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Abstract: Multiple sclerosis (MS) has been considered for a long time a typical inflammatory demyelinating disease of the central 
nervous system due to autoimmunity targeting oligodendrocytes with sparing of axons until advanced stages of the disease. For this 
reason, most of the earliest experimental studies focused on the role of cytokines and chemokines at the site of oligodendrocytes loss and 
on the importance in MS pathogenesis of classical inflammatory mechanisms. As a result, several attempts to treat MS through reduction 
of the local inflammatory milieau have been performed, leading to the current “immunomodulatory” treatment of the disease. However, 
more recently the importance of axonal loss and neurodegeneration even in the earliest stages of MS has been also recognized, and 
additional or concomitant players have been therefore searched. Evidence is now increasing that excessive glutamate is released at the 
site of demyelination and axonal degeneration in MS plaques, and the most probable candidates for this cellular release are infiltrating 
leukocytes and activated microglia. These observations are no longer simply preclinical results obtained in the MS animal model, i.e. 
experimental allergic encephalomyelitis, but have already been partially confirmed by post-mortem studies and in vivo analysis in MS 
patients, thus raising the possibility that modulation of glutamate release and transport as well as receptors blockade might be relevant 
targets for the development of future therapeutic interventions. 
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INTRODUCTION 

The role of the glutamatergic system is now recognized in 
several neurodegenerative and psychiatric diseases as well as in 
pain perception and even in peripheral neuropathies, and is now 
recognized and it has been reviewed in other sections of this Special 
Issue. However, besides a role in neurodegenerative diseases, 
glutamate has been also considered as a possible player in the 
course of other diseases of the central nervous system (CNS) such 
as multiple sclerosis (MS), where inflammation, demyelination and 
axonal degeneration have all been described. To perform this 
hypothesis, most of the data have been provided by the animal 
model of multiple sclerosis, i.e experimental allergic 
encephalomyelitis (EAE), and in vitro studies, but more recently the 
first consistent evidence of an altered glutamate expression and 
metabolism in humans appeared in the literature. 

These results are still preliminary, but they might be relevant 
not only to understand MS pathogenesis, but also to interpret if an 
increased glutamate concentration would result to be predictive of 
axonal damage, CNS atrophy and eventually patient’s disability. 

MS AND ITS PRECLINICAL MODELS 

MS is a chronic, degenerative disease of the CNS typically 
affecting young adults with a predominance for females, which is 
characterized by focal lesions of the white matter with 
inflammation, demyelination, infiltration of immune cells, 
oligodendroglial death and axonal degeneration. Different types of 
MS can be identified according to the clinical course of the disease: 
the most common form of MS is characterized by a remitting 
relapsing course (RR-MS), while a minority of patients experience 
a chronic primary progressive course (PP-MS). A proportion of 
RR-MS patients eventually develops a secondary progressive 
course (SP-RR) clinically identical in the latest stages to PP-MS.  

MS has long been considered as a primary inflammatory 
disease in the early relapsing phase, with neurodegeneration and 
axonal loss occurring only in the progressive stage that is 
characterized by limited inflammatory activity and global brain 
atrophy. However, this dichotomy is now challenged and it is 
accepted that axonal degeneration can be present since the earliest 
stages of the disease, thus suggesting that not only the classical 
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inflammatory soluble factors (e.g. chemochines, cytokines) but also 
molecules more typically involved in neurodegeneration, such as 
glutamate, can be relevant in MS pathogenesis. 

Besides blood-borne infiltrating cells (mainly lymphocytes, 
monocytes and macrophages) several other cellular types are 
present in MS plaques. Resident astrocytes, once simply considered 
as the main responsible for reactive gliosis after an acute episode, 
have now been actively associated with inflammatory events since 
they can, under specific circumstances, act as partially competent 
antigen-presenting cells. Similarly, activated microglial cells are not 
simply devoted to myelin debris removal, but they are able to 
secrete active substances, and among them glutamate. 

To elucidate the basic mechanisms of MS several preclinical 
models have been developed, although so far none of them is able 
to reproduce the full range of events identified in MS. The most 
widely used animal model of MS is rodent EAE, a CNS 
inflammatory disease inducible in appropriated strains of mice and 
rats. The most widely used animal model of MS is rodent EAE. 
However, it should always be considered that EAE pathological and 
clinical features can be markedly different according to the method 
of disease induction (i.e. active immunization using a myelin 
antigen or passive transfer of activated lymphocytes obtained from 
EAE animals), the antigen used for immunization, the presence of 
co-stimulating substances, the species and strains of the animals. 
Using different combination of these elements it is possible to 
establish EAE variants with predominant inflammatory or 
neurodegenerative aspects and with a monophasic, recurrent or 
chronic progressive course. Therefore, any result obtained in EAE 
should always be referred to the model used and carefully 
interpreted before transferring its implications into the clinical 
disease and testing neuroprotective agents. 

GLUTAMATE RECEPTORS IN EAE AND MS 

Experimental results suggest an important role of glutamate in 
EAE and MS pathogenesis [1,2]. Several studies carried out in vivo, 
in EAE, in post mortem brains and in MS patients showed that 
excitotoxicity mediated by calcium-permeable glutamate receptors 
contributes to oligodendrocyte death, demyelination and tissue 
lesions in MS [3]. The earliest investigations suggested that NMDA 
receptors are implicated in MS pathogenesis [4-5] and the 
pharmacological modulation of receptor functioning in EAE using 
memantine (an NMDA receptor antagonist) resulted in disease 
suppression and restoration of neurovascular function. 
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Additional investigations have strongly indicated that also 
AMPA receptors play a part in the development of chronic and 
acute models of EAE [6]. The competitive antagonists NBQX (2,3-
dihydroxy-6-nitro-7-sulfamoylbenzo[f]-quinoxaline-2,3-dione) and 
CNQX (6-cyano-7-nitroquinoxaline-2,3-dione) modify the course 
of the disease, although a drug effect on kainate receptor-mediated 
events cannot be excluded due to their lack of specificity. By 
contrast, the non-competitive antagonists GYKI 52466 (1-(4-
aminophenyl) 4-methyl-7,8-methylene dioxy-5H-2,3-
benzodiazepine) and GYKI 53773 ((-)1-(4-aminophenyl) 4-methyl-
7,8-methylene-dioxy 4,5-dihydro 3-methylcarbamoyl 2,3- 
benzodiazepine) differentiate between the two receptors and 
indicate a specific AMPA involvement in disease development. 
More recently, a series of AMPA receptor antagonists, with 
structures based on 2,3- benzodiazepine, have demonstrated their 
competence in reducing the symptoms and pathological changes 
associated in an EAE model induced in Lewis rat by guinea pig 
myelin basic protein [7, 8]. AMPA receptor activation can also be 
relevant in the neurodegenerative features of MS since it inhibits 
axonal regeneration mediated by NG2-glia. This is potentially 
relevant in MS, since NG2-glia cells, a substantial population in the 
CNS that can be identified by their specific expression of NG2 
chondroitine sulphate (CSPG), are able to generate 
oligodendrocytes and promote axonal regeneration inhibiting 
reactive gliosis. In fact, the majority of NG2-glia cells retain an 
oligodendrocyte precursor cell phenotype in the adult CNS and can 
regenerate oligodendrocytes following demyelination in vitro and in 
vivo in response to a chemically induced demyelinating lesion [9]. 
This type of cell is particularly sensitive to glutamate damage, by 
the expression expression of kainate receptors.  

Additional evidence for a role of glutamate dysregulation in MS 
can be obtained by the analysis of animal models of optic neuritis, a 
clinical condition that frequently occurs in MS. In fact, optic 
neuritis is the presenting symptom in about 20% of patients with 
MS, and half of the patients with isolated optic neuritis develops 
MS within 15 years. Patients with optic neuritis typically present 
with the triad of subacute unilateral loss of vision, ocular pain and 
impaired colour vision. Symptoms usually worsen over the course 
of a few days to 2 weeks and then recovery occurs in most patients 
[10]. However, axonal atrophy and loss are suggested in optic 
neuritis patients by reduction in retinal thickness in the affected eye 
also in those patients with a single episode and a good clinical 
recovery of visual acuity [11]. The injection of kainate in rat optic 
nerve induces AMPA-kainate activation, that results in a reactive 
gliosis and a reduced axonal conduction in the injection site, 
mimicking an acute episode of optic neuritis [12]. Activation of 
AMPA-kainate type ionotropic glutamate receptors in the optic 
nerve also evokes increased calcium concentration in NG2-glia and 
causes reactive gliosis with reduction of axonal conduction that 
clinically appears as an episode of optic neuritis. In this model, the 
levels of phosphorylated extracellular signal-regulated MAP kinase 
ERK1/2 in the isolated nerve are reduced by removal of 
extracellular calcium and blockade of AMPA receptors with 
NBQX, indicating that the release of endogenous glutamate 
(presumably released from axons and astrocytes) activates calcium 
dependent MAPK pathways [13-14]. The involvement of AMPA 
receptors in MS has been recently supported by a genome-wide 
association screening study which identified associated alleles in 
AMPA receptor genes in patients with MS showing a correlation 
between highest levels of glutamate and brain volume loss [15].  

THE POSSIBLE ROLE OF GLUTAMATE TRANSPORTERS 

A possible explanation for an increase in glutamate 
concentration in the CNS of EAE animals as well as of MS patients, 
might be the downregulation of its metabolizing enzymes glutamate 
deydrogenases and glutamine synthetase during inflammatory 
conditions [16, 17]. However, abnormal changes in neuronal and 

glial glutamate transporters EAATs can be observed in the spinal 
cord of Lewis rat EAE model and it has been suggested that under 
pathological conditions these transporters can be inefficient, thus 
leading increasing extracellular glutamate concentration [18].  

As already described in detail in other chapters of this Special 
Issue, it has been demonstrated that glutamate uptake in the CNS is 
mediated by different transporters, predominantly and differentially 
located on neurons (EAAT3, EAAT4) and on astroglial cells 
(EAAT1, EAAT2) [19]. Many studies have provided compelling 
evidence that an impairment in the function of EAATs could 
amplify the sensitivity of the CNS to deleterious effects of aberrant 
activation of glutamate receptors under inflammatory conditions. 
Among other factors, oxidative stress plays an important role 
increasing glutamate concentrations in the extracellular space, 
because of the reduced efficiency of EAATs due to the free radicals 
[20]. In vitro incubation of oligodendrocytes with the 
proinflammatory cytokine Tumor Necrosis Factor-  (TNF ) 
reduced EAAT1 expression and inhibits glutamate uptake by 
>75%. Furthermore, in MS white matter oligodendrocytes lose 
expression of EAAT1 and EAAT2 receptors in the proximity of the 
lesion [21]. 

Another series of experimental studies highlighted several 
agents which physiologically regulate glutamate transport. Positive 
regulators of EAATs as Tumor Growth Factor-  (TGF ) and 
Epidermal Growth Factor (EGF) enhance EAAT2 expression by 
activating phosphoinositol-3-kinase and nuclear factor- B in human 
fetal astrocytes [22]. Remarkably, beta-lactam antibiotics are also 
potent activators of EAATs expression. The beta-lactam ceftriaxone 
increases brain expression and function of EAAT2 and is 
neuroprotective in vitro in models of ischemic injury and motor 
neuron degeneration and in an animal model of the fatal disease 
ALS as well as in a relapsing-remitting EAE rat model of MS 
induced by myelin olygodendrocyte glycoprotein (MOG), where 
astrocytes activation is prevented and motor weakness progression 
halted [23, 24].  

In addition to glutamate transporters, levels of extracellular 
glutamate are controlled by cystine/glutamate antiporter x(c) , an 
exchanger that provides intracellular cystine for production of 
glutathione, the major cellular antioxidant. Pampliega et al. showed 
that activated monocytes/macrophages/microglia release glutamate 
through cystine/glutamate antiporter by increasing xCT catalytic 
subunit expression, as assessed by in vitro assays as well as in both 
EAE animals and in samples from MS patients [25]. 

These studies suggest that it may now be possible to identify 
molecules capable of modulating glutamate transport that could 
potentially be the target for inhibit, ameliorate, or prevent MS 
progression.  

EVIDENCE OF ELEVATED GLUTAMATE CONCENTRA-

TION IN MS 

Data supporting the excitotoxic hypothesis in MS include the 
report of higher glutamate levels observed both in the CNS and in 
peripheral blood of affected patients. More than 20 years ago, 
increased glutamate levels were demonstrated in the CSF of MS 
patients with acute lesions, whereas glutamate levels were reported 
to be similar to controls in patients with silent lesions [26, 27]. 
Moreover, glutamate plasma levels were also found to be increased 
in relapsing MS patients [28].  

Recently the evidence of increased glutamate concentration in 
the CNS of MS patients has been provided in a study using MR 
spectroscopy (MRS) [29]. In this study, increased glutamate 
concentration was demonstrated in both active demyelinating 
lesions as well as in normal appearing white matter (NAWM) in 
comparison with healthy controls. The presence of increased 
glutamate in acute demyelinating lesions and in near NAWM was 
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ascribed by the authors to increased metabolism and 
hypercellularity, as large quantities of glutamate are produced and 
released by activated leucocytes, macrophages and microglial cells 
in areas of active inflammation (Fig. 1) [30].  

However, this result should be cautiously interpreted, since 
MRS is much more sensitive in the detection of intracellular than 
extracellular glutamate and, for this reason, it should be assumed 
that the glutamate levels detected by MRS in these patients is 
largely due only to the intracellular compartment [31]. Another 
intriguing observation is that the expression of the glutamate 
transporters EAAT1 and EAAT2 on the surface of 
oligodendrocytes in MS is defective in NAWM and this might 
contribute to excessive tissue concentration of glutamate with a 
possible toxic action on neurons and glial cells in the lesioned white 
matter [21].  

Besides local production and reduced metabolism, the increase 
of extracellular glutamate in the CNS may be secondary to 
increased peripheral production and facilitated by blood-brain 
barrier breakdown during acute MS relapses [32]. In fact, 
monocytes are able to release glutamate [28] and they constitute a 
relevant cell type in the perivascular infiltrates that are 
characteristic of MS. In addition, CD11b+CD115+Ly-6Chi 
monocytes are precursors of CNS dendritic cells and macrophages 
in EAE lesions, being dynamically regulated during the course of 
the disease and accumulating in blood immediately prior to clinical 
relapses [33]. Therefore, monocytes are an attractive tool for 
understanding some of the CNS alterations that occur in MS [34] , 
as confirmed by a recent study investigating the mechanism of 
glutamate release in monocytes both in vitro, in EAE and in MS 
patients [25].  

Despite evidence is increasing to support a detrimental effect of 
high levels of glutamate in the CNS of MS patients, a recent study 
suggested that high amounts of extracellular glutamate may also 

have a protective role against neuroinflammation. This study, based 
on an EAE model induced in metabotropic glutamate receptor-4 
(mGluR4)-knockout mice and their wild-type counterpart by 
immunization with the MOG peptide, showed that extracellular 
glutamate drives a regulatory T cell response that ameliorates 
neuroinflammation [35]. The authors show that this increase in 
regulatory T cells is mediated by mGluR4 expressed on dendritic 
cells, another crucial cell type in immune response.  

The description of an upregulation of N-acetyl-aspatyl-aspartate 
(NAAG), the substance hydrolized into glutamate and N-
acetylaspartate (NAA) by the enzyme glutamate carboxypeptidase 
II (GCPII), in MS plaques but also in the surrounding normal-
appearing white matter [36] might give further support to the 
hypothesis that glutamate may also have a protective and not only a 
detrimental effect, at least in some stages of the disease, although 
this awaits further investigation. 

OXIDATIVE STRESS AND THE MITOCHONDRIAL 

HYPOTHESIS 

Preclinical results support the hypothesis that mitochondrial 
dysfunction can contribute to axonal disruption in acute 
inflammatory lesions in MS and can induce the chronic axonal 
degeneration in the progressive form of disease. Both nitric oxide 
(NO) and glutamate can contribute to mitochondrial damage 
converging into a common pathway that alters the electron transport 
chain, ATP synthesis, ionic homeostasis, Protein Tyrosine 
Phosphatase (PTP) opening and release of pro-apoptotic factors, 
leading to mitochondrial dysfunction [37]. Microglial cells are able 
to generate reactive oxygen and nitrogen species that might impair 
glutamate uptake mechanisms and the increased glutamate 
concentration in active plaques induces upregulation of its receptors 
and the synthesis of mediators of neurotoxicity in EAE [18, 26, 38]. 
Additionally, the involvement of two enzymes that are expressed in 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). schematic drawing of the proposed microenvironment at the site of active demyelination in MS based on the current knowledge of the possible origin 
and effects of glutamate. The main cellular types able to release glutamate are  activated microglia and infiltrating peripheral blood monunuclear cells crossing 
the blood brain-barrier formed by endothelial cells and astrocytes. Glutamate receptors are expressed by myelinating oligodendrocytes and axons. 
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MS lesions has been suggested: cyclooxygenases-2 (COX-2) and 
inducible nitric oxide synthase (iNOS) [39]. Both these enzymes 
contribute to the increased concentration of reactive oxygen species 
(ROS) that react with NO to produce peroxynitrite (ONOO-) which 
inactivates the glutamate transporters [27, 40]. 

In acute demyelinating lesions there is an increased production 
of NO, that inhibits the cytochrome C activity, leading to 
production of ONOO- with damage of lipids, proteins and 
carbohydrates and eventually leading to cell apoptosis. These 
events are not relevant only in the inflammatory, demyelinating 
stages since also in chronic MS lesions mitochondrial dysfunction 
has been demonstrated [41, 42].  

Since it appears that mitochondrial function is crucial in 
preserving axonal integrity in both acute inflammatory and 
progressive stages of MS it is not surprising that several therapeutic 
attempts to treat MS have focused on mitochondrial protection, 
including the use of sodium channel blockers, antioxidants and PTP 
inhibitors. Moreover, anti-inflammatory drugs could be useful in 
preserving mitochondrial function. Based on the observation that 
the action of glutamate receptor agonists increases the expression of 
cyclooxygenase (COX)-2 in oligodendrocytes, a study performed 
by Carlson and coworkers [43] showed that the administration of 
COX-2 inhibitors in TMEV-IDD model of MS, characterized by a 
chronic persistent central nervous system infection, accompanied 
by inflammatory demyelinating lesions of the spinal cord, reduced 
the demyelination rate and protected oligodendrocytes against 
excitotoxic death in vitro. The preclinical studies demonstrate that 
COX-2 expression in oligodendrocytes contributes to susceptibility 
to excitotoxic death and that the damage is mediated by specific 
COX-2 generated prostanoids with prostaglandin E2 being the 
major responsible for neuronal death in vivo [44] and in vitro [45].  

CONCLUSIONS 

The findings we have outlined in this review highlight that the 
control of glutamate release and metabolism may offer ways to 
reduce the damage subsequent to excitotoxicity in MS limiting 
disease severity and disability progression. Moreover, besides the 
role in demyelination, neurodegeneration and axonal damage a 
glutamatergic system dysfunction has also been associated with 
other MS symptoms with a still unclear pathogenesis, such as 
memory impairment and mental fatigue [46]. For instance, in a post 
mortem study performed to investigate the possible mechanisms of 
memory impairment in MS patients a comparison between the 
morphological and molecular changes in myelinated and 
demyelinated hippocampi from MS brains was performed and it 
was evidenced that astrocytic EAAT1 and EAAT2 were 
significantly reduced in demyelinated hippocampi despite the 
presence of astrocytosis [47]. Mental fatigue in MS is an ill-
defined, but potentially clinically-relevant, condition characterized 
by decreased concentration and often appears before physical 
neurological symptoms. A possible hypothesis to explain the 
occurrence of mental fatigue in MS is that the proinflammatory 
cytokines TNF , Interleukin 1  (IL-1 ) and IL-6 are involved 
through their ability to attenuate the astroglial clearance of 
extracellular glutamate and lead to the formation of cysteine bridges 
in EAAT2 resulting in impaired glutamate transport [48]. The 
consequence of an increased glutamate concentration in the CNS 
would be a loss of the “filter” function which normally selects 
information and prevents it from reaching the cerebral cortex. 
These hypothesis is supported by the demonstration of reduced 
glutamate transport in frontal cortex and basal ganglia in MS 
patients with fatigue [49]. 

In conclusion, a clear link has now been strongly suggested 
between inflammation, demyelination, axonal loss and glutamate 
levels in the CNS [50]. However, despite an increasing amount of 
preclinical data and post-mortem results, at least in part already 

confirmed by instrumental results obtained in MS patients, the 
potential importance of the issue strongly indicates the need for 
further efforts aimed to better elucidate if the modulation of 
excessive glutamate levels might really become a target for 
neuroprotection treatments in MS 
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