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Abstract

Microglia, the resident macrophages of the central nervous system, critically influence neural
function during development and in adulthood. Microglia are also profoundly sensitive to insults
to the brain to which they respond with process of activation that includes spectrum of changes in
morphology, function, and gene expression. Ataxias are a class of neurodegenerative diseases
characterized by motor discoordination and predominant cerebellar involvement. In case of
inherited forms of ataxia, mutant proteins are expressed throughout the brain and it is unclear why
cerebellum is particularly vulnerable. Recent studies demonstrated that cerebellar microglia have a
uniquely hyper-vigilant immune phenotype compared to microglia from other brain regions. These
findings may indicate that microglia actively contribute to cerebellar vulnerability in ataxias. Here
we review current knowledge about cerebellar microglia, their activation, and their role in the
pathogenesis of ataxias. In addition, we briefly review advantages and disadvantages of several
experimental approaches available to study microglia.
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Introduction

The ataxias are a family of neurological disorders characterized by loss of balance and
coordinated motor function [1]. Ataxias are classified as hereditary, sporadic, or acquired to
denote what is known of their etiology. Hereditary ataxias are caused by a wide range of
known genetic mutations with varying patterns of inheritance [2]. Sporadic ataxias have an
unknown cause with potential environmental and genetic components [2]. Acquired ataxias,
on the other hand, include disorders with endogenous or exogenous causes that are not
genetic in nature, such as those arising from focal cerebellar damage caused by toxic agents,
vitamin deficiencies, immune reactions, infection, and injury [3-5].

Autosomal dominant cerebellar ataxias caused by the expansion of CAG trinucleotide
repeats, including spinocerebellar ataxia (SCA) types 1, 2, 3, 6, 7, and 17, are among the
most understood ataxias [1,6]. As CAG encodes for glutamine, these ataxias belong to the
group of polyglutamine (polyQ) diseases that includes Huntington’s disease, spinal bulbar
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muscular atrophy, and dentatorubral and pallidoluysian atrophy [2,7]. The clinical
manifestation of polyQ ataxias is very similar and often includes progressive cerebellar
ataxia, oculomotor abnormalities, dysarthria (difficulties in speech), pigmentary retinopathy,
peripheral neuropathy, and cognitive dysfunction [8]. Disruption of cerebellar cortical
function accounts for many of the motor and cognitive symptoms in polyQ ataxias [9]. The
only sources of output from the cerebellar cortex to deep cerebellar nuclei are axonal
projections from Purkinje cells. Cerebellar afferents modulate cerebellar cortical output via
transmission to Purkinje cell somas (climbing fibers) and to granule cells (mossy fibers)
whose parallel fibers synapse onto the dendritic arbors of several Purkinje cells. PolyQ
ataxias are characterized by the predominant neurodegeneration of cerebellar afferents and
the Purkinje cells, thereby disrupting the circuitry and function of the cerebellar cortex [10].

Animal models of several CAG repeat diseases have been generated, providing insight into
the mechanisms underlying polyQ-induced degeneration of Purkinje neurons [9,11-16].
However, the contribution of non-neuronal cells, including microglia, astrocytes, and
oligodendrocytes to the pathology of ataxia has been much less explored.

Microglia have emerged as key players in age- and disease-associated neurodegeneration,
contributing to tissue support and disease progression [17]. Indeed, microglia have been
shown to contribute to neurodegeneration through cell autonomous and cell non-
autonomous mechanisms [18-20]. These studies provide evidence that microglia may play
active roles in diseases traditionally thought to be predominantly neuronal. Here, we will
review the importance of microglia in the cerebellum and the evidence for and against their
contribution to the pathogenesis of the ataxias and their effect on other non-neuronal cells.
Furthermore, we will also review novel techniques that show promise in overcoming current
limitations of studying microglia, namely, the use of human-induced pluripotent stem cells
(hiPSCs).

Uniqueness of Cerebellar Microglia

Microglia are the resident macrophages of the central nervous system and have a wide
variety of functions during development as well as in adulthood. Microglia surveille the
local neural state and aid in maintenance of the extracellular space. Moreover, functions that
microglia perform are dependent on age, inflammatory state, and location. Unlike other
brain cells, microglia originate from the erythromyeloid progenitors that in mice develop
around embryonic day 8.5 (E8.5) in the yolk sack. Erythromyeloid progenitors migrate to
the brain starting around E9.5 and continue to do so until the blood—brain barrier is formed
around E14 [21,22]. During the early development, microglia have lasting effects on the
developing neural architecture, including their well-understood role in superfluous cellular
and synaptic pruning [23,24]. Recent studies using genome-wide chromatin and gene
expression profiling demonstrated that microglia undergo three distinct developmental
stages: early microglia (until E14), premicroglia (from E14 to a few weeks after birth), and
adult microglia (from a few weeks after birth). These developmental steps are regulated by
distinct transcriptional factors that allow for different roles of microglia at each of these
stages of life [25,26]. Importantly, sensome genes, through which microglia sense the
environment [27], are expressed even in the early stages of development. This indicates that
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microglia are environmentally alert at all stages of development and may respond to brain
insults. Moreover, evidence suggests that exposure to insults during development may alter
the developmental roles of microglia and thus sensitize the brain in ways that may contribute
to brain pathology in adulthood [25,26].

Cerebellar development may be particularly sensitive to such changes, as cerebellar
maturation occurs over a relatively long developmental time. Human cerebellar development
extends from the early embryonic period until the first postnatal years [28]. This protracted
period of postnatal development leaves the cerebellum vulnerable to extrinsic and intrinsic
injury [29,30]. Early injury may alter the roles of microglia in cerebellar development,
causing developmental abnormalities that can have far reaching effects in adulthood. For
example, during early postnatal cerebellar development [postnatal day 3 (P3)] in mice,
normal apoptosis of Purkinje neurons was strongly reduced by selective elimination of
microglia, indicating that microglia eliminate superfluous Purkinje neurons [23]. At P6-7,
microglia promote GABA-ergic inhibition on Purkinje cells and prune superfluous synapses
[31]. Elimination of immature, functionally redundant synapses during postnatal
development is essential for the formation of the functional cerebellar network [32].
Disruption of these developmental processes can lead to cerebellar dysfunction [33,34].
Importantly, studies on mouse models of SCA1 have demonstrated that disruption of these
processes may also pre-dispose the cerebellum to age-induced neurodegeneration [35,36].

To maintain adult brain homeostasis, microglia constantly extend and retract their processes
to survey the local environment for synaptic activity [37], pathogen presence, and injury
[38,39]. Madry et al. [40] recently established that constant microglial surveillance depends
on the expression of the two-pore domain potassium (K*) channel (THIK1). They
demonstrated that tonic THIK1 activity maintains microglial membrane potential and that
blocking THIK1 reduces microglial ramification and surveillance. These results implicate a
potential role of extracellular K* concentration, arising from local neuronal activity, as a
control mechanism for microglial surveillance. While it is unclear whether physiological
changes in extracellular K* concentration are sufficiently large to alter microglial
surveillance, pathological changes in neuronal or astroglial function are likely to do so. For
example, it is possible that enhanced neuronal activity [41] and/or reduced clearance by
astrocytes [42] may increase extracellular K*, thereby altering microglial surveillance and
morphology through THIK1.

Microglia do seem to be attracted to areas of high physiological neuronal activity, whether
drawn by THIK1 signaling to areas of increased extracellular K* [40] or by adenosine
signaling through the purinergic receptor P2Y12 [38,43]. Li et al. [37] demonstrated that
microglia briefly (~5 min) contact highly active neurons, subsequently reducing their
activity. Intriguingly, during ischemic injury, the duration of these microglia—neuron contacts
is prolonged (~1 h) and can lead to synapse removal [41]. Furthermore, Davalos et al. [38]
demonstrated that increase in ATP causes rapid recruitment of microglia.

Regional heterogeneity of neurons [44] coupled with the intimate, phenotype driving
crosstalk between microglia and neurons may suggest microglial heterogeneity. Indeed,
several studies to date have provided evidence of spatial and temporal microglial
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heterogeneity under steady-state conditions [45-47]. Understanding the regional
characteristics of microglia is important to determine their function in healthy brains and
their possible contribution to regional susceptibility in neurological diseases.

Heterogeneity may be particularly important for cerebellar diseases, including ataxias, as
cerebellar microglia seem to be unique among brain microglia in terms of morphology, tiling
density, gene expression, mobility, phagocytosis, bioenergetics, and aging. A study by
Lawson et al. [47] was one of the first reports indicating that cerebellar microglia may have
unique characteristics compared to microglia in other brain regions. Different regions of
adult mouse brain, including cerebral cortex, hippocampus, hypothalamus, thalamus, and
cerebellum, were analyzed using F4/80 (membrane glycoprotein specific for microglia)
immunohistochemistry to assess microglial density and morphology. Lawson et a/. found
that the cerebellum exhibits the lowest microglial density of any part of the brain (~30
cells/mm? compared to a total brain mean of 70 cells/mm?2). Also notable was the pattern of
microglial density in the cerebellum. While most brain regions contained fewer microglia in
white matter than in gray matter, the opposite pattern was found in the cerebellum (e.g.,
fewer microglia in gray matter of cerebellum than in the white matter) [47].

Further studies demonstrated that microglia in the cerebellum have unique transcriptome.
Grabert et al. [46] analyzed gene expression of adult mouse microglia isolated from different
brain regions. They found enhanced expression of genes regulating immune alertness and
energy metabolism in cerebellar microglia compared to microglia in other brain regions,
such as the cortex and striatum. It is important to note that the hyper-alert immune state of
cerebellar microglia is distinct from the conventional microglial activation associated with
injury. It is unclear whether these results indicate that cerebellar microglia may be better
equipped to remove foreign and infectious threats. Alternatively, they may need less
stimulation to become reactive. In addition, this paper reported that cerebellar microglia
exhibited accelerated age- dependent increase in immune related genes compared to the
microglia in other brain regions [46]. These results indicate that cerebellar microglia exhibit
a more alert immune phenotype throughout life that amplifies with aging. This age-
dependent enhancement of microglial hyper-vigilance may contribute to the age-dependent
onset of cerebellar ataxias. This is likely even more critical in types of cerebellar ataxias
where microglia are altered from the early stages of disease, prior to onset of symptoms of
ataxia [48]. As such, it is of utmost importance to understand the molecular mechanisms
underlying the unique characteristics of cerebellar microglia so we can better understand
their contribution to cerebellar disease.

Several recent studies have uncovered some mechanisms underlying microglial
heterogeneity. For example, epigenetic regulator polycomb repressive complex 2 (PRC2)
was identified as a factor that plays a role in determining heterogeneous phagocytic potential
of microglia, including the enhanced phagocytic phenotype of cerebellar microglia [45].
Using Translating Ribosome Affinity Purification and Chromatin Immune Precipitation
followed by sequencing, they have found that PRC2 complex leads to a repression of
phagocytic genes in many brain regions, yet it promotes the expression of phagocytic genes
in the cerebellar microglia. The authors suggest that the increased phagocytosis of cerebellar
microglia may be associated with the more pronounced age-dependent neuronal loss that
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occurs in the healthy cerebellum compared to other brain regions [49,50]. While the more
pronounced loss of Purkinje neurons in the cerebellum starts in adolescence [49], it is
unclear whether it is the cause or the consequence of hyper-alert microglia. Gene expression
profile comparisons of cerebellar microglia before and after adolescence may be useful in
indicating whether enhanced neuronal loss in the cerebellum results from the unique
phenotype of cerebellar microglia.

Cerebellar microglia may also contribute to the enhanced age-dependent loss of Purkinje
neurons in cerebellum. Previous findings demonstrate that cerebellar microglia contribute to
Purkinje neuron loss during early postnatal development in mice [23]. Quantifying neuronal
loss in the cerebella of mice in which cerebellar microglia are less phagocytic (e.g., with
PRC2 depleted in cerebellar microglia) could provide insight into this possibility.

Thus, critical developmental roles of cerebellar microglia as well as their unique immune-
alert phenotype in adults may contribute to the increased vulnerability of cerebellum in
ataxia.

Microglia in Neurodegenerative Diseases

While the base knowledge about microglia in the healthy brain is increasing, the role of
microglia is best understood in the context of brain disease. Due to their sensory abilities
and innate immune function, microglia alter their transcriptomics, proteomics, morphology,
and function when confronted with a wide variety of disease states and/or insults to the brain
[51,52]. This fundamental change in microglia is commonly considered an “activated state”
and seems to be ubiquitously present in many brain diseases and injury conditions. However,
the functional outcomes of the activated state of microglia are less clear [53,54].

One of the critical signaling pathways that contributes to microglial activation is the
canonical nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB) pathway
[55,56]. The NF-xB pathway is classically initiated when inhibitors of xB are marked for
degradation by inhibitors of xB kinases, releasing the NF-xB subunits to translocate to the
nucleus where they activate transcription of proinflammatory genes [57]. The NF-xB
signaling cascade can be activated in microglia by tumor necrosis factor receptor stimulation
or Toll-like receptor stimulation. When initiated, it induces the release of proinflammatory
cytokines such as tumor necrosis factor alpha (TNF-a.), extensive morphological changes
(ramification), increases in overall microglial density, and increases in the expression of
ionized calcium-binding adapter molecule 1 (IBA1) protein [58].

Microglial activation via the NF-xB, or other proinflammatory pathways, can impact the
overall neural architecture in several ways: by affecting the neuronal function through direct
signaling and released proinflammatory cytokines [59], by regulating the inflammatory state
of non-neuronal cells that will in turn cause a variety of secondary effects in neurons [60],
through modulation of extracellular proteins and protein aggregates [61-63], and through the
direct inappropriate phagocytosis of neural and glial tissues via the classical complement
pathway [64—-66].
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While each of these facets have been characterized in neurodegeneration, divergent theories
remain regarding their functional outcomes, namely, whether they are beneficial or harmful
[67]. For example, in Alzheimer’s disease (AD) evidence shows that microglia could serve
to actively reduce pathology [63] as well as to exacerbate intrinsic neural dysfunction
[64,65]. Likely, microglia occupy a spectrum between these two extremes, which
complicates interpretations when singular functions of microglia are modulated to study
their role in disease. While much less studied, similar uncertainty surrounds the role of
microglia in the ataxias.

Microglia in the Ataxias

Microglial activation in the cerebellum was found during post-mortem analysis in several
types of ataxias and in several rodent models of ataxia, including SCA6 [68], SCA21[69],
Friedreich’s ataxia [70], ataxia-telangiectasia [71], and multiple system atrophy [72].
Moreover, several animal models have demonstrated microglial activation preceding
behavioral symptoms and cerebellar pathology. In the 118Q knock in mouse model
(MP1118Q/118Q) of SCAB, in which a polyQ expansion in the calcium channel Ca,2.1 causes
cerebellar pathology and ataxic behavior, microglial activation precedes apparent Purkinje
cell degeneration [68]. This early microglial activation pattern can also be seen in the
transmembrane protein 240 (TMEM240) viral expression model of SCA21, with microglial
activation preceding the onset of motor deficits [69]. Early activation of cerebellar microglia
can also be found in the rat ATM knockout model of ataxia-telangiectasia, where ATM ™/~
rats had pre-symptomatic and progressive NF-xB-dependent microglial activation.
Activation of microglia in the AT rat model correlated with disease severity and preceded
Purkinje cell pathology [71]. The prevalence of early microglial activation in these models
indicates a mechanism by which microglia actively contribute to pathogenesis and makes
them a promising therapeutic target for preventative treatment in the ataxias.

The role of early microglial activation in ataxia is best characterized in SCA1. Early
microglial activation can be found in several models of SCA1. Both the Purkinje cell
specific transgenic model (A7XN1/82Q))[11] and the knock-in mouse model
(Atxn154Q2Q) [16] show increases in microglial number and TNF-a expression, a possible
mechanism for microglia-driven neuroinflammation in disease [48]. Correlative evidence to
support this theory was found using the TET- off conditional transgenic mouse model of
SCAL, cATXN1[30Q]-D776[73]. In a 6-week on 6-week off paradigm, stopping the
expression of mutant ATXN1 after the first 6 weeks of life ameliorated ataxia in these mice.
This behavioral recovery was found to coincide with a significant decrease in density of
cerebellar microglia and in cerebellar TNF-a expression [48,73].

However, pharmacological and genetic approaches to test the role of early microglial
activation in SCA1 suggest a limited effect on disease state. Pharmacological depletion of
microglia in ATXNI1[82Q] mice showed only a limited rescue of rotarod performance.
Microglia proliferation and survival is dependent on continual activation of colony-
stimulating factor 1 (CSF1R) [74]. Qu et al. [75] used PLX3397, a novel inhibitor of
CSF1R, to deplete microglia by 69% in the cerebella of ATXN1/82Q] mice. The depletion
of microglia in the ATXN1/82Q] mice reduced TNF-a expression, when compared to
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vehicle treated ATXNI/82Q] mice, yet the effects did not correlate with reduced Purkinje
cell neuropathology or astrogliosis, where both progressed equally to that of vehicle treated
ATXNI1[82Q] mice [75]. The limited effect seen after microglial depletion was corroborated
through further studies that decreased microglial activation. To avoid off-target effects from
non-cerebellar microglial depletion, a genetic approach was taken to selectively reduce the
activation of the canonical NF-xB inflammatory pathway in microglia. Reduction of NF-xB
signaling, specifically in lysozyme M (LysM) expressing cells, decreased microglial density
and TNF-a expression in the cerebellum of SCA1 mice back to control levels. Even so,
there was no significant rescue in behavior or cerebellar neuropathology in SCA1 mice with
reduced microglial NF-xB signaling [34].

Unexpectedly, Ferro et al. [34] found that control mice where NF-xB signaling was reduced
exhibited ataxic like behaviors equal to that of the SCAL mice. This behavioral effect
occurred without apparent Purkinje cell degeneration. These results indicate that this ataxic
behavior was possibly due to disrupted pruning of climbing fiber inputs onto Purkinje cell
somas [34]. It is well known that microglia are critical for correct neural connectivity via
their cellular and synaptic pruning activity throughout the brain ([24,67,76]. Our study
implies a functional impact of microglial NF-xB signaling in synaptic pruning during
cerebellar cortical development. These findings were recently supported by the study from
Hashimoto laboratory where a novel lox-CRE genetic approach was used to deplete
microglia [31]. Nakayama ef a/. [31] conditionally knocked out a floxed CSF1R with an
IBA1 promoter-driven CRE to deplete microglia (cKO-CSF1R mice) targeting the same
downstream process as PLX3397 treatment. Purkinje cells in cKO-CSF1R mice exhibited
impaired climbing fiber synapse elimination as well as decreased inhibitory input. These
results imply that microglia have profound control over the pruning and development of
synaptic inputs to Purkinje cells [31]. Therefore, microglia may be a potential therapeutic
target for ataxias in which developmental Purkinje neuron synaptic pruning is effected, such
as SCA1L, SCA2, SCA14, and multiple system atrophy [73,77-80].

With the advent of pharmacological agents such as PLX3397 as well as potential genetic
interventions such as silencing RNAs or antisense oligonucleotides, which have already been
used in the context of ataxias, including SCA1, SCA2, and SCA3, there are a variety of
means in which the adverse effects of microglia can be targeted in a disease state [81-85].
For example, microglial density could be reduced using PLX3397, which is seemingly well
tolerated in a variety of rodent models. With more precise genetic tools, potential microglial
disease-modifying proteins could be targeted with antisense oligonucleotides, such as
TNFa. However, with either genetic or pharmacological treatment, novel means of
increasing spatial and cell specificity would be required to avoid potential off target effects.
Furthermore, it is important for microglia treatment design to consider the window of
therapeutic efficiency. Especially when considering inherited ataxias, it is possible that the
window for therapeutic efficacy should focus on pre-symptomatic stages of disease.
However, by doing so, microglia-produced developmental deficits, such as altered climbing
fiber synapse elimination and or early proinflammatory response (and their effect on the
neurons), may not be reduced.
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Crosstalk between Microglia and Astrocytes

There is emerging evidence that communication between microglia and astrocytes is
extremely important for defining physiological and pathophysiological functional states of
each cell type. For example, astrocyte expression of interleukin 33 during normal
development is required for normal circuit formation and microglial synapse engulfment, a
precursor to synapse pruning [86]. The communication between microglia and astrocytes
during central nervous system insult has severe effects on the neural and glial environment.
The neurotoxic astrocytic inflammatory phenotype can be driven by microglial signaling
[60]. Likewise, aberrant microglial removal of synapses in AD is regulated by astrocytes
[66].

While the unique character of cerebellar microglia has only recently been identified,
cerebellar astrocytes and in particular Bergmann glia are well known for their unique
interaction with Purkinje cells [87]. Soma of Bergmann glia surround the cell bodies of
Purkinje neurons. Their processes extend along Purkinje neuron dendrites, where they
enwrap most of the synapses onto Purkinje neurons. This close physical interaction of
Bergmann glia and Purkinje neurons is reflected in their functional co-dependence [88].
Perhaps most telling was a study by Al Spada’s laboratory, which demonstrated that
expression of mutant ataxin-7 in Bergmann glia only was sufficient to cause Purkinje neuron
dysfunction and ataxic behavior in mice [89,90]. Little is known about how the interactions
between microglia and astrocytes may prime or attenuate the neurodestructive or
neuroprotective phenotypes in each other, especially in Bergmann glia in the context of the
ataxias.

Kim et al. [91] have recently shown that cerebellar astrocytes contribute to the pathogenesis
of SCAL1 in a bi-phasic disease stage-dependent manner. Reducing inflammatory NF-xB
signaling in astrocytes prior to onset of motor symptoms exacerbated Purkinje neuron
dysfunction and motor deficits. This indicates that, in early SCA1, astroglial activation may
be neuroprotective. Intriguingly, reduced astroglial inflammatory signaling in early SCA1
increased microglial reactivity [91]. This suggests that astrogliosis early in SCA1 may
constrain microglial reactivity and that failure to do so results in more reactive microglia and
thus greater pathogenesis in Purkinje neurons. Alternatively, it is possible that the enhanced
microglial reactivity seen with reduced astrogliosis reflects exacerbated Purkinje neurons
pathogenesis. Further work is required to elucidate the causality and timeline of this
pathology.

While reduced astrogliosis correlates to increased microglial activity during early stages of
SCAL1, the reverse has not yet been demonstrated (i.e., modulation of microglial activation
has not yet been shown to elicit detectable changes in astroglial reactivity in SCA1) [34,75].
Although this may indicate that microglia do not modulate astroglial phenotypes in SCA1, it
is important to consider several restrictions of these studies. Neither pharmacological nor
genetic approaches to reducing microglial density and activation were fully effective in the
cerebellum. Pharmacological depletion, which was up to 99% effective in the cerebrum, was
only 69% effective in the cerebellum. The remaining 31% of microglia may be sufficient to
mediate astrogliosis [60,75]. Likewise, the LysM-Cre genetic approach used to reduce
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microglial reactivity affected only 10%-15% of cerebellar microglia [34]. It is possible that
only a small population of microglia is required to promote astroglial inflammation [34,75].
More profound alterations of cerebellar microglial reactivity are needed to more thoroughly
evaluate whether cerebellar microglia can alter astroglial activation in disease.

Challenges of Studying Microglia in Disease: Overcoming Limitations

There are many challenges to studying microglial activation within disease states. Current
limitations to the study of brain cell types in disease include the requirement for
pharmacological and genetic manipulations that are not endemic to the model system. The
challenges present in the field include specifically targeting affected brain regions [92], or
activated phenotype of microglia [93]. In addition it is challenging to identify efficient and
precise microglia specific promoters [94] and discern activation state in /n7 situ microglial
cell culture, which is due to a disease process and not culture system [95]. However, even
with these issues, we can still glean insights by using convergent methodology while novel
tools are developed.

CSFR1 antagonists such as PLX3397 have yielded insights into the function of microglia
both activated and in resting state [96-99]. However, there is concern about the suitability of
PLX3397 and other CSFR1 receptor antagonists as direct tests of microglial function.
Microglia are not the only cell type to express CSFR1, as neurons express CSFR1 as well
[100]. This lack of cell type specificity is confounded by the inability to directly target
specific brain regions without canalization. This makes targeting and interpretation of
microglial depletion difficult, especially when studying the ataxias where pathology is
predominantly localized to the cerebellum.

Due to their non-neuronal origins, lysozyme gene Lyz2 otherwise known as LysMis a
common methodology for genetically targeting myeloid cells, macrophages, and microglia
[101]. Due to the prominent expression of LysM in a variety of progenitor lines, there has
and should be some caution in interpretation, due to the off-target labeling of peripheral and
neural tissue produced by this promoter sequence [34,102,103]. Specificity issues with
LysM can be extrapolated to other targeting sequences such as CSFR1 [103]. To overcome
issues regarding specificity and efficiency, promoter sequences such as the C-X3-C motif
chemokine receptor 1 (CX3CR1), transmembrane protein 119 (TMEM119), or IBA1
promoter sequence may be used [31,103,104]. Even so, when using genetic approaches to
study the ataxias, targeting microglia may not be sufficient, especially with the cerebellar
ataxias. Just as with pharmacological depletion of microglia, microglia-specific genetic
approaches will modify the function of the entire microglial population, including reactive
both beneficial and harmful subtypes of microglia as well as and non-reactive microglia in
disease-affected as well as in non-disease affected regions. We stress the importance of well
thought-out genetic controls, as there is a substantial probability of observing secondary
effects such as those seen through the historic use of the LysM promoter [34,102].

It is important to note that even with these controls in place, species differences in microglial
function and reactivity may require the repetition of these studies in human microglia [105].
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Beyond Animal Models: iPSCs as a Model of Human Disease

Animal models are excellent tools for studying disease as they provide a natural biological
environment to study different facets of disease, including changes in neural circuitry,
altered behavioral phenotypes, and the longitudinal effects of disease. Diseases that are not
naturally occurring in animal models, including ataxias and other trinucleotide repeat
disorders, may be induced or parsed through genetic manipulation, allowing for the study of
cell autonomous and non-cell autonomous mechanisms of disease and the assessment of
possible treatment options [106]. Much of the basic research on ataxias so far, such as the
experiments detailed above, has been achieved using animal and mostly rodent models.
However, recent advances in stem cell engineering have introduced hiPSCs as a translational
model that can corroborate findings in the mouse to human disease.

hiPSCs are created through the reprogramming of somatic cells donated from human
subjects, such as fibroblasts [107], blood mononuclear cells [108], or urine [109].
Transfection of a cocktail of factors including Oct4, Sox2, Klf4, and c-Myc [110] induces
donated adult cells to return to an immature, pluripotent state, thus creating hiPSCs. These
cells may then be differentiated into numerous cell types including neurons, astrocytes, and
microglia following the principles of developmental biology. Differentiated cells may be
grown in a monoculture or in a multicellular co-culture. Monoculture serves as an excellent
method to ascertain cell-autonomous molecular and morphological phenotypes of disease.
Multicellular culture, also known as organoids, better represent cellular function within a
three-dimensional system, allow for region-specific co-development of included cell types,
and model the impact of different cell types on disease progression. Recent advances detail
methods for the differentiation of microglia from hiPSCs [111-113], which may allow
researchers to study the characteristics and function of human microglia in diseases of
interest.

As a model for neurological disease mechanisms, hiPSCs have several advantages. iPSCs
maintain the genetic blueprint of the cell donor throughout reprogramming and re-
differentiation. This provides a clinically relevant in vitro model for the cellular pathology of
genetic disorders. The use of human cells allows researchers to overcome the potential
confounds of species difference in disease modeling and eliminates the requirement for
genetic manipulations in order to recapitulate disease [14]. When considering microglia as a
specific cell type of interest, there are additional advantages to using hiPSCs. Growing
microglia from hiPSCs in culture avoids artificially induced changes in activation state
which result from experimental procedures such as isolation from tissue [112]. Furthermore,
reported gene expression differences between human and rodent microglia suggest that
rodent models may be insufficient to represent the role of microglia in human disease [105].
Creation of microglia from hiPSCs could allow researchers to avoid these species
differences to study the cell autonomous effect of given genetic disorders on living human
microglia.

Despite these advantages, investigators should be cognizant of the potential confounding
factors inherent to the use of hiPSCs in disease modeling. Although the genetic profile of the
reprogrammed cells is identical to that of the donor, there is always a potential for genetic
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variability to arise as the result of cellular mitosis [114]). Furthermore, reprogramming to a
pluripotent state resets the epigenetic character of hiPSCs to an immature stage of
development, which is problematic when studying neurodegenerative disease where age is a
critical factor [115]. There is an inherent degree of variability built into the application of
different induction protocols, which may make the replication of published results difficult,
particularly when attempting to differentiate cell types, like microglia, which are highly
sensitive to their extracellular environment. Even among the few protocols published in the
last 2 years, there is variability in the relative expression rates of certain microglia-specific
factors [111]. Thus, in order to compare microglia derived from patient or healthy control
iPSCs, special attention must be paid to ensure that differentiation is resulting in
phenotypically accurate and reproducible microglia-like cells. Finally, while /n vitro hiPSC
culture may be useful to determine unique cellular characteristics of a disease, it does not
consider the role of larger biological systems such the inter-regional circuitry so crucial for
many brain functions. Thus, when studying disease using hiPSCs, researchers should focus
on the molecular, functional, and morphological characteristics of their cell types of interest.
Animal models are better for studying the systemic or organotypic effects of disease.

To date, there are several protocols published detailing methods by which hiPSCs may be
differentiated into microglia [111-113]. The resulting microglia-like cells demonstrate
numerous microglia-specific phenotypes including the ability to phagocytose beads,
response to adenosine diphosphate with calcium transients, process extension in response to
external secreted factors including interleukin 34 and granulocyte-macrophage colony-
stimulating factor, and expression of microglia-specific markers including IBA1, CSF1R,
P2RY12, and CX3CRL1. In addition to determining the microglia-like phenotype of these
differentiated hiPSCs, Muffat et a/. [112] also found that their induced microglia-like cells
expressed neurodegenerative disease-associated factors such as TMEM119, triggering
receptor expressed on myeloid cells 2 (TREM2), and apolipoprotein E (APOE). These
human microglia-like cells had secreted chemokine and cytokine profiles similar to that of
primary microglia and became reactive in response to the lipopolysaccharide, a potent factor
that induces the NF-xB inflammatory pathway.

Since the development of these differentiation protocols, there have been several promising
studies published using hiPSC-derived microglia-like cells to characterize disease-related
phenotypic differences between patients and healthy controls. These techniques have been
used in monoculture to report differences in microglia-like cells derived from Rett syndrome
donors [112], patients with TREM2 missense mutations [116,117], and APOE4 carriers
[118]. Three-dimensional co-culturing of iPSC-derived microglia-like cells with neurons and
astrocytes has revealed unique changes in the environmental stress response in /n vitro
models of AD [119].

While the above studies do not directly address the role of microglia in ataxia, they do
propose a promising novel method by which disease-specific changes in microglial function
may be assessed in ataxia. Given the single-gene and cell-type specific nature of many ataxia
variants, there is enormous potential for the use of hiPSCs for drug discovery and basic
research into the role of microglia in disease states. Through monoculture, the unique
transcriptome of microglia expressing disease-relevant genetic mutation could be assessed in
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addition to unique morphological and phagocytic characteristics. Long-term co-culture of
regionally-specified neurons and astrocytes with human microglia-like cells could reveal
some of the mechanisms driving regional cell-type heterogeneity and provide a model to
study environmental stress and disease-relevant cell—cell interaction between neurons,
astrocytes, and microglia. In short, hiPSC-derived cell culturing has enormous potential for
the study of microglia in ataxias.

Conclusions

The ataxias are a large group of neurodegenerative diseases, many of which show microglial
activation as a pathological feature of the disease. Hyper-vigilance of cerebellar microglia in
combination with early microglial activation detected in many of the ataxias supports
microglia a promising therapeutic target. Due to the primary and secondary effects of
microglial activation, targeting microglial cytokine release and the microglia-astrocyte
communication may have large therapeutic effects, yet more studies need to be done to
further characterize the synergy between both glial subtypes inflammatory communication.
Lastly, we recommend the adoption of hiPSCs to directly study how microglia in the ataxias
may be intrinsically different from isogeneic controls to elucidate further drug targets to curb
these debilitating diseases.
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