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Abstract: Infection of neurotropic strains of coronaviruses in susceptible animals results
in acute encephalomyelitis followed by a chronic demyelinating disease,
similar to multiple sclerosis (MS). Although the mechanism of chronic
coronavirus-induced demyelination is not entirely clear, studies show that it is
mostly immune-mediated. Astrocytes, microglia and endothelial cells play an
important role in normal functions as well as in immunologic and pathologic
processes in the central nervous system (CNS). The interaction between
coronaviruses and these cells induces various inflammatory mediators
including cytokines, chemokines, MHC and NO, which acting in concert are
involved in the pathogenesis of demyelination.
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1. INTRODUCTION

Astrocytes, microglia and endothelial cells play an important role in the
pathogenesis of coronavirus, mouse hepatitis virus (MHV)-induced disease
in mice in several ways. All three cell-types are targets to various degrees of
MHYV infection during acute and chronic disease. Secondly, astrocytes and
microglia are also targets of apoptotic cell death, presumably as a direct
consequence of infection. In addition, astrocytes and microglia serve as
reactive proliferating cells, as normally seen in viral encephalitis and other
types of CNS injury. Finally all three cell-types are considered part of the
CNS innate immune system, and as such are responsible for pro-
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inflammatory immune reactions.  These reactions involve secretory
functions of a variety of pro-inflammatory molecules including cytokines,
chemokines, upregulation of major histocompatibility complex (MHC) and
NO molecules and a variety of downstream signal transduction and related
molecules. CNS disease, especially demyelination could be a result of a
combination of viral cytopathic effect on cells and the secondary pathologic
effect of toxic inflammatory mediators, thus fulfilling the concept of
autoimmunity. Indirect proof for this concept comes from studies in which
immuno-suppression ameliorated chronic MHV-induced demyelination. In
the following paragraphs we will briefly review the normal functions of
astrocytes, microglia and endothelial cells and evaluate how these functions
are affected in relationship to the pathogenesis of virus-induced CNS
disease.

1.1. Astrocytes

Historically two groups of glial cells were identified in the CNS: the
macroglia, including astrocytes, oligodendrocytes, and ependymal cells, and
microglia. More recently microglial cells have been identified as bone
marrow derived and not of neuroectodermal origin, and therefore cannot be
considered as true glial cells.

Astrocytes, the main CNS glial cells have a number of important
physiological properties related to CNS homeostasis. Astrocytes have a
dynamic role in regulating neuronal function (Sofroniew et al. 1999; Haydon
2000) by the release of neurotrophic factors, guidance of neuronal
development, contributing to the metabolism of neurotransmitters, and
regulating extracellular pH and K* levels. Astrocytes influence the
formation and maintenance of the blood-brain barrier (BBB), a structure that
serves to limit entry of blood-borne elements into the CNS. Astrocytic foot
processes are in close apposition to the abluminal surface of the
microvascular endothelium of the BBB, and soluble factors secreted by
astrocytes appear to be involved in the maintenance of the BBB. Thus,
astrocytes contribute to both the structural and functional integrity of the
BBB (Wolburg-H 1995).

Astrocytes also serve as one of the immune effecter cells in the CNS.
Astrocytes play a significant role during infectious and autoimmune diseases
of the CNS. As part of the BBB, astrocytes are in close proximity to
endothelial cells and secrete cytokines, chemokines and adhesion molecules
(Lee et al. 2000). Cultured astrocytes express a wide range of molecules
with neurotropic properties such as nervous growth factor (NGF), glial-
derived growth factor (GDGF), and ciliary neurotropic factor (CNTF). In
response to activation by interferons astrocytes express class I and class II
MHC antigens. The expression of the costimulatory molecules B7 and
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CD40 in astrocytes is controversial (Aloisi et al. 1998; Soos et al. 1999;
Nguyen and Benveniste 2000).

The ability of astrocytes to function as bona fide antigen presenting cells
(APCs) is also controversial. Early studies documented the ability of class II
MHC-positive astrocytes to function as APCs in vitro (Fierz et al. 1985;
Fontana et al. 1986; Takiguchi and Frelinger 1986). These studies clearly
indicate that astrocytes exposed to IFN-y have the capacity to express
molecules such as class II MHC, invariant chain, H2-M, B7-1, and B7-2,
enabling them to efficiently process and present self antigens and activate
both naive and memory T cells. However, there is also a large body of
evidence indicating that astrocytes function as nonprofessional APCs by
promoting mainly Th2 responses and/or apoptosis of T cells, which may be
important for recovery from Thl-mediated CNS inflammation (Meinl et al.
1994; Weber et al. 1994).

1.2. Microglia

Microglia constitutes 12% of the cells in the CNS, which are the
principal immune cells in the CNS and play a significant role in the host
defense against invading microorganisms. The CNS endogenous microglia
share many properties with macrophages, having developed from a common
precursor cells (Nelson et al. 2002). Features common to microglia and
systemic macrophages include the expression of innate immune receptors
and the ability to phagocytose pathogens, cells or cellular debris (Ling and
Wong 1993; Williams et al. 1994).

The functions of microglia in the CNS include phagocytosis, antigen
presentation, production and release of cytokines, eicosanoids, complement
components, and excitatory amino acids such as glutamate, oxidative
radicals, and nitric oxide (Gehrmann et al. 1995). Three states of microglia
have been identified based on developmental and pathophysiologic studies:
(1) the resting, ramified microglia present in normal CNS; (2) the activated
non-phagocytic microglia found in areas involved in CNS inflammation (3)
the reactive, phagocytic microglia observed in areas of trauma and infection.
Microglia can express class I and II MHC antigens, Fc receptors (I-1II),
complement receptors (CR1, CR2, CR4), B2-integrins, intercellular adhesion
molecule-1 (ICAM-1), and costimulatory molecules B7-1 and B7-2
(Minagar et al. 2002). Numerous studies have confirmed the role of
microglia as important APCs within the CNS (Aloisi et al. 2000; Becher et
al. 2000), while the role of  astrocytes remains controversial.

1.3. Endothelial cells

Traditionally, the CNS has been regarded as an immunologically
privileged site. The CNS lacks lymphatic vessels and is sealed by the BBB.
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The cellular basis for the BBB is at the levels of both the CNS microvascular
endothelial cells and the choroid plexus epithelial cells. The BBB is an
important mechanism for protecting the brain from fluctuations in plasma
composition and from circulating agents such as neurotransmitters and
xenobiotics capable of disturbing neural function (Abbott and Romero
1996). The barrier also plays an important role in the homeostatic regulation
of the brain microenvironment necessary for the stable and coordinated
activity of neurons (Abbott 2002). The brain endothelium has lower levels
of endocytosis/transcytosis than peripheral capillaries, but has a number of
specific transport and enzyme systems, which regulate molecular traffic
across the endothelial cells. The brain endothelium also contains specific
enzymatic systems such as monoamine oxidase that support the protective
and detoxifying roles of the BBB. Cerebral microvascular endothelial cells
are also considered as potential APCs because of their large cumulative
surface and their unique anatomical location between circulating T cells and
the extra-vascular sites of antigen exposure. Thus BBB covers a number of
static and dynamic properties that enable the endothelium to protect and
regulate the brain microenvironment (Abbott and Romero 1996).

The BBB phenotype develops under the influence of associated brain
cells, especially astrocytes. In vitro cell culture models have provided a
great deal of information about the key role of astrocytes in the induction of
the BBB phenotype in brain endothelium (Bauer and Bauer 2000). The
chemical nature of the glial-produced inductive signal(s) is currently unclear.
TGF-B (Tran et al. 1999), GDNF (Utsumi et al. 2000), bFGF (Sobue et al.
1999), IL-6 and hydrocortisone (Hoheisel et al. 1998) have been shown to
modulate endothelial differentiation and induction. In addition to a role in
barrier induction and maintenance, astrocytes may play active roles in
modulating BBB permeability by the release of several humoral agents
including glutamate, aspartate, taurine, ATP, ET-1, NO, TNFu, MIP2 and
IL-1B, although the regulation of this release is not well understood (Abbott
2002). Interestingly, it has recently been shown that endothelial cells induce
the differentiation of astrocyte precursor cells into astrocytes in vitro, which
is mediated by endothelial cell production of leukemia inhibitory factor
(LIF) (Mi et al. 2001). Thus endothelium and astrocytes are involved in
two-way induction. It is clear that endothelial cells are involved in both
long- and short-term chemical communication with neighboring cells, with
astrocytes being of particular importance.

Maintenance of the adult BBB appears to depend on continuing exchange
of inductive signals between glia and endothelium, and disturbance of this
induction may be instrumental in several neuropathologies involving BBB
dysfunction, such as tumors and MS.
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2. Animal models of coronavirus induced demyelination

Coronaviruses constitute a large group of positive-stranded RNA viruses
that are associated with a wide variety of respiratory, gastrointestinal, and
neurological diseases in animals and humans. However there is no
conclusive evidence that any human neurological diseases, such as MS, may
occur as a result of human coronavirus infection.

MS is an inflammatory demyelinating disease of the CNS that is
characterized by mononuclear cell infiltration into the CNS, myelin
degradation and oligodendrocyte loss. It is the most common neurological
disease affecting young adults (Ewing and Bernard 1998). The etiology and
pathogenesis of MS have yet to be elucidated but are probably multifactorial,
involving both genetic and environmental factors (Ewing and Bernard 1998).
Several viruses have been associated with demyelinating processes including
human coronaviruses (HCoV) and murine coronavirus (MHV). Intracerebral
infection of susceptible mice with neuroadapted strains of mouse hepatitis
virus (MHYV) results in an acute encephalomyelitis followed by a chronic
demyelinating disease similar to the pathology of the human MS (Lavi et al.
1984; Lavi et al. 1986; Houtman and Fleming 1996; Lane and Buchmeier
1997), serving as models for this diseases. The two strains of MHV that
have been used in the majority of studies of MHV infection in the CNS are
MHV-A59 and JHM (MHV-4).

The mechanism of MHV induced demyelination is still not well
understood. Although it was initially believed to result from direct viral
lysis of oligodendrocytes, chronic demyelination was demonstrated to be
largely immune mediated in more recent reports. The immune response to
MHYV infection is critical in host defense as well as the development of
demyelination (Houtman and Fleming 1996; Wu et al. 2000). However, the
precise role of individual components of the immune system in this process
is not known and need intense investigation.

3. The role of astrocytes, microglia, and endothelial cells in
MHV-induced CNS demyelination

The fact that the nude mice were unable to clear virus and still develop
demyelination suggests that conventionally educated T cells are not an
essential component for demyelination. That means that either the yd subset
of T cells, natural killer cells, or microglia, astrocytes, or even endothelial
cells, may participate and/or be responsible for the demyelinating process.

3.1 The innate immune system of the CNS

To protect the host from the invasion of foreign organisms and
pathogenic insults, the immune system has evolved into two parts: one is
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responsible for immediate, relatively generic, action against external agents,
known as the “the innate immune system”. The other component of the
immune system responds specifically to an external threat and requires
plasticity and memory, which is called the “adaptive or acquired immune
system”. These two systems are not separate, but are functionally
intertwined and the actions of one have a profound effect on the other
(Medzhitov and Janeway 1997).

B and T lymphocytes are the cellular members of the adaptive immune
system. These cells are generated in primary lymphoid tissues (bone
marrow, thymus) and re-circulated in secondary lymphoid structures
(lymphnode, spleen). The innate immune system on the other hand uses
mainly phagocytic cells (including monocytes/macrophages, and
polymorphonuclear phagocytes) as a first line of defense against foreign
structures. Astrocytes and microglia are the principal innate immune cells in
the CNS concomitant with inflammatory brain disease and play a significant
role in the host defense against invading microorganisms.

3.2 The immune response within the CNS upon viral
infection

Although the CNS has been characterized as an immune privileged site, it
is also the site of blood-borne inflammation, either in response to exogenous
antigens (infection) or as a result of disrupted peripheral tolerance to self
antigens (autoimmnunity). The microenvironment of the CNS, shaped by its
structural and cellular components, participates in the physiological immune
process that occurs within the CNS and is at least in part responsible for the
extent of immune response within the CNS upon viral infections. Glial and
microglial cells play a pivotal role in both acute and chronic phases of
coronavirus infection, which could lead to the production of a variety of
inflammatory molecules in glial cells including cytokines, chemokines,
MHC and nitric oxide (NO) that have been associated with the pathogenesis
of demyelination.

3.4. MHC class I and II expression

The MHC class I and II antigens play an important role in demyelination
following infection by MHV of resident cells of the CNS. Infection of the
CNS with MHV-AS59, a neurotropic murine coronavirus, induces class |
MHC antigen expression on oligodendrocytes and astrocytes (Suzumura et
al. 1986; Suzumura et al. 1988; Lavi et al. 1989), cells that do not normally
express detectable MHC surface antigens. The role of MHC class I in
demyelination remains complex because of reports indicating that
demyelination can occur in MHV-infected mice that lack either stable
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expression of the MHC class I molecule or functional CD8+ T cells
(Gombold et al. 1995). Because MHC class I antigens play a key role in
interaction between cytotoxic T cells and target cells, the induction of MHC
class T antigens could potentially allow glial cells to interact with or become
a target for immunocytes.

The MHC class II molecules play a critical role in induction of immune
responses through presentation of processed antigens to CD4" T-helper cells.
Although class II MHC molecules are essential for lymphocyte development,
antigen presentation, and T-cell activation, inappropriate class II expression
has been implicated in several autoimmune diseases, including rheumatoid
arthritis, inflammatory bowel disease, and MS (Grusby and Glimcher 1995).
Class II MHC molecules are normally expressed on professional APCs, such
as B cells, macrophages, dendritic cells, and thymic epithelium, expression
on other cell types, including astrocytes, can be induced and/or regulated by
cytokines, neurotransmitters, and neuropeptides. Astrocytes were the first
CNS cell type shown to express class II MHC molecules upon IFN-y
stimulation in vitro (Wong et al. 1984). The cytokine TNF-o, while having
no influence alone on class II MHC expression, enhances [FN-y-induced
class II MHC expression on astrocytes (Panek et al. 1994). Infection of
astrocyte cultures derived from MHV-susceptible Lewis rats with MHV-
JHM resulted in induction of MHC class II, whereas no such induction was
observed in astrocytes from disease-resistant Brown Norway rats (Massa et
al. 1986; Massa et al. 1986). A number of soluble mediators have been
shown to inhibit class I MHC expression in astrocytes, which include TGF-
B, IL-1B, IFN-B, IL-4, glutamate, vasoactive intestinal peptide,
norepinephrine, and nitric oxide (Rohn et al. 1996). The expression of MHC
IT on phagocytic microglia implies the capacity of microglia as APCs.
Phagocytic microglia is often regarded as potentially cytotoxic in both acute
and chronic CNS disorders. MHC class II expression by phagocytic
microglia also corresponds to the elevated expression of potentially
cytotoxic substances in the CNS, among which nitric oxide and TNF-c. are
notably involved in the death of oligodendrocytes and demyelination
(Benveniste 1997; Eugster et al. 1999). A study on the demyelinating
twitcher mouse has shown that the number of reactive microglia and the
concomitant demyelination is significantly reduced when the twitcher mouse
carries an MHC II null background (Matsushima et al. 1994). Therefore,
MHC 1II expression by activated microglia in chronic neurodegenerative
disorders may indicate that the activated microglia become cytotoxic (Zhang
et al, 2001).

Expression of MHC class II has been shown to be important in
demyelinating disease in some animal models, such as TMEV and EAE
(Borrow and Nash 1992). However, mice deficient in MHC class II
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expression are capable of having demyelination following infection with
MHV-JHM (Houtman and Fleming 1996). Therefore, the expression of
MHC class I or II may play some role in the MHV-induced demyelination,
but neither one is absolutely necessary for this process.

3.5. Cytokines and chemokines production

Astrocytes and microglia produce a variety of cytokines and chemokines
upon stimulation with a variety of factors including viral infection.
Although expression of cytokines and chemokines is controlled and balanced
in the normal, healthy, CNS, aberrant expression occurs in CNS diseases
such as AD, MS, HAD, Parkinson's disease, and in brain injury/trauma. In
many of these diseases, astrocytes and microglia are responsible for some of
the production of cytokines and chemokines, whereas blood-borne
inflammatory cells are responsible for the rest. Both in vitro and in vivo
studies have documented the ability of astrocytes to produce interleukin-1, -6,
and -10 (IL-1, -6, and -10); interferon (IFN)-a, and -B; colony-stimulating
factors GM-CSF, M-CSF, and G-CSF; TNF-a; TGF-B; and chemokines
including RANTES, IL-8, monocyte chemoattractant protein-1 (MCP-1),
and IFN-y-inducible protein-10 (IP-10) (Dong and Benveniste 2001).
Cytokines that have been demonstrated to be produced by microglia are IL-1,
2, 3, 4, 6, 8, 10, IFN-y, TNF-a, TGF-$, and CSF. Cytokine/chemokine
communications between microglia and astrocytes are involved in the
balance of protective and destructive actions by these cells. Both cell types
may play a dual role, amplifying the effects of inflammation and mediating
cellular damage as well as protecting the CNS. Thus, interactions between T
lymphocytes, microglia, and astrocytes play a major role in the pathogenesis
of nerological diseases such as MS.

Chemokines are small chemotactic cytokines that modulate leukocyte
recruitment and activation during inflammation. Chemokines have been
implicated in a variety of normal CNS functions (i.e., neuronal progenitor
migration, axon guidance and adhesion, oligodendrocyte proliferation, and
intercellular communication) although more and more evidence supports
their role in CNS disease and injury such as Alzheimer’s disease and HAD.
In particular, chemokines are induced in the demyelinating disease MS, and
numerous animal models for demyelination including experimental
autoimmune encephalomyelitis (EAE), Theiler’'s and MHV-induced
demyelinating disease, experimental autoimmune neuritis, and twitcher, a
murine model of globoid cell leukodystrophy (Glabinski and Ransohoff
1999; Hoffman et al. 1999; Kieseier et al. 2000).

Many cells in the body can secrete chemokines, including astrocytes and
microglia. MHV infection of the CNS results in an orchestrated expression
of chemokine genes including IFN inducible protein of 10 kDa/ CXCL10,
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monokine induced by IFN-7/CXCL9, CCL2, CRG-2, MCP-1, MCP-3,
RANTES, Mig, macrophage inflammatory protein-18/CCL4, CCLS, and
CCL7 (Lane et al. 1998). Neutralization of IP-10 or Mig at the time of
infection with MHV results in increased mortality, higher viral loads and
markedly decreased T cell infiltration into the CNS (Liu et al. 2000; Liu et
al. 2001). In contrast, mice treated with RANTES antiserum have delayed
viral clearance, decreased T cell infiltration, and significantly less
demyelination than do untreated mice, but show no change in mortality
(Lane et al. 2000). Also certain chemokine receptors including CCRI,
CCR2 and CCRS, have been shown to regulate the gateway for
inflammatory cell entry into the CNS. CCRI1-deficient mice have reduced
CNS inflammatory responses in the MOG-induced EAE model (Rottman et
al. 2000), and CCRS5-deficient mice have negligible inflammation after
disseminated C. neoformans infection of the CNS (Huffnagle et al. 1999).
Therefore, chemokines have an important role in host defense as well as
demyelination induced by viral infection by attracting T lymphocytes and
macrophages into the CNS.

Cytokines are a large and diverse group of polypeptides ranging in size
from 8 to 26 kDa, which major function is activation of the immune system
and inflammatory responses. In most acute encephalitis cytokines such as
IL-1, TNF-a, IL-6 and IFN-y are detected in the CNS of infected mice.
Depletion of IFN-y leads to decreased virus clearance and greater mortality.
However, neutralization of TNF-a did not appear to affect either T cell
recruitment or virus clearance. Except for astrocytes and microglia,
edothelial cells are another possible cellular source of cytokine including IL-
1, IL-6 and TNF-a, as well as some cytokines receptors IL-1R1 and IL-1R2 .

In our laboratory we analyzed the ability of MHVs with different
neurotropic phenotypes to modulate the expression of cytokines in astrocytes
and microglia in primary cultures from newborn C57BL/6 mice. The results
show that infections of cultures with neurotropic viruses MHV-A59 and
JHM up-regulate IL-1p, IL-6, IL-12p40, IL-15 and TNF-ac mRNA in both
astrocytes and microglia, significantly more than infection with the non-
neurotropic virus MHV-2. Similar up-regulation was observed in mouse
brains during acute encephalitis and in mouse spinal cords during the chronic
inflammatory demyelinating disease but a different profile was seen in the
liver during acute hepatitis. There are close interactions between the five
upregulated cytokines. Studies of MHV-AS9 infections in cultures derived
from cytokine knockout mice indicate that IL-12 and TNF-o are the
upstream molecules that cause the subsequent up-regulation of the other
three cytokines. Furthermore we found that infection with neurotropic
MHVs induce up-regulation of a set of chemokines in astrocytes and
microglia, including MIP-1, MIP-3, MCP-2, MCP-5, MIG. This pattern of
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cytokine/chemokine response in astrocytes and microglia is similar to the
Thl response of lymphocytes and appears to be associated with the
neurotropic properties of the virus strain. These studies allow us to study the
unique contribution of CNS local immune cells to the process of MHV
disease and thus provide new insights into the pathogenesis of MHV-
induced neurological diseases as well as the general role of brain immune
cells and cytokines in the process of immune-mediated diseases of the CNS
(Li et al. 2004).

Several reports studied the role of cytokines in the chronic demyelinating
process. The cytokines IL-1B, TNF-a, IL-6 are expressed by astrocytes
which are located near the sites of demyelination in chronically infected
spinal cords (Perlman 1998). A wide range of cytokines have been detected
in MS lesions, and IL-1a and B, IL-6, TNF-a, and IFN-y may participate in
the CNS demyelination process (Benveniste 1998). Cytokines such as IFN-
v, TGF-B, IL-1, IL-4, and IL-10 may regulate class Il MHC expression (Han
et al. 1999; O'Keefe et al. 1999). Cytokines induce increased expression of
chemokines, stimulate adhesion molecules on endothelial cells, and allow
leukocyte entry into the CNS. Thus cytokines are involved in the initial
phase as well as the development stages of demyelination.

Studies using knockout mice have shown that neither perforin, Fas-FasL,
TNF-qa, IL-10 or IFN-y are required for demyelination (Haring and Perlman
2001). Our own studies in knockout mice indicate that deficiency of IL-6
and IL-12p40 does not decrease the level of demyelination induced by
MHV-AS59 infection compared to wide type C57BL/6 mice. Thus, none of
the single cytokines plays a crucial role in demyelination, however, we still
did not rule out that a combination of cytokines may be required for
demyelination. Chemokines may play a role in demyelination. RANTES is a
proinflammatory chemokine that act as a chemoattractant for a variety of
lymphocytic and myeloid cell types including monocytes and granulocytes
(Lane et al. 2000). Inhibition of RANTES has been shown to reduce MHV
induced demyelination (Lane et al. 1999). An alternative hypothesis is that
MHYV could potentially damage oligodendrocytes by disrupting the function
of astrocytes, which in turn affect oligodendrocytes (Sun and Perlman 1995).

3.6. Regulation of Th1/Th2 development

Activation of CD4" T-helper (Th) cells within the CNS plays an
important role in regulating immune responses, inflammation and ultimately
repair, during a variety of CNS diseases. The types of Th cells are
distinguished by the profiles of cytokines that they produce. Thl cells
produce the cytokines IL-2, IL-12, IFN-y, LT-0, and tumor necrosis factor
(TNF), leading to macrophage activation, inflammation, and tissue damage
(Rengarajan et al. 2000). Th1 cells have been implicated in the pathogenesis
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of CNS autoimmune diseases such as MS and EAE (Owens et al. 2001). In
contrast, Th2 cells produce the cytokines IL-3, IL.-4, IL-5, IL-6, IL-7, IL-10,
IL-11, and IL-13, that mediate humoral immune responses and inhibit
macrophage functions (Rengarajan et al. 2000). Within the CNS, Th2 type
cytokines play a role in down-regulating Thl responses and macrophage
activation. The presence of IL-12 and IFN-y facilitates Th1l development;
while IL-4 promotes Th2 differentiation.

Cytokines are the most prominent factors determining the development
and polarization of Th cells. However these cytokines are not produced by T
cells but by APCs such as DCs, B lymphocytes and macrophages.
Astrocytes and microglia are also the source of cytokines within the CNS
that can influences Thl versus Th2 responses (Aloisi et al. 1997; Stalder et
al. 1997). According to our own studies IL-12, the crucial cytokine
facilitating Th1 development, can be produced by astrocytes/microglia upon
MHYV infection in vitro. Regulation of class II MHC, B7, and CD40
expression are also involved in the T cells polarization.

3.7. NOS activation and NO production

Nitric oxide (NO) is a pleiotropic molecule with important functions in
vascular regulation, neuronal function, and immunological processes. Of the
three isoforms of nitric oxide synthase (NOS), NOS2 is recognized as an
important  inflammatory = mediator, with  both  protective  and
immunopathological capabilities (Nathan and Xie 1994). Macrophage
production of NO by NOS2 is part of the effector phase of the immune
response to numerous pathogens, including viruses (MacMicking et al. 1997;
Reiss and Komatsu 1998). NOS2-generated NO may contribute to the
pathology of demyelination by exerting cytotoxic effects on
oligodendrocytes (Merrill et al. 1993) and by regulating proinflammatory
factors such as cytokine and chemokine secretion (Remick and Villarete
1996; Brenner et al. 1997; Merrill and Murphy 1997).

Both astrocytes and microglia express NOS-2 and release NO upon virus
stimulation in vitro, Moreover, these cells are the likely source of NOS-2
expression during CNS inflammation in vivo (Mitrovic et al. 1996). During
the acute phase of MHV infection of mice, expression of NOS2 by
macrophages is up-regulated, whereas NOS2 synthesis is confined to
astrocytes during the chronic demyelinating disease (Sun et al. 1995;
Grzybicki et al. 1997).

The role of NO and NOS2 in MHV-induced demyelination is still
controversial. Inducible NOS2 transiently contributes to MHV-induced
demyelination.  Inhibition of NOS2/NO by aminoguanidine (AG), a
selective inhibitor of NOS2 activity, slows the progression of MHV-induced
demyelination by controlling inflammation and modulating chemokine
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expression in the CNS (Lane et al. 1999). More recent studies show that
NOS2 function is not required for demyelination in mice infected with
MHV-JHM (Wu et al. 2000). Although NO may have a transient role in the
early steps of demyelination, it is not necessary for disease to develop.
Infection of NOS2 knockout (-/-) and NOS2(+/+) mice with MHYV resulted
in similar kinetics of viral clearance from the brain and comparable levels of
demyelination. MHV-infected NOS2(-/-) mice displayed a marked decrease
in mortality as compared to infected NOS2(+/+) mice, which correlated with
a significant decrease in the number of apoptotic cells present in the brain.
These studies indicate that NOS2-generated NO contributes to apoptosis of
neurons but not demyelination following MHYV infection (Chen and Lane
2002).

Of note, MHV-induced demyelination differs from that observed in other
model systems since inhibition of NO production by AG ameliorates
demyelination in rodents with adoptive EAE and mice infected with
Theiler's murine encephalomyelitis virus (Cross et al. 1994; Rose et al. 1998).

3.8. The disruption of the BBB

The BBB has been assumed to be an effective barrier for blood cells.
However, during viral infections or autoimmune diseases of the CNS, T
lymphocytes are activated and migrate into the CNS and initiate the cellular
events leading to inflammation and demyelination within the CNS white
matter. The endothelial BBB has been considered the obvious place of entry
of circulating lymphocytes into the CNS. The vascular endothelium is the
first element that leukocytes encounter. Immune-specific interactions
between lymphocytes and cerebral endothelium have been excluded as an
initial mechanism. Adhesion interaction between T cells and endothelia
must precede transmigration (Hart and Fabry 1995). Certain adhesion
molecules seem to be critically involved in this process for example
intercellular adhesion molecule 1(ICAM-1) and vascular cell adhesion
molecule 1(VCAM-1) are up-regulated on the endothelial cells. Dissociated
cultures of cerebral endothelial cells prepared from surgical resections of
adult CNS tissue express an array of adhesion molecules whose expression is
modulated by encounter with T cells or the cytokines they produce
(Calabresi et al. 1997). Chemical mediators, particularly chemokines,
regulate the synthesis, surface expression, and avidity of adhesion
molecules. The most important adhesion molecule pairs are the selectins (E,
L and P), the immunoglobulins ICAM-1 and VCAM-1, and the beta 2 and
beta 1 integrins (e.g., LFA-1 and VLA-4), which play a role in a number of
pathological processes (Cotran and Mayadas-Norton 1998).  Various
inflammatory mediators, primarily pro-inflammatory cytokines including
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TNF-o and IL-1p, activate endothelial cells. Endothelial cells can also be
induced to express MHC class II and B7 in vitro (Prat et al. 2000).
Furthermore, they inhibit antigen presentation by other APC in co-cultures.
The basis for this inhibition is still unknown.

The BBB may have a protective role against spreading of MHV-A59 into
the CNS, by specific restriction of viral entry into endothelial cells of
cerebral origin (Godfraind et al. 1997).

4. CONCLUSIONS

The effector mechanisms of coronavirus-induced demyelination are
complex and largely redundant. The brain resident cells respond to infection
by coronavirus by producing various inflammatory mediators including
cytokines, chemokines, MHC and NO, which could act in concert to
orchestrate an inflammatory pathology in the CNS. This argues for an
indirect immunologic mechanism by which coronavirus infection could be
implicated in a pathogenesis of the CNS diseases. However, one can
conclude from all these data that no single molecule is absolutely required
for coronavirus-induced demyelination, neither cytokines, MHC class I or II,
nor NOS2. Furthermore, no specific immune cell population is essential for
coronavirus-induced demyelination, neither CD4 T cells, CD8 T cells, nor
hematogenous macrophages (Gombold et al. 1995; Sutherland et al. 1997).
Therefore, coronavirus-induced demyelination may be a result of multiple
mechanisms, which still need further investigation.
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