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Abstract Inflammatory regulators, including endogenous
anti-inflammatory systems, can down-regulate inflamma-
tion thus providing negative feedback. Chronic inflamma-
tion can result from imbalance between levels of
inflammatory mediators and regulators during immune
responses. As a consequence, there are heightened inflam-
matory responses and irreversible tissue damage associated
with many age-related chronic diseases. Alzheimer’s
disease (AD) brain is marked by prominent inflammatory
features, in which microglial activation is the driving force
for the elaboration of an inflammatory cascade. How the
regulation of inflammation loses its effectiveness during
AD pathogenesis remains largely unclear. In this article, we
will first review current knowledge of microglial activation
and its association with AD pathology. We then discuss
four examples of anti-inflammatory systems that could play
a role in regulating microglial activation: CD200/CD200
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receptor, vitamin D receptor, peroxisome proliferator-
activated receptors, and soluble receptor for advanced
glycation end products. Through this, we hope to illustrate
the diverse aspects of inflammatory regulatory systems in
brain and neurodegenerative diseases such as AD. We also
propose the importance of neuronal defense systems, because
they are part of the integral inflammatory and anti-
inflammatory systems. Augmenting the anti-inflammatory
defenses of neurons can be included in the strategy for
restoration of balanced immune responses during aging and
neurodegenerative diseases.
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Introduction

Since the discovery of neuroinflammation as a consistent
feature of pathology in Alzheimer’s disease (AD) brains,
many biochemical factors have been identified in AD
brains that can exacerbate these activated microglia-
mediated responses. These factors have been detected at
elevated levels in AD brains and include activated
complement proteins, cytokines, chemokines, free radicals,
proteases, and arachidonic acid and its metabolites (reviews
in [1-4]). In experimental systems using cultured microglia
from human or animal sources, amyloid (3 peptide (Af),
the major constituent of amyloid plaques, induced micro-
glia to produce increased amounts of many of these factors;
these data support the hypothesis that A3 possesses
significant activating effects on microglia [5—12].
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Recent research has shown that chronic inflammation
can result from an imbalance between the levels of
inflammatory mediators and the levels of inflammatory
regulators during immune responses. Inflammatory regu-
lators include endogenous anti-inflammatory systems that
can down-regulate inflammation, thus providing negative
feedback. Under normal conditions, such systems regulate
inflammatory responses so as to prevent uncontrolled
inflammatory damage [13]. However, these can become
deficient with aging and further defective under sustained
inflammatory stimulation [14—16]. Restoration or enhance-
ment of these systems may have potential to be therapeutic
targets for disease modification.

Although a wide array of molecules has been identified
to have inflammation regulatory functions, identification of
molecules/systems contributing to such a deficiency in AD
is still the subject of ongoing research. In this article, we
will review current evidence for microglial activation in AD
and provide four examples of anti-inflammatory systems
that could be regulating this microglial activation, in order
to illustrate the diverse aspects of inflammatory regulatory
systems in brain and neurodegenerative diseases.

Microglial Activation

Microglia, as resident immune effectors cells of the central
nervous system (CNS), have the principal function of
managing brain homeostasis (housekeeping). They provide
cellular surveillance using highly mobile filopodia-like
processes as sensors and are usually described as “ramified”
or “quiescent” microglia. The processes of quiescent
microglia can contact adjacent neurons at a frequency of
once every hour; this was shown by in vivo two-photon
imaging of fluorescent-labeled neurons and microglia [17].

Microglia are the first responders against infectious,
inflammatory, and pathophysiological stimuli. They react to
these conditions by changing motility, shape of processes
and cell bodies, phagocytic functions, releases of cytokines,
chemokines, reactive oxygen species and prostaglandin
metabolites, and expression of innate and adaptive immune-
function molecules [13, 18-20]. These molecules include
toll-like receptors (TLR), major histocompatability complex
(MHC) II molecules, immunoglobulin Fc gamma receptors
(FcyR), and complement receptors [21-24]. In response to
stimuli, microglia can transform from a quiescent state to
different activation states.

The magnitude of microglial activation depends on
extrinsic and intrinsic conditions: for example, the type of
insult, potency of the stimulus, distance from the stimulus,
immediate microenvironment, and the “primed” (sensitized)
state of microglia that have been exposed to prior and
existing stimuli. Normally, primed microglia revert to a
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surveillance state when homeostasis is restored following
removal of activation stimulant and cellular debris. How-
ever, sustained “priming” can occur when low levels of
stimulation persist in the microenvironment; these can
include factors associated with aging or chronic processes
of disease. In fact, age-related priming of immune cell
types, including CNS microglia, plays a role in the
development of age-related inflammatory diseases [15,
25-28]. It was shown that there was a progressive increase
in expression of MHCII by microglia with increasing age in
rodents and primates [29]. This was associated with
increased levels of certain pro-inflammatory cytokines
[30, 31].

Priming can sensitize microglia to heightened activation
responses when exposed to additional stimuli. In AD, this
could come from progressively increasing amounts of
soluble forms of A3 or other associated neurodegenerative
changes. This was demonstrated from a study of a group of
subjects called high pathology controls, who had not met
clinical and neuropathological criteria of AD. Their brains
contained numerous amyloid plaques, but were low in
neuritic pathology and activated microglia compared to AD
brains. Studies of postmortem brain tissues from AD and
high plaque non-demented control patients revealed that the
severity of inflammation, indicated by numbers of MHCII
positive microglia, inversely correlated with the concentra-
tion of synaptophysin (a synaptic vesicle protein) and
positively correlated with neocortical concentrations of
soluble (oligomeric) AR [32, 33]. Loss of synaptophysin
is considered an index of synaptic and neuronal loss.
Microglia pre-primed by age-related factors could be
further activated (in high pathology controls) by increasing
levels of oligomeric A3 and synaptic loss, which eventu-
ally would become full-blown activation of microglia in
AD brains.

Microglial Phagocytosis Microglia are the major player in
brain innate and adaptive immunity, and phagocytosis is a
central housekeeping function. Microglia can phagocytose
apoptotic cells in the absence of inflammation; this process
is regulated by secretion of anti-inflammatory cytokines
such as transforming growth factor-(3 [34, 35]. An array of
phagocytic receptors for apoptotic cells have been identi-
fied that include phosphatidylserine receptors, scavenger
receptor A and B, CD14, CD36, and triggering receptors
expressed by myeloid cells [35, 36]. As a different process
from phagocytosis of apoptotic cells, microglia can become
activated to a neurotoxic phenotype when activated by
adenosine triphosphate (ATP) released from injured/necrot-
ic neurons. ATP can activate microglia through binding to
purinergic receptors [37, 38]. Microglia phagocytose
injured neurites and myelin debris in a slow process [39].
Activation of microglia increases the ability to phagocytose
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axonal and myelin debris [40, 41]. In the absence of
priming and activation, slow removal of neuritic debris by
microglia can impede the process of neuroregeneration.

How microglia interact with and phagocytose Af
depends largely on the physical and biochemical properties
of the Af3. For example, soluble Af3 is internalized through
macropinocytosis [42], while fibrillar A3 interacts with the
TLR receptors 2 and 4, and their co-receptor CD14; this
results in activation of p38 MAP [43]. A3 opsonized by
antibodies can be phagocytosed by both FcyR-dependent
and independent mechanisms [31, 44, 45]. This process is
enhanced when complement proteins are also bound to
antibodies or A3 which can interact with different micro-
glial complement receptors, including complement Clq
receptor [46, 47].

Pathological conditions may cause sustained activation
of phagocytic pathways that could overburden microglia,
eventually resulting in an impairment of phagocytic
function. It has been suggested that this may cause a
deficiency in the clearance of amyloid by microglia or
macrophages in AD brains [48, 49]. Autoantibodies against
A which can opsonize A3 are present in serum at lower
levels in AD patients than in controls [50]. Most amyloid
plaques in AD brains are decorated with immunoglobulins
(IgG). Moreover, AD patients with prominent [gG-labeled
amyloid plaques are accompanied by increased CD68"
phagocytic microglia and reduced amyloid burden. This
suggests that the binding of IgG to amyloid plaques
enhances microglial ability to restrict amyloid load [51].

The ability of microglia to remove amyloid can be
boosted by passive infusion of antibodies to the peptide or
by active immunization with A3 peptide so that the host
produces specific antibodies. This has been shown in both
amyloid precursor protein (APP) transgenic mouse model,
and in human subjects [52-56]. However, this approach has
resulted in significant autoimmune side effects; harnessing
an already defective immune system in AD patients
continues to be a key safety issue in using this strategy [57].

Microglial Activation in Relation to AD Pathology Devel-
opment of radioligands, [''C](R)PK11195, [*H](R)
PK11195, and [(18)F]fluoroethyl-DAA1106, for peripheral
benzodiazepine receptor(s) has provided a method for
imaging activated microglia in AD animal models and
human subjects with neurological disorders [56, 58—62].
Correlative analysis with the corresponding postmortem
brain regions demonstrated that increased ligand retention
was due to increased numbers of activated microglia [63].
This was observed in 50% of subjects with mild cognitive
impairment (MCI) [60]. Microglia, detected with [*H] (R)
PK11195, did not correlate with amyloid load, detected
with the amyloid imaging Pittsburgh compound [''C] PIB,
in AD patients. However, amyloid deposits are potent

chemoattractants to the microglia; this could be illustrated
using longitudinal in vivo multiphoton microscopy in the
amyloid plaque-developing transgenic mouse strain
APPswe/PS1d9xYFP. Activated microglia were shown to
migrate to newly formed amyloid plaques within 1-2 days
[64].

Morphology of Activated Microglia in AD Brains

Using an antibody to the monocytic cell-specific ionic
binding adapter protein 1(Ibal), it has been reported
recently that microglia in AD brains displayed degenerating
features instead of the widely reported activation morphol-
ogy [65, 66]. This disagreed with previously established
concepts. The antibody against Ibal is considered a pan-
microglia marker and identifies both quiescent and activat-
ed microglia; its function is related to phagocytosis and
migration [67, 68]. Using double immunohistochemistry
with Ibal and MHCII antibodies, we found in AD
hippocampus that most MHCII immunoreactive microglia
were Ibal immunoreactive, indicating that the majority of
microglia were activated. However, MHCII detected a
smaller population of microglia when compared to Ibal.
Therefore, MHCII is more specific than Ibal for identifying
activated microglia.

Here, we summarize three observations about microglial
activation detected with MHCII immunohistochemistry.
First, MHCII-immunoreactive microglia were more dense
in gray matter areas enriched with amyloid pathology
(Fig. la). Highly activated microglia were frequently
associated with compact amyloid plaques. Second, there
was a progressive increase in intensity of MHCII staining
as it relates to the morphological features of microglia
activation (Fig. 1b). Weak MHCII immunoreactivity was
associated with small, round microglia with thin ramified
processes, whereas intense immunoreactivity was associat-
ed with activated, hypertrophic microglia with thickened
processes. Third, neurofibrillary tangle-bearing neurons
were occasionally associated with MHCII positive micro-
glia (Fig. 2a, c). The vast majority of the microglia showed
intact and distinct nuclei and nucleolus when counter-
stained with neutral red dye, suggestive of an absence of
degeneration. MHCII immunoreactive microglia were also
found to associate with aberrant neurites detected with
antibody to phosphorylated tau (Fig. 2b). Intensely immu-
noreactive microglia with ameboid shapes were associated
with aberrant neuritic clusters (Fig. 2¢).

In the hippocampus, the most activated microglia were
in corpus ammonus areas enriched with aberrant neurites,
neurofibrillary tangles, and amyloid deposits. Only a few
MHCII-immunoreactive microglia were observed in these
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Fig. 1 Microglial activation in amyloid plaque-enriched areas in
Alzheimer’s disease brains. Double immunohistochemistry was per-
formed with an antibody against the microglial activation marker MHCII
(LN3, MB Biomedical) and an anti-amyloid 3 peptide antibody (6E10,
Covance). The black MHCII immunoreactive profiles are activated
microglia, whereas amyloid deposits are shown in brown. a An artificial
line was drawn to show less amyloid deposit area to the right and more
amyloid deposits to the lefi; a clear difference between these two sides,
demonstrating that the magnitude of microglial activation is greater in
the area with more amyloid. b Microglia were assigned numbers / to 5
to represent graded intensity of MHCII immunoreactivites. Lower
numbers denote lower level of MHCII expression and less activating
morphology; whereas number 5 denotes higher level of MHCII
expression and highly activated morphology

regions in ND cases. Consistent with a low degree of
microglial activation, these areas contained relatively few
aberrant neuritic threads. The abundance of MHCII-
immunoreactive microglia, aberrant neuritic threads, and
neuritic plaques in the MCI cases was intermediate between
the AD and ND cases. Thus, we have confirmed the
association between the magnitude of microglial activation
and the severity of AD pathological changes. Although
microglia with degenerative morphology could be found
within clusters of microglia localized at compact amyloid
deposits, the predominant morphology was that of activated
microglia.

Mo,
2.« Humana Press

Inflammatory Regulatory Systems—Do They Function
in Human Brains?

Although substantial understanding of microglial activation
and neuroinflammatory responses in AD has been achieved
during the last two decades, knowledge of anti-
inflammatory controls over the process of neuroinflamma-
tion is still emerging [69, 70]. In the following sections, we
will review four examples of anti-inflammatory systems
that have potential significance for understanding neuro-
inflammatory regulation in AD.

CD200 Receptor and CD200 System

One system that has become a subject of interest is CD200
receptor (CD200R) and CD200. The uniqueness of these
molecules is that their only identified function to date is to
interact with each other for the activation of anti-
inflammatory signaling in CD200R-expressing mononucle-
ar inflammatory cells. CD200, a highly glycosylated
protein, is a member of the immunoglobulin superfamily
of cell surface proteins [71]. Its expression can be
prominently localized to neurons and oligodendrocytes in
human brain, though astrocytes and brain endothelial cells
have also been shown to express CD200 [72, 73]. It was
demonstrated in rodents that there was a loss of CD200
messenger ribonucleic acid (mRNA) expression with
increasing age [15]. In AD pathological brain regions, we
have shown significantly lower CD200 expression when
compared to these same brain regions in age-matched
controls [73].

CD200R, also a member of the immunoglobulin
superfamily, has cell-type and species-specific molecular
weights ranging from 60 to 90 kDa [73—75]. Inflammatory
cells including macrophages, neutrophils, microglia, and
granulocytes, T lymphocytes, and non-immune associated
cells in mice including astrocytes, oligodendrocyte, and
epidermal keratinocytes and Langerhans cells, have been
reported to express CD200R [76]. Our recent data indicate
that human brain microglia express significantly lower
levels of CD200R than blood-derived macrophages [73].

Function of CD200R Activation CD200 has no attached
signaling molecules and its sole apparent function is as a
ligand for CD200R. Binding of CD200 to CD200R at the
N-terminals of each of these molecules activates certain
anti-inflammatory signaling pathways in CD200R express-
ing cells that down-regulate pro-inflammatory responses
[77]. The activation of the extracellular signal-regulated
kinase (ERK), c-Jun N-terminal kinase (JNK), and p38
mitogen-activated protein kinase (MAPK) pathways was
inhibited by CD200R engagement with CD200 [78]. Mice
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Fig. 2 Microglial activation
with tau pathology in
Alzheimer’s disease. Double
immunohistochemistry was
performed with an antibody
against the microglial activation
marker MHCII (LN3) and an
anti-phospho tau antibody
(Pierce). The black MHCII
immunoreactive profiles are
activated microglia, whereas
phospho-tau containing neurons
and neurites are shown in
brown. Tissues were counter-
stained with neutral red to show
the nuclei (in pink). Long
arrows in a and c¢ indicated
MHCII immunoreactive micro-
glia in association with neurons
which are negative for tau-
immunoreactivity (in a) or
positive for tau-pathology

(b). Short arrows in ¢ indicate
non-activated microglia
expressing low amount of
MHCII. MHCII immunoreactive
microglia are associated

with aberrant phospho-tau
immunoreactive neurites (b)
and neuritic clusters (d)

deficient in expression of CD200 showed enhanced
spontaneous inflammation, along with exacerbated inflam-
matory responses to injurious stimuli such as experimental
arthritis, and experimental autoimmune encephalomyelitis
(EAE) [79]. Mice lacking CD200R1 expression showed
enhanced tumor necrosis factor-alpha (TNF-x) production
in response to peripheral lipopolysaccharide (LPS) and a
lack of ability of CD200 to suppress this inflammatory
response [80].

Recent studies have demonstrated that CD200 and
CD200R expression are both activated following stimula-
tion with interleukin-4 (IL-4), along with interleukin-13 for
CD200R [73, 78]. These anti-inflammatory cytokines bind
to the same receptor complex and can activate the STAT-6
transcription factor [81]. Activation of STAT-6 occurs in
IL-4-stimulated human brain microglia, and this correlates
with increased expression of CD200R mRNA.

From these findings, there are two challenges for the
CD200/CD200R anti-inflammatory system in aging human

brains (both AD and non-demented controls): firstly,
CD200 levels are reduced, and secondly, activated micro-
glia express CD200R at levels that appear insufficient to
effectively engage CD200 for anti-inflammatory signaling.
However, our findings, and those of others, suggest both of
these might be enhanced by increasing brain IL-4 levels
[73, 82]. From this, we can suggest that the CD200R/
CD200 might become therapeutic and functional if treat-
ments can stimulate levels of IL-4 in brain without
enhancing unwanted Th2 immune responses. Both statins
and vitamin D(3) have been shown to enhance production
of IL-4 with resulting anti-inflammatory effects [73, 83].

Vitamin D Receptor

Vitamin D3 has many roles in maintaining homeostasis
throughout the body. It is essential for normal bone
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development and maintenance. It is involved in cellular
neuronal signaling in the brain and has a central role in
immunity [84]. Clinical data suggest that vitamin D3
insufficiency is associated with an increased risk of several
CNS diseases, including multiple sclerosis, AD, Parkin-
son’s disease (PD), seasonal affective disorder, and schizo-
phrenia, though the results have not been consistent
[reviewed in [85]]. AD patients have higher rates of bone
catabolism with lower bone mass density and have been
shown to be vitamin D deficient due to both nutritional causes
and lack of exposure to sunlight [86]. Similar findings of
reduced bone mass density and increased osteoporosis
associated with vitamin D deficiency has been measured in
PD [87]. Higher serum levels of 25-hydroxyvitamin D3 (the
biologically active form of vitamin D3) correlated with
higher mini-mental state exam scores in a cohort of patients
with probable AD [88].

The cellular receptor for Vitamin D3, Vitamin D receptor
(VDR), also known as nuclear receptor subfamily 1, group
I, member 1 (NR1I1) and calcitriol receptor, is a member of
the nuclear receptor family of transcription factors. Upon
activation by vitamin D, VDR forms a heterodimer with the
retinoid-X-receptors (RXRs), which binds to hormone
responsive elements on deoxyribonucleic acid (DNA)
resulting in increased expression or repression of specific
genes. Our interest in VDR came from gene expression
profiling experiments which showed that VDR mRNA
expression was strongly upregulated in human brain
microglia stimulated with aggregated A3 42 (2 uM) [12].
This finding was confirmed using real time polymerase
chain reaction measurements of A[3-stimulated microglia.
Upregulation of VDR mRNA expression was stimulated by
A in a dose-dependent manner (Fig. 3a). These data, if
replicated in vivo, suggest that activation of VDR, which
should be increased on microglia around plaques, by use of
vitamin D3 could be a therapeutic anti-inflammatory target.

VDR is widely expressed in the brain and immune system.
We have detected a significant upregulation of VDR mRNA
expression in AD neocortex when comparing to MCI and ND
neocortex (Fig. 3b). Vitamin D can upregulate expression
of several neurotrophins; increase secretion of the anti-
inflammatory cytokine IL-4; reduce secretion of pro-
inflammatory cytokines TNF-« and interleukin-1 beta
(IL-18); and inhibit differentiation of dendritic cells [§9-91].
In the brain, VDR expression has been localized to
oligodendrocytes and neurons in rodents; rat oligodendro-
cytes respond to vitamin D3 by increased expression of
VDR and the p75 neurotrophin receptor, while chronic
exposure to Vitamin D3 protected rat cortical neurons from
glutamate neurotoxicity. Similarly, vitamin D3 was effective
in protecting rodent dopaminergic neurons, in vivo and in
vitro, from the toxic effects of 6-hydroxydopamine. In
human brain tissues, VDR expression has been demonstrated
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Fig. 3 Detection of vitamin D receptor (VDR) mRNA by quantitative
polymerase chain reaction. a Microglia isolated from human postmor-
tem brains expressed VDR mRNA and the level was increased
significantly by treating with 2 and 5 pM of aggregated AB31-42. b
The levels of VDR mRNA were detected in mRNA samples of
parietal brain tissues of neuropathologically confirmed autopsy cases
of 9 ND, 10 MCI, and 13 4D

in neurons and glia [92]. We have identified VDR expression
in microglia and neurons (Fig. 4a, b).

Higher occurrence of polymorphisms of the VDR gene
has been shown in AD [93]. The Aa VDR genotype was
associated with 2.3-fold increased risk of AD, while the AT
VDR genotype was significantly higher in controls suggest-
ing a protective effect.

Expression of VDR was found in different immune-
effector cells of the myeloid and lymphoid lineage under
resting and activating conditions. An anti-inflammatory role
for vitamin D(3) has been shown; 1,25-dihydroxyvitamin D3
(1,25-(OH),D3), the hormonally active vitamin D metabo-
lite, was effective in blocking the progression of experimen-
tal allergic encephalomyelitis (EAE), an animal model for
multiple sclerosis, through its immunosuppressive effects
[94]. Studies have shown that 1, 25-dihydroxyvitamin D3
(1, 25-(OH),D3) can induce expression of the anti-
inflammatory cytokines IL-4 and transforming growth factor
-1 [95]. Treatment of EAE affected mice with (1,25-
(OH),D3) resulted in significant reduction in the accumula-
tion of macrophages in affected spinal cord, possibly due to
their increased apoptosis [94]. With respect to neuroinflam-
mation and AD, there is limited evidence for a protective
role for VDR or vitamin D3. However, clinical studies have
indicated that AD patients are deficient in vitamin D3 and
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Fig. 4 The VDR protein expression in human brains. VDR was
detected in microglia in neocortical tissues using double immunohis-
tochemistry of a VDR antibody (Epitomics) and the MHCII antibody
(LN3). VDR immunoreactivity is in black and the MHCII immuno-
reactivity is in brown (indicated by arrows). VDR immunoreactivities
exhibit in granular profiles (a), and intracellular profile resembling
nuclear localization (b)

have lower bone mass density [96]. A deficiency of vitamin
D3 necessary for healthy bone function might also indicate a
deficiency in the other homeostatic functions of vitamin D3,
including immunity.

Peroxisome Proliferator-Activated Receptor y

Peroxisome proliferator-activated receptors (PPARs) belong
to the superfamily of nuclear hormone receptors, which
comprise steroid, thyroid, retinoid receptors, and PPAR.
The main function of PPARs is to regulate glucose and lipid
metabolism and their subsequent storage [97, 98]. In
association with RXRs, the PPARs/RXRs heterodimers
regulate gene transcription by binding to peroxisome-
proliferator response elements (PPREs). Ligands binding
to either PPAR or RXR activate PPAR, and their effects
can be additive. In the absence of ligand, these hetero-
dimers binds to co-repressor complexes blocking gene
transcription [97].

There are three different PPAR isotypes («, 3/0, and y),
and they exhibit distinct tissue distributions and ligand
specificities [97, 98]. In the adult CNS, PPAR[A/d are
ubiquitously expressed; whereas PPAR« is only sparsely
expressed in astrocytes. PPARYy is the dominant isoform in
microglia [99].

Recently, PPARY has been recognized as a prime target
to modulate inflammation. PPARYy are capable of inhibiting
pro-inflammatory gene expression independently of bind-
ing to PPREs, a process termed PPARy-mediated transcrip-
tional transrepression [98]. Although the underlying
mechanism remains to be clarified, it is believed that
PPARY agonist complexes stabilize the co-repressor com-
plexes residing on the promoters of NFkB, thus preventing
inflammatory gene expression [100, 101]. Polyunsaturated
fatty acids, eicosanoids, and the prostaglandin metabolite
15-deoxy-delta-12,14-prostaglandin J2 (15d-PGJ2) are nat-
urally occurring PPARYy ligands [102]; whereas synthetic
thiazolidinediones are selective PPARy agonists [103].

Suppression of immune responses by PPARYy agonists
was initially demonstrated in monocytes/macrophages [104,
105]. In these two studies, PPARYy agonists were found to
inhibit the activation of nuclear factor kappa-light-chain-
enhancer of activated B cells (NFkB), activator protein-1
(AP-1), and signal transducer and activator of transcription-
1 (STAT-1), and the expression of TNF-x, IL-1{3, and
interleukin-6 by activated monocyte/macrophage cells.
Along the same line, the effect of PPARYy agonists on
microglia activation was also studied. In the BV-2 mouse
microglial cell line, 15d-PGJ2 suppressed LPS-induced
inducible nitric oxide synthase (iNOS) and subsequent
nitric oxide production, yet had no effect on the nuclear
translocation or DNA binding of NFkB [102]. Furthermore,
LPS-induced nitric oxide production was not affected by a
synthetic PPARYy agonist troglitazone, suggesting that 15d-
PGJ2 may inhibit iNOS gene expression through a
receptor-independent mechanism [102]. However, in a later
study using rat primary microglial cultures, the effects of
15d-PGJ2 on LPS-induced NO and TNF-« were found to
be PPARy-dependent [106]. Such discrepancy may be
derived from the different cell types used in these two
studies; the BV-2 microglial cell line does not express
PPARY, while primary microglia do.

The observations that PPARy are able to suppress
inflammatory responses in macrophages and microglia led
to the idea that PPARy might be beneficial for CNS
disorders possessing an inflammatory component, such as
AD and PD. The actions of PPARy in AD have been
investigated epidemiologically, empirically, and clinically.
A number of epidemiological studies have demonstrated
that non-steroidal anti-inflammatory drugs (NSAIDs)
known to activate PPARy and inhibit inflammatory
response were associated with a reduced risk of cognitive
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impairment and AD [107-109]. Such observations are
supported by the finding that PPARy activation in micro-
glia suppressed iNOS expression and NO production,
which was associated with reduced neuronal cell death.
Furthermore, PPARYy agonists have been shown to suppress
A[3-mediated activation of microglia in vitro, and prevent
cortical or hippocampal neuron cell death [110, 111].
However, APP transgenic (Tg2576) mice that received
pioglitazone orally for six months did not have altered
amyloid plaque loads or inflammatory markers in the cortex
[112]. The poor effect of pioglitazone may be explained by
the limited blood brain barrier (BBB) penetration of this
drug. In a similar study, APP transgenic (APPV717I) mice
that received a larger dose of pioglitazone exhibited
significant reduction in amyloid plaque load, and reduced
microglial and astroglial activation [113]. The phenomenon
of PPARYy agonists reducing amyloid plaque burden has
been attributed to reduced (-secretase 1 (BACE1) tran-
scription and/or enhanced A clearance [113-115]. In
clinical trials, PPARYy agonist rosiglitazone was found to
improve cognition in a subset of AD patients without
apolipoprotein E allele 4 (APOE ¢4) [116, 117]. Because
rosiglitazone does not pass the BBB and hyperinsulinemia,
insulin resistance and type II diabetes have been associated
with increased risk for AD and memory impairment; the
beneficial effect of rosiglitazone was interpreted as being
due to enhancement of peripheral insulin sensitivity [118—
120]. Whether rosiglitazone has significant benefit in
APOE e4-stratified subjects with mild to moderate AD still
needs to be confirmed [117, 121].

Rosiglitazone was also shown to reverse the age-related
decrease of IL-4 in hippocampus during aging. After LPS
stimulation, rosiglitazone attenuated the expression of
MHCII and IL-1p in glia prepared from wild-type mice,
but not in glia prepared from IL-4"" mice. This suggested
that the anti-inflammatory actions of rosiglitazone may be
mediated by modulating IL-4 expression [122].

Soluble Receptor for Advanced Glycation End Products

The discovery of soluble receptor for advanced glycation
end products (SRAGE) endogenously present under phys-
iological conditions has provided insight into the protective
function of soluble RAGE molecules. These molecules can
be generated by alternative splicing (called endogenous
secretory RAGE, esRAGE) or by enzymatic cleavage of
RAGE (called ecRAGE) [123-125]. The carboxyl terminal
sequences are different between ecRAGE and esRAGE.
These soluble forms of RAGE can act as decoy receptors and
compete for the ligands of full-length RAGE (fl-RAGE).
Ligand binding with esSRAGE and ecRAGE avoids the adverse
consequences of activating signal transduction pathways that
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occurs when cell-associated RAGE is activated. Many studies
have documented that RAGE activation results in increased
inflammation and cellular perturbation. Interaction of cell-
surface fl-RAGE with activates transcription factor NFkB,
resulting in increased signaling of neuronal oxidative stress and
microglial inflammatory responses [126]. Evidence of this was
established from studies in human postmortem brain tissues,
primary cell cultures, and transgenic mouse models that over-
expressed human RAGE in neurons and microglia [127].

The function of fl-RAGE in human cerebral vessels has
emerged as an important subject for understanding how Af3
is transported in and out of the brain [128, 129]. FI-RAGE
can mediate influx of circulating Af3 across the BBB,
whereas lipoprotein receptor-related protein-1, which is
expressed on the abluminal surface of cerebral endothelial
cells, transports A3 from the brain to the blood. RAGE
protein expression in blood vessels increases with severity
of AD pathology, which could lead to enhanced passage of
Af into the brain from the circulation. Using the Tg 2576
strain of amyloid plaque-developing transgenic mice, it was
shown that infusion of Af3 into the blood resulted in its
RAGE-mediated transport into the brain. Uptake of A3 was
blocked using an antibody to RAGE infused into the mice
along with the Af3; the antibody bound to cerebral vessels
expressing RAGE, thus preventing endothelial-RAGE-Af3
interactions [128]. The same blocking effect was observed
if mice were infused with recombinant soluble RAGE
protein along with the A3. This was the first indication that
soluble forms of RAGE protein might have therapeutic use
in AD. This same study showed that administration of
recombinant soluble RAGE to plaque developing mice for
6 months significantly reduced their accumulation of A3 in
the brain [128]. A3 bound to recombinant soluble RAGE
could be detected in the circulation of these treated mice.
This study was of particular interest as it established that
Ap from the circulation can significantly contribute to Af3
accumulation in the brain.

Reduced sRAGE levels in plasma have been detected in
mild cognitive impaired (MCI) and AD subjects [130].
Other neurodegenerative disease such as multiple sclerosis,
amytrophic lateral sclerosis, and peripheral inflammatory
vascular or metabolic diseases (rheumatoid arthritis, ath-
erosclerosis, coronary artery disease, diabetes) are also
marked by reduced circulating SRAGE [131-137]. These
findings suggested that the protective role of sSRAGE is
vulnerable to age-related disease processes.

Measurements of plasma of healthy adults showed that
esRAGE levels represented only one fifth of the total
soluble RAGE in the circulation. This suggests that
additional mechanisms besides alternative splicing are
involved in the generation of the soluble forms of RAGE
present in the circulation. Recent studies identified enzymes
capable of cleaving fl-RAGE, resulting its release from the



Mol Neurobiol (2010) 41:115-128

123

plasma membrane. These enzymes are matrix metallopro-
teinase 9, and/or “a disintegrin and metalloprotease 10”
[124, 125, 138]. It appears that RAGE shedding can occur
under constitutive and inducible conditions. Therefore,
elevating endogenous sRAGE levels by increasing enzy-
matic cleavage could have significant therapeutic potential.

RAGE Ligands, the S100/Calgranulin Proteins RAGE
ligands play a key role in activating RAGE-mediated
inflammatory responses. Three members of the S100
protein family identified as RAGE ligands are linked to
peripheral innate immune responses, including anti-
infection, phagocytosis, and inflammatory responses. These
are S100A8, S100A9, and S100A12. They are constitu-
tively expressed, but can be translocated to the cytoskele-
ton, membrane structures and be actively secreted via an
alternative pathway when activated by pro-inflammatory
signals [139]. Extracellular S100 proteins have autocrine
and paracrine effects and exert different effects on different
cell types. These S100 proteins can act in concert to achieve
enhanced activation at sites of inflammation.

4 D200 and CD200R
4 Vit D3 and VDR
f PPAR-y activation

? SRAGE and ¥ FI.RAGE

Using immunohistochemical analysis, SI00AS, S100A9,
S100A12, and S100B were shown associated with vascular
structures in brains of control and sporadic AD cases, but in
AD cases only S100A9, S100A12, and S100B were
closely associated with amyloid plaques and neurofibril-
lary tangles [140]. S100B was specifically associated with
astrocytes, whereas SI00A9 and S100A 12 were associated
with neurons in AD cases [140-142]. We have detected
that SI00A8 mRNA levels in AD hippocampus were 2-
fold those of ND cases. Moreover, SI00A8 expression can
be induced approximately 30-fold in cultured human
microglia by chronic treatment with oligomeric Ap31-42
[12].

Taken together, evidence supports an important adverse
role for fl-RAGE and ligands, including A3 and S100 AS,
A9, and A12, in neuroinflammation and neurodegeneration
in AD. However, the mechanisms leading to progressive
deficiency of circulating soluble RAGE during the devel-
opment of AD are currently unknown. As sRAGE is a
protective decoy receptor for these inflammatory ligands,
avenues that can restore circulating sRAGE to normal
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Fig. 5 Enhancing endogenous anti-inflammatory regulatory systems
in Alzheimer’s disease (AD). AD is characterized by heightened
microglial activation and inflammatory responses which can be caused
by increasing oligomeric amyloid 3 peptide (A), oxidative stress,
pro-inflammatory cytokines, and compromised blood brain barrier.
These responses driven by activated microglia have been shown to
cause neuronal distress and injury (right-pointing red arrow).
Emerging evidence indicated that some of the endogenous anti-
inflammatory systems might not be functioning properly. Resting

Inflammation

{

Highly Sick
activated neurons
microglia

microglia contribute to keeping neurons healthy (left-pointing gray
arrow). This could be accomplished by proper expression and
function of several anti-inflammatory systems, including CD200/
CD200R, vitamin D3 (Vit D3)/Vitamin D receptor (VDR), PPAR-y,
and soluble and full-length receptor for advanced glycation end-
products (SRAGE and fl-RAGE). Achieving a fine balance of anti-
inflammatory regulation of inflammatory responses (up-pointing
purple arrow) might be of potential therapeutic value
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levels may facilitate regulation of inflammation from the
periphery.

Conclusion

As AD contains features of autoimmune reactions, but is
complicated by immune senescence and regulatory defi-
ciency, it has been a challenge to tackle with currently
available immunosuppressant or anti-inflammatory drugs.
Clinical trials using NSAIDs for treatment or prevention
have been hampered by issues of safety, choice of drugs,
and criteria of when and whom to treat. Immune systems
have both aspects of Yang (inflammation) and Ying (anti-
inflammation). The latter keeps inflammatory responses
under control (Fig. 5). Extensive studies have been done
from the aspect of “Yang”. Better knowledge of the Ying—
the anti-inflammatory systems, however, is needed to
obtain a full picture of the dysregulation occurring in the
immune responses of AD patients. We have reviewed four
of anti-inflammatory systems that are deficient in AD. One
important point is that neurons are part of the integral
inflammatory and anti-inflammatory systems. Neuronal
anti-inflammatory roles need to be included in the strategy
of restoration of healthy immune response during aging and
neurodegenerative diseases.
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