and MTLE (Fig. 2D,
3D). In MTLE compared to non-MTLE a loss of GLAST immunoreactivity was visually
observed throughout these two regions (Fig. 2B). The immunoreactivity for GLT in the
molecular layer of MTLE hippocampi, was less uniform than in the non-MTLE, with
some regions of the molecular layer showing even stronger labeling (Fig. 3B).
Some areas of the hilus in MTLE also retained EAAT1 and EAAT2 immunoreactivity
and individual labeled astrocytes were seen in these resistant areas (not shown). Blood
vessels were outlined by the immunostaining for both EAAT1 and EAAT?2 in all
hippocampi (Fig 2C, 2D, 3C, and 3D).

Hippocampal area CA1

The CA1 region in the MTLE is clearly sclerotic and smaller in size then the non-
MTLE hippocampus (Fig 2B, 3B). The staining of both EAAT1 and EAAT2 were mainly
around pyramidal cells in non-MTLE (Fig 2E, 3E). The neurons were outlined, but not as
clearly as around the granule cells. It was hard to distinguish individual astrocytes due to
an intricate meshwork of labeling in stratum radiatum, stratum pyramidale, and stratum
oriens in non-MTLE hippocampi (not shown). In the MTLE hippocampi, the intensity of
immunoreactivity for both GLAST and GLT appeared reduced in astrocyte cell bodies
compared the non-MTLE area CA1, and this was associated with the neuronal loss and

astroglial proliferation in CA1 (Fig. 2F, 3F).
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Non-MTLE

Figure 2
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Hippocampal area CA3, CA2 and subiculum

The immunostaining for both GLAST and GLT in these regions was also mainly
in fine processes around pyramidal neurons, but individual astrocytes were seen in
stratum radiatum, stratum oriens, and subiculum in both non-MTLE and MTLE (not
shown). Blood vessels were outlined by the staining for both GLAST and GLT in both
groups of hippocampi, specially pronounced in subiculum. In the MTLE hippocampi,
weaker immunoreactivity for GLAST was apparent in CA3 and CA2, whereas for GLT
no noticeable differences were observed. The subiculum did not show any loss of
immunoreactivity for either transporter in either group of hippocampi (Fig. 2B, 3B).
Individual astrocytes cell bodies labeled for GLAST and GLT were observed in MTLE.

(not shown).

White matter and alveus

A few astrocytes labeled with GLAST and GLT were seen in alveus and the white matter
in both non-MTLE and MTLE groups (not shown).

Figure 2 (page 16)

Photomicrographs of EAAT1 (GLAST)-like immunoreactivity in non-MTLE (PTLE) and MTLE
hippocampi. (A) and (B) are low power views of the entire cross-section of a non-MTLE and MTLE
hippocampus respectively. At this magnification the immunoreactivity appears as darkened areas in these
figures. In the non-MTLE (A) the immunoreactivity is seen in the dentate ML, throughout the Ammon’s
horn (CA3, CA2, CAl) and subiculum. In Ammon’s horn and the subiculum immunoreactivity appears
patchy as previously reported (Milton et al. 1997). In the MTLE (B) the immunoreactivity appears weaker
except in the subiculum. (C) and (D) are higher magnifications of the dentate gyrus showing parts the
granule cell layer (GCL), polymorphic layer (PML) and molecular layer (ML) in non-MTLE and MTLE
respectively showing fine immureactive processes around the granule cells (asterisks) and blood vessels
(arrow heads) as well as astrocytic cell bodies (arrows). (E) and (F) are portions of area CA1 in non-MTLE
and MTLE hippocampi showing immunoreacitve astrocytes (arrows) and processes, some of which
surround blood vessels (arrow heads) (E), which are more diffusely stained in MTLE hippocampi (F). Bar
=100 pm in A and B, and 20 um in C-F.

Figure 3 (page 18)

Photomicrographs of EAAT2 (GLT)-like immunoreactivity in non-MTLE (PTLE) and MTLE hippocampi.
(A) and (B) are low power views of the entire cross-section of a non-MTLE and MTLE hippocampus
respectively. At this magnification the immunoreactivity appears as darkened areas in these figures. In the
non-MTLE (A) the immunoreactivity is seen more prominently in the dentate ML, and throughout the
Ammon’s horn (CA3, CA2, CAl) and subiculum. In the MTLE (B) the immunoreactivity appears weaker
in the hilus, CA3, CA2 and CA1 but more intense in the subiculum. (C) and (D) are higher magnifications
of the dentate gyrus showing parts the granule cell layer (GCL), polymorphic layer (PML) and molecular
layer (ML) in non-MTLE and MTLE respectively, In both types of hippocampi fine immunoreactive
processes surround the granule cells (asterisks) and blood vessels (arrow heads). Labeled astrocytic cell
bodies (arrows) are also seen. (E) and (F) are portions of area CA1 showing immunoreacitve astrocytes
(arrows) and processes which strongly surround blood vessels (arrow heads (E). The immunostaining is
more diffuse in MTLE hippocampi (F). Bar = 100 um in A and B, and 20 pm in C-F.
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Non-MTLE ‘ MTLE
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Discussion

In this study we demonstrate both at the light microscopic and ultrastructural level
that in the human hippocampus both EAAT1 and EAAT?2 are found in astrocytes. No
immunoreativity for these two proteins was observed in neurons. This finding is fully
consistent with the localization of EAAT1 and EAAT?2 in the rat hippocampus (Lehre et
al., 1995). In contrast, one study of the human hippocampus has reported EAAT2 mRNA
in neurons as well. This has not been corroborated in the immunohistochemical studies
by these same workers or by in situ hybridization or immunohistochemistry in any other
studies (Lehre et al., 1995; Mathern et al., 1999; Tessler et al., 1999).

Prior studies of the distribution of EAATI and EAAT?2 in surgically removed
human sclerotic hippocampi compared to non-sclerotic hippocampi have concluded that
there is a reduction in EAAT2 (Proper et al., 2002; Mathern et al., 1999), a slight or no
reduction in EAAT]1 (Proper et al., 2002; Mathern et al., 1999) or essentially no-change
in these transporters (Tessler et al., 1999). The Western blot data presented in the current
study suggests that there is no change in the levels of either EAAT1 or EAAT2, though
immunohistochemical localization shows weaker staining in sclerotic regions like CA1
and the hilus compared to that in non-sclerotic hippocampi. This apparent discrepancy
needs explanation.

Careful perusal of previous reports of reduced astrocyte glutamate transporters in
the sclerotic hippocampus from patients with TLE, show that the actual evidence for such
reduction is not compelling. Firstly the two studies that report a reduction of glutamate
transporters, especially of EAAT2, do so on the basis of immunohistochemistry on fixed
tissue (4% formaldehyde for 24 - 48 hr), whereas those that assessed transporter levels in
parallel with immunoblots report no change (Tessler et al., 1999 and this study). It is well
known that fixatives reduce the antigenicity of molecules and do not provide a reliable
basis for quantification (Danbolt, 2001).

Evaluation of immunohistochemical data also presents further issues for discussion. The
data presented in Proper et al (Proper et al., 2002) show that staining levels for EAATI1
quantified as a Relative Optical Density (ROD) measure show a reduction only for the

dentate polymorphic layer (PML) in the sclerotic compared to the non-sclerotic
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hippocampus, despite the demonstration in their immunohistochemical photomicrographs
of reductions in staining in area CA1 and CA3/CA2 (see Fig. 2 Proper et al., 2002).
Mathern et al (Mathern ef al., 1999) also find no difference in EAAT1 immunostaining
levels between sclerotic and non-sclerotic hippocampi. Thus in essence all previous
studies concur with our data that there is no difference in EAAT]1 levels. Comparisons
that report reductions relative to autopsy controls must be interpreted with caution as
postmortem changes are in general likely to results in changes of glutamate transporter
levels due to autolytic effects (Beckstrom et al., 1999).

EAAT?2 is the predominant glutamate transporter in the hippocampus (Danbolt et
al., 1992; Haugeto et al., 1996; Tanaka et al., 1997; For review and discussion see
Danbolt, 2001). Proper et al (Proper et al., 2002) report on the basis of
immunohistochemical staining that EAAT?2 levels in areas CA1, CA2, CA3 and CA4
were reduced. Unlike for EAAT, the immunohistochemical patterns and well as their
ROD quantification are generally in concordance for EAAT2. However, in situ
hybridization studies by the same group show no quantitative change in EAAT? in areas
CA1 and CA2 (Fig 6B Proper et al., 2002) between sclerotic and non-sclerotic
hippocampi. Even though the granule cell layer in the sclerotic hippocampus appears
visually to have a considerable reduction in mRNA (see Fig. 5F and 5G Proper et al.,
2002) no quantitative difference is recorded (Fig. 6B Proper et al., 2002). Thus the data
for EAAT?2 as presented in this study is equivocal at best. In a study using similar
surgical tissue and patient types and fixed similar to that of the study by Proper et al.,
Mathern and co-workers found a reduction in EAAT?2 only in the hilar area of sclerotic
hippocampi (see Fig. 11 Mathern et al., 1999).

No depletion of EAAT? is shown for CAl either in gray value measures or
immunoreactivity pattern shown in the illustrated figures (Fig 6E and F Mathern et al.,
1999). Tessler et al (1999) also found no difference in EAAT?2 levels between epileptic
hippocampi and postmortem controls; this study did not distinguish between sclerotic and
non-sclerotic hippocampi (Tessler et al., 1999). On the basis of these studies it would be
reasonable to conclude that there is no appreciable difference in EAAT2 levels as well

between sclerotic and non-sclerotic hippocampi.
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Figure 4

Electron micrographs of GLAST and GLT immunoreactivity in CA1 of hippocampus in non-MTLE and
MTLE patients demonstrating labeling of astrocytic processes (a). Similar staining pattern was found for
both antibodies in non-MTLE and MTLE. A, B, D, and E are from CA1 of a representative non-MTLE
hippocampus, while C and F are from MTLE. Both A and C show a large stained astrocytic cell process,
while B and D show small processes adjacent to axospinous synapses. Note that the staining appears
concentrated close to the inside of glial membranes (arrowheads) and that axospinous synapses (s, t) are
always unlabeled. Electron microscopy of the endothelial-astrocyte interface in CA1 of a representative
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non-MTLE hippocampus (E) demonstrates strong labeling on the astrocyte membrane facing the
endothelial cell. Labeling with GLAST and GLT gave the same perivascular astrocytic staining pattern in
both non-MTLE and MTLE hippocampi. F shows GLAST labeling in fibrous astrocyte (gf) in alveus of
CAL. Abbreviations: a, astrocytic cell process; ax, myelinated axon; bm, basal lamina; e, endothelial cell;
ery, erythrocyte; gf, fibrils in astroglial process; m, mitochondrium; t, axon terminal; s, dendritic spine; L,
capillary lumen;. Antibodies: Anti-A522 1 ug/ml (A, B, and G) and anti-B563 3 pg/ml (D and E). Scale
bars: A, 800 nm, C, D, and F, 500 nm, B and D, 200 nm.

However, in the immunohistochemical localization studies shown in this paper as
well as others, why does there appear to be reduced immunoreactivity in areas such as
CA1 and the hilus in sclerotic hippocampi, while immunoblot analyses show no
difference? There are some possible explanations for this. The first may be that in areas
such as CA1 where there is an apparent reduction in staining intensity, this may only be
reflective of a redistribution of the transporter throughout the astrocytic processes in the
sclerotic hippocampi rather than a true reduction in level. Evidence in support of this is
that ultrastructural localization studies show EAAT2 immunoreactivity throughout
astrocytic process despite apparent loss suggestive in light microscopy (present study).
Likewise confocal immunohistochmical studies reveal EAAT2 immunoreactivity
throughout astrocyte processes, even though staining in somata is reduced (Eid et al.,
2004). Such redistribution of EAAT?2 transporter in epileptic surgical tissue has
previously been suggested by others (Tessler ef al., 1999). An alternative possibility is
that there may be compensatory changes in the expression of transporters in its different
regions. Such a possibility is recognized in suggestive upregulation of transporter in
subiculum and molecular layer (our study) with the apparent down regulation in other
areas.

Previous studies of the distribution of glutamate transporters (Proper et al., 2002;
Mathern et al., 1999) have postulated a reduction in glutamate transporters to explain the
striking physiological observation that there are elevated levels of extracellular glutamate
in the epileptogenic (sclerotic) hippocampus (During and Spencer, 1993; Cavus et al.,
2005) during seizures. Our own findings, like those of Tessler et al. (Tessler et al., 1999)
find little support for a role of glutamate transporters in this phenomenon.

On the contrary, there are several plausible alternative explanations for such
elevated extracellular glutamate levels. One possibility may be related to the down

regulation of glutamine synthetase in astrocytes in sclerotic areas of the hippocampus,
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which has been argued as a possible cause (Eid ef al., 2004). Alternatively, or in addition,
increased levels of inflammatory factors such as interleukin 1 and chemokines in
sclerotic hippocampi are now recognized as able to cause the release of glutamate from
astrocytes, which may be the source of the increased glutamate (data reviewed in de
Lanerolle and Lee, 2005). These mechanisms may be more pertinent to elevated
extracellular glutamate in sclerotic seizure foci than alterations in transporter levels or

their function and certainly merit further study.
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Results other papers

Results Abstract 1

Rats were stressed by immobilization for 7 hours and the transporter
immunoreactivities were then determined in hippocampus, hupotahlamus and frontal
cortex by quantitative immunoblotting 3, 7, 15, and 24 hours after termination of
immobilization stress. We found the GAT1 immunoreactivity was significantly increased
in hippocampus by a maximum of 57 + 18 % (mean + SEM) after 3 hours. This effect
was still detectable after 24 hours. There were no significantly effects on the
immunoreactivities of the other transporters, with a possible exception of GAT3 in the
hypothalamus. Injection (i.p) of corticosterone-21-acetate (10 mg / kg) did not result in a
similar up-regulation of GAT1. In conclusion, our data show that immobilization stress
up-regulates GAT1 in the hippocampus, but we now think that newer methods (ECL) and
accurate measurements (pipetting robot) might show changes in other transporters. We

are planning to repeat this experiment.

Results Paper 2

Animals were immunized with synthetic peptides corresponding to different parts
of the EAAT3-sequence. Because the antibodies were affinity purified, all antibodies
used in this paper recognized the peptides used to generate them. In order to produce
good anti-peptide antibodies, we show that the key factor is to select the right parts of the
sequence for peptide synthesis.

The anti-C479, anti-C491, and the anti-C510 antibodies labeled the same broad
fuzzy band around 70 kDa on immunoblotting, while other antibodies generated by
immunization and purification (C1-13, C1-18, C39-58, C81-94 and C468-482) did not
recognize EAAT3. In addition to the 70 kDa band the anti-C479 antibodies labeled a
broad band just below the 66 kDa marker. The identity of the lower anti-C479 positive
band was uncovered by testing the antibodies for reactivity toward proteins present in
high concentrations in axons. A strong and specific reaction to tubulin was observed, but

no to any of the other proteins tested, including another abundant cytoskeletal protein,
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actin. This result indicated that the anti-C479 antibodies recognized both tubulin and
EAATS3 despite of being affinity purified against the corresponding peptide. The
antibodies to EAAT3 and to tubulin were separated by absorption of crude serum from
the original immunized rabbit on columns containing glutaraldehyde-treated bovine
serum protein, KLH (carrier protein to which the peptide was conjugate during
immunization), tubulin, and the C479-498 peptide. The antibodies that were eluted from
the last column with the C479-498 peptide did not recognize the lover band labeled by
the non-absorbed anti-C497 antibodies. Absorption against tubulin removed the
antibodies labeling labeling the lower band.

To verify that the band expected to represent EAAT3 really did so, the antibodies
were tested by immunoblotting with protein extracts from wild-type and EAAT3 knock-
out mice. The band detected in the wild type were exactly as would be observed in rat
tissue, while neither the absorbed anti-C479 nor anti-C491 antibodies showed any bands
on the blots from the EAAT3 knock-out mice.

The results illustrate that immunization with an antigen may lead to the generation
or antibodies that recognize not only the antigen, but also molecules that appear
completely unrelated to the antigen. The conclusions are that not all antibodies to
synthetic peptides recognize the native protein and that the specificity of an antibody is
hard to predict. Unwanted reactivity can be highly specific and thereby hard to recognize.
In this case, cross-reactivity was discovered because antibodies to different epitopes gave

different epitopes gave different labeling patterns.

Results Paper 3

Hippocampi removed from patients with mesial temporal lobe epilepsy show
evidence of impaired water and K+ homeostasis. According to experimental studies, the
processes responsible for clearance of extracelluar K+ are compromised by removing
perivascular AP4. This suggests that an efficient clearance of K+ depends on a
concomitant water flux through astrocyte membranes. Therefore, we hypothesized that
loss of perivascular AQP4 might be involved in the pathogenesis of MTLE. Whereas

Western blot analysis showed an overall increase in AQP4 levels in MTLE compared
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with non-MTLE hippocampi, quantitative ImmunoGold electron microscopy revealed
that the density of AQP4 along the perivascular membrane domain of astrocytes was
reduced by 44% in area CA1 of MTLE vs. non-MTLE hippocampi. There was no
difference in the density of AQP4 on the astrocyte membrane facing the neuropil.
Because anchoring of AQP4 to the perivascular astrocyte endfoot membrane depends on
the dystrophin complex, the localization of the 71 kDa brain-specific isoform of
dystrophin was assessed by immunohistochemistry. In non-MTLE hippocampus,
dystrophin was preferentially localized near blood vessels. However, in the MTLE
hippocampus, the perivascular dystrophin was absent in sclerotic areas, suggesting that
the loss of perivascular AQP4 is secondary to a disruption of the dystrophin complex.
Based on the present findings, we conclude that mislocalization of AQP4 might
contribute to the epileptogenicity of the MTLE hippocampi. This conclusion does not
necessarily mean that the changes observed are primary events in the pathogenesis of
MTLE. It could well be that the mislocalization develops late in the sequence of events
that culminates in epilepsy. Irrespective of the temporal course of events, our findings
have identified a molecular mechanism that could be targeted pharmacologically to

reduce brain excitability.
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