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Results from studies in recent years have provided evidence that hyperactivation of the glutamatergic sys-
tem plays an important role in the pathophysiology of multiple sclerosis (MS). Apart from the well known
immediate toxic effects of the neurotransmitter glutamate on neurons, additional mechanisms of gluta-
mate-induced cell injury have been described, these including actions of oligodendrocytes, astrocytes, en-
dothelial cells, and immune cells. These toxic effects may open up a link between the various pathological
components of MS, such as axon damage, oligodendrocyte death, demyelination, autoimmune reactions,
and dysfunction of the blood-brain barrier. Understanding the mechanisms underlying glutamate toxicity in
MS may be promoted by the development of new approaches to the diagnosis, treatment, and management
of patients with MS. This review presents reports on the mechanisms leading to increases in the concentra-
tion of the neurotransmitter glutamate and excitotoxicity in the context of the pathogenesis of the disease.
We also present data on drugs and therapeutic approaches, both current and under development, helping to

regulate the operation of the glutamatergic system.
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A number of concepts of the bases of the interaction
between the nervous and immune systems have been for-
mulated. This interaction is believed to be mediated via
the hypothalamo-hypophyseal-adrenal axis, the autonomic
(sympathetic and parasympathetic) nervous system, which
innervates structures including the lymphoid organs, and
circulating cytokines, chemokines, neuropeptides, and neu-
rotransmitters [1]. Research interest in recent years has been
focused on neurotransmitters, which apart form function-
ing in the central nervous system (CNS), also operate as
systemic and/or local immunoregulators acting at the level
of the receptors of immunocompetent cells, thus mediating
connections between systems. Sufficient data have now
been collected to show that immune system cells have re-
ceptors and associated signal systems components for al-
most all receptors, neuropeptides, and neurohormones, as
well as endogenous ligands such as glutamate (Glu), sub-
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stance P, and others, which directly regulate the of prolif-
eration, differentiation, apoptosis, and migration processes
of immunocompetent cells [2]. It should be noted that the
dysregulatory aspects of neuroimmunopathology are of sig-
nificant interest, as impairments to the mechanisms of the
interregulation of the nervous and immune systems cause or
make important contributions to the pathogenesis of many
neurodegenerative diseases of the CNS, especially diseases
with autoimmune-inflammatory components and particular-
ly multiple sclerosis (MS) [3].

Despite significant progress in studies of the pathogen-
esis of MS, the etiology of the disease remains unclear. The
most widely held hypothesis is that MS is a multifactorial
disease whose initiation and development involve a critical
role for the interaction of genetic and environmental factors.
This disease is characterized by the formation of inflamma-
tory plaques in the white matter of the brain and/or spinal
cord, with infiltration of immune cells, demyelination of
nerve fibers, axon and neuron degeneration, oligodendro-
cyte death, astrogliosis, and damage to the blood-brain bar-
rier (BBB) [4]. The gray matter of the brain is also involved
in the pathogenesis of the disease, and while damage here
is not accompanied by these features (presence of immune
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cells and complexes, damage to the BBB), it is associated
with the development of clinical symptomatology and neu-
rological deficit [5—7]. Among the mechanisms initiating the
disease, the primary role belongs to autoimmune reactions
leading to inflammation in the CNS with subsequent demy-
elination and the death of neurons and oligodendrocytes [8].
In addition, neurodegenerative changes are known to have
formed by the early stages of MS and to occur simultane-
ously with the development of inflammation, inducing atro-
phy of nerve fibers and neurons and producing increasing
disability in patients [9].

The heterogeneity of the pathogenetic processes in
MS is evidence for impairment of the link between the ner-
vous and immune systems, whose interaction involves an
important role for neurotransmitters. Glutamate is the most
important of these, as well as the most intensely studied in
recent years. Apart from the well-known immediate excito-
toxic effects on neurons, additional mechanisms have now
been described for glutamate-induced cell injury, including
effects on oligodendrocytes, astrocytes, and endothelial and
immune cells [10-12]. Understanding of the processes un-
derlying the impairments to Glu metabolism and the patho-
physiological processes mediated by them seen in MS will
promote the development of new approaches to the diagno-
sis and pharmacotherapy of this disease.

Many researchers have now demonstrated increases
in Glu to excitotoxic levels in MS, as well as the prima-
ry importance of excitotoxicity in the processes of neuron
and axon damage and oligodendrocyte death in the brains
of patients with MS and animals with experimental auto-
immune encephalomyelitis (EAE), an in vivo model of the
disease [10, 11, 13]. A number of studies have demonstrated
increases in Glu levels in the plasma, cerebrospinal fluid,
and brain in patients with MS, depending on the severity,
type of course, and phase of illness [11, 14, 15]. Analogous
results have been obtained in the EAE Model [16]. It has
been suggested that the excitotoxic function of Glu will be-
come dominant in the chronic phase of MS, when neuro-
degenerative processes become dominant, inducing further
progression of disease [17]. A significant number of mecha-
nisms leading to increased Glu levels in MS have now been
described [5, 12].

Potential Sources and Mechanisms of Formation of
Excess Glu in MS. The literature contains extensive data
providing evidence that increases in extracellular Glu levels
may result from changes in neurotransmitter homeostasis.
In this regard, researchers’ attention has been focused on
studies of the activity of the enzymes of Glu metabolism
and its protein transporters, as well as other factors af-
fecting transmitter homeostasis in MS and EAE [12, 13].
Increases in transmitter concentrations, as noted by various
authors, may result from dysfunction of activated astro-
cytes. In physiological conditions, these cells regulate the
removal of Glu from the synaptic cleft and its utilization
using the enzymes glutamate dehydrogenase and gluta-
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mine synthase — which have extremely low activity levels
in inflammatory plaques in EAE [18]. Increased levels of
glutaminase expression have been found in foci in patients,
mainly those with the primary and secondary progressive
forms of MS [18]. Decreases in glutamine synthase activity
in the course of the mechanisms of inflammation may also
influence changes in Glu metabolism and increases in Glu
levels in EAE [19]. Several mechanisms are now known
linking astrocytes and glutamate excitotoxicity in MS [12].
Activation of the microglia induces production of adenos-
ine triphosphate, which activates metabotropic purinergic
P2Y 1 receptors on astrocytes, provoking Glu release. It has
also been suggested that excessive transmitter formation in
the brain occurs under the influence of proinflammatory cy-
tokines (interleukin 1f3 (IL-1p) and tumor necrosis factor o
(TNF-0)) in MS, by means of an effect on the expression of
its astrocyte transporter proteins. In addition, Glu itself may
increase its synthesis via metabotropic glutamate receptors
on astrocytes.

Immunohistochemical studies of demyelination plaques
in MS have demonstrated a lack of enzyme (glutamate dehy-
drogenase and glutamine synthase) activity and the expres-
sion of Glu transporters (EAAT1 and EAAT?2) in oligoden-
drocytes in active foci and the surrounding areas [18]. Data
obtained in the EAE model also support reductions in EAAT1
activity in the spinal cord and cerebellum in the acute phase
of disease [20, 21]. Thus, oligodendrocytes in damaged areas
are in fact unable to metabolize Glu quickly, this decreasing
the ability of the white matter to maintain nontoxic extracel-
lular Glu concentrations and contributing to the propagation
of excitotoxic damage. Possible causes of enzyme deficien-
cies in oligodendrocytes may include proinflammatory cyto-
kines and reactive oxygen species. In particular, histamine
synthase has been shown to be sensitive to oxidative injury
[22]. Decreases in EAAT1 protein content can be provoked
by massive death of oligodendrocytes, which is seen mainly
in the exacerbation phase of neurological symptoms [23].

A potential source of excess Glu in MS may be demye-
linated axons, as indicated by the observation in active foci
of demyelination of accumulations of and changes in the
locations of pore-forming al1B subunits of voltage-gated
Ca?* channels in damaged axons (integration into the mem-
brane facing the axoplasm) [24]. In health, channels of this
type are located in presynaptic terminals and are involved in
processes of vesicular transport of transmitter. This ectopic
distribution of calcium channels may result in increases in
calcium influx into cells, which leads to Glu release [25].
In addition, a diffuse distribution of Na* channels (Na,1.2)
on the bare axolemma is seen after demyelination, increas-
ing intracellular Na* levels and activation of the Na*/Ca%*
ion exchanger [26]. In these conditions, the Na*-dependent
glutamate transporter system starts to mediate reverse trans-
port of Glu from the cell cytoplasm into the intercellular
space, which is accompanied by a further decrease in its
reuptake due to lack of a sufficient Na* gradient. The tissues
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of MS patients show increased expression of Na, 1.6 sodium
channels on damaged axons and in inflammatory foci with
T-cell infiltrates and activated microglia. Published data in-
dicate that Na* contents are elevated in the brains of patients
with MS, mainly in plaque lesions in the white matter [12].

It is known that Glu barely penetrates the BBB, which
creates a significant concentration gradient of transmitter
between the blood flow and the extracellular space in the
CNS. The inflammation-damaged BBB in MS has been
shown to promote penetration of large quantities of Glu
from the blood into the CNS [12]. Furthermore, the endo-
thelial cells forming the BBB express glutaminase and
transmitter receptors and contain a system of Na*-dependent
Glu transporter proteins (EAAT1), which is evidence for
their active participation in transmitter metabolism and in-
creases in its level in MS [5].

Accumulations of immune cells (lymphocytes, dendrit-
ic cells, macrophages, microglia) are a characteristic sign
of active neuroinflammatory plaques in the CNS in MS.
Activated immune cells and microglia are seen the immedi-
ate vicinity of damaged axons and neurons; furthermore, the
extent of axon damage correlates with the density of these
cells in the plaque, pointing to the direct involvement of ex-
citotoxicity in axon injury in MS [2, 18]. In inflammation,
these cells, under the influence of Glu, release significant
quantities of Glu via connexins, i.e., proteins forming in-
tercellular gap junctions [27] or via the cysteine/glutamate
exchanger transport system [28, 29]. In addition, it has been
noted that decreases in the expression of Glu transporters
EAAT1 and EAAT? by glial cells can be induced by proin-
flammatory cytokines (TNF-o and IL-1f) and may correlate
with glial cell activation in the white matter of the brain or
with activation of transmitter receptors, also leading to in-
creases in the Glu concentration [12]. Increased nitric oxide
(NO) synthesis is seen in MS, due to increase expression of
NO sythase in the microglia, which leads to the formation
of peroxynitrite, which inactivates Glu transporters [30].
Studies have shown that TNF-a can stimulate Glu release
by the microglia via an autocrine mechanism and also via
regulation of glutaminase activity. Proinflammatory and
glutamate-mediated neurotoxic microglial reactions can be
induced by necrotic neurons themselves via the MyD88-
dependent pathway using Toll-like receptors, which mediate
increases glutaminase activity [31]. A number of studies ap-
peared not long ago, suggesting that lymphocytes penetrat-
ing into the CNS can form excess quantities of Glu. Thus, it
has been reported that myelin-reactive CD4* T-lymphocytes
in demyelination plaques, i.e., Th17 cells, can interact di-
rectly with nerve cells without involving T-cell receptors
[32]. Strong local variations in intracellular Ca** concentra-
tions occur in neurons during such contacts, leading to sig-
nificant increases in extracellular Glu levels. The interaction
of Th17 with neurons in demyelination foci has also been
shown to be accompanied by increased axon injury in EAE.
Existing published data also provide evidence that Glu is

involved in the mechanisms of neuroinflammation mediated
by, among other factors, regulation of the various functions
of T-cells [10].

Glutamate Receptors. Along with impaired Glu ho-
meostasis, changes in neurotransmitter receptor activity
may contribute to mediating the mechanisms of excitotoxic
injury. It is important to emphasize that different types of
glutamate receptor have been identified in the peripheral
nervous system and in non-neuronal cells in humans, where
their role remains to be definitively established [10, 33, 34].
Two types of glutamate receptors are known: metabotropic
and ionotropic.

Metabotropic Glu receptors (mGluR) are coupled with
G-proteins and modulate synaptic transmission via intra-
cellular second messengers. Eight subtypes have thus far
been identified (mGluR1-mGluR8), which, depending on
amino acid similarity, signal transduction mechanism, and
pharmacological properties, are divided into three groups.
mGluR1 and mGluRS5 form group I metabotropic Glu re-
ceptors (mGluR1), linked with the IP3/Ca?*-dependent
signal transmission system. Activation of group II mGIuR
(mGluR2 and mGlIuR3) and group III mGluR (mGluR4,
mGIuR6, mGluR7, and mGlu8) leads to inhibition of the
reaction cascade linked with cAMP formation. Group I
metabotropic Glu receptors function in the postsynaptic
membrane. Changes in the pattern of their expression are
seen in MS, both within and around plaque lesions in the
white matter. Studies of post-mortem specimens of brains
from patients with MS have demonstrated an axonal loca-
tion for mGluR 1 in areas of active demyelination, as well
as in undamaged white matter, in contrast to control speci-
mens, where mGluR mainly had a somatodendritic location
[35]. The literature contains data on the ability of mGIuR I
receptors to modulate the operation ionotropic receptors,
affecting Ca?* release from the endoplasmic reticulum and
the functioning of voltage-gated Ca?* channels [36]. Results
from a small number of studies using the EAE model have
demonstrated that GluR I have both pro- and antitoxic prop-
erties [37, 38]. Metabotropic Glu receptors of groups II and
III are located on the presynaptic membrane and control
transmitter release into the synaptic cleft via inhibition of
voltage-gated Ca?* channels. Elevated mGluR II expression
is seen on the surfaces of astrocytes and activated microglia
in MS [35]. Experimental data provide evidence that stimu-
lation of mGluR?2 provokes neurotoxicity, while stimulation
of mGluR3 provides neuroprotection [39]. Thus, simul-
taneous inhibition of mGluR2 and activation of mGluR3
can prevent myelin-induced microglial neurotoxicity, as
demonstrated in work reported by Pinteaux-Jones et al.
[40]. Particular attention is paid to the role of mGluR4 in
both neurodegenerative and neuroinflammatory processes
in MS. Experiments on mice with knockout of the mGIuR4
gene demonstrated that this receptor subtype influences
the onset of EAE and its course. mGluR4-knockout mice
showed significantly increased lymphocyte infiltration of
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the spinal cord as compared with wild type. There was also
a displacement in the balance between Th17 and Treg cells
towards the Th17 subpopulation, which is involved in main-
taining inflammation and exacerbating the clinical signs of
MS [41]. The high levels of expression of group III recep-
tors (especially mGluR4 and mGluR8) seen in MS in foci
are regarded as a protective-type reaction.

Ionotropic Glu receptors (iGluR), which are ligand-con-
trolled ion channels, are divided into three subtypes depend-
ing on which selective agonist (synthetic glutamic acid ana-
log) they interact with: 2-amino-3(3-hydroxy-5-methylisox-
azol-4-yl)propionic acid receptors (AMPAR), kainate (KA)
receptors, and N-methyl-D-aspartate receptors (NMDAR).
All ionotropic receptors are integral proteins, which con-
sist of subunits forming the ion channel. All types of iG-
IuR, depending on the subunit composition, show selectivity
for alkali metal cations (mainly Na* and K*), and also Ca%*
[42]. AMPAR are homo- or heterooligomers consisting of
GluA1-GluA4 subunits. In the CNS, these receptors me-
diate rapid voltage-gated excitation of neurotransmission
and are expressed on oligodendrocytes, astrocytes, and neu-
rons. Immunostaining with antibodies to the GIuA2 subunit
showed that in MS, oligodendrocytes in plaque lesions and
their surrounding areas form AMPAR without GluA2, mak-
ing them more sensitive to excitotoxicity and death due to
intracellular Ca?* overload [43]. The extreme sensitivity of
oligodendrocytes to AMPAR-mediated excitotoxicity has
been confirmed by data obtained by different groups of au-
thors [5]. KA receptors are heterotetramers (GluK1-5). In
contrast to AMPAR and NMDAR, KA receptors are located
on post- and presynaptic membranes. Functionally active
KA receptors have been seen on the surfaces of oligoden-
drocytes, where they can induce increases in intracellular
Ca?* to toxic levels, resulting in cell death [44]. In addition,
Glu, activating KA receptors, increases the sensitivity of
oligodendrocytes to the damaging action of components of
the complement system, which are detected in the cerebro-
spinal fluid and CNS tissues in MS [45]. The mechanism of
axon degeneration in MS can be triggered by GluK1- and
GluK2-containing KA receptors located directly on axons
themselves [46]. KA receptors located on endothelial cells
of capillaries and blood vessels play no small role in BBB
dysfunction [43]. NMDAR are of particular interest in con-
nection with their role in controlling such important process-
es as neuron growth and development, the formation and
maintenance of synaptic plasticity, and others. Functional
NMDAR are heterotetrameric complexes consisting of three
types of subunit, which contain different regulatory sites:
two constitutive GluN1 and the combinations GluN2(A-D)
or GIuN3(A-B). it is important to note that the combina-
tion of subunits determines the biochemical and pharmaco-
logical properties of NMDAR [47, 48]. In the resting state,
Mg?* blocks the ion channel of the receptor, interacting with
the voltage-controlled Mg?*+-binding part, preventing other
ions from passing through the channel. Receptor activa-
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tion depolarizes neuron membranes, leading to reductions
in the affinity of Mg?* for NMDAR channels and opening
of channels to allow passage of Na* and Ca?* ions into the
cell [42]. Thus, the effectiveness of Mg?* blockade may
have significant importance in the processes of axon inju-
ry and neuron dysfunction in MS and EAE, as it is known
that NMDAR are among the main Ca?* channels in these
cells [49]. The detection of Glu receptors of this subtype in
other CNS cells provides additional support for the involve-
ment of NMDAR in the pathological processes seen in MS.
Wong et al. demonstrated the presence of functionally active
NMDA-type Glu receptors on oligodendrocytes [50]. Some
authors have noted that NMDAR on oligodendrocytes are
less sensitive to Mg?*+ blockade, so they are more suscep-
tible to the toxic actions of high Glu concentrations [51].
NMDAR GluN1 subunits on endotheliocytes regulate signal
transduction mediated by tissue plasminogen activator and
control the penetration of monocytes across the BBB [52].
According to current data, T cells express different types of
Glu receptors, including NMDAR [10, 34]. Study results
have shown that NMDA Glu receptors have roles in regu-
lating cytokine secretion by T cells and the mechanisms of
differentiation of CD4+ T-lymphocyte subpopulations, con-
trolling the cell cycle, proliferation and apoptosis, changes
in the cell membrane potential, modulation of the activity
of ion channels, calcium homeostasis in T-cells, the expres-
sion of genes increasing free radical formation, and integ-
rin-mediated adhesion to extracellular matrix glycoproteins.
However, the question of the role of NMDAR in controlling
the functions of immunocompetent cells in MS patients re-
mains poorly studied [10]. The few published data and re-
sults from our own studies show various features of T-cell
responses mediated by blockade of NMDAR in MS [10].
It has been suggested that a possible molecular mechanism
mediating such a wide spectrum of NMDAR functions in
T-cells comes from the involvement of this type of gluta-
mate receptor in the mechanisms of calcium signaling [53].
It is important to emphasize that the literature contains data
providing evidence that one possible cause of the develop-
ment of the autoimmune process in MS may be dysregula-
tion of calcium homeostasis [54].

Glu and Glu Receptors as Therapeutic Targets in
MS. To date, most attention in studies of the pathogenesis
of MS has been paid to inflammation and autoimmune reac-
tions, such that the primary strategy is correction of impair-
ments to the functions of immunocompetent cells. New data
on pathological changes in MS, including in the gray matter
of the brain, taken along with the known mechanisms of
the involvement of Glu and excitotoxicity in neurodegen-
eration and demyelination, have led to a new wave of in-
terest among researchers into this neurotransmitter and its
receptors as potential targets for the pharmacotherapeutic
correction of MS. One of the potential and pathogenetically
grounded directions consists of actions on the glutamatergic
neurotransmission system.
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Studies addressing the effects of widely used drugs —
interferon-B (IFN-f) and glatiramer acetate — on Glu me-
tabolism and the activity of its receptors showed the fol-
lowing. IFN-f decreases excitatory postsynaptic currents in
the striatum — the structure most sensitive to degeneration
when MS progresses. This drug has been shown to act on
Glu receptors by negative regulation of the activation of
Ca?*/calmodulin-dependent protein kinase I and the Ca%*
concentration, preventing decreases in the tolerance of ex-
citatory synapses and, thus, leading to decreases in exci-
totoxicity [55]. Studies using the EAE model showed that
glatiramer acetate eliminates changes in glutamate-mediat-
ed postsynaptic currents induced by TNF-a in the striatum
of the experimental animals. The neuroprotective effect of
glatiramer acetate in glutamate toxicity is, as suggested, due
to the negative influence of the drug on activation of the
microglia and TNF-a production in the gray matter of the
brain in EAE. A similar mechanism has been proposed to
exist in MS too [10].

It is not long since the new oral drugs fingolimod, laqui-
nimod, and dimethylfumarate attracted the attention of MS
researchers. Landi et al. [56] showed that fingolimod, which
regulates the operation of sphingosine-1-phosphate recep-
tors, apart from its main immunomodulatory action on pe-
ripheral lymphocytes, has neuromodulatory activity. It selec-
tively decreases glutamate-mediated intracortical arousabili-
ty, with negative effects on Glu excitotoxicity. In addition,
studies using the EAE model have shown that fingolimod
reverses presynaptic and postsynaptic changes in glutama-
tergic transmission and promotes the recovery of dendrites,
probably due to suppression of microglial activation. It was
also established that both the therapeutic and prophylactic
use of laquinimod in the EAE model improves motor func-
tions, decreases inflammation in the CNS, and increases the
quantity of myelinated axons. Dimethylfumarate, which is
metabolized to the pharmacologically active monomethylfu-
marate and fumarate, increases the activity of transcription
factor Nrf2, which regulates the expression of genes encod-
ing protein products which protect cells from oxidants, elec-
trophiles, and genotoxic compounds. Monomethylfumarate
also inhibits Glu release by pathogenic Th17 lymphocytes.
Dimethylfumarate is currently being studied as a substance
for the treatment of MS [57].

Hyperactivation of Glu receptors is undoubtedly the
main determinant of neurodegenerative processes in MS
and EAE, and pharmacologically active agents able to reg-
ulate their operation and expression can have protective in-
fluences in conditions of excitotoxicity. In fact, the results
obtained form many studies using different glutamate recep-
tor ligands provide evidence of decreases in the manifesta-
tions of the inflammatory process and pathomorphological
changes in EAE. It should be noted that pharmacological
blockade of Glu receptors has limited clinical use, as they
play a vitally important role in maintaining normal synap-
tic transmission and their full blockade can lead to many

unfavorable side effects. Thus, investigators are currently
focused on the search for agents preventing the overacti-
vation of ionotropic or metabotropic Glu receptors without
affecting their basic functions. Thus, mGluR II and III ago-
nists have been shown to have protective effects, decreas-
ing presynaptic Glu release, while agonists of group I can
induce excitotoxicity. We note that in 2015, metabotropic
Glu receptors were validated as pharmacological targets for
the treatment of MS [55]. Blockade of Glu receptors using
the competitive AMPA/KA receptor antagonist NBQX has
been shown to decrease neurological deficit, which is his-
tologically apparent as decreased axon injury and decreased
oligodendrocyte death. Other AMPAR antagonists are also
effective in decreasing neurological symptoms and morpho-
logical changes in animals with EAE [10, 12]. Ganor et al.
[58] demonstrated that blockade of AMPAR expressed on
autoreactive T-lymphocytes prevented their activation by
Glu, thus decreasing the pathogenic potential of the cells.
Cytokine-mediated effects can be blocked by AMPAR an-
tagonists. KA Glu receptor antagonists such as CNQX,
DNQX, etc., have antiexcitotoxic activity [55]. Research re-
sults have also shown that NMDAR antagonists have protec-
tive actions against excitotoxicity. Pharmacological inhibi-
tion of NMDAR by amantadine and memantine, along with
suppression of neurological symptoms in rats with EAE,
decreases the expression of anti-inflammatory cytokines in
animals’ brains. Riluzole, a noncompetitive NMDAR antag-
onist, has ben shown to prevent receptor hyperactivity and to
inhibit Glu release from nerve and immune cells [10, 12].

There is currently particular interest in the regulation of
CNS function by the immune system due to production of
autoantibodies to the subunits of neurotransmitter receptors.
On the one hand, these antibodies may be one of the causes
for the development of neuroimmunopathology in the CNS,
such as anti-NMDAR encephalitis [59, 60]. On the other
hand, they may be endogenous agents involved in the patho-
genetic mechanisms and have protective properties against,
for example, the excitotoxic action of Glu. This may be sup-
ported by the anti-NMDAR antibody glunomab, developed
by Macrez et al. [60] and studied in EAE, whose target is
the regulatory site of the GluN1 receptor subunit, which is
sensitive to the serine protease tissue plasminogen activa-
tor. This antibody has been reported to have a modulatory
effect on NMDAR, without affecting its baseline activity.
Glunomab has been shown to the decrease the transmission
of human leukocytes in an in vitro model of the BBB and,
in EAE, to block progression of neurological lesions and
decrease leukocyte infiltration, which the authors felt was
linked with normalization of BBB function [60].

In addition, one novel therapeutic approach consists of
decreasing the level of transmitter in the CNS by “pump-
ing” it out of the brain into the blood. The blood Glu con-
centration is reduced by intravenous injection of enzymes
such as aspartate aminotransferase to convert it to an inac-
tive form. Despite the fact that this technology has yet to be
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validated in EAE and MS, it has potential, as it can decrease
the adverse effects induced by excessive Glu [61, 62].

Overall, published data indicate that Glu may be the

binding element for all primary pathogenic events in MS,
such as autoimmune reactions, inflammation, demyelin-
ation, and neurodegeneration. Thus, studies of these process
and the roles of Glu in them will improve diagnosis and
prognosis of the course of illness, the development of new
therapeutic strategies, and the creation of effective drugs for
the treatment of MS.
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