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Abstract

Neurodegenerative diseases are broadly characterized neuropathologically by the degeneration of vulnerable neuronal cell
types in a specific brain region. The degeneration of specific cell types has informed on the various phenotypes/clini-
cal presentations in someone suffering from these diseases. Prominent neurodegeneration of specific neurons is seen in
polyglutamine expansion diseases including Huntington’s disease (HD) and spinocerebellar ataxias (SCA). The clinical
manifestations observed in these diseases could be as varied as the abnormalities in motor function observed in those who
have Huntington’s disease (HD) as demonstrated by a chorea with substantial degeneration of striatal medium spiny neurons
(MSNs) or those with various forms of spinocerebellar ataxia (SCA) with an ataxic motor presentation primarily due to
degeneration of cerebellar Purkinje cells. Due to the very significant nature of the degeneration of MSNs in HD and Purkinje
cells in SCAs, much of the research has centered around understanding the cell autonomous mechanisms dysregulated in
these neuronal cell types. However, an increasing number of studies have revealed that dysfunction in non-neuronal glial cell
types contributes to the pathogenesis of these diseases. Here we explore these non-neuronal glial cell types with a focus on
how each may contribute to the pathogenesis of HD and SCA and the tools used to evaluate glial cells in the context of these
diseases. Understanding the regulation of supportive and harmful phenotypes of glia in disease could lead to development
of novel glia-focused neurotherapeutics.

Keywords Glia - Polyglutamine - Huntington’s disease - Spinocerebellar ataxia

Polyglutamine Disease

Polyglutamine diseases including Huntington’s disease (HD)
and spinocerebellar ataxias (SCA1-3, SCA6, SCA7, SCA17)
(Table 1) are members of a group of diseases characterized by
expansion of the trinucleotide cytosine-adenosine-guanine
(CAG) repeat that translates into glutamine resulting in
an expanded polyglutamine (polyQ) repeat in the proteins
encoded by the disease-causing genes. These polyglutamine
diseases present clinically with motor abnormalities includ-
ing chorea, ataxia, dystonia, and sometimes parkinsonism
[1-4]. In addition, patients with these disorders also pre-
sent with other clinical symptoms including psychiatric,
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cognitive, sensory, and bulbar, muscle atrophy, and visual
impairments. These diseases can lead to substantial brain
atrophy and result in significant degeneration that is often
limited or most severe in a specific subset of neurons in
different brain regions. In HD, degeneration and atrophy
are most prominent in the striatum and cortex. In the SCAs,
there is significant atrophy and neurodegeneration of cer-
ebellar Purkinje cells with some of the SCAs also showing
degeneration of cerebellar nuclei and brainstem atrophy. The
degeneration of these cells contributes to the clinical impair-
ments observed in the various SCAs. While degeneration in
these diseases is largely present in select brain regions, most
of the polyglutamine proteins are expressed throughout the
brain and found in non-neuronal glial cells.

Understanding polyQ diseases requires appreciation of the
complexity of different brain cell types and how their intrinsic
physiology and interactions contribute to disease progression.
A significant body of work using constitutive and conditional
mouse models, transcriptome, and pathological analyses
provides evidence that both neurons and glia are altered in
these diseases and actively contribute to their pathogenesis.
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Table 1 Polyglutamine diseases discussed in this review

Polyglutamine disease Gene affected Normal

Pathogenic CAG number Major clinical signs

Brain regions most

CAG affected
number
Huntington’s disease (HD) HTT 6-36 >40 Chorea, bradykinesia, Caudate nucleus and

Spinocerebellar ataxia 1 ATAXIN-1 6-35 >39 (no CAT

(SCA1) interruptions)
45-82

Spinocerebellar ataxia 2 ATAXIN-2 14-31 37-270
(SCA2)

Spinocerebellar ataxia 2 ATAXIN-3 12-44 60-87
(SCA3)

Spinocerebellar ataxia 2 CACNAIA <18 20-33
(SCA6)

Spinocerebellar ataxia 2 ATAXIN- 7 4-35 37-460
(SCAT7)

Spinocerebellar ataxia 2 TBP 25-40 49-66

(SCA17)

cognitive impairment,
irritability, apathy
depression

putamen (MSNSs), cortex

Ataxia, dysarthria,
dysphagia,
impaired cognition

Cerebellum (atrophy
of Purkinje cells and
cerebellar nuclei), brain
stem, and spinal cord

Ataxia, dysarthria, Cerebellum (atrophy of

dysphagia, Purkinje cells and cerebellar
ophtalmoplegia, tremor, nuclei), brain stem,
rigidity thalamus and spinal cord

Brainstem, cerebellum,
spinal cord, thalamus,

Ataxia, dysarthria,
dystonia, spasticity,

rigidity, tremors, bulging  striatum
eyes, double vision
Ataxia, dysarthria, Cerebellum

double vision, dysphagia

Impaired vision, ataxia,
sensory loss, dysarthria,
dysphagia

Retina, cerebellum,
brainstem

Ataxia, psychiatric Cortex, striatum, cerebellum
disorders, parkinsonism,
dystonia, chorea,

spasticity and epilepsy

Moreover, while mutant polyQ proteins are often present from
developmental stages, polyQ diseases most often manifest in
midlife. Manipulation of glial responses at different stages
of disease indicates the complex glia contribution to disease
that is in part enacted by early beneficial effects of glial cells
that help maintain almost normal performance for decades.
As neurodegeneration progresses over decades, these initial
beneficial reactions of glia become chronic and promote an
irreversible pathology of the brain.

Glial Cells

Glial cells constitute half of the cells in the human brain and
are important for proper nervous system function and devel-
opment. They are responsible for maintaining homeostasis
in the brain. These homeostatic functions are carried out by
different types of glial cells, including astrocytes and oligo-
dendrocytes that originate from neural tissue and microglia
that are of myeloid lineage originating from the mesoderm.
Thus, this heterogenous population of cells support broad
functions/activities in the nervous system, including but not
limited to neurogenesis, blood—brain barrier maintenance,
energy metabolism, ion homeostasis, immune defense,
modulation of neuroinflammation, synapse formation, neu-
rotransmission and maintenance of neurotransmitter levels,

blood flow regulation, sleep, and provide metabolic support
[5-9].

Astrocytes are the most numerous glial cell type and
they tile the entire brain. While originally perceived as
merely responsible for the maintenance of brain structure,
astrocytes play critical roles during development including
guiding neurons, promoting synapse formation and are key
regulators of synaptic function and neuronal metabolism
in the adult brain. For instance, fine astrocytic processes
envelop many synapses where they maintain homeostasis of
ions and neurotransmitters, thus regulating excitability and
responsiveness of neurons [10-12]. Astrocytes respond to
brain injury by undergoing reactive gliosis, a process of gene
expression, morphological and functional changes. Morpho-
logical changes in reactive astrocytes have been described in
the nineteenth century [13]. Recent transcriptomic studies
demonstrated diversity of gene expression changes in reac-
tive astrocytes across different diseases. Reactive astrocytes
can be neuroprotective and ameliorate disease pathology or
harmful and exacerbate neurodegeneration.

Microglia are the resident immune cell of the nervous
system and can contribute to both protective and toxic mech-
anisms in the nervous system. These cells play roles in the
development of proper connections in the nervous system.
While microglia play essential roles as brain macrophages,
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they are derived from the primitive yolk sac and lymphatic-
dependent precursors unlike neurons, astrocytes, and oligo-
dendrocytes that are derived from neuroectoderm. However,
the microglia are distinct from peripheral macrophages/
monocytes as they arise from different precursors, and
although originally thought to be maintained in the brain
by resident progenitor cells [14, 15], it is now believed that
these cells are self-renewing [16]. During nervous system
development, microglia prune synapses to ensure proper
development of neural circuits. In adulthood astrocytes and
microglia contribute to the maintenance of brain homeosta-
sis and are responsive to changes in neuronal activity under
normal physiological conditions [17]. Microglia change
and become more neuroinflammatory primed with age
[18]. These cells respond to injuries to the brain, whether
caused by chronic neurological conditions or acute insults,
by altering their cellular morphology, proliferating,
releasing inflammatory molecules, and engulfing cellular debris
to maintain homeostasis. Consequently, the best described
and most prominent role for microglia is in immune defense
and their involvement in neuroinflammatory changes in neu-
rodegenerative diseases is widely studied. However, like
astrocytes, the way these cells contribute to the pathogenesis
of disease is varied and can be influenced by age in disease;
including their ability to respond to the presence of mutated
disease-causing proteins.

Oligodendrocytes are glial cells that produce myelin and
myelinate axons in the central nervous system. These cells
develop from glial progenitor cells; specifically, oligoden-
drocyte precursor cells (OPCs) [19-22] originate in and
migrate from the ventricular zone. The OPCs continue to
persist in the adult central nervous system, largely express-
ing neuron-glial antigen 2 (NG2) and platelet-derived growth
factor receptor alpha (PDGFR-a) and their numbers seem to
remain constant in the mature nervous system [23-25]. The
OPCs migrate from their sites of origin along blood vessels
[26, 27]. A fully differentiated and mature oligodendrocyte
can be identified by the production of myelin and expres-
sion of myelin basic protein (MBP), myelin-associated gly-
coprotein (MAG), and myelin-oligodendrocyte glycoprotein
(MOG) [28, 29]. Myelin insulates axons and allows for rapid
propagation of electrical signals allowing for rapid conduc-
tion of action potentials in the nervous system and provide
trophic support for the axon. Deficits in myelination, either
due to changes in oligodendrocytes or their precursors, can
cause axonal changes which contribute to motor behavioral
and cognitive deficits associated with neurological diseases.
Oligodendrocytes and OPCs can also become reactive,
although the role of their reactivity in neurodegenerative
diseases is less understood. Glial cells exhibit significant
heterogeneity across and within brain regions that at least in
part originates from unique needs of neurons they interact
with. As such, glia may contribute to brain region—specific
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vulnerability of neurons as well as provide a neuron specific
support in disease that can be harnessed for therapies.

Huntington’s Disease
Observations from HD Patients

Huntington’s disease (HD) is a progressive, autosomal
dominant, fatal neurodegenerative disorder characterized
clinically by deficits in motor function, cognitive impair-
ment, and psychiatric disturbances [30]. George Huntington
published the first clinical description of HD in 1872 when
he described those suffering from this disease as having a
“hereditary chorea” where chorea is defined by “dancing
propensities” [31]. Although the motor symptoms are the
most visible manifestations of HD, the cognitive and psy-
chiatric impairments can also manifest early in the disease
process. The average age of onset for HD is the mid-40s
with death usually occurring about 20-25 years after clinical
onset [1, 30]. Huntington’s disease is a rare disorder with a
prevalence of about 2-3 persons per 100,000 and is caused
by a CAG repeat expansion of greater than 40 in the gene
encoding the widely expressed protein Huntingtin (HTT)
[32, 33]. A CAG repeat expansion in the 36-39 range is
incompletely penetrant, and individuals with repeats in this
range are at risk for developing Huntington’s disease [34,
35]. Clinically, HD is diagnosed based on the presence of
motor abnormalities and these motor changes become more
prominent and debilitating as the disease progresses [30,
36, 37].

The striatum is the most significantly atrophied brain
region, with degeneration also prominent in the cortex
[38, 39]. Other brain regions including hypothalamus, hip-
pocampus, and thalamus are also affected in HD, mostly at
later stages of disease [40, 41]. While the mutant protein is
widely expressed, neuropathologically, the striatal GABAe-
rgic MSNs are the most degenerated neuron in HD patient
brains [39]. The MSNs are central to the normal function of
the basal ganglia, a critical brain region involved in motor
and limbic functions. The function of these cells is mod-
ulated by input from the cortex, thalamus, and substantia
nigra [42, 43]. Additional modulation of these MSNs is from
intrastriatal interactions with interneurons and glial cells.
The glial cells, including astrocytes, oligodendrocytes, and
microglial cells, express HTT. Using RNA in situ hybridi-
zation to target human HTT revealed its expression in glial
cells in normal and in HD patient postmortem tissue [44].
More recent studies of isolated astrocytes from human tissue
also show HTT mRNA expression in astrocytes [45]. While
the human H7T mRNA seems to be higher in neurons than
in glial cells, the human HTT protein is present in astrocytes
and is comparable to the level observed in neurons [46—48].
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The expansion of the polyglutamine repeat in HTT results
in an aggregation prone protein and mutant HTT (mHTT)
aggregates are observed in astrocytes in the gray and white
matters (region of myelinated axons) in HD patient postmor-
tem brains [48-50].

The change most observable in astrocytes that suggests
altered function in neurological diseases, including polyglu-
tamine diseases like HD, is the presence of reactive astro-
cytes [49, 51, 52]. Although the exact role of reactive astro-
cytes in neurological dysfunction is debatable, astrocytes in
postmortem HD tissue have a reactive phenotype as dem-
onstrated by changes in their morphology and an increase in
the expression of GFAP with increasing disease grade from
0 to 4 (neuropathologically defined based on severity of stri-
atal degeneration) [49, 51, 53, 54]. The location and pattern
of reactive astrocytes seen in the HD post-mortem brains
seem to follow the pattern of neurodegeneration observed in
HD where degeneration is most prominent first in the dorsal
striatum and then in the ventral striatum and observed earli-
est in the striosomal compartments of the striatum [55]. The
presence of reactive astrocytes clearly denote alterations in
astrocytes that include functional and molecular changes that
depend on the specific insults or contexts to define whether
those changes are protective or toxic [52, 56].

Studies using post-mortem tissue have identified signifi-
cant gene expression changes in astrocytes that could con-
tribute to altered astrocyte functions that will impinge on
the proper function of the nervous system (Fig. 1). Multiple

Early HD

expression (H,M)

Late HD
Reduced astrocyte

expression (H,M)

Fig. 1 Huntington’s disease and glial cells. A Left—early-stage HD
(H) and mutant Huntingtin (yellow) expressing mouse (M) brains.
Reactive astrocytes (red) and reactive microglia (green) are present
at early stages of HD, and myelin integrity (oligodendrocytes [pur-
ple]) is reduced. Gene expression changes are present at early disease
stages. Top right—Reduced astrocytic homeostatic gene expression
(red and blue) and myelin protein expression (green) is at early HD

Reactive astrocytes, Str (H,M)
Reactive microglia, Str, Ctx, WM (H,M)
Myelin/white matter reduction (H,M)

Reduced astrocyte homeostatic
gene expression (H,M)
Reduced myelin protein

Reactive astrocytes, Str (H,M)
Reactive microglia Str, Ctx, WM (H,M)
Myelin/white matter reduction (H,M)

homeostatic gene expression (H,M)
Reduced myelin protein

studies have identified a heterogenous population of astro-
cytes from mouse and human tissue. Astrocytes can be
defined by a number of common genes; however, subtypes
can be defined based on enrichment of additional genes
[57-61]. Single nucleus RNA-Seq experiments using post-
mortem tissue from the cingulate cortex of grade 3—4 HD
tissue revealed the presence of a heterogenous population of
astrocytes based on expression profiles [62]. The identified
astrocytes could be subdivided into clusters that consisted
of reactive astrocyte “states” as defined by the authors as
having different patterns of expression of known astrocyte
identity genes [62]. These gene expression changes include
an elevation in the amount of GFAP expressed in the caudate
putamen with increasing neuropathological grade, indicating
a reactive astrocyte phenotype [62, 63]. Another study iden-
tified what have been called “A1” astrocytes in post-mortem
HD tissue; those that significantly upregulate classical com-
plement genes that have been shown to be destructive to
synapses [64, 65]. Interestingly, when the genes defining
this core A1 astrocyte signature were analyzed in additional
studies of the cingulate cortex and striatum of post-mortem
HD tissue, most of the genes comprising the Al pheno-
type were not altered or the changes in expression of those
genes were in the opposite direction indicative of an Al
phenotype [63]. Nonetheless, these studies have been very
valuable in identifying astrocyte transcriptomic changes in
specific brain regions at different neuropathological grades
in HD, including at grade 0-1, suggesting a progressive loss

stages in cortex, striatum, and white matter. B Left—The number
of reactive astrocytes (red) and reactive microglia (green) increases
more at later HD stages, and myelin integrity (oligodendrocytes [pur-
ple]) is further reduced. Right—Astrocyte gene expression changes
(red and blue) and myelin protein reduction (green) are exacerbated at
later disease stages
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of essential homeostatic astrocyte functions in the striatum
prior to very significant neurodegeneration [63]. These data
highlight the complexity of analyzing post-mortem tissue
for transcriptional changes and the complexity in defining
and attributing a single astrocyte gene signature to define a
“toxic” cell type. These data also highlight differences in
identifying gene expression signatures when analyzing bulk
RNAseq as compared to sn-RNA seq. Nonetheless, these
data point to specific pathway alterations that could be tar-
geted for therapeutic intervention.

Studying Mutant Huntingtin Expressing Astrocyte
Contribution to HD in Mice

Many observations have been made about neuropathological
changes in astrocytes in post-mortem tissue, in gene expres-
sion changes in astrocytes from bulk RNA and snRNA-Seq
analyses, and even by using human iPSC-derived astrocytes.
However, the ability to express mHTT in the mouse model
selectively and widely allows for study and manipulation of
astrocytes and their expression of mHTT to ascertain how
the presence of mHTT affects these cells autonomously
and how that may impact the neuronal circuit and behav-
ior more broadly. Astrocytes in mice contain Hft mRNA
[66] where the mRNA expression level is lower than what is
observed in neuronal populations. However, the HTT protein
in astrocytes [67, 68] is expressed at a similar level to what

is observed in neurons [46, 50]. While the exact function
of HTT in astrocytes remains an important area of study,
there was a significant increase in the number of glial fibril-
lary acid protein (GFAP) positive cells and a decrease in the
number of microtubule-associated protein 2 (MAP2) posi-
tive neurons when comparing cultures differentiated from
mouse Hdh knock-out neural stem cells and control cultures.
This finding suggests that wild-type HTT is involved in con-
trolling the differentiation of neuronal and glial cells and
that production of neurons from neural stem cells requires
a normal level of wild-type HTT [69]. This data is in line
with previous studies showing that wild-type HTT plays a
role in central nervous system development and neuronal
survival [70, 71]. However, the exact role of wild-type HTT
in astrocytes in the nervous system will need to be further
assessed in conditional knock-in mouse models, where one
can specifically reduce the expression of endogenous HTT
only in astrocytes.

Many different mouse models have been used to deter-
mine how astrocytes contribute to the pathogenesis of HD
(Table 2). These mouse models express mHTT with vary-
ing CAG lengths, driven by different promoters and
include knock-in mice with expanded CAG repeats in the
endogenous mouse Hdh locus and transgenic mice overex-
pressing HTT in astrocytes alone or throughout the brain.
Some of the mouse studies of mHTT in astrocytes have
been performed using viral vectors designed to drive mHTT

Table 2 Mouse models used to study glial cells in polyglutamine diseases. The number of +indicate severity of phenotypes observed in the

models
Mouse model ~ CAG/polyQ repeat Model type Promoter Neuropathological changes ~ Behavioral
(original) phenotypes
GFAP-HD 160 CAG Transgenic- Human GFAP + +
N-terminal 208 aa Gfa2
PLP-150Q 150 CAG Transgenic- Mouse Plp
N-terminal 212 aa
R6/2 150 CAG Transgenic Human +++ +++
N-terminal-201 HTT-1kb
human HTT
zQ175 175 CAG Knock in Mouse Hdh ++ +
Full-length HTT,
chimeric human HTT
exon 1:mouse Hdh
BACHD 97 CAA/CAG Transgenic Human HTT ++ ++
Full-length human HTT
YACI128 128 CAG Transgenic Human HTT ++ ++
Full-length human HTT
SCAl 82 CAG Transgenic Modified mouse Pcp2 + 4+ (cerebellum) +++
SCAl 154 CAG Knock-in Mouse Atxnl +++ +++
SCA3 84 CAG Transgenic Human ++ ++
ATXN3
SCA7 92 CAG Transgenic Modified human GFAP Gfa2  ++ ++

Bradford et al. [67], Huang et al. [124], Mangiarini et al. [83], Menellad et al. [191], Gray et al. [78]; Hodgson et al. [190], Burright et al.

[189], Watase et al. [143], Schuster et al. [149], Custer et al. [155]
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expression in astrocytes. Taking the approach of studying
astrocytes in these various models has allowed the probing
of cell-autonomous versus non-cell autonomous changes in
astrocytes and neurons in vulnerable brain regions in HD.
However, all results must be carefully considered, and the
limitations acknowledged, given the differences in how the
expression of mHTT is driven in these models, including
genetically in transgenic N-terminal mHTT overexpress-
ing mouse models driven by different promotors, trans-
genics overexpressing human full-length mH7T using the
endogenous HTT promotor, and full-length mHTT knock-
in models with expanded CAG repeats in the endogenous
mouse Hdh gene. All these models express different levels
of mHTT and have HD-like phenotypes of varying severity,
timeframe of phenotypic onset, and lifespan of the model,
each of which could impact the interpretation of the results
obtained using a specific model [72].

The mHTT-expressing mouse models contain mHTT
positive aggregates in astrocytes in the white matter as
well as the gray matter [73-75]. Like the aggregation
found in neurons in these mice, aggregation in the astro-
cytes also appears to be progressive, with the number
of mHTT aggregates increasing as the animal ages and
are found not only in the striatum and cortex of these
mice but also in the corpus callosum [75, 76]. In addi-
tion, aggregates were found in astrocytes in the cortex,
striatum, brainstem, and spinal cord in the GFAP-HD
mouse model generated using the human GFAP promoter to
drive the expression of a N-terminal fragment of mHTT with
160Q only in astrocytes [67]. Further analysis of various
mouse models expressing mHTT using the S829 antibody
reveals the presence of nuclear inclusions in astrocytes in
those models [50]. A study using viral vectors to drive the
N171 fragment of human mHTT in astrocytes or neurons
separately revealed fewer mHTT aggregates in astrocytes as
compared to neurons [77]. This study revealed that although
both cell types can form aggregates with the same fragment,
the propensity to do so is quite diminished in astrocytes, thus
suggesting additional mechanisms in astrocytes to protect
against aggregate accumulation.

Previous studies performed in culture demonstrated that
mHTT-expressing astrocytes in the presence of neurons that
did not contain mHTT resulted in increased neuronal cell
death and cell autonomous astrocyte aggregation of mHTT
[75]. This result suggested that cell autonomous changes in
mHTT-expressing astrocytes were sufficient to cause neu-
ronal cell death. Whether cell autonomous expression of
mHTT in astrocytes causes HD-like phenotypes has been
studied in vivo in the GFAP-HD mouse model with selective
expression of an N-terminal fragment of mHTT in astrocytes
driven by glial fibrillary acidic protein (GFAP) promoter,
revealing motor dysfunction (rotarod) and a reduction in
the expression of the glutamate transporter [67]. Another

study used an AAV to drive expression of a fragment of
mHTT (N-171-82Q) in astrocytes in the striatum of mice
and compared this model with an AAV using the chicken
f-actin promoter to dive the expression of the same fragment
in neurons [77]. This study revealed mild deficits on the
rotarod when N-terminal mHTT was expressed only in stri-
atal astrocytes at a later timepoint after infection than what
was observed when N-terminal mHTT was expressed only
in striatal neurons [77]. Thus, the studies using N-terminal
mHTT fragments revealed that mHTT expression only in
astrocytes causes behavioral and cell-autonomous transcrip-
tional changes (as well as exacerbated non-cell autonomous
transcriptional changes) which was most evident as the ani-
mal aged after expression of the mHTT. However, many of
these changes observed when mHTT was only expressed in
astrocytes were significantly worsened by the concomitant
expression of mHTT in neurons [76, 77].

Experiments to determine whether mHTT expression in
astrocytes is necessary to cause HD-like phenotypes in vivo
has been performed using the conditional full-length human
mHTT (fl-mHTT)-expressing BACHD mouse model. This
model contains a human bacterial artificial chromosome
carrying a modified full-length HTT gene with a floxed
exon 1 with a mixed CAA-CAG repeat encoding 97 glu-
tamines driven by the human promotor [78]. The expres-
sion of mHTT is found in neuronal and non-neuronal cells
throughout the brain [68, 79] and results in phenotypes remi-
niscent of what is observed in HD patients including behav-
ioral abnormalities and neuropathological changes. The
BACHD model allows for cell-type-specific assessment of
the contribution of mHTT from one cell type to the overall
phenotypes observed in the BACHD model. Therefore, in
the presence of Cre recombinase, one can specifically reduce
the level of mutant HTT in specific cell types and explore
the resulting phenotypes. Studies to explore the necessity
of fl-mHTT in astrocytes to the phenotypes observed in this
model reveals that decreasing fl-mHTT expression in GFAP
positive astrocytes results in a slowing of the progressive
HD-like phenotypes in this model. The mice with reduced
expression in astrocytes showed significant improvements
in motor and psychiatric-like behaviors. There was also a
significant improvement in striatal atrophy after reduction of
mHTT in astrocytes in this model. Furthermore, the abnor-
mal evoked NMDAR currents in the MSNs were normal-
ized after reducing mHTT in astrocytes, revealing a non-cell
autonomous contribution of mHTT to this phenotype. Most
of the behavioral improvements in this model after reduc-
tion of mHTT in astrocytes appeared more than 6 months
after the manifestations of the disease-like phenotypes in
this model. Thus, demonstrating that the presence of mHTT
in astrocytes is likely not the initiator of disease in HD, but
likely contributes to worsening of disease phenotypes and
disease progression. This result is like what was observed
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using the lentiviral expression of mHTT in striatal astrocytes
where mild rotarod impairment was observed at a later time-
point than a more significant deficit observed when mHTT
was expressed only in neurons. However, the expression of
mHTT in both cell types caused rotarod impairment at an
even earlier age than what was observed in neurons alone
[77].

Striatal astrocytes in HD display a reactive phenotype
that increases in severity in post-mortem tissue of increasing
neuropathological grade [49, 51]. Reactive astrocytes were
observed in the striatum of some mouse models express-
ing mHTT specifically in astrocytes [49, 76, 77]. Reactive
astrocytes are also observed in the knock-in Q175 (homozy-
gous) mouse model [80]. Furthermore, reactive astrocytes
are observed in the cortex and striatum when N-terminal
mHTT is expressed throughout the brain in both neurons
and glia [81]; however, when the N-terminal mHTT expres-
sion was restricted only to neurons in the striatum, there
was no significant number of reactive astrocytes observed
[82]. Nonetheless, the severity of this phenotype varies in
the mHTT-expressing mice, where reactive astrocytes were
observed and appeared most prominently at timepoints/ages
where significant behavioral abnormalities and neuronal
dysfunction are present. No overt reactive astrocyte phe-
notype was observed in R6/2 mice [83], a rapidly progress-
ing transgenic mouse model (death at about 15 weeks of
age) that contains an N-terminal fragment of human mHTT
[84, 85]. The BACHD mice do not recapitulate the signifi-
cant increase in reactive astrocytes in the striatum, as dem-
onstrated by an increase in the number of GFAP positive
astrocytes with altered morphology that is observed in HD
patient post-mortem tissue (Gray unpublished). However,
in mouse models, including the BACHD model, behavioral
and neuropathological abnormalities can be elicited without
a significant increase in the number of reactive astrocytes.

Another morphological phenotype observed in the striatum
of the R6/2 mouse models expressing N-terminal fragment
of mHTT is astrocyte shrinkage. This observation was made
using injection of lucifer yellow into astrocytes and with viral
approaches to label astrocytes allowing for more thorough labe-
ling of cell bodies and processes that are unobservable using
standard immunolabeling approaches [84—86]. In these studies
in the R6/2 mice, astrocyte territory was decreased in size at
6-8 weeks of age [84—86] with no change present at an earlier
age (2 weeks) [86]. Furthermore, these astrocytes had reduced
proximity to striatal excitatory synapses with a specific reduc-
tion at the cortical-striatal synapse [85]. Interestingly, human
mHTT-expressing astrocytes derived from glial progenitor cells
transplanted into the corpus callosum of R6/2 mice showed less
fiber network complexity and occupied a smaller volume of
its immediate surroundings [87]. These data, though intrigu-
ing, have yet to be recapitulated in other mHTT-expressing
models especially the full-length mHTT-expressing models
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which show slower progression of HD-like phenotypes. Studies
using a fluorescence resonance energy transfer (FRET)-based
assay in the R6/2 mice also revealed a decrease in the proxim-
ity of striatal astrocytes to the cortical-striatal synapse, but an
increased proximity of striatal astrocytes to the thalamo-striatal
synapse in R6/2 mice. Together this data demonstrates abnor-
mal morphology, resulting in changes in association of astro-
cytes with specific synapses that could ultimately contribute to
neuronal dysfunction in the striatum and thus alterations in the
basal ganglia circuit that is disrupted in HD.

Molecular and Functional Changes in Astrocytes
in HD Mice

Analyses of gene expression profiles of astrocytes from
mHTT-expressing models, including the rapidly progressing
R6/2 transgenic mouse model that contains an N-terminal
fragment of human mHTT and the Q175 knock-in model
that expresses endogenous full-length mHTT, reveal pro-
gressive transcriptional changes in genes responsible for
normal astrocyte function [63, 86, 88] (Fig. 1). The extent
to which the changes observed in the R6/2 model and the
Q175 knock-in model was concordant with what was observed
in HD-post-mortem tissue varied with the Q175 model dis-
playing a higher concordance in down-regulated genes than
the R6/2 model demonstrating differences in transcriptional
alterations due to the presence of full-length or N-terminal
fragments of mHTT [86]. Given this data, it is likely that
the molecular landscape of a given astrocyte based on the
degree of mHTT fragmentation could have different non-cell
autonomous effects on neurons in the vicinity of specific
astrocytes. Nonetheless, the common changes between the
mHTT-expressing mouse models (both fragment and knock-
in) reveals signatures that are likely exploitable for therapeu-
tic intervention.

The A1 astrocyte gene expression signature has been
suggested to identify a neurotoxic reactive astrocyte phe-
notype (A1l phenotype) in disease including in HD that
drive disease pathogenesis [65]. Analyses of some of the
genes that identify the Al signature by quantitative PCR
in striatal tissue from R6/2 and the Q175 knock-in model
did not reveal significant gene expression alterations (only
Serpinglg) that would clearly indicate the Al signature
in striatal astrocytes in these models [63]. While there
are significant changes in gene expression and a likely
disease associated gene expression signature in mouse
models expressing mHTT, the presence of astrocytes with
the specific neurotoxic Al gene expression signature is
questionable. Nonetheless, there are astrocytic molecular
changes observed in these models with alterations in the
expression of amino acid transporters, potassium chan-
nels, and other genes required for homeostatic functions
of astrocytes. Furthermore, these changes seem largely due
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to the presence of mHTT within astrocytes as they are nor-
malized when mHTT was reduced in the R6/2 model [63].

Using a viral approach to express N-terminal fragment
of human mHTT (N-171) in striatal astrocytes revealed
changes in the glutamine-glutamate cycle as also revealed
in the R6/2 and Q175 knock-in studies [77]. This data
agrees with changes observed in HD patient tissue which
formed part of the basis for the excitotoxicity hypothesis in
HD, where glutamate toxicity could be due to alterations
in glutamate transporter levels critically important for the
clearance of glutamate by astrocytes [89, 90]. This analysis
revealed decreased expression of Glul which is responsible
for the conversion of glutamate to glutamine as well as
decreased expression of Sic/a2 (Gltl) and Slcla3 (Glast)
which are glutamate transporters responsible for the uptake
of glutamate. Interestingly when N-terminal mHTT was
also expressed in neurons, the expression of Glul, SiclaZ2,
and Slcla3 was further decreased, revealing cell autono-
mous and non-cell autonomous contributions of mHTT to
the regulation of the expression of these critical compo-
nents of the glutamate-glutamine cycle [77]. These same
gene expression changes were observed when N-terminal
N171-82 fragment was expressed using a lentivirus [49].
Thus, in vivo genetic expression of N-terminal mHTT or
fl-mHTT and viral approaches to express N-terminal frag-
ments of mHTT in mice provides largely overlapping and
consistent data about astrocytic gene expression changes
in striatum, although analyses of astrocytic expression
changes are not possible with the specific viral approaches
targeting only one brain region.

Analyses of molecular changes in the various mouse
models have been very informative and suggest significant
alterations in normal astrocyte function. We focus here
on alterations in calcium signals in astrocytes in mHTT-
expressing mouse models. Astrocytes play many impor-
tant roles in the nervous system including neurotransmitter
homeostasis and release of gliotransmitters [7, 91]. Properly
maintaining many of the critical astrocyte functions needed
for proper nervous system development and function is
regulated by astrocyte Ca®* signals; whether they be those
observed in microdomains of astrocytes [92] or encompass-
ing more of the astrocyte cell body [93]. Studies in R6/2
mice at P50-P70 days of age using an AAV vector with
the gfaABC,D (GFAP) promoter to drive expression of the
calcium indicator GCaMP3 in striatal astrocytes revealed a
reduction in the frequency, amplitude, and duration of spon-
taneous Ca”" signals [94, 95]. An interesting result from this
study found that normal striatal astrocytes do not typically
respond to cortico-striatal stimulation; however, mHTT-
expressing striatal astrocytes responded by significantly
increasing Ca" signals in the astrocytic cell bodies and
processes [94]. Therefore, mHTT-expressing striatal astro-
cytes can respond to signals at the cortico-striatal synapse

likely reflecting changes at this stage of disease progression
in the R6/2 model due to alterations in the expression of the
glutamate transporter Glt-1. In the R6/2 mice, the increased
evoked Ca?* signals observed in striatal astrocytes were
dependent on the expression of Glt-1 that is reduced at this
stage in R6/2 mice [94, 96]. These data are quite intrigu-
ing; however, most of the studies to date on striatal astro-
cyte Ca** calcium signals have only been performed in this
rapidly progressing N-terminal fragment mHTT-expressing
mouse model. Whether these alterations in Ca*" signals in
striatal astrocytes are also reflected in models that express
full-length mHTT remain to be seen.

Microglia in Huntington’s Disease

Morphological changes in microglia in the striatum, cortex,
and white matter are observed in HD post-mortem patient
tissue where they display an ameboid shape demonstrating
a reactive phenotype [97, 98]. Positron emission tomogra-
phy (PET) imaging studies using [''C]JPK11195 BPy, that
targets TSPO in presymptomatic subjects carrying the HD
mutation without overt motor phenotypes revealed activated
microglia in the cortex, basal ganglia, and thalamus [99].
PET imaging also revealed that microglial activation seems
to increase in HD patients with increased striatal neuron loss
and as disease progresses [100, 101]. Although the speci-
ficity of this PET ligand to microglia is in question [102],
these studies together with those in post-mortem tissue do
implicate changes in microglia in HD patients.

Analysis of inflammatory markers from HD patient
samples including plasma, CSF, and postmortem brain
tissue revealed significant elevations in several inflam-
matory cytokines including IL-1f, IL-6, IL-8, and TNF-a
[99, 103-106]. Interestingly, there was regional specific-
ity to some of these changes with IL-1p and TNF-a being
increased only in the striatum, whereas IL-6, IL-8, and
MMP-9 were also upregulated in the cortex and cerebellum
[99, 103, 104]. Some of the changes in the inflammatory
cytokines from the CSF and plasma are observed prior to the
onset of overt clinical manifestations of HD [103, 105, 107].

Studies in mouse models expressing mHTT including
N-terminal mHTT-expressing R6/2 and full-length human
mHTT YAC128 have revealed microglia with altered mor-
phology adopting an ameboid shape and a decrease in pro-
cesses [98, 108, 109]. Functionally, microglia isolated from
BACHD and YAC128 mice exposed to chemoattractants dis-
played impaired migration and a reduction in their response
to injury [110]. The levels of inflammatory cytokines includ-
ing IL-6, IL-1p, and TNFa increase in the striatum of R6/2,
YAC128, BACHD, and zQ175 mice at an advanced disease
stage specific to each mHTT-expressing mouse model as well
as in primary microglia isolated from zQ175 and R6/2mice
[103, 108, 111-113]. Abnormal activation of NFxB in HD
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can cause an increase in pro-inflammatory cytokines [114,
115]. This increased activation of NFkB in R6/2 mice has
been proposed to lead to increased levels of galectin-3 (Gal3)
in microglia [108], a lectin whose decrease has been shown
to reduce inflammation [116]. When Gal3 is decreased in the
R6/2 mice, it dramatically decreased the inflammatory signa-
ture observed in R6/2 mice [108]. Furthermore, depletion of
microglia rescued many of the deficits observed in R6/2 mice
including behavioral and neuropathological changes [117].

Genetic expression of N-terminal mHTT in myeloid line-
age cells, including microglia, in the RosaHD knock-in mouse
model [81] bred to Cx3crl1-Cre mice resulted in an increase
in the number of activated microglia and an increase in pro-
inflammatory cytokines [112]. In addition, studies using cul-
tured microglia from R6/2 mice also demonstrated significant
increase of IL-6 secreted when compared to microglia cultured
from nontransgenic mice and RNA-seq analysis of microglia
from adult Q175 homozygous mice revealed a proinflamma-
tory gene signature [112]. Taken together, this study indicates
that mHTT within microglia alone is sufficient to cause a pro-
inflammatory state. Additional studies using the conditional
BACHD mouse bred to a Lys2-Cre (LysMCre) mouse model
to reduce mHTT expression in myeloid lineage cells includ-
ing microglia (BACHD/LysMCre) demonstrated no significant
rescue of the motor abnormalities (coordination or locomo-
tion) or the neuropathological phenotype (brain weight and
volume) previously observed in the BACHD model. However,
the significant secretion of IL-6 from cultured stimulated
microglia from the BACHD mice was significantly reduced
when mHTT was reduced in BACHD/LysMCre mice [113].
Although, in these studies, microglia expression or decrease
of mHTT was verified, care must be taken in the interpreta-
tion of these data given that these studies targeted all myeloid
cells and not microglia alone and the LysMCre does not com-
pletely reduce mHTT expression in microglia. Together these
studies suggest cell-autonomous phenotypes exist in mHTT
expressing microglia; however, the degree to which mHTT
expression in microglia contributes to the overall phenotypes
in HD is still debatable. Interestingly, data obtained from the
reduction of mHTT from astrocytes in the BACHD mouse
model suggested that mHTT in astrocytes did not contribute
to the onset of phenotypes in the model, but contributed to the
progression of those phenotypes in the model. Thus, given the
slow phenotypic progression of the BACHD mouse model, it is
possible that the timepoints assessed in the model did not allow
for rescue of the behavioral and neuropathological changes
observed in the BACHD mice.

Oligodendrocytes in Huntington’s Disease
Several studies have described early white matter (WM) loss

in HD. Post-mortem brain tissues of HD patients exhibit a
loss of myelin and WM volume, and significant changes in
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the numbers of oligodendrocytes. Moreover, non-invasive
imaging demonstrated that white matter atrophy is present
in premanifest carriers of expanded HT7, preceding the onset
of the symptoms [118—120]. The integrity of the white mat-
ter, as demonstrated by fractional anisotropy in HD patients
at premanifest and early stages, is correlated with the
degree of caudate atrophy [121]. White matter defects in
HD patients were also found to be associated with motor and
cognitive deficits [122]. Although another study revealed
abnormalities in myelin integrity in premanifest carriers that
correlated with cognitive changes, they found no correlation
with atrophy, the correlation was only observed in those at
the early stages of HD [123]. Interestingly, an increase in
oligodendrocyte numbers in HD patient striatal tissue has
been observed [53]. Mouse models of HD, including the
full length mHTT expressing models YAC128, BACHD,
zQ175 HD, and the N-terminal mHTT expressing R6/2
mice, exhibit changes in white matter, including decreased
volume of myelin-rich corpus callosum, thinner myelin
sheaths, and reduced expression of myelin-related genes.
These WM abnormalities in HD mouse models allowed for
investigation of the etiology and molecular mechanisms of
WM changes in HD.

To ask whether expression of mutant HTT in oligoden-
drocytes is sufficient to cause HD-like oligodendrocyte
pathology and behavioral deficits, Huang et al. established a
transgenic mouse model that selectively expresses N-terminal
mHtt in oligodendrocytes, the PLP-150Q mice. These mice
showed axonal degeneration and an early onset polyQ disease
phenotype that includes impaired rotarod performance, body
weight loss, and early death. Huang et al. also showed that
mHTT binding to myelin regulatory factor (MYRF) affects
MYRF’s transcription activity and consequently reduces
myelin gene expression in mature oligodendrocytes [124].
This study provides strong evidence that mHTT in oligo-
dendrocytes is sufficient to cause neuronal and oligodendro-
cyte pathology. In another study using a knock-in HD mouse
model (~250 CAG), myelin deficits were observed, including
thinner myelin sheaths in the corpus callosum and reduced
level of MYRF and myelin basic protein, MBP [125].
Recently Ferrari Bardile et al. demonstrated that intrinsic
mutant huntingtin (mHTT)-mediated deficits in oligodendro-
glia contribute to myelination abnormalities and behavioral
manifestations in HD [126]. To do so, they crossed BACHD
mice with the NG2-Cre mice that express the Cre recombi-
nase in NG2 + OPCs. As such, BACHD;NG2-Cre mice had
reduced mHTT expression specifically in oligodendrocytes
and oligodendrocyte progenitor cells. Selective inactivation
of mutant huntingtin (mHTT) in the NG2 + oligodendrocyte
progenitor cell population prevented myelin abnormalities
and certain behavioral deficits, such as anxiety and depres-
sion in HD mice, despite the continued expression of mHTT
in neurons, astrocytes, and microglia. Using RNA-seq and
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ChIP-seq, Ferrari Bardile et al. showed enhanced activity
of polycomb repressive complex 2 (PRC2), proposing that
mHTT increases PRC2 activity in OPCs, resulting in a delay
in their maturation and myelination defects in HD [126].
This intrinsic effect of mutant HTT was further supported
by studies showing decreased expression of myelin genes in
OPCs isolated from zQ175 and R6/2 mouse models [127] or
HD patient-derived glial progenitor cells (hGPCs, the human
homologs of rodent OPCs), produced from human embryonic
stem cells (hESCs) derived from HD patients [87].

Finally, therapeutic approaches that target myelin were
found to be effective in HD mice. Laquinimod (LAQ) is
an immunomodulatory agent used to alleviate demyelina-
tion in multiple sclerosis [128]. LAQ treatment rescued
the expression of myelin genes and improved white matter
pathology and behavioral phenotypes in the YAC128 and the
PLP-150Q mice [129]. Together these results suggest that
further investigations of OPC and OL pathologies and their
contribution to HD are needed for a better understanding and
consequently better treatments for HD.

Spinocerebellar Ataxias

Observations from SCA Patients

Spinocerebellar ataxias (SCAs) are a group of dominantly
inherited and progressive neurodegenerative diseases [130].

Most common SCAs, including SCA1-3, SCA6, SCAT7,
SCA17, and DRPLA, are caused by the expansion of CAG

repeats that encode polyglutamine (polyQ) tract in the
respective disease proteins [2]. SCAs are characterized by
gait ataxia and limb incoordination likely arising from the
pathology in the cerebellum [131]. Additional symptoms
of cognitive decline and premature death are found in some
patients with SCAs [132, 133]. Pathologically, patients dis-
play cerebellar and brainstem degeneration, with profound
loss of Purkinje cells in the cerebellum [134]. In addition,
loss of neurons in cortical, subcortical, and spinal regions
have also been reported [135].

Spinocerebellar ataxia Glial pathology was described in
patients with SCAs using postmortem pathological analysis
and magnetic resonance spectroscopy (MRS) [136-139].
Myelin pallor and/or atrophy were observed in the cerebellar
and brainstem white matter, including cerebellar peduncles,
cranial nerves, somatosensory, auditory, and precerebel-
lar fiber tracts in SCA1 patients. Importantly, gliosis was
observed throughout the brain regardless of neuronal loss or
sparing [135]. Several MRS studies detected neurochemical
abnormalities, reflective of gliosis (increased myo-inositol)
in SCA1 patients not only at early disease stage but also
in premanifest stage [139]. Diffusion MRI (dMRI) identi-
fied cross-sectional degeneration in the cerebellum, corpus
callosum, and internal capsule in SCA patients at sympto-
matic as well as premanifest stages of disease [137]. These
studies showing pathological changes in glia even before
disease onset indicate a likely contribution of glia to SCA
disease pathogenesis, yet the causes and consequences of
glial pathology in SCAs remain largely unexplored (Fig. 2)
[140, 141].

Fig.2 A Early stages of SCAl. Brain regions indicated in blue
exhibit increased (cortex) or trending (cerebellum) expression of
astrocyte (blue cells) homeostatic genes likely providing increased
support to neurons (gray), whereas regions in red exhibit loss of
astrocyte (red astrocytes) homeostatic function (hippocampus and
medulla oblongata). B Late, terminal stages of SCA1. Astrocytes in

all brain regions exhibit reduced expression of genes necessary for
astrocyte homeostatic function (cortex, cerebellum, hippocampus,
and medulla). Microglia activation (pink) in different brain regions
does not correlate with astrocyte reactivity or homeostatic gene
expression. Yellow triangles represent expression of Atxn/ gene in all
these cell types in mice and ATXN/ humans
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Approaches Used to Understand How Glia
Contribute to SCAs

Animal models and more recently induced pluripotent
stem cells (iPSCs) have been very helpful in understanding
pathological mechanisms of SCAs [142]. Being inherited
in a dominant manner, SCAs are well modeled in mice with
each polyQ SCA having different mouse models that reca-
pitulate many aspects of human disease [2, 143—-150]. With
its stereotypical anatomical organization, well-understood
neuronal circuitry, and intimate interaction of Purkinje cells
with Bergmann glia, cerebellum offers a unique opportunity
to study the role of glial cells in neurodegeneration [151,
152]; yet we still have limited understanding of the glial
involvement in SCAs [140, 141].

Bergmann glia are a special type of astrocytes with radial
fibers that are intimately associated with Purkinje cell den-
drites where they both regulate and are regulated by Purkinje
cell synaptic activity [153, 154], making Bergmann glia a
prime candidate cell type for involvement in SCA cerebel-
lar degeneration. One of the first studies indicating the
active role of astrocytes in SCA was in SCA7. Dr. Albert
La Spada’s group used mouse genetic approach to show that
expressing mutant ATXN7 under the control of the Gfa2 pro-
moter, a version of the GFAP promoter typically used for
restricted expression in Bergmann glia of the cerebellum,
is sufficient to cause ataxia and Purkinje cell pathology
[155]. Moreover, authors demonstrated that expression of
mutant ATXN7 in glia causes reactive gliosis and reduces
expression of glutamate transporters in Bergmann glia. By
showing that mutant ATXN7 affects glutamate clearance by
Bergmann glia, Custer et al. linked mutant ATXN7-induced
glial dysfunction with excitotoxicity of Purkinje cells [155],
elegantly providing a mechanism by which Bergmann glia
can contribute to disease pathogenesis in SCA7. Recent
study showed that 4 days of optogenetic activation of Berg-
mann glia induces reactive gliosis with reduced expression
of glutamate transporters that causes Purkinje cell dysfunc-
tion, atrophy, and death [156], further supporting the impor-
tance of Bergmann glia glutamate transport for Purkinje cell
function and viability [157].

In addition to dysfunction directly caused by mutant pro-
tein expression in glial cells, cerebellar glia can be altered
in response to neuronal dysfunction. Reactive astrogliosis
is a term used to describe the process of astrocyte changes
in gene expression, morphology, and function in response
to brain insult and neurodegeneration [52]. Recent single-
nuclei RNA sequencing study by Borgenheimer et al. pro-
vided insight into the reactive astrogliosis gene expressing
changes in SCA1 [158]. Authors used the transgenic SCA1
mouse model, Pcp2- ATXN1[82Q] line in which mutant
ATXNI is expressed only the cerebellar Purkinje cells
to identify the gene expression changes in cerebellar glia
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solely in response to Purkinje cell pathology. Despite mutant
ATXNI1 being expressed only in Purkinje cells, authors
identified similar number of gene expression changes in
Bergmann glia and Purkinje cells. Authors also provided
insight to the reactive astrogliosis of velate astrocytes, little
understood type of cerebellar astrocytes. As some of the
altered glial genes play key roles in regulating firing rate of
Purkinje cells, these complex molecular changes are likely
to impact on the accuracy of cerebellar encoding and can
thereby contribute to motor deficits in SCAL.

Previous studies demonstrated that expression of mutant
ATXNI1 in Purkinje cells is sufficient to induce reactive
astrogliosis via NF-kB signaling in Bergmann glia [159],
implicating NF-kB signaling as a pathway by which Purkinje
dysfunction can contribute to reactive Bergman astrogliosis
in SCA1. A key characteristic of SCAs is their relentless pro-
gression. Thus, it is important to investigate whether glial
contribution to pathogenesis is dynamic and changes with
disease progression. This was examined by Kim et al. using
mouse Cre-lox genetic approach to modulate reactive gliosis
at different stages of SCA1 progression [160]. In particular,
Kim et al. used the TMX-dependent Cre genetic approach
to inhibit NF-kB signaling selectively in astrocytes during
early and late stages of SCA1 disease progression [160]. This
study demonstrated that reactive Bergmann glia had a benefi-
cial effect on Purkinje cells early in SCA1 disease, delaying
onset of motor symptoms and ameliorating cerebellar pathol-
ogy [160], but later in disease, reactive Bergman glia become
harmful. Understanding regulation and mechanism underlying
beneficial and harmful effects of Bergmann glia is key for
developing glia-focused therapies. Two recent studies impli-
cate JNK and Wnt as additional signaling pathways that can
regulate Bergmann glia phenotypes in SCA1 [161, 162]. Fur-
ther investigation by Mellesmoen et al. identified increased
neurotrophic support and increased expression of homeostatic
genes in Bergmann glia as factors that contribute to the early
protective role of astrocytes [163]. Later in disease, reactive
Bergmann glia were found to be harmful [160], in part due to
the reduced expression of glutamate transporters [164], echo-
ing previous studies from La Spada group in SCA7 and stud-
ies in HD astrocytes. What remains unknown is the extent to
which intrinsic and extrinsic factors contribute to Bergmann
gliosis. For instance to which extent is reduced expression of
glutamate transporters caused cell-autonomously by mutant
ATXNT1 expression in Bergmann glia and to which extent it
is caused in non-cell autonomous manner by Purkinje cell
dysfunction. Conditional mouse models in which mutant SCA
genes can be selectively deleted in neurons or glia will allow
us to directly address this question.

Transcriptome analysis revealed large numbers of dif-
ferentially expressed genes in SCA1 microglia in patients
and knock-in mouse cerebella [165]. Microglia show signs
of reactivity in the cerebellum of SCA mice as measured
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as increased density of Ibal +microglia. Moreover, using
mouse genetic approach with LysM-Cre mice to inhibit
inflammatory NF-kB signaling selectively in microglia or
eliminating microglia with PLX reduced cerebellar neuroin-
flammation and ameliorated disease pathogenesis in SCA1
mice, implicating microglial contribution to SCA1 disease
pathogenesis [141, 166, 167]. These results implicate the
active role of microglia in SCA1 with further studies needed
to investigate underlying mechanisms.

Recent studies implicated changes in oligodendrocytes
(OL) and oligodendrocyte precursor cells (OPCs) in SCA1
and SCA3 [149, 165, 168]. Single-cell RNA sequencing of
SCA1 patients revealed large numbers of gene expression
changes in OL and OPCs and protein analysis of OL and
OPC proteins via western blotting, and immunohistochem-
istry is consistent with the reduction in OL numbers and
myelination in the cerebellar cortex of SCA1 patients. Trans-
mission electron microscopy confirmed reduced myelination
in the cerebellum of SCA1 knock-in mice. Using a dimen-
sionality-reduction method named potential of heat diffusion
for affinity-based transition embedding (PHATE) analysis
to capture differentiation trajectories of OPCs, Tejwani
et al. suggested that deficit in transition from OPCs to OLs
may underlie OL deficiency in SCAT1 [165, 169]. Impaired
OL maturation from OPCs was also identified in the SCA3
transgenic mouse model expressing human mutant ATXN3.
Authors found decreased expression of OL genes, reduced
numbers of Ols, and abnormalities in axonal myelination
in the vulnerable brain regions in SCA3 mice [149]. Thus,
changes in oligodendrocytes and OPCs have been described
in at least two different mouse models of SCA, but whether
and how they are regulated and contribute to disease patho-
genesis remains to be determined.

Although these studies demonstrated that glia could
contribute to SCA pathogenesis in the cerebellum, it is
important to understand how glial cells contribute to
pathogenesis in other brain regions that undergo neuro-
degeneration and could contribute to the clinical pheno-
types. For instance, significant pathology is described
in the brainstem, while motor cortex, spinal cord, and
hippocampus undergo milder degeneration in SCA1
patients. Pathology in these regions could contribute to
SCA1 symptoms such as cognitive deficits, mood dis-
orders, difficulties in respiration and swallowing, and
premature lethality.

To understand how glia contribute to SCA1 pathogenesis
in these regions and compare it to changes in the cerebellum,
Rosa et al. recently characterized glial and neuronal changes
in brainstem, motor cortex, hippocampus, and cerebellum of
Anxn1%972€ mice, a knock-in mouse model of SCA1 [170].
They found that morphological and molecular changes in
glia correspond to reduced neuronal activity and synaptic
loss in a spatial and temporal manner. For instance, at the

early disease stage, expression of core astrocytic homeo-
static genes (including Sic/a2 and Kcnjl0) was reduced in
the hippocampus, while their expression was increased in
the cortex of Arxnl7*¢2C mice. Kcnjl0 encodes a potassium
rectifier, Kir4.1, that is involved in maintaining potassium
homeostasis and solute carrier (Slc/a2) encodes a glutamate
transporter responsible for removing glutamate from syn-
aptic space. These astrocytic genes are critical for neuronal
activity and have been implicated in the pathogenesis of
several neurodegenerative diseases. Reduced expression of
astrocyte neuro-supportive genes in the hippocampus corre-
lated with reduced neuronal activity, while neuronal activity
was preserved in the cortex of SCA1 mice [158]. Thus, it is
possible that increased expression of these neuro-supportive
astrocyte genes in the cortex indicates compensatory roles of
astrocytes with role in delaying neuronal dysfunction in the
SCAL affected cortex. The spectrum of reactive glial pheno-
types may indicate brain-region-specific glial dysfunctions
and consequently brain-region-specific contributions of glia
to SCA1 disease pathogenesis. Moreover, as observed glial
changes precede neuronal loss, promoting protective glial
phenotypes and preserving glial functionality may provide
therapeutic benefits in SCAL.

Molecular Mechanisms of Pathogenesis in SCAs

Mouse models and more recently induced pluripotent stem
cells (iIPSCs) have been very fruitful in increasing our under-
standing of pathological mechanisms of SCAs. Similar to
HD, it is thought that expanded polyQ causes toxicity in
SCAs by affecting normal functions, causing novel toxic
gain of functions and increasing protein misfolding and
aggregation of the respective mutated proteins [3, 130, 168,
171, 172]. In addition, expanded CAG repeats can cause
protein-mediated effects through repeat-associated non-
ATG-initiated (RAN) translation [2, 173]. Transcriptional
dysregulation, mitochondrial dysfunction, perturbed cal-
cium, channelopathy, and autophagy have been implicated
in SCA pathogenesis [2, 168, 174—176]. As mutant genes,
such as ATXN]1, are also expressed in glial cells, it is reason-
able to assume that similar dysregulation occurs in glia as
it does in neurons.

Two recent studies reported on the gene expression
changes in cerebellar SCA1 glia using single-nuclei RNA
sequencing [158]. These studies indicated significant changes
in glial gene expression and signaling pathways, including
perturbed calcium signaling. One study used SCA1 knock-in
mice and the other SCA1 Purkinje cell-specific transgenic
mice providing an initial insight into which gene expression
changes are in response to PC dysfunction (i.e., seen in PC-
specific transgenic mice) and which ones are due to combina-
tion of direct effect of mutant ATXN1 in glia and response to
neuronal dysfunction [158, 165].
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Future studies, using conditional mouse models to selec-
tively express or delete mutant proteins from glial cells, will
distinguish between these two ways by which glial cells
are affected in SCAs.

Human Glia and Aging

Most of the research on the role of glia in neurodegenera-
tive diseases utilizes mouse models. While many aspects of
glial biology are conserved across species, there are signifi-
cant morphological, gene expression, and functional differ-
ences between human and murine glia [140, 177, 178]. For
instance, unbiased genome-wide comparison of the human
and mouse astrocytes revealed over 600 genes enriched in
human but not in mouse astrocytes [179]. These differences
between human and mouse astrocytes indicate a need to
study disease pathology in human astrocytes for transla-
tional research. In addition, mouse models of polyQ dis-
eases require additional manipulations not seen in patients;
knock-in mice require longer polyQ extensions (146Q or
more) to model disease than patients with SCA1 (from 39
to 82Q) [180]. While these significant species differences
indicate the importance of investigating human SCA glia,
there is little work published so far that examines human
SCA iPSC—derived glial cells.

Neurodegenerative diseases are often characterized by a
brain region—specific pathology and aging is an important
contributor. Several studies indicate that regional heteroge-
neity of glial cells and effects of aging on glia may under-
lie these two important hallmarks of neurodegeneration.
Grabert et al. performed genome-wide analysis of micro-
glia isolated from four different brain regions 4, 12, and
22 months of age [181]. They found that microglia have
distinct region- and age-dependent transcriptomes. For
instance, in the young adult mice (4 months), differences
in bioenergetic and immunoregulatory pathways suggested
that microglia in the cerebellum and hippocampus are more
immune vigilant compared to other brain regions. However,
aging enhanced the cerebellar microglial immunophenotype,
but aged hippocampal microglia became more like microglia
in other brain regions.

In humans there are morphological changes that ensue in
astrocytes (substantia nigra), where they start to show short
and stubby processes in post-mortem tissue from older sub-
jects, whereas in younger subjects the processes are long and
slender [182, 183]. Interestingly, there is also a change in
the gene expression profile. Boisvert et al. and Clarke et al.
used the Ribotag technique to genetically label ribosomes in
astrocytes from different brain regions through the lifespan of
the mouse [184, 185]. They identified brain region—specific
astrocyte transcriptomes and increased expression of reactive
genes in astrocytes with aging. Recent study by Lee et al. used
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single-cell RNA seq to identify a unique subtype in aged hip-
pocampus named autophagy-dysregulated astrocytes (APDAS)
characterized by abnormal accumulation of autophagosomes
in swollen processes, impairing protein trafficking and secre-
tion. Moreover, APDA had impaired secretion of synaptogenic
molecules and astrocytic synapse elimination, suggesting that
aging leads to a loss of astrocyte’s ability to control synapses
and homeostasis, in addition to more reactive astrocytes previ-
ously described [186].

The white matter, a region of myelin coated axons, con-
stitutes more than half of the human brain. In the CNS,
myelin is primarily made of oligodendrocytes (OL) and its
primary function is to increase the conduction speed of axon
potentials. OL are derived from oligodendrocyte progenitor
cells (OPCs) that proliferate to self-renew and differenti-
ate to provide new mature OL. Aging leads to white matter
degeneration, evidenced by change in diffusor tensor index
(DTI), reduced volume, and the accumulation of myelin
abnormalities, such as myelin balloons and piling of paran-
odal loops, suggesting that OPCs and OL within the aging
brain have a reduced capacity for producing and maintaining
healthy myelin [187]. Recently, Spitzer et al. demonstrated
using single-cell electrophysiological recordings that OPCs
become functionally heterogeneous both within and between
brain regions with age. This age-induced changes in OPCs
correlate with their differentiation potential [188].

Similar brain region and age-induced changes in glial
cells were found in humans. Soreq et al. performed a com-
prehensive analysis of transcriptomes across ten human
brain regions from 480 individuals ranging in age from 16
to 106 years, which showed that cerebellar microglia and
astrocytes are distinct from other brain regions, as well as
that aging leads to an increase in immune MG-specific genes
across all brain regions. On the other hand, neuron-specific
transcriptomes seem to be more defined by brain region than
by age, and both neuronal and oligodendrocyte numbers
seem to decrease with age [18].

Conclusion

A recent study by Yu et al. demonstrated that how astrocyte
respond to pathology is context dependent [84]. Combined
with evidence of spatial and temporal heterogeneity of glia,
it is reasonable to propose that glial response and contri-
bution to neurodegeneration may also be brain-region and
disease-stage specific. This level of complexity merits a
deeper investigation into the glial contributions and may
also provide a richness of potential therapeutic targets. We
reviewed studies using different approaches to investigate
glial contribution to polyglutamine diseases HD and SCAs.
HD and SCA are characterized by increased vulnerability
of specific neurons and brain regions despite wide-spread
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expression of mutant proteins. In case of HD, striatal
medium spiny neurons are most affected, while in SCA1
cerebellar Purkinje cells are most vulnerable. Studies have
convincingly shown that glial cells contribute to pathogen-
esis of HD and SCAs.

Together these studies demonstrate that glial cells are
malleable, and that in-depth understanding of glial molecu-
lar changes can be used for identifying potential therapeutic
targets. Validating these molecular changes in human iPSC-
derived glia will be an important steppingstone before mov-
ing to clinical studies.
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