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Abstract. Despite its devastating disease burden and alarming prevalence, the etiology of Parkinson’s disease (PD) remains
to be completely elucidated. PD is characterized by the degeneration of dopaminergic neurons in the substantia nigra pars
compacta and this correlates with the accumulation of misfolded �-synuclein. While the aggregation of �-synuclein in the
form of Lewy bodies or Lewy neurites is a well-established intraneuronal hallmark of the disease process, our understanding
of the glial contribution to aberrant �-synuclein proteostasis is lacking. In this regard, restoring astrocyte function during early
PD could offer a promising therapeutic avenue and understanding the involvement of astrocytes in handling/mishandling of
�-synuclein is of particular interest. Here, we explore the growing body of scientific literature implicating aberrant astrocytic
�-synuclein proteostasis with the seemingly inexorable pathological sequelae typifying PD. We also provide a perspective
on how heterogeneity in the morphological relationship between astrocytes and neurons will need to be considered in the
context of PD pathogenesis.

Keywords: �-synuclein, astrocytes, mitochondria, calcium signals, aggregation, glial fibrillary acid protein, S100B, exosomes,
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Parkinson’s disease (PD) is the most common
synucleinopathy and second most common neurode-
generative disorder, affecting 2–3% of the population
over 65 [1]. This progressive neurodegenerative
disorder is clinically characterized by motor symp-
toms including rigidity, resting tremors, and postural
instability as well as non-motor symptoms includ-
ing autonomic and sensory disturbances, depression,
and rapid eye movement sleep behavior disorder
[2, 3]. Motor symptoms are underpinned by the
degeneration of neurons in the substantia nigra pars
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compacta (SNc), causing dopamine deficiency in
the striatum [4, 5]. While dopaminergic neuron loss
is pathognomonic to PD, �-synuclein pathology
affects neurons in multiple brain regions including
monoaminergic neurons in the locus coeruleus [6, 7]
and serotonergic neurons in the raphe nucleus [8–10].
The exact mechanisms mediating neurodegeneration
in PD are currently unknown; however, �-synuclein
aggregation in surviving neurons [a major compo-
nent of Lewy bodies (LBs) and Lewy neurites (LNs)]
is the most widely recognized pathological hallmark
of the disease process [11]. These aggregates have
been implicated in the disruption of a myriad of
cellular processes, which culminate in declining neu-
ronal function, thereby leading to neurodegeneration
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[12–14]. Given the urgent need for novel neuropro-
tective and disease modifying drugs to treat PD, this
review focuses on the nascent, yet growing body
of evidence suggesting a possible role for aberrant
astrocytic proteostasis of �-synuclein in PD patho-
physiology.

ALPHA-SYNUCLEIN AND PD

�-synuclein is a 140 amino acid protein predomi-
nantly localized to presynaptic terminals. It has three
distinct regions which include: 1) a highly conserved
N-terminal lipid-binding �-helix; 2) a hydrophobic
non-amyloid-� component; and 3) an unstructured
acidic C-terminus existing as a random coil [15,
16]. Under physiological conditions, �-synuclein has
been shown to exist as a disordered monomer or more
controversially as tetramers, while in its pathological
form, it is mainly made up of insoluble oligomers and
fibrils that have beta-sheet conformations [16, 17].
Despite being the focus of intensive research efforts,
the normal physiological function of �-synuclein
remains incompletely understood. However, it has
been associated with multiple aspects of neuronal
functionality, including the trafficking of synaptic
vesicles and the formation of the SNARE complex
in presynaptic terminals, the molecular chaperoning
of targeted proteins, as well as the transport, synthe-
sis, and storage of dopamine [18-20]. Contrastingly,
unlike the neuronal roles so far discussed, there exists
limited evidence with regards to a specific astrocytic
role for endogenous �-synuclein.

Polymorphisms in the SNCA gene that encodes
�-synuclein have been identified as risk factors for
both sporadic and familial forms of PD [21]. Indepen-
dent case-control association analyses of the 3-prime
and 5-prime region of SNCA have identified strong
associations with PD [22]. These findings have also
been corroborated by large, unbiased genome-wide
association studies and subsequent meta-analyses
[23]. Additionally, multiplications (duplications and
triplications) and point mutations (e.g., missense
mutations including A53T, A30T, and E46K) in the
SNCA gene have been strongly implicated in PD
[24–27]. The profound genetic association between
SNCA and PD is particularly pertinent given that
transcriptomic analyses of neurons and astrocytes
indicates a shared expression of numerous PD associ-
ated genes, including SNCA [28]. The translatability
of this genetic redundancy to a specific astrocytic role
in PD pathology remains a key unknown. Further

research in this area could hold promise in explain-
ing the differential susceptibilities of individuals or
astrocytic populations in different brain regions to the
aberrant proteostasis of �-synuclein.

NEUROPATHOLOGICAL ASSOCIATION
BETWEEN ASTROCYTIC
ALPHA-SYNUCLEIN AND PD

Analysis of postmortem brain tissue from PD
patients yielded the first clear evidence for �-
synuclein pathology in astrocytes. For example, the
work of Wakabayashi et al. revealed that �-synuclein-
immunoreactive inclusions are frequently found in
SNc astrocytes of PD patients [29]. Furthermore,
the number of �-synuclein-positive inclusions within
SNc astrocytes positively correlated with the spatial
severity of nigral dopaminergic neuron loss. These
findings were supported by the seminal work of Braak
et al. in which PD patient autopsies demonstrated that
the distribution of astrocytic �-synuclein inclusions
in prosencephalic brain regions closely topograph-
ically mirrored the cortical intraneuronal formation
of LBs and LNs [30]. They used different anti-
�-synuclein antibodies directed against its central
domain and subsequently recorded immunoreac-
tivity. These findings temporally paralleled ‘Braak
staging’—a method proposed earlier by the group to
classify the degree of pathology in PD [31]. Together,
these studies indicate that astrocytes reflect intra-
neuronal LB/LN pathology from a spatiotemporal
perspective, providing salience to the notion that there
is a role for astrocytic �-synuclein aggregation in PD
progression.

Recent studies have also identified an inter-
esting link between the molecular circadian axis
(BMAL1-BAG3 axis) in astrocytes and �-synuclein
aggregation. Sheehan et al. showed that astrocyte-
specific global deletion of the clock gene BMAL1
was sufficient to prevent �-synuclein pathology in
vivo and induce astrocyte activation [32]. This was
associated with increased astrocytic phagocytosis of
�-synuclein by BAG3 (a macro-autophagy chap-
erone). These findings support previous work by
McKee et al., which implicated an astrocytic role
in the link between circadian clock function and
neurodegeneration. They showed that deletion of
astrocytic BMAL1 enhanced astrocyte activation
and altered gene expression in mouse models of
Alzheimer’s disease [33]. Together these findings
highlight the capacity of astrocytic activation to
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mediate a neuroprotective state through mitigating
aberrant �-synuclein accumulation.

ARE ASTROCYTIC AND NEURONAL
ALPHA-SYNUCLEIN AGGREGATES
DISTINCT?

When assessing astrocytic �-synuclein aggregates,
the possible heterogeneity of �-synuclein between
neurons and astrocytes must be considered. This is
epitomized by the differential efficacies of the meth-
ods used to detect intraneuronal versus astrocytic
�-synuclein inclusions. For example, unlike intraneu-
ronal LBs, astrocytic LBs are not readily detectable
with hematoxylin and eosin histology, silver staining,
or phosphorylated serine 129 �-synuclein immunore-
activity [34]. Accessing specific �-synuclein species
is also inherently difficult in formalin-fixed and
paraffin-embedded human brain sections. Addition-
ally, unlike neurons, astrocytic �-synuclein is not
labelled or seldomly labelled when N or C terminal
antibodies are used or when formic acid pre-treatment
is excluded [30, 35].

Moreover, unlike neuronal LBs, astrocytic LBs
do not colocalize with p62/SQSTM1 or ubiqui-
tin. This indicates that astrocytic �-synuclein has
undergone extensive modification to alter its ultra-
structure, such as truncation. These findings are
also in accordance with histological analyses show-
ing that astrocytic inclusions of �-synuclein are
more diffusely distributed through the cell body
and processes, contrasting to the densely aggregated
nature of neuronal LBs/LNs [30]. Given the dif-
ferences in staining and localization of �-synuclein
between astrocytes and neurons, it seems highly
probable that astrocytes process �-synuclein dif-
ferently to neurons. A systematic investigation of
�-synuclein by Altay and colleagues has also identi-
fied that astrocytic �-synuclein has a unique sequence
and post-translational modification signature. By
using an expanded set of antibodies, the group
revealed that astrocytic �-synuclein has both N-
and C-terminal truncations and tyrosine 39 modifi-
cations [36]. These findings stress the diversity of
�-synuclein pathology in the brain. Research specif-
ically investigating the biochemical heterogeneity
between astrocytic and neuronal �-synuclein is cur-
rently lacking in literature. However, these findings
suggest that astrocytic �-synuclein has potentially
been greatly underestimated by previous detection
methods [37].

WHAT ARE THE ORIGINS OF
ASTROCYTIC ALPHA-SYNUCLEIN
AGGREGATES?

While evident that astrocytic �-synuclein accumu-
lation seems to be a part of the pathological sequelae
of PD, the next question is with regards to the origin
of this aggregated protein. The emerging evidence for
this can be broadly categorized into three forms. The
first is de novo induction of �-synuclein pathology,
the second is phagocytic or pinocytic uptake of extra-
cellular �-synuclein and the third and final is direct
transfer from neurons to astrocytes through active
processes including tunnelling nanotubules (TNTs)
or exosomes. Evidence for each of these mechanisms
will be considered in the following sections. Figure 1
summarizes these mechanisms.

De novo aggregation of α-synuclein in astrocytes

The notion of reactive de novo aggregation of
�-synuclein in astrocytes has limited support [28].
Studies supporting this phenomenon have identified
�-synuclein immunoreactive protoplasmic astrocytes
in regions of the human brain that do not have LBs
such as the dorsal thalamus [38]. However, it must be
noted that the endogenous expression of �-synuclein
in astrocytes is often less than what would be required
in order to facilitate de novo aggregation and sub-
sequent transmission [39]. This has been verified
by mRNA and protein assays showing that astro-
cytic cell lines only have small detectable amounts
of �-synuclein [40–42]. Nonetheless, one must also
consider that endogenous astrocytic �-synuclein lev-
els are not static and instead dynamically vary
depending upon the stimuli to which the astrocytes
are exposed to. For example, exposure to inflam-
matory cytokines has been shown to mediate the
upregulation of �-synuclein in cultured astrocytes
[40]. Thus, it seems most probable that while the
upregulation of endogenous �-synuclein is contrib-
utory to PD disease progression, it does not represent
the leading cause of �-synuclein aggregation in astro-
cytes.

Phagocytic or pinocytic uptake

Phagocytic or pinocytic uptake of �-synuclein
originating from neurons is widely regarded as the
most likely means by which astrocytes accumulate
�-synuclein. This neuron-to-astrocyte transmission
model is exemplified by the seminal work of Lee et
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Fig. 1. Postulated mechanisms of �-synuclein aggregation in astrocytes. This schematic summarizes four potential mechanisms for �-
synuclein accumulation in astrocytes. (1) De novo aggregation of �-synuclein showing �-synuclein transcription, translation, and aggregation
in astrocytes, independent of neuronal �-synuclein. (2) Tunnelling nanotubules (TNTs) are actin rich membranous connections between
cytosols of individual cells that are capable of bidirectional �-synuclein transfer between astrocytes and neurons. (3) Secretion of exosomes
from astrocytes and neurons have been postulated as a mechanism for bidirectional �-synuclein transfer between neurons and astrocytes. (4)
Phagocytic or pinocytic uptake of �-synuclein from neurons to astrocytes is widely regarded as the most likely model by which �-synuclein
accumulates in astrocytes.

al. The group treated primary astrocytes with con-
ditioned media containing �-synuclein aggregates
from differentiated SH-SY5Y cells (a human neu-
roblastoma cell line) and demonstrated that endocytic
uptake of �-synuclein occurred by astrocytes, result-
ing in the formation of aggregates that were resistant
to degradation by proteinase K [43]. This work was
corroborated by the findings of Tsunemi et al. in
which induced pluripotent stem-derived dopaminer-
gic neurons and astrocytes were investigated from
healthy people and those with mutations in lysoso-
mal ATP13A2 (a familial PD-associated mutation)
[44]. The authors utilized ELISA-based detection
of �-synuclein to show that under normal condi-
tions, �-synuclein levels in astrocytes were low but

increased when cultured in media containing �-
synuclein monomers or oligomers/fibrils. Coculture
of astrocytes and neurons led to decreased accumu-
lation of �-synuclein in neurons in conjunction with
decreased intraneuronal transfer of �-synuclein. Fur-
thermore, astrocytes had a higher proteolytic capacity
than neurons, associated with increased levels of both
EEA1 (an early endosomal protein) and LAMP1 (a
lysosomal protein) relative to neurons. Given these
findings, it seems feasible that long-term exposure
to pathological �-synuclein could impair astrocytic
lysosomal function, culminating in the accumulation
of �-synuclein in astrocytes.

In addition to the in vitro studies above demonstrat-
ing directional spread of �-synuclein from neurons
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to astrocytes, in vivo studies have also demonstrated
the ability of astrocytes to transfer �-synuclein to
neurons. Gu et al. used inducible transgenic mouse
lines that overexpressed human A53T �-synuclein
under the astrocyte-specific glial fibrillary acid pro-
tein (GFAP) promoter [45]. The mice had diffuse
intraneuronal LBs throughout the CNS, demonstrat-
ing that astrocyte-to-neuronal spread of pathologic
�-synuclein had occurred. Additionally, dopamin-
ergic neuron loss was profound, with the relative
susceptibilities of the SNc and ventral tegmental area
(VTA) paralleling that of human PD. While highly
informative, this study does have caveats. Firstly, the
inducible transgenic approach used cannot be consid-
ered 100% astrocyte-selective since GFAP can also be
expressed in neuronal stem cells [46, 47], thus making
it difficult to conclusively discern whether the effects
seen are attributable solely to astrocytic overexpres-
sion of �-synuclein. Additionally, not all astrocytes
express GFAP and it is primarily upregulated dur-
ing astrogliosis, limiting the translatability of these
findings to all astrocytes [48]. Furthermore, A53T
�-synuclein forms more protofibrils than wildtype
protein, causing one to posit whether the effects seen
are specific to the particular form of overexpressed
�-synuclein.

TNTs and exosomes

While the bidirectional spread of �-synuclein
between neurons and astrocytes is a feasible mech-
anism for its spread in the brain, the predictable
manner by which transmission seems to occur in PD
brains [31] is indicative of a mechanism involving
�-synuclein transfer between cells via physical con-
duits. This has been supported by the discovery of
TNTs. These thin actin-rich membranous channels
connect the cytosols of individual cells and are postu-
lated to bidirectionally transfer �-synuclein between
neurons and astrocytes [49]. Rostami et al. showed
that astrocytes derived from human embryonic stem
cells are able to transfer �-synuclein to healthy astro-
cytes by TNTs, leading to its subsequent storage in
the trans-Golgi region. A limitation of this study was
the fluorescent tagging of �-synuclein (Cy3-labeled
�-synuclein oligomer) which increased its molecu-
lar mass and potentially altered the ability and/or
mechanisms by which the protein was transferred
between cells. Indeed, tagging of �-synuclein with
variants of green-fluorescent protein has been shown
to reduce its secretion in vitro [50]. Additionally,
the authors show that treatment with latrunculin B

pharmacologically inhibit actin polymerization and
thus TNT formation. This suggests that the roles of
TNT-mediated transmission may have been under-
estimated, as the inhibitory agent used likely has
widespread effects on cell functionality, especially
considering the diverse role of actin more gener-
ally as an integral component of the cytoskeleton.
Rostami and colleagues have since used live cell
imaging data to highlight a synergistic effect of astro-
cytic and microglial �-synuclein processing [51].
Co-cultured astrocytes and microglia were shown to
be in constant contact with each other via TNTs.
Additionally, microglia were able to attract and clear
intracellular protein deposits from astrocytes when
attached to their cell membranes. Overall, these find-
ings demonstrate a key role for astrocytic interactions
with glia and neurons in the transfer and clearance of
�-synuclein.

Exosomes are another means by which �-
synuclein is believed to be transmitted between
neurons and astrocytes. In vitro studies have demon-
strated that exosomes carrying �-synuclein are able
to cause neuronal cell death [52]. Emmanouilidou et
al. generated wildtype �-synuclein-Tet-off inducible
SH-SY5Y cells and showed that �-synuclein is
secreted by externalized vesicles in a calcium
dependent process. Despite the experiment being
performed on neuron-like cells and not on astro-
cytes, this still indicates a feasible mechanism by
which astrocytic �-synuclein pathology could spread.
Interneuronal transfer of �-synuclein in PD by means
of exosomes is an active field of research, however
relatively few studies have provided direct evidence
for the transmission of �-synuclein from neurons to
astrocytes or vice versa. Venturini et al. demonstrated
that exosomes can be released from astrocytic pro-
cesses prepared from the adult rat cerebral cortex
and that they are able to selectively target neurons
[53]. While the subcellular origins of the exosomes
identified could not be ascertained, given that these
extracellular vesicles were able to transport the neuro-
protective molecule neuroglobin, their possible role
in the transport �-synuclein warrants further investi-
gation.

Overall, while highly informative in highlight-
ing the bidirectional transfer of �-synuclein between
neurons and astrocytes, the in vitro and in vivo
work discussed demonstrates a significant het-
erogeneity in both the type of �-synuclein and
astrocytes investigated. This is compounded when
one notes that PD is known to cause degeneration
primarily at the level of the SNc, possibly limit-
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ing the translatability of findings from other brain
regions.

HOW IS ALPHA-SYNUCLEIN
INTERNALIZED BY ASTROCYTES?

The specific mechanisms underlying the internal-
ization of �-synuclein by astrocytes are unclear;
however, astrocytic and neuronal mechanisms are
widely believed to be dissimilar. The internaliza-
tion of �-synuclein by neurons can occur through
a number of means, including the interaction with
cell surface heparin sulphates [54], receptors such
as Lag3 [55], or the sodium-potassium transport-
ing ATPase subunit �3 [56]. The relevance of these
findings to astrocytes remains uncertain since mass
spectroscopy has indicated that astrocytes possess
a unique interactome and thus likely process and
internalize �-synuclein differently to neurons [57].
Currently no astrocytic receptors that specifically
bind �-synuclein assemblies have been identified
thereby thwarting development of a therapeutic inter-
vention based off making these receptors unavailable
for binding.

ASTROCYTE HETEROGENEITY AND
ASTROCYTE-NEURON COUPLING

Despite being the most abundant glial cell,
astrocytes have classically been considered as a
homogenous cell type. More recently, however, a
growing body of literature has supported the notion of
astrocyte heterogeneity being indicative of functional
diversity [58]. Advancements in techniques to label
and modulate astrocyte activity have highlighted not
only their vast pleiomorphism but also their varied
interactions with a myriad of neuronal types [59].
As such, compartmentalizing this ubiquitous glial
cell into subcategories comes with challenges, not
least because a single molecular marker linking astro-
cytic phenotype, morphology and function remains
elusive. Nevertheless, it is clear that the traditional
delineation of astrocytes into two main classes: pro-
toplasmic (found in grey matter) and fibrous (found in
white matter) is entirely insufficient when consider-
ing their potential role in neurodegenerative disease.

Interestingly, a robust study by Chai et al. showed
that morphological differences were associated with
astrocyte specialization within the mouse cortex.
Mouse hippocampal astrocytes were shown to occupy
a smaller tissue area than striatal astrocytes, with

the latter typically occupying territories with more
neuronal cell bodies [60]. Fascinatingly, the degree
of morphological astrocyte-neuron coupling has also
shown to be variable in different brain regions
[61, 62]. Furthermore, advancements in sequencing-
based approaches have highlighted the transcriptomic
heterogeneity between astrocytes in different brain
regions [60, 62]. Subregional specialization has
already been implicated in the selective degenera-
tion or protection of neurons in PD [63]. Kostuk
et al. showed that in vitro elimination of astrocytes
exacerbated SN dopaminergic neuron vulnerabil-
ity to MPP+ (a PD mimetic toxin) and induced
a novel neuronal vulnerability in the VTA (which
is normally relatively spared in PD). Additionally,
VTA and SN dopaminergic neurons were both pro-
tected from MPP+ by VTA astrocytes in a dose
dependent manner via a secreted molecule. Batiuk
et al. have since corroborated these findings and
identified five transcriptomically distinct astrocyte
subtypes using single-cell RNA sequencing of astro-
cytes in the cortex and hippocampus of adult mice
[64]. Taken together these studies emphasize that
subregional astrocytic heterogeneity could underly
the variable propensity of neurons in different brain
regions to undergo degeneration. Further inter- and
intra-regional astrocytic heterogeneity will be neces-
sary to fully appreciate the role of different astrocyte
populations in the PD brain.

Astrocytes have already been shown to secrete
mediators controlling dendrite growth locally [65].
Indeed, the unique morphological astrocyte-neuron
coupling in different brain regions, could underlie
the variable propensity of astrocytes to uptake and/or
exocytose �-synuclein. Since astrocytic processes
directly abut synapses, subcellular compartmental-
ization (influenced by reciprocal astrocyte-neuron
communication) may be key in influencing their func-
tional role within local and wider brain circuits. As
such, astrocyte heterogeneity cannot only be consid-
ered in the context of isolated glial cells but must also
include their varied interactions with neurons in local
circuits.

The functional significance of this unique morpho-
logical astrocyte-neuron coupling remains unknown.
It is likely that the degree of coupling is relevant in the
wider spatiotemporal context of computational brain
function. A key question that remains is whether mor-
phological astrocyte-neuron coupling is plastic and
if so, whether aberrant remodeling leads to neurode-
generation within the nigrostriatal pathway. Disease
states such as PD and the aberrant associated accu-
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mulation of �-synuclein could contribute, at least to
a degree, to this relationship.

CAN ALPHA-SYNUCLEIN ALTER
CALCIUM SIGNALS IN ASTROCYTES?

Astrocyte calcium signaling, suggestive of cellu-
lar communication, prompted considerable interest
within the field. Importantly, these signals are able to
occur in a manner both dependent and independent of
neuronal activity [66–68]. Given the aforementioned
astrocyte-neuron morphological coupling, astrocyte
calcium signals appear optimally positioned to modu-
late feedback and activity within the tripartite synapse
and hence local circuits. While discussion of the
numerous mechanisms of calcium signal generation
are beyond the scope of this review, we instead
question the role of these signals in the neurodegener-
ative PD brain. �-synuclein uptake by astrocytes has
been shown to disrupt calcium homeostasis [68, 69].
Importantly, the ramifications of such altered calcium
signals must not be underestimated due to coupling
of astrocytes via gap junctions [70]. This raises the
question of whether �-synuclein uptake by astrocytes
could induce aberrant calcium signaling that disrupts
local circuitry through widespread adverse effects
on astrocyte-neuron coupling in susceptible brain
regions. Nanclares et al. have indeed showed that
astrocytes in transgenic mice over-expressing human
A53T mutant �-synuclein displayed a calcium hyper-
excitability, independent of neurotransmitter receptor
activation. Furthermore, mice expressing human
A53T mutant �-synuclein selectively in neurons did
not demonstrate astrocyte calcium hyper-excitability,
implicating a cell-autonomous process [71].

The mechanisms underlying astrocytic calcium
signal generation are only beginning to be unraveled
[72]. Extracellular influx [73] and release from sub-
cellular compartments including the mitochondria
[74] and the endoplasmic reticulum [75] have been
implicated. Furthermore, different astrocytic regions
have shown varied mechanisms of inducing calcium
signals [76]. For example, the astrocytic soma has a
greater reliance upon metabotropic receptor activity
relative to the fine astrocytic processes which rely
on mitochondrial calcium fluxes to a greater degree
[74, 77]. �-synuclein uptake by astrocytes has already
been shown to damage tethering between mitochon-
dria and ER [69] resulting in adverse effects on
calcium signaling. Further, aberrant calcium home-
ostasis in astrocytes has been linked to microglial

activation, a well-documented phenomenon in human
PD [17, 78]. We postulate that there exists an asso-
ciation between abnormal �-synuclein uptake by
astrocytes, the disruption of calcium signaling and
microglial activation [72] and believe this will be of
increasing research interest in the coming decades.

ASTROCYTIC ALPHA-SYNUCLEIN: THE
BALANCE BETWEEN
NEUROPROTECTION AND
NEURODEGENERATION

Given the in vitro and in vivo findings discussed so
far, astrocytes appear to be intrinsically linked to �-
synuclein mediated pathology and the progression of
PD [79]. The full range of functional consequences
of �-synuclein accumulation diverges on a multi-
tude of cellular functions including mitochondrial
dysfunction [80], endoplasmic reticulum stress [81],
and iron metabolism disturbance [82]. However, one
particularly notable aspect of astrocytic �-synuclein
accumulation that has been implicated by many of
the studies previously mentioned is the induction
of neuroinflammation. Figure 2 depicts a neuroin-
flammatory model for the role of �-synuclein and
astrocytes in determining the balance between neu-
roprotection and neurodegeneration during PD.

Astrogliosis describes the process of astrocyte
activation and is associated with characteristic shift
between a spectrum of phenotypes [83]. This is evi-
denced by astrocytes from induced pluripotent stem
cells of PD patients secreting more proinflamma-
tory cytokines (such as IL-6) upon inflammatory
stimulation [84]. Furthermore, blocking A1 astro-
cyte formation has been shown to prolong life in
human (A53T) �-synuclein mouse models of PD [85]
and to be protective against the loss of dopaminer-
gic neurons. However, the demarcation of astrocytes
into discrete A1 and A2 subgroups is highly sim-
plistic and highlights the requirement for further
transcriptomic and functional studies to identify the
continuous spectrum of astrocytic disease-associated
profiles [86]. This raises the fascinating notion that
astrocyte heterogeneity may alter PD progression and
pathophysiology depending on the spatiotemporal
context of the aberrant �-synuclein proteostasis.

A key question that remains in the field is whether
neuroinflammation is induced by LBs or neurode-
generation, as both events occur concurrently in
the diseased PD brain. The pre-formed fibril (PFF)
model has shed some light on this matter [87,
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Fig. 2. A neuroinflammatory model for astrocytic �-synuclein determining the balance between neuroprotection and neurodegeneration.
Model schematic depicting a neuroinflammatory role for astrocytes in maintaining the balance between neuroprotection and neurodegener-
ation during PD. (1) �-synuclein is secreted by the soma of neurons and internalized by astrocytes. This somatodendritic neuron-astrocyte
coupling may be seen in the midbrain. (2) �-synuclein is externalized by the axon of neurons and internalized by astrocytes. This morpho-
logical coupling may be seen in the striatum. (3) Bidirectional, efficient transfer of �-synuclein between astrocytes and neurons facilitates
neuroprotection. (4) Aberrant �-synuclein accumulation induces astrocyte reactivity. Depending on the load of �-synuclein in the astrocyte,
astrocyte reactivity can range from mild (blue astrocyte) to moderate (astrocyte with red process tips) to severe reactivity (red astro-
cyte). (5) Highly reactive astrocytes will secrete cytokines (red vesicles) resulting in a pro-inflammatory microenvironment and consequent
neurodegeneration. In addition, transfer of �-synuclein from astrocytes to neurons can induce neurodegeneration.

88]. Sorrentino and colleagues characterized the
prionoid transmission of �-synuclein by injecting
pre-formed exogenous �-synuclein intramuscularly
into mice [89]. Neurodegeneration, immune changes,
and survival were analyzed spatiotemporally with
varying doses of �-synuclein seeds. A clear tempo-
ral delineation between the induction of �-synuclein
proteostasis (and subsequent motor neuron degenera-
tion) and the induction of immune changes (including
astrogliosis) was seen, with the former preceding the
latter. Importantly the group observed that astrocytes
colocalize with �-synuclein inclusions implicating
their role in �-synuclein transfer across the neuroaxis.
Furthermore, immune reactivity has been shown in
astrocytes derived from induced pluripotent stem
cells exposed to �-synuclein fibrillar polymorphs.

Russ et al. [90] found that astrocytes exposed to
�-synuclein fibrils become antigen presenting cells,
associated with changes in expression of HLA genes
encoding MHC class I and II proteins. Similarly,
Schaser and colleagues used a transgenic mouse PFF
model to show that somatic �-synuclein pathology
begins rapidly in neurons [91]. However, as time pro-
gressed since PFF injection, �-synuclein inclusions
were observed in non-neuronal cells (mainly astro-
cytes). Together these studies provide key insight into
the immune reactive role astrocytes play in neurode-
generation and the neuronal origin of �-synuclein in
astrocytes.

Based on the mechanisms discussed thus far, a
feasible model is that �-synuclein accumulation in
astrocytes occurs following a combination of pas-
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sive uptake by astrocytes and active extrusion from
neurons. Initially, astrocytes may internalize and
degrade this �-synuclein in a neuroprotective man-
ner, however, a threshold seems to be eventually
reached whereby uptake is limited by astrocytic
impairment, thereby facilitating the formation of a
LB pathology. Hence, the astrocytic response to �-
synuclein release from neurons can be likened to a
‘double-edged sword’, which can be either neuro-
protective or neurotoxic depending on the capacity
of astrocytes to internalize and degrade �-synuclein.
If this threshold is reached, induction of inflamma-
tory cytokine production by astrocytes can occur
(possibly manifesting as aberrant calcium signal-
ing), establishing an inflammatory microenvironment
and leading to sustained neuronal damage. Con-
comitantly, propagation and prion-like transmission
of �-synuclein bidirectionally between neurons and
astrocytes exacerbates this process. Notably the mul-
titude of factors defining this ‘threshold’ are variable
depending on a vast interplay of numerous poorly
understood factors. For example, the ability of astro-
cytes to mediate a neuroprotective role through
�-synuclein clearance is critically defined by their
capacity for �-synuclein internalization and suscep-
tibility to undergo astrogliosis, both of which exist
on a spectrum determined by the context of the glial
microenvironment and their overall functional and
computational requirements within the brain. Thus,
the ability of an astrocyte to subserve a protective role
depends not only on the remit of its particular cell lin-
eage but also on the context within which it functions
in the brain.

CONCLUSION

In summary, the targeting of astrocytic �-synuclein
inclusions and/or the prevention of their conse-
quences by astrocyte-targeted therapies offers an
attractive therapeutic avenue. While intraneuronal
approaches provide proof of concept, for example by
promoting intracellular degradation of �-synuclein
by enhancing autophagic processes [92, 93] the
specific targeting of astrocytic �-synuclein aggre-
gates offers a new, relatively unexplored therapeutic
approach.

Research investigating the potential contribution
of astrocytes to aberrant �-synuclein proteostasis has
yielded novel insight into the potential role of these
cells in PD pathology. The findings discussed high-
light the need for �-synuclein research to extend its

remit beyond the traditional neuron-focused scope
that has dominated the field for over two decades,
so as to encompass the integral role of neuron-
astrocyte interactions. Astrocytic functionality seems
to operate over a spectrum of neuroprotective and
neurotoxic roles, the dynamics of which are deter-
mined by their capacity to scavenge and degrade
neuron-derived �-synuclein. Outstanding questions
and future directions include determining: the trigger
for astrocytes to mediate this neurotoxic role, whether
astrocyte dysfunction initiates or exacerbates PD
pathology and whether the restoration of astrocytic
function as a therapeutic approach will be sufficient
to preclude aberrant �-synuclein proteostasis. Under-
standing these ongoing questions requires further
research into astrocyte heterogeneity, correlates of �-
synuclein internalization capacity, the heterogeneity,
and functional differences of different �-synuclein
conformations, the astrocytic-specific effects of dif-
ferent physiological states such as cell-activation
status and changes in calcium signals, and finally,
the ability of current detection methods to accurately
identify and characterize astrocytic �-synuclein. Fur-
ther elucidation of the mechanisms underpinning
�-synuclein misprocessing and the neuron-astrocyte
interactions involved could reveal a much-needed
novel therapeutic target.
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berg VR, López CS, Dickson DW, Luk KC, Meshul CK,
Woltjer RL, Unni VK (2020) Trans-synaptic and retrograde
axonal spread of Lewy pathology following pre-formed fib-
ril injection in an in vivo A53T alpha-synuclein mouse
model of synucleinopathy. Acta Neuropathol Commun 8,
150.

[92] Hebron ML, Lonskaya I, Moussa CE (2013) Nilotinib
reverses loss of dopamine neurons and improves motor
behavior via autophagic degradation of �-synuclein in
Parkinson’s disease models. Hum Mol Genet 22, 3315-3328.

[93] Pagan F, Hebron M, Valadez EH, Torres-Yaghi Y, Huang X,
Mills RR, Wilmarth BM, Howard H, Dunn C, Carlson A,
Lawler A, Rogers SL, Falconer RA, Ahn J, Li Z, Moussa C
(2016) Nilotinib effects in Parkinson’s disease and dementia
with Lewy bodies. J Parkinsons Dis 6, 503-517.


