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Abstract Multiple sclerosis (MS) is no longer considered to
be simply an autoimmune disease. In addition to inflamma-
tion and demyelination, axonal injury and neuronal loss
underlie the accumulation of disability and the disease
progression. Specific treatment strategies should thus aim
to act within the central nervous system (CNS) by interfering
with both neuroinflammation and neurodegeneration. Spe-
cific treatment strategies to autoimmune neurological dis-
orders should aim to act within the CNS by interfering with
both neuroinflammation and neurodegeneration. The cumu-
lative effect of Glatiramer acetate (GA; Copaxone®, Copol-
ymer 1), an approved drug for the treatment of MS, reviewed
herewith, draws a direct linkage between anti-inflammatory
immunomodulation, neuroprotection, neurogenesis, and ther-
apeutic activity in the CNS. GA treatment augmented the
three processes characteristic of neurogenesis, namely,
neuronal progenitor cell proliferation, migration, and differ-
entiation. The newborn neurons manifested massive migra-
tion through exciting and dormant migratory pathways, into
injury sites in brain regions, which do not normally undergo
neurogenesis, and differentiated to mature neuronal pheno-
type, thus, counteracting the neurodegenerative course of
disease. The plausible mechanism underlying this multifac-
torial effect is the induction of GA-reactive T cells in the
periphery and their infiltration into the CNS, where they
release immunomodulatory cytokines and neurotrophic
factors in the injury site.
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Introduction

Neurodegenerative diseases are characterized by significant
axonal and neuronal pathology. A case in point is multiple
sclerosis (MS), which was historically considered to be a
genuine autoimmune demyelinating disease, but is now
recognized as a complex disease involving not only disturban-
ces to the peripheral immune system [1], but also damage to
oligodendrocytes, neurons, and axons [2—4]. Axonal and
neuronal degeneration, initiated at disease onset and revealed
when compensatory central nervous system (CNS) resources
are exhausted, are major determinants of the irreversible
neuronal disability. The interactions between the immune
cells, neurons, and glia in the CNS are highly complex, and
their understanding is necessary for the development of more
rational treatment strategies [5]. Of particular interest is the
potential to modulate these interactions in a specific manner,
so as to prevent disease activity and arrest its progress.
Furthermore, efforts at present are directed toward modalities
that may also lead to neuroprotection and neurogeneration
and thus alleviate existing disease impairment.

Autoimmune diseases are traditionally viewed as an
outcome of malfunctioning of the immune system in which
the immune cells react against the body’s own proteins or
organs [6]. In MS, and in its animal model, experimental
autoimmune encephalomyelitis (EAE), the induction of
immune cells of the T-helper 1 type (Thl), which secrete



246

Mol Neurobiol (2007) 36:245-253

pro-inflammatory cytokines against myelin components in
the CNS, initiates a detrimental cascade of events and results
in the formation of the sclerotic plaques [1]. Intervention with
immunomodulatory agents may bring about the induction of
regulatory mechanisms leading not only to a reduction of the
inflammatory autoimmune response, but also to a neuro-
protective effect, which counteracts the neurodegenerative
process. Such a modulatory process within the CNS is central
to the therapeutic control of MS [5]. An even more desirable
strategy for approaching CNS diseases, including MS, would
be the induction of regenerative processes leading to neuro-
genesis. Although historically the general belief has been that
the adult CNS of mammals has very limited regenerative
capacity [7], it was demonstrated already four decades ago
that new functional neurons were constantly generated from
neural stem cells in some restricted areas of the mammalian
brain throughout life [8]. Moreover, a large body of evidence
has emerged in recent studies for the existence, in many
regions of the adult CNS, of stem cells with the potential to
give rise to new neurons that reside [9—11]. These findings
raise the possibility that endogenous neural stem cells could
be mobilized, spontaneously or by the application of
therapeutic strategies, to replace dying neurons in neurode-
generative diseases.

The currently available treatments for MS are directed
mainly toward the alleviation of the autoimmune response.
These include immunosuppressive agents such as Immuran or
Azathioprine, which are applied in severe cases [12], but more
commonly agents acting as immunomodulators are
employed. The most widely used immunomodulatory agents
are several recombinant versions of interferon beta (IFNf3),
namely, the [IFNf3—1b Betaferon [13], the IFNf3-1a Avonex
[14] and Rebif [15], and the drug glatiramer acetate (GA, a
synthetic copolymer known also as Copolymer 1 and
Copaxone®), which was developed in our laboratory [16].

In this review article, we summarize our current under-
standing of the mechanism by which GA induces its
therapeutic effect. We demonstrate that in addition to its anti-
inflammatory immunomodulatory effect on the autoimmune
process, GA augments neurotrophin (NT) expression, thus
leading to neuroprotection and lessening of the neuronal/
axonal damage. Furthermore, this peripheral immunomodula-
tory treatment enhances the naturally occurring neurogenesis
and leads to the expansion of newly formed neuroprogenitor
cells and their differentiation into mature neurons.

In Vivo Manifestations of GA

GA is a standardized, randomized mixture of synthetic
polypeptides consisting of the amino acids L-alanine,
L-lysine, L-glutamic acid, and L-tyrosine, in a molar ratio of
4.2:3.4:1.4:1.0 [17]. GA has long been known to have both a

suppressive and a protective effect in EAE induced in
different species: guinea pigs, rabbits, various mouse strains,
and two kinds of monkeys [16-18]. In addition, GA
ameliorates EAE induced by several encephalitogenic anti-
gens, such as myelin basic antigen (MBP), proteolipid
protein (PLP), and myelin oligodendrocyte glycoprotein
(MOG) or peptide thereof. Treatment with GA decreases
the incidence and the severity of the disease and postpones
its onset when administered by different routes and
schedules. Daily injections of GA for 8-10 days drastically
reduced the clinical manifestation, almost to complete
disappearance, when started either immediately after disease
induction (prevention), or when the disease was fully
developed (suppression), and even in the late chronic phase
of the disease (delayed suppression). The therapeutic effect
of GA in MS was extensively reviewed in several articles
[19, 20], which summarize various clinical trials; these
indicated that GA slows the progression of disability and
reduces both relapse rate and magnetic resonance imaging-
defined disease activity in MS patients.

Peripheral Immunomodulation

The mechanism by which GA induces its beneficial effect in
animals and in patients was extensively investigated over the
years in several laboratories [16, 18]. These studies demon-
strated that GA exerts its therapeutic activity by immuno-
modulating various levels of the immune response, which
differ in their degree of specificity. The initial step is the
binding of GA to major histocompatibility complex (MHC)
molecules. GA undergoes a very rapid, high level, and
efficient binding to various MHC class II molecules on
murine and human antigen presenting cells (APCs) and even
displaces peptides from the MHC binding site [21]. This
competition for binding to the MHC can consequently lead
to inhibition of various pathological effector functions.
Recently, several groups have observed that GA treatment
leads to generalized alterations of various types of APCs.
Specifically, GA changes the properties of dendritic cells and
monocytes, so that they stimulate Th2-like responses [22].
The modulation on the level of the innate immune system is
the least specific step and can be beneficial for the
modulation of detrimental immune responses to various
antigens including in transplanted grafts [23]. However, in
addition to the MHC blocking, in the case of the MS
immunodominant encephalitogenic epitope of MBP-peptide
82-100, GA has been shown to act by T cell receptor
antagonism as an altered peptide ligand, in a strictly antigen-
specific manner [24]. This interference is already indicative
of the specificity of this agent in the therapy for MS/EAE.
The above activities, however, do not necessarily play an
essential role in the modulation of MS and EAE in vivo
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because it is unlikely that GA can reach to the CNS in
sufficient amounts to compete efficiently with the relevant
myelin antigens in situ. It is therefore likely that, in CNS
diseases, additional immunomodulatory mechanisms/factors
that can access the blood-brain barrier (BBB), mediate the
therapeutic activity of GA. We have previously demonstrated
that GA-treated animals (either by subcutaneous injections or
by oral administration) develop GA-specific T cells in the
peripheral immune system. These cells can adoptively transfer
protection against EAE [25]. Furthermore, T cell lines and
hybridomas could be isolated from spleens of animals
rendered unresponsive to EAE by GA [26]. Both cell types
act as regulatory suppressor cells, as they inhibit both the in
vitro response of MBP specific effector cells and the in vivo
manifestation of EAE induced by different CNS antigens.

The GA-induced cells were characterized as Th2/3 cells
secreting large amounts of anti-inflammatory cytokines
such as interleukin (IL)-4, IL-10 and transforming growth
factor (TGF)-3, but not Thl cytokines, in response to both
GA and MBP [27]. Other myelin antigens such as PLP and
MOG were incapable of activating the GA-induced cells to
secrete Th2/3 cytokines. Yet, EAE induced by PLP or
MOG can be suppressed by GA and by GA-induced cells,
probably by “bystander mechanisms” [28]. Furthermore, a
shift from a Thl-biased cytokine profile toward a Th2-
biased profile has also been observed in GA-treated MS
patients [29-31], indicating that such GA-specific cells are
indeed involved in its therapeutic effect. In the above
studies, the presence of GA-induced Th2 regulatory cells
was demonstrated only in the periphery, namely, in the
spleens and lymph nodes of experimental animals, or in the
peripheral blood mononuclear cells in humans. More recent
studies show that such regulatory T cells function also in
the organ in which the pathological processes of EAE and
MS occur, as described in the following.

In Situ Immunomodulation in the CNS

The existence in the CNS of GA-specific T cells, induced in the
periphery either by injection or by oral treatment with GA, was
demonstrated by their actual isolation from brains of actively
sensitized GA-treated mice, and by the localization of GA-
specific cells in the brain after their passive transfer to the
periphery. Thus, a specific ex vivo reactivity to GA, manifested
by cell proliferation and by Th2 cytokine secretion, was
observed in whole lymphocyte population obtained from
brains of EAE-induced mice treated by GA parenterally [32]
or orally [33]. Moreover, highly reactive GA-specific T cell
lines that secrete in vitro 1L-4, IL-5, IL-10, and TGF-f3 in
response to GA and cross-react with MBP at the level of Th2
cytokine secretion were obtained from both brains and spinal
cords of GA-treated mice. In contrast, no reactivity to the

control antigen lysozyme could be obtained in lymphocytes
isolated from the CNS of mice injected with lysozyme.
Furthermore, an in situ immunomodulatory effect, induced by
GA treatment in the brains of EAE-induced mice, was
manifested by a decrease in the level of the inflammatory
cytokine IFN-y and by the secretion of the anti-inflammatory
cytokine IL-10, in response to the encephalitogen MBP.

The ability of the GA-specific T cells from the periphery to
cross the BBB and accumulate in the CNS was confirmed by
the adoptive transfer of fluorescently labeled GA-specific cells
(intraperitoneally) and their subsequent detection in the brain.
Indeed, the GA-specific cells were present in the brain 7 and
even 10 days after their injection to the periphery [32, 33],
whereas lysozyme-specific cells (serving as control) were
absent in the CNS in those times. Hence, GA-specific cells
induced either actively by immunization with GA, or
passively by adoptive transfer, penetrate and accumulate in
the CNS. There is currently a consensus that the brain is not
an immune-privileged site and that activated T cells,
regardless of their specificity, cross the BBB. However, T
cells specific to non-CNS antigens (as in the case of
lysozyme-specific T cells) subsequently migrate back or die,
whereas T cells specific to CNS antigens can be stimulated in
situ and persist. The presence of the GA-specific cells in the
brain can possibly be attributed to their cross-reactivity with
MBP [27, 28]. While this cross-reactivity may not be
essential for the GA-specific cells to reach the brain, it may
still enable their in situ activation.

Once the presence of the GA-specific Th2 cells in the CNS
was confirmed, their ability to actually function as suppressor
cells in the diseased organ and secrete anti-inflammatory
cytokines in situ had to be verified. Using APCs isolated from
the brain, it was found that the Th2 secretion in response to
both GA and MBP could be supported by CNS and by
peripherally originated APCs [33]. The reactivity of the GA-
induced T cells in the CNS was studied using a double
labeling approach in which pre-labeled specific T cells are
adoptively transferred and their expression in the brain
subsequently detected immunohistologically, thus allowing
the tracing of the cytokines secreted by a specific subset of T
cells on the level of the whole CNS tissue [34]. As
demonstrated in Fig. 1, the GA-specific cells in the brain
manifested intense expression of the two potent regulatory
anti-inflammatory cytokines IL-10 and TGF-f3, but showed
no trace of the detrimental inflammatory cytokine IFN-y. Of
special interest is the finding that IL-10 and TGF-f3 were
expressed not only by the GA cells but also by CNS resident
cells in their vicinity such as astrocytes. In contrast, the
overall expression of IFN-y was drastically reduced [34].
These results indicate that the GA-specific T cells induce a
bystander immunomodulatory effect on the CNS resident
cells themselves. IL-10 is a potent regulatory cytokine in
autoimmunity that inhibits Thl cells and macrophage
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Fig. 1 Immunohistochemical analysis of cytokines expression by GA-
specific cells in the brain. Activated Hoechst-labeled, GA-specific cells
were injected into the peritoneum of EAE induced mice. After 7 days,
the mice were perfused, and brain sections were stained immunocy-
tochemically for IL-10, TGF-f3, and INF-y. Merged images of sections
depicted GA specific T cells (blue) and their immunohistological
cytokine expression (red), manifesting extensive expression of IL-10

activation, in addition to its effector multifunctional thera-
peutic reactivity [35]; TGF(3 is known for its ability to
suppress cytotoxic T cell response and to reduce tumor
necrosis factor a and IFN-y and other factors that contribute
to myelin damage [36]. Hence, the in situ ability of GA-
specific infiltrating cells to express and induce the expression
of these potent modulating cytokines in the CNS cells may
indeed contribute to GA therapeutic activity by restraining the
inflammatory pathological process. Nevertheless, the effect of
GA is not restricted to anti-inflammation, but involves more
specific CNS-related effects.

Neuroprotection and Augmentation of Neurotrophic
Factors in the Brain

In addition to the secretion of Th2/3 cytokines, GA-specific T
cells produce the potent NT brain-derived neurotrophic factor
(BDNF), as demonstrated for T cell lines from peripheral
mouse [37] and human [38, 39] origin. The in vitro
production of BDNF by GA-induced cells—by whole
lymphocyte populations and by T cell lines, originating from
both the CNS and the periphery—was shown at the protein
and the messenger RNA (mRNA) levels [40]. Furthermore,
GA-specific T cells demonstrated extensive BDNF staining in
brains of EAE mice that had been adoptively transferred with
GA cells, in contrast to the low (background) expression in
the corresponding brain region of EAE-untreated mice [34].
Members of the NT family such as BDNF, NT-3, and NT-4
are important regulators of neuronal function and survival
[41, 42]. Besides their well-established role in neuronal
development, process growth, and regulation of synaptic
plasticity, they have the capacity to protect neurons against
various pathological insults. NTs also affect the regeneration
of mature oligodendrocytes and oligodendroglial precursors
and consequently improve myelin repair [43]. BDNF, in
particular, was shown to rescue degenerating neurons,
promote axonal outgrowth, remyelination, and regeneration

TGF-B

IFN-y

and TGF-f3 but not a trace of INF-y. Note that IL-10 and TGF-{3 are
expressed not only by the GA labeled cells but also by unlabeled cells
within their vicinity. These surrounding bystander cells have elongated
astrocyte-like morphology, and their astrocyte nature was further
corroborated, indicating bystander effect of the GA-cells on the CNS
resident cells

[42, 44]. Hence, modulation of NTs, especially BDNF, in the
CNS is of major therapeutic consequence. Therefore, the
accumulation of GA-specific cells that express BDNF in
the brain in situ is highly significant.

BDNF was elevated not only in brains of adoptively
transferred mice but also in brains of mice that were
injected daily (subcutaneously) with GA as such [40],
similar to the practice used in the treatment of MS patients.
Hence, in mice with untreated MOG peptide-induced EAE,
there was a reduction in BDNF expression (compared to
naive mice) in various brain regions, e.g., the cortex, the
striatum, and the accumbens nucleus. In contrast, in EAE
mice treated with GA, starting at various stages of the
disease, BDNF expression, as demonstrated on the protein
level by immunohistochemistry and on the mRNA level by
in situ hybridization, was significantly higher and similar to
its level in normal mice (Fig. 2). It should be noted that in
the early phase of disease, there was a slight elevation of
BDNEF in certain brain regions such as the cortex, compared
to naive mice, reflecting naturally occurring self-repair
mechanisms [45]. Yet, as the disease progresses to chronic
EAE, the level of BDNF declined drastically, much below
that of the naive control, indicative of the impairment
caused by the disease. The chronic disease phase in EAE/
MS is regarded as the stage in which exhausted self-
compensating neuroprotection fails, and extensive neuro-
degeneration takes place. Hence, the restoration of BDNF
to the normal level, even when GA treatment started in this
late stage, is of particular significance. BDNF is not the
only neurotrophic factor affected by GA treatment; a
similar phenomenon was found for two additional neuro-
trophic factors—NT3 and NT4 [40]. Reduced levels of
BDNF in the serum and the cerebral spinal fluid of MS
patients, and its reversal by GA treatment, have been
reported recently [46], indicating that this effect of GA is
relevant to human therapy as well.

The plausible candidates for mediating this effect are the
Th2/3 GA-specific T cells induced in the periphery by GA
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Fig. 2 BDNF expression in brains of EAE-induced mice at the chronic
disease phase—60 days after induction—and the effect of GA treatment.
Immunohistochemical analysis of BDNF protein level (leff) and in situ
hybridization of BDNF mRNA (righf). BDNF in EAE untreated mice
declined below that of the naive control, whereas GA treatment (10 daily
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treatment [27, 28] and shown to produce BDNF [37-40],
penetrate the CNS [32, 33], and express BDNF in situ [34].
Yet, most of the NT-positive cells were CNS resident cells—
neurons and astrocytes [40]. It has been demonstrated that
diverse CNS cell types, glial and neurons, produce NTs [41,
42], which are stored in vesicles and undergo regulated
release [44]. Hence, similarly to its bystander effect on the
expression of the anti-inflammatory cytokines IL-10 and
TGF-3 [34], GA augments NTs expression by the CNS
resident cells themselves. It was claimed that anti-immuno-
modulatory treatments might distract the beneficial neuro-
protective consequence of inflammation—neurotrophic factor
release from the infiltrating immune cells. Yet, in the GA-
treated mice, BDNF positive astrocytes co-expressed IL-10
but not IFN-y, contradicting the association between NTs
production and inflammatory activity in EAE/MS [45, 47].
The elevated immunoreactivity due to treatment with
GA could result from either the augmentation of NTs
synthesis and the expansion of new producing cells, or
higher uptake and redistribution of NTs, originally released
from neighboring cells. The fact that elevated expression
was found also on the level of mRNA using in situ
hybridization is supportive of a genuine enhanced NTs
synthesis. Because NT receptors such as the full-length
BDNF receptor, tyrosine kinase receptor B, have been
found in neurons in the vicinity of MS plaques and in
reactive astrocytes in MS lesions [47], it is possible that
their elevated production is actually of functional relevance
and counteracts the neurodegenerative disease course.
These studies indicate that peripheral immunomodulato-
ry treatment can restore impaired NT expression in the
CNS. The therapeutic manifestation of this effect is the
actual protection/preservation of the CNS population and
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injections 2 mg/mouse, starting at day 45) restores it to the normal level.
Quantitative analysis of protein expression was performed by counting
positively stained cells and of mRNA by measuring integrated optical
density (/OD). Asterisk significant effect over naive control, number sign
significant effect over EAE-untreated mice

reduction of the axonal/neuronal damage [48, 49]. Hence,
histopathological analysis of brains from MOG peptide-
induced EAE (untreated) mice revealed multiple neuronal
malformations manifested in axonal transection, sparse
processes, and fiber deterioration. Furthermore, multiple
widespread lesions were observed in various brain regions,
indicative of considerable neuronal and axonal loss. An
additional deformation in cell morphology in EAE mice was
enlargement and swelling of the neuronal cell body
accompanied by margination of the nucleus. In contrast, in
brains of EAE mice treated with GA, considerably less
damage was detected, revealing fewer deteriorating fibers,
reduced amount of lesions with smaller magnitude and lower
number of marginized cell nuclei. The beneficial effect of
GA was manifested even when treatment started long after
the appearance of disease—in the chronic disease phase, thus
indicating actual repair mechanisms. Furthermore, a thin
layer of fibers was frequently observed over the lesions in the
GA-treated animals, suggesting surviving filaments or
axonal sprouting and regeneration. These effects may point
to an ongoing process of neurogenesis.

Neurogenesis

According to several reports, new functional neurons are
constantly generated from neuronal stem cells throughout life
[50], and stem cells with potential to give rise to new neurons
reside in many different regions of the mammalian brain [51,
52]. Thus, neurogenesis occurs and persists in the adult brain,
where it may contribute to repair and recovery after injury.
Indeed, in the neuroproliferative brain areas—the subven-
tricular zone (SVZ) of the lateral ventricle and the hippo-
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campus subgranular zone (SGZ)—multi-potent cells manifest
increased proliferation and migration in pathological situa-
tions. Moreover, progenitor cells from the SVZ that migrate
through the rostral migratory stream (RMS) to the olfactory
bulb can be triggered to differentiate into astrocytes and
neurons [53]. Although brain insults such as cerebral
ischemia [54], apoptosis [55], or autoimmune inflammatory
demyelination [53] were shown to enhance self-neurogenesis,
its therapeutic significance is limited, as it fails to regenerate
functional neurons that compensate for the pathological
damage. Therapeutic strategies are therefore contemplated to
promote neurogeneration processes [56].

In our own studies, we intended to elucidate the effect of
EAE induction on neurogenesis and the resulting differen-
tiation toward the neural lineage. An additional goal was to
investigate whether peripheral immunomodulatory treatment
by GA injections, at different stages of the disease, can
augment the neurogenesis process. To that end, the studies
were performed on MOG peptide-induced EAE [48], in both
C57BL/6 mice and in yellow fluorescent protein (YFP 2.2)
transgenic mice, which selectively express YFP on their
neuronal population [57].

The combination of two detection markers allowed the
evaluation of the number of new neurons—the overall
expression of the immature marker double-cortin (DCX) and
enumeration of the cells emerging during the concurrent
bromodeoxyuridine (BrdU)/GA injection [48]. Those BrdU/
DCX dual-stained cells were the cells that actually differen-
tiated into the neuronal lineage after the GA administration.
Employing this approach, it was demonstrated that, indeed,
EAE induction as such triggered increased neuroprogenitor
proliferation in the neuroproliferative zones (SVZ and SGZ)
of the brain after disease appearance, but this effect was of
short duration and subsequently declined to levels below that
of the naive control mice. This indicates that the impairment
inflicted by the disease cannot be compensated just by the
self-neurogenesis. In contrast, GA treatment, applied at
various phases of this chronic EAE model, augmented the
neuronal proliferation in both SVG and SGZ to a higher level
than that observed in the EAE mice, and this effect persisted
for a prolonged duration. Of special significance is the
neuroproliferative consequence of GA treatment when
initiated in the chronic phase of the disease because this
phase in EAE/MS is regarded as the stage in which exhausted
self-compensating neurogenesis fails and extensive neuro-
degeneration overcomes [58, 59].

Neuroprogenitors originating in the SVZ were mobilized
into the route in which they normally migrate in adults,
namely, the RMS. This mobilization was somewhat increased
in EAE mice, but GA treatment augmented it even further. The
therapeutic relevance of this effect is implied by the enhanced
neuronal migration found in EAE mice, which exhibited slight,
short-term disease and spontaneous recovery. Still, in the GA-

treated mice, the neuroprogenitor migration was not confined
to the RMS and was observed in other brain regions, e.g., the
lateral cortical stream—the neuronal migratory route naturally
found in the embryonic forebrain [60]. Furthermore, neuronal
progenitors diverged from the classic neuroproliferative zones
and the migratory streams and spread to adjacent atypical
brain regions that do not normally undergo neurogenesis such
as the striatum, nucleus accumbens, and cortex.

At early time points after GA and BrdU injection (1 to
10 days after their last injection), BrdU" neuroprogenitors
expressed the immature neuronal marker DCX, character-
istic of migrating and differentiating neurons [60, 61], and
displayed migratory morphology [62]. It has been doubted
whether progenitor cells retain their ability to proliferate
after leaving the neuroproliferative zones [63]. But in EAE
mice treated by GA, we did find small clusters of BrdU/
DCX co-expressing cells in the striatum and in the nucleus
accumbens, suggesting local divisions. Furthermore, stain-
ing with phosphorylated histone (an endogenous marker of
cells in M phase) indicated that some DCX" cells in these
regions had indeed divided just before perfusion, suggest-
ing in situ proliferation outside the classic neuroprolifer-
ative zones. At a later time point (1 month after completion
of GA treatment), DCX " cells with branching processes and
BrdU" cells expressing the mature neuronal marker NeuN
and displaying mature morphology were found (Fig. 3a).
Thus, the three processes comprising neurogenesis: neuro-
nal proliferation, migration, and differentiation were in-
creased after GA treatment.

The most striking and significant findings were that the
newly generated neurons were attracted or recruited to
regions of damage manifesting massive migration through
existing and dormant migration pathways, into injury sites in
brain regions, which do not normally undergo neurogenesis
(Fig. 3b). Clusters of newly formed cells co-expressing the
immature or the mature neuronal markers (BrdU/DCX and
BrdU/NeuN) were situated in areas with deteriorating fibers
and neuronal loss, around the margins and inside lesions in
various brain regions such as the striatum, cortex, and
nucleolus accumbens (Fig. 3c). BrdU/NeuN dual-stained
cells were not found in corresponding regions of naive mice,
confirming that neurogenesis does not normally occur in the
adult rodent cortex. But, directed migration of new neurons
toward injury sites had already been demonstrated after
cerebral ischemia [54]. Our own results demonstrated also
that in untreated EAE mice, a few DCX positive cells can be
identified. Still, although lesions in EAE mice treated with
GA were less extensive, the number of progenitors migrating
into them was drastically higher. Moreover, in lesions
occupied by the DCX-stained cells, fibers extended into
lesions, suggesting induction of axonal regeneration or
sprouting, by the neuroprogenitor (Fig. 3c). These newly
formed neurons could constitute a pool for the replacement
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Fig. 3 Fate tracing of neuronal progenitor cells generated in the
course of GA treatment in EAE mice. a Pyramidal neuron in the
cortex (occipital, layer 6), born during the concurrent injections of
the proliferation marker BrdU and GA, to an EAE-induced transgenic
mouse that selectively express YFP on its neuronal population. One
month after completion of GA treatment, neurons co-expressing BrdU
(vellow) and YFP (green) with apical dendrites and axons are seen,
indicative of mature functional neurons. /nset, BrdU positive cell
(vellow) co-expressing the mature neuronal marker NeuN (green).
b Migration of neuronal progenitors toward injury sites. One month
after completion of GA treatment, cells expressing the immature
neuronal marker DCX (orange) are migrating from the RMS toward a
lesion in the striatum. ¢ Penetration of neuronal progenitors into injury
sites. Neuroprogenitors born during the concurrent injections of BrdU
and GA, co-expressing BrdU (blue) and DCX (orange) are depicted
inside a lesion in the frontal cortex (layer 5/6), accompanied by axonal
sprouting and extension of YFP-expressing neuronal fibers (green)
into the lesion. d Neuronal progenitor cells expressing DCX (green) in
brain of GA-treated EAE mice. The cells migrated to injured sites in
the region of the nucleus accumbens and manifest extensive
expression of the neurotrophic factor BDNF (red) that supports
neuroprotection and regeneration of neural elements

of dead or dysfunctional cells and/or induce a growth-
promoting environment that supports neuroprotection and
axonal growth. The latter activity was evidenced by BDNF
expression of the new neurons (Fig. 3d). It can thus be
concluded that an immunomodulatory treatment can essen-
tially induce neurogenesis and the formation of new neurons
in sites of injury, thus counteracting the neurodegenerative
course of disease.

Concluding Remarks

Despite major progress in the elucidation of the mechanism
of neuronal death, in the context of neurodegenerative

diseases, including MS, it has not been proven hitherto that
the currently available drugs provide neuroprotective effect.
Actually, until now it was suggested that such effects
apply only to agents such as acetylcholine inhibitors in
the context of Alzheimer disease. Drugs whose main
activity mechanism is explicitly centered on neuropro-
tection have not demonstrated their efficacy, perhaps
because of a lack of appropriate methodology for their
evaluaxtion. In the case of MS or its animal model, EAE,
the available treatment modalities lean mainly on immu-
nomodulation and thereby the induction of an anti-
inflammatory effect.

That said, there is nonetheless real hope that a remedial
effect may be attained by promoting neuroprotection and
neurogenesis, based on the known self-repair mechanisms
that prevail during the disease. However, as presented in
this review article, the neuroprogenitor proliferation in the
animal model of MS, namely, in EAE mice, is elevated
after disease induction but only for a short duration, thus
indicating that the self-repair mechanisms as such are not
sufficient and fail to overcome the neurodegenerative
process. On the other hand, the immunomodulatory drug
GA, which is one of the current treatments for MS,
induces neuroprotection and augmentation of the self-
neurogenesis triggered by the pathological process. This
results in proliferation of neuroprogenitor cells, their
migration through exciting and dormant migratory path-
ways, into injury sites in brain regions, which do not
normally undergo neurogenesis, and differentiation to
mature neuronal phenotype, thus counteracting the neuro-
degenerative disease course. Furthermore, studies in
patients demonstrated that treatment with GA reduces the
formation of permanent TIW “black holes,” which have
been associated with irreversible neurological disability
[64]. It was also shown recently, by quantifying the
resonance intensity of the neuronal marker N-acetylaspar-
tate that GA treatment leads to a significant increase in
axonal integrity, suggesting axonal metabolic recovery and
protection from sublethal axonal injury [65]. This may
explain the long-term beneficial effect of GA in patients
followed up for 20 years and more [66]. These studies
support the notion that GA confers neuroprotection not
only in the animal model but in MS as well. Finally,
cumulative evidence reported by several laboratories
dealing with animal models of some neuronal trauma
[67, 68] and neurodegenerative diseases such as Parkin-
son’s disease [69] and atrophic lateral sclerosis [70]
indicate that GA may have both neuroprotective and
neurogenerative effect on a broader spectrum of neurode-
generative disorders. This may pave the way for the
development of additional therapeutic modalities that
might provide a more satisfactory solution for the
treatment of neurological disorders.
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