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1  | INTRODUC TION

In mammalian brains, astrocytes represent the most abundant cell 
type accounting for approximately 20% ~ 40% of the total number 
of brain cells.1 Protoplasmic and fibrous astrocytes are two major 
astroglial types that are prominently found in gray matter and white 
matter of both the cerebrum and spinal cord, respectively, and are 
distinct in morphology.2-5 In addition, there are some specialized 
astroglial cells such as Müller cells in the retina and Bergmann glial 
cells in the cerebellum.6 The protoplasmic astrocytes are in close 

contact with pre- and postsynaptic compartments and are actively 
engaged in synaptic development and function in most parts of 
mammalian brain.7 The focus of this review mainly deals with proto-
plasmic astrocytes in the context of synaptic physiology. Individual 
protoplasmic astrocytes have very complex spongiform shapes with 
diameters of ~40-60 μm and volumes on the order of 104 μm.8-10 
Astrocyte processes can be further classified using the following 
terminology based on their sizes and locations: branches, branchlets, 
leaflets, and end feet.11 Branches and branchlets are the stem pro-
cesses and secondary (and tertiary processes), respectively. Leaflets, 
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Summary
Astrocytes are the most abundant glial cells in the central nervous system (CNS) and 
participate in synaptic, circuit, and behavioral functions. The well-developed proto-
plasmic astrocytes contain numerous processes forming well-delineated bushy ter-
ritories that overlap by as little as 5% at their boundaries. This highly complex 
morphology, with up to approximately 80% of the cell's membrane constituted by 
fine processes with dimensions on the tens of nanometer scale and high surface area 
to volume ratios, comes in contact with synapses, blood vessels, and other glial cells. 
Recent progress is challenging the conventional view that astrocytes are morphologi-
cally homogeneous throughout the brain; instead, they display circuit- and region-
specific morphological diversity that may contribute to the heterogeneous 
astrocyte-neuron spatiotemporal interplay in different brain areas. Further, the fine 
structure of astrocytes is found to be highly plastic and activity-dependent. We are 
beginning to understand how astrocyte structural plasticity contributes to brain 
functions. The change/loss of astrocyte morphology, traditionally known as a hall-
mark for reactive astrogliosis, is a common pathological feature in many neurological 
disorders. However, recent data suggest the fine structural deficits preceding reac-
tive astrogliosis may drive disease progression. This review summarizes recent ad-
vances in astrocyte morphological diversity, plasticity, and disease-related deficits.
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also termed as peripheral fine processes or perisynaptic astrocytes 
processes (PAPs), are the finest processes which cannot be reliably 
imaged by light microscopy; End feet are specialized and polarized 
astrocyte structures in contact with blood vessels. Compared to 
rodent astrocytes, human protoplasmic astrocytes are found to be 
~2.5 times larger in diameter, ~16.5 times larger in volume,12 and 
10 times increase in number of GFAP-positive processes which are 
radially and symmetrically in all directions from soma.13 Importantly, 
individual human astrocyte covers ~2 million synapses,13 with a syn-
aptic density of ~1100 million synapses mm-3. In addition, there is a 
type of glia, with several (up to 5) very long (up to 1 mm) unbranched 
processes and called varicose projection astrocytes, exists only in 
human brain.12 The increased astrocyte complexity in human brain 
account, at least in part, for human intelligence.13,14 Recent studies 
using morphological reconstruction along with transcriptomic and 
proteomic analysis suggest astrocytes exhibit regional and micro-
environmental divesity,10,15 and astrocyte PAPs may exhibit local 
synaptic activity-, brain state-, or behavior-dependent structural re-
modeling.16-19 We are only beginning to understand the molecular 
basis of the astrocyte structural diversity and plasticity, yet much 
remains unknown regarding how it contributes to synapse, neural 
circuit, and behavior functions. Reactive astrogliosis is detected 
in nearly all kinds of injuries and neurological disorders, usually in 
the late stage of the neurodegeneration.20-22 However, emerging 
evidence suggests that astrocytes display morphological deficits 
preceding astrogliosis that may contribute to the progression of neu-
rological diseases.23

2  | MORPHOLOGIC AL DIVERSIT Y OF 
A STROCY TES

2.1 | Phenotypes

Recent progress has shown that protoplasmic astrocytes in rodent 
CNS appear to be regional and layer-specific diverse.10,15 Within a 
single astrocyte territory, the number of neuronal cell bodies and 
synapse density vary dramatically: ~50 700 excitatory synapses and 
about 20 neuronal cell bodies in the striatum, ~95 200 excitatory 
synapses and at most 1 neuronal cell body in the hippocampus,10 
and 300-600 neuronal dendrites and 4-8 neuronal cell bodies in 
the cortex.24 Within the hippocampal CA1 s.r (stratum radiatum) of 
rats, protoplasmic astrocytes also display morphological diversity, 
that is, fusiform, elongated, and spherical cells were distinguished.8 
Similarly, in the hippocampal dentate gyrus (DG) of albino Swiss 
mice, two morphological phenotypes, that is, type I and type II, as-
trocytes were found. Type I astrocytes exhibited significantly higher 
values of morphological complexity which were more sensitive to 
aging and environmental influences as compared with type II.25 In 
mouse somatosensory cortex, astrocytes in different layers exhib-
ited distinct morphologies. Lanjakornsiripan et al15 reported that 
astrocytes in layer II/III tended to elongate radially, in contrast, layer 
VI astrocytes tended to elongate tangentially. Significant differences 
in territory volume were also detected among different layers and 

brain regions.10 Whether or not these phenotypes produce func-
tional heterogeneity is unknown.

Only a proportion of synapses are enwrapped by astrocytes. In 
the mouse somatosensory cortex, the ensheathment of synaptic 
clefts by astrocytes in layer II/III (about 80%) is greater than those 
in layer VI (about 40%).15 In the layer IV, 90% of spines are reported 
to be contacted by astrocytes, and most of them (about 68%) have 
astrocytes contacting the synaptic clefts.26 Cross-regional diversity 
is also reported. In the rat neocortex, only 29%-56% of excitatory 
synapses are ensheathed by astrocyte processes.16,26 In contrast, in 
hippocampal CA1 s.r, PAPs are present in approximately 57 to 62% 
of synapses,27,28 and synapses are larger when astrocyte processes 
are present at the axon-spine interface (ASI).27 Given that synapses 
are larger when perisynaptic astrocyte is present than when it is ab-
sent,27 it is possible that these synapses are functionally different 
from those without astrocyte ensheathment.

The perimeter of ASI surrounded by PAPs is another parameter 
to reflect the spatial interactions of astrocytes and synapses. In the 
hippocampal CA1 s.r of rats, strong correlation exists between the 
astrocyte-free length of the ASI perimeter and postsynaptic density 
(PSD) area. Synapses without PAPs at the ASI have longer unopposed 
lengths than those with PAPs at the ASI. This suggests that larger 
synapses, with greater capacity for neurotransmitter release, have 
a longer interface from which glutamate and other substances can 
escape from or enter into the synapse.27 On the contrary, Gavrilov et 
al29 reported that the astrocytic coverage of small and larger spines 
is similar in hippocampal neuropil. In contrast to hippocampal CA1 
s.r, PAPs in CA3 virtually isolate synapses from the surrounding tis-
sue, thus, make spillover almost impossible.30 In the cerebellum, the 
perimeter of synaptic clefts ensheathed by astrocytes in synapses 
formed by climbing fibers (CF) which is approximate 87% on aver-
age, is much higher than those formed by parallel fibers (PF) (about 
65% on average).31 Astrocytic coverage of synapses represents a 
physical barrier to molecules diffusing into the extracellular space 
(ECS), which therefore is essential to limit the spillover of synaptic 
glutamate and other neuroactive substances.32,33 Thus, diversity of 
astrocytic coverage represents the differences in the tendency of 
extrasynaptic substances spillover, which consequently regulates 
the heterosynaptic transmission and intercellular communication 
among different brain areas or layers. Moreover, astrocyte-synapse 
interactions also affect the astrocytic glutamate release and uptake, 
which shape the pathway-specific alterations in heterogeneous syn-
aptic transmission.34

The distances between astrocyte membranes and synaptic 
clefts, calculated by distances between PAPs and PSD, vary from 
direct contact to hundreds of nanometers,35,36 correlated with spine 
types. Astrocytes selectively approach synapses on thin dendritic 
spines, for example, astrocyte protrusions occur twice as close to 
the PSDs on thin dendritic spines when compared to those on mush-
room spines in the hippocampal DG of mice.36 In addition, regional 
diversity also exists. The striatal astrocyte processes are further 
away from PSD centers for all types of spines in comparison with 
those in hippocampal CA1. The number of astrocyte-contacted 
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synaptic interfaces in hippocampal CA1 s.r is larger than those in 
striatum.10 The spatial proximity of PAPs to synaptic clefts controls 
the functional efficiency of astrocyte transporters, such as glial 
glutamate transporters (GLTs: GLT1 and GLAST), hence modulates 
synaptic transmission.37 For example, PAPs that deeply invade into 
synaptic clefts (> 150 nm) show higher GLTs efficiency than those 
without invading, which decreases the excitatory synaptic transmis-
sion.37 In summary, the way how astrocyte PAPs present, approach, 
or contact with synapses may affect synaptic strength, plasticity, 
and efficiency at a single synapse, and it varies among single syn-
apses within the same neural microcircuit and among different brain 
regions.

2.2 | Molecular basis

How their morphological diversity is established remains incom-
pletely understood. Layer-specific differences in astrocyte prop-
erties are abolished in reeler and Dab1 conditional knockout mice, 
where the proper neuronal layers are diminished,15 suggesting 

neuronal layers guide astrocyte morphogenesis. Another study 
that highlights the neuronal cues for astrocyte morphology/mor-
phogenesis is that Stogsdill et al reported that direct contact with 
neuronal processes, through the interaction of astrocytic neuroli-
gin (NL) family proteins, that is, NL1, NL2, and NL3, with neuronal 
neurexins is required for proper astrocyte morphology/morphogen-
esis.38 Interestingly, the three β-isoforms of neurexins, binding to all 
three NLs,39 show regional-specific distribution pattern.40 In all, it 
indicates that the regional-specific expression of astrocyte-neuron 
signaling molecules such as neuroligin and neurexins plays a role in 
astrocyte morphological heterogeneity.

The gap junction protein connexin (Cx) 30 is another emerging 
candidate for the regulation of astrocyte morphology. In rodent 
brain, connexin 30 is selectively expressed in gray matter astrocytes 
and colocalizes with connexin 43 at gap junctions.41 Connexin 30 
regulates cell adhesion and migration, which occurs independently 
of its channel function. In vitro experiments reveal that connexin 30 
sets the orientation of astroglial motile protrusions via modulation 
of the laminin/β1 integrin/ Cdc42 polarity pathway. In vivo, connexin 

F I G U R E  1   Protoplasmic astrocyte 
has very complex morphology with 
PAPs ensheathing the synapse. 
A, Representative confocal image 
of a protoplasmic astrocyte in the 
somatosensory cortex of adult mouse. 
B, Representative 3D reconstruction 
of astrocytic peripheral fine processes 
within a given ROI (5 μm × 5 μm × 5 μm). 
C, Cartoon of tripartite synapse, where 
PAPs approach or invade the synaptic 
cleft. The depth of astrocyte invasion 
controls the functional efficacy of GLTs 
which consequently affects the synaptic 
transmission. AMPAR, α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic 
acid receptor; GLTs, glial glutamate 
transporters, including GLT1 and GLAST; 
mGluRs, metabotropic glutamate 
receptors; NMDAR, N-Methyl-D-aspartic 
acid receptor; PSD, postsynaptic density. 
Images in A and B are provided by authors

(A) (B)

(C)
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30 also contributes to the establishment of hippocampal astrocyte 
polarity during postnatal brain maturation.42 Moreover, connexin 
30 controls the insertion of astroglial processes into synaptic clefts, 
hence modulates glutamate uptake.37 Both connexins are found to 
be enriched within barrels, compared with septa and other cortical 
layers.43 This regional diversity of connexin expression may contrib-
ute to morphological heterogeneity of astrocytes.

In Drosophila, astrocytes show similarity to the mammalian pro-
toplasmic astrocytes.44,45 The astrocyte outgrowth into synaptic 
regions and the size of individual astrocytes are mediated by the 
Heartless (Htl) fibroblast growth factor (FGF) receptor signaling 
pathway. Pyramus and Thisbe, the only known FGFs activating Htl 
and produced by neurons, direct astrocyte processes to ramify spe-
cifically in CNS synaptic regions.45 The FGF signaling pathway is also 
required for extension of ensheathing glia process to insulate each 
neuropil compartment in the antennal lobe46 and for branch exten-
sion of astrocyte-like medulla neuropil glia (MNG) into the synaptic 
neuropil in the visual system of Drosophila.47 Apart from the FGFs 
pathway, the focal adhesion (FA) molecules, such as Tensin, β-inte-
grin, Talin, focal adhesion kinase (FAK), or matrix metalloproteinase 
1 (Mmp1), are also critical regulators of astrocyte morphological 
development.48 Thus, the FGF signaling together with FAs are sug-
gestive cues for morphogenesis and morphological heterogeneity of 
Drosophila glia.

Besides aforementioned molecular proofs, at the light mi-
croscope level, astrocytes show the diversity from each other in 
shape, size, and orientation within the same circuit and among dif-
ferent brain regions. At the ultrastructural level, they differ in their 
spatial contact to synaptic components, which may contribute to 
the circuit-specific properties of synaptic transmission (Figure 1). 
Neuronal cues drive astrocyte morphogenesis and may contrib-
ute to their diversity. Intrinsic autonomous mechanisms are also 
emerging. The morphological diversity of neurons, for example, 
pyramidal neurons vs interneurons, or long thin spines vs mush-
room spines, is well defined and is correlated with their distinct 
functions in the CNS. However, the definition of astrocyte mor-
phological identity remains obscure. Single-cell in situ transcrip-
tomic mapping would greatly advance our understanding of the 
origin, basis, and functional consequences of morphological het-
erogeneity of astrocytes.

3  | MORPHOLOGIC AL PL A STICIT Y OF 
A STROCY TES

3.1 | Phenotypes

Astrocytes show structural plasticity in response to synaptic activity 
and behavior, which in turn contributes to the remodeling of the sur-
rounding synapses. Therefore, understanding astrocyte structural 
plasticity is essential toward to deciphering the molecular basis for 
learning, memory, and other brain activities.

Astrocytes show rapid, within few hours, and reversible struc-
tural remodeling that occurs in PAPs to change the extent of the 

coverage of neutrophil in response to strong behavioral stimuli, like 
parturition, lactation, osmotic stimulation, and stress.49 Astrocyte 
structural remodeling also occurs during the switch of brain states. 
During natural sleep and general anesthesia, increased ECS volume 
was observed while opposite changes in ECS volume were detected 
in arousal and recovery of general anesthesia.17,50 These state-de-
pendent changes in ECS volume are modulated by PAPs plasticity 
(reviewed in ref 51). Thus, astrocytes may be involved in the on-off 
switch for consciousness, a process that has been enigmatic. In 
the mediobasal hypothalamus, the high-order processes of astro-
cytes displayed shortening in fasting and elongation in fed status.52 
Astrocyte structural remodeling is also instructed by neuronal ac-
tivities evidenced by both in vitro slice preparation53-55 and in vivo 
detection.16,18 For instance, synaptic activation that induces hippo-
campal LTP or in vivo whisker stimulation is sufficient to induce a 
rapid, within dozens of minutes, PAPs motility, accompanied with in-
creased astrocytic coverage of spines.16,18 In short, PAPs are highly 
dynamic structures, of which the plasticity can occur from minutes 
to hours under the brain activities in various regions.

3.2 | Molecular basis

Recent studies have revealed that PAPs plasticity can be regulated 
by synaptic activity. Early electron microscopy data revealed that 
sustained whisker stimulation elicited significant increase in the as-
trocytic ensheathment of excitatory synapses on dendritic spines 
with increased glutamate transporter expression.56 This finding is 
further confirmed by in vivo observations in mouse somatosensory 
cortex.16,18 Interestingly, the activity-related structural plasticity 
of PAPs seems to be glutamate- and action potential-dependent, 
as well as metabotropic glutamate receptors (mGluRs) mediated, 
but independent from GABAergic transmission.57 However, the 
basal motility of PAPs may be independent of action potentials.58 
Structure plasticity of primary astrocytes was simulated by appli-
cation of mGluR 3 and 5 agonists, but abolished by a combination 
of glutamate with mGluR antagonists.19 These findings were further 
confirmed by investigation performed in the hippocampal slices.16 
Together, these data indicate that neuronal activity-dependent PAPs 
plasticity is mediated by mGluRs.

Neuronal activity and mGluR activation induce Ca2+ transients 
in PAPs,59,60 and photolysis of caged Ca2+ in cultured astrocytes di-
rectly triggered a pronounced outgrowth of PAPs,61 suggesting the 
involvement of intracellular Ca2+ signals in PAP plasticity. In acute 
slices from transgenic mice that have an attenuated inositol 1,4,5-
trisphosphate (IP3)-induced Ca2+ release, application of mGluR 
agonist resulted in reduced Ca2+ signals in hippocampal astrocytic 
processes and decreased Ca2+ activity in these mice resulted in re-
duced PAPs coverage of synapses with elevated proportion of un-
covered synapses.62 Similarly, diminishing of astrocyte intracellular 
Ca2+ transients with BAPTA significantly suppressed the PAPs motil-
ity. In contrast, increased PAPs motility was detected by selectively 
induced Ca2+ transients in astrocytes using the astrocyte-specific 
expression of exogenous Gq-coupled receptors.16
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Actin remodeling is a primary driving force for morphological 
plasticity of peripheral extremities in a variety of cell types.53,57 The 
membrane cytoskeleton linker Ezrin is enriched in astrocytes,63,64 
especially located in PAPs, but not GFAP-labeled main branches.19,65 
Interestingly, filopodia formation and motility require Ezrin in the 
membrane/cytoskeleton bound form which is glutamate-induced 
and Ca2+-dependent,66 as revealed by applying Ezrin siRNA or 
dominant-negative Ezrin in primary astrocytes.19 Ca2+-dependent 
PAPs plasticity is also mediated by actin-binding protein Profilin-1. 
Overexpression of mutant Profilin-1 in cultured astrocytes fully sup-
pressed PAPs motility induced by photolysis of caged Ca2+ release.61 
In addition, the Rho family of GTPases is also known to regulate the 
actin cytoskeleton through various pathways and thus control cell 
morphology. Members of the Rho family of GTPases, such as RhoA, 
Cdc42, Rac1, and the Rho-associated kinase (ROCK), are expressed 
in astrocytes and required to the structural plasticity of astrocytes 
(reviewed in ref.67). This evidence indicates that astrocytic Ca2+-de-
pendent actin remodeling mechanisms are key regulators for PAPs 
plasticity.

Alternative pathways/mechanisms are reported to participate 
in metabolic- and state-dependent astrocytic structure plasticity. 
Structure plasticity of astrocytes during metabolic physiology is me-
diated by IKKb/NF-kB pathway. Chronic overnutrition induced astro-
cytic plasticity impairment, with sustained shortening of high-order 
processes, was simulated by upregulation of astrocytic IKKb/NF-kB 
but prevented by appropriate inhibition in astrocytic IKKb/NF-kB.52 
By contrast, state-dependent PAPs plasticity is likely mediated by 
swelling of astrocytic processes (reviewed in ref.51,68). Neuronal exci-
tation during wakefulness and general anesthesia recovery is accom-
panied by increased extracellular K+ concentration,17 and astrocytic 
K+ uptake with the correlated H2O influx causes cell swelling.51,68 

Importantly, involvement of β-adrenergic receptors (βARs) is also re-
ported. Concerted release of norepinephrine mediates arousal69; and 
activation of βARs, through increased cytosolic cAMP concentration, 
expand the astrocytic wrapping of the neuropil and reduce ECS vol-
ume.70 Therefore, astrocyte PAPs plasticity is diverse in phenotypes, 
and multiple mechanisms/pathways may underlie different pheno-
types depending on physiological conditions (Figure 2).

3.3 | Functional implications

It is well recognized that PAPs plasticity modulates the synaptic ef-
ficacy,33,71 spine stability,53 and synaptic maturation.16,18 However, 
how PAPs plasticity contributes to behaviors? Direct manipulation 
of astrocyte structural plasticity in a specialized circuit with well-
defined behavior output is needed to answer this question. So far, 
specific genetic tools controlling astrocyte structural plasticity are 
scarcely available. Targeting key molecular machineries such as 
Ezrin and Rho family of GTPases seems to be promising strategies 
to start. Noninvasive methods such as optogenetics/chemogenetics 
designed for specific manipulation of astrocyte PAPs mobility would 
facilitate one to dissect the roles of PAPs plasticity in behaviors, 
such as circadian rhythm,72 learning/memory,25,73,74 wakefulness/
sleep,75,76 and general anesthesia,17,77 in which astrocytes actively 
participate.

4  | A STROCY TE MORPHOLOGIC AL 
DEFICITS IN NEURODEGENER ATIVE 
DISE A SES

Astrocytes become reactive in response to injury or other patho-
logical processes. Upregulation of GFAP, the main constituent of 

F I G U R E  2   PAPs plasticity regulates the astrocytic coverage of synapse and synaptic transmission. A, A synapse with limited astrocytic 
coverage with low glutamate uptake by GLTs but high glutamate spillover which facilitates the activation of the extrasynaptic NMDAR and 
mGluRs. B, Increased PAPs plasticity, induced by mGluRs-mediated Ca2+ signals, enhances astrocytic coverage of synapse, with increased 
glutamate uptake by GLTs but decreased glutamate releasing into the extracellular space (ECS) and extrasynaptic activation. AMPAR, α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; GLTs, glial glutamate transporters, including GLT1 and GLAST; mGluRs, 
metabotropic glutamate receptors; NMDAR, N-Methyl-D-aspartic acid receptor; PSD, postsynaptic density
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astrocyte intermediate filaments, has been considered as a hallmark 
of reactive astrocytes in primates and rodents.20-22 The increased 
number and length of GFAP-positive processes revealed by GFAP 
immunostaining has been found in a variety of pathological condi-
tions and has been often used to define astrocytic morphological 
changes such as cellular hypertrophy.78 However, GFAP staining 
only reveals the cytoskeletal structure but not the entire cellular 
morphology, thus cytoskeletal hypertrophy would be a better term 
to describe astrocyte reactivity while GFAP expression is con-
cerned. Indeed, detailed morphological analysis of astrocytes in neu-
rotrauma models revealed a remarkable increase in GFAP expression 
with little change in the extent of overlap between the unique do-
mains of individual astrocytes, and no apparent cellular hypertrophy 
was found.79

4.1 | Alzheimer's disease (AD)

Although cytoskeletal hypertrophy and upregulation of GFAP were 
found in the late stages of AD mouse models and in human post-
mortem tissue,80 at the onset stages of AD in the 3xTg-AD mice 
and in the PDAPP-J20 mice, there is a progressive astrocytic at-
rophy with decreased GFAP staining in the cortex and hippocam-
pus.81,82 The switch from atrophic phenotype at the early stage 
to later hypertrophic phenotype may be associated with the for-
mation of amyloid plaques, since only the astrocytes directly as-
sociated with amyloid plaques became hypertrophic. It is well 
accepted that astrogliosis in the late and terminal stages contrib-
utes to beta-amyloid uptake and degradation.83,84 By contrast, lit-
tle is known regarding the molecular basis for astrocyte atrophy 
preceding astrogliosis, and how it contributes to the onset of AD. It 
is noteworthy that vascular defects at the early stages of AD have 
been detected including reduced blood flow and altered morphol-
ogy in the brains of AD patients85-87 and astrocytes play integral 
roles through their PAPs in neurovascular units by sensing neuronal 
activities and controlling vasoconstriction and vasodilatation.88 It 
is thus possible that the astrocyte atrophy may contribute to the 
damage of neurovascular unit at the onset of AD and thereby con-
tribute to the progression of the disease.

4.2 | Parkinson's disease (PD)

Emerging evidence suggests that astrocytes are involved in PD. 
Several PD-related genes including PARK7, PARK2, and SNCA were 
found to play important roles in astrocyte biology and contribute to 
PD pathophysiology.89 However, astrocyte morphological changes 
in the progression of PD remain obscure. Studies on autopsies of 
the substantia nigra and putamen from Parkinson's disease patients 
revealed little or only mild reactive astrogliosis by using GFAP stain-
ing.90 Interestingly, at the ultrastructural level, in the striatum of 
MPTP-treated parkinsonian monkeys, there is a significant expan-
sion of the coverage by astrocyte processes of striatal vGluT1- or 
vGluT2-positive glutamatergic synapses in the parkinsonian state.91 
From these studies, it seems that the extent of astrocyte ensheath-
ment of pre- and postsynaptic components was increased in PD 
with a larger astrocyte process surface area and volume surround-
ing synapses. The underlying molecular basis and the significance of 
the astrocyte structural changes are unclear but may have important 
implications for the altered synaptic strength, plasticity, and excito-
toxicity in PD.

4.3 | Huntington's Disease (HD)

Accumulation of mutant huntingtin protein (mHTT) in cortical 
and striatal astrocytes was detected in brains from HD patients 
and in mouse models of HD, which disrupts astrocyte glutamate 
transporter expression and contributes to HD pathology.92 In the 
early stage of HD, several astrocyte dysfunctions have been re-
vealed: (a) reduced K+ buffering mediated by the downregulation 
of astrocyte Kir4.1 in two mouse models for HD, which contrib-
utes to increased extracellular K+ in vivo and the enhanced neu-
ronal excitability in striatal medium-sized spiny neurons (MSN)93; 
(b) disrupted astrocyte intracellular Ca2+ signaling and extracel-
lular glutamate uptake mediated by GLT1, which could be rescued 
partially by Kir4.1 overexpression in R6/2 mice.94 Importantly, 
by limiting the lateral charge transfer or by providing the driving 
force, Kir4.1 conductance modulates the activity of GLT1.95 It is 
also noteworthy that Kir4.1 loss of functions have been found in a 

F I G U R E  3   Morphological deficits of astrocytes in the early onset of neurodegeneration. A, Cartoon presentation of an astrocyte in 
normal physiology condition. B, An astrocyte in the early onset of neurodegenerations with decreased fine processes and territory volume
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variety of neurological disorders including AD,96 amyotrophic lat-
eral sclerosis (ALS),97,98 epilepsy,99 and depression.100 In parallel, 
astrocytes did not show apparent change in GFAP expression,23,92 
suggesting no apparent astrogliosis. However, they did exhibit 
profound morphological deficits including reduced PAP volumes, 
territory size, and altered proximity of astrocyte processes to 
cortical and thalamic excitatory inputs revealed by the astrocyte-
synapse proximity reporter NAPA.23 Therefore, both homeostatic 
dysfunctions and morphological deficits were identified in neuro-
degeneration including HD (Figure 3). Further studies are needed 
to test if the correction of the homeostatic dysfunction would res-
cue astrocyte morphology and vice versa.

Although to be experimentally verified, it is likely that the 
deficits in the physical contacts between astrocyte and synapses 
contribute to the homeostatic dysfunctions of astrocytes in neuro-
degenerations. For instance, neuronal excitotoxicity represents one 
of the common mechanisms that involve astrocyte homeostatic dys-
function in AD, PD, and HD. Restoration of astrocyte-synapse con-
tact would enhance glutamate and K+ uptake and reduce spillover to 
reduce excitotoxicity. Thus, astrocyte morphological integrity may 
represent an important therapeutic target. Specifically, what are 
the general mechanisms, if any, underlying astrocyte morphological 
deficits at the early stage of neurodegeneration? Do the astrocyte 
morphological deficits trigger astrocyte functional deficits, partic-
ularly in ion and transmitter homeostasis? Can one rescue or slow 
down disease phenotypes by rescuing astrocyte morphology? The 
answers to questions above would be paramount to further our un-
derstanding of astroglial involvement in neurological diseases and 
may open new avenues to the clinical treatment of brain diseases.
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