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Introduction

Parkinson’s disease (PD) is the second most common age-
related neurodegenerative disease following Alzheimer’s 
disease (AD), characterized by motor symptoms of brad-
ykinesia, rigidity, resting tremor, and postural instability as 
well as non-motor symptoms of constipation, depression, 
sleep disorders, and cognitive decline [1]. The onset of dis-
ease generally occurs in individuals >60 years old, and it 
is estimated that ~10 million people worldwide have PD 
[2–4]. Currently, there are no effective therapies to block the 
progression of PD [5]. Although 5%–10% of PD cases are 
familial, the majority of cases are sporadic [3, 6]. The hall-
marks of pathological changes in PD are the loss of dopa-
minergic (DA) neurons in the substantia nigra pars compacta 
(SNpc) and the deposition of α-synuclein (α-syn) in Lewy 
bodies (LBs) and neurites (LNs) that are widely distributed 
in the brains of PD cases [6–9]. The LBs are composed of 
phosphorylated α-syn (S129), ubiquitinated proteins, and 
other damaged organelle components [10–12]. Pathologi-
cal α-syn can recruit and convert unfolded α-syn to form 
pathological amyloid fibrils in neurons. The fibrils undergo 
fragmentation to form small fragments and oligomers that 
are secreted from the neuron. The oligomers then enter the 
next neuron through receptor-mediated endocytosis, leading 
to the spread of pathological α-syn throughout the brain in a 
prion-like manner [13–15]. In diseased PD brains, glial acti-
vation and the accumulation of α-syn in neurons are often 
accompanied by LB and LN pathology and neurodegenera-
tion [16–19]. Although it is accepted that glial activation is 
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a response to neuronal damage by misfolded α-syn that is 
toxic to neurons, recent studies suggest that the reaction of 
glia may be more than just a passive response; it may con-
tribute to the spread of α-syn pathology and the development 
of PD-related pathology [19, 20].

In this review, we discuss the association of glial activa-
tion and α-syn pathology in PD. We summarize the studies 
on the activation of glial cells by α-syn species to discuss 
the response of glial cells to α-syn aggregates. We also 
described the roles of glial cells in the clearance and trans-
mission of α-syn aggregates that contribute to the spread of 
α-syn pathology.

α‑Syn Pathology

α‑Syn Aggregation and Toxicity

The α-syn protein is encoded by the SNCA gene, and has an 
average molecular weight of ~14 kDa [21]. α-Syn protein 
is mainly located at the presynaptic terminal in the central 
nervous system (CNS) and is involved in the release of syn-
aptic vesicles by promoting soluble NSF attachment pro-
tein receptor (SNARE)-complex assembly [22, 23]. α-Syn 
natively exists as soluble compact monomers or α-helically 
folded tetramers to avoid aggregation [13, 14]. However, 
under some pathological conditions, α-syn monomers may 
be misfolded to form soluble pathological oligomers, or 
insoluble β-sheet-rich fibrils [24–26].

α-Syn oligomers are more toxic than other assemblies 
(monomers, fibrils, or aggregates) [27]. The point muta-
tion of α-syn with E35K, E57K, or E46K is prone to oli-
gomerization and leads to neuronal damage [27–29]. In 
lentivirus-infected brains, both wild-type (WT) α-syn 
and the E57K mutant form SDS-insoluble α-syn oligom-
ers that are detected in the membrane fractions, suggest-
ing that α-syn oligomers interact with lipid membranes. 
However, more oligomers are formed by α-syn E57K than 
WT α-syn. α-Syn E57K prefers to form oligomers, but WT 
α-syn rapidly forms fibrils from oligomers. Moreover, more 
DA neuronal loss has been reported in mice infected with 
E57K mutant α-syn than with WT α-syn, further suggest-
ing toxic effects of α-syn oligomers on DA neurons [27]. 
In induced pluripotent stem cell (iPSC)-derived neurons, 
overexpression of α-syn with the familial mutation E46K or 
an artificially-induced E57K mutation results in more α-syn 
oligomers than those expressing WT α-syn. Moreover, α-syn 
E46K or E57K mutation leads to abnormalities in axonal and 
synaptic integrity due to the abnormal distribution of motor 
factors for the anterograde axonal transport of mitochon-
dria [29]. In addition, transgenic mice that harbor the E57K 
mutation show evident synaptic abnormalities and neuronal 
loss, with learning and memory defects [28], suggesting that 

oligomeric α-syn plays crucial roles in α-syn-induced PD 
pathology.

The cell membranes and mitochondria are the most com-
mon targets of exogenous α-syn oligomers in various types 
of neuron [30–35]. α-Syn oligomers have a high affinity for 
the lipid bilayer of the cell and organelle membranes, result-
ing in a disruption of membrane integrity [32–34]. The high 
affinity of the oligomers for cell membranes also determines 
their ability to enter neurons, which may be superior to other 
forms of α-syn [34]. After entering neurons, α-syn oligom-
ers target and accumulate in the outer or inner membrane of 
mitochondria [33, 36, 37]. It has been reported that α-syn 
oligomers interact with the translocase of the outer mito-
chondrial membrane 20 (TOM20), resulting in an inhibi-
tion of mitochondrial protein import [36, 38]. Moreover, 
α-syn oligomers impair the respiratory chain complexes 
to decrease ATP production and increase oxidative stress 
when they are translocated to the mitochondrial inner mem-
brane [37]. Interestingly, neutralizing α-syn oligomers with 
the A11 antibody, which is a polyclonal antibody against 
oligomers, blocks α-syn oligomers from entering cells and 
attenuates oligomer toxicity [34], further suggesting a role 
for α-syn oligomers in neuronal toxicity. Thus, the confor-
mational changes of α-syn under pathological conditions 
induce α-syn misfolding and aggregation, leading to the 
formation of α-syn oligomers and fibrils [34]. Blocking 
oligomer entry into cells might be a promising strategy to 
inhibit the toxicity of α-syn aggregation (Fig. 1).

Pathological α‑syn Transmission

The hypothesis of α-syn transmission was first proposed by 
Braak and colleagues [39]. Their study showed that the dis-
tribution of α-syn pathology in the brain is correlated with 
the severity of PD symptoms. At the early stage of PD, α-syn 
pathology often appears in the olfactory nucleus and olfac-
tory bulb, the lower brain stem, and the dorsal IX/X motor 
nuclei [39, 40]. With the progress of disease, α-syn pathol-
ogy is observed in the midbrain at the developing stage and 
in the neocortex at the last stage. Based on these findings, it 
has been speculated that α-syn pathology is initiated in the 
lower brain stem, spreads through neural interconnections, 
and eventually reaches the neocortex [39].

More convincing evidence that suggests α-syn transmis-
sion between cells came from clinical findings in 2008 [41, 
42]. α-Syn- and ubiquitin-positive LBs and LNs have been 
found in transplanted DA neurons in the grafts from PD 
patients who died within 11–16 years after bilateral trans-
plantation with human fetal mesencephalic tissue, suggest-
ing that the α-syn pathology in grafted DA neurons comes 
from the propagation of pathological α-syn from surround-
ing host neurons [41, 42].
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In recent years, various in vitro and in vivo models of 
α-syn transmission have been established to confirm the 
α-syn-spreading hypothesis based on findings from PD 
patients [43–47]. It is well accepted that the transmission 
of α-syn is due to the prion-like properties of its misfolded 
form, similar to other pathogenic proteins in neurodegen-
erative diseases [25, 26]. Prions are composed of misfolded 
prion proteins (PrPs) that can infect the host and force the 
native normal structure of PrPs to form an anomalous mis-
folded structure and aggregate in host cells. Once the aggre-
gates reach a certain extent, they undergo fragmentation to 
form new templates (seeds), thus initiating a chain-reaction 
of PrP misfolding and aggregation [25]. Without misfolded 
α-syn, the transfer of WT α-syn between cells does not 
induce α-syn pathology. However, like prions, misfolded 
α-syn is prone to aggregation, which induces the structural 
change of normal α-syn monomers that are recruited to 
α-syn aggregates and form pathological forms, ranging from 
small oligomers to large β-sheet-rich fibrils [25, 48]. Under 
certain conditions, these fibrils undergo fragmentation to 
generate new small aggregates called seeds to propagate the 

pathogenic form of α-syn, which results in the spread of 
α-syn pathology from cell-to-cell and brain region-to-brain 
regions when α-syn seeds are released from one cell and 
taken up by another [25, 26].

α-Syn monomers can be induced to form misfolded α-syn 
and then β-sheet-rich fibrils in vitro [49]. Smaller pre-formed 
fibrils (PFFs) are obtained by ultrasonic fragmentation of 
fibrils [49]. The introduction of PFFs into human cell lines 
by liposomes induces overexpressed WT α-syn to form amy-
loid-like fibrils that are highly ubiquitinated and phosphoryl-
ated, sharing properties with those in PD patients [43, 50]. 
In mouse primary neurons, PFFs induce endogenous α-syn 
to form LB/LN-like structures in a time-dependent man-
ner, resulting in synaptic dysfunction and neuronal death. 
In addition, the severity of the defects in neuronal network 
activity matches the development of α-syn pathology, simi-
lar to the progression of α-syn pathology in PD patients [44]. 
In animals, a single brain site injection with recombinant 
PFFs or brain homogenates containing pathological α-syn 
assemblies into A53T transgenic mice that overexpress the 
human SNCA gene with the familial A53T mutation induces 

Fig. 1   Schematic of the impact of α-syn aggregates on the activa-
tion of microglia and astrocytes and their contributions to α-syn 
pathology. α-Syn aggregates propagate between neurons and are 
released from them. Extracellular α-syn aggregates activate micro-
glia by initiating the NF-κB-dependent inflammatory response and 
inflammasome activation via pattern recognition receptors (PPRs) 
or Fyn. Extracellular α-syn aggregates induce the NF-κB-dependent 
inflammatory response in astrocytes, and this is associated with the 

activation of RIPK signaling. Meanwhile, microglia phagocytose 
extracellular α-syn aggregates and transport them to lysosomes for 
degradation. Overloaded α-syn in microglia or astrocytes can be 
transmitted between microglia through cellular networks or between 
astrocytes through tunneling nanotubes (TNTs). In addition, micro-
glia and astrocytes activated by α-syn aggregates produce pro-inflam-
matory factors, which damage neurons and promote the transmission 
of α-syn pathology between neurons.
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the development of α-syn pathology in extensive areas of 
the brain. This confirmed the α-syn transmission hypoth-
esis for the first time in vivo [46]. In addition, intrastriatal 
inoculation with recombinant PFFs in WT mice also induces 
phospho-α-syn-positive LB/LN aggregates from endogenous 
α-syn, showing the distribution of α-syn pathology along 
with interneuronal connectivity in the brain. These mice also 
show time-dependent α-syn pathology, neuronal loss, and 
motor defects similar to sporadic PD-like pathology [51]. 
Moreover, fewer motor defects and α-syn pathology have 
been reported in Snca+/– heterozygous mice, further sug-
gesting the involvement of WT α-syn in α-syn pathology 
after PFF treatment [51]. Therefore, the PFF mouse model 
has been widely used in PD studies. Most interestingly, in 
addition to the transmission of α-syn pathology in the CNS, 
peripheral PFF inoculation also induces α-syn pathology in 
the CNS [52, 53]. Inoculation of PFFs into the gastroduo-
denal tract in WT mice induces α-syn pathology in multiple 
brain regions, including the dorsal motor nucleus, brain-
stem, midbrain, and cortex [53]. The mice present olfac-
tory dysfunction, motor deficits, and cognitive decline, in 
which the phenotypes are similar to the clinical symptoms 
of PD patients, indicating that the abnormal aggregation of 
α-syn in the gastroduodenal tract can initiate the transmis-
sion of α-syn pathology from the gut to the CNS and affect 
neuronal functions in multiple brain regions [53]. In addi-
tion, α-syn pathology is present in multiple brain regions, 
starting from the dorsal motor nucleus of the vagus in the 
medulla and locus coeruleus in the pons 1 month after the 
injection of PFFs into the muscle layers of the pylorus and 
duodenum, and then spreads to the amygdala, SNpc, stria-
tum, hippocampus, and cortex [53]. Loss of DA neurons and 
defects in motor behavior have also been reported in mice 
that receive a PFF injection into the pylorus and duodenum. 
Importantly, truncal vagotomy or knockout of the Snca gene 
blocks the transmission of α-syn pathology from the gut to 
the CNS and prevents DA neuronal loss and motor deficits, 
showing that the vagus nerve is necessary for the transmis-
sion of α-syn pathology from the peripheral nervous system 
(PNS) to the CNS and that WT α-syn progresses into patho-
genic α-syn, contributing to the spread of α-syn pathology 
[53] (Fig. 1).

Both in vitro and in vivo data support the Braak hypoth-
esis that α-syn is transmitted from cell to cell in a prion-like 
manner. The presence of LB/LN pathology in multiple brain 
regions in PD patients may be a result of α-syn transmis-
sion in a time- and region-dependent manner. The toxicity 
of pathological α-syn, with a wide distribution and spread of 
toxic α-syn species to multiple regions in the CNS and PNS, 
may cause dysfunction of neurons, which is responsible for 
the motor and non-motor symptoms in PD patients.

Microglia and α‑Syn Pathology

Microglia are resident myeloid macrophages in the CNS that 
play important roles in maintaining neuronal homeostasis 
by the pruning of synapses, elimination of protein aggre-
gates and dead cells, maintenance of synaptic plasticity, and 
immune monitoring in CNS development and diseases [54, 
55]. Microglia express a large number of pattern-recogni-
tion receptors, such as toll-like receptors (TLRs), to recog-
nize damage-associated molecular patterns (DAMPs) and 
pathogen-associated molecular patterns (PAMPs), which 
play roles in the immune response [55]. Activated micro-
glia can internalize pathogenic species and degrade them 
through various endocytic pathways. Activated microglia 
also increase the expression of relevant inflammatory mod-
ules, including chemokines and interferons, which are major 
components in neuroinflammation [55, 56]. The increased 
levels of inflammatory factors in PD patients and animal 
models indicate that microglial activation plays a key role in 
PD pathogenesis [57–59]. Inhibition of microglial activation 
by MCC950, a small molecule that inhibits inflammasomes 
by blocking the activation of NLR family pyrin domain con-
taining 3 (NLRP3), or by NLY01, a glucagon-like peptide-1 
receptor agonist that inhibits microglial activation, decreases 
PFF-induced α-syn pathology and DA neuronal loss as well 
as motor behavior deficits in a PFF mouse model in which a 
single striatal injection of synthetic α-syn fibrils drives the 
transmission of pathological misfolded α-syn in WT mice 
[60, 61], which suggests a link between microglial activation 
and α-syn pathology in PD.

Induction of Microglia‑associated Neuroinflammation 
by Different α‑Syn Species

A growing body of evidence indicates that various recep-
tors on the surface of microglia are involved in binding to 
different α-syn species to mediate neuroinflammation, caus-
ing augmentation of neurotoxicity by the release of different 
inflammatory cytokines that affect neurons in different cell 
or animal models [62–66] (Table 1). Kim and colleagues 
first reported that α-syn oligomers secreted by neuronal cells 
are endogenous TLR2 receptor agonists for microglial acti-
vation [62]. After treatment with conditioned medium from 
differentiated SH-SY5Y cells in which human WT α-syn is 
overexpressed, primary microglia can be activated, as evi-
denced by morphological change to an amoeboid shapes, the 
production of pro-inflammatory cytokines, and an increase 
in proliferation [62]. Transcriptome analyses suggest the 
involvement of the TLR and Jak-STAT signaling pathways 
in α-syn oligomer-induced inflammatory activation. Block-
ing TLR2 signaling by knocking out the Tlr2 gene in micro-
glia or applying anti-TLR2 antibodies inhibits inflammatory 
activation. The conditioned medium from SH-SY5Y cells 
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that overexpress α-syn mainly contains β-sheet-rich oligom-
ers of α-syn but also monomers. Both α-syn monomers and 
oligomers derived from SH-SY5Y cells induce microglial 
activation, but the effects of monomers are weak. Injection 
of these oligomers into the cerebral cortex induces inflam-
matory activation in WT mice but not in Tlr2-knockout mice 
[62]. Thus, the data suggest that TLR2 is an effective agonist 
responsible for α-syn-induced microglial activation.

In addition to TLR2, TLR4 can also recognize oligomeric 
α-syn and initiate the TLR4-MyD88 signaling pathway, 
thereby activating transcription and releasing inflammatory 
factors. Moreover, in comparison to TLR2, TLR4 has better 
selectivity for the α-syn oligomer and mediates a stronger 
inflammatory response. The use of the TLR4 inhibitors 
RSLA and TAK242 or the molecular chaperone clusterin 
that binds to oligomeric α-syn blocks the microglial activa-
tion induced by α-syn oligomers in BV2 microglial cells 
[63]. In addition to TLR2, α-syn monomers and oligomers 
also bind to TLR5 to promote inflammasome assembly and 
activate the inflammatory response [64]. The different α-syn 
species bind to various TLRs and have differential activities 
in NLRP3 inflammasome activation in lipopolysaccharide 
(LPS)-primed primary microglia [64].

In addition to the classical TLR pathway, Fyn, a non-
receptor Src family tyrosine kinase, mediates aggregated 
α-syn PFF uptake and NLRP3 inflammasome activa-
tion [65]. The aggregated α-syn PFF produced by in vitro 
incubation of human recombinant α-syn activates CD36, 
which recruits and activates Fyn, further inducing a PKCδ-
dependent NF-κB signaling pathway. Infection with AAV-
α-syn induces microglial activation in the SNpc in WT mice 
but not in Fyn-knockout mice [65]. The activation of micro-
glia by aggregated α-syn also increases the toxic effects of 
α-syn on DA neurons [67]. In a mouse model, overexpres-
sion of human α-syn by the injection of AAV-α-syn into 
the SN induces the activation of NF-κB two weeks after 
injection in WT mice but not in mice in which the family 
of Fc gamma receptors (FcγRs) is deficient [68]. In addi-
tion, the activation of microglia and the degeneration of DA 
neurons induced by overexpression of α-syn are attenuated 
in FcγR–/– mice. As FcγR is expressed on the surface of 
microglia but not neurons in the CNS, the attenuation of 

DA neuronal loss suggests that the activation of microglia 
contributes to α-syn-induced neurodegeneration [68].

Pattern recognition receptors (PPRs) on microglial 
membranes, including TLR2, TLR4, and TLR5, as well as 
non-receptor-dependent kinases play a crucial role in α-syn-
induced inflammatory activation. PPRs, along with inflam-
masomes, sense PAMPs and DAMPs upon neuronal dam-
age. In PD brains, PPRs are strongly expressed and closely 
associated with microglial activation [62–66]. Recently, 
inflammasomes have received great attention as contributors 
to α-syn-induced neuroinflammation [61, 64, 65, 69]. The 
inflammasome in immune cells is a multiprotein complex 
that regulates inflammatory responses by sensing PAMPs or 
cellular stress [70]. Dysfunction of inflammasomes is associ-
ated with autoimmune diseases, neurodegenerative diseases, 
and cancers [70]. The most important type of inflamma-
tion is the NLRP3 inflammasome, which was first shown 
to be involved in cryopyrin-associated periodic α-syndrome 
[71]. The NLRP3 inflammasome is assembled by the sensor 
element NLRP3, the adaptor element apoptosis-associated 
speck-like protein (ASC), and the effector element caspase. 
Upon stimulation, NLRP3 oligomerizes and recruits ACS 
through the amino-terminal pyrin domain, which in turn 
recruits caspase-1 through the carboxy-terminal caspase 
recruitment domain. Caspase-1 is a protease that is able to 
cleave the precursor forms of interleukin-1β (IL-1β) and 
IL-18, producing mature IL-1β and IL-18 that are secreted 
from cells and initiate inflammatory responses. Activation of 
the NLRP3 inflammasome is usually considered to be a two-
step process: priming and activation. Priming involves sens-
ing PAMPS or DAMPs by PPRs to initiate NF-κB signaling, 
leading to an increase in the transcription of inflammatory 
factors and inflammasome components. In the activation 
stage, NLRP3 senses various stimuli, including bacteria, 
viruses, ATP, or cell stresses such as mitochondrial oxidative 
stress, followed by the assembly of inflammasomes, leading 
to the processing of precursor inflammatory cytokines and 
the release of inflammatory cytokines from cells [71]. Neu-
roinflammation mediated by the NLRP3 inflammasome has 
been widely reported in AD [71–73]. Pathological Aβ aggre-
gates activate microglia to induce the assembly of inflam-
masomes and the release of IL-1, subsequently damaging 

Table 1   Different receptors 
respond to diverse α-syn forms 
to initiate microglial activation

Receptor Signaling Syn forms References

TLR1/2 TLR1/2-MyD88-NF-κB & 
inflammasome priming

Monomers, oligomers & fibrils [62, 64, 65, 95, 109]

TLR-4 TLR1/2-MyD88-NF-κB Monomers, oligomers & fibrils [63, 110]
TLR5 Inflammasome activation Monomers & oligomers [64]
CD36 CD36-Fyn-PKCδ-NF-κB & 

inflammasome activation
Monomers & fibrils [65, 111]

FcγR FcγR-NF-κB Fibrils [112]
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neurons [72]. Moreover, IL-1, by binding to IL-1R on neu-
rons, increases the phosphorylation and aggregation of Tau 
through the activation of tau-associated kinase and phos-
phatase signaling pathways, contributing to the Tau pathol-
ogy in AD [73].

α-Syn aggregates not only activate the transcription of 
NLRP3 inflammasome-related factors through the PPR-
mediated NF-κB signaling pathway but also promote the 
assembly of the NLRP3 inflammasome due to mitochon-
drial dysfunction induced by α-syn PFFs [65, 69]. Blocking 
inflammasome activation with the inflammasome inhibi-
tor MCC950 inhibits α-syn aggregate-induced secretion of 
IL-1β and improves motor behavior in a PFF mouse model 
[61]. In addition to membrane receptors, the membrane-
associated intracellular tyrosine kinase Fyn also regulates 
α-syn PFF uptake into microglia, which results in oxidative 
stress due to mitochondrial damage by α-syn, contributing 
to inflammasome activation [65]. Compared to the activa-
tion of inflammasomes by a combination of LPS with ATP 
treatment [65], α-syn PFFs can induce both the priming and 
the activation of inflammasomes, which is closer to the acti-
vation of microglia under pathological conditions, further 
indicating that the microglial inflammation caused by α-syn 
aggregates involves multi-step processes (Fig. 1).

Failure of Microglial Phagocytosis and Degradation 
Contributes to α‑Syn Spreading

Microglia, as immune cells in the CNS, play a crucial role in 
the recognition and degradation of extracellular materials in 
the brain by phagocytosis [55]. In the CNS, phagocytosis is 
involved in the clearance of myelin debris, dead cells, and 
protein aggregates, as well as the pruning of synapses. Dys-
function of microglial phagocytosis disrupts brain homeo-
stasis and leads to neurological disorders [55]. Phagocytosis 
is involved in the recognition of targets by the appropriate 
receptors on the cell membrane, the formation of phago-
somes though membrane extension mediated by actin polym-
erization, and the transport of phagosomes to lysosomes for 
degradation [74, 75]. Some phagocytic components involved 
in the formation and transport of phagosomes to lysosomes 
overlap with components involved in autophagy [76–78]. 
For example, the formation of autophagic vesicles acquires 
microtubule-associated protein 1A/1B-light chain 3, which 
is also responsible for the maturation of phagocytic vesicles 
[78]. The impairment of microglial phagocytic function is 
closely related to aging [79, 80]. During aging, microglia 
increase the production of inflammatory factors and decrease 
phagocytosis, which contribute to aging-related diseases, 
such as AD and PD [79, 80]. The involvement of microglial 
phagocytosis in the processing of extracellular Aβ aggre-
gates has been well documented in AD [79, 81, 82]. Using 
single-cell sequencing analyses, a presumably protective 

phagocytic microglial population in an AD mouse model has 
been identified, called disease-associated microglia (DAM) 
[82]. DAM activation requires the downregulation of home-
ostatic checkpoints and the initiation of a TREM2-dependent 
signaling pathway that enhances the cellular phagocytosis 
and degradation [82]. Loss of TREM2 leads to an exacerba-
tion of Aβ pathology in an AD mouse model [82, 83], dem-
onstrating the important roles of microglial phagocytosis in 
neurodegenerative diseases.

The involvement of microglial phagocytosis in α-syn 
pathology is supported by a recent study showing that micro-
glia phagocytose and degrade α-syn aggregates by the redis-
tribution of fibrillar α-syn through intercellular connections 
[84]. Under physiological conditions, microglia clear α-syn 
fibrils by the phagocytosis of extracellular α-syn aggregates 
into cells and the transport of α-syn aggregates into lys-
osomes for degradation, which prevents the spread of α-syn. 
The transfer of α-syn fibrils from activated microglia to the 
surrounding naïve microglia promotes the degradation of 
α-syn aggregates and decreases the inflammatory activity in 
α-syn-overloaded microglia [84]. IL-4 secreted from mes-
enchymal stem cells can modulate M2 microglial polariza-
tion, which promotes the phagocytosis and degradation of 
α-syn in vitro and in vivo and has anti-inflammatory effects 
[85, 86]. In a mouse model, α-syn released by neurons is 
degraded by selective autophagy after the endocytosis of 
α-syn by microglia, a process that is TLR4-dependent [87]. 
Moreover, α-syn accumulates to form high molecular weight 
species at 6 weeks after AAV-α-syn injection into mice in 
which microglial autophagy is deficient but not in WT mice 
[87]. Thus, the data support the hypothesis that microglia 
play a beneficial role in restricting α-syn accumulation and 
spread by the phagocytosis and degradation of α-syn aggre-
gates released from neurons under α-syn transmission.

Although microglia can block α-syn spreading by the 
phagocytosis and degradation of extracellular α-syn aggre-
gates under physiological conditions, the capacity for α-syn 
clearance by microglia declines under pathological condi-
tions or aging [79]. With aging, microglial phagocytosis is 
impaired, resulting in a decrease in α-syn phagocytosis and 
an increase in α-syn accumulation in the brain [79, 88–90]. 
Microglia isolated from adult mice show decreased phago-
cytosis of α-syn oligomers compared with those isolated 
from young mice, and these microglia release more inflam-
matory cytokines [91]. Consistent with this conclusion, 
upregulation of CD22 expression is closely associated with 
age-related decrease in microglial phagocytosis. Anti-CD22 
treatment increases the phagocytosis of pathological α-syn 
fibrils in microglia [79]. Moreover, α-syn aggregates inter-
fere with the phagocytosis of microglia through the acti-
vation of SHP-1 [88], a negative regulator of phagocytosis 
[92]. Furthermore, autophagy proteins are decreased dur-
ing aging, which directly affects the autophagic clearance 
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of α-syn [87, 89]. Although microglial phagocytosis is gen-
erally enhanced when microglia are activated, continuous 
inflammation may impair this process [64, 80]. Continuous 
activation of microglia by α-syn aggravates inflammasome 
activation and IL-1β release, while inhibition of inflamma-
somal activation increases the phagocytosis and degrada-
tion of α-syn oligomers [64], indicating that inflammasome 
activation impairs the microglial phagocytosis and degra-
dation of α-syn. In line with this finding, the transmission 
of α-syn pathology from the striatum to the SNpc region is 
significantly reduced in mice that receive a single injection 
of PFFs into the striatum if the mice are treated with the 
NLRP3 inflammasome inhibitor MCC950 [61]. Therefore, 
the impairment of microglial phagocytosis and degradation 
caused by pathological factors and aging accelerates the 
transmission of α-syn pathology (Fig. 1).

Acceleration of α‑Syn Spreading by Neuroinflammation

The evidence that neuroinflammation is linked to α-syn 
pathology in the human PD brain comes from a study by 
Olanow and colleagues. They showed that there are many 
DA neurons at 18 months after transplantation of fetal mes-
encephalic tissue into the striatum of PD patients, and only 
diffuse monomeric but not aggregated α-syn is present in the 
grafts until 14–16 years after transplantation. However, acti-
vated microglia are present in all grafts between 18 months 
and 16 years, much earlier than α-syn aggregation, sug-
gesting that the activation of microglia plays roles in α-syn 
pathology [93]. This finding has been supported by a study 
in which the effects of microglia on α-syn transmission were 
evaluated in a mouse model [86]. In this model, the ani-
mals first received an injection of AAV virus that expressed 
human α-syn into the SN, followed by an intrastriatal injec-
tion of LPS two weeks later, and the animals then received 
an intrastriatal injection of healthy mouse embryonic DA 
neurons one week after LPS treatment. Human α-syn in TH-
positive grafted DA neurons was significantly increased in 
animals treated with LPS, suggesting that inflammation 
promotes the cell-to-cell transmission of α-syn [86]. The 
cell-to-cell transmission of α-syn also increases when using 
a colony stimulating factor 1 receptor inhibitor to remove 
microglia in the brain [86]. This study demonstrates that 
microglia are involved in the clearance of α-syn; however, 
the activation of microglia under pathological conditions 
promotes the spread of α-syn pathology.

Activated microglia can secrete a wide range of inflam-
matory factors or exosomes into the extracellular envi-
ronment and act on other cells, playing a key role in the 
communication between microglia and other cells [94]. 
The pro-inflammatory cytokines IL-1β and tumor necro-
sis factor α (TNF-α) that are released by microglia or other 
immune cells induce NF-κB activation in neurons, which 

is able to upregulate α-syn gene transcription through the 
recruitment of both the NF-κB subunits p65 and p50 and the 
cofactor p300 to the α-syn gene promoter, suggesting that 
α-syn-mediated neuroinflammation in turn accelerates α-syn 
transmission through an increase in α-syn expression in neu-
rons [95]. Aging microglia have been shown to have increase 
inflammatory responses, releasing various inflammatory 
factors that may also affect α-syn expression in neurons. 
It has been reported that microglia treated with iron show 
certain characteristics of senescence. Treatment of neurons 
with conditioned media from these aging microglia also 
increases α-syn expression and aggregation [96]. Primary 
microglia treated with PFFs phagocytose α-syn aggregates 
and secrete α-syn oligomers via exosomes. Activation of 
microglia by LPS significantly increases exosome release 
after PFF treatment [97]. Treatment of primary neurons with 
microglia-derived exosomes induces α-syn aggregation in 
neurons that is more severe in combination with cytokines. 
Injection of exosomes from PFF-treated microglia or from 
the cerebrospinal fluid of PD patients into mouse brains 
induces α-syn aggregate formation in neurons, further sug-
gesting that exosomes from microglia contribute to the trans-
mission of α-syn pathology [97]. Thus, microglia promote 
α-syn transmission in multiple ways, either by the reduction 
of α-syn endocytosis and increase of the release of α-syn in 
microglia or by the induction of α-syn transmission between 
neurons, which contributes to the spread of α-syn pathology 
in the CNS (Fig. 1).

Astrocytes and α‑Syn Pathology

As the most abundant cell population in the CNS, astro-
cytes perform a range of actions to maintain brain function 
and homeostasis, including blood–brain barrier formation 
and maintenance, neurotransmitter transmission, regulation 
of synaptic plasticity and brain metabolism, and neuroim-
munity [98–100]. Impairment of these actions lead to vari-
ous neurological disorders and neurodegeneration [98, 99]. 
Postmortem and clinical studies have shown that astrocytes 
play a crucial role in the α-syn pathology in PD [101]. α-Syn 
aggregates released from neurons during α-syn transmis-
sion not only induce microglial activation but also activate 
astrocytes to exacerbate inflammation [102]. In postmortem 
PD brains, α-syn aggregates are present not only in DA neu-
rons but also in astrocytes [101, 103]. Under physiological 
conditions, α-syn is rarely expressed or expressed at lower 
levels in astrocytes [101]. Therefore, the α-syn aggregates in 
astrocytes are believed to originate from neurons.
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Astrocyte‑associated Neuroinflammation Caused 
by α‑Syn Species

The first experimental evidence demonstrating that α-syn 
oligomers are transferred from neurons to astrocytes and 
subsequently activate astrocytes came from the study by He-
Jin et al. [102]. In a co-culture system in which differentiated 
SH-SY5Y cells that overexpress α-syn are co-cultured with 
primary astrocytes, neuron-derived α-syn oligomers can 
be transferred to astrocytes [102]. In transgenic mice that 
overexpress human α-syn under the control of neuronal pro-
moters, α-syn aggregates form in astrocytes, suggesting the 
transmission of α-syn from neurons to astrocytes [102]. The 
endocytosis of neuron-derived α-syn oligomers by astrocytes 
results in the accumulation of α-syn in astrocytes, leading 
to an inflammatory response of astrocytes, which enhances 
inflammatory cytokine production by astrocytes. Moreover, 
α-syn is co-localized with LAMP2, a lysosomal protein in 
astrocytes. Furthermore, the inhibition of lysosomes by 
bafilomycin A1, a lysosomal inhibitor, increases the accu-
mulation of detergent-insoluble α-syn in astrocytes, sug-
gesting that endocytic α-syn oligomers undergo lysosomal 
degradation. Importantly, the secretion of pro-inflammatory 
factors by astrocytes is dramatically increased in bafilomycin 
A1-treated astrocytes, demonstrating a correlation between 
the increased inflammatory response and the accumulation 
of α-syn in astrocytes [102].

Many molecules are involved in the α-syn aggregate-
mediated activation of astrocytes [63, 104]. TLR4 is 
involved in α-syn oligomer-mediated astrocyte activation 
[63]. In human primary neurons, blockade of TLR4 does not 
affect α-syn oligomer-induced neuronal death. However, in a 
co-culture of human primary neurons and astrocytes, TLR4 
receptor antagonists decrease the TNF-α levels and neuronal 
death induced by α-syn oligomers, suggesting that TLR4-
mediated astrocyte activation by α-syn promotes neurode-
generation [63]. Moreover, NF-κB signaling is involved in 
the PFF-induced activation of astrocytes [104]. The expres-
sion and nuclear translocation of NF-κB are increased in 
human primary astrocytes after overnight treatment with 
PFFs [104]. Inhibition of NF-κB signaling with BAY, which 
inhibits the NF-κB upstream kinase inhibitor of IκB kinase, 
blocks the PFF-induced activation of NF-κB signaling and 
the production of inflammatory chemokines. Meanwhile, 
BAY also downregulates the gene expression profiles of 
A1 astrocytes, a neurotoxic state, and upregulates the gene 
expression of A2 astrocytes, a neurotrophic state, in PFF-
treated astrocytes [104]. In addition, inhibition of recep-
tor interacting protein kinase (RIPK) signaling with either 
RIPK3 or RIPK1 blocks NF-κB-associated gene expression 
and decreases chemokine CXCL10 levels in PFF-treated 
astrocytes, suggesting an involvement of RIPK signaling in 
PFF-induced astrocyte activation. In addition to activation 

of the pro-inflammatory response, PFFs impair the phago-
cytic activity of astrocytes, as evidenced by decreases in 
the expression of the phagocytosis-associated genes GAS6 
and MEGF10 and in the uptake of fluorescently-labeled 
zymosan, an indicator of endocytosis [104].

In addition to direct activation of astrocytes by α-syn 
aggregates, microglia–astrocyte communications are also 
important in PFF-induced astrocyte activation [60]. Pro-
inflammatory factors that are released by activated microglia 
upon PFF stimulation can convert the remaining astrocytes 
to the A1 type, which is neurotoxic. Three key inflammatory 
mediators, TNF-α, IL-1α, and complement component 1q, 
which are produced by activated microglia, contribute to 
inflammatory communication between microglia and astro-
cytes. Furthermore, the glucagon-like peptide-1 receptor 
agonist NLY01 can inhibit the activated microglia-induced 
conversion of astrocytes to the neurotoxic A1 type, prevent 
DA neuronal loss, and improve behavioral deficits in the PFF 
mouse model [60]. Thus, data suggest that α-syn aggregates 
induce inflammation in the brain through direct or indirect 
pathways that involve both microglia and astrocytes, and this 
contributes to the neurodegeneration in PD (Fig. 1).

Astrocytes as Modulators of α‑Syn Spreading

Lines of evidence suggest that astrocytes can endocytose 
neuron-derived α-syn aggregates and transport them to lys-
osomes for degradation, similar to the process in microglia 
[102, 105, 106]. Astrocytes degrade α-syn aggregates more 
effectively than neurons, which may be attributed to the 
higher abundance of lysosomes in astrocytes [105]. By co-
culturing astrocytes with iPSC-derived DA neurons carrying 
SNCA triplications, astrocytes reduce α-syn aggregation in 
neurons and α-syn transmission between neurons, suggesting 
that astrocytes have protective effects to limit α-syn trans-
mission. However, astrocytes with an ATP13A2 mutation 
lose the capacity for endocytosis and degradation of α-syn 
aggregates that are released from neurons, resulting in an 
increase in α-syn transmission, suggesting that functional 
impairment of astrocytes might accelerate α-syn transmis-
sion [105]. Moreover, an increase in mitochondrial fragmen-
tation and a decrease in ATP production has been reported in 
astrocytes treated with α-syn oligomers, suggesting that an 
overload of α-syn aggregates in astrocytes affects the normal 
function of astrocytes, contributing to the loss of a protec-
tive role in the inhibition of α-syn transmission [107, 108]. 
In addition, α-syn transmission between astrocytes has also 
been reported [108]. Similar to the manner in which micro-
glia distribute α-syn PFFs through an intercellular network, 
astrocytes can transfer α-syn oligomers to nearby astrocytes 
via the formation of tunneling nanotubes (TNTs) [108]. The 
accumulation of α-syn in astrocytes induces the formation 
of TNTs to transfer α-syn to nearby astrocytes. Moreover, 
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α-syn oligomers lead to morphological alterations in the 
endoplasmic reticulum and mitochondria. Furthermore, the 
accumulation of α-syn impairs autophagic flux, as evidenced 
by an increase in the formation of autophagosomes that are 
not degraded by lysosomes [108].

Conclusions and Perspectives

There is a link between glial activation and α-syn pathol-
ogy in PD pathogenesis. On the one hand, the glial activa-
tion response to α-syn oligomers, at least at the early stage, 
promotes the phagocytosis and clearance of α-syn by glia, 
which inhibits the transmission of α-syn between neurons 
and the development of α-syn pathology. On the other hand, 
sustained activation of glial cells by α-syn aggregates leads 
to chronic inflammation, which impairs the phagocytic 
activity of glia and increases inflammatory cytokine levels, 
leading to the accumulation of α-syn and increases in the 
cell-to-cell transmission of α-syn, contributing to the spread 
of α-syn pathology. In addition, genetic and environmental 
factors as well as aging influence both glia and neurons, 
and are involved in the initiation and progression of α-syn 
pathology (Fig. 2). Drugs that modulate the microglial and 
astrocyte activation associated with α-syn alleviate the loss 
of DA neurons and the defects in behaviors in PFF mouse 
models, further demonstrating the pivotal roles of α-syn-
mediated glial activation in PD pathogenesis. However, 
some questions remain to be elucidated. Do temporal and 
spatial glial activation contribute to the spread and distri-
bution of α-syn pathology in PD and other α-syn-related 

neurodegenerative diseases? Why do different neurons 
have differential responses and susceptibilities to α-syn oli-
gomers, although the transmission of α-syn pathology still 
occurs within them? In future, the identification of factors 
with analyses using spatial transcriptomics and single-cell 
sequencing in PD animal models may reveal a mechanistic 
connection between microglial activation and α-syn pathol-
ogy. Furthermore, more microglial and astrocyte subtypes, 
in addition to M1, M2, A1, and A2, can be identified in PD 
models using single-cell transcriptomics, which may detail 
the roles of the subtypes of glial cells in the clearance and 
release of α-syn. This would also be helpful for exploring 
the roles of neurons in response to α-syn species and in the 
spread of α-syn pathology.
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Fig. 2   Schematic of the interactions among glial activation, α-syn 
pathology, and neurodegeneration in PD. α-Syn pathology leads to 
the activation of glia, which contributes to α-syn pathology. Neuro-
degeneration occurs due to either the direct neurotoxicity of α-syn 

aggregates or the release of pro-inflammatory factors by the activated 
glia. In addition, glial activation and α-syn aggregation as well as 
aging lead to a decrease in phagocytosis by glial cells, resulting in an 
accelerated spread of α-syn pathology.
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