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Neuroinflammation: Implications in Several Disorders
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Neuroinflammation is defined as a pathologic condition in which cells peculiar to the nervous system exert
critical effects. Emerging evidence implicates for neuroinflammation in neurodegenerative disease, neuralgia, mi-
graine, stroke, and inflammatory bowel disease (IBD). In neurodegenerative disease, accumulation of the disease-
specific proteins stimulates the lesional neurons and glia to express proinflammatory gene products such as cy-
tokines and enzymes and release proinflammatory mediators and glutamate, leading to neuronal death. In neu-
ralgia, inflammatory response in central pain synapses, involving microglia and astrocytes, contributes to the
maintenance and amplification of pain. Based on the trigeminovascular theory of migraine, a crosstalk mediated
by neurotransmitters and proinflammatory mediators between the ganglion cells and satellite cells in trigeminal
ganglion induces headache attack. In cerebral ischemic stroke, modulation of neuroglial inflammatory activities
in the penumbra may provide a key clue to minimize the infarct volume. In IBD, interactions among the lesional
nerve terminals, enterocromaffin cells and immune cells trigger secondary inflammation, leading to clinical symp-
toms such as spastic abdominal pain, explosive vomiting and diarrhea, and fecal urgency. Thus, a better under-
standing of neuroinflammation can be expected to contribute to the establishment of novel therapeutic strategies
against a spectrum of related disorders.
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T MR & neuroinflammation
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FOERANREEREL, Yy r/ME, AR = 2 —
o, MEEEMRAESLEEY (NFT), 7 A bt A
MNMETT =2, TAIOYA NESY TV REDRE
HEW) % K3 % (Fig. 1b).  HARHEE R O Re 2 57
W7V 77 ()= 27 LAY (aS) LEENAEH
DNERT HEBEL, a-V X7 LA /8 F — LB
BN, = F Y VRS RMEME L OREN
EEBETHAL., N—F UV yETiE, FIChHBEED
Zoa— U R PR E R AR 2RI, oS DERER
TH5 L ¥—/ME(Fig. 1c) BT 5. £ RMEME
JETI, FICEEO= a—u VZEBEMEE R S
/NP RIBEG O 4+ ) I 7 v Fa 7)) 7R
FHARAELZ, oS DEED H 5 72 5B AMK (Fig. 1d) A%
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M ALS(& ALS BHE D 90% L E% 5 %) T,
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BoENY A5 F v CHBED T = /MK (Fig. 1) 12
MAT, KRB AR AN FHRFAKLZ ED
TDP-43 BalE AMESHIR$ % (Fig.1g). 72, &
BE # E S IRFME ALS % TDP-43 B 5% Aij 58 2 I 58
BEZEMESAE (FTLD-TDP-43) T, 15 phtk m kil
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FE R [INADPH M{LBEsR (NOX), hisHg Rl —mk
ILEFREREE (nNOS), Mg kA K1) /8—+F
AL (cPLAL) IANEMALT 5. KEEFRIC L D BREES
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Fig. 1 Pathognomonic hallmarks of neurodegenerative diseases

(a) Amyloid-beta (AP) protein aggregates in the core (arrow) and the surrounding zone of
a senile plaque in the neuropil of the hippocampal subiculum in a patient with Alzheimer’s
disease. (b) Tau protein aggregates in a neurofibrillary tangle in a neuron of the reticular
formation in the pontine tegmentum in a patient with progressive supranuclear palsy.
(c) Alpha-synuclein (0S) aggregates in Lewy bodies in the soma (arrows) and neurites
(arrowheads) of pigmented neurons in the dorsal nucleus of the vagal nerve in a patient
with Parkinson's disease. (d) oS aggregates in neuronal (arrowheads) and oligodendroglial
(arrowheads) cytoplasmic inclusions in the pontine base in a patient with multiple
system atrophy. (e) Superoxide dismutase-1 (SOD1) aggregates in Lewy body-like hyaline
inclusions (arrowheads) in a lower motor neuron of the spinal cord anterior horn in a
patient with familial amyotrophic lateral sclerosis (ALS) with a SOD1 mutation. (f) Cystatin
C aggregates in Bunina bodies (arrowheads) in a lower motor neuron of the hypoglossal
nerve nucleus in a sporadic ALS patient. (g) Aggregates composed of transactive response
DNA-binding protein 43 kDa (TDP-43) in skein-like (arrowheads) and round hyaline (arrow)
inclusions in a lower motor neuron of the spinal cord anterior horn in a sporadic ALS
patient. (h) TDP-43 aggregates in cytoplasmic inclusions (arrowheads) in granular cells in
the hippocampal dentate gyrus in a patient with sporadic ALS with dementia. Polymer-
immunocomplex method using 3.3'-diaminobenzidine tetrahydrocholoride and hematoxylin
as the chromogen and the counterstain, respectively. Scale bar =50 um.
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Fig. 2 Immunohistochemical observations in the hippocampal Sommer's sector of a
patient with Alzheimer's disease
(a) Protein-bound 4-hydroxy-2-nonenal (HNE) immunoreactivity in a diffuse senile
plaque. (b) Protein-bound HNE in a neuritic senile plaque. (c) Protein-bound HNE
Immunoreactivity in neurofibrillary tangles. (d) Ubiquitin immunoreactivity in a neuritic
senile plaque and a neurofibrillary tangle. () Cyclooxygenase-2 immunoreactivity in
glial cells. (f) Inducible nitric oxide synthase immunoreactivity in glial cells. Dotted circle
indicates a diffuse senile plaque. Blank and solid arrows indicate dystrophic neuritis of
senile plaques and neurofibrillary tangles, respectively. Blank and filled arrowheads indi
cate activated microglia and reactive astrocytes, respectively. Polymer-immunocomplex
method using 3,3-diaminobenzidine tetrahydrocholoride and hematoxylin as the
chromogen and counterstain, respectively. Scale bar =50 wm.
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TDP43 7u 5 4 //8F —IZB VT, RERINIC
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7 2 badr A b s cEE b 2 uzy 7
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Fig. 3 Schematic diagram of neuroinflammation in
Alzheimer’s disease
In the cerebral cortex, amyloid-beta (AB), produced
and released from the neurons aggregates in the
neuropil. Oligomers and protofibrils of AP generate
reactive oxygen species (ROS), and they bind to
a Toll-like receptor (TLR). AB is also posttransla-
tionally modified by glycoxidation, resulting in
the formation of advanced glycation end product
(AGE); AGE-modified AP (AB-AGE) then binds to
the receptor for AGE (RAGE) on adjacent microglia.
Consequently, AB stimulates the neurons, microglia
and astrocytes, leading to interactions between
these lesional cells via oxidative stress, inflammatory
response, and glutamate neurotoxicity, resulting in
increased intracellular Ca?* levels and activation
of proinflammatory cell signaling. These processes
may induce neuronal death in the lesions.
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Fig. 4 Schematic diagram of neuroinflammation in
Parkinson’s disease
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In the brain stem tegmentum, alpha-synuclein (¢.S)
aggregates in neurons, and is also released into the
neuropil. Oligomers and protofibrils of oS generate
reactive oxygen species (ROS), and stimulate the
neurons, microglia and astrocytes, leading to inte-
ractions between these lesional cells via oxidative
stress, inflammatory response, and glutamate neu-
rotoxicity, which result in increased intracellular
Ca?* levels and activation of proinflammatory cell
signaling. These processes may result in neuronal
death in the lesions.
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Fig. 5 Schematic diagram of neuroinflammation
in familial amyotrophic lateral sclerosis with
superoxide dismutase-1 (SOD1) mutation
Mutant SOD1 (mSODI), produced in the spinal
cord anterior horns and brain stem motor nucleij,
aggregates in the motor neurons and astrocytes,
and also released in the neuropil. Oligomers and
protofibrils of mSODI1 generate reactive oxygen
species (ROS), which stimulate the neurons,
microglia and astrocytes, leading to interactions
between these lesional cells via oxidative stress,
inflammatory response, and glutamate neurotoxicity,
which result in increased intracellular Ca2* levels
and consequent activation of proinflammatory
cell signaling. These processes may give rise to
neuronal death in the lesions.
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Fig. 6 Schematic diagram of neuroinflammation in
sporadic amyotrophic lateral sclerosis
Transactive response DNA-binding protein 43
kDa (TDP-43), produced in the spinal cord anterior
horns and brain stem motor nuclei, aggregates
in the motor neurons. To date, there is no direct
evidence to suggest that TDP-43 might cause motor
neuron death. On the other hand, underediting of
the glutamate receptor subunit GluR2, exclusively
occurring in the motor neurons vulnerable to this
disease, is closely relevant to motor neuron death in
this disease: interactions between the lesional cells
via oxidative stress, inflammatory response, and
glutamate neurotoxicity, in association with inc-
reased intracellular Ca2+ levels, cause activation
of proinflammatory cell signaling. These processes
may induce neuronal death in the lesions.
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Fig. 7 Schematic diagram of neuroinflammation in
neuralgia
When activated by repeated painful stimuli,
neurons and glia, participating in synapses of the
central nervous system, interact via the mediation
of several neurotransmitters and inflammatory
mediators released from these cells. These processes
are associated with increased intracellular Ca2+*
levels and consequent activation of proinflammatory
cell signaling, which contributes to the maintenance
and amplification of neuralgic pain.
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Fig. 8 Schematic diagram of neuroinflammation in
migraine
In the trigeminal ganglion, there is a crosstalk
between ganglion cells and satellite cells mediated
by several neurotransmitters and inflammatory me-
diators, released from these cells. These processes
are associated with increased intracellular Ca?+*
levels and resultant activation of inflammatory cell
signaling, which contributes to the maintenance and
amplification of pain during migraine attacks.
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D XA, FERIEVERO = MR BV T,
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PRI D FH (G TR B B 2 T 5.
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EEZERT A& (ma—ay, 7Y 7, M
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Eha. IhsoWEE, HMBEOERBERKSTH
LEEE, BEB LOEAE DT LAV TEBRILIICE
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BRlZZ vy 3 VEER T % (Fig. 9). Thhbon o)
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TAEEE, T XS T VY r 2R B
(ARB) ORi# 5725, T v MNEEEE T IVOFERED
Ma/hNERF T FICBIT S cPLA,O TG 2 5
IEE LIS A2 b -5 2 & 2 RE LY. F7,
cPLA; / v 777 b= AREES T A& EL
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Fig. 9 Schematic diagram of neuroinflammation in
ischemic stroke
In the infarcted brain parenchyma, a crosstalk
occurs between the neurons and glia via oxidative
stress, inflammatory responses and glutamate
neurotoxicity, which result in increased intracellular
Ca2+ levels and activation of proinflammatory cell
signaling. These processes may lead to neuronal
death.
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Fig. 10 Schematic diagram of neuroinflammation in
inflammatory bowel disease
In the affected intestinal wall, ganglion cells, capil-
lary vessels, enterochromaffin cells, macrophages
and smooth muscle cells interact through several
neurotransmitters and inflammatory mediators,
released from these cells. These processes are
associated with increased intracellular Ca2+* levels,
with resultant activation of proinflammatory cell
signaling and occurrence of bowel symptoms.

RIEMIHHRE & neuroinflammation
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Abbreviations:

AA, arachidonic acid; AB, amyloid-beta peptide; ACh,
acetylcholine; AGE, advanced glycation end product;
ALS, amyotrophic lateral sclerosis; AMPAR, a-amino-3-
hydroxy-5-methylisoxasole-4-propionate receptor; AP-1,
activator protein-1; APP, amyloid precursor protein; oS,
alpha-synuclein; ATP, adenosine triphosphate; BDNF,
brain-derived neurotrophic factor; Ca’", calcium ion;
CGRP, calcitonin gene-related peptide; ¢cGMP, cyclic
guanosine monophosphate; COX-2, cyclooxygenase-2;
cPLA, cytosolic phospholipase A,; CRs, cytokine or
chemokine receptor; ER, endoplasmic reticulum; FasL,

Fas ligand; Glu, glutamate; HNE, 4-hydroxy-2-nonenal;
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IBD, inflammatory bowel disease; IL-1f, interleukin-
Ibeta ; IL-1 R, interleukin-1 beta receptor ; IL-6,
interleukin-6; IL-6R, interleukin-6 receptor; iNOS, induc-
ible nitric oxide synthase; MAPK, mitogen-activated
protein kinase; M-CSF, macrophage-colony-stimulating
factor; Mi, mitochondria; MCP-1, monocyte chemoat-
tractant protein-1; MIP-I o, macrophage inflammatory
protein-lalpha; MMP, matrix metalloproteinase; mSOD
1, mutant superoxide dismutase-1; NF-xB, nuclear
factor-kappaB; NMDAR, N-methyl-D-aspartate recep-
tor; nNOS, neuronal nitric oxide synthase; NO, nitric ox-
ide; NOX, NADPH oxidase; NT, neurotransmitter; Nu,
nucleus ; PCD, programmed cell death; PGE,
prostaglandin E,; PL, phospholipid; RAGE, receptor for
advanced glycation end product; ROS, reactive oxygen
species; SOD1, superoxide dismutase-1; SP, substance P;
TDP-43, transactive response DNA-binding protein 43
kDa; TF, Transcription factor; TLR, Toll-like receptor;
TNF e, tumor necrosis factor-alpha; TNFR, tumor necro-
sis factor receptor; XO, xanthine oxidase
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