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Background: Recent evidence suggests an altered glu-
tamate homeostasis in the brain of patients with mul-
tiple sclerosis (MS), as seen in experimental models of
MS.

Objective: To test whether the excitotoxic insult con-
tributes to the pathological process in MS by measuring
glutamate and aspartate levels in the cerebrospinal fluid
of MS patients and control individuals.

Participants: Twenty-five patients with the relapsing-
remitting form of MS during a stable clinical phase, 30
patients with relapsing-remitting MS during relapse, and
25 patients with the secondary progressive form of MS
were included in the study. Data were compared with
those of 20 age-matched control subjects without dis-
eases of the central and peripheral nervous systems.

Methods: Glutamate and aspartate levels in the cere-
brospinal fluid were measured by high-performance liq-
uid chromatography.

Results: Cerebrospinal fluid glutamate levels were sig-

nificantly higher in patients assessed during relapse com-
pared with those of the patients with relapsing-
remitting MS examined during the stable clinical phase
and the controls (P�.001). The levels of glutamate de-
tected in patients with relapsing-remitting MS during the
stable phase who had active lesions were significantly
higher than in those without neuroradiological evi-
dence of disease activity (P�.001). Significantly higher
levels of glutamate were found in patients with second-
ary progressive MS with an increase of 1 or more points
on the Expanded Disability Status Scale score compared
with stable patients with secondary progressive MS and
control subjects (P�.001).

Conclusions: Neurotoxic events occur in MS patients,
and they can be responsible for oligodendrocyte and neu-
ronal cell death in patients with this demyelinating dis-
ease. The manipulation of glutamate-altered homeosta-
sis or antagonizing glutamate receptor–mediated
excitotoxicity may have therapeutic implications in MS
patients.
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T HE PATHOGENETIC mecha-
nisms underlying multiple
sclerosis (MS), the proto-
typic disimmune disease of
the central nervous system,

involve inflammatory perivascular infil-
trates, myelin loss, and oligodendrocyte and
axonal damage.1,2 The latter has been sug-
gested to be strongly related to MS activity
by in vitro and in vivo studies.3,4

The putative effectors of oligoden-
drocyte and axonal damage in MS pa-
tients include cell-mediated cytotoxicity;
antibody- and/or complement-mediated
proinflammatory cytokines, such as tu-
mor necrosis factor �; matrix metallopro-
teinases; autoantibodies; and reactive oxy-
gen and nitrogen species.5-10

Recent experimental evidence11,12

showed that excitatory glutamatergic
mechanisms, mediated by N-methyl-D-

aspartate (NMDA) and �-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid
(AMPA)/kainate receptors, could be respon-
sible for damage not only of oligodendro-
cytes but also of neurons. In the animal
model of MS of experimental allergic en-
cephalomyelitis (EAE), these excitotoxic
mechanisms have been advocated to be fur-
ther effectors of oligodendrocyte death and
axonal damage and one of the major causes
of neurological impairment.13,14

Potential sources of glutamate in EAE
and MS are activated macrophages, microg-
lial cells, and astrocytes, producing much
of this excitotoxin via the up-regulation of
the glutamate-synthesizing enzyme gluta-
minase.11,15 This has been demonstrated in
the experimental model of MS and in MS
lesions in autopsic brain tissues.16,17 Extra-
cellular levels of glutamate and an increase
in glutaminase expression can be affected
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by an altered glutamate homeostasis in EAE and MS.18

A reduction in glutamate transport and/or the glu-
tamate-metabolizing enzymes glutamate dehydroge-
nase (GDH) and glutamine synthetase (GS) has, in fact,
been demonstrated in astrocytes in EAE.19

A recent study by Werner et al20 confirmed the high
level of glutaminase expression in macrophages and mi-
croglia in close proximity to dystrophic neurons within
active MS lesions, as seen in animal models. In the same
study,20 the glutamate transporter 1, but not the glutamate/
aspartate transporter nor the excitatory amino acid trans-
porter, showed a low expression around active MS le-
sions, in which the enzymes GDH and GS were absent,
and in chronic silent lesions, suggesting additional meta-
bolic impediments.

Based on the hypothesis of the potential role played
by excitotoxic mechanisms in autoimmune demyelin-
ation of MS, the present study investigated the cerebro-
spinal fluid (CSF) levels of the 2 excitatory amino acids,
glutamate and aspartate, in patients affected by relapsing-
remitting (R-R) MS, during the stable phase of the dis-
ease and within 72 hours of the onset of relapse. The same
levels were also measured in the CSF of patients with sec-
ondary progressive (SP) MS, and the levels in both pa-
tient groups were compared with those of 20 control sub-
jects. Finally, these levels were correlated with evidence
of disease activity on magnetic resonance imaging (MRI)
scans by the presence and number of gadolinium (Gd)-
enhancing lesions.

METHODS

PATIENTS

Eighty patients with clinically defined MS for at least 2 years,
according to the criteria of McDonald et al,21 were enrolled in
the study. They included 25 patients with R-R MS during the
stable phase of the disease, 30 patients with R-R MS during re-
lapse, and 25 patients with SP MS. The Expanded Disability
Status Scale (EDSS) score was calculated according to Kurtzke.22

None of the patients had undergone immunosuppressant therapy
or adrenocorticotrophin hormone or corticosteroid treatment
within 2 months before the study.

Patients with R-R MS during the stable phase of the dis-
ease (�2 months after the last relapse) and those assessed within
72 hours of the onset of relapse (before beginning corticoste-
roid treatment) and patients with SP MS underwent lumbar
puncture to determine CSF levels of glutamate and aspartate.

All patients underwent a clinical assessment and MRI 2
days before and after the lumbar puncture. Control CSF speci-
mens were also obtained from 20 age-matched subjects who
were admitted to the Neurologic Clinic of the Neuroscience De-
partment, University of Perugia, and underwent lumbar punc-
ture for diagnostic purposes. In all these subjects, CSF and blood
examinations and, if necessary, instrumental investigations, in-
cluding neuroimaging, excluded central nervous system dis-
eases (MS, vasculitis, and other autoimmune diseases affect-
ing the central nervous system). In the same control subjects,
systemic diseases (diabetes mellitus, renal or hepatic dysfunc-
tion, and inflammatory diseases) were excluded by the appro-
priate laboratory examinations. Neurodegenerative diseases were
also excluded. All control subjects were drug free for at least 2
months, and none of them was taking any medication at CSF
sampling.

ANALYSIS

Clinical Examination

A neurological examination and the quantification of neuro-
logical impairment by the EDSS were performed. Relapse was
defined by the appearance of new neurological symptoms or
worsening of preexisting neurological symptoms lasting at least
48 hours, in the absence of febrile illness, in a patient who had
been neurologically stable or improving for the previous 30 days,
accompanied by objective changes on a neurological exami-
nation (worsening on the EDSS of 0.5 points or a worsening
by �1.0 points on the pyramidal, cerebellar, brainstem, or vi-
sual functional system scores).

In patients with SP MS, the EDSS score was measured at
lumbar puncture and compared with the score measured 6
months before. Two subgroups were defined based on the in-
crease or on no increase of 1 or more points on the EDSS. Clini-
cal progression was also confirmed 3 and 6 months after the
clinical examination performed at lumbar puncture (sus-
tained progression). None of the patients with SP MS experi-
enced any clinical relapse during the study period (beginning
6 months before the lumbar puncture to 6 months after the lum-
bar puncture).

Magnetic Resonance Imaging

Brain and spinal cord MRI scans were performed in a single
session with a clinical 1.5-T whole body MRI system (Signa Ad-
vantage; GE Medical Systems, Milwaukee, Wis). A standard head
coil was used for imaging. Imaging was performed using a fast
spin-echo sequence with an echo train of 8, a repetition time
of 4000 milliseconds, echo times of 18 and 100 milliseconds,
a slice thickness of 5 mm with a 1-mm gap between slices and
complete coverage of the brain, a field of view of 24�24 cm2

with an in-plane spatial resolution of 0.75 mm, and an acqui-
sition matrix of 256�256 pixels. T1-weighted (repetition time,
650 milliseconds; and echo time, 15 milliseconds), proton den-
sity–weighted (repetition time, 2000 milliseconds; and echo time,
15 milliseconds), and T2-weighted (repetition time, 200 mil-
liseconds; and echo time, 70 milliseconds) images were ob-
tained in the axial plane. In the spinal cord, 9 contiguous 3-mm
sagittal T1-, T2-, and proton density–weighted slices were ob-
tained. In the brain and spinal cord, T1-weighted images were
also obtained after the injection of 0.2 mL/kg body weight (0.1
mmol/kg) of Gd–diethylenetriamine pentaacetic acid (Scher-
ing, AG, Berlin, Germany). The number of Gd–diethylenetri-
amine pentaacetic acid–enhancing lesions in the brain and spi-
nal cord was quantified.

CSF Sample Collection

Ten milliliters of CSF was collected in polypropylene tubes con-
taining EDTA, 1 mg/mL, and kallikrein, 500 IU/mL. Cerebro-
spinal fluid samples were centrifuged at 4°C, and CSF aliquots
were immediately frozen at −80°C. For glutamate determina-
tion, CSF samples were deproteinized with ice-cold trichloro-
acetic acid, 100 g/L (1:20 by volume); after centrifugation (3000g
for 10 minutes at 4°C), the clear supernatant was immediately
adjusted to pH 7.3 with sodium bicarbonate and stored at −80°C
until determination.

Determination of Glutamate and
Aspartate Levels in the CSF

Cerebrospinal fluid levels of glutamate and aspartate were mea-
sured by high-performance liquid chromatography, using o-
phthalaldehyde precolumn derivatization and electrochemi-
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cal plus fluorometric detection. A pump apparatus (Bio-Rad
Laboratories, Milan, Italy) coupled to an electrochemical de-
tector (Coulochem 5100A; ESA Coulochem Inc, Chelmsford,
Mass) with a coulometric analytic cell (model 5011) and a fluo-
rescence detector (Jasco FP-920; Jasco International, Como,
Italy) was used with a 150�4.6-mm inside diameter reversed-
phase column (C18 Rosil HL; Bio-Rad Laboratories). The phos-
phate buffer, prepared from 25-mm potassium phosphate and
150-mL/L acetonitrile, was applied as the mobile phase. The
flow rate was 1.0 mL/min. The glutamate and aspartate con-
tents were evaluated after comparison with external gluta-
mate and aspartate calibration solutions. The data in the CSF
specimens were expressed as micromoles per liter.

STATISTICAL ANALYSIS

An analysis of variance with a Tukey test was performed to com-
pare the mean CSF levels of glutamate and aspartate in pa-
tients with R-R MS, during the stable phase and during re-
lapse, with those of patients with SP MS and those of control
subjects. The same analysis was used to compare the mean CSF
levels of glutamate and aspartate in patients with R-R MS with
and without Gd-enhancing lesions. The mean values of the 2

excitatory amino acids in the CSF of patients with SP MS with
and without progression of 1 or more points of the EDSS score
were also compared. The Fisher least significant difference was
used to compare the main effect means in the analysis of vari-
ance. The minimum level of statistical significance was 5% for
2-sided tests.

The Pearson product moment correlation coefficient was
calculated between the CSF levels of glutamate and aspartate
and the number of Gd-enhancing lesions in patients with R-R
MS with neuroradiological evidence of disease activity during
relapse and during the stable clinical phase.

RESULTS

Details of the patient and control groups are reported in
Table 1. The mean±SEM levels of glutamate and as-
partate of patients with R-R MS, during the stable phase
of the disease and within 72 hours after relapse, and of
patients with SP MS are shown in Table 2 and Table 3,
respectively. Significantly higher CSF levels of gluta-
mate emerged in patients with R-R MS compared with
those of control subjects, and this increase was more evi-

Table 1. Details of Patients With MS and Control Subjects*

Variable

Patients With R-R MS

Patients With SP MS
(n = 25)

Control Subjects
(n = 20)

During a Stable Phase
(n = 25)

During Relapse
(n = 30)

Male-female ratio 9:16 12:18 8:17 8:12
Age, y 36.5 ± 5.8 32.7 ± 6.5 42.2 ± 4.6 37.3 ± 3.8
Disease duration, y 4.5 ± 2.1 3.0 ± 1.8 10.7 ± 5.4 NA
EDSS score† 2.5 ± 0.7 (1.5-3.5) 4.0 ± 2.0 (2.0-5.0) 4.8 ± 0.9 (3.5-6.0) NA
Patients with Gd-enhancing lesions 13 30 0 NA
No. of Gd-enhancing lesions

Brain 2.2 ± 1.4 3.1 ± 2.3 0 NA
Spinal cord 0 1.9 ± 0.8 0 NA

Abbreviations: EDSS, Expanded Disability Status Scale; Gd, gadolinium; MS, multiple sclerosis; NA, data not applicable; R-R, relapsing-remitting; SP, secondary
progressive.

*Data are given as mean ± 2 SDs unless otherwise indicated.
†Data in parentheses are ranges.

Table 2. Glutamate and Aspartate Levels in the CSF of Control Subjects and Patients
With R-R MS During a Stable Phase of the Disease and During Relapse

Group

Glutamate Level,
Mean ± SEM,

mg/dL Statistical Significance

Aspartate Level,
Mean ± SEM,

mg/dL Statistical Significance

Control subjects (n = 20) 0.050 ± 0.017 NA 0.035 ± 0.009 NA
Patients with R-R MS

During a stable phase (n = 25) 0.080 ± 0.031 vs control subjects, P�.007
vs patients with SP MS, P = .09

0.051 ± 0.014 vs control subjects, P�.007
vs patients with SP MS, P = .12

With Gd-enhancing lesions
(n = 14)

1.103 ± 0.024 vs control subjects, P = .13
vs patients with R-R MS without

Gd-enhancing lesions, P�.001

0.054 ± 0.010 vs control subjects, P = .07
vs patients with R-R MS without

Gd-enhancing lesions, P�.001
Without Gd-enhancing lesions

(n = 11)
0.053 ± 0.017 vs control subjects, P = .08

vs patients with R-R MS assessed
during relapse, P�.001

0.042 ± 0.013 vs control subjects, P = .09
vs patients with R-R MS assessed

during relapse, P�.001
During relapse (n = 30) 0.103 ± 0.033 vs control subjects, P�.001

vs patients with R-R MS during a stable
phase of the disease, P�.001

0.058 ± 0.017 vs control subjects, P�.001
vs patients with R-R MS during a stable

phase of the disease, P = .048

Abbreviations: CSF, cerebrospinal fluid; Gd, gadolinium; MS, multiple sclerosis; NA, data not applicable; R-R, relapsing-remitting; SP, secondary progressive.
SI conversions: To convert glutamate from milligrams per deciliter to micromoles per liter, multiply by 67.97. To convert aspartate from milligrams per deciliter to

micromoles per liter, multiply by 75.13.
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dent in patients with R-R MS assessed during relapse
(P�.001) (Figure 1). Among patients with R-R MS as-
sessed during the stable phase of the disease, we found
significantly higher levels of glutamate in those with 1
or more Gd-enhancing lesions on the MRI scan (P�.001)
(Table 2). Glutamate levels in the CSF of patients with
R-R MS without MRI evidence of disease activity did not
differ from those of the control group. Patients with SP
MS who had an increase of at least 1 point in the EDSS
score in the last 6 months showed glutamate levels that
were significantly greater than those measured in the CSF
of patients with SP MS without significant changes in the
EDSS score in the same period (P�.001). No significant
difference emerged in the CSF levels of glutamate be-
tween the patients with SP MS without evidence of
changes in disability and those determined in the CSF
of the control group (Figure 2). A similar trend was ob-
served for aspartate levels in the patient groups with R-R
MS and SP MS (Tables 2 and 3, respectively).

In patients with R-R MS who were examined within
72 hours of the onset of relapse, the number of brain Gd-

enhancing lesions was positively correlated with CSF glu-
tamate levels (r=0.49, P�.005) and to a lesser extent with
those of aspartate (r =0.40, P�.02) (Figure 3 and
Figure 4, respectively). No correlation was observed be-
tween the spinal cord Gd-enhancing lesions and the lev-
els of the 2 excitatory amino acids.

The values of the r correlation coefficients between
glutamate and aspartate levels in the CSF and the num-
ber of Gd-enhancing lesions in the patients with R-R MS
who underwent lumbar puncture during a stable phase
of the disease were 0.39 (P�.04) and 0.34 (P�.05), re-
spectively.

COMMENT

The present research demonstrated an increase in glu-
tamate and aspartate levels in the CSF of patients with
R-R MS during relapse and even during a stable clinical
phase (these patients had MRI evidence of disease activity).
A significant correlation was found between the num-
ber of Gd-enhancing lesions and increased CSF levels of
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Figure 1. Glutamate levels in the cerebrospinal fluid of patients with
relapsing-remitting (R-R) multiple sclerosis (MS), during relapse and during
a stable clinical phase; of patients with secondary progressive (SP) MS; and
of control individuals. Squares indicate the mean; rectangles, SEM; and
bars, SD. To convert glutamate from milligrams per deciliter to micromoles
per liter, multiply by 67.97.
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Figure 2. Glutamate levels in the cerebrospinal fluid of patients with
secondary progressive multiple sclerosis with an increase of 1 or more
points and without a change in the Expanded Disability Status Scale (EDSS)
score in the last 6 months. Squares indicate the mean; rectangles, SEM; and
bars, SD. To convert glutamate from milligrams per deciliter to micromoles
per liter, multiply by 67.97.

Table 3. Glutamate and Aspartate Levels in the CSF of Patients With SP MS

Patients With SP MS

Glutamate Level,
Mean ± SEM,

mg/dL Statistical Significance

Aspartate Level,
Mean ± SEM,

mg/dL Statistical Significance

Total (N = 25) 0.073 ± 0.024 vs control subjects, P�.01
vs patients with R-R MS during a stable

phase of the disease, P = .13
vs patients with R-R MS during relapse,

P�.003

0.046 ± 0.014 vs control subjects, P�.01
vs patients with R-R MS during

a stable phase of the disease, P = .08
vs patients with R-R MS during

relapse, P�.004
Those without changes in

the EDSS score in the past
6 mo (n = 13)

0.062 ± 0.024 vs control subjects, P = .16
vs patients with SP MS with an increase

of at least 1 point in the EDSS score
in the past 6 mo, P�.001

0.035 ± 0.017 vs control subjects, P = .21
vs patients with SP MS with

an increase of at least 1 point
in the EDSS score in the past
6 mo, P�.002

Those with an increase of at least
1 point in the EDSS score in the
past 6 mo (n = 12)

0.103 ± 0.014 vs control subjects, P�.001
vs patients with R-R MS during

relapse, P = .04

0.061 ± 0.015 vs control subjects, P�.003
vs patients with R-R MS during

relapse, P�.04

Abbreviations: CSF, cerebrospinal fluid; EDSS, Expanded Disability Status Scale; MS, multiple sclerosis; R-R, relapsing-remitting; SP, secondary progressive.
SI conversions: To convert glutamate from milligrams per deciliter to micromoles per liter, multiply by 67.97. To convert aspartate from milligrams per deciliter

to micromoles per liter, multiply by 75.13.
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glutamate, particularly in patients assessed during re-
lapse. Even in the patients with SP MS, an increase in the
CSF levels of glutamate and aspartate emerged com-
pared with those in the control subjects, particularly in
patients with a progression of neurological impairment
revealed by the increase of 1 or more points in the EDSS
score in the last 6 months.

These findings concur with the results obtained by
Stover et al,23 who demonstrated a 2- to 3-fold increase
in the levels of the 2 excitatory amino acids in MS pa-
tients during clinical relapse but not in patients with si-
lent MS. The researchers observed similarly high gluta-
mate and aspartate levels in the CSF samples from patients
with viral meningitis and myelopathy. They therefore sug-
gested that the great amount of glutamate released, re-
flected by the high concentrations in the CSF, induces
an excessive activation of NMDA receptors, which is fun-
damental for damage and neurodegeneration in pa-
tients with these diseases. Altered glutamate homeosta-
sis is, therefore, not confined to MS, but can also be
observed in central nervous system inflammation caused

by viral infections, such as subacute sclerosing panen-
cephalitis and tropical spastic paraparesis.20 The in-
crease in glutamate levels was also found in the CSF of
patients with AIDS-associated dementia complex, al-
though the relevance of this finding has not been well
established.24-26

The finding by Garseth et al27 of no significant
changes in excitatory amino acids in patients with R-R
MS and chronic progressive MS compared with patients
with acute polyradiculoneuropathy is surprising in light
of our findings and those of Stover et al,23 and needs to
be correctly considered, particularly regarding the defi-
nition of the active phase of disease.

Although the increase in excitatory amino acids does
not seem to be specific for MS, the association with an al-
tered glutamate homeostasis has been clearly demon-
strated in autopsic specimens from MS patients in which
oligodendrocyte and axonal damage was related to gluta-
mate-producing macrophages and microglia, whereas the
extent of glutamate of neuronal origin has not been em-
phasized. Similar results emerged from the model of EAE,
in which an increase in the extracellular level of gluta-
mate in the spinal cord reached a peak during the acute
symptoms and persisted longer after their remission.13

Altered glutamate homeostasis in MS patients and
in the EAE model consists of an increase in glutaminase
in macrophages and microglial cells around dystrophic
neurons and a low expression of glutamate transporter
1 in active lesions, accompanied by the lack of expres-
sion of the 2 enzymes GDH and GS involved in gluta-
mate metabolism.20 Immunoreactivity for both enzymes
seemed to be lost by oligodendrocytes within active le-
sions and in the surrounding areas, and occurred in-
stead in astrocytes. This was also true for silent lesions,
in which only occasional GDH and GS immunoreactive
astrocytes or microglial cells were observed. The reduc-
tion of glutamate-metabolizing enzymes seems to be pe-
culiar for MS, and contrasts with the high level of ex-
pression of these enzymes in healthy individuals and in
individuals with non–MS-related neurological diseases.
In MS patients, long-term glutamate metabolic impair-
ment (lack of glutamate transporter 1 and loss of the GDH
and GS enzymes) could be responsible for the failure of
oligodendrocytes to appropriately remyelinate the neu-
ronal damage contributing to the neurological impair-
ment of patients.

This in vitro finding concurs with our results sug-
gesting a significant relationship between disease activ-
ity, clinically evident or substantiated by the presence of
Gd-enhancing lesions, on the MRI scans of the brain of
our patients with R-R MS.

The mechanisms underlying GDH and GS loss from
oligodendrocytes in MS patients are not completely
known, but proinflammatory cytokines are the major can-
didates. Moreover, activated macrophages and microg-
lial cells produced many reactive oxygen species, which
can also affect glutamate detoxification. In particular, GS
is extremely sensitive to oxidative damage.28

A further mechanism that can explain the increase
in glutamate and aspartate levels in the brain and CSF
of MS patients is the increase in peroxynitrite forma-
tion. Nitric oxide production is, in fact, increased in MS
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Figure 3. The number of brain gadolinium (Gd)-enhancing lesions and
cerebrospinal fluid glutamate levels in patients with relapsing-remitting
multiple sclerosis assessed during relapse were positively correlated
(r=0.49, P�.005), using regression analysis. Circles indicate individual
patients; unbroken line, the mean; and dotted lines, 95% confidence interval.
To convert glutamate from milligrams per deciliter to micromoles per liter,
multiply by 67.97.
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Figure 4. The number of brain gadolinium (Gd)-enhancing lesions and
cerebrospinal fluid aspartate levels in patients with relapsing-remitting
multiple sclerosis assessed during relapse were positively correlated
(r=0.40, P�.02), using regression analysis. Circles indicate individual
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patients because of the overexpression of nitric oxide syn-
thase, particularly the inducible forms, by microglial cells
and astrocytes.9,29 Nitric oxide, other than potentiating
per se glutamatergic transmission, can interact with su-
peroxide anions that are produced in great amount in MS
patients, resulting in peroxynitrite formation.30-34 Per-
oxynitrites avidly nitrate tyrosyl residues on neuronal pro-
teins, profoundly affecting their functions.35 Glutamate
transport proteins are highly sensitive to peroxynitrites,
because their function is strongly inhibited by tyrosyl ni-
tration, with 50% inhibition by 50-µmol/L peroxyni-
trites.36 The effect of increased production of peroxyni-
trites on the uptake of glutamate and aspartate should
increase the CSF levels of excitatory amino acids. This
relationship should be investigated in future research in-
volving MS patients.

Although excitotoxic mechanisms were mainly at-
tributed to NMDA activation in the first studies on this
topic, other non-NMDA glutamate receptors seem to be
involved. In the animal model of MS, the increase in glu-
tamate seems to be followed by an activation of the AMPA
receptor, and is accompanied by the down-regulation of
glutamate transporter 1 and the glutamate/aspartate trans-
porter.13 Such dysregulation of glutamate metabolism is
suppressed by treatment with the AMPA receptor an-
tagonist NBQX (1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-
benzo[f]quinoxaline-7-sulfonamide disodium), suggest-
ing the putative role of strategies aimed to antagonize
glutamate receptor activation, even in MS.14,20

The increased vulnerability of oligodendrocytes to
AMPA/kainate receptor–mediated glutamate excitotox-
icity should be emphasized, which could account for the
dysfunction of oligodendrocytes and defective remyelin-
ation.37,38 Oligodendrocytes lack an array of calcium-
binding proteins that are instead present in neurons; there-
fore, they may be unable to buffer sustained or occasional
calcium influx.39

In a study by Matute,40 the potential involvement
of kainate receptors in oligodendroglial injury of the op-
tic nerve by glutamatergic overload was also suggested.
The major component of kainate receptors, subunit 6,
is edited to a lower extent in the optic nerve and in oli-
godendrocytes, and this confers on them a much larger
conductance and a higher permeability to calcium.41,42

In the same study,40 it was also emphasized that glu-
tamate uptake can be less efficient in nonsynaptic than
in synaptic regions, which are generally surrounded by
astroglial processes that in normal conditions are en-
dowed with transporters.

To explain potential glutamate excitotoxicity facili-
tated by the defect in glutamate detoxification, the role of
tumor necrosis factor � released from inflammatory in-
filtrates should also be noted. This proinflammatory cy-
tokine down-regulates high-affinity glutamate uptake in
human astrocytes and antagonizes the up-regulating effect
of corticosteroids on glutamate-metabolizing en-
zymes.43,44 This mechanism could also account for the pres-
ence of lesional and normal-appearing white matter patho-
logical alterations in MS patients.

Conversely, tumor necrosis factor � impairs astro-
cytes’ response to glutamate by reducing the intracellu-
lar calcium increase, and this may indirectly affect neu-

ronal synaptic transmission. This can be a further
mechanism for reversible disability in MS patients.45

Inflammatory and excitotoxic injuries, in the pres-
ence of altered glutamate detoxification, can together ac-
count for the damage of neurons, which can be favored
by oligodendrocyte dysfunction and loss. Myelinating
axons display ionotropic glutamate receptors, and there
are also putative gap junctional communications be-
tween axons and regenerating myelin-producing cells that
render axons particularly vulnerable to the ion imbal-
ance due to excitotoxic injury, resulting in neural loss.46,47

In general, NMDA and non-NMDA glutamate re-
ceptor–mediated excitotoxic injury results in oligoden-
drocyte and neuronal death in MS patients, which can
occur as apoptosis, necrosis, or a hybrid form.48

Experimental evidence from animal models of MS
furnishes promising results using AMPA/kainate recep-
tor antagonists in ameliorating the neurological scores
of animals, and supports the hypothesis that neuropro-
tection together with immunomodulation can be an
achievable target. Relatively safe drugs with neuropro-
tective effects are also awaited for in MS, as for neuro-
degenerative diseases, and the modality of their admin-
istration (eg, the best time for administration) should be
investigated.16,48

However, the activation of glutamate receptors does
not always play a critical negative role in MS. Experi-
mental data demonstrated that activation of group III
metabotropic glutamate receptors is able to inhibit the
production of the chemokine RANTES in glial cells. The
potential usefulness of the pharmacological activation of
this glutamate receptor in the treatment of neuroinflam-
matory diseases has also been supported by the finding
that 1-2-amino-4-phosphonobutyrate, a specific ago-
nist of the group III metabotropic glutamate receptors,
significantly increased the rate of recovery from EAE.49

These findings reveal the complexity of intervention in
glutamate metabolism in MS.

Accepted for publication January 17, 2003.
Author contributions: Study concept and design (Drs

Sarchielli and Gallai); acquisition of data (Drs Greco and
Alessandro Floridi); analysis and interpretation of data (Drs
Sarchielli and Ardesio Floridi); drafting of the manu-
script (Drs Sarchielli, Greco, Ardesio Floridi, and Ales-
sandro Floridi); critical revision of the manuscript for im-
portant intellectual content (Drs Sarchielli and Gallai);
statistical expertise (Dr Sarchielli); administrative, tech-
nical, and material support (Drs Gallai and Ardesio Flo-
ridi); study supervision (Drs Gallai and Ardesio Floridi).

This study was supported and funded by the Neuro-
science Department, University of Perugia.

Corresponding author and reprints: Paola Sarchielli,
MD, Neuroscience Department, University of Perugia, Poli-
clinico Monteluce, Via E Dal Pozzo, 06126 Perugia, Italy
(e-mail: neuro.pg@tiscalinet.it).

REFERENCES

1. Lucchinetti CF, Bruck W, Rodriguez M, Lassmann H. Distinct patterns of mul-
tiple sclerosis pathology indicates heterogeneity on pathogenesis. Brain Pathol.
1996;6:259-274.

(REPRINTED) ARCH NEUROL / VOL 60, AUG 2003 WWW.ARCHNEUROL.COM
1087

©2003 American Medical Association. All rights reserved.
Downloaded From: https://jamanetwork.com/ on 08/09/2022



2. Pouly S, Antel JP. Multiple sclerosis and central nervous system demyelination.
J Autoimmun. 1999;13:297-306.

3. Trapp BD, Peterson J, Ransohoff RM, Rudick R, Mork S, Bo L. Axonal transec-
tion in the lesions of multiple sclerosis. N Engl J Med. 1998;338:278-285.

4. Sarchielli P, Presciutti O, Pelliccioli GP, et al. Absolute quantification of brain me-
tabolites by proton magnetic resonance spectroscopy in normal-appearing white
matter of multiple sclerosis patients. Brain. 1999;122:513-521.

5. Neumann H, Medana IM, Bauer J, Lassmann H. Cytotoxic T lymphocytes in au-
toimmune and degenerative CNS diseases. Trends Neurosci. 2002;25:313-319.

6. Lock C, Oksenberg J, Steinman L. The role of TNF� and lymphotoxin in demy-
elinating disease. Ann Rheum Dis. 1999;58(suppl 1):I121-I128.

7. Genain CP, Cannella B, Hauser SL, Raine CS. Identification of autoantibodies
associated with myelin damage in multiple sclerosis. Nat Med. 1999;5:170-
175.

8. Leppert D, Lindberg RL, Kappos L, Leib SL. Matrix metalloproteinases: multi-
functional effectors of inflammation in multiple sclerosis and bacterial meningi-
tis. Brain Res Brain Res Rev. 2001;36:249-257.

9. Smith KJ, Kapoor R, Felts PA. Demyelination: the role of reactive oxygen and
nitrogen species. Brain Pathol. 1999;9:69-92.

10. Touil T, Deloire-Grassin MSA, Vital C, Petry KG, Brochet B. In vivo damage of
CNS myelin and axons induced by peroxynitrite. Neuroreport. 2001;12:3637-
3644.

11. Piani D, Frei K, Do KQ, Cuenod M, Fontana A. Murine brain macrophages induce
NMDA receptor mediated neurotoxicity in vitro by secreting glutamate. Neuro-
sci Lett. 1991;133:159-162.

12. Piani D, Spranger M, Frei K, Schaffner A, Fontana A. Macrophage-induced cy-
totoxicity of N-methyl-D-aspartate receptor positive neurons involves excitatory
amino acids rather than reactive oxygen intermediates and cytokines. Eur J Im-
munol. 1992;22:2429-2436.

13. Pitt D, Werner P, Raine CS. Glutamate excitotoxicity in a model of multiple scle-
rosis. Nat Med. 2000;6:67-70.

14. Smith T, Groom A, Zhu B, Turski L. Autoimmune encephalomyelitis ameliorated
by AMPA antagonists. Nat Med. 2000;6:62-66.

15. Newsholme P, Curi R, Gordon S, Newsholme EA. Metabolism of glucose, glu-
tamine, long-chain fatty acids and ketone bodies by murine macrophages. Bio-
chem J. 1986;239:121-125.

16. Matute C, Alberdi E, Domercq M, Perez-Cerda F, Perez-Samartin A, Sanchez-
Gomez MV. The link between excitotoxic oligodendroglial death and demyelin-
ating diseases. Trends Neurosci. 2001;24:224-230.

17. Matute C, Domercq M, Fogarty DJ, Pascual de Zulueta M, Sanchez-Gomez MV.
On how altered glutamate homeostasis may contribute to demyelinating dis-
eases of the CNS. Adv Exp Med Biol. 1999;468:97-107.

18. Hardin-Pouzet H, Krakowski M, Bourbonniere L, Didier-Bazes M, Tran E, Owens
T. Glutamate metabolism is down-regulated in astrocytes during experimental
allergic encephalomyelitis. Glia. 1997;20:79-85.

19. Ohgoh M, Hanada T, Smith T, et al. Altered expression of glutamate transport-
ers in experimental autoimmune encephalomyelitis. J Neuroimmunol. 2002;125:
170-178.

20. Werner P, Pitt D, Raine CS. Multiple sclerosis: altered glutamate homeostasis in
lesions correlates with oligodendrocyte and axonal damage. Ann Neurol. 2001;
50:169-180.

21. McDonald WI, Compston A, Edan G, et al. Recommended diagnostic criteria for
multiple sclerosis: guidelines from the International Panel on the Diagnosis of
Multiple Sclerosis. Ann Neurol. 2001;50:121-127.

22. Kurtzke JF. Rating neurologic impairment in multiple sclerosis: an Expanded Dis-
ability Status Scale (EDSS). Neurology. 1983;33:1444-1452.

23. Stover JF, Pleines UE, Morganti-Kossmann MC, Kossmann T, Lowitzsch K, Kempski
OS. Neurotransmitters in cerebrospinal fluid reflect pathological activity. Eur J
Clin Invest. 1997;27:1038-1043.

24. Ferrarese C, Riva R, Dolara A, De Micheli A, Frattola L. Elevated glutamate in the
cerebrospinal fluid of patients with HIV dementia [letter]. JAMA. 1997;277:630.

25. Gurwitz D, Kloog Y. Elevated cerebrospinal fluid glutamate in patients with HIV-
related dementia [letter]. JAMA. 1997;277:1931.

26. Espey MG, Ellis RJ, Heaton RK, Basile AS. Relevance of glutamate levels in the

CSF of patients with HIV-1–associated dementia complex. Neurology. 1999;53:
1144-1145.

27. Garseth M, White LR, Aasly J. Little change in cerebrospinal fluid amino acids in
subtypes of multiple sclerosis compared with acute polyradiculoneuropathy. Neu-
rochem Int. 2001;39:111-115.

28. Stadtman ER. Protein oxidation and aging. Science. 1992;257:1220-1224.
29. De Groot CJ, Ruuls SR, Theeuwes JW, Dijkstra CD, Van der Valk P. Immunocy-

tochemical characterization of the expression of inducible and constitutive iso-
forms of nitric oxide synthase in demyelinating multiple sclerosis lesions. J Neu-
ropathol Exp Neurol. 1997;56:10-20.

30. Boje KM, Arora PK. Microglial-produced nitric oxide and reactive nitrogen ox-
ides mediate neuronal cell death. Brain Res. 1992;587:250-256.

31. Oleszak EL, Zaczynska E, Bhattacharjee M, Butunoi C, Legido A, Katsetos CD.
Inducible nitric oxide synthase and nitrotyrosine are found in monocytes/
macrophages and/or astrocytes in acute, but not in chronic, multiple sclerosis.
Clin Diagn Lab Immunol. 1998;5:438-445.

32. Liu JS, Zhao ML, Brosnan CF, Lee SC. Expression of inducible nitric oxide syn-
thase and nitrotyrosine in multiple sclerosis lesions. Am J Pathol. 2001;158:
2057-2066.

33. Cross AH, Manning PT, Stern MK, Misko TP. Evidence for the production of per-
oxynitrite in inflammatory CNS demyelination. J Neuroimmunol. 1997;80:121-
130.

34. Cross AH, Manning PT, Keeling RM, Schmidt RE, Misko TP. Peroxynitrite for-
mation within the central nervous system in active multiple sclerosis. J Neuro-
immunol. 1998;88:45-56.

35. Van der Veen RC, Hinton DR, Incardonna F, Hofman FM. Extensive peroxynitrite
activity during progressive stages of central nervous system inflammation. J Neu-
roimmunol. 1997;77:1-7.

36. Trotti D, Rossi D, Gjesdal O, et al. Peroxynitrite inhibits glutamate transporter
subtypes. J Biol Chem. 1996;271:5976-5979.

37. McDonald JW, Althomsons SP, Hyrc KL, Choi DW, Goldberg MP. Oligodendro-
cytes from forebrain are highly vulnerable to AMPA/kainate receptor–mediated
excitotoxicity. Nat Med. 1998;4:291-297.

38. Yoshioka A, Bacskai B, Pleasure D. Pathophysiology of oligodendroglial excito-
toxicity. J Neurosci Res. 1996;46:427-437.

39. Baimbridge KG, Celio MR, Rogers JH. Calcium-binding proteins in the nervous
system. Trends Neurosci. 1992;15:303-308.

40. Matute C. Characteristics of acute and chronic kainate excitotoxic damage to the
optic nerve. Proc Natl Acad Sci U S A. 1998;95:10229-10234.

41. Swanson GT, Feldmeyer D, Kaneda M, Cull-Candy SG. Effect of RNA editing and
subunit co-assembly single-channel properties of recombinant kainate recep-
tors. J Physiol. 1996;492(pt 1):129-142.

42. Burnashev N. Calcium permeability of glutamate-gated channels in the central
nervous system. Curr Opin Neurobiol. 1996;6:311-317.

43. Fine SM, Angel RA, Perry SW, et al. Tumor necrosis factor-� inhibits glutamate
uptake by primary human astrocytes: implications for pathogenesis of HIV-1 de-
mentia. J Biol Chem. 1996;271:15303-15306.

44. Huang TL, O’Banion MK. Interleukin-1 � and tumor necrosis factor-� suppress
dexamethasone induction of glutamine synthetase in primary mouse astro-
cytes. J Neurochem. 1998;71:1436-1442.

45. Koller H, Trimborn M, von Giesen H, Schroeter M, Arendt G. TNF� reduces glu-
tamate induced intracellular Ca(2+) increase in cultured cortical astrocytes. Brain
Res. 2001;893:237-243.

46. Martin IJ, Blackstone CD, Levey AI, Huganir RL, Price DL. Cellular localizations
of AMPA glutamate receptors within the basal forebrain magnocellular complex
of rat and monkey. J Neurosci. 1993;13:2249-2263.

47. Dezawa M, Mutoh T, Dezawa A, Adachi-Usami E. Putative gap junctional com-
munication between axon and regenerating Schwann cells during mammalian
peripheral nerve regeneration. Neuroscience. 1998;85:663-667.

48. Vajda FJ. Neuroprotection and neurodegenerative disease. J Clin Neurosci. 2002;
9:4-8.

49. Besong G, Battaglia G, D’Onofrio M, et al. Activation of group III metabotropic
glutamate receptors inhibits the production of RANTES in glial cell cultures.
J Neurosci. 2002;22:5403-5411.

(REPRINTED) ARCH NEUROL / VOL 60, AUG 2003 WWW.ARCHNEUROL.COM
1088

©2003 American Medical Association. All rights reserved.
Downloaded From: https://jamanetwork.com/ on 08/09/2022


