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Abstract Purpose The hypothesis addressed by this
study is that a glutamine synthetase (GS) deficiency in
neoplastic astrocytes is a possible molecular basis associ-
ated with seizure generation in glioblastoma multiforme
(GBM). Methods Quantitative Western blot analysis of GS
was performed in 20 individuals operated for malignant
glioma. Results The levels of GS in patients with GBM and
epilepsy were significantly lower (range 0.04-1.15; mean
0.35 £ 0.36; median 0.25) than in non-epileptic GBM
individuals (range 0.78-3.97; mean 1.64 £ 0.99; median
1.25; P = 0.002). No relationship has been found between

All Authors confirm that they have read the Journal’s position on
issues involved in ethical publication and affirm that the work is
consistent with those guidelines. All Authors disclose non conflict of
interest. All Authors have been substantively involved in the study
and/or the preparation of manuscript. All Authors have seen and
approved the submitted version of the paper and accept responsibility
for its content.

A. Rosati (X)) - A. Padovani

Neurology Clinic, University of Brescia, Spedali Civili,
Piazzale Spedali Civili 1, 25123 Brescia, Italy

e-mail: anna.rosati @libero.it

S. Marconi - L. Lovato - N. Rizzuto - B. Bonetti
Department of Neurological Sciences and Vision, Section of
Clinical Neurology, University of Verona, Verona, Italy

B. Pollo - E. Maderna
Neuropathology Service, Neurological Institute
“Carlo Besta”, Milan, Italy

A. Tomassini - A. Schwartz
Neurosurgery Department, San Maurizio Hospital,
Bolzano, Italy

K. Maier
Neuropathology Service,
San Maurizio Hospital, San Maurizio, Italy

histological features (i.e. necrosis, gliosis, stroma, inflam-
matory cells, giant cells, and haemosiderine) and GS
expression or epilepsy. Discussion Even though the epi-
leptogenesis in glioma is multifactorial, it is conceivable
that a down-regulation of GS may have an important pro-
epileptogenic role in GBM, through the slowing of gluta-
mate-glutamine cycle. This study suggests that seizures in
GBM are coupled with a highly localized enzyme defi-
ciency. The manipulation of GS activity might constitute a
novel principle for inhibiting seizures in patients with gli-
oma epilepsy.

Keywords Astrocytes - Cerebral glioma - Epilepsy -
Epileptogenesis - Glutamine synthetase

Introduction

The epileptic neuronal activity is characterized by abnor-
mal synchronization, excessive glutamate excitation and/or
inadequate GABA inhibition, affecting small or large
neuronal aggregates (ictogenesis) [1]. Although neurons
play a prominent role in the initiation and the propagation
of a seizure in time and space, increasing evidence suggests
that astrocytes are critically involved in the biochemical/
histological process of initiation and maturation of an
“epileptogenic focus” (epileptogenesis) [1-5]. Gliosis is,
in fact, a constant feature in the otherwise normal
appearing tissue of epileptic patients [6]. Astrocytes guar-
antee extracellular homeostasis by removing extracellular
K™' and, via the enzyme glutamine synthetase (GS), they
protect neurons against excitotoxicity by taking up
ammonia and glutamate in excess and converting the latter
into glutamine [7]. Glutamine synthetase is an enzyme
mainly present in glial cells [8] and its distribution and
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expression are more pronounced in the brain regions where
glutamic acid-transmitting synapses are abundant [9-11].
Glutamine synthetase is present in normal, reactive, and
neoplastic astrocytes and its increase during astrocyte
maturation indicates that enzyme activity is associated with
astrocyte differentiation [10, 12, 13]. In fact, all astrocy-
toma show positive reaction to GS with an inverse
correlation between histological malignancy and the degree
of GS expression [14, 15].

A loss of GS has been reported in mesial temporal
sclerosis hippocampus with epilepsy [16] and in the brain
of seizure-prone gerbils compared with animals not prone
to seizures [17], suggesting that a GS deficiency in astro-
cytes may be a possible molecular basis for extracellular
glutamate accumulation and seizure generation [18].

Even though the epileptogenesis in glioma is multifac-
torial [19], it is conceivable that a down-regulation of GS
in astrocytes may have an important pro-epileptogenic role,
through the slowing of glutamate—glutamine cycle [20] and
glutamate accumulation [21].

The hypothesis addressed by this study is that a GS
deficiency in neoplastic astrocytes is a possible molecular
basis associated with seizure generation in glioblastoma
multiforme (GBM).

Methods

Central nervous system samples were obtained from 20
individuals (10 males and 10 females) operated for
malignant glioma and prospectively followed for 2 years
from 1 April 2004 at the Department of Neurosurgery,
Bolzano, Italy. Age at the GBM diagnosis ranged from 33

Table 1 Characteristics of epilepsy in Group A

to 69 years (mean 56 £ 11). Symptoms at the onset of
GBM were: epilepsy (9 patients, 45%), headache (4, 20%),
focal motor neurological deficit (3, 15%), psychiatric
symptoms (1, 5%), visual deficit (1, 5%), and cognitive
impairment (2, 10%). The epilepsy diagnosis was made on
the basis of clinical and electroencephalographic criteria.
Patients were followed through clinical and MRI examin-
ations every 3 months or less, if necessary. At the last
evaluation, recurrence of GBM was radiologically and/or
clinically evident in 13 (65%) individuals. Symptoms at the
GBM recurrence were: epilepsy in 1 (8%) case, focal motor
neurological deficit in 6 (46%), and none (only radiological
evidence) in 6 (46%). On the basis of the epilepsy diag-
nosis, patients were divided into two groups: (1) Group A
with epilepsy (10 patients); (2) Group B without epilepsy
(10 patients). Epilepsy characteristics are reported in
Table 1.

At the last evaluation, eight patients died in Group A
(mean duration of disease, 11.7 months) and four in Group
B (mean duration of disease, 12.4 months). Histological
diagnosis was blindly re-evaluated, according to the WHO
2000 Classification and every case was scored for necrosis,
gliosis, haemosiderine, giant cells, stroma, and inflamma-
tory cells (++ = abundant, + = present; — = absent).
Histological changes are summarized in Table 2.

Western blot analysis was blindly performed to quantify
the expression of GS and actin in surgical specimens. A
careful blinded microscopic evaluation was performed on
frozen sections to distinguish between normal and neo-
plastic tissue; the latter was then randomly chosen and
isolated on 20 consecutive sections, homogenized and
sonicated in homogenization buffer [50 mM 3-(N-mor-
pholino) propanesulphonic acid/HCI, 2 mM dithiothretiol,

Pt Sex Age at Time from seizures Type of seizure Seizure frequency Seizure Therapy Seizure ~ Death Follow up
onset  to surgery at onset after surgery semeiology outcome (months)
1 M 37 4 months CF Rare Sensitive PHT 300 SF Yes 20
2 M 65 1 months CF Rare Complex CBZ 600 SF Yes 6
3 M 68 6 days Convulsive None Convulsive None SF Yes 19
4 F 61 55 days SE None Sensitive LVT 1500 SF Yes 13
5 M 52 20 days CF Weekly Complex LVT 1000 SF No 16
6 F 63 1 months CF None Motor PHT 300 Rare Yes 14
7 M 51 20 days Rec CFSG None Motor PHT 300 GBM rec Yes 14
8 F 67 50 days Rec CFSG None Motor LVT 1000 SF Yes 6
9 M 68 10 days CF None Motor PHT 300 Rare Yes 7
10 F 33 1 month CF Rare Motor PB 100 CBZ 1400 GBM rec No 4

M Male, F female, GS glutamine synthetase, CF' complex focal seizure, SE status epilepticus, Rec recurrent, CFSG complex focal seizure
secondarily generalized, PHT phenytoine, CBZ carbamazepine, LVT levetiracetam, PB phenobarbital, SF' seizure-free, GBM rec seizure reap-

pearance at the recurrence of GBM
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Table 2 Histological features in GBM patient with (Group A) and without (Group B) epilepsy

Pz Diagnosis GS Necrosis® Gliosis* Stroma® Inflammatory cells® Giant cells* Haemo siderine®
Group A (patients with epilepsy)

1 GBM + giant cells 0.04 + + — + —
2 GBM 0.07 + n.a — - —
3 GBM + Oligo 0.08 + + — — —
4 GBM 0.12 ++ n.a. - — —
5 GBM 0.19 + + + + —
6 GBM 0.31 + + — — —
7 GBM 038  + + + - n
8 GBM 0.42 + + — + —
9 GBM + Oligo 0.81 + + — — +
10 GBM + Oligo 1.15 + + — — —
Group B (patients without epilepsy)

11 GBM 078  ++ + + _ _
12 GBM 0.79 + n.a. + + _
13 GBM + Oligo 1.10 ++ + + — -
14 GBM 1.17 + + — — —
15 GBM 1.24 ++ n.a. — + —
16 GBM 1.27 ++ n.a. + + —
17 GBM + giant cells 1.33 + + — + —
18  GBM 214+ + - _ i
19  GBM 261+ + - n _
20 GBM + Oligo 3.97 + + — - +

GS glutamine synthetase, GBM glioblastoma multiforme

* ++ Abundant, + present, — absent, n.a. not available

0,5 mM magnesium acetate, 0,32 mM sucrose and Prote-
ase Inhibitor Complete; all from Sigma-Aldrich]. White
matter was also obtained from age-matched human healthy
subjects succumbed from non-neurological conditions;
samples were homogenized and sonicated as described
above. Each step was performed in ice to avoid protein
degradation. Protein concentration was estimated accord-
ing to the Bradford assay method: after creating a standard
curve with serially diluted BSA (1-10 pg/ml), 1 ml of
Bradford Reagent (Sigma-Aldrich) was added to each
sample for 30 min. The absorbance at 595 nm was mea-
sured with a microplate reader (2550 EIA; BioRad
Laboratories). The protein concentration of each sample
was determined by comparing the absorbance values with
the standard curve. Based on this result, appropriate
amounts of homogenates from each patient were mixed
with sample loading buffer (20% sucrose, 4% sodium
dodecyl sulphate, 10% p-mercaptoethanol, 125 mM Tris-
HCI, 0.01% bromophenol blue; all from Sigma-Aldrich),
heat-denatured and loaded (4 pg protein per lane). The
proteins were separated by electrophoresis on 12% poly-
acrylamide gels (Bio-Rad Laboratories) and transferred
onto nitrocellulose membranes (Amersham Biosciences).
After blocking, the membranes were incubated overnight

with GS and actin (both 1:25000; Sigma-Aldrich) primary
antibodies. After washing, anti-rabbit IgG-HRP conjugated
(1:5000; Amersham Biosciences) was added, followed by
ECL Advanced Detection kit. All samples were tested for
GS and actin in the same western blotting session and each
sample was tested at least twice. The GS antibody gave a
single band at 45 kDa, whereas the actin signal was evident
at 42 kDa (Fig. 1). The substitution of the primary anti-
bodies with normal serum cancelled the staining
completely.

Each radiographic film was digitalized using a com-
puting densitometer (Power Look 1120, UMAX) and a
global background subtraction was performed. After
zooming until individual pixels were visible, the bands
were traced manually and subsequently the values of each
band were calculated. The relative expression of GS of a
given sample was obtained dividing the value of GS by
actin.

Results

The histological diagnosis was GBM (14 patients, 70%),
giant cell GBM (2, 10%) and GBM with oligodendroglial
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Fig. 1 Western blot of 75 kDa
glutamine synthetase in
epileptic (group A) and non- 50kDa GS
epileptic (group B) glioma .
patients. Each lane corresponds 37 kDa
to a patient’s sample, numbered
as in Table 1. A band 75 kDa
corresponding to glutamine
synthetase (GS) is visible at 0kDa
about 45 kDa, while that of -y E—— e gy w— N — - o ACT
actin (ACT) at 42 kDa. In both — e
cases, bands visible at lower
MW represents degradation 1 2 3 4 5 6 7 8 9 10
products group A
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component (4, 20%). Glioblastoma multiforme localization
was: frontal in 6 patients, fronto-temporal in 2, temporal in
7, temporo-occipital in 2, fronto-parietal in 1, parietal in 1,
and parieto-occipital in 1.

No relationship has been found between the frequency
of epilepsy and GBM lateralization (Group A: 7/10 right
hemisphere; Group B: 8/10 right hemisphere) or GBM
localization or p53 and EGRF expression (Table 3).

Interestingly, the relative expression of GS according to
Western blot analysis in the samples from GBM patients
with epilepsy (range 0.04-1.15; mean 0.35 £+ 0.36; median
0.25) was significantly lower than in the group without
epilepsy (range 0.78-3.97; mean 1.64 £ 0.99; median
1.25; P = 0.002), whereas the mean of GS expression in
normal control was 2.9 £ 0.3.

No relationship has been found between the different
histological features considered (i.e. necrosis, gliosis,
stroma, inflammatory cells, giant cells, and haemosiderine)
and GS expression or epilepsy (Table 2).

Discussion
Epilepsy incidence in gliomas ranges between 30 and 80%
and GBMs are less epileptogenic than the more benign

brain tumors [22]. This may be due to the usually brief
duration of disease in GBM patients, who do not have
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enough time to develop epilepsy. Furthermore, the inces-
sant and constant astrocyte growth might prevent the
development and/or the stability of the “epileptogenic
focus”. However, when present, seizures in GBM are
usually more difficult to control with the common antiep-
ileptic drugs (AED) [23]. Despite a vast literature on
epilepsy and gliomas, it is still unknown if prognostic
factors may indicate which glioma patients will develop
seizures. For that reason, it is current practice at several
Centers to treat glioma patients with AED even in the
absence of seizure, although it is known that AEDs do not
prevent epileptogenesis [24, 25] and most of them may also
reduce antitumoral drug levels and chemotherapy efficacy
[26].

The knowledge of both epilepsy prognostic factors and
epileptogenesis mechanisms in gliomas may help to rec-
ognize patients with the highest seizure risk, limiting the
use of AED to those cases.

Even though the epileptogenesis in glioma is multifac-
torial, an important role of the astrocytes can be reasonably
hypothesized [19].

Experimental evidence indicates that gliosis is not only
a response to seizure-induced neuronal damage, but also
plays an active role in seizure development and mainte-
nance. In the genetic absence epilepsy rats from Strasbourg
model (GAERS), gliosis appears before the spike and wave
abnormalities and seizures [27], and in the EL mice
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Table 3 Histology, localization, p53 and EGFR in GBM patient with
(Group A) and without (Group B) epilepsy

Pz Histology and localization p53?* EGFR*
1 GBM with giant cells (P) + +
2 GBM (FT) - -
3 GBM + Oligo (F) — +
4 GBM (T) + -
5 GBM (FP) — +
6 GBM (T) + —
7 GBM (FT) + -
8 GBM (F) + +
9 GBM + Oligo (TO) - +
10 GBM + Oligo (T) + —
11 GBM (T) n.a. n.a.
12 GBM (F)

13 GBM + Oligo (TO) — —
14 GBM (T) - +
15 GBM (PO) + -
16 GBM (F) n.a. n.a.
17 GBM with giant cells (T) + -
18 GBM (T) - +
19 GBM (F) - -
20 GBM + Oligo (F) n.a. n.a.

GBM Glioblastoma multiforme, P parietal, FT fronto-temporal, F
frontal, T temporal, 7O temporo-occipital, PO parieto-occipital, p53
protein 53, EGFR epidermal growth factor,

? n.a. Not available, — negative, & uncertain, + positive

epilepsy model, gliosis is present in the hippocampus even
in the absence of neuronal loss [28]. This shows that
astrocytic modifications are not just an adaptive response to
seizures, but they may be involved in the neuronal pro-
cesses leading to epileptic seizures.

Astrocytes may be critically involved in epileptogenesis
through their role in cellular homeostasis and in the
catabolism of glutamate [2-5]. In fact, glial cells remove
extracellular K+ and, via the GS enzyme, protect neurons
from glutamate excitotoxicity [7]. In gliomas, GS is an
astrocyte specific marker and may be of diagnostic value in
cases with poor astrocytic differentiation [29]. Indeed, all
astrocytomas display positive staining with GS, whose
degree is related to the extent of differentiation, as the
lower the degree of GS the higher will be the histological
malignancy [15]. Hence, the histological malignancy-
related expression of GS in astrocytomas represents a
useful functional marker of tumor-composing cells [14].

We provide the evidence of a correlation between low
levels of GS in tumor samples and the presence of epilepsy
in GBM patients. Glutamine synthetase deficiency
in astrocytes may represent a possible molecular basis
for extracellular glutamate accumulation and seizure
generation.

On the other hand, a loss of GS has also been found in
mesial temporal sclerosis hippocampus with epilepsy,
particularly in areas of neuronal loss and astroglial prolif-
eration, such the CA1l, CA3, and dentate hilus [16].

The role of GS in epilepsy is also confirmed in experi-
mental models; in fact, GS is also deficient in the brain of
seizure-prone gerbils compared with animals not prone to
seizures [17]. Moreover, in the GAERS model, both a
slight decrease of GS and reactive astrocytes in the thala-
mus are already found before the development of absence
seizures [27].

In our study, significant lower levels of GS in brain
tumor were present in epileptogenic GBMs as compared
with non-epileptogenic GBMs. Moreover, in line with lit-
erature data [16, 17], GS deficiency was independent from
gliosis. Epilepsy frequency was not related to glioma
localization and other histological features (neuronal loss,
haemosiderine, giant cells, inflammatory cells, stroma).

This study suggests that seizures in GBM are coupled
with a localized enzyme deficiency. If this is a causal
relation, a GS western blot analysis might help to identify
the patient with a high risk of epilepsy who should be
treated with AED. Moreover, manipulation of GS activity
might constitute a novel principle for inhibiting seizures in
patients with glioma epilepsy.
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