Chapter 2
Neuroinflammation in Neurological Disorders

Jun-ichi Kira

Abstract Neuroglial inflammation is a pathological hallmark of neuroimmunological
disorders, such as multiple sclerosis, as well as neurodegenerative diseases, such as
amyotrophic lateral sclerosis, Parkinson’s disease, and Alzheimer’s disease. Activated
microglia and reactive astroglia accompany the loss of neurons and myelin in these
conditions. Both microglia and astroglia can exert neuroprotective and neurotoxic
functions, which are stage-dependent. Both cell types can switch from an anti-
inflammatory/neuroprotective to a proinflammatory/neurotoxic phenotype according
to the surrounding environmental stimuli. Deciphering glial dual actions may provide
insights for the management of neuroglial inflammation and the future development
of new drugs targeting glia in neuroimmunological and neurodegenerative diseases.

2.1 Introduction

Demyelinating diseases, such as multiple sclerosis (MS) and neuromyelitis optica
(NMO), are representative neuroimmunological diseases that affect the central ner-
vous system (CNS). Demyelinating disorders are thought to be triggered by
immune-mediated mechanisms although this has not been conclusively proven to
date. MS and NMO subsequently develop neurodegeneration in addition to inflam-
matory demyelination. The accumulating disability and the resultant chronic dis-
ease progression in these conditions are likely determined by secondary
neurodegeneration. In the chronic progressive phase of MS, T cell infiltration sub-
sides while CNS-compartmentalized glial inflammation becomes dominant, which
induces continuous tissue degeneration. Neurodegenerative disorders, such as
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Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis (ALS),
are triggered by neuronal abnormalities but are subsequently accompanied by neu-
roglial inflammation. Increasing evidence suggests that neuroglial inflammation
determines disease progression, which is a clinical reflection of neurodegeneration.
Therefore, neuroimmunological and neurodegenerative diseases share glial inflam-
mation as an indispensable component of the disease processes, which underscores
the importance of elucidating the mechanisms of glial inflammation. This review
chapter describing neuroinflammation in neurological disease will focus on MS as
a representative neuroimmunological disease afflicting the CNS, and ALS as a neu-
rodegenerative disease accompanied with glial inflammation.

2.2 Neuroglial Inflammation in MS

2.2.1 Clinical Aspects Related to Neuroglial Inflammation
and Neurodegeneration

Most MS patients initially develop a relapsing remitting disease course with a mean
age of onset around 30 years of age (termed relapsing remitting MS, RRMS). After
10-20 years, approximately 50 % of RRMS patients enter a secondary progressive
phase with or without superimposed relapses (termed secondary progressive MS,
SPMS). Approximately 10-20 % of MS patients exhibit a relentlessly progressive
disease course from the onset (termed primary progressive MS, PPMS). Clinical
relapse is often accompanied or even preceded by appearance of contrast-enhanced
magnetic resonance imaging (MRI) lesions in the CNS. Recent 7 T MRI studies
clearly showed the presence of vessels in the center of MS lesions (Mistry et al.
2013), confirming that MS lesions develop around blood vessels. Pathologically,
perivascular and diffuse lymphocytic infiltration is a common finding in active MS
lesions. Thus, clinical relapse is likely to be caused by peripheral blood-borne
inflammation around the blood vessels.

However, clinical relapses have only a weak effect on clinical progression
(Confavreux et al. 2000). Irrespective of the initial disease course, a clinically pro-
gressive phase occurs in both SPMS and PPMS patients around 40 years of age and
then proceeds at similar rate (Kremenchutzky et al. 2006). Large-scale epidemio-
logical surveys revealed that MS patient disability, determined by Kurtzke’s
Expanded Disability Status Scale (EDSS) scores (Kurtzke 1983), progresses at
approximately the same rate until the EDSS scores reach four, even though the pro-
gression rates varied until the development of an EDSS score of four (Confavreux
and Vukusic 2006). These findings suggest that common pathogenic mechanisms
may underlie clinical disability progression. At the progressive stage of MS, none
of the recent disease-modifying therapies (DMT) acting on the peripheral immune
system are effective, even though they have high efficacy for reducing annualized
relapse rates. Thus, disease progression may have distinct mechanisms from relapse
caused by peripheral immune-mediated inflammation.
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Many MRI studies have reported that the T2 lesion burden in the white matter
modestly correlates with disability (Fisniku et al. 2008) and rather the degree of gray
matter and spinal cord atrophy correlates best with accumulating disability (Fisniku
et al. 2008; Fisher et al. 2008; Bonati et al. 2011). These observations suggest that
disease progression could be attributable to neuroglial inflammation compartmen-
talized in the CNS behind the blood-brain barrier (BBB) (Reynolds et al. 2011),
which causes neurodegeneration regardless of the initial inflammatory relapses.

2.2.2 White Matter Pathology and Oligodendroglia
in MS Lesions

MS predominantly affects CNS white matter that is rich in myelin. Actively demyelin-
ating lesions are destructive lesions that are densely and diffusely infiltrated with mac-
rophages/activated microglia that phagocytose myelin debris, as identified by Luxol
fast blue staining and immunohistochemistry for myelin proteins (Lassmann et al.
1998; Lucchinetti 2007). Such lesions are associated with perivascular lymphocyte
cuffing. Chronic active lesions display a rim of macrophages and activated microglia
while chronic inactive lesions show no increase in macrophage/activated microglia
numbers throughout the lesions. A mild global inflammation containing microglial
activation and a diffuse low-level of T cells is seen even in normal-appearing white
matter. Such diffuse inflammatory changes are more prominent in SPMS and PPMS
than RRMS. In chronic MS, leakage from the BBB is absent, which corresponds to a
paucity of gadolinium-enhanced lesions in PPMS and SPMS. Thus, compartmental-
ized inflammation behind the BBB is suggested based on these pathological findings.

It is widely accepted that MS pathology shows heterogeneity. Lucchinetti et al.
(2000) classified four demyelinating patterns of MS lesions, and proposed that an
individual only develops one pattern, suggesting a single mechanism is operative in
individual patients. All lesions have inflammatory infiltrates composed of T cells
and macrophages/activated microglia, while each pattern has its own specific
features as follows.

Pattern I: Active demyelination associated with the infiltration of T cells and
macrophagelactivated microglia in the absence of antibody and complement
deposition. These lesions are centered around veins and venules.

Pattern II: Active demyelination associated with immunoglobulin and complement
deposition. Prominent deposition of immunoglobulins (mainly IgG) and comple-
ment C9neo antigen are found in association with degenerating myelin at the
active plaque edge. This pattern is also centered around blood vessels.

Pattern II1: Distal oligodendrogliopathy characterized by selective myelin-associated
glycoprotein (MAG) loss. A profound loss of oligodendroglia at the active plaque
border, DNA fragmentation, and oligodendroglial apoptosis are observed with T
cell and macrophage/activated microglial infiltration but without the deposition
of immunoglobulins and complement. Such lesions are not centered around
blood vessels and the margin is ill-defined.
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Pattern IV: Oligodendroglial death with DNA fragmentation but without features of
apoptosis in a small rim of periplaque white matter. A near complete loss of
oligodendroglia in active and inactive lesions is observed without remyelination.
The border is sharply demarcated.

However, we and others have observed heterogeneous demyelinating patterns
even within one autopsied individual, indicating such patterns may represent stage-
dependent heterogeneity but not disease heterogeneity (Matsuoka et al. 2011).
Immunoglobulin and complement deposits are found in lesions from about 50 % of
autopsied MS patients (pattern II) (Stadelmann et al. 2011), suggesting that anti-
body and complement-mediated myelin phagocytosis might become the dominant
mechanism in established MS lesions (Breij et al. 2008). Currently, the idea that an
individual only develops one demyelinating pattern or can develop more than one
pattern is still controversial.

Oligodendroglial cells are especially vulnerable to oxidative stress and gluta-
mate toxicity associated with inflammation. Oligodendroglia express the AMPA/
kainite receptor in the cell body and NMDA receptors in the processes.
Oligodendroglia also express excitatory amino acid transporter (EAAT)-1 and -2
and are regarded as the principal cells for glutamate clearance in the white matter
(Benarroch 2009). The accumulation of glutamate has been demonstrated in MS
lesions by biopsy (Werner et al. 2001) and magnetic resonance spectroscopy
(Srinivasan et al. 2005) while EAAT-1 and EAAT-2 are reduced in oligodendroglia
(Pitt et al. 2003). In these circumstances, oligodendroglia may be vulnerable to
toxicity from glutamate secreted by activated microglia. Oligodendroglia contain a
large pool of iron but have a low capacity for anti-oxidative mechanisms, which
render the cell especially sensitive to oxidative stress (Benarroch 2009).

2.2.3 T Cells: A Key Player of the Effector Arm That Triggers
CNS Inflammation

Multiple sclerosis (MS) is thought to be an autoimmune disease that targets myelin
antigens. This has been suggested from studies demonstrating an increased fre-
quency of T cells showing inter- and intramolecular epitopes spreading against
myelin proteins, increased levels of interferon (IFN)-y, interleukin (IL)-17, and
downstream proinflammatory cytokines in the cerebrospinal fluid (CSF), exacerba-
tion of disease following the administration of IFNy, and the increased frequency of
T helper 1 (Th1) cells secreting IFNy and Th17 cells secreting IL-17, which support
the involvement of Th1 and Th17 cells in MS, at least for the inflammatory aspects
of the disease (Ishizu et al. 2005; Tanaka et al. 2008; Matsushita et al. 2013). CD4+
T cells are present mainly in the perivascular areas while parenchyma infiltrates
largely consist of CD8+ T cells (Babbe et al. 2000). Interestingly, CD8+ T cells out-
number CD4+ T cells in MS lesions (Booss et al. 1983); however, the roles of CD8+
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Fig. 2.1 Th17/Th1 cells are primed in the periphery and restimulated in the central nervous sys-
tem (CNS). Naive T cells (ThO) differentiate to Th1 or Th17 cells upon antigenic stimulation in the
peripheral lymph nodes and enter the CNS via the blood—brain barrier (BBB). Perivascular macro-
phages present antigens to Th1 or Th17 cells in the perivascular space, and restimulated Th1 and
Th17 cells traffic to the CNS parenchyma, secrete IFNy and IL-17, and recruit macrophages and
neutrophils, respectively. Microglia can produce either toxic or protective factors, sensing either
“kill me” or “help me” signals from neurons. The destruction of astrocyte endfeet or decreased
production of IL-25 from endothelial cells can cause the BBB to become “leaky”

T cells remain unclear. In an animal model of MS, experimental allergic encephalo-
myelitis (EAE), the early events in the formation of inflammatory lesions, involve a
predominantly CD4+ T cell-mediated process. B cells and plasma cells also exist in
the perivascular areas, but represent a minor component of inflammatory infiltrates
in the CNS parenchyma (Friese and Fugger 2009; Frischer et al. 2009).

Studies from EAE demonstrated that myelin-specific CD4+ T cells could be
transferred to naive mice to induce a CNS demyelinating disease. Thus, it was
hypothesized that in MS, naive T cells are sensitized by myelin antigens in the
peripheral lymph nodes, such as deep cervical lymph nodes, and differentiate to
myelin antigen-specific Thl or Th17 cells. These peripherally activated Thl or
Th17 cells express adhesion molecules that allow them to pass through the BBB and
enter the CNS (Fig. 2.1). In EAE, adoptively transferred myelin antigen-specific T
cells require several days to accumulate in the CNS. It was recently shown that such
encephalitogenic T cells reside in bronchus-associated lymphoid tissue (Odoardi
et al. 2012) and become eligible to enter the CNS.
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T cells egress from postcapillary venules (high endothelial venules) and enter
into the Virchow-Robins space (perivascular space) in the CNS. Here, activated T
cells can firmly adhere to the surface of vascular endothelial cells via interactions
between a4f1 integrin expressed on activated T cells and vascular cell adhesion
molecule 1 (VCAM-1) on endothelial cells lining the BBB. Anti-a4p1 integrin anti-
body, natalizumab, effectively blocks firm adhesion of T cells, thereby markedly
suppressing MS relapses (Coisne et al. 2009). Thus, peripherally activated T cells
can invade across endothelial cells and the endothelial basement membrane on the
abluminal side and remain in the perivascular space delineated by the endothelial
basement membrane and the parenchymal basement membrane, which is an exten-
sion of the subarachnoid space (Ransohoff and Engelhardt 2012). T cells require
restimulation by perivascular macrophages to further traffic into the CNS paren-
chyma across the glia limitans perivascularis composed of parenchymal basement
membrane and astrocyte endfeet (Ransohoff and Engelhardt 2012). Perivascular
macrophages continuously repopulated from the peripheral blood can engulf CNS
antigens in the perivascular space where myelin antigens are conveyed by the CSF
flow pathway to the subarachnoid space, and present these antigens to T cells
(Ransohoff and Engelhardt 2012). Subsequently, T cells restimulated by perivascu-
lar macrophages secrete matrix metalloproteinase (MMP)-2 and -9, which disrupt
the basement membrane leading to destabilization of astrocyte endfeet anchored to
the parenchymal basement membrane, and promote their entry into the CNS paren-
chyma (Bechmann et al. 2007; Tran et al. 1998). Once in the CNS parenchyma, T
cells secrete proinflammatory cytokines and chemokines that further recruit macro-
phages, neutrophils, and activating resident microglia, which serve as effectors for
tissue destruction, at least during the relapse phase.

The ability of natalizumab to markedly suppress relapses implies the critical
importance of T cell involvement in CNS inflammation at relapse. However, accord-
ing to MS pathology, there is considerable debate as to whether T cell infiltration is
a primary event or secondary to oligodendroglial apoptosis and subsequent microg-
lial activation. Barnett and Prineas (2004) observed oligodendroglial apoptosis with-
out lymphocyte infiltration in autopsied cases with very early MS, and proposed that
oligodendroglial apoptosis preceded the formation of all MS lesions and BBB “leak-
iness,” and that microglial activation and T cell infiltration were secondary events.
The source of the substantial debates regarding these issues is partly derived from
the fact that factors causing initial oligodendroglial apoptosis remain unknown.

2.2.4 B Cells: Another Important Cell in the Effector Phase

Few plasma cells are observed in the CNS during the early stages of MS, but become
increasingly prominent as disease progresses. In addition, there is an increased
prevalence of oligoclonal IgG bands (OBs) in the CSF as the disease duration
increases, which persist stably (Meinl et al. 2006). B cells exist in the perivascular
areas and leptomeninges during all disease stages, but rarely in the CNS
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parenchyma (Magliozzi et al. 2007). Autoantibody and complement-mediated
myelin phagocytosis are assumed the dominant mechanism in established MS
lesions, as mentioned in Sect. 2.2 (Breij et al. 2008). In the leptomeninges, ectopic
lymphoid follicle-like structures have been observed in approximately 40 % of post-
mortem SPMS cases (Magliozzi et al. 2007, 2010). These follicle-like structures
consist mainly of CD20+ B cell aggregates interspersed with CD21+ CD35+ fol-
licular dendritic cells (FDCs), CD4+ T cells, and CD8+ T cells. They are predomi-
nantly present in the deep cerebral sulci (Magliozzi et al. 2007, 2010). The majority
of such meningeal lymphoid follicle-like structures are closely associated with large
subpial demyelination (Magliozzi et al. 2007, 2010). MS cases with meningeal
lymphoid-like structures showed a younger age at disease onset, a shorter time to
wheelchair-bound disability, and a shorter time to progression than those without
meningeal lymphoid-like structures (Magliozzi et al. 2007, 2010).

The importance of B cells in MS is clearly indicated by the fact that rituximab,
that targets CD20 molecules expressed on B cells but not plasma cells, is highly
efficacious in suppressing MS relapses (Hauser et al. 2008). In rituximab trials, B
cell numbers decreased in parallel with the reduction of relapses, whereas total anti-
body levels did not decrease significantly. It is thus proposed that B-T cell interac-
tions including antigen presentation or proinflammatory cytokine secretion by B
cells is the critical step inhibited by rituximab, but not the inhibition of autoantibod-
ies themselves. Interestingly, rituximab is also effective in NMO, where there is
selective optic nerve and spinal cord demyelination in the presence of specific anti-
bodies against astrocyte water channel protein, aquaporin-4 (AQP4) (Lennon et al.
2004, 2005), but without reducing anti-AQP4 antibody levels (Pellkofer et al. 2011).
Therefore, BT cell interactions and B cell cytokines are also thought to be critical
in NMO. Highly specific autoantibodies in MS pathology remain to be identified.
Autoantibodies against myelin oligodendrocyte glycoprotein (MOG) have been
detected in children with atypical demyelinating disease (Brilot et al. 2009), but not
in adult cases. The significance of anti-glycolipid antibodies and a recently described
autoantibody against KIR4.1, an ATP-sensitive inward rectifying potassium chan-
nel expressed in astroglial endfeet and oligodendroglia (Srivastava et al. 2012),
needs further confirmation in large-scale independent cohorts.

2.2.5 Gray Matter Lesions

Recently, gray matter lesions have gained much attention because they closely cor-
relate with disability and disease progression. The introduction of double inversion
recovery (DIR) MRI demonstrated that cortical lesions and cortical atrophy are
present from the early stage of RRMS and become more prominent in SPMS
(Fisniku et al. 2008; Fisher et al. 2008; Kutzelnigg et al. 2005; Vercellino et al.
2005). The absence of MRI evidence for noticeable inflammation suggests that neu-
rodegeneration may take place in cortical lesions. Cortical lesion loads and atrophy
are significantly associated with clinical progression (Geurts et al. 2005) whereas
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white matter atrophy does not correlate with increasing disability (Fisher et al.
2008). Thus, cortical lesions may play a major role in the development of both
physical and cognitive disability (Calabrese et al. 2010).

Pathologically, demyelination is present in the spinal cord and cerebral and cer-
ebellar cortex but also in the deep gray matter, including the thalamus, basal gan-
glia, and hypothalamus, to varying degrees (B6 et al. 2003; Peterson et al. 2001).
Cortical lesions are classified into three types: type I lesions are leukocortical
lesions affecting both subcortical white matter and the lower layer of gray matter;
type II lesions are entirely intracortical; and type III lesions involve the subpial gray
matter regions (subpial demyelination) (Peterson et al. 2001). Frontal and temporal
cortices, cingulate gyrus, and hippocampus are most frequently involved (Reynolds
et al. 2011), and may explain the correlation between cognitive impairment and
cortical pathology. In hippocampal demyelinated lesions, a reduction of synaptic
density has also been reported (Dutta et al. 2011). However, cortical demyelination
does not correlate with white matter pathologic changes (Bo et al. 2003), suggesting
independent mechanisms may be operative.

Cortical lesions are accompanied with mild, if any, inflammatory infiltrates, but
with increased numbers of activated microglia (Magliozzi et al. 2010; Bo et al.
2003; Peterson et al. 2001). Other differences between cortical and white matter
lesions include the lack of significant leakage of plasma proteins, suggesting the
BBB is preserved, and the absence of complement activation (Reynolds et al. 2011).
In extensive subpial demyelination, increased numbers and activation status of
microglia, increased axonal injury, and neuronal loss are greatest close to the pial
surface (Magliozzi et al. 2007, 2010), implying that secretion of proinflammatory
cytokines into the CSF from lymphocytes in the follicles may be responsible for the
activation of microglia, cortical demyelination, and neuronal damage. In these
cases, the loss of layer Il and V pyramidal neurons exceeded 40 % and 50 %,
respectively, and was accompanied by loss of interneurons in other cortical layers
(Magliozzi et al. 2010). Cortical neuronal loss was also reported to occur diffusely
even in normal-appearing gray matter (Magliozzi et al. 2010), suggesting that
demyelination and neuronal loss may not be directly linked (Reynolds et al. 2011).
Neuronal apoptosis and mitochondrial damage were thought to be responsible for
the neuronal loss (Reynolds et al. 2011; Campbell et al. 2011; Dutta et al. 2006).
However, other research groups did not confirm such a relation between meningeal
lymphoid follicles and cortical demyelination (Kooi et al. 2009), and more studies
are required to establish the roles of meningeal lymphoid follicles in MS.

2.2.6 Mechanisms of Axonal Injury

Acute axonal damage is accompanied by active focal inflammatory demyelination
and is most prominent during the early stages of MS (Ferguson et al. 1997; Trapp
etal. 1998) but decreases with disease progression (Frischer et al. 2009; Kornek and
Lassmann 1999; Kuhlmann et al. 2002), suggesting that inflammation plays a
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significant role in axonal loss. Cumulative axonal loss and resultant brain and spinal
cord atrophy are significantly correlated with permanent disability (Frischer et al.
2009; Kuhlmann et al. 2002; Bjartmar et al. 2000). Acute damage can be detected
by the presence of accumulated amyloid precursor protein (APP)-positive spheroids
that reflect impaired axonal transport (Ferguson et al. 1997). APP-positive spher-
oids are more extensive during the first year of disease onset, and the number of
acutely injured axons decrease with increasing disease duration (Kuhlmann et al.
2002). The extent of axonal loss correlates well with numbers of CD8+ T cells and
macrophages/activated microglia that are present in close proximity (Kuhlmann
et al. 2002) and numerous CD8+ T cells that infiltrate into CNS parenchyma tran-
sect axons possibly via major histocompatibility complex (MHC) class I-mediated
self-antigen recognition (Trapp et al. 1998). Furthermore, reactive oxygen and
nitrogen species and proinflammatory cytokines secreted by these cells may sup-
press axonal functions and cause mitochondrial damage (Dutta et al. 2000).

In limited numbers of MS cases, autoantibodies against nodal and paranodal
antigens, such as neurofascin, contactin-2, and TAG-1, have been reported (Mathey
et al. 2007; Derfuss et al. 2009). For example, anti-neurofascin antibody was found
in one-third of MS patients, with higher prevalence in chronic progressive MS than
in RRMS (Mathey et al. 2007). Neurofascin 186 expressed on the axolemma at the
node of Ranvier concentrates voltage-gated sodium channels at the node while neu-
rofascin 155 expressed on oligodendroglial membranes connects them to axons via
binding to contactin-1 and Casprl (Ratcliffe et al. 2001; Sherman et al. 2005).
Autoantibodies to nodal and paranodal antigens can induce axonal dysfunction in
vivo and may be involved in axonal damage in MS (Desmazieres et al. 2012).

2.2.7 Microglia and Monocyte/Macrophage in Demyelinating
Diseases

The mononuclear phagocyte system in the CNS, including peripheral blood-borne
monocytes/macrophages and resident microglia, plays major roles in the effector
arm of demyelinating diseases by restimulating T cells within the CNS and by
damaging and repairing CNS tissue.

2.2.7.1 Roles of Microglia and Monocytes/Macrophage in MS

The origin of microglia has long been a matter of debate, but recent studies indi-
cated microglia are derived from extraembryonic yolk sac myeloid cells. Colony
stimulating factor 1 receptor (CSFIR) is a cell-surface receptor for the cytokines
CSF-1 and IL-34. CSFIR is usually expressed on monocytes and macrophages in
the peripheral blood as well as on the surface of microglia in the CNS (Ransohoff
and Cardona 2010). During fetal development, yolk sac myeloid cells colonize in
the CNS due to IL-34 signaling through CSFIR. Once colonized, such cells lose
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surface markers characteristic of mononuclear phagocytes, and are assumed to
become microglia in adults (Ransohoff and Cardona 2010). CSF1 on CSF1R signal-
ing is associated with survival, proliferation, regulation, and differentiation of
microglia (Wang et al. 2012). In adult CNS, microglia consist of more than 10 % of
all cells. In the resting state, microglia have a small body with extensively branched
processes and are termed “ramified microglia.” Microglia expressing CD11b, ion-
ized calcium-binding adapter molecule 1 (Ibal), and CD68 constantly monitor the
CNS environment (Ransohoff and Cardona 2010). Upon activation, the soma is
enlarged while processes are retracted and these cells are termed “amoeboid microg-
lia.” Myeloid cell markers are enhanced on “amoeboid microglia.”

Microglia are the only cells that express CX3CR1 in the CNS. CX3CR1-deficient
mice develop severe EAE and increased neuron loss in a transgenic model of ALS
(Cardona et al. 2006). Its ligand CX3CL1 is produced by neurons and down-
regulates microglial neurotoxicity. A lack of CX3CL1 input from neurons rapidly
activates microglia (Ransohoff and Cardona 2010). Furthermore, plasma fibrinogen
extravasated from disrupted BBB also can activate microglia (Ransohoff and
Cardona 2010). Activated microglia produce numerous cytokines/chemokines,
growth factors, reactive oxygen and nitrogen species via oxidative burst, and induc-
ible nitric oxide synthase (iNOS). Activated microglia can express MHC class II
molecules and costimulatory molecules. However, they never traffic to the draining
lymph node, unlike dendritic cells in other tissues.

In the CNS, peripheral blood-borne perivascular and meningeal macrophages
play a major role in antigen presentation to restimulate T cells. Without restimula-
tion by relevant antigens, T cells do not survive in the CNS. The recruitment of
monocytes/macrophages is mediated by CCL2-CCR2 signaling. Hypertrophic
astrocytes in active MS lesions express CCL2 while its receptor, CCR2, is expressed
on monocytes/macrophages (Mahad and Ransohoff 2003). CSF CCL2 levels are
decreased in MS (Mahad et al. 2002), which is presumably because of its consump-
tion by infiltrating cells (Mahad et al. 2002). CCR2-deficient mice develop mild
EAE with neutrophil infiltration (Yamasaki et al. 2012). Thus, macrophages play
major roles in antigen presentation and tissue destruction while microglia induce
tissue damage. However, microglia may also have neuroprotective properties
through phagocytizing tissue debris and producing neurotrophic substances.

2.2.7.2 Hereditary Microgliopathy Showing Widespread Myelin
and Neuroaxonal Loss

Hereditary diffuse leukoencephalopathy with axonal spheroids (HDLS), a rare auto-
somal dominant disease characterized by cerebral white matter degeneration with
axonal spheroids presenting cognitive decline, depression, and motor impairment, is
caused by mutations in the CSFIR gene (Rademakers et al. 2012). As mentioned in
Sect. 2.2.7.1, IL-34 signaling through CSFIR is related to microglial migration into
the CNS during the embryonic period, while CSF1 signaling is associated with
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survival, proliferation, and differentiation of microglia (Wang et al. 2012). We
recently observed that microgliopathy caused by CSFIR mutation in HDLS causes
myelin and axonal loss in the CNS, where CD4+ and CD8+ T cell infiltration occurs
possibly through the actions of cytokines/chemokines produced by reactive microg-
lia (Saitoh et al. 2013). In addition, a primary microglial disease known as Nasu—
Hakola disease (NHD) is characterized by white matter degeneration and bone
cysts. The recessive loss of function mutations in the gene encoding triggering
receptor expressed on myeloid cells 2 (TREM?2) and transmembrane adaptor signal-
ing protein DAP12 that transduces TREM2 signals in NHD causes a lack of microg-
lia and osteoclasts (Paloneva et al. 2000, 2002; Kondo et al. 2002). The
TREM2-DAP12 protein complex is crucial for proliferation and survival of mono-
nuclear phagocytes and is related to CSF1R signaling (Otero et al. 2009). That
genetic mutation of indispensable molecules in microglial development and func-
tion causes diffuse myelin and axon degeneration underscores the critical roles of
microglia in the maintenance of myelin and neurons. Thus, in HDLS and NHD, it
has been suggested that microglial maintenance of myelin turnover is disrupted.
Therefore, the disruption of normal microglial maintenance functions may exacer-
bate neurodegenerative process in neuroglial inflammation.

2.2.8 Roles of Astrocytes in Demyelinating Disease

Astrocytes normally have neuroprotective functions while in inflammatory circum-
stances they become neurotoxic. Such biphasic behavior of astrocytes makes neuro-
glial inflammation more complex.

2.2.8.1 Neuroprotective Aspects

Astroglia extend numerous processes, forming highly organized domains with little
overlap between adjacent cells. Astroglia appose each other and interconnect via
Cx43 gap junction channels to form functional networks. Highly ramified proto-
plasmic astrocytes in the gray matter ensheath synapses, forming tripartite synapses,
while fibrous astrocytes in the white matter cover the nodes of Ranvier (Miller and
Raff 1984). Astrocyte endfeet also have close contact with parenchymal basement
membrane around vessels and contribute to maintenance of the BBB through the
induction of tight junctions between endothelial cells (Janzer and Raff 1987).
Astroglia also produce components of extracellular matrix, such as collagens, lami-
nins, fibronectins, hyaluronan, chondroitin sulfate, and heparin sulfate (Zimmermann
and Dours-Zimmermann 2008; van der Laan et al. 1997; van Horssen et al. 2007),
which constitute the basal lamina around vessels. Astroglia constitutively express
the membrane bound death ligand, CD95L, and can induce CD95L-mediated apop-
tosis of infiltrating T cells (Bechmann et al. 1999, 2002). Astroglia also secrete
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tissue inhibitor of metalloproteinase (TIM), thereby limiting disruption of basement
membrane and extracellular matrix by MMPs secreted by infiltrating T cells
(Miljkovi¢ et al. 2011). Ablation of proliferating astroglia exacerbates EAE and is
associated with the massive infiltration of macrophages and T cells (Voskuhl et al.
2009), suggesting critical roles of astroglia in preventing the expansion of inflam-
mation. We demonstrated that CSF levels of angiotensin and angiotensin-converting
enzymes produced and secreted from astrocyte endfeet were significantly decreased
in NMO (Matsushita et al. 2010) and MS (Kawajiri et al. 2008, 2009) patients, sug-
gesting that injury of astrocyte endfeet and dampening of astrocytic barrier func-
tions may occur in both MS and NMO.

Astroglia also produce a variety of growth factors that promote oligodendrocytes
to form myelin (Moore et al. 2011) by influencing oligodendroglial progenitor cells
(OPCs) (Gallo and Armstrong 2008). IL-6 and transforming growth factor (TGF)-f
produced by activated astrocytes may promote neuroprotection (Allaman et al.
2011). A recent study showed that ablation of astroglia in glial fibrillary acidic pro-
tein (GFAP)-thymidine kinase transgenic mice with ganciclovir caused a failure of
damaged myelin removal through decreased microglial activation during cuprizone-
induced demyelination (Skripuletz et al. 2013). Thus, astroglia can deliver signals to
microglia to clear myelin debris, thereby contributing to the regenerative process.

2.2.8.2 Neurotoxic Aspects

Activated astroglia morphologically demonstrate hypertrophy and increase expres-
sion of GFAP. Activated astroglia produce cytokines/chemoattractants as well as
adhesion molecules for lymphocyte trafficking. For example, astroglia produce
various proinflammatory cytokines, such as IL-1, IL-6, IL-12, IL-15, IL-23, IL-27,
IL-33, CCL2 (MCP-1), CCLS5 (RANTES), CXCLS8 (IL-8), CXCL10 (IP-10), and
CXCL12 (SDF-1). IL-12, IL-23, and IL.-27 are essential for inducing Th1 and Th17
cells (Xu and Drew 2007; Kroenke et al. 2008; Markovic et al. 2009) while IL-15 is
crucial for the activation of encephalitogenic CD8+ T cells (Saikali et al. 2010).
CCL2 is a critical chemokine that attracts peripheral blood macrophages into the
CNS (Yamasaki et al. 2012). Moreover, astroglia can express VCAM-1 and fibro-
nectin CS-1, which are up-regulated in MS lesions (van Horssen et al. 2005;
Engelhardt 2010). o4p1 integrin expressed on T cells interacts with its receptors,
VCAM-1 and CS-1, thereby enabling T cells to traffic from the perivascular areas
deep into the CNS parenchyma (Gimenez et al. 2004). Astroglia can express MHC
class II and costimulatory molecules such as B7-1, B7-2, and CD40 (Chastain et al.
1812) dependent on the presence of IFNy, TNF, and IL-18 (Dong and Benveniste
2001). Thus, astroglia may present autoantigens to T cells in the context of MHC
class II molecules. Astroglia also produce iNOS via effects of endoplasmic reticu-
lum stress chaperones (Saha and Pahan 2006), leading to the production of superox-
ide anion and peroxynitrite, which can damage oligodendrocytes harboring low
antioxidant levels (Antony et al. 2004).
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2.2.8.3 Hereditary Astrogliopathy

Alexander disease is caused by mutations in the GFAP gene (Brenner et al. 2001; Li
et al. 2005), and thus is regarded as a primary astrocytic disease. Alexander disease
shows leukodystrophy with macrocephaly. Its characteristic feature is the wide-
spread presence of Rosenthal fibers containing mutant GFAP, heat shock protein 27,
and oB-crystallin that are exclusively found in astrocyte foot processes and cell
bodies (Quinlan et al. 2007). Rosenthal fibers are plentiful, especially in the astro-
cytic foot processes around blood vessels, and in subpial, subependymal, and peri-
ventricular zones (Liem and Messing 2009). Mutant GFAP may act as a toxic
gain-of-function (Liem and Messing 2009). Alexander disease develops frontal
dominant white matter degeneration while postnatal myelination progresses from
the central sulcus to the occipital, frontal, and temporal poles. This suggests that
Alexander disease is not dysmyelinogenic (Sawaishi 2009). Megalencephalic leu-
kodystrophy with subcortical cysts (MLC) is another example of leukodystrophy
caused by mutations in the MCLI gene that encodes a protein exclusively expressed
in astrocytes (Leegwater et al. 2001). MLC1 is normally expressed in astrocyte
endfeet around the blood vessels (Boor et al. 2005). These examples indicate astro-
cytes are important for the maintenance of myelin in the CNS and astrocytic endfoot
dysfunction may induce widespread myelin loss.

2.2.9 Oligodendrocyte Precursor Cells and Remyelination
in MS

Remission results from the resolution of inflammation, redistribution of ion chan-
nels along demyelinated axons, and remyelination. Many studies have demon-
strated that demyelination in the MS brain and spinal cord can be followed by
remyelination to a variable extent (Patrikios et al. 2006; Patani et al. 2007; Prineas
et al. 1993). Remyelination is more prominent in the early stages of disease while
chronic lesions have less or no remyelination. PPMS brains had a lower number of
inflammatory active lesions and more complete remyelination than SPMS brains
(Reynolds et al. 2011). Remyelination requires new oligodendroglia. OPCs express-
ing neuron glia 2, an integral membrane chondroitin sulfate proteoglycan, and
platelet-derived growth factor receptor o, were shown to exist even in chronic MS
lesions (Chang et al. 2000, 2002). Nonetheless, in chronic lesions demyelination
tends to persist. These observations suggest that remyelination failure in MS is not
attributable to the absence of OPCs, but rather the blockade of OPC differentiation
to myelinating oligodendroglia. This blockade is explained by the existence of
extracellular inhibitors or intrinsic intracellular blocking mechanisms. Examples of
extracellular inhibitors include Jagged 1 expressed by astrocytes, which activates
Notch 1 receptors on oligodendroglia to promote expression of HesS (John et al.
2002), a transcriptional inhibitor that blocks differentiation. LINGO-1 expressed on
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astrocytes and macrophages (Satoh et al. 2007; Mi et al. 2005), PSA-NCAM abnor-
mally expressed on demyelinated axons (Charles et al. 2002), and myelin debris
(Kotter et al. 2006) can inhibit the differentiation of OPCs to myelinating oligoden-
droglia. A recent report showed that aggregates of fibronectin produced by astro-
cytes and leaked from damaged BBB inhibited oligodendroglial differentiation and
remyelination (Stoffels et al. 2013). Increased expression of fibronectin in active
MS lesions (Stoffels et al. 2013) may also inhibit remyelination. Furthermore,
OPCs expressing Notchl were stimulated by contactin expressed by demyelinated
axons in chronic MS lesions while over-expression of TAT-interacting protein
30 kDa, a direct inhibitor of importin B, in OPCs blocked the translocation of
Notchl-intracellular domains produced by cleavage of Notchl receptor engage-
ment (Nakahara et al. 2009). Thus, signals required for myelinogenesis are not
operative in chronic MS lesions.

2.2.10 Connexins

Connexins (Cxs) form homotypic or heterotypic gap junctions between astrocytes,
or between astrocytes and oligodendrocytes. Gap junctions appose two cells and
form channels for direct intercellular communication through which intracellular
second messengers such as calcium ions and other small molecules are exchanged.
Astrocytic Cx43 and Cx30, oligodendrocytic Cx32 and Cx47, and astrocytic Cx43
and oligodendrocytic Cx32 double-knockout mice showed diffuse demyelination
(Lutz et al. 2009; Magnotti et al. 2011; Menichella et al. 2003). Notably, Ezan et al.
(2012) demonstrated that mice lacking Cx43/Cx30 in GFAP-positive astrocytes dis-
played astrocyte endfeet edema and a partial loss of AQP4. Thus, astrocytic and
oligodendrocytic Cxs may play critical roles in maintaining CNS myelin.

Recently, we showed the extensive loss of Cxs43, 32, and 47 in demyelinated
and myelin-preserved layers of acute lesions from patients with Bald’s concentric
sclerosis, a rare extremely severe variant of MS (Masaki et al. 2012). In the leading
edge areas, where the expression of MAG was partly diminished with other myelin
proteins well preserved, compatible with distal oligodendrogliopathy, astrocytic
Cx43 was totally lost. Similar changes were also observed in MS and NMO cases
culminating in death within 2 years after the disease onset (Masaki et al. 2013).
It was reported that a significant reduction of Cx32 and Cx47 occurs in active
lesions of MOG-induced EAE (Markoullis et al. 2012). In MOG- and myelin basic
protein (MBP)-induced EAE (Brand-Schieber et al. 2005), astrocytic Cx43 was
also diminished in active lesions, suggesting that myelin antigen-specific T cells
may down-modulate Cx expression in oligodendrocytes and astrocytes. In the
healthy state, Cx43 on astrocytes apposes Cx47 on oligodendrocytes, forming
astrocyte—oligodendrocyte (A/O) gap junctions. A/O gap junctions are important
for intercellular communication through this channel. Disruption of A/O gap junc-
tions may cause the loss of glia syncytium, thereby inducing oligodendroglial dam-
age and myelin loss (Fig. 2.2).
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Fig. 2.2 Loss of astrocytic Cx43 and disruption of astroglia—oligodendroglia gap junction chan-
nels in the leading edge areas of Bald’s disease lesions. (a) In the normal state, astrocyte—oligoden-
drocyte gap junction channels are formed by Cx43 and Cx43. (b) In the outer portion of the leading
edge areas (dagger), astrocytic Cx43 is preferentially lost and therefore oligodendrocytic Cx47
forms a oligodendroglia

2.3 Neuroglial Inflammation in ALS

ALS is a progressive, fatal neurodegenerative disease where the loss of motor neu-
rons in the spinal cord, brainstem, and motor cortex causes progressive motor paral-
ysis. ALS usually develops sporadically; however, around 10 % of cases have a
family history. A variety of susceptibility genes for familial ALS have been identi-
fied including mutations in Cu?*Zn?** superoxide dismutase (SODI) gene (20 % of
cases). Mutations in TADRBP, FUS, ANG, VCP, OPTN, and C9ORF72 genes are
less frequent (Ince et al. 2011; Philips and Robberecht 2011). Although glutamate
excitotoxicity, oxidative stress, neuroinflammation, and neurotrophic factor failure
have been proposed to explain the pathogenesis of ALS, the mechanisms underly-
ing ALS remain to be elucidated.

The appearance of reactive microglia and astroglia is a characteristic feature of
ALS and other neurodegenerative diseases, such as Parkinson’s disease and
Alzheimer’s disease. In this section, the review will focus on microglia and astroglia
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that are thought to have key roles in neuroinflammation in neurodegenerative diseases.
However, recent studies have revealed that oligodendroglia have close connections
with neurons and support the metabolism of neuronal cells (Philips et al. 2013).

2.3.1 Non-cell Autonomous Cell Death

Neuroinflammation characterized by activated microglia and infiltrating T cells is
one of the prominent pathological features of ALS (Philips and Robberecht 2011;
Kawamata et al. 1992). Motor neuron-specific expression of mutant SOD1 (mSOD1)
does not result in ALS-like disease (Pramatarova et al. 2001), and wild-type non-
neuronal cells extend the survival of mSOD1-positive motor neurons in a mSODI1
transgenic ALS mouse model (Clement et al. 2003). The selective lowering of
mSOD1 levels in microglia or astroglia slows disease progression, while reducing
mSODI1 levels in neurons delays disease onset (Boillée et al. 2006; Yamanaka et al.
2008). These results suggest that mSOD1 in motor neurons determines disease
onset while its expression in microglia and astroglia determines disease progres-
sion. Thus, motor neurons do not die by intrinsic mechanisms and motor neuron
death is now regarded as non-cell autonomous cell death.

2.3.2 Alterations of Cytokines/Chemokines and Growth
Factors Influencing Neuroinflammation
and Neurodegeneration in ALS

We and others have demonstrated that proinflammatory cytokines/chemokines,
such as CCL2 (MCP1), CCL4 (MIP1f), CXCL8 (IL-8), CXCL10 (IP10), IL-1,
IL-7, IL-9, IL-12 (p70), IL-17, IFNy, and TNFa, were elevated in CSF from ALS
patients (Tanaka et al. 2006; Mitchell et al. 2009; Tateishi et al. 2010). These proin-
flammatory cytokines were also elevated in spinal cord tissues (Weydt et al. 2004;
Meissner et al. 2010). Interestingly, CCL2 and CXCLS levels in CSF showed a
significant positive correlation with disease severity while those of CCL4 and
CXCLI10 had a negative correlation with disease severity (Tateishi et al. 2010).
Thus, the relationship of proinflammatory cytokines/chemokines with disease
severity is not uniform, suggesting that CCL2 and CXCL8 may be neurotoxic while
CCL4 and CXCL10 may be neuroprotective.

We also found increased granulocyte colony stimulating factor (G-CSF) levels in
the CSF of ALS cases (Tanaka et al. 2006). G-CSF was expressed in reactive astro-
glia from ALS cases but not controls, while G-CSF receptor expression was signifi-
cantly decreased in motor neurons in ALS cases (Tanaka et al. 2006). Thus, the
neuroprotective effects of G-CSF secreted by astroglia do not occur because of the
down-modulation of G-CSF receptors in motor neurons (Tanaka et al. 2006).
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2.3.3 Microgliain ALS

Activated microglia produce a variety of proinflammatory cytokines/chemokines
and oxidative molecules, such as NO and O,. In contrast, they can also secrete neu-
rotrophic factors and anti-inflammatory cytokines. Microglia producing proinflam-
matory cytokines are termed M1 microglia and exert deleterious effects and those
that secrete anti-inflammatory cytokines are termed M2 microglia and exhibit neu-
roprotective activity. However, the clear-cut separation of M1 and M2 microglia
may be difficult and the surrounding environment may modify the dual features of
microglia. Another issue of note is that the classification of activated microglia
residing in the CNS and infiltrating macrophages from the peripheral blood is often
difficult when staining for cell-surface markers, and therefore immunohistochemi-
cal results should be interpreted cautiously.

Microglial activation is observed in the anterior horns, along the corticospinal
tract, and in the motor cortex of postmortem ALS samples (Kawamata et al. 1992).
However, some studies have reported a more widespread infiltration of activated
microglia (Hayashi et al. 2001). Intriguingly, [11C]-PK11195 PET imaging observed
the in vivo activation of microglia in motor cortices, dorsolateral prefrontal cortices,
and thalami from ALS patients (Turner et al. 2004). In a G93A mSOD1 transgenic
ALS mouse model, microglial activation occurred well before motor neuron loss
and was present even at preclinical stages (Yamasaki et al. 2010; Kawamura et al.
2012; Nagara et al. 2013). In the sciatic nerves, macrophage infiltration occurs early,
probably reflecting that the mSOD1 ALS model has characteristics of distal axo-
nopathy (Fischer et al. 2004). Microglial activation is frequently associated with
CD4+ and CD8+ T cell infiltration in ALS (Engelhardt et al. 1993), suggesting
interactions between these two cell types. Activated microglia in the spinal cord
from ALS patients up-regulate dendritic cell markers, such as CD11c and CD86
(Henkel et al. 2004). Similar up-regulation of antigen-presenting markers is also
seen in the late stage of the mSODI transgenic ALS mouse model (Henkel et al.
2005). Therefore, microglia may present antigens to T cells (Henkel et al. 2004),
similar to dendritic cells, during the late stages of ALS, while T cells may potentiate
neuroinflammation (Chiu et al. 2008) or act neuroprotectively (Yamasaki et al. 2010;
Beers et al. 2008). Although activated microglia may be toxic in the progressive
stages, in mSOD1 ALS mice, motor neuron loss was not altered by ablation of pro-
liferating microglia (Gowing et al. 2006). However, the same procedure worsened
animal models of Alzheimer’s disease (Simard et al. 2006), suggesting the roles of
activated microglia are not similar among various neurodegenerative disorders.

In mSOD1-Tg mice, microglial proliferation and T cell infiltration occurred rela-
tively early in the spinal cord (Alexianu et al. 2001), but not in the brainstem
(Yamasaki et al. 2010). Furthermore, relatively preserved motor neurons were
observed even in the disease progression stage (Chiu et al. 1995). Thus, we studied
the actions of microglia following acute and chronic motor neuronal insults in
mSOD1 ALS mice (Yamasaki et al. 2010; Kawamura et al. 2012) by unilateral
hypoglossal nerve axotomy at young (8 weeks) and adult (17 weeks) ages. On day
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21 following hypoglossal axotomy, the numbers of surviving neurons were mark-
edly reduced in mSOD1 mice than non-transgenic littermates at 17 weeks of age but
the same difference was not seen at 8 weeks, suggesting increased vulnerability of
hypoglossal motor neurons to neuronal injury in adult mice (Yamasaki et al. 2010).
On day 3 after axotomy, the number of microglia expressing glial cell-derived neu-
rotrophic factor (GDNF) and insulin-like growth factor (IGF-1) that surrounded
axotomized hypoglossal neurons was significantly lower in mSOD1-Tg mice than
in non-transgenic mice at 17 weeks but not at 8 weeks, despite the good preserva-
tion of hypoglossal neurons. Infiltration of CD3+ T cells, mostly expressing CD4,
occurred on day 7 (Kawamura et al. 2012). The migratory ability of cultured
microglia from mSOD1 mice to MCP-1 was decreased compared with those from
non-transgenic littermates (Yamasaki et al. 2010). G-CSF significantly restored the
impaired migratory ability of mSOD1 microglia in vitro, while in vivo it increased
the number of microglia surrounding axotomized neurons and improved neuronal
survival following axotomy in mSOD1 ALS mice. Moreover, chronic administra-
tion of G-CSF significantly increased the numbers of GDNF-positive microglia sur-
rounding spinal motor neurons in the anterior horns and increased the life span of
mSOD1 ALS mice (Yamasaki et al. 2010). These findings suggest that microglia act
protectively through the production of growth factors, and that decreased microglial
protective ability of mSOD1 mice can be restored by appropriate growth factors,
such as G-CSF. It is interesting to note that CNS microglia and peripheral blood
monocytes/macrophages show decreased chemotactic activity in mSOD1 mice
(Yamasaki et al. 2010). Decreased mobilization of microglia into the damaged CNS
and macrophages into the peripheral nerves may explain the acceleration of motor
neuron death, because these myeloid cells produce neuroprotective factors.

2.3.4 Astrogliain ALS

Astroglia usually have a neuroprotective function but can become neuroinflamma-
tory upon interactions with their surrounding microenvironment. Reactive astroglia,
characterized by increased expression of GFAP, exist in the anterior and posterior
horns in the spinal cord from ALS patients and are present in the gray and subcorti-
cal white matter, not being limited to the motor cortex (Nagy et al. 1994; Kushner
et al. 1991; Schiffer et al. 1996). Reactive astroglia can overexpress neurotoxic fac-
tors such as iNOS, which in turn produces reactive oxygen and nitrogen species
(Sasaki et al. 2001).

Astroglia produce a variety of neurotrophic factors, such as GDNF, brain-derived
neurotropic factor (BDNF), and IGF-1. Astroglia also produce VEGF that induces
vascular proliferation and enhances neuronal survival (Jin et al. 2002; Tolosa et al.
2008). However, VEGF receptor 1 and 2 are decreased during disease progression,
and, therefore, the over-expression of VEGF is unable to exert its protective effects in
human ALS (Nagara et al. 2013). Astroglial expression of glutamate transporter
EAAT?2 and GLT1 is decreased in ALS patients and the mSOD1 ALS mice, respec-
tively (Rothstein et al. 1992, 1995; Howland et al. 2002). Neurons can increase
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astroglial glutamate transporter expression through the induction of kappa B-motif
binding phosphoprotein factor to the GLT1 promoter (Yang et al. 2009), thereby rein-
forcing the clearance of glutamate. Decreased neuronal regulation may in turn accel-
erate excitotoxic neuronal death by overstimulation of AMPA and NMDA receptors.

2.3.5 TCellsin ALS

T cells are rarely seen in the normal CNS, which is an immunologically privileged
site, while infiltrating T cells were observed in postmortem tissues of ALS patients
(Engelhardt et al. 1993). Depletion of T cells in mSOD1 mice crossbred with
RAG2-/- or CD4-/-— mice resulted in accelerated motor neuron degeneration
(Beers et al. 2008) where CD11b+ microglia were markedly reduced. In ALS mod-
els, depletion of T cells induces CNS neurotoxic substances, such as TNFa, and
reduces neuroprotective factors, such as IGF-1, GDNF, and BDNF (Chiu et al.
2008; Beers et al. 2008). The adoptive transfer of regulatory or effector T cells from
wild-type mice to mSOD1 Tg mice delayed disease progression (Banerjee et al.
2008) and the passive transfer of CD4+ CD25+ FoxP3+ regulatory T cells into
mSOD1 mice ameliorated ALS (Beers et al. 2011). IL-4 produced by regulatory T
cells suppressed the toxic properties of microglia (Beers et al. 2011). T cells from
ALS CNS tissues may be neuroprotective; however, their protective function
appears to be insufficient.

2.3.6 Experimental Therapy in ALS

The presence of glial inflammation in ALS encouraged the use of anti-inflammatory
and immunomodulatory drugs, and several case reports have described beneficial
effects of anti-inflammatory therapies, even in familial ALS cases (Saiga et al.
2012). This suggested that some inflammatory components are involved in human
ALS pathogenesis. However, clinical trials investigating these drugs demonstrated
no efficacy. Trials of nonspecific immunosuppression with cyclophosphamide or
cyclosporin, whole body irradiation, or bone-marrow stem cell transplantation have
all been unsuccessful (Appel et al. 2008). Expression of cyclooxygenase 2 (COX2),
which is critical in producing proinflammatory prostaglandins, is increased in ALS
patients and mSOD1 mice (Almer et al. 2001). However, although the COX2 inhibi-
tor celecoxib is effective at delaying the disease course in ALS model mice, it has
no effect in human ALS (Drachman et al. 2002; Pompl et al. 2003). Minocycline
down-modulated microglial activation and improved the survival rate of mSODI1
ALS mice (Zhu et al. 2002), but it was not effective in humans with ALS (Scott
et al. 2008). To date, no single anti-inflammatory drug has been successful in human
ALS even though some are effective in animal models. Not all inflammatory
components are toxic and some might act protectively. This may explain in part
why general anti-inflammatory procedures are not beneficial in human ALS.
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Either TNFa (Gowing et al. 2008) or IL-1/ gene knockout (Nguyen et al. 2001) did
not ameliorate disease in mSOD1 ALS mice. Thus, it is unlikely that a single cyto-
kine is responsible for the exacerbation of motor neuron degeneration in ALS, but
rather the combined effects of such proinflammatory cytokines may accelerate
motor neuron death.

Although the administration of neurotrophic factors, such as GDNF, BDNF,
IGF-1, and VEGEF, increased the survival of mSOD1 Tg mice (Kaspar et al. 2003;
Azzouz et al. 2004; Storkebaum et al. 2005), these factors could not sufficiently
delay clinical progression in human ALS patients. This may be explained by the
differences in bioavailability and dosage between mice and humans. In our study,
mSOD1-harboring microglia increased GDNF expression upon stimulation with
G-CSF while concurrently such GDNF-positive microglia also expressed iNOS, a
potential neurotoxic factor (Yamasaki et al. 2010; Kawamura et al. 2012). These
findings support the idea that M1 and M2 microglia are not clearly separable and
that microglia may simultaneously produce both protective and toxic substances.
Thus, the nonselective targeting of microglia may not be successful in future clini-
cal trials for neurodegenerative diseases.

2.4 Conclusion and Future Perspectives

Neuroglial inflammation has dual actions; protective and toxic. Neuroglial inflam-
matory reactions are distinct between neuroimmunological and neurodegenerative
diseases and even among neurodegenerative disorders. Detailed analyses of glial
activation states may increase our understanding and influence how we can decipher
and control glial dual actions, thereby enabling new drug development targeting glia
in humans.
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