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Abstract

There is increasing appreciation that non-neuronal cells contribute to the initiation, progression
and pathology of diverse neurodegenerative disorders. This review focuses on the role of
astrocytes in disorders including Alzheimer’s Disease, Parkinson’s Disease, Huntington’s Disease
and Amyotrophic Lateral Sclerosis. The important roles astrocytes have in supporting neuronal
function in the healthy brain are considered, along with studies that have demonstrated how the
physiological properties of astrocytes are altered in neurodegenerative disorders and may explain
their contribution to neurodegeneration. Further, the question of whether in neurodegenerative
disorders with specific genetic mutations these mutations directly impact on astrocyte function,
and may suggest a driving role for astrocytes in disease initiation, is discussed. A summary

of how astrocyte transcriptomic and proteomic signatures are altered during the progression of
neurodegenerative disorders and may relate to functional changes is provided. Given the central
role of astrocytes in neurodegenerative disorders, potential strategies to target these cells for future
therapeutic avenues is discussed.
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1. Introduction

Astrocytes are a major glial cell-type in the central nervous system (CNS) and are well-
established regulators of neural circuit function in the developing and adult brainl-2.

In the developing brain astrocytes participate in circuit development through diverse
mechanisms that induce the formation, elimination and maturation of neuronal synapses.
This includes secreted proteins such as thrombospondins® and glypicans® that induce

de novo synaptogenesis; phagocytic receptors including Mertk and Megf10’ that enable
synapse elimination; and proteins including Hevin8 and chordin like 19 that induce
synapse maturation. In the adult brain astrocytes are essential for maintaining the neuronal

orrespondence to: nallen@salk.edu.
Equal contribution



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brandebura et al.

Page 2

environment and participate in processes such as neurotransmitter recycling from the
synaptic cleft, maintenance of the blood-brain-barrier (BBB), and regulation of energy
homeostasis®11, Astrocytes can sense neurotransmitters and respond with increases in
intracellular calcium, and they also have the ability to signal to neurons via release of
gliotransmitters!2.

Studies have identified that at the transcriptomic and functional level properties of astrocytes
are altered both in the healthy aging brain13-15 and in neurodegenerative disorders
(NDs)16-20, Dysregulation of astrocyte calcium activity, glutamate uptake and mitochondrial
respiration have been reported in NDs21-23: which in turn can have downstream detrimental
effects on neuronal health. For these reasons, astrocytes are now being considered as key
players in NDs that are characterized by altered synaptic function, synapse loss and neuronal
death?4, including Alzheimer’s Disease (AD), Huntington’s Disease (HD), Amyotrophic
Lateral Sclerosis (ALS) and Parkinson’s Disease (PD; Table 1). However, whether astrocytes
contribute to disease progression, slow disease progression, or take on a combination of
positive and negative roles are questions that require further investigation.

A common feature observed in NDs is the transition of astrocytes to a state of reactive
astrogliosis2®. This process is characterized by morphological, transcriptional, biochemical,
metabolic, and physiological transformation of astrocytes in response to a pathological
alteration to their microenvironment. It is now appreciated that astrocyte reactivity is a
heterogeneous response, where the type of insult will induce different types of astrocyte
reactivity. For example, reactive astrocytes can serve a neuroprotective role after stroke

by stimulating angiogenesis and vascular remodeling. Reactive astrocyte ablation led to
worsened motor recovery in a photothrombotic stroke mouse model26. Similarly, attenuation
of astrocyte reactivity in a glial fibrillary acidic protein (Gfap) and vimentin (Vim) double
knockout mouse model resulted in diminished axonal outgrowth after photothrombotic
stroke and increased amyloid plaque deposition in an APP/PS1 mouse model of AD27:28,
On the other hand, reactive astrocytes induced by an inflammatory stimulation in mice were
suggested to take on a neurotoxic phenotype?9-30, Advancements in single cell sequencing
technology have permitted sensitive characterizations of a variety of reactive astrocyte
subpopulations in different NDs (below), demonstrating that there is a broad spectrum of
the astrocyte reactive state.

Increasing awareness of astrocyte heterogeneity extends beyond the reactive state. Astrocyte
molecular signatures vary by brain region, indicating the utilization of region-specific
astrocyte transcription factors (TFs)3L. Additionally, there is mounting evidence that
astrocytes are transcriptionally encoded to support the neurons that reside within their
same anatomical region, and that astrocytes from different regions fail to compensate
when neighboring astrocytes are injured or lost. For example, ventrally located spinal cord
astrocytes fail to compensate after acute dorsal spinal cord injury, resulting in synaptic
deficits on the dorsally located motor neurons32. An intriguing idea is that the distinct
anatomical brain regions affected in different NDs (hippocampus in AD, striatum in HD,
motor cortex and spinal cord in ALS, and substantia nigra in PD) may be due to molecular
disturbances in the regional astrocytes, causing a failure to support the local neurons and
ultimately progressing to neurodegeneration.
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In this review we first ask how the physiological properties of astrocytes are altered in

NDs and how this may explain their contribution to neurodegeneration. Second, we ask
whether, in NDs with specific genetic mutations, these mutations either directly or indirectly
impact on astrocyte function. Third, we ask how astrocyte transcriptomic and proteomic
signatures are altered during the progression of neurodegeneration and how they may relate
to functional changes observed. Given the central role of astrocytes in NDs, we end with a
discussion of potential strategies to target these cells for future therapeutic avenues.

2. Astrocyte physiological changes

In this section we consider the impact that the pathology present in different NDs has on
the functions of astrocytes, and how these alterations of astrocyte function may impact on
neurons and neurodegeneration progression (Figure 1).

2.1 Astrocytes and proteinopathies

A common pathological hallmark in many NDs is the accumulation of particular proteins
that have the capacity to aggregate, causing proteinopathy. For example, AD, HD, PD

and ALS are characterized by accumulation of amyloid beta (Ap) and phosphorylated

tau, mutated huntingtin, a-synuclein and TDP-43, respectively. In pathological conditions,
these proteins undergo conformational changes and form oligomers that can form into
bigger structures33. The relative toxicity of the different aggregated species for astrocytes
remains under debate. In the case of ALS, TDP-43 aggregates can directly affect astrocyte
survival due to subcellular mis-localization, as described for inducible pluripotent stem cell
(iPSC) derived astrocytes carrying mutated TDP-4334, In the case of AD, amyloid plaques
which contain aggregated A have been considered as central to pathology and responsible
for triggering astrocyte reactivity, as observations made in post-mortem tissue indicated a
higher density of reactive astrocytes around plaques3®. Recent work suggests that soluble
oligomeric species of Ap also impact astrocytes and can trigger astrocyte dysfunction before
they become reactive®. It is however unclear if the continual aggregation of AB is driving
astrocyte reactivity, or if astrocytes become reactive in order to constrain A in plaques and
neutralize the toxic properties of soluble oligomers3”.

Astrocytes take part in a fluid-clearance pathway called the glymphatic system38. This
pathway relies on a high level of aquaporin 4 (AQP4, water channel) in astrocytes that

helps to create a flow from the arterial perivascular spaces to venous perivascular spaces,
facilitating astrocyte clearance of factors from the brain interstitium towards the systemic
circulation. AQP4 in astrocytes is also tightly colocalized with the potassium channel

Kir4.1 (Kcgjn10) and both play a synergistic role in osmolarity maintenance®. In AD,

it has been estimated that 65% of AP peptide is removed from the brain through the
glymphatic system38. The glymphatic system also plays an active role in the clearance of
mutated huntingtin in HD mice0. Consequently, the downregulation of Kir4.1 that occurs in
HD4! or the downregulation of AQP4 observed in AD*2 can result in diminished clearance
abilities and possibly contribute to protein accumulation. Indeed, the knock-out of Agp4

in an amyloidosis APP/PS1 mouse model of AD increased Ap accumulation within the
brain resulting in exacerbation of cognitive deficits*3. Furthermore, apolipoprotein E (ApoE)
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is involved in astrocyte clearance of AB and the ApoEe4 protein isoform fails to provide
efficient clearance of the peptide (as reviewed in below )#4. Astrocytes can also contribute
to protein clearance through the lysosomal pathway by internalization of proteins. This
pathway is reportedly disturbed in PD, where a mutation in Lrrk2 (reviewed below) affects
the astrocytic lysosomal degradation of a-synuclein®®. These findings suggest that astrocyte
dysfunctions could contribute to or be affected by proteinopathy associated with multiple
NDs.

2.2 Calcium dyshomeostasis

Under physiological conditions calcium signaling in astrocytes is associated with a broad
range of processes including their interaction with synapses#6. The complexity of astrocyte
calcium signaling has been highlighted by a study that performed 3D calcium imaging of
astrocytes in the cortex of awake mice*’, showing that the majority of spontaneous calcium
events are brief and localized at microdomains, thought to represent peri-synaptic astrocytic
processes*8. Consequently, dysregulation of astrocyte calcium signaling could result in
deleterious consequences on synapses, leading to its study in multiple NDs.

An abnormal increase of intracellular calcium has been observed in the SOD1-G93A
mouse model of ALS involving release of calcium from intracellular stores*®20, Altered
Ca?* homeostasis has been reported in the 6-hydroxydopamine-lesioned rodent model of
PD>! and more recently in iPSC-derived astrocytes from PD patients?2. In HD?! and

AD? alterations of spontaneous calcium activity in astrocytes have been observed in
mouse models, with an upregulation in AD and downregulation in HD. In these studies,
the calcium alterations occurred in microdomains in close proximity to synapses, and
before the appearance of astrogliosis. This suggests that astrocyte calcium physiology is
affected early in neurodegeneration progression, and could be involved in synaptic activity
dysfunction of neighboring neurons. Acute exposure of hippocampal slices to Ap oligomers
failed to induce synaptic dysfunction when calcium elevation was blocked in astrocytes,
suggesting not only involvement but a causal effect of astrocyte calcium dyshomeostasis in
the triggering of synaptic dysfunction in AD®2. Calcium is an essential second messenger
for many functions in astrocytes, and global silencing of calcium dynamics is deleterious
for basal synaptic transmission®3. This means that a better understanding of molecular
mechanisms underlying calcium dyshomeostasis in astrocytes in NDs is required to enable
their specific targeting without altering the homeostatic roles of astrocytes.

A number of mechanisms have been proposed to underlie the alteration of astrocytic
intracellular calcium levels in NDs, including activation of transmitter receptors and ion
channels. These include two studies performed in the APP/PS1 model of AD. In the first,
chronic intracerebroventricular infusion of an antagonist of the P2Y 1 purinergic receptor
that mediates astrocytic intracellular calcium release and astrocyte hyperactivity normalize
astrocyte function, thus highlighting its involvement in calcium elevations in AD®%. In the
second study, blockade of the calcium channel TRPA1 was sufficient to normalize astrocytic
activity, highlighting the involvement of calcium entry through membrane channels®2. The
two studies were performed at different stages of pathology progression, after and before
the onset of astrogliosis respectively, and in both the chronic normalization of astrocyte
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calcium activity was sufficient to delay neuronal alterations and preserve cognitive function,
identifying a critical role for astrocyte calcium signaling in the progression of pathology.
This suggests that the trigger of calcium dyshomeostasis is not only disorder-specific but
also stage-specific within a ND. However, little is known about mechanisms connecting the
main pathological hallmarks of the different NDs (Table 1) and the triggering of aberrant
calcium activity in astrocytes. Nevertheless it is clear that astrocyte calcium signaling is
widely altered in the context of neurodegeneration, which could result in the impairment of
essential functions that rely on calcium homeostasis and signaling.

2.3 Synaptic activity and ion homeostasis

An important role of astrocytes is neurotransmitter uptake and recycling. Glutamate is

the main excitatory neurotransmitter in the brain and under physiological conditions

it is estimated that 80% of glutamate released to the synaptic cleft is taken up by

excitatory amino acid transporters 1 and 2 (GLAST and GLT-1) localized to astrocyte
processes and recycled®. Decreased expression of GLT-1 is a common feature observed

in neurodegenerative disorders6. For example there is an alteration of GLT-1 trafficking

to the plasma membrane in a PD mouse model (LRRK2 G2019S, genetic risk factor for
PD, see below), resulting in intracellular re-localization and degradation of the transporter®’.
Intriguingly, knock-down of GLT-1 in astrocytes in either the substantia nigra or striatum is
sufficient to induce changes at the molecular and behavioral level that overlap with those
seen in PD, including neuronal death and astrocyte reactivity®859. This suggests alterations
to glutamate transporter level, function or localization will alter the level of glutamate in the
extracellular space, for example a decrease in transporter function may cause accumulation
and spill-over of glutamate from the synaptic cleft, possibly contributing to excitotoxicity
and neurodegeneration.

Excitotoxicity is neuronal death caused by excessive post-synaptic receptor activity,
particularly at glutamatergic synapses®?, and has been proposed to explain the pathogenesis
of NDs81-64, However, in most NDs neuronal death is preceded by alterations at the

level of synapses®>, for example in AD, synapse loss has long been known to be the

major correlate of cognitive impairment in human pathology®®. Neuronal death is also
absent in most amyloidosis mouse models of AD, although these models do demonstrate
synapse loss and cognitive impairment phenotypes®’. It is still unclear whether synapse

loss is a direct cause of neuronal death or if they are two distinct mechanisms; studies
investigating astrocyte contribution to synapse loss has been recently reviewed®8. A long-
standing hypothesis connecting glutamate dyshomeostasis and the loss of synapses observed
in neurodegeneration is the overactivation of extra-synaptic glutamatergic NMDA (eNMDA)
receptors which are deleterious for synaptic stability®®:7% and thought to promote cell death
in NDs’L. These studies showed that eNMDA activation is a consequence of glutamate
release from astrocytes after exposure to Ap or a-synuclein oligomers. The release of
glutamate from astrocytes is a process known as gliotransmission, that also includes the
release of ATP, D-serine and GABA, giving the astrocyte the possibility to directly modulate
synaptic transmission!2. Similarly to the increased release of glutamate, the release of
ATP2, D-serine®® and GABA'3 s also increased in AD, contributing to altering synaptic
transmission and/or cognitive performance.
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Both the uptake and release of transmitters from astrocytes are linked to calcium levels

in the cells, for example compartmentalized calcium activity in astrocyte microdomains is
associated with release of gliotransmitters®3.74, The activity of GLT-1 itself is not directly
associated with calcium, but uptake of glutamate is co-dependent on sodium entry and the
sodium gradient is regulated by the sodium calcium exchanger NCX which is colocalized
with GLT-1 in synaptic microdomains’®. Additionally potassium is extruded by GLT-1, and
astrocytes regulate potassium homeostasis via the potassium channel Kir4.176. Altogether,
this shows that these three molecular actors have an interconnected functional relationship
that may be involved in neurodegeneration progression as a cause or a consequence of
calcium dyshomeostasis, affecting not only synaptic transmission but also ion homeostasis.
This is supported by different lines of evidence showing involvement of NCX and Kir4.1 in
the ND context. Changes in the activity of NCX isoforms have been reported in ALS’” and
AD’8, and Kir4.1 is downregulated both in astrocytes derived from ALS patients with SOD1
mutations’® and in R6/2 and Q175 mouse models of HD*1. Moreover, rescue of potassium
channel expression in astrocytes can ameliorate aspects of neuronal dysfunction, prolong
survival and attenuate some motor impairments in R6/2 HD mice*!.

2.4 Energetics and lipid metabolism

There are several lines of evidence suggesting energetic metabolism impairments in AD,
PD, ALS and HD, for example enhancement of glucose uptake and metabolism has
neuroprotective effects in models of these NDs80. Astrocytes are considered at the forefront
of these impairments as neurons are isolated from the systemic circulation by the BBB

and rely on astrocytes to obtain metabolic substrates. A well described mechanism is the
astrocyte-neuron-lactate shuttle (ANLS)8L. This pathway couples glutamate transporter
activity to the conversion of glucose into lactate, with lactate then exported to neurons for
energy use. Astrocytic lactate is required for memory function and can modulate synaptic
plasticity82:83 although it should be noted that the requirement for the ANLS in basal
synaptic transmission is not fully established. This suggests decreased GLT-1 expression can
indirectly affect the astrocyte—neuron metabolic relationship, as the activity of glutamate
transporters is central to the ANLS. The involvement of astrocytic lactate in AD, PD and
ALS has been recently reviewed84.

Cholesterol and unsaturated fatty acids are known to be enriched at the synaptic membrane,
where they play an important role in membrane fluidity, vesicle formation and fusion,

ion channel function and clustering, and stability of neurotransmitter receptors8. The

BBB prevents most lipids from entering the brain and neurons are inefficient in lipid
synthesis, so they rely on astrocytes to provide cholesterol, which is secreted as a lipoprotein
complex containing ApoE, which is mainly produced by astrocytes in the brain8®. Clinical
data have shown that glucose metabolism is altered in human ApoEe4 carriers before
pathological hallmarks and memory symptoms of AD appear (as reviewed below)8”. A
recent study also suggested that the different isoforms of ApoE exert different effects on
lactate synthesis in astrocytes®®. Moreover ApoE is also involved in increasing calcium
excitability in astrocytes and altering intracellular cholesterol distribution8®. Therefore, in
the context of AD, variants of the astrocyte-enriched protein ApoE are at the intersection of
cellular dysfunction where calcium signalling, energy metabolism and lipid metabolism are
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affected. Additionally, glucose metabolism is closely linked to lipid metabolism as astrocyte
cholesterol can be synthetized from glucose-derived Acetyl CoA%, so a prediction of altered
glucose metabolism in neurodegeneration is that this will also impact lipid metabolism.
Besides AD, astrocytes display dysfunctional cholesterol metabolism in HD, and enhancing
cholesterol biosynthesis in astrocytes preserves neuronal functions:92, Altered levels of
cholesterol metabolites are also found in blood, CSF, and brain tissue of ALS% and PD%4
patients. Therefore, neurons depend on astrocytes to provide them with both the energy
substrates and cholesterol required for synaptic activity, and both these supplies are altered
in neurodegeneration, suggesting a central role for astrocytes in these alterations.

3. Genetic risk for ND impacting astrocytes

Although they share many common features, NDs are a diverse set of maladies that are
driven by unique genetic and environmental factors, affect different brain regions, and
manifest with various physiological changes. Some diseases like HD and Alexander’s
disease (AxD) are monogenic diseases caused by well-defined mutations in a single
gene?98, Other diseases such as AD have complex etiologies where the genetic heritability
is divided among several genes and has yet to be fully elucidated®’. The majority of early
work to study these diseases focused on how these mutations drive neuronal dysfunction.
However, as our understanding of these diseases improves, it is clear that these mutations
have prominent effects on other cells, including astrocytes. In fact, in some cases it appears
that these mutations initiate molecular events in astrocytes that serve as the primary drivers
of disease onset and ultimately the dysfunction and loss of neurons. We consider the impact
of genetic mutations in NDs in three broad categories: 1) mutations in genes enriched in
astrocytes, 2) variants in genes that are expressed in astrocytes as well as other cell-types,
and 3) astrocytes reacting to mutations in genes that are enriched in neurons (Figure 2).

3.1 Mutation in genes enriched in astrocytes

AXD is considered the first example of a ND that is primarily caused by variants in a gene
enriched in astrocytes?. AxD is a rare leukodystrophy characterized by the destruction of
the myelin sheath around axons, resulting in speech abnormalities, swallowing difficulties,
seizures, and ataxia. Most cases appear before the age of two years and usually lead

to death within the first decade of life%. AxD is caused by mutations in glial fibrillary
acidic protein (Gfap), which encodes a cytoskeletal protein that is highly enriched in
astrocytes and commonly used as an astrocytic marker in the brain. This leads to the
deposition of cytoplasmic inclusions within astrocytes known as Rosenthal fibers®. Initially,
AxD was described as an autosomal dominant genetic disorder®.98. However, more recent
studies suggest that some patients carry recessive mutations in Gfgp that can also lead

to phenotypes consistent with AxD98, While the majority of AxD cases are caused by
single nucleotide polymorphisms®%:99, insertion and deletion events in the gene have also
been described®8, Interestingly mice lacking Gfap do not show the same phenotypes as
those seen with disease-specific Gfap mutations10, so it is unclear what the molecular
consequences of these Gfap mutations are, although one study found downregulation of the
glutamate transporter GLT-1 in patients and mouse models of AxD, suggesting a link to
excitotoxicity (discussed below)101. Most mouse models of AxD present a mild phenotype,
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and recently a rat model was developed that presents the main features of the human
disease, including myelin pathology and motor impairments'92, The introduction of the
R239H mutation to Gfap, which is present in patients with early-onset and severe AxD, was
sufficient to cause astrocyte dysfunction as well as non-cell-autonomous effects. Targeting
Gfap using antisense oligonucleotides reversed the pathology, white matter deficits, and
motor impairments. These findings support the hypothesis that in certain disorders genetic
alterations to astrocytes can constitute the starting point of a neurodegenerative cascade.

3.2 Mutation in genes expressed by many cells

The most common category to consider is that where NDs are caused by mutations

that occur in genes expressed by many cell types in the body, including astrocytes. One
classic example is HD—a rare disorder caused by a CAG repeat expansion in exon

1 of the huntingtin (Htt) gene. In neurons, the Hft mutation has wide-ranging cellular
consequences, including aberrations in synaptic function, ion homeostasis, autophagy, and
metabolism103-106 However, HTT is a large scaffold protein required for diverse biological
functions in many cell types'95:197 including astrocytes1%8. Expression of mutant At

in astrocytes is sufficient to drive changes in gene expression, as well as contribute to
neurodegeneration198-110_ For example, expression of mutant Az specifically in striatal
astrocytes causes motor function deficits in mice, which may be due to decreased expression
of glutamate uptake transporters and potential excitotoxicity (discussed below)108,
Conversely, selectively removing mutant At from astrocytes (retaining expression in

other cells ), is sufficient to improve the pathological phenotype and attenuate disease
progression!10, Transplantation studies in mice demonstrated that human glial progenitor
cells expressing mutant HTT were sufficient to induce HD-associated phenotypes and
behaviors, whereas transplantation of non-diseased glial progenitors to an HD mouse model
was sufficient to rescue some of the aberrant phenotypes, including restoration of potassium
homeostasis109.

In PD, mutations in genes including PTEN induced kinase (PinkI), parkin 1 (PrknI), and
leucine-rich repeat kinase 2 (Lrrk2) are all able to induce a Parkinsonian phenotype, and
some have been shown to affect astrocyte function in a cell-intrinsic manner22:111, For
example, in astrocytes differentiated from patient iPSCs carrying mutations in Lrrk2 or
glucocerebrosidase (Gba) displayed metabolic alterations, aberrant calcium signaling, and
an increased inflammatory response?2. A separate study found alteration in production

of extracellular vesicles by Lrrk2 mutant astrocytes, leading to altered communication
with dopaminergic neurons that normally internalize these vesicles, suggesting a failure
in astrocyte-neuron communication12. As reviewed above, a mouse model with a patient-
specific Lrrk2mutation shows reduced functionality of the glutamate transporter GLT-1,
which may contribute to excitotoxicity®’.

Mutations in ALS are also acting in astrocytes as well as neurons. For example, primary
motor neurons carrying Sod mutations show mild morphological alterations but are
overall functional. Astrocytes from this mouse model, however, secrete factors that are
toxic to both wildtype and SodZ mutant neurons13, Non-cell autonomous toxicity exerted
onto motor neurons has also been described with human iPSC astrocytes carrying a
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hexanucleotide expansion in the C9orf72locill4. In vitro models revealed that when co-
cultured with these mutant astrocytes, motor neurons show multiple functional changes
including wide-spread alterations in gene expression, decreased electrophysiological output,
and reduced viabilityl1®. A hexanucleotide repeat-expansion mutation in iPSC-derived
astrocytes also drives increased release of reactive oxygen species and reduced ability to
support motor neurons in culturel16, Mutations in mutant fused in sarcoma (Fus) increase
the release of toxic factors from astrocytes that drive inflammation-induced motor neuron
degeneration, and also increase AMPA glutamate receptor expression that could contribute
to hyperexcitability present in ALS7. A recent study identified a component of the toxic
output of astrocytes in ALS is inorganic polyphosphate, a biopolymer, an effect seen in
astrocytes from both mouse models and patients with different mutations!!8, providing a
potential target for therapeutic intervention (see below).

Familial AD cases have been attributed to mutations in amyloid precursor protein (App),

as well as the genes encoding subunits of the gamma-secretase complex responsible for
processing amyloid protein, presenilin 1 (Psenz) and presenilin 2 (Psen2)119.120, Single-
cell profiling of iPSC-derived astrocytes demonstrated that these genes are expressed by
astrocytes, in addition to neurons, at higher levels than previously appreciated, suggesting
astrocytes may contribute to amyloid burden and be important drivers of familial AD2L,
Genome-wide association studies (GWAS) have revealed some common heritable factors
underlying AD, with ApoE among a few genetic loci that explain a substantial portion

of heritability122123, ApoE is a secreted lipid-carrying protein involved in cholesterol
homeostasis and also localizes to amyloid plaques (see above)124. Although neurons
express ApoE, the protein product is primarily produced and secreted from astrocytes and
microglial?®. The ApoE epsilon 4 variant (ApoFed) in particular is most predictive of

late onset AD126, In a transgenic tauopathy mouse model (Tau P301s), the introduction

of the ApoFed variant greatly exacerbated pathology through a toxic gain of function?’.
Conversely, individuals who carry the epsilon 2 (ApoFe2) variant have lower risk for AD128,
Astrocytes derived from ApoEe4 iPSCs show significant transcriptional differences, altered
cholesterol metabolism, diminished capacity for amyloid uptake, and decreased neuronal
support, demonstrating that ApoEe4 affects astrocyte biology directly2%-131_ Furthermore,
the selective knock-out of ApoE in astrocytes improved spatial memory, reduced Ap
deposition and blocked astrogliosis in an APP/PS1 model of AD132,

In all, the association between ApoE and AD demonstrates that factors expressed by
astrocytes play central roles in disease pathogenesis and can act as significant genetic
risk factors. Variation at other loci involved in lipid metabolism such as clusterin (C/u),
sortilin-related receptor (Sor/Z), and bridging integrator 1(B8/n1) have also been associated
with late-onset AD20. In post-mortem prefrontal cortex samples from patients with
AD, Bin1 isoforms specific to astrocytes were found to be associated with AD133,
Astrocyte-specific, AAV-mediated overexpression of C/uin the 5XFAD mouse model of
AD ameliorated amyloid plaque pathology and rescued associated deficits in synaptic
performance, suggesting a protective role134. Although a mechanism is far from fully
elucidated, together these studies suggest that lipid metabolism in astrocytes is part of a
critical genetic network in AD pathology.
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3.3 Mutation in genes enriched in neurons

The study of rare familial cases of neurodegeneration uncovered variants in microtubule
associated protein tau (MapH™3® in cases of frontotemporal dementia (FTD)!38. Mapt
expression is neuron-specific, and there are several mutations associated with FTD.
Functionally, these mutations lead to hyperphosphorylation of tau protein that results in the
formation of neurofibrillary tangles'37. Astrocytes have a multitude of biological responses
to filamentous or insoluble oligomers of tau. Transgenic mouse models that overexpress
mutant human tau show a loss of astrocytic support of synapses!38. Moreover, the treatment
of healthy primary astrocytes with exogenous tau oligomers elicits immune responses and
cytokine release!39. Multiple studies have observed that hyperphosphorylated tau is engulfed
by astrocytes4? which can induce changes to astrocyte shape. This pathology has been
defined as aging-related tau astrogliopathy, and is observed not only as part of AD and

FTD pathology, but also in other diseases such as PD141, Although pathogenic levels of tau
exert their influence on astrocytes, it is the changes induced within astrocytes that can affect
the progression of the disease in neurons. Based on the observation that immune activation
increases with disease progression, the role of the innate immune system in tau pathogenesis
has been investigated, showing modulation of complement signaling from astrocytes and
microglia can alter the impact mutant tau has on neurons42.

4. Astrocyte transcriptomics and proteomics

Transcriptomics and proteomics studies have demonstrated that many NDs are characterized
by changes in large networks of genes and proteins in multiple cell types. Early microarray
and RNA-sequencing (RNA-seq) studies probing for transcriptional changes in NDs

were conducted at the bulk tissue level and thus were mostly informative for neuronal

gene changes such as synapse-associated genes and plasticity genes43. Advancements in
technology progressed towards isolation of specific cell types from distinct brain regions at
the bulk level (i.e. fluorescence activated cell sorting (FACS), antibody-conjugated magnetic
bead enrichment, genetically encoded RiboTag). One such study used FACs of astrocytes
and microglia and identified a proinflammatory transition that occurs in AD, along with a
downregulation of neuronal support genes!®. Sequencing technologies have further advanced
to enable analysis of single cells, which has elucidated the complicated heterogeneity

of pathological subpopulations of astrocytes in NDs7~20 (summarized in Table 2).

Beyond RNA there is increased focus on proteomics approaches due to advancements

in technologies allowing more sensitive detection of proteins, single cell analysis, and
phosphoproteomics to evaluate protein changes at different levels of regulation144.145,
Studies using meta-analysis of multiple datasets have harnessed the power of bioinformatics
to elucidate new insight into mechanisms contributing to neurodegeneration, such as early
endolysosome dysfunction in astrocytes46, and subregional heterogeneity of astrocyte
transcriptional changes amongst different cortical layers in AD47. Given that there is often
low concordance between changes at the RNA and protein level14®, a focus should be
placed on multi-omics data integration to allow for full interpretation of astrocyte molecular
changes in NDs.
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4.1 Decreased synaptic support with aging

Although reactive astrogliosis is a hallmark of pathology in many NDs, it is important to
note that astrocytes also show some markers of reactivity in physiological aging. In mouse
studies using FACS or RiboTag to isolate astrocyte RNA for analysis, aged astrocytes were
shown to upregulate genes related to immune signaling pathways® and synapse elimination
such as components of the complement cascade including C313:14.148_ Decreased synaptic
support with aging is predicted by downregulation of the transcript encoding the major
rate-limiting enzyme for cholesterol synthesis, Hmgcr-3. Conversely, transcripts associated
with general astrocyte homeostatic functions such as K¢fn10 (Kir4.1 potassium channel)
and S/c1a?and Slc1a3 (GLT-1 and GLAST glutamate transporters) are unaltered in aged
astrocytes!3. This shows that aged astrocytes resemble reactive astrocytes in upregulation of
genes related to proinflammatory signaling, antigen presentation and immune pathways314,
There is an increased proportion of astrocytes in aged mice expressing reactive genes
(Serpina3nand Cxcl10) after immune system insult with lipopolysaccharide (LPS) than
astrocytes in young micel4, suggesting aged astrocytes are more sensitive to immune
activation. These results suggest that in physiological aging astrocytes naturally become less
supportive of neuronal synapses and more reactive, creating an environment that is poorly
suited for synaptic function. However, there is less evidence that astrocytes undergo major
alterations to their homeostatic functions in aging, such as neurotransmitter recycling, BBB
maintenance or ion buffering in support of neuronal function (see above).

4.2 Decreased astrocyte homeostatic support

As noted, astrocytes upregulate complement cascade and immune components in
physiological aging1314, but this effect is exacerbated in NDs. For example, in human post-
mortem tissue from AD, ALS, PD and HD the proportion of C3" astrocytes is significantly
increased in the prefrontal cortex, motor cortex, substantia nigra and caudate, respectively,
compared to age-matched controls2?. Increased astrocyte reactivity is particularly strong

in AD, with an increase from 20% to 60% C3' astrocytes in AD29. As described

above, there are known astrocyte functional changes in neurodegeneration, including
changes to intracellular calcium signaling that may modulate neuronal synaptic activity,
neurotransmitter recycling, ion buffering, BBB maintenance and metabolic support, that may
create an environment that is not conducive to synaptic function in NDs.

A single nucleus RNA-seq study on human post-mortem AD tissue (sNuc-Seq) found
transcriptional changes suggesting functional impairments in the ability of astrocytes to
support neuronal synapses. Notably, comparisons of different stages of pathology identified
an early upregulation of the voltage-gated potassium channel Kcnip4 followed by a late
stage downregulation, indicating a potential compensatory response to synaptic dysfunction
early in disease, as well as a decrease in the metabotropic glutamate receptor Grm3at late
stages!49. Upstream transcription factor (TF) analysis of a human AD dataset identified
that TFEB, a transcriptional regulator of lysosomal function, was upstream of 10 GWAS
loci in AD that were differentially expressed'®, suggesting widespread alterations in
protein homeostasis in astrocytes. Transcriptional analysis of acutely isolated astrocytes
from the APP/PS1 mouse model of AD revealed a strong upregulation of transcripts
associated with proinflammatory environments, suggesting a strong immune component
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in AD astrocytes!®L. Interestingly, it has been demonstrated with sNuc-Seq that astrocytes
in AD upregulate more genes than they downregulate, whereas neurons are more likely to
downregulate genes4®, which suggests a gain of function phenotype for astrocytes in AD.

Similarly, a RiboTag study in the SOD1-G37R mouse model of ALS found a dominant
trend of upregulated gene expression in mutant astrocytes, with 62% of 108 differentially
expressed genes (DEGs) upregulated!®2. Transcripts encoding for inflammatory pathway
and immune signaling components (Junb, Cebpad, Cebpb) increased, and downregulation
of a transcriptional coactivator that modulates genes related to mitochondrial biogenesis
(Ppargcla) was observed®2, Conversely, an astrocyte RiboTag study on two separate
mouse models of HD (R6/2 and Q175) and post-mortem RNA-Seq of human striatal
tissue demonstrated that 97% of 62 significantly changing transcripts shared between
mice and humans were downregulated®. The authors propose these genes as a “core

set” of consistent changes between two mouse models of HD differing in severity and
pathology. Downregulated genes from the core set were related to calcium signaling
(Camk4, Atp2bl, Itprl, Cacnale, Ryr3, Cacna2d3), GPCR signaling (Adcys, Rgs9) and
postsynaptic scaffolding (Shank3, Netol, Dlg4)18, suggesting a widespread impairment of
astrocyte modulation of synaptic activity. A study using iPSC-derived human astrocytes
from PD patients showed reduced levels of the glutamate transporter S/cZa3, suggesting
again impaired neurotransmitter recycling?2. The PD astrocytes also had an upregulation
of Ryr3(calcium channel) and /#pr2 (receptor for calcium release from the endoplasmic
reticulum), suggesting hyperactive calcium signaling in PD astrocytes (see Section 2.2)22.

Although homeostatic functions of astrocytes appear to be impaired in neurodegeneration, it
is important to consider that not all changes to astrocytes during NDs are negative, and that
some alterations may be an attempt to compensate for alterations in the brain environment.
For example, there is an upregulation of components of the antioxidant system in astrocytes
in AD, which may be protective against oxidative stress®3. The Nrf2 transcription factor is
a master regulator of the antioxidant response pathway and regulates many DEGs identified
in the APP/PS1 and Tau P301s mouse models of amyloid and tau pathologies of AD1%4,
Nrf2 upregulation in these mouse models decreases AD-related pathology, suggesting a
protective rolel>4. Manipulation of the JAK-STAT pathway to prevent astrocyte reactivity
has had mixed results in AD mouse models. Blocking this pathway in APP/PS1 mice led

to decreased amyloid plaque deposition and an improvement of synaptic deficits and spatial
learning55:156 put failed to attenuate combined amyloid and tau pathology in 3xTg-AD
micel®7, which could indicate some differences and interactions between amyloid and tau
pathologies in relation to astrocyte reactivity. In the SOD1-G93A mouse model of ALS
genetic deletion of three cytokines that promote the formation of inflammatory reactive
astrocytes (IL-1a, TNFa and C1q) extended their lifespan by 50%158. However, it should
be noted that this was a global knockout and thus effects on non-astrocytic cells cannot be
ruled out, and the SOD1-G93A mouse model does not recapitulate all features of the human
disease, including TDP43 mis localization.

The transcriptional studies of astrocytes in different NDs suggest there may be common
transcriptional changes across diseases (reduced neurotransmitter recycling/glutamate
homeostasis and dysregulated calcium signaling) that correspond well with the known
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functional alterations described above. However, there are also distinct attributes of
astrocyte transcriptional signatures across disorders, with prolonged inflammatory signaling
and exacerbated immune modulation being more prominent in AD and ALS astrocytes
compared to HD and PD. In addition, compensatory mechanisms may be more prominent
at early disease stages than late pathology, and thus temporal dynamics of gene expression
changes in NDs should be an important focus in the future.

4.3 Regional heterogeneity and reactivity

The notion that astrocytes from distinct brain regions are molecularly encoded to support
neurons in that same region leads to a hypothesis that may explain why particular

brain regions are disproportionately affected in different NDs. In the studies of aging

mouse astrocytes discussed above it was found that although astrocytes from all brain
regions upregulate genes related to immune pathways, they do so to different degrees.
Cortical astrocytes showed the least changes with age, whereas those from the cerebellum,
hippocampus and striatum, regions affected by different NDs, showed many more!3.14,
Importantly, these studies suggest that some brain regions may have greater vulnerability to
immune insults and aging than others, something that should be considered in the context of
NDs.

A sNuc-Seq study identified subpopulations of astrocytes in AD and mapped identified
gene modules onto spatial transcriptomics datasets from mouse and human cortex. This
showed a high degree of regional heterogeneity, with multiple astrocyte subclusters having
differential expression in at least one cortical layer. For example, a subcluster in AD that
showed upregulated transcripts associated with response to metal ions and downregulated
axon-guidance pathways correlated with Layer 1 and white-matter astrocytes in the spatial
transcriptomics dataset. A subcluster with upregulated immune pathway components did
not show segregation and could be spatially localized to all cortical layers4’- It should

be noted that the spatial transcriptomics datasets used in these studies were from non-
diseased humans and mice, and from mice exposed to acute LPS to cause an inflammatory
responsel®9.160_ n the future, this same type of data integration study could be performed on
AD spatial transcriptomics datasets as they become available.

In addition to regional heterogeneity, there is also a vast spectrum of astrocyte states in
NDs that have been identified using sNuc-Seq. These correlate with both disease stage

and proximity to pathology. Studies on human post-mortem tissue identified AD-specific
pathological astrocyte subclusters, characterized by the highest levels of Gfgp expression
across all clusters, along with upregulation of other astrocyte reactive markers such as
Cryab, Cd44and Tncand downregulation of glutamate transporters (S/c1a2, Slc1a3)

and synaptic support molecules (Nrxnl and Cadm?2), including Sparcl/1 and Ptrnwhich
encode for secreted proteins that regulate synapses in the healthy brain1%20, A pathological
astrocyte subpopulation was also found in the hippocampus of 5xFAD mice and termed
Disease Associated Astrocytes (DAAs)18. These DAAs had distinctively high levels of Gfap
expression, along with upregulation of the reactive astrocyte marker Serpina3n, a lysosomal
cysteine protease involved in APP processing (Ctsb), the intermediate filament protein Vim
and the actin-depolymerizing protein Gsn. Spatial analysis of astrocytes positive for Gfap,
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Serpina3n and Vim demonstrated that DAAs are located near amyloid plagues. The DAAS
upregulate more genes than they downregulate, again indicating acquisition of an altered
transcriptional profile. DAAs appear in 5XFAD mice at 4 months, before any measurable
cognitive decline, suggesting that early acquisition of a DAA phenotype may contribute to
disease progression. It was also found that DAAs are present in wildtype mice at 13-14
months!®, providing strong evidence that astrocytes in AD undergo an accelerated aging.

Pathological subpopulations of astrocytes have also been identified in other NDs. sNuc-Seq
in human cingulate cortex identified four transcriptional states of astrocytes in HD1.

The subpopulations were described as transitional states from homeostatic astrocytes to
various degrees of astrocyte reactivity and were defined by changes in the expression of
the glutamate transporter S/cZa2, the intermediate filament protein Gfap and a heavy metal
ion binding protein with anti-oxidative properties MtZa. A spatial transcriptomic analysis
in the spinal cord of SOD1-G93A mouse model and post-mortem ALS patients identified
an alteration in astrocyte transcriptional profiles early in the disease course, including an
upregulation of reactive genes including Gfap, that was most pronounced near to the motor
neurons that degenerate in ALS61,

The subpopulations of astrocytes detected in NDs are often characterized as reactive, which
is often considered a negative trait. However as discussed above astrocyte reactivity can have
both beneficial and detrimental effects depending on the context, in particular the stage of
pathological progression of the disorder. Altogether, these studies suggest that homeostatic,
pro-synaptogenic astrocytes are most prominent in the young brain (Figure 3A), but with
aging there is a transition to a reactive state that creates an environment less supportive

of neuronal synapses (Figure 3B). In NDs there are disease-associated subpopulations of
astrocytes that have an exaggerated reactive state and are spatially localized near pathology
(Figure 3C).

4.4 Astrocyte proteomic and spatial analysis

Although RNA studies have provided insight into the molecular alterations that occur in
neurodegeneration, they do not reflect changes that can occur at the post-transcriptional
level, leading to an increased interest in proteomics approaches including in AD. Weighted
gene correlation network analysis on a proteomics dataset from human AD patients yielded
13 protein coexpression modules that could be classified into 6 main regulatory processes:
synapse, mitochondrial function, sugar metabolism, extracellular matrix, cytoskeleton and
RNA binding/splicing. Interestingly, the sugar metabolism module (containing proteins
involved in glucose and carbohydrate metabolism) was enriched for astrocyte and microglia-
related proteins and had the strongest correlation with degree of cognitive impairment!62,

It was increased early in asymptomatic AD, highlighting this module as a window of
opportunity for therapeutic intervention to mitigate progression to dementia. Another
proteomics study on human brain samples investigated protein differences in AD as well

as several other NDs with or without dementia as a primary characteristic. AD genetic

risk analysis on the dataset showed strong correlation with a glial immune module that is
enriched for astrocyte proteins and is upregulated early in the asymptomatic stage of AD -
although this module did not show a significant correlation with NDs without dementia such
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as ALS and PD163, This could be an important difference between studies at the RNA and
protein level because a transcriptional study on several NDs found that immune genes were
commonly upregulated among NDs164. Beyond protein level, phosphoproteomics analysis
has identified distinct temporal patterns for phosphorylation of proteins involved in splicing
dysfunction and calcium regulation in AD, adding an additional level of complexity to
protein regulationl44,

Spatial localization of protein and RNA changes with respect to pathology, such as amyloid
plaques, tau tangles, dystrophic neurite and cerebral angiopathies will be informative

to dissect out heterogeneous astrocyte responses in neurodegeneration, and if these are
dependent on the specific pathology. For example in 5xFAD mice, immunohistochemical
labeling of Gfap+ and Serpina3n+ reactive astrocytes showed them in close proximity

to amyloid plaques 8. Another study used proteomics analysis correlated with disease
staging to identify a list of proteins most closely associated with AP accumulation in
plaques®®. Immunohistochemical analysis then verified that the two proteins with highest
correlation with AP accumulation, MDK and NTN1, were localized to amyloid plaques.
New technologies, such as GeoMX and imaging mass cytometry, will allow these types of
analyses to be conducted on a larger scale compared to traditional immunofluorescence.

These studies emphasize the need to focus on post-transcriptional and post-translational
regulation in NDs. A caveat, however, is that the majority of proteomic studies are not
conducted in a cell-type specific-manner, and rather analyze bulk tissue and use correlation
with RNA sequencing data to determine the cell-type most likely to contribute to the
change. The application of emerging technologies to label proteins in a cell-type specific
manner, such as non-canonical amino acid incorporation and proximity labeling with biotin,
will enable such studies to be performed in animal models of ND166.167 | addition,

most studies do not give information on the localization of proteins, for example if there

are alterations in protein secretion or membrane trafficking, particularly important as
astrocytes regulate synapses through the release of many different secreted proteins?. This
suggests efforts should be made to perform sub-cellular analysis of protein localization in
NDs. Combining these approaches with high-throughput proteomics, phosphoproteomics,
lipidomics and metabolomics, as well as spatial analyses will provide important information
to elucidate the pathological mechanisms of NDs.

5. Avenues for Therapeutic Intervention

Given the myriad ways that astrocytes are altered in NDs, they have become of increasing
interest to target therapeutically in multiple disorders1®8. In this section we discuss existing
therapeutic options, as well as consider novel approaches based on recent discoveries
(Figure 4).

5.1 Pharmacological Approaches

One way to modulate astrocytes is to use a pharmacological approach with drugs that act on
astrocyte-enriched targets. For example, studies to restore astrocyte calcium signaling to a
physiological range in an APP—PS1 mouse model used chronic inhibition of the TRPA1
channel with the inhibitor HC03003152, or long-term treatment with a P2Y1 receptor
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antagonist>*, and showed promising improvements in the phenotype including decreasing
neuronal hyperexcitability. In human AD, 22% to 54% of patients exhibit subclinical
epileptiform activity169, and it has been shown that patients with AD and seizures show a
faster decrease in cognitive function, so decreasing hyperexcitability may be beneficiall’%. A
potential disadvantage of a pharmacological approach in humans is uncertainty around drug
specificity, particularly if the target is expressed by cells besides astrocytes. For example,
TRPAL is also expressed in peripheral neurons involved in nociceptive pathways!’! and
P2Y1 is expressed by hypoglossal motor neurons that innervate muscles of the tongue and
are important in maintaining airway patencyl’2. Progress made in the characterization of
transcriptomic and proteomic changes to astrocytes in relation to neurodegeneration will
likely identify more astrocyte-specific drug targets enabling more therapies to be developed.

5.2 Targeting proteins in astrocytes

As outlined above, many of the mutations underlying NDs have cell-autonomous effects on
astrocytes. Therefore, targeting the products of these variants should be sufficient to slow
disease progression. A study used zinc-finger protein targeting of mutant At specifically

in astrocytes, and this was sufficient to prevent the majority of the HD-associated
transcriptional alterations'8. Aside from directly targeting these neurotoxic proteins in the
context of disease, other loci in the genome can be targeted to modify disease pathogenesis
by altering astrocyte function (or dysfunction). Identifying these modifiers in astrocytes

(and other cell types of the brain) is important not only for finding potential therapeutic
targets but also because the same manipulation can have different effects in a cell-specific
manner’3, For example, in HD the over-production of sphingosine kinase 1 is detrimental in
neurons but reverses pathogenesis in astrocytes by promoting autophagy and clearance of the
mutant proteinl’4,

5.3 Targeting master TFs

Given the widespread transcriptional and protein level changes that occur in astrocytes

in NDs, a promising strategy is to modulate full networks of RNA and protein changes

that are altered by targeting TFs. Research in the field of astrocyte heterogeneity has now
begun to elucidate region-specific TFs in astrocytes, as well as master TFs that can modify
vast transcriptional programs. NFIA is essential to drive production of reactive astrocytes

in the subventricular zone after ischemic stroke, and these are thought to be protective

and drive the plasticity that exists in the post-stroke recovery phasel’®. Furthermore,
astrocytes in the spinal cord that lack NFIA display an inability to drive BBB remodeling
after white matter injury and this contributes to a failure to remyelinate the white matter
tracts1’®. Interestingly, NFIA is also expressed in hippocampal astrocytes. Knockout of
NFIA in hippocampal astrocytes resulted in impaired synaptic plasticity and memory3L. The
particular vulnerability of the hippocampus in AD raises the question of whether NFIA
transcriptional targeting may be dysregulated in AD. Another approach is to target master
TFs that upregulate specific protective pathways. It was recently demonstrated that Nrf2
downstream targets are altered in both APP PS1 and Tau P301S mouse models of AD.
Astrocyte-specific overexpression of Nrf2 ameliorated both amyloid and tau pathologies

by upregulating antioxidant response and proteostasis genes®4. One caveat to targeting
astrocyte TFs is that chromatin remodeling occurs with aging7®, and hence certain areas of
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the genome may be inaccessible with age. New variants of the Crispr-Cas9 system, such as
Cas9-TV, which utilizes a transcriptional activator fused to the Cas9 protein, allow for more
efficient gene activation in closed chromatin regionsl’’. Cas9 fused to acetyltransferases
has also proven effective for gene activationl’8. A concerted effort will need to be made to
catalogue chromatin changes in astrocytes across development, in aging and in NDs using
methods such as single cell ATAC-Seq. Databases of these chromatin changes will be useful
to pinpoint areas of the genome that will require chromatin remodeling to target efficiently.

5.4 Astrocyte replacement

As an alternative to correcting changes in resident astrocytes, groups have introduced young
astrocytes into brains affected by NDs to see if they are sufficient to correct the deficits.
Human glial progenitor cells were grafted into brains of HD mice and a portion of these
cells differentiated into astrocytes. This approach was sufficient to improve behavioral
dysfunction and restore function in the striatal medium spiny neurons%. In a mouse model
of amyloid-induced neurodegeneration, autologous implantation of astrocyte-like, enteric
glial cells isolated from the gut halted disease progression’®. Engraftment methods remain
promising but present significant challenges such as issues with host integration, survival of
the cells and immune rejection.

5.5 Glia-neuron conversion

A devastating effect of the progression of NDs is the death of neurons. Several groups

have attempted glia-neuron conversion with a goal of producing new neurons that can
integrate into neural circuits and form new synapses'89:181 However, a lineage tracing
study suggested that the viral targeting strategies used targeted endogenous neurons

rather than converting astrocytes to neurons82 The strategy may still be promising if it

can be harnessed to target the correct cell type with high efficiency83. For example,

TF upregulation was successfully used to convert NG2 glia to neurons in models of
cortical stab-wound injury84, Thus, it remains plausible to perform direct astrocyte-neuron
conversion if the correct TFs and/or RNA-binding proteins are identified and their
overexpression or downregulation is targeted specifically to astrocytes.

Although most of these studies were conducted in animal models, they highlight innovative
strategies that can be harnessed to improve therapeutics for neurodegeneration.

6. Conclusion

NDs can no longer be considered as cell-autonomous disorders affecting neurons, and a
holistic comprehension of these disorders should consider them as a disruption of the CNS
environment. Because astrocytes are integral to maintaining CNS homeostasis, alterations to
the functions of astrocytes will contribute to progression of pathology, or may even initiate
it. Alterations to astrocytes encompass both toxic gain of function, as well as impairment

of essential functions. Altogether, genetic mutations, RNA and protein level alterations and
stressful changes in the environment result in alterations to astrocyte function that contribute
to neurodegeneration.
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Specific attention on astrocyte regional heterogeneity, the broad spectrum of the astrocyte
response to neurodegeneration, and temporal dynamics of gene and protein expression
changes in relation to pathological progression is needed moving forward. Outstanding
questions remain as to why certain brain regions are more vulnerable to neurodegeneration
than others, and why specific NDs affect distinct brain regions. Understanding astrocyte
regional heterogeneity and region-specific astrocyte TFs may provide insight into these
phenomena. Furthermore, it is clear that there is a broad spectrum of the astrocyte response
to NDs. Studies focused on astrocyte states in a context-specific (acute injury vs. chronic
disease) and disease-specific manner (differences between NDs) will be necessary to unravel
the molecular underpinnings of the astrocyte response and shed light on whether this can be
harnessed or manipulated to generate a positive outcome of neuroprotection in the context
of neurodegeneration. Studies focused on identifying molecular changes in astrocytes at
different stages of disease progression will aid in determining if astrocytes are initiating
pathology or responding to disease-related changes in their environment, and how they
contribute to the progression of neurodegeneration at different stages. Identification of if
and how astrocytes are altered at early stages of neurodegeneration before overt reactivity is
observed will highlight potential mechanisms that can be targeted with a goal of preventing
disease progression.
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Figure 1: Astrocyte physiological alterations associated with neurodegeneration progression.

A. Astrocytes undergo physiological changes in conjunction with the progression of

neurodegeneration. At early stages, astrocytes display calcium dyshomeostasis and changes
in gene expression resulting in alteration of their homeostatic function at the synapse, which
correlates with neuronal activity dysfunction. As neurodegeneration progresses astrocytes
acquire a reactive phenotype (astrogliosis), often observed in parallel to loss of synapses.

In late stage neurodegeneration astrocytes upregulate pathways that contribute to the pro-
inflammatory environment and neuronal damage. B. Alteration of astrocyte homeostatic
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functions contributes to synaptic dysfunction in NDs. In physiological conditions astrocytes
play a key role in maintaining synaptic homeostasis through numerous processes, many

of which are regulated by intracellular calcium levels in astrocytes. These include the
uptake and recycling of neurotransmitters, for example glutamate via GLT-1; uptake

of glucose from the blood via GLUT1, which is converted to lactate and exported to
neurons for energy production via MCTSs; synthesis of lipids including cholesterol, which
is packaged in ApoE lipoparticles and exported for uptake by neurons; maintenance of
extracellular potassium levels via the potassium channel Kir4.1; release of gliotransmitters
including ATP/adenosine, glutamate and D-serine, that interact with neuronal receptors
and modulate synaptic transmission; maintenance of water balance via the channel AQP4,
which also contributes to the glymphatic system. In neurodegeneration many of these
physiological functions are altered, leading to dysfunction in synaptic communication.
Intracellular calcium levels are dysregulated, in part due to altered activity of the sodium-
calcium exchanger NCX. This impacts other cellular processes, including the release of
gliotransmitters. Glutamate uptake is impacted by altered GLT-1 activity and level. The
outcome of these changes is an increase in extracellular glutamate, which can contribute

to excitotoxic damage. Reduced GLT-1 also impacts lactate supply to neurons, contributing
to impairment of neuronal energy metabolism. Decreased expression of Kir4.1 is observed
in many NDs, which impacts neuronal excitability. Astrocyte cholesterol synthesis is also
impaired, with the E4 isoform of ApoE contributing to altered lipid metabolism.
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Figure 2: Astrocyte and neuron expression of genes linked to risk for ND.
ND-associated mutations affect specific cell types depending on the disorder. This figure

shows examples of astrocyte-specific, global, and neuron-specific mutations organized by
disorder. For those mutations that affect neurons and astrocytes, some of these genes have
enriched expression in astrocytes (indicated by an * next to the gene symbol).

Nat Rev Neurosci. Author manuscript; available in PMC 2023 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Brandebura et al. Page 31

A Young B Physiological Aging C Diseased Aging

K { ) ,‘ | 7 - ; 2 '\ ’

< . \ "

7Y (7 2 [y

i ) ~ 71 ! ®
N \ |
. ks
GFAPw GFAPhish GFAPh9h/Serpina3n+/Vim+

Homeostatic Reactive Reactive/Pathological

Figure 3. Astrocyte molecular phenotypes transition in aging and disease.
A.) In the young brain, neurons show normal spine numbers and astrocytes are

predominantly homeostatic: they have low Gfap expression and are supportive of neurons
and synapses. B.) Physiological aging is associated with a loss of spines from some neurons,
and a subpopulation of astrocytes emerges in which Gfap expression is elevated; these
astrocytes have a reduced ability to support neuronal synapses. C.) During diseased aging —
such as neurodegeneration, a subpopulation of Serpina3n+ Vim+ astrocytes with elevated
Gfap expression emerge that are spatially associated with neuronal pathology such as
reduced spine number and pathological protein aggregates’8.
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Targeting master transcription factors
Reprogramming the transcriptional profile of
astrocyte to upregulate neuroprotective
pathways

Pharmacological approaches

+ cell specificity

- difficulty of targeting specific genes due to
chromatin accessibility changes in conditions
such as aging, NDs

Drugs targeting molecular pathways
involved in astrocyte physiological
changes

+ simple approach to investigate
potential therapeutic targets

- lack of specificity of the drug and/or
target expression in astrocytes

Astrocyte replacement

Engraftment of healthy astrocytes to
compensate for dysfunction of
endogenous cells

+ promising results in rodent model
y - potential barriers include immune-
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integration of cells in specific brain
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Neurodegenerative

Targeting proteins in astrocytes
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Figure 4: Therapeutic strategies to target astrocytes in NDs.
Multiple strategies to therapeutically target astrocytes in neurodegeneration have been

proposed or tested in animal models, each with positive and negative aspects. These include
pharmacological approaches using drugs to target pathways in astrocytes; modifying the
expression of specific genes or proteins in astrocytes; transplanting healthy astrocytes into
the region affected by neurodegeneration; converting reactive astrocytes into neurons to
replace damaged cells.
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Table 1.

Clinical features of neurodegenerative disorders.
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Alzheimer’s disease (AD)

Amyotrophic Lateral Sclerosis

Huntington’s disease (HD)

Parkinson’s disease (PD)

Symptoms - Progressive memory
loss, disorientation, mood and
behavior changes, deep confusion

Symptoms - Muscle weakness
and atrophy followed by
progressive deterioration of motor
functions, ultimately leading to
death mainly due to respiratory
failure

Symptoms - Motor symptoms:
hyperkinetic uncontrolled
movements known as chorea;
Non-motor symptoms: memory
and cognitive impairments,
neuropsychiatric disorders
(anxiety, depression, compulsive
behavior)

Symptoms - Motor
symptoms: tremors,
bradykinesia, rigidity, postural
instability

Non-motor symptoms:

apathy, anxiety, depression,
psychosis, compulsive
behavior

Hallmarks - Extracellular
deposits of amyloid-beta

(Ap) plaques followed by
intraneuronal accumulation of
neurofibrillary tangles composed
of hyperphosphorylated tau.
Astrogliosis

Hallmarks - Insoluble protein
inclusions in the soma of motor
neurons containing TAR DNA
binding protein-43 (TDP-43).
Astrogliosis.

Hallmarks - Abnormal
poly-glutamine tail cause
oligomerization and aggregation
of Htt into intra-neuronal
inclusions. Astrogliosis.

Hallmarks - Formation of
cytoplasmic inclusions called
Lewy bodies, containing a-
synuclein. Astrogliosis.

Brain regions affected -

Entorhinal cortex and hippocampus

are the primary affected brain
regions followed by cerebral
cortex.

Brain regions affected - Motor
neurons in the brain, brainstem
and spinal cord.

Brain regions affected - The
dorsal striatum (basal ganglia) is
primarily affected, followed by
cortical involvement in all areas.

Brain regions affected -
Loss of dopaminergic neurons
of the substantia nigra pars
compacta of basal ganglia.

Causes - More than 95% of cases
are sporadic involving numerous
environmental or genetic risk
factors, while less than 5 % of
cases are described as familial
forms since they are due to
inherited mutations resulting in
more aggressive disease with
earlier onset. These mutations have
been observed on three genes:
amyloid precursor protein (APP),
presenilin 1 (PS1) and presenilin 2
(PS2).

Causes - 90% of cases occur
without family history (sporadic)
and 10% are inherited through
autosomal dominant mutation
(familial). The C9orf72 (40%),
SOD1 (12-20%), TARDBP (4%),
and FUS (5%) genes are the

most commonly mutated genes
observed in familial ALS.

Causes - Hereditary autosomal-
dominant disease caused by
mutation on huntingtin (Htt)
gene. Expansion of repeating
glutamines at the N-terminus.

Causes - Complex
combination of environmental
factors and genetic factors
(e.g. mutations on SNCA,
GBAL, LRRK2).

Risk factors - Aging, ApoEe4
allele, cardiovascular pathologies,
diabetes, lack of sleep, sedentary
lifestyle

Risk factors - Aging, sex
(before age of 65 men are
more affected than women),
environmental toxin exposure
(metals, pesticide), vigorous
physical activity (athletes,
military)

Risk factors - The number of
glutamine repeats accounts for
about 60% of the variation of the
age of the onset of symptoms.
36 to 39 repeats result in a
reduced-penetrance, with a later
onset and slower progression of
symptoms. More than 60 repeats
result in onset below the age of
20, known as juvenile HD.

Risk factors - Exposure

to pesticides, consumption
of dairy products, traumatic
brain injuries, MPTP

Astrocyte-identified roles in
human pathologies

- astrogliosis with pro-
inflammatory phenotype

- ApoE predominantly expressed
by astrocytes

- glucose metabolism impaired

- decreased expression of glutamate

transporters

- release of pro-inflammatory
cytokines

-alteration of potassium
homeostasis

Astrocyte-identified roles in
human pathologies

- astrogliosis with pro-
inflammatory phenotype

- decreased expression of
glutamate transporter (EAAT2)

- increased release of chemokines
and cytokines

Astrocyte-identified roles in
human pathologies

- astrogliosis with pro-
inflammatory phenotype
-altered expression of genes
involved in calcium signaling
and neurotransmitter recycling

Astrocyte-identified roles in
human pathologies

- astrogliosis with pro-
inflammatory phenotype

- a-synuclein inclusions
observed in astrocytes
suggesting clearance defect

Main approved treatments ™
Aducanumab (Ap immunotherapy)

Main approved treatments *

- Riluzole (glutamate antagonist)
- Nuedexta (NMDAR antagonist)
- Radicava (antioxidant)

- Tiglutik (glutamate antagonist)

Main approved treatments” -
Deutetrabenazine (VMAT2
inhibitor)
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Amyotrophic Lateral Sclerosis

Alzheimer’s disease (AD) Huntington’s disease (HD)

Parkinson’s disease (PD)

(ALS)
- Levodopa (dopamine
precursor)
References?9185-190 References?9191-195 References!6:29.196 References?9:197-200

*
No effective cure for disorders.
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Table 2.

Summary of advancements in RNA-Sequencing technologies.
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RNA-Sequencing technology has advanced in recent years to allow for more sensitive analyses, with pros and
cons to each advancement. References give examples of studies using different sequencing approaches and

findings of the studies.

Can analyze multiple cell types

Deep coverage of
transcriptome

High sensitivity for low
expression genes

mRNA from distal processes

cell types

Transcripts from rare cell types can be
diluted out

Sequencing Pros Cons References | Findings
Method
Bulk Tissue Inexpensive Reads dominated by most abundant 143 Synapse-associated genes

show progressive decline

in AD, but bulk analysis
misses important immune-
related transcript upregulation
in glia

Single Nucleus subpopulation heterogeneity
Can sequence rare cell
populations without extensive
purification or enrichment
protocols

mRNA from distal processes (and
cytosol for nuclear sequencing)
excluded after enzymatic digestion

Poor sensitivity to detect low
expression genes

Data analysis requires more
processing power and storage
capacity than bulk analysis

included
Bulk Cell Type- | Fairly inexpensive mRNA from distal processes may be 151 FACS of microglia and
Specific excluded if enzymatic digestion of astrocytes identifies immune-
tissue is necessary related transcript upregulation
Specific to one cell type in AD from full cortex
Bulk analysis does not permit
subpopulation analysis
Bulk Cell Type- | Fairly inexpensive mRNA from distal processes may be 13,14 Astrocyte RiboTag from
and Region- excluded if enzymatic digestion of multiple brain regions reveals
Specific tissue is necessary some brain regions more
vulnerable to immune-related
Specific to one cell type Bulk analysis does not permit transcript upregulation than
subpopulation analysis others
Permits analysis of regional
heterogeneity
Single Cell/ Allows for identification of Expensive 17-20 Identification of

pathological, disease-
associated subpopulations of
astrocytes in AD and HD
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