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ABSTRACT

N\

The review summarizes the current concepts of cell-tissue and molecular features of development of demyelinating processes in the central
nervous system related to multiple sclerosis and its animal model — experimental allergic encephalomyelitis. An analysis of recently published
studies of this pathology, carried out with light and electron microscopy and immunohistochemical and molecular genetic methods, is
given. New methodological approaches to the study of the pathomorhological aspects of demyelinating disorders allowed receiving in-depth
understanding of the etiology and mechanisms of demyelination processes in the brain and spinal cord tissues at the cellular level and
identifying the ways to develop effective modern methods of pathogenetic treatment of these diseases using cell therapy.

KEYWORDS: demyelinating diseases of the central nervous system, experimental allergic encephalomyelitis; neural precursor cells; cell therapy

J

Despite more than a century of studying the pathogenesis of
demyelinating diseases of the central nervous system (CNS), their
treatment is one of the unsolved problems of modern medicine.
Among them, multiple sclerosis (MS) is characterized by the most
complex pathology and is a multifactorial, autoimmune progressive
neurodegenerative process with a remittent course and a variety of
clinical manifestations. In terms of severity among neurological diseases,
MS ranks fourth after strokes, Parkinson’s disease and epilepsy, and one
of the first places among causes of young patients disability [1].

At MS, there is a multifocal lesion of the myelin sheath of axons
in the brain and spinal cord white matter with subsequent violation
of the conduction of nerve impulses. Although the etiology of MS
remains unclear, the development of autoimmune reactions against
its own antigens of the nervous tissue is considered the main factor in
the initiation of the demyelinating process, which is accompanied by
a specific inflammatory reaction with the initiation of the process of
demyelination of nerve fibers [1, 2]. The process of demyelination at MS
is a consequence of inflammatory lesions, predominates in white matter
and causes the development of neurological deficiencies [3].

Recently, due to the use of new methodological approaches in the study
of pathomorphology and immunology of demyelinating diseases, new data
have appeared that contribute to an in-depth interpritation of the pathogenesis
of this pathology. This review analyzes the scientific literature of recent years
concerning cellular and tissue mechanisms of the development of demyelin-
ating diseases in the central nervous system and MS, in particular.
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Thus, an essential factor in the initiation and progression of
demyelination of nerve fibers is the irreversible damage of oligodendroglia
cells. The loss of myelin and the death of myelinizing oligodendrocytes
cause a conductive disorder of axons function and appearance of
neurological symptoms [4, 5]. It is also proved that the leading role in
the development of demyelination process of nerves belongs to T-helpers
[6] and macrophages — main effector cells, acting against neural cells
[7]. Moreover, it was shown that in addition to migrated from blood
monocytes, which infiltrate the nerve tissue, resident perivascular and
meningeal macrophages, as well as microglial cells, take part in the
destruction of myelin [7, 8]. On the other hand, local macrophages
involved in limiting of the autoimmune reaction can contribute to the
repair of damaged CNS tissue [7, 8].

Macrophage infiltration of damaged CNS tissue and activation of
microglial cells detected in MS are also observed in the autoimmune
experimental allergic encephalomyelitis (EAE) model in animals, which
is an adequate experimental multiple sclerosis model [9]. This model
showed that the development of neurodegenerative changes in neural
tissue cells is an essential mechanism in the initiation and regulation of
the local inflammatory response in EAE [10].

At present, in the interpritation of mechanisms of the MS
development, much attention is paid to microglia cells, since they play
a key role in the process of inflammatory neurodegeneration in the acute
and chronic stage of MS. These highly specialized cells include neurotoxic
pathways, produce pro-inflammatory cytokines, free radicals of oxygen



and nitrogen, and secrete proteolytic enzymes, causing progressive
neurodegeneration. Microglia cells participate in the development of
cortical lesions in MS, as well as in damage of synaptic transmission in
autoimmune encephalomyelitis [11].

In recent years, cell-tissue mechanisms of the development of
demyelinating diseases have been studied using new methodological
approaches, which revealed new patterns in the dynamics of the course
of this pathology. Thus, Trifunovi¢ D. et al. investigated the processes of
apoptosis and necrosis in EAE in the ED1+ cell population (macrophages
/ activated microglia) of the spinal cord in rats by the TUNEL method,
as well as by immunohistochemical staining for cleaved caspase 3 [10].
They found that at the peak of EAE development infiltrates of immune
cells contain ED1*, TUNEL* and caspase 3* positive cells in both white
and gray matter of the spinal cord. However, compared to the gray matter,
there were found more dead ED1+ cells in white matter both in the general
population and in the infiltrated parts of the spinal cord. On this basis, the
authors suggested that the activated macrophages / microglia in the gray
matter of the spinal cord, in comparison with the white matter, are less
susceptible to the induction of cell death. This may indicate that internal
mechanisms and characteristics of EAE appear to differ in the white and
gray matter of the spinal cord, since macrophages and microglial cells of
gray matter are less susceptible to induced death [10].

Another mechanism in the development of MS is the penetration of
autoreactive T-cells sensitized by the myelin basic protein (MBP) into the
nerve tissue, followed by the initiation of an inflammatory process leading
to apoptosis of neural cells and demyelination with axonal destruction.
It is suggested that the reason for this phenomenon is the escape from
apoptosis of autoreactive cells to the MBP during clonal selection in the
thymus [12].

According with data of Gilerovich et al in the spinal cord of Wistar
rats during acute EAE induced by injection of homological spinal
cord homogenate occur the reactive changes of neurons, astrocytes,
ependymocytes. In addition, the heterogeneous inflammatory processes
such as cells infiltration both in gray and white matter of spinal cord as
well as in the area of the cauda equina roots are observed [13]. Cellular
infiltrates, consisting of leukocytes, lymphocytes and microglial cells, were
also detected perivascular with the formation of sleeve-like structures.

Authors’ use of the immunohistochemical method to detect the
proliferating cell nuclear antigen (PCNA) in spinal cord tissue in animals
with model of EAE showed a different degree of proliferative activity
depending on the intensity of the inflammatory autoimmune process,
regardless of the level of lumbar spinal cord thickening. The presence
of inflammatory infiltrates was also accompanied by microstructural
dystrophic changes in motoneurons of the ventral horns of the spinal
cord in the form of hyperchromatosis of the nuclei, deformation and
vacuolization of the cytoplasm. Along with this, such motoneurons
showed signs of an axonal reaction induced by damage to the conducting
pathways of the spinal cord. Sensitive neurons of the dorsal horns of
the spinal cord were also particularly damaged. This was accompanied
by hyperplasia of astrocytes with the formation of astrogliosis sites and
reactive changes in the ependymocytes of the central canal of the spinal
cord with the formation of multiserial structures [13].

Of great practical importance is the heterogeneity of the histological
manifestations of the EAE at the peak of the disease in rats depending on
the severity of the clinical picture, as well as involvement of the spinal
cord, vessels, neural cells or pathways in the pathological process.
This is confirmed by the results of both traditional light-optical and
immunohistochemical studies of proliferating cell nuclear antigen
(PCNA), marker of astrocytes glial-fibrillary acidic protein (GFAP), and
a marker of microglial cells and macrophages (Iba-1). According to
the degree of expression of these signs, the authors identified 4 typical
variants of morphological manifestations of the EAE [14]. Thus, it was
possible to confirm that the main characteristic of MS pathogenesis is
the destruction of neural cells and myelin sheaths of the central nervous
system, as well as immune cells that infiltrate the nerve tissue. The
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death of pro-inflammatory cells is extremely important for limiting the
autoimmune response in the dynamics of the development of MS [15].

When studying the role of cell degeneration in the development
of the inflammatory process in the central nervous system in the MS,
regional specificity regarding the susceptibility of immune cells to
cellular decay products is also actively studied. The constantly increasing
volume of scientific evidence points to the importance of inflammation
and atrophy of the gray matter of the spinal cord in the pathogenesis
of the demyelinating process, in particular, in MS. The pathology of the
gray matter of the spinal cord largely determines the physical disability of
patients with relapses of MS and its secondary progression [16]. Thus,
in the clinical variant of the progressive course of MS, the atrophy of
the gray matter of the spinal cord is more pronounced in comparison
with the relapsing forms of the disease [10, 17]. This is confirmed by the
observation of the detected gray matter damage in postmortem samples
of the spinal cord of MS patients, revealed by magnetic resonance
imaging [18].

Autoimmune encephalomyelitis was originally referred to a «white
matter disease». Later, it was found that in MS pathological changes are
also determined in the gray matter in the form of loss and/or atrophy
of motor neurons in the brain tissue [19, 20]. Fahmy H. et al. found
perivascular clusters of mononuclear cells, proliferation of gliocytes, as
well as signs of degeneration and death of a part of neurons in the cortical
area in the pathohistological study of brain tissue of the rats with induced
EAE [21]. That was combined with the formation of sites of diffuse
gliosis in the white matter of the brain and with perivascular clusters of
mononuclear cells.

Al-lziki et al. revealed signs of destruction of motoneurons,
perivascular clusters of mononuclear cells in deep gray matter, as well
as proliferation of gliocytes with the presence of diffuse gliosis foci in
white substance in deep gray matter while studying morpho-functional
manifestations of EAE up to 28 days after immunization of experimental
animals by pathohistological examination of the brain [22].

Fahmy H. et al. observed different degrees of demyelination of the
nerve fibers in the cerebral cortex and hippocampus, from partial to full,
using the electron microscopy in the study of the brain of rats with EAE [21].

Bando Y. et al. using the scanning electron microscopy deepened the
notion of the pathology of nerve fibers demyelination in EAE in mice [23].
Ultrastructural anomalies of myelin structures and axonal organoids in
the white matter of the spinal cord are shown in the form of detachment
and excessive accumulation of myelin, formation of axoplasmic reticular
structures, and the accumulation of mitochondria of the atypical structure
in degenerating and degenerated axons. Immunohistochemistry in EAE
also revealed the dysfunction of the mitochondrial fission and fusion
process in the axons of the spinal cord in EAE.

More than a half of MS patients suffer from cognitive disorders,
including learning and memory dysfunction. However, the mechanisms for
the development of these clinical deficits have not been studied properly.
In this regard, Ziehn M. et al. on models of neurodegenerative disease,
including EAE, morphologically evaluated the extent of manifestations of
hippocampal neurodegeneration and an inflammatory reaction in the brain
tissue [24]. There is a neuronal damage with the loss of synapses in the
hippocampus of such animals, which correlated with deterioration in their
cognitive ability. The pathological changes in neurons in the hippocampus
begin already in the early stages of EAE development and are attended
by a decrease in the content of neurons in the pyramidal layer CA1, as
well as the loss of inhibitory interneurons and glial cells. According to
the observations of Ziehn M. et al., these effects develop against the
background of chronic activation of microglial cells and the accumulation
of immune cells migrating from the blood, which is accompanied by
diffuse demyelination of the neuronal axons of the hippocampus without
a noticeable decrease in their density [24]. In this case, the presynaptic
release apparatus is reduced and the synaptic protein is expressed in the
hippocampal neurons. These morphostructural changes can also cause
a decreasing of the function of hippocampal-dependent spatial learning.
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These results demonstrate that the development of an autoimmune
demyelinating disease in the hippocampus also causes neurodegenerative
changes. It is suggested to use this model for preclinical evaluation of
the effectiveness of various treatment methods aimed at preventing
hippocampal neuropathology and dysfunction in MS [24].

In recent years, in the treatment of patients with demyelinating
diseases and MS, immunomodulating therapy with the application of fetal
neural cells has been used. However, the effect of fetal neural cells on
apoptotic processes in the central nervous system and thymus in MS and
its model of EAE has not been studied sufficiently [12].

Another modern methodological approach to the treatment of EAE
is the method of activating the genes involved in the induction of cell
death —apoptosis. The p53 protein has this ability due to its transcriptional
function and direct participation in the induction of the mitochondrial
pathway of apoptosis [25]. It was shown that DNA damage promotes the
accumulation of p53, which, in its turn, blocks the course of the cell cycle
in G1 phase, preventing DNA replication and repair of damage [26]. If the
repair is not possible, the p53 protein triggers the apoptosis [29].

According to observations of Goltsev A. et al. in the pre-manifestation
period of the development of EAE (7" day), there was no significant
decrease in the absolute number of p53* cells in the thymus [12]. At the
same time, a gradual decrease in the content of such cells during the
7-28 days of EAE development may indicate a violation of their negative
selection by apoptosis of tissue-specific autoreactive T-cells. Thus, on the
28™ day of EAE development in rats, the content of p53+ cells had 2-fold
decrease compared with the control. However, on the 35" day of EAE,
with an decrease in the clinical signs of pathology, a 3-fold increase was
observed [12]. The transplantation of fetal neural cells provided decrease
in the absolute number of p53* cells in the thymus of rats on the 21 day
of EAE.

Analysis of the intensity of apoptotic processes in the inflamed area
of brain with EAE showed that, starting from the 7™ day of the pathological
process development, an increase in the content of p53+ cells was noted.
On the 21% day, clinical signs of the disease were accompanied by the
accumulation of a maximum number of cells in the state of apoptosis
with a further decrease in the intensity of apoptotic processes to the
values characteristic of an intact organism. The transplantation of native
and cryopreserved fetal neural cells significantly reduced the content of
p53+ cells in animals with EAE during the whole observation period (21-
35 days). Thus, the transplanted fetal neural cells enhance apoptosis of
autoreactive T-cells by activating costimulatory molecules on antigen
presenting cells, thereby reducing apoptosis in the brain [12].

The results show that the involvement of new methodological
approaches to the study of the pathomorphological aspect of
demyelinating diseases in the central nervous system contributes to
a new in-depth understanding of the etiology and mechanisms of this
disease progression at the cellular, subcellular and molecular levels. That
stimulated the development of new modern methods of pathogenetic
treatment of these diseases using cell therapy.

At present, regional interactions of neural precursor cells (NPCs)
and brain tissues of the recipient are being studied in chronic-remitting
inflammatory processes. Theotokis P. et al. note that exogenous
transplanted NPCs exhibit various immunomodulatory effects, as shown
in experimental models of autoimmune demyelination [27]. The authors
used a MOG-induced model (myelin oligodendrocyte glycoprotein 35-
55 peptide) of experimental chronical autoimmune encephalomyelitis in
C57BL/6 mice on the 50" day after induction of the demyelination. They
studied the expression of connexin 43 (Cx43) and connexin 47 (Cx47)
after intraventricular transplantation of GFP* NPCs during their integration
with the host tissue. Cx43 and Cx47 are the two key proteins of glial gap
junctions (GJs). It was found that on the 50™ day NPCs migrated to the
brain parenchyma and were detected in corpus callosum at the level of the
lateral ventricles and hippocampus. Most GFP+ cells were differentiated
with formation of single or branching processes, and mainly expressed
the markers of mature glia (GFAP and Nogo-A). This was accompanied by
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a significant reduction in the number of glial cell precursors. GFP+ NPCs
also expressed connexins and formed GJs around the hippocampus largely
than near the lateral ventricles. The presence of NPCs did not increase the
Cx43 GJs in EAE, but prevented the reduction of oligodendrocyte Cx47,
increased the number of oligodendrocytes, and local levels of Cx47 and
Cx47 GJs per cell. These results justify that transplanted NPCs can have
numerous positive effects in demyelinating processes in brain tissue,
including their direct integration into glial syncytium and differentiation.
In addition, they can also prevent GJs losses in oligodendrocytes and
increase in the recruitment of myelinating glial cells to the areas of
demyelination [27].

Recently, methods of cell therapy with the application of mesenchymal
stem cells (MSCs) obtained from various sources have also been tested
in the experiment for the treatment of demyelinating diseases in the CNS.
A number of experimental studies showed the ability of adipose-derived
MSCs to migrate towards demyelinated areas of the brain in experimental
autoimmune encephalomyelitis. Transplantation of MSCs in mice with EAE
promotes the recovery of the number of endogenous oligodendrocytes,
which remyelinated the damaged nerve fibers [28]. Later on the EAE
model in rats it was established that MSCs transplantation could also
lead to suppression of autoreactive clones of lymphocytes and repair
of the myelin sheath of damaged axons with restoration of neurologic
functions [29, 30]. It is also believed that multipotent MSCs contribute to
the activation of endogenous mechanisms of repair due to the secretion
of soluble trophic factors. It is interesting to note that the main effects
observed during MSCs transplantation can be replicated with the injection
of a conditioned medium from these cells [31].

Nowadays, it is also established that autologous transplantation of
MSCs in patients with multiple sclerosis allows to achieve stabilization of
neurological status and to reduce the risk of active foci of demyelination.
In addition, the use of MSCs in demyelinating diseases makes it
possible to provide an immunomodulating effect without the use of
immunosuppressive therapy [32].

Despite the fact that the etiopathogenesis of autoimmune diseases is
not studied yet, the decisive role of many cytokines in the pathogenesis of
encephalomyelitis and multiple sclerosis is now determined [33]. Thus,
such cytokines as a tumor necrosis factor, interleukin-6 (IL-6) stimulate
the production of proinflammatory mediators involved in nerve tissue
damage [34, 35]. In contrast to IL-6, interleukin-10 (IL-10) with a mass
of about 35 kDa, produced by T-helper type 2, activates monocytes/
macrophages and regulatory T-cells. In addition, IL-10 inhibits the
production of T-helper type 1 and pro-inflammatory cytokines, including
interferon gamma (IFN-y), interleukins 2 and 12 (IL-2, IL-12) and tumor
necrosis factor alpha (TNF-a) [36]. This served as a rationale for the
clinical application of IL-10 in autoimmune diseases [37, 38].

In modern studies many laboratories use transduction of bone
marrow-derived MSCs by IL-10 using the retroviral vector MIG (MSCV-
IRES-GFP) and the MIG-IL10 vector [37, 39]. However, the expected
results of the transfected MSCs in this way may be unpredictable due
to the insufficiently studied possible ways of migration of these cells in
the body and the properties of the virus itself. Therefore, the effect of
transfected MSCs without using the viral vector is often studied in the EAE
model [40, 41, 42, 43].

In the complex research Tsymbaliuk V. et al. studied the effect of
MSCs, interleukin-10 (IL-10), a combination of MSCs+IL-10 and MSCs
transfected with a plasmid vector containing the IL-10 gene (MSCT) in
the rat’s EAE model on the function of the central nervous system [44,
40]. Testing in the open field established that, on the 12" day of the
experiment, animals with EAE showed decline the exploratory behavior
and increase of emotional activity in animals. A comparative study of
the effect of different treatment options with the application of MSCs,
IL-10, MSCs+IL-10, MSCT on the behavior of rats with induced EAE in
the open field test revealed that the combined use of MSCs+IL-10 was
most effective in correcting behavioral disturbances of experimental
animals.
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The presented review testifies that by the present time due to the complex application of classical pathomorphology and modern methods oi
molecular neurobiology, cytochemistry and cytomorphology, it has been paossible to clarify a number of mechanisms in the pathogenesis of the
development of MS and a number of demyelinating processes in the central nervous system. Despite this, many aspects of these diverse diseases
remain unclear and need further study and search for alternative methods of their treatment using the methods of cell therapy. At the present stage,
researchers’ efforts are aimed at developing new effective strategies for using the capabilities of stem cells of various origins, reduce the risk for
complications and improve the effectiveness of cell therapies. Important factors are also the use of unified methods of examining patients and the
evaluation of their treatment results. Compliance with these conditions in the future will allow to evaluate the clinical effectiveness of new methods

and to develop indications for the use of innovative approaches for treatment of demyelinating diseases of the CNS using cell therapy.
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