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NEUROSCIENCE

The link between neuroinflammation and the
neurovascular unit in synucleinopathies

Qing Wang't*, Jialing Zheng't, Sven Pettersson?3%>, Richard Reynolds®’*, Eng-King Tan3*
The neurovascular unit (NVU) is composed of vascular cells, glial cells, and neurons. As a fundamental functional

module in the central nervous system, the NVU maintains homeostasis in the microenvironment and the integ-
rity of the blood-brain barrier. Disruption of the NVU and interactions among its components are involved in the
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pathophysiology of synucleinopathies, which are characterized by the pathological accumulation of a-synuclein.
Neuroinflammation contributes to the pathophysiology of synucleinopathies, including Parkinson's disease,
multiple system atrophy, and dementia with Lewy bodies. This review aims to summarize the neuroinflamma-
tory response of glial cells and vascular cells in the NVU. We also review neuroinflammation in the context of the
cross-talk between glial cells and vascular cells, between glial cells and pericytes, and between microglia and
astroglia. Last, we discuss how a-synuclein affects neuroinflammation and how neuroinflammation influences
the aggregation and spread of a-synuclein and analyze different properties of a-synuclein in synucleinopathies.

INTRODUCTION

The neurovascular unit (NVU) is a structural and functional mul-
ticellular module composed of vascular cells, glial cells, neurons,
and extracellular matrix (ECM). Endothelial cells, pericytes, and
vascular smooth muscle cells make up the vascular layer. Glial
cells in the NVU include microglia, oligodendrocytes, and astro-
cytes. Disruption of the NVU and the interactions among its com-
ponents are involved in the pathogenetic mechanisms of central
nervous system (CNS) disorders (1).

Parkinson's disease (PD), dementia with Lewy bodies (DLB),
and multiple system atrophy (MSA) are all characterized by abnor-
mal and misfolded a-synuclein aggregates and can be collectively
grouped together as synucleinopathies. Recent studies have shown
that the form and location of a-synuclein misfolding and aggrega-
tion differ between synucleinopathies and may be responsible for
the clinical distinctions (2). PD and DLB both exhibit pathological
a-synuclein inclusions in neurons, which are called Lewy bodies
and Lewy neurites, while a hallmark feature of MSA pathology is
oligodendroglial cytoplasmic inclusions.

Neuroinflammation is an important contributor to the patho-
genesis and progression of the majority of neurodegenerative disor-
ders. Our previous studies discussed the relationship of immune-
inflammatory axes with a-synuclein and the gut microbiota in neu-
rodegenerative diseases (3). However, very few articles have
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comprehensively summarized the effects of neuroinflammatory
factors on single-cell types in the NVU and how they interact.

In this review, we discuss how the components of the NVU are
disrupted as a result of neuroinflammation. We focus on the
changes and mechanisms of each element of the NVU and
provide details on how neuroinflammation alters cell-to-cell com-
munication. Last, we review the interactions between a-synuclein
and neuroinflammatory mechanisms. Understanding how different
a-synuclein pathologies in synucleinopathies work in the NVU-
related microenvironment could clarify their neuropathogenesis
and clinical manifestations.

DISRUPTION OF THE NVU AND ITS ASSOCIATION WITH
SYNUCLEINOPATHIES

The effect of neuroinflammation on vascular cells in

the NVU

In the brain, cerebrovascular endothelial cells form tightly sealed
monolayers linked by tight junctions and adherens junctions.
Under normal conditions, the endothelial barrier can regulate the
infiltration of immune cells into the brain and control macromole-
cule movement through specific transport processes. Under inflam-
matory conditions and infection, the endothelial barrier can be
penetrated by activated mononuclear cells through diapedesis
without disrupting tight junctions (4). This response of microvas-
cular endothelial cells is therefore critical in promoting neuroin-
flammation. For example, the up-regulation of epithelial cell
adhesion molecules that promote neutrophil and lymphocyte adhe-
sion to the endothelium is a well-known feature of the inflammatory
process (5). Moreover, alterations in blood-brain barrier (BBB) per-
meability caused by proinflammatory cytokine release directly and
indirectly result in glutamate excitotoxicity, astrocyte and microglial
activation, and free radical production (Fig. 1) (6).

The identity and specific molecular mechanisms by which
proinflammatory factors affect endothelial cells are unclear. Wang
et al. (7) found that the immune cytokine interleukin-1p (IL-1p)
could easily diffuse through the BBB by decreasing the expression
of tight junction proteins in endothelial cells and suppressing the
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Fig. 1. Neuroinflammation in the NVU. In the NVU, endothelial cells form the BBB, the integrity of which is maintained by the vascular basement membrane. This
vascular basement membrane constitutes a three-dimensional protein network consisting of ECM proteins. Under inflammatory conditions, the disruption of endothelial
cells and degradation of tight junctions and adherens junctions promote the infiltration of immune cells into the BBB. Microglia release proinflammatory cytokines in
response to the BBB disruption and the presence of interleukin-6 (IL-6) and IL-1B. Astrocytes can communicate with endothelial cells via CCL2 and CXCL2. After LPS
stimulation, pericytes produce proinflammatory mediators such as NO and IL-10. ECM provides a stable structure in which the neuroinflammation signals in the NVU can

be transmitted and spread quickly.

expression of sonic hedgehog in astrocytes to increase BBB perme-
ability. In addition, after stimulation with IL-1p, astrocytes up-reg-
ulated the expression of proinflammatory chemokines, including
CCL2, CCL10, CCL20, and CXCL2, which attracted immune cells
from the peripheral circulation to the CNS.

Extensive evidence has shown that endothelial dysfunction is in-
volved in synucleinopathies such as PD. In the PD brain, endothelial
cells form clusters with degenerative morphology and contribute to
the fragmentation of capillaries (8). Reduced expression of tight
junction proteins, including occludin and zonula occludin-1, was
observed in the brains of PD patients and in brain endothelial
cells that were continuously stimulated with a-synuclein in vitro
(9). Moreover, the interruption of tight junctions and messengers
located in endothelial cells results in increased leukocyte infiltra-
tion, which occurs during the early stage of PD. Moreover, capillary
structural damage and loss in the brains of PD patients result in the
generation of abnormal capillary fragments and endothelial cell
thickening and atrophy, which can be detected in the substantia
nigra, cerebral cortex, and brainstem (8). The mechanisms under-
lying the initiation of endothelial cell impairment are currently
unclear. However, there are some factors that influence immune ac-
tivity in endothelial cells. For example, the growth factor neuregu-
lin-1 has an anti-inflammatory effect on endothelial cells (10). In
vitro, when endothelial cells were activated by IL-1f, neuregulin-
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1B down-regulated the expression of the adhesion molecules vascu-
lar cell adhesion molecule-1 and E-selectin, which reduced the at-
tachment of immune cells such as neutrophils.

Pericytes show an elongated, stellate-shaped morphology with
highly differentiated branches and tightly surround the endotheli-
um, forming part of the barrier of the vascular structure. Here, we
will focus on the roles of pericytes in neuroinflammation, which
mainly include BBB disruption, leukocyte recruitment, and the se-
cretion of neuroinflammatory mediators. Under physiological con-
ditions, pericytes maintain BBB integrity. Pericyte impairment
markedly disrupts vascular permeability in the diseased brain,
which promotes leukocyte adhesion, transmission, and trafficking
into the NVU (11). Because of contractile and cytoskeletal proteins,
including a-smooth muscle actin, vimentin, desmin, myosin, and
nestin, pericytes have contractile functions that affect leukocyte traf-
ficking across the BBB and thereby promote neuroinflammation in
the NVU (12). It has been reported that pericytes play important
roles in other features of neuroinflammation. Four pathways in-
volved in pericyte-mediated regulation of neuroinflammation
have been identified. (i) After lipopolysaccharide (LPS) treatment,
mouse brain pericytes released a series of immune mediators, in-
cluding cytotoxic factors such as nitric oxide (NO), cytokines,
and chemokines, among which IL-12, IL-13, and IL-9 were mark-
edly increased. These immune mediators were dose-dependently
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produced by pericytes in response to LPS, and this effect was gen-
erally modulated by mitogen-activated protein kinase signaling
(13). (ii) Human brain pericytes produce matrix metalloproteinase
9 (MMP9) in response to IL-1B. MMP9 was shown to be partly re-
sponsible for increasing BBB permeability to sodium fluorescein
following the disruption of adhesion molecules and tight junction
molecule binding, such as that between vascular endothelial cadher-
in, occludin, claudin-5, and zonula occludin-1 (14). (iii) Rat brain
pericytes respond to inflammatory mediators [e.g., tumor necrosis
factor (TNF)], which promote cytokine (e.g., IL-6) release and thus
play a role in both innate and adaptive immune response (15). (iv)
Rat pericytes can increase expression of macrophage markers,
such as ED-2 and CD11b, and have phagocytic abilities (16). In
a-synuclein—overexpressing transgenic PD mouse models, patho-
logical pericyte activation was shown to be accompanied by neuro-
inflammation (17). In conclusion, pericytes mediate
neuroinflammation by releasing proinflammatory factors in re-
sponse to inflammatory stimuli.

Pericytes are widely classified by their expression of platelet-
derived growth factor receptor  (PDGFRp), and up-regulated ex-
pression of soluble PDGFRP has been found in clinical samples
from patients with neurodegenerative diseases, suggesting that
PDGFRP is a biomarker of induced pericyte injury (18). When
PDGEFRp on pericytes binds to PDGF-f released by endothelial
cells, pericytes are recruited to blood vessels and initiate the dime-
rization, autophosphorylation, and activation of their receptors
(19). This PDGFR} signal transduction further shifts the proinflam-
matory reaction from gene to protein expression in the BBB. For
example, the activation of immune response genes, which then
stimulate the recruitment of immune cells, could be directly pro-
moted in the brain. Using a human cytokine array, Gaceb et al.
(20) demonstrated that PDGF-BB, an isoform of PDGF, increased
the expression of cytokines and chemokines in pericytes, although
these levels were significantly lower than the cytokine expression
induced by LPS. PDGF-BB also reversed the activation of pericytes
in 6-hydroxydopamine-induced mouse models of PD, thus empha-
sizing its role in regenerative processes (21). Overall, the main func-
tions of pericytes in the CNS involve regulating microcirculation
and vessel diameter, manipulating the integrity of the endothelial
cell lamina, participating in the regeneration of vascular cells, and
modulating neuroinflammation. In addition, pericytes can mediate
endothelial cell proliferation, apoptosis, and degeneration, and the
loss of pericytes leads to leukocytes entering the brain, which may
modulate the inflammatory response (22). Overall, as a part of the
microvasculature, pericytes are pivotal cellular mediators of NVU
function in neuroinflammation.

The ECM also plays a critical role in mediating neuroinflamma-
tion and is composed of proteoglycans, glycoproteins, and glycos-
aminoglycans. Heparan sulfate, which is the covalent attachment of
proteoglycans, may be associated with misfolded protein aggrega-
tion by changing their interactions with signaling proteins (23).
The ECM of the NVU is a dynamic structure that is remodeled
during neurodegenerative disorders, and microglia are activated
by changes in the ECM properties and structure, leading to neuro-
inflammation in 6-hydroxydopamine—induced mice (24). MMPs
are also the major components of the ECM, and these factors can
up-regulate neuroprotective a6p4 integrin levels and alter the
balance of degradation and deposition of proteins (25). The de-
crease of MMP1, which is one of the major enzymes that participate
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in ECM degradation, was observed in PD patients, indicating the
disruption of ECM remodeling in PD (26). Disruption of endothe-
lial cells, pericytes, and the ECM leads to the infiltration of immune
cells and the subsequent generation of proinflammatory molecules
in the NVU, which activates innate immune responses in the brain
via astrocytes and microglia (27). For example, CD3* CD8" T lym-
phocytes and immunoglobulin deposition were found in the sub-
stantia nigra in PD patients (28). Therefore, once disruption of
vascular cells in the NVU occurs, the homeostatic balance of the
NVU is lost, which then leads to the glial activation and a proin-
flammatory state.

The role of glial cells in neuroinflammation in the NVU

The main cells responsible for neuroinflammation in the NVU are
microglia and astrocytes. Microglia are classically divided into two
major phenotypes: M1 and M2. The M1-like phenotype, which is
defined as proinflammatory and damage inducing, is associated
with the release of cytotoxic and proinflammatory factors, such as
inducible NO synthase (iNOS), TNF, IL-1B, and interferon-y (IFN-
y). In contrast, the M2-like phenotype is characterized by the pro-
duction of neuroprotective and anti-inflammatory factors, includ-
ing brain-derived neurotrophic factor, insulin-like growth factor-1,
IL-4, and IL-10 (29, 30). Under physiological conditions, astrocytes
maintain the peripheral immune privilege of the BBB by restricting
the infiltration of peripheral immune cells through their close inter-
action with blood vessels (31). In particular, when these cells sense
neuroinflammation, reactive astrocytes can change into the Al and
A2 subtypes. Al astrocytes have highly up-regulated expression of
many classic complement cascade genes, including the inflammato-
ry cytokines IL-1a, TNF, and IL-6, the complement component
Clgq, and cytotoxic effect molecules such as NO, all of which are
generally destructive to neurons and other cells (32). Therefore, it
is thought that A1 astrocytes might exert harmful effects. In con-
trast, A2 astrocytes have up-regulated expression of many immuno-
modulatory and neurotrophic factors, such as IL-10, transforming
growth factor-B, and IL-4, and thus, it is thought that the A2 phe-
notype is protective (33). The role of oligodendrocytes in neuroin-
flammation has received less attention, but studies using human
tissues have suggested that these cells may play an important role
in regulating inflammatory processes by up-regulating the expres-
sion of anti-inflammatory genes through signal transducer and ac-
tivator of transcription 6 (STAT6) signaling (34).

The cells of the NVU are interconnected and may produce a
cascade of effects that result in further neuroinflammation and
more serious impairment. Once an insult occurs in the NVU, mi-
croglia can quickly switch from the resting state to an activated state
to maintain brain homeostasis. Various stimuli, such as pathologi-
cal insults, injury, and peripheral inflammation, can activate resting
microglia, which release cytotoxins and inflammatory factors (35).
First, the interaction between microglia and environmental cues is
essential for stimulating repair processes that are initiated by in-
flammation, but over time, the persistent microglial activation un-
doubtedly leads to further persistent inflammation. Evidence is
emerging that this sustained microglial activation occurs in the
NVU and cross-talk between neurons, astrocytes, and microglia
has been shown to play important roles in neuroinflammatory
responses.
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NEUROINFLAMMATORY INTERACTIONS IN THE NVU AND
THEIR ASSOCIATION WITH SYNUCLEINOPATHIES

Cross-talk between glial cells and vascular cells

Previous studies have indicated that microglial activation can occur
in response to vascular damage. Microglial activation is likely to be
mediated not only by the release of inflammatory factors but also by
notable enlargement of both soma size and proximal processes that
are juxtaposed with the vasculature. In addition, several studies sup-
ported a neuroprotective role for Wnt signaling in 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced models by ac-
tivating microglia and repairing midbrain dopaminergic neurons
(36). Astrocytes produce Wnt growth factors, which are crucial
for maintaining Wnt/Frizzled-1/p-catenin activity in endothelial
cells, thereby protecting the BBB and NVU integrity. In PD, Wnt
signaling in astrocytes is suppressed by neurodegenerative mecha-
nisms in the brains, which is coupled with proinflammatory micro-
glia, thereby resulting in dysfunctional neuron-astrocyte and
astrocyte-endothelial cross-talk (37). In contrast, in an astrocyte/en-
dothelial cell coculture model treated with proinflammatory mole-
cules, adhesion molecules and inflammatory chemokines, especially
CCL3, were increased on the luminal side, suggesting that extracel-
lular inflammatory factors are crucial mediators that control
immune cell infiltration into the NVU during neuroinflamma-
tion (38).

Cross-talk between glial cells and pericytes

One of the most important interactions between pericytes and glial
cells is the up-regulation of neuroinflammatory cytokines. IL-6,
which is a multifunctional cytokine, plays a vital role in BBB impair-
ment and neuroinflammation by mediating the activation of micro-
glia and astrocytes and subsequent neuronal damage. The cells in
the NVU all express IL-6, and brain pericytes have been reported
to express more IL-6 than brain endothelial cells, microglia, and as-
trocytes after being stimulated with TNF (39). Furthermore, IL-6
released from pericytes stimulated iNOS mRNA expression in mi-
croglia via the induction of TNEF. In turn, activated microglia may
promote pericyte apoptosis through reactive oxygen species pro-
duction (40). Moreover, analysis of cytokines/chemokines levels
provided further evidence to elucidate the inflammatory interac-
tions between activated microglia and astrocytes, pericytes, and en-
dothelial cells (41). Coculturing microglia and astrocytes induced
marked increases in the levels of cytokines/chemokines, emphasiz-
ing the importance of the coordinated secretion of chemokines and
cytokines by microglia, astrocytes, and pericytes in neuroinflamma-
tory reactions.

Astrocytes can secrete a variety of molecules that transduce dif-
ferent signals to brain microvessels and target pericytes. One study
examined the relationship between astrocytes and pericytes and
suggested that glutamic acid could influence brain pericyte contrac-
tility, survival, reproduction, and movement. Soluble factors re-
leased by astrocytes independently mediate pericyte contractility
in vitro (42). MMPs are known to promote pericyte migration by
degrading several components of the ECM, including vascular en-
dothelial growth factor-A, intercellular adhesion molecule-1
(ICAM-1), cytokine-induced neutrophil chemoattractant-1, LPS-
induced CXC chemokines, monocyte chemoattractant protein—1,
macrophage inflammatory protein—3, and r-selectin, all of which
have fundamental effects on vascular permeability and the
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inflammatory state (43). A recent study showed that connexin 30,
which was previously thought to be predominantly expressed by as-
trocytes, was also expressed on pericytes, suggesting that connexin
30 may be a shared protein that forms gap junctions (44). Astrocytes
are anatomically adjacent to pericytes, and these cells are tightly
connected in neuroinflammatory conditions (11). Several studies
have demonstrated BBB disruption in PD, which is characterized
by increases in BBB leakage and peripheral inflammatory
markers, prompting astrocyte and pericyte dysfunction that may
contribute to PD pathology (45).

Cross-talk between microglia and astrocytes

Microglia and astrocytes both play important roles in neuroinflam-
mation. Microglia transmit danger signals to other neighboring
cells, especially astrocytes. For example, after in vitro LPS stimula-
tion, activated microglia secrete multiple soluble mediators, such as
IL-1, TNF, and complement component Clq, all of which induce
Al-type astrocytes (31). Al-type astrocytes can then induce the
death of neurons and oligodendrocytes by up-regulating the expres-
sion of a range of classic complement cascade genes. After being
exposed to both LPS and a-synuclein oligomers, microglia in PD
mice were activated and became proinflammatory, while astrocytes
atrophied (46). However, gene expression profiling of a brain injury
model revealed that early up-regulation of glial fibrillary acidic
protein, which is a well-known marker of astrocytes, preceded the
increase in allograft inflammatory factor 1, which is a marker of mi-
croglial activation. This finding suggested that the activation of as-
trocytes may occur before that of microglia and that astrocytes may
play an important role in triggering microglial activation. Cells ex-
pressing both astrocyte and microglial markers were detected in
DLB brains, indicating their shared characteristics in neurodegen-
eration (47). This interaction is maintained by neurotransmitters,
the binding of ligands and receptors, soluble neuromodulators,
transcriptional regulatory factors, and extracellular vesicles (EVs)
shared between microglia and astrocytes (Fig. 2).

Neurotransmitters and purinergic receptors

Numerous neurotransmitter receptors are expressed by astrocytes
and microglia, and it is widely accepted that these factors are an im-
portant communication route between glial cells and neurons, par-
ticularly with respect to the NVU. Among these signaling factors,
extracellular adenosine 5'-triphosphate (ATP) released by glial
cells and neurons plays a complex role in the CNS. ATP secreted
by astrocytes causes microglial activation by binding to P2X7 recep-
tor, which is a ligand-gated cation channel that drives IL-1p and
TNF secretion by microglia (48). The nucleotide-binding and olig-
omerization domain-like receptor family pyrin domain-containing
3 (NLRP3) inflammasome complex can respond to ATP-induced
activation of the purinergic P2X7 receptor (P2X7R), which then
triggers the cleavage of IL-1p, thereby activating IL-1. It is
thought that astrocytes predominantly initialize such signals from
the NVU and then trigger the microglial activation. Unexpectedly,
ATP also alters microglial protrusions and promotes the release of
adenosine, which then mediates neuronal activity and changes in
animal behavior via the adenosine A; receptor (49). To demonstrate
the specific role of P2X7R in neurodegenerative diseases, an Alz-
heimer's disease transgenic mouse model was examined, and the
results showed that ATP released from microglia and astrocytes
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Fig. 2. The cross-talk among microglia, astrocytes, and neurons. The cross-talk between microglia and astrocytes includes neurotransmitters, ligand-receptor
binding, soluble mediators, transcriptional regulatory factors, and EVs. EVs carrying miRNAs and a-synuclein can be transported among microglia, astrocytes, and
neurons. The neuroinflammatory signals and corresponding mechanisms that lead to neurotoxicity have been shown.

acted on P2X7R, elevated the levels of chemokines, particularly
CCL3, and promoted pathogenic T cell recruitment (50).

In addition, the excitatory neurotransmitter glutamate is re-
leased from astrocytes and has been reported to cause microglial ac-
tivation in a TNF-a-dependent manner, resulting in
neuroinflammation and unbalanced neurotoxicity (51). Histamine,
a monoamine neurotransmitter, is known to regulate microglial

Wang et al., Sci. Adv. 9, eabq1141 (2023) 15 February 2023

histamine responses mediated by histamine receptor isoform 1,
which is expressed mostly on astrocytes (52). These observations
suggest that an unbalanced neurotransmitter system affects glial
cross-talk (Fig. 3).
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Ligand-receptor binding

Ligand-receptor binding is important for the interaction of micro-
glia and astrocytes, and this triggers neuroinflammatory signal
transductions in NVU. Receptor for advanced glycation end prod-
ucts (RAGE) is a cell surface transmembrane receptor that can bind
numerous ligands, many of which are pathogen-associated molec-
ular patterns or damage-associated molecular patterns (53). RAGE
is expressed mainly by neurons, microglia, and vascular endothelial
cells in the context of neuroinflammation (54). Increased levels of
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RAGE have been observed in patients with PD, which suggests that
RAGE plays a role in the mechanism of neurodegeneration in PD
(55). In the MPTP model of PD, the combination of RAGE and its
ligand, the S100 protein, activates nuclear factor kB (NF-kB) to up-
regulate the expression of proinflammatory mediators (56). In ad-
dition, eliminating RAGE on neuron can inhibit the phosphoryla-
tion of p38 in the substantia nigra and protect dopaminergic
neurons from dying, suggesting that RAGE participates in the neu-
ropathogenesis of PD by stimulating neuroinflammation (57).
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RAGE activates astrocytes and microglia and increases the levels of
the cytokines IL-13 and TNF (58). In essence, RAGE can induce
neuronal death and promote neurodegenerative processes by acti-
vating neuroinflammation in NVU.

High-mobility group box 1 (HMGB1) is one of the most impor-
tant damage-associated molecular patterns produced by microglia
and astrocytes (59). Once microglia sense pathogens or tissue injury
in the microenvironment, they rapidly release HMGBI into the ex-
tracellular milieu. In the NVU, neurons, microglia, and astrocytes
that express pattern recognition receptors, including Toll-like re-
ceptor 2 (TLR2), TLR4, RAGE, and macrodomain 1, are activated
when they come into contact with HMGB1 (60). These cells subse-
quently induce the NF-«kB pathway and produce NADPH (reduced
form of nicotinamide adenine dinucleotide phosphate) oxidase to
activate the transcription of multiple inflammatory and neurotoxic
mediators. In addition, HMGBI can effectively promote the forma-
tion of the NLRP3 inflammasomes by activating NF-«kB in astro-
cytes (61). In contrast, some receptors that bind to HMGBI,
including CXCR?7 and regulatory ribonuclease 1, are involved in
the negative regulation of neuroinflammatory signaling by stimulat-
ing the release of anti-inflammatory mediators (62). Binding of
HMGBI1-CXCR?7 inhibits neuroinflammation by modifying BBB
integrity and preventing peripheral immune cell infiltration into
the CNS (62). Overall, extracellular HMGBI released from activated
microglia and damaged neurons binds to the receptors on other
cells in the NVU and triggers them to produce more HMGBI,
forming a positive feedback loop that is associated with different
neuroinflammatory pathways.

Ligand-receptor binding can also transmit signals inhibiting
neuroinflammation. Glycoprotein nonmetastatic melanoma
protein B, a transmembrane glycoprotein specifically expressed by
astrocytes, directly binds to CD44 and plays a critical role in atten-
uating astrocyte-induced neuroinflammatory responses (63). In ad-
dition, CD44 is able to interact with TLR2 and inhibit the
downstream NF-xB signaling, reducing neuroinflammatory re-
sponses (64). These two studies provide evidence that the ligand-re-
ceptor binding is also able to reduce neuroinflammation, thus
highlighting the complexity of endogenous signaling pathways in
the NVU.

Many studies have suggested that the nature of the communica-
tion between astrocytes and microglia is highly dependent on the
exact combination of chemokines and ligands. Astrocytes can
rapidly receive signals from vascular endothelial cells via cytokines
(e.g., CCL2, CXCL1, CXCL2, and IL-6) through chemokine recep-
tors on astrocytic end feet after peripheral LPS injection (65). In ad-
dition, astrocyte-derived CCL2 can induce microglial activation by
binding to CCR2 on microglia, contributing to neuroinflammation
in vitro (66). Emerging studies demonstrated the mutual activation
of microglia and astrocytes through chemokines and their receptors
in a neuroinflammatory environment. Subsequently, in response to
the appropriate signal, CCL11 is secreted by astrocytes, which has
been shown to promote microglial migration and induce microglia
to produce reactive oxygen species (67). An in vitro study showed
that the migration and proinflammatory state of microglia depend-
ed on the response to CXCL10, which is mainly expressed by astro-
cytes (68). These studies suggest that astrocytes transmit
information to microglia after sensing signals from the peripheral
immune system and the NVU. However, which cells are the
initial triggers and the precise molecular mechanisms of this
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interaction are not yet clear. In conclusion, the cross-talk between
astrocytes and microglia via ligand-receptor biding also plays a crit-
ical role in inflammation in the NVU.

Soluble protein mediators

Glia maturation factor (GMF) is a recently discovered proinflam-
matory protein that is associated with neuroinflammation and con-
tributes to dopaminergic neurodegeneration. There is evidence that
GMF, which is mainly secreted by astrocytes, microglia, and
neurons, can activate mast cells to produce inflammatory cytokines
and chemokines. GMF overexpression in glial cells leads to neuro-
inflammation and neurodegeneration. GMF deficiency regulates
microglial polarization (69). In one study, it was shown that over-
expression of GMF and 1-methyl-4-phenylpyridinium ion (+), the
active metabolite of the neurotoxin MPTP, drove the release of
MMP3, a multifunctional proinflammatory mediator from glial
cells or neurons (70). The release of GMF via mast cell activation
mediated the microglial activation and the expression of ICAM-1,
which played an important role in immune-induced cell-to-cell ad-
hesion. Moreover, GMF-dependent macrophage activation after
MPTP treatment markedly up-regulated calpain expression in
neurons, resulting in dopaminergic neuron damage and motor def-
icits in mice (71). However, genetic knockout of GMF by using
CRISPR-Cas9 inhibited 1-methyl-4-phenylpyridinium-induced
oxidative stress and suppressed the production of inflammatory me-
diators in BV2 microglia (72). GMF knockout mice had reduced
pathological changes and improved motor behavioral performance
(71). However, the secretory protein lipocalin-2 was reported to be
expressed mainly by astrocytes and mediated microglial activation,
neuronal cell death, and cognitive deficits in a glia-neuron coculture
model. Therefore, astrocytes can also be a major source of neuro-
inflammatory mediators in the NVU. These studies suggest that
the cells in the NVU can cooperate with each other by expressing
brain-specific proinflammatory proteins and that these interactions
can modulate pathological features.

Reactive oxygen species

A recent study suggested that hydrogen peroxide (H,0,) served as a
direct signal connecting microglial activation with astrogliosis by
regulating transcription factors. In LPS- and MPTP-induced
mouse PD models, superoxide produced by NADPH oxidase 2
was the first cytotoxic factor released by activated microglia in re-
sponse to neuroinflammation (73). Then, the H,O, generated by
microglial NADPH oxidase 2 activation spreads quickly into the cy-
toplasm of astrocytes, stimulated STAT1 and STAT3, and subse-
quently activated the immunological functions of astrocytes,
ultimately leading to the expression of proinflammatory and neuro-
tropic factors in astrocytes (74). Moreover, a microglia/neuron co-
culture model showed that H,O, activation in microglia was a
source of neuroinflammatory cytokines or chemokines that resulted
in neuronal death (75). These observations suggest that microglial
activation can regulate astrogliosis through reactive oxygen species
(such as H,0,). Hence, factors that influence microglial activation
can be used as potential useful targets for inhibiting astrogliosis and
neuroinflammation.

Extracellular vesicles
Recently, EVs, which are carriers of many kinds of factors, including
lipids, proteins, DNAs, mRNAs, microRNAs (miRNAs),
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noncoding RNAs, and organelles, that shuttle from donors to recip-
ient cells have attracted much attention in the context of the regu-
lation and amplification of neuroinflammation (76). Most cells in
the NVU have the ability to release EVs. Under neuroinflammatory
conditions, EV production is distinctly increased because of the in-
creased expression of proteins related to translation and transcrip-
tion in EVs (77). Thus, the ability of EVs to facilitate intercellular
neuroinflammatory communication in the NVU deserves further
attention. EV's released from astrocytes carry molecules that are nec-
essary and sufficient to trigger neuroinflammation. After inflamma-
tory stimulation, astrocytes release vesicles containing miR-34a,
which strengthens the sensitivity and vulnerability of dopaminergic
neurons to neurotoxins by precisely targeting the antiapoptotic
protein Bcl-2 (78). Exosomes containing miR-873a-5p that origi-
nate from activated astrocytes induced the microglial transforma-
tion of M1 microglia to the M2 phenotype and exert anti-
inflammatory effects by decreasing the phosphorylation of extracel-
lular signal-regulated kinase and NF-«B transcription factor p65
(79). These EVs and their contents are of particular interest
because they can affect gene expression in recipient cells. EVs se-
creted from microglia can form a positive feedback loop because
they can stimulate other microglia in an autocrine manner. More-
over, microglia release microparticles, which are a type of the EV
family, that contain the proinflammatory molecules IL-1p and
miRNA-155, resulting in the initiation of systemic immune re-
sponses. In addition, neurons treated with EVs from microglia
undergo apoptosis and degeneration (80). Previous studies have re-
ported that cytotoxic viral proteins such as HIV transactivating reg-
ulatory protein can stimulate astrocytes to produce EVs carrying
miR-9, which are then taken up by microglia, resulting in enhanced
microglial migration. The expression of miR-21 in EVs was detect-
ed, and miR-21 was located in damaged neurons in the injured
brain regions where neighboring microglia were activated, revealing
that miR-21 is a neuroinflammation mediator of cell-to-cell con-
nections (81). Overall, microglia-astrocyte cross-talk forms a feed-
forward loop, and factors that modulate the neuroinflammatory re-
sponse of either cell type can easily magnify neuroinflammation.

Cross-talk between neurons and glial cells

Both CD200 and fractalkine (CX3CL1) are mainly expressed on
neurons, and their receptors are specifically found on microglia;
these factors are the two main inactivation signals and regulators
of immune homeostasis in neurons and microglia (82). Through
this fractalkine and its receptor, CX3CR1 interaction, neurons can
communicate with microglia to mediate inflammatory responses
and control cell survival in neurodegenerative diseases. Further-
more, the CX3CL1/CX3CRI axis may protect against neuroinflam-
mation by improving the transmission exosomal miR-124 to
microglia and reducing the expression of proinflammatory genes
in activated microglia to limit neuroinflammation and organize a
neuroprotective response (83). Moreover, inhibition of this axis
impairs the autophagy-lysosome degradation pathway by inactivat-
ing the NF-kB pathway (84). Treatment of CX3CL1~/~ mice with
the soluble cleaved form of fractalkine partially reversed cognitive
and motor damage and restored neurogenesis, suggesting that the
CX3CL1/CX3CRI axis may mediate these protective effects. In-
creasing the production of the soluble cleaved form of CX3CL1
may be a possible therapeutic strategy for treating neurodegenera-
tion. MiRNA-195 may act as an upstream regulator of the CX3CL1/
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CX3CRI axis to mediate neuroinflammation in neurons and micro-
glia (85). CD200 can mediate microglial activation by binding with
microglial CD200R. Blocking the CD200-CD200R axis could
promote microglial activation of microglia and increase the levels
of iNOS and dopaminergic neurodegeneration in an a-synuclein—
overexpressing PD model, showing that the midbrain is a distinctly
sensitive region that responds to changes in CD200. There is evi-
dence that CD200 knockdown can enhance peripheral inflamma-
tion and the lymphocyte response following microglial activation
(86). However, in another LPS-induced animal model, peripheral
inflammation occurred first (87). CD200-CD200R signaling trans-
mitted the inflammatory signals from the peripheral nervous system
to the CNS. Overall, the interaction between these ligands and re-
ceptors maintains the microglial resting state. Once these factors are
inhibited, neuroinflammation becomes overactive, ultimately
leading to neuronal damage. Excessive levels of these proinflamma-
tory interactions in the NVU lead to neuronal injury. Dysfunctional
and dying neurons also activate microglia, which, once activated,
can produce additional mediators that affect neighboring neurons
and astrocytes.

THE RELATIONSHIP BETWEEN NEUROINFLAMMATION AND a-
SYNUCLEIN IN SYNUCLEINOPATHIES

Clinical evidence of neuroinflammation in
synucleinopathies

PD patients have high levels of inflammatory indicators, including
genetic biomarkers such as miRNAs and cell-free DNA, inflamma-
somes, and various inflammatory proteins such as IL-6, C-reactive
protein, IFN-y, and IL-1, in their plasma, blood, cerebrospinal fluid
(CSF), and brain tissue compared with healthy controls (Table 1)
(88). The presence of a-synuclein oligomers in CD11b* exosomes
derived from microglia in the CSF of PD patients suggests that neu-
roinflammation regulates the translation and spread of a-synuclein
(89). However, increased levels of many inflammatory factors, in-
cluding inflammatory markers and autoantibodies, have been iden-
tified in the brain, CSF, and blood samples of DLB patients (90). The
levels of inflammatory markers during different stages of the disease
process were compared, and a more notable increase was reported
in the early stage of DLB, suggesting that inflammation occurs early
as a triggering event (91). Moreover, increased microglial activation
was observed in DLB brains with mild disease status compared with
those with moderate/severe disease status (92). In contrast, one
study appeared to contradict the previous study, showing the inhi-
bition of microglial activation in the postmortem brain tissue of 50
donors (93) despite increased DLB neuropathology. Regarding
adaptive neuroinflammation, increased adaptive immune responses
in DLB were shown to promote cerebral attachment of T lympho-
cytes. However, the systemic inflammatory profile and specific cell
signaling mechanisms of inflammation in DLB deserve further
investigation.

Recent work has provided evidence of the neuroinflammatory
response in human disease and animal models of MSA. For
example, proinflammatory cytokine levels were increased in the
CSF, blood, and brain tissue samples of MSA patients compared
to healthy controls (94). In addition, widespread microglial activa-
tion was shown in patients with the Parkinsonian phenotype of
MSA by [''C](R)-PK11195 positron emission tomography (PET)
examination. Moreover, there was an active correlation between
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Table 1. Different inflammatory biomarkers for distinguishing synucleinopathy disorders. 1, increased expression; |, decreased expression; —, not

significant; /, not measured.

Methods Samples

Markers

MSA Reference

CSF

Bead-based Luminex assays

Multiplex analysis

Blood

(102)

=
*
~

*P < 0.05 versus PD. P < 0.05 versus controls.

locally restricted neuroinflammation and increased numbers of a-
synuclein inclusions (95). These studies of pathological samples
have implicated circulating factors such as P2Y6R, miR-30-5p,
and ICAM-1 in synucleinopathies, highlighting the pathogenic
mechanisms initiated by different neuroinflammatory elements in
the NVU (96).

Similarities and differences of neuroinflammation in
synucleinopathies

Neuroinflammation has been observed in patients with PD, DLB,
and MSA. Clinical and experimental studies suggest some similar-
ities and also differences. Evidence of microglia activation has gen-
erally been demonstrated in these conditions. In MSA, there is
proliferation and activation of microglia in the brain, causing de-
generation and apoptosis of oligodendrocytes (97). Microglia acti-
vation has been shown in the brains of PD and DLB; however, the
level of activation was different and occurred in varied brain
regions. Microglia were recruited to nearby neurons in PD and
DLB, while they were more aligned to oligodendrocytes in MSA
(98, 99). A number of astrocytes have been observed in close prox-
imity to the oligodendrocytes containing glial cytoplasmic inclusion
in MSA (100). In PD, reactive astrocytes act by increasing the release
of proinflammatory cytokines such as TNF-a and IL-1 (10I). Up-
regulation of NLRP3 has been commonly found in synucleinopa-
thies. NLRP3 on microglia is co-located with CD68 in MSA
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brains (102). In PD, when NLRP3 on microglia was activated, it re-
leased proinflammatory cytokines and led to mitochondrial
damage, which, in turn, promoted dopaminergic neuronal
damage (103, 104). The increased infiltration of peripheral
immune cells suggests an additional role in the neuroinflammation
of synucleinopathies (105). In the brains of MSA patients, CD3",
CD4", and CD8" T cells were increased. CD4" T cells tended to dif-
ferentiate into proinflammatory T helper cells, which secreted IFN-
y and TNF-a to enhance neuroinflammation (106).

Clinical studies suggest evidence of neuroinflammation in pa-
tients with PD, DLB, and MSA. Neuroinflammatory cytokines in
blood, serum, CSF, and brain tissue have been shown to differentiate
different types of synucleinopathies (Table 1). These observations
suggest that different neuroinflammatory responses predominate
depending on the specific disease (102). In PD mice model overex-
pressing human a-synuclein using recombinant adeno-associated
virus vector, microglial activation could be observed in the early
stage of pathology, indicating that inflammatory responses hap-
pened in the early stage in synucleinopathies (98). Animal models
overexpressing a-synuclein preformed fibrils demonstrated that a-
synuclein activated neuroinflammation by inducing the expression
of TLR2 on microglia. In addition, TLR2 was identified to interact
with myeloid differentiation primary response. This enhanced in-
teraction further increased the release of NF-xB (107). It is impor-
tant to remember that the a-synuclein overexpression models
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unfortunately do not fully recapitulate human PD; thus, current ob-
served differences in responses and mechanisms underlying the
neuroinflammation among these diseases need to be interpreted
with caution.

How a-synuclein affects neuroinflammation
The abnormal aggregation of a-synuclein and neuroinflammation
are shared characteristics of synucleinopathies, as verified by in
vivo and in vitro studies; however, how these factors interact with
each other and generate combined effects has not been systemati-
cally demonstrated. Here, we will discuss how a-synuclein aggrega-
tion contributes to the activation of microglia, astrocytes, and
pericytes and the effects of different forms of a-synuclein on
neuroinflammation.

a-Synuclein can trigger microglia activation via three different
ways: the pattern recognition pathway activation, protease secretion,
and iron deposits. First, the aggregation of extracellular a-synuclein
stimulates microglial activation and up-regulates the expression of
proinflammatory factors such as TNF-a and IL-1p via the TLR4/
phosphatidylinositol 3-kinase (PI3K)/AKT/glycogen synthase
kinase 3P (GSK3p) signaling pathway (Fig. 3) (108). The miR-155
and Janus kinase (JAK)/STAT pathways in microglia and macro-
phages showed direct effects on proinflammatory responses to a-
synuclein and a-synuclein—induced neurodegeneration in vitro
(109). In addition, microglia exposed to a-synuclein fibrils exhibit-
ed increased IL-1( expression, which required inflammasome acti-
vation and participated in the recruitment of caspase-1 (110). On
the other hand, the increases in iNOS, MMPs, proinflammatory cy-
tokines such as ionized calcium binding adaptor molecule 1, CD68,
and chemotaxis were observed in a-synuclein—treated primary rat
microglia (111). MMP inhibition suppressed a-synuclein—-induced
microglial activation, revealing the important regulatory role of
MMPs, especially MMP3, MMP8, and MMP?9. In addition, these
results showed that protease-activated receptor—1, a protease recep-
tor located on the surface of microglia, was responsible for this ac-
tivation (112). Iron deposits are specifically localized to microglia,
while transferrin (TF), TF receptor 1, TF receptor 2, and ferroportin
are increasingly expressed in dopaminergic neurons. Iron deposi-
tion in microglia could play a role in a-synuclein preformed fibril
treatment-induced neuroinflammation as an early cellular response
before neuronal death (113). In addition, the prolonged process of
a-synuclein formation is associated with neuroinflammation.

a-Synuclein aggregates not only activate microglia releasing
proinflammatory factors but also affect microglial motility. A
recent study showed that neuron-derived a-synuclein can accelerate
the migration of microglia toward neuron. It also found that
a-synuclein can directly bind to integrin CD11b on microglia to
trigger the microglial migration, and this promoted the release of
extracellular H,O, (114). Then, H,0O, diffuses rapidly into the cyto-
plasm in microglia, and the F-actin—associated protein cortactin is
phosphorylated by the tyrosine protein kinase Lynin in response to
the increased concentration of H,O,. In response to phosphorylated
cortactin, the actin skeleton is rearranged and promotes microglia-
directed migration toward neurons, which is strictly controlled by
the Rho family of small guanosine triphosphate hydrolyzing
enzymes (114).

However, whether a-synuclein induces astrocyte activation,
which is an important component of neuroinflammation, and the
detailed mechanism have not been elucidated. Because imidazoline
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2 is mainly expressed on astrocytes, a highly specific and selective
detection method targeting the imidazoline 2 binding site in PD
demonstrated a neuroprotective effect of reactive astroglia in re-
sponse to a-synuclein accumulation in the early stage (115).
However, because the disease progresses with constant stimulation
from a-synuclein inclusions and the microenvironment, astrocytes
may become overactive and respond accordingly. The release of
neuroinflammatory factors, including NF-xB, TNF-a, and IL-1p,
by astrocytes can be amplified by IFN-y (116). In addition, after
CX3CR1 deletion, the A53T mutant of a-synuclein exacerbated
neuroinflammatory markers and microgliosis, which were accom-
panied by neurodegeneration, indicating the modulatory effect of
CX3CR1 on pathological proteins (117).

A recent study showed that when rat brain endothelial cells
(RBECs) were cocultured with rat brain pericytes, RBEC permeabil-
ity was increased after a-synuclein treatment. However, in the
absence of pericytes, RBECs were not affected (118). These results
showed that pericytes reacting to monomeric a-synuclein were
more sensitive than RBECs to the release of inflammatory cytokines
and chemokines, such as MMP9. Therefore, monomeric a-synu-
clein—induced pericytes may play roles in BBB breakdown and in-
flammatory infiltration, contributing to neuroinflammation in
patients with PD. Whether pericytes play a role in a-synuclein—as-
sociated PD pathology needs further study.

It has been reported that posttranslational modifications of a-
synuclein, including truncation, phosphorylation, and ubiquitina-
tion, can also affect neuroinflammation. Among these modifica-
tions, truncation is widespread in Lewy bodies in PD brains,
suggesting that truncation may be involved in the formation of
pathological structures (119). Exogenous C-terminal truncation of
a-synuclein activates neuroinflammation by increasing the release
of reactive oxygen species. Some in vitro studies demonstrated
that phosphorylation at serine-129 (pS129) was associated with
the production of fibrillar a-synuclein by disrupting the endocytic
vesicle or slowing down the rate of proteolytic pathways (120). Fur-
thermore, the CSF levels of pS129 of patients with MSA were signif-
icantly higher than those of patients with PD and DLB. It has been
suggested that pS129 could prevent initial a-synuclein fibril from
further aggregation in PD (121), and hence, this effect should be
further investigated. One study indicated that a-synuclein was
phosphorylated at S87, and this may increase a-synuclein confor-
mational flexibility, inhibit a-synuclein oligomerization, influence
a-synuclein—-membrane interactions, and block its fibrillization
(122). Furthermore, pS87 may cause reduction of a-synuclein
binding to membranes. pS87 was identified in the brains of different
synucleinopathies, and this phosphorylation affected the helical
conformation of membrane binding to a-synuclein, with lower
lipid binding affinity. Several studies indicated that with tyrosine
residue, nitration may lead to a-synuclein aggregation due to the
damage of a-helix conformation and the disruption of binding to
lipid vesicles (123). Under oxidative stress condition, excess NO
induced a-synuclein nitration, which resulted in a-synuclein aggre-
gation. Despite these interesting observations, more in vivo studies
are needed to investigate the pathological roles of posttranslational
modifications in a-synuclein aggregation.

Furthermore, neuronal debris induces further inflammatory re-
actions through a cycle of neuronal injury, a-synuclein aggregation,
and sustained inflammation. The a-synuclein monomer has been
shown to maintain the physiological and anti-inflammatory
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microglial phenotype by attenuating the activation of NF-«B, in-
creasing peroxisome proliferator—activated receptor y expression,
and promoting neuroprotective functions (124). In addition, fibril-
lar a-synuclein exhibited the highest selectivity for triggering mi-
croglial activation and induced a faster persistent major
histocompatibility complex class II (MHC II) response in the
brain than a-synuclein monomers and oligomers (125).

The effect of neuroinflammation on the aggregation and
spread of a-synuclein

While neuroinflammation is a contributory factor in neuronal
death and neurodegeneration in synucleinopathies, how this con-
tributes to the accumulation of intracellular a-synuclein is still
being investigated. In several LPS-induced animal models, in-
creased inflammatory mediators may induce the loss of dopaminer-
gic neurons and defects in the molecular networks that clear
misfolded proteins (126). Increasing evidence has indicated that
the overproduction of proinflammatory cytokines and oxidative
stress contribute to neuronal degeneration. Experimental animal
models have shown that the overactivation of cells in the NVU, in-
cluding glia and vascular cells, causes continuous and excessive pro-
duction of neuroinflammatory mediators that are cytotoxic to
neurons and subsequently results in neuronal degeneration and ne-
crosis, which releases neuronal debris (127). For example, the proin-
flammatory mediator SI00A9 has recently been shown to colocalize
with a-synuclein within Lewy bodies in PD patients (128). The cy-
totoxicity of a-synuclein was maximized when SI00A9 was added
in vitro, emphasizing the important role of SI00A9 in neurodegen-
eration. TNF-a was also shown to modulate a-synuclein levels in
inducing pluripotent stem cell-derived neurons (129). Moreover,
the lack of triggering receptor expressed on myeloid cells 2, a trans-
membrane protein that is specifically expressed on microglia, may
promote a-synuclein aggregation by modulating the proinflamma-
tory state of microglia (130). TLR4 deficiency impairs microglial en-
docytosis, leads to poor a-synuclein clearance, and promotes
neurodegeneration (131). These data suggest the involvement of
specific inflammatory pathways in a-synuclein aggregate formation.

To clarify the temporal relationship between neuroinflammation
and synucleinopathy, mice were injected with preformed a-synu-
clein fibrils, and during the proinflammatory stage, a significant in-
crease in ionized calcium binding adaptor molecule 1" cells, glial
fibrillary acidic protein—positive cells, and IL-1p expression was
shown to precede a-synuclein aggregation in the substantia nigra.
In contrast, there was no change in inflammation in mice that re-
ceived a-synuclein monomers or the vehicle (132). Thus, these find-
ings suggest that neuroinflammation is an early event that precedes
a-synuclein inclusion formation. However, an animal model of late-
onset Parkinsonism showed that a mild inflammatory state oc-
curred in the late stage of PD pathology, which was even later
than the progressive accumulation of pathological a-synuclein in
the substantia nigra (133). Together, these results suggest that a
vicious cycle exists between astrocytic and microglial activation
and neuroinflammation and the aggregation of a-synuclein.

In parallel with a major glial immune response, other cells in the
NVU also contribute to the dynamic accumulation of pathological
a-synuclein by secreting factors such as proteoglycan neuron glia
antigen 2 (NG2). NG2 may generally mediate the proliferation,
movement, and differentiation of pericytes in the brain. Inhibiting
NG2 in pericytes reduces the levels of the vessel basal lamina

Wang et al., Sci. Adv. 9, eabq1141 (2023) 15 February 2023

molecules laminin, collagen VI, and collagen IV (134). It was
shown that the levels of soluble NG2 in the CSF of patients with
PD were associated with the expression of a-synuclein, indicating
that NG2 expression was linked to synucleinopathies.

In addition, immune cells and the regulation of neuroinflamma-
tory factors are affected by the degradation of a-synuclein. Many
studies have shown that microglia, which are prime scavenger
cells in the brain, are in charge of phagocytosis to degrade a-synu-
clein (135). Microglia can engulf fibrillar a-synuclein by up-regulat-
ing the autophagy receptor p62/SQSTM1, which is mediated by
TLR4-NF-«B signaling (136). Meanwhile, the fibrillar form of a-
synuclein, but not monomeric a-synuclein, was found to induce ly-
sosomal damage and active autophagy of microglia. In addition, a-
synuclein can impair microglial autophagy flux through TLR4-de-
pendent p38 and AKT-mammalian target of rapamycin (mTOR)
signaling. Exosomes are crucial mediators in the transmission and
propagation of a-synuclein between microglia and neurons. It has
been reported that exosomes derived from the plasma and CSF of
PD patients containing higher level of total a-synuclein can prefer-
entially activate microglia in vivo and in vitro (137). Neurons can
release exosomes containing a-synuclein. These exosomes can be
phagocytosed by nearby healthy neurons or microglia (138). Micro-
glia degrade extracellular a-synuclein via autophagy-lysosomal
pathway and secrete exosomes (89). A recent study described that
microglia-derived exosomes carrying a-synuclein were able to
trigger protein aggregation in recipient neurons, and inhibition of
exosomes in microglia inhibited a-synuclein transmission (138).
Studies in in vitro and animal models and humans suggest that
these exosomal a-synuclein can be absorbed by nearby neurons,
promoting cell-to-cell transmission, and this can lead to accumula-
tion of pathogenic a-synuclein (139). Together, microglia can di-
rectly take up a-synuclein or exosomal a-synuclein and can
release microglial exosomes with a-synuclein to contribute the a-
synuclein transmission and propagation. It has been suggested
that monomeric a-synuclein can be internalized into microglia by
binding to ganglioside GM1 (136). Moreover, the internalization
can be disrupted by DJ-1 protein deficiency (135). Xia et al. (139)
found that TLR2 in microglia could be activated by exosomal a-syn-
uclein, which leads to the further propagation and spread of a-syn-
uclein pathology, thereby highlighting the pivotal roles of reactive
microglia in a-synuclein transmission. These studies provide
notable insights into the role of microglia in degrading a-synuclein
and its transmission. Thus, because of the defects in autophagy reg-
ulation, microglia cannot take up a-synuclein. A lack of neuronal
IFN-B and interferon-a/p receptor (IFNAR) signaling, which is a
classic anti-inflammatory pathway, causes dysfunction in a-synu-
clein degradation in neurons and ultimately results in Lewy body
formation (132). In conclusion, whether inflammation precedes
the pathological formation of a-synuclein or is a result of that loss
remains to be further investigated.

Different properties of a-synuclein in synucleinopathies

The aggregation of a-synuclein is thought to be deleterious and a
notable step that leads to neuronal dysfunction and death. Although
three synucleinopathies share the a-synuclein burden, how a-synu-
clein develops and aggregates distinctly in specific brain regions and
then leads to distinctive clinical symptoms remains unclear. In PD
and DLB, pathological a-synuclein inclusions in neurons in the
form of Lewy bodies are the major causes of neurotoxicity and
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progressive neurodegeneration, while pathological a-synuclein in
MSA is characterized by glial cytoplasmic inclusions, especially ol-
igodendroglial cytoplasmic inclusions (140). The cryo-electron mi-
croscopy showed that there were two filament types in patients with
MSA, which showed a shortened average twisting distance and
greater toxicity than the filaments in patients with PD (141).
Because neuroinflammation mainly affects the aggregation and
spread of a-synuclein, we will discuss how these differences in a-
synuclein differ among the three synucleinopathies.

Emerging PD studies in cells, animal models, and humans
suggest that misfolded a-synuclein species is released by neurons
and can be absorbed by nearby neurons, inducing cell-to-cell trans-
mission and the accumulation of pathogenic a-synuclein (142). A
human single-nucleus transcriptomic analysis was performed on
the human substantia nigra and cortex regions and identified a no-
ticeable cell type connection between an increased risk of PD and
oligodendrocyte-specific gene expression, but how oligodendrocyte
dysfunction occurs in PD has not been well demonstrated (132).

Pathogenic mutations in human a-synuclein play important
roles in its pathological transmission, which may explain the differ-
ent clinical manifestations and pathological phenotypes of synuclei-
nopathies at the gene level. Among these phenotypes, the mutations
H50Q and A53T not only greatly increased a-synuclein secretion
and seeding activity in vivo but also rapidly induced neuroinflam-
mation and microglial activation in vitro and in the rat substantia
nigra pars compacta (143). For example, the mutant A53T a-synu-
clein activated robust microglial reactivity through phosphorylation
mechanisms that were modulated by mitogen-activated protein
kinases and subsequent NF-kB/activator protein—1/nuclear factor
erythroid 2 p45-related factor 2 pathway activation (144). A
recent study suggested that chemically synthesized a-synuclein pep-
tides containing specific amino acid sequences could directly in-
crease the release of superoxide by microglia and facilitate
dopaminergic neuronal damage (145). Inspired by this study, we
suggest that the constitution of different individual peptides gener-
ated from a-synuclein mediates the different pathological natures of
synucleinopathies and intermediate metabolites during
neurodegeneration.

Previous studies have demonstrated that reducing a-synuclein
levels has beneficial effects on neurotoxin-induced models of PD
(146). In contrast, a recent study yielded discrepant findings and
showed that inhibiting nigrostriatal a-synuclein initiated a neuroin-
flammatory cascade, as indicated by rapidly increased expression of
MHC, the transformation of reactive microglia, and the loss of ni-
grostriatal neurons (147). These results challenged the therapeutic
efficacy of simply decreasing a-synuclein in PD patients, which may
lead to severe neuronal loss.

As a rare and rapidly progressive synucleinopathy, MSA is char-
acterized by a combination of clinical Parkinsonism symptoms, cer-
ebellar impairment, and autonomic and motor dysfunctions (148).
Oligodendrocytes are not traditionally involved in inflammation,
but these cells play a major role in MSA. The accumulation of mis-
folded a-synuclein within oligodendrocytes is also involved in both
oligodendroglial dysfunction and neurodegeneration, which can
initiate the onset of clinical symptoms in MSA.

DLB is a disease with brain atrophy caused by abnormal aggre-
gation in neuronal synapses. In DLB, Lewy bodies are predominant-
ly located in the cortex. It was found that two mutants of the a-
synuclein isoform B-synuclein in DLB, V70M and P123H, had

Wang et al., Sci. Adv. 9, eabq1141 (2023) 15 February 2023

higher membrane binding affinity and stronger ability to aggregate
than wild-type B-synuclein (149). However, it is still unclear how
these two mutants of f-synuclein contribute to the abnormal aggre-
gation of synuclein and lead to neurodegeneration in DLB.

The relevance of anatomical variations in these three synucleino-
pathies to the functions of a-synuclein in different diseases will be
discussed below. In vitro and in vivo studies provide strong evidence
that the aggregation of a-synuclein in mature amyloid fibrils in
Lewy bodies is preceded by oligomerization. Extracts from the
brains of MSA patients showed a unique strain of a-synuclein
prion, which had variable conformations and the ability to self-
propagate (150). The morphological and biochemical features of
a-synuclein in synucleinopathies have drawn great attention, and
the different properties and seeding activities may contribute to
the classification and specific pathogenesis of synucleinopathies.
To determine the structures of a-synuclein filaments in the
human brain, Schweighauser et al. (141) used cryo—electron micros-
copy to observe the structures of a-synuclein filaments, which con-
sisted of two types of filaments in the brains of patients with MSA.
Studies have reported that brain extracts from patients had much
higher seeding activity than those extracted from patients with
DLB and PD both in vivo and in vitro. Moreover, the a-synuclein
filaments in MSA are distinctly different from the a-synuclein fila-
ments in DLB by two-dimensional class averaging, which provides a
clue to the precise pathogenic mechanism and prospective thera-
peutic targets of the different conformations. On the basis of
these structural analyses, many notable methods have been estab-
lished to distinguish the structures of a-synuclein in MSA and
PD, such as silver staining, luminescent conjugated oligothio-
phenes, fluorescence lifetime imaging, nuclear magnetic resonance
spectroscopy, and electron paramagnetic resonance. Further studies
are needed to determine how pathological a-synuclein accumulates,
aggregates, and spreads in different synucleinopathies.

DISCUSSION

Disruption of the NVU has been shown to play a role in the initia-
tion and progression of synucleinopathies. Both neuroinflamma-
tion and abnormal misfolding of a-synuclein are important
contributors to the underling pathophysiologic processes, although
this may not be specific to synucleinopathies. There is evidence of
intercellular cross-talk among different cell types including glia
cells, vascular cells, pericytes, and neurons during neuroinflamma-
tion. Although how the neuroinflammatory networks lead to neu-
rodegeneration is unclear, current data suggest that they may
contribute to the aggregation and transmission of a-synuclein.

FUTURE PROSPECTS

Studies to elucidate the exact interplay between microglia and astro-
cytes and its effects on immune cell activation and release of neuro-
inflammatory cytokines are needed. The cause-and-effect
relationship between neuroinflammation and a-synuclein is
unclear. It is useful to investigate their temporal relationship in ex-
perimental models and to evaluate whether adjustments of the mi-
croenvironment can influence the outcome. Identification of the
specific mechanisms that contribute to the initiation and aggrega-
tion of a-synuclein will provide prospective insights on the patho-
physiologic role of neuroinflammation. Because most published
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reports have focused on experiments using coculture of limited cell
types, investigations involving additional cell types such as pericytes
in NVU and to evaluate their relationship with glial cells and oligo-
dendrocytes will be beneficial.

Optimization and developing physiologic NVU models that can
imitate neuroinflammatory response will provide an ideal platform
to interrogate the relationship between neuroinflammation and a-
synuclein. Because the predominant cell involvement differs in dif-
ferent synucleinopathies (e.g., neurons in PD and DLB and oligo-
dendrocytes in MSA), studies to identify the cell types most at risk
to neuroinflammation and to determine how the predominant cell
type interacts with the other elements in NVU will further our un-
derstanding on the role of inflammatory processes in the disease
pathophysiology. Potential therapeutic approaches in the treatment
of synucleinopathies can target inhibitions of these neuroinflamma-
tory cross-talks.
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