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Microglial depletion prevents extracellular
matrix changes and striatal volume reduction
in a model of Huntington’s disease

Joshua D. Crapser',"2 Joseph Ochaba,"2 Neelakshi Soni,"2 Jack C. Reidling,"2
Leslie M. Thompson'?? and Kim N. Green'?

Huntington’s disease is associated with a reactive microglial response and consequent inflammation. To address the role of these
cells in disease pathogenesis, we depleted microglia from R6/2 mice, a rapidly progressing model of Huntington’s disease marked
by behavioural impairment, mutant huntingtin (mHTT) accumulation, and early death, through colony-stimulating factor 1
receptor inhibition (CSF1Ri) with pexidartinib (PLX3397) for the duration of disease. Although we observed an interferon gene
signature in addition to downregulated neuritogenic and synaptic gene pathways with disease, overt inflammation was not evident
by microglial morphology or cytokine transcript levels in R6/2 mice. Nonetheless, CSF1Ri-induced microglial elimination reduced
or prevented disease-related grip strength and object recognition deficits, mHTT accumulation, astrogliosis, and striatal volume
loss, the latter of which was not associated with reductions in cell number but with the extracellular accumulation of chondroitin
sulphate proteoglycans (CSPGs)—a primary component of glial scars. A concurrent loss of proteoglycan-containing perineuronal
nets was also evident in R6/2 mice, and microglial elimination not only prevented this but also strikingly increased perineuronal
nets in the brains of naive littermates, suggesting a new role for microglia as homeostatic regulators of perineuronal net formation
and integrity.
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Microglial roles in Huntington’s disease

Introduction

The cause of Huntington’s disease, an autosomal dominant
neurological disorder, is well established as an abnormal
expansion of CAG triplet repeats in exon 1 of the ubiqui-
tously expressed huntingtin (HTT) gene, resulting in an
elongated polyglutamine (Q) tract in the mutant huntingtin
protein (mHTT) (MacDonald et al., 1993). While the un-
affected population ranges on average 16-20 triplet repeats
at this locus, affected patients contain >40 CAGs, with the
age of symptom onset in general inversely correlating with
repeat length (Duyao et al, 1993; Labbadia and
Morimoto, 2013). Disease symptoms include progressive
movement abnormalities (chorea, dystonia) and cognitive-
behavioural impairments, accompanied by selective striatal
medium spiny neuron death and cortical atrophy (Ross and
Tabrizi, 2011). Pathologically, mHTT accumulates in many
cells types, and in multiple forms, due at least in part to the
failure of protein quality control networks, as reflected by
an accumulation of ubiquitin and other post-translation-
ally-modified proteins (Ochaba et al., 2016) and disrup-
tions in autophagy (Kurosawa et al., 2015). Despite
Huntington’s disease’s deceivingly simple monogenic
origin, the contributions of specific cell types in the brain
are only beginning to be elucidated.

Microglia, resident myeloid phagocytes comprising
~12% of cells in the brain, sample the entire parenchymal
milieu every 24 h for deviations from homeostasis
(Nimmerjahn et al., 2005). That microglia are potent
modulators of neurodegeneration and injury is by now
clear (Li and Barres, 2017), and investigation into the full
functional spectrum and uniqueness of microglia among
related immune cells continues to elucidate critical roles
in development, ageing, and disease (Bennett et al., 2018;
Mrdjen et al., 2018). Previously, we developed a pharma-
cological method to eliminate virtually all (~99%) micro-
glia from the murine brain for several months at a time
(Elmore et al., 2014; Dagher et al., 2015), based on inhib-
ition of colony-stimulating factor 1 receptor (CSF1Ri).
Microglial CSF1R signalling is essential to their survival
and has become a thoroughly tested and highly replicated
model for targeted elimination of microglia (Elmore et al.,
2014; Asai et al., 2015; Dagher et al., 2015; Rice et al.,
2015; Acharya et al., 2016; Feng et al., 2016; Spangenberg
et al., 2016; Stafford et al., 2016; Szalay et al., 2016; Li et
al., 2017; Bennett et al., 2018). By formulating inhibitors in
chow, we can ensure non-invasive, uninterrupted drug de-
livery and elimination of these cells for the duration of
treatment.

In Huntington’s disease, microglial activation is detected
years before the onset of clinical symptoms and correlates
with striatal neuron dysfunction in subclinical (Tai et al.,
2007) as well as clinical stages of the disease (Pavese et al.,
2006; Politis et al., 2011). Post-mortem Huntington’s dis-
ease brains contain elevated densities of reactive microglia
in regions of neuronal loss (Sapp et al., 2001) and this
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microgliosis is mirrored in mouse models of the disease
(Simmons et al., 2007). While microglia conventionally
react to stress signals and exogenous toxins in neurodegen-
eration, the presence of endogenous mHTT alone alters
their transcriptional landscape through increased expres-
sion of the myeloid lineage-determining factor Pu.l
(Crotti et al., 2014), resulting in enhanced production of
116 and Tnfo transcripts as well as increased neurotoxicity
in the context of a secondary immune challenge.
Furthermore, intrastriatal engraftment of mHTT-expressing
human glial progenitor cells in immunodeficient mice re-
sults in neuronal hyperexcitability in the striatum along
with motor impairments (Benraiss et al., 2016; Osipovitch
et al., 2019). We aimed to further extend these findings by
eliminating microglia from a mouse model of Huntington’s
disease via sustained CSF1Ri and assessing the impact on
disease pathogenesis.

In this study we treated transgenic R6/2 mice, expressing
exon 1 of the human huntingtin (HTT) gene containing
~120 CAG repeats, or non-transgenic littermates with the
clinically utilized and FDA-approved CSFI1R inhibitor,
PLX3397 (pexidartinib) (Tap et al., 2014), or vehicle.
The R6/2 line is a short-lived and rapidly progressing
mouse model of Huntington’s disease that displays motor
and behavioural deficits beginning around 7 weeks of age
and progressing until an early death at 11-13 weeks
(Mangiarini et al., 1996). We found that CSF1Ri and re-
sultant microglial depletion in R6/2 mice is accompanied by
ameliorated grip strength and memory deficits, mHTT spe-
cies accumulation, and protein clearance system pathway
dysfunction. At the transcriptional level, we report im-
paired neuronal and neurite development pathways in add-
ition to an interferon (IFN) signature in the R6/2 striatum
that is similarly overrepresented in human Huntington’s
disease, aspects of which are diminished following micro-
glial depletion. Additionally, despite a reduction in R6/2
caudoputamen volume, we observed increased neuronal
and neurite cytoskeletal element densities in the R6/2 stri-
atum at 11 weeks. This was concomitant with astrogliosis
and massive brain-wide deposition of extracellular matrix
(ECM) chondroitin sulphate proteoglycans (CSPGs), a key
component of glial scars (Hsu et al., 2008) and a negative
axon guidance cue (Ohtake et al., 2016). In parallel, we
observed a disease-related loss of CSPG-containing peri-
neuronal nets (PNNs) (Fawcett et al., 2019), specialized
interneuron-associated ECM structures the degradation of
which contributes to seizures (Tewari et al., 2018), dam-
pened inhibitory tone, and changes in plasticity (Banerjee et
al., 2017). CSF1Ri and the depletion of microglia abro-
gated each of these changes, including disease-associated
striatal volume loss, underscoring their role as coordinators
of brain ECM remodelling that in turn appears to contrib-
ute to neurodegeneration in Huntington’s disease.
Interestingly, microglial elimination in non-transgenic litter-
mates also resulted in brain-wide increases in PNN density,
suggesting that microglia tightly regulate PNN formation in
health as well as disease.
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Materials and methods

Compounds

CSF1R inhibitor PLX3397 (pexidartinib) was provided by
Plexxikon Inc. and formulated in AIN-76A standard chow
by Research Diets Inc. at 275 mg/kg.

Animals

All animal experiments were performed in accordance with
animal protocols approved by the Institutional Animal Care
and Use Committee (IACUC) at the University of California,
Irvine, an American Association for Accreditation of
Laboratory Animal Care (AAALAC)-accredited institution.
R6/2 mice have been described elsewhere in detail
(Mangiarini et al., 1996; Ochaba et al., 2016). For this
study, 5-week-old R6/2 male mice were purchased from
Jackson Laboratories and housed in groups of up to five ani-
mals/cage under a 12-h light/dark cycle with ad libitum access
to control chow and water during baseline testing, and then
AIN-76A chow (containing vehicle or PLX3397) starting at
Week 6. Brain tissue from 16-week-old mixed sex wild-type
mice on a C57BL/6] congenic background treated for 10
weeks (from Week 6) with the more selective CSF1R inhibitor
PLX5622 (Plexxikon Inc.) formulated in standard chow by
Research Diets Inc. at 1200 mg/kg was used for additional
investigation of PNNs. Assignment of animals to treatment
groups was conducted in a random fashion. Researchers
were blinded to genotype and treatment group for behavioural
tasks and in the analysis of behavioural, histological, stereo-
logical, and biochemical assays. CAG repeat sizing of tail sam-
ples was performed by Laragen.

Behavioural testing

Baseline behavioural characterization was performed at 5
weeks of age via Rotarod and grip strength as described pre-
viously (Ochaba et al., 2016; Morozko et al., 2018) and again
during treatment at regular intervals. Briefly, animals were
tested for latency to fall from an accelerating rotarod over
three 5-min interval trials averaged together on Weeks 5, 7
and 9. Forelimb grip strength was assessed with a meshed
force gauge that records peak force applied (IITC Life
Science instrument) over five trials averaged together on
Weeks 5, 7, 9, 10 and 11. Body weights were obtained daily
from 5 to 11 weeks of age. Open field and novel object rec-
ognition tests were assessed on Week 11 and were analysed
with EthoVision. For the open field test, mice were placed in
an empty chamber and recorded while roaming freely for 5
min. For the novel object recognition test, mice were placed in
a chamber for 5 min with two identical objects on Day 1, and
one familiar and one novel object on Day 2, and memory for
the familiar object was measured as the time spent investigat-
ing the novel object as percentage of total time exploring (i.e.
discrimination index). Exclusionary criteria were as follows: if
mice did not spend time investigating both objects during
training, or either object during testing, the testing data were
excluded from analysis, as it cannot be confirmed they spent
enough time exploring to learn/discriminate. All behavioural
tests were conducted and analysed in a blinded fashion.
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Tissue collection

After final behavioural measurements on Week 11, mice were
euthanized with administration of phenytoin/pentobarbital
(Euthasol®) followed by transcardial perfusion with ice-cold
phosphate-buffered saline. Brains were isolated and divided
hemispherically; one hemisphere per animal was drop-fixed
in 4% paraformaldehyde (Thermo Fisher Scientific) for 48 h,
cryopreserved in 30% sucrose, and sectioned at 40 pm on a
freezing microtome for immunohistochemistry (IHC), while the
other hemisphere was used to extract, flash freeze, and store
striatal tissue at —80°C for later biochemical analyses. Frozen
striatal tissue was split into protein and RNA fractions.

Immunohistochemistry and confocal
microscopy

Fluorescent immunolabelling followed a standard indirect tech-
nique as described previously (Elmore et al, 2014;
Spangenberg et al., 2016). Brain sections were stained with
antibody to IBA1 (1:1000; 019-19741, Wako and ab5076,
Abcam) (Smith et al, 2013; Elmore et al, 2014), HTT
(EM48) (1:500; MABS5374, Millipore), DARPP32 (1:500;
SC-11365, Santa Cruz) (Morozko et al, 2018), CD68
(1:200; MCA1957GA, Bio-Rad), NeuN (1:500; MAB377,
Millipore), IB4 (1:200; 121414, ThermoFisher) (Elmore et
al., 2018), Olig2 (1:200; MABNS50, Millipore), MAP2
(1:2005 ab32454, Abcam) (Elmore et al., 2014), Tau (1:500;
A0024, DAKO) (Julien et al, 2012), p62 (1:500; BML-
PW9860, Enzo) (Paine et al., 2013), MBP (1:100; MAB386,
Millipore) (Cardoso et al., 2015), S100f (1:200; ab52642,
Abcam) (Illouz et al., 2019), CD44 (1:200; ab157107,
Abcam) (Koga et al., 2018), CSPG (1:200; ab11570, Abcam)
(Park et al., 2017), Wisteria floribunda agglutinin (WFA) lectin
(1:1000; B-1355, Vector Labs) (Yutsudo and Kitagawa, 2015),
parvalbumin (1:500; MAB1572, Millipore) (McNamara et al.,
2014), c-Kit (1:100; ab25022, Abcam) (Trias et al., 2018), and
Flt3 (1:100; ab73019, Abcam) (Svensson et al., 2015).
Immunostained sections were mounted and coverslipped with
Fluoromount-G® with DAPI (00-4959-52, SouthernBiotech).
High resolution fluorescent images were obtained using a
Leica TCS SPE-II Confocal microscope, and whole-brain
stitches using a ZEISS Axio Scan.Z1. Cell and EM48™
puncta quantities, area, and intensity were determined using
the spots module in Imaris v9.2. Per cent area coverage and
integrated density measurements were determined in Image]
(NIH) at a constant threshold for each stain using x 20 con-
focal images for striatal and dentate gyrus quantifications and
regions of interest in whole-brain stitches for cortical analyses.

Western blotting

Striatal tissue fractionation, gel electrophoresis, and immuno-
blotting were performed as previously described (Ochaba
et al., 2016, 2018; Morozko et al., 2018). Briefly, striatal
tissue was first homogenized in lysis buffer containing 10
mM Tris (pH 7.4), 1% Triton™ X-100, 150 mM NaCl,
10% glycerol, and 0.2 mM PMSF. Tissue was lysed on ice
for 60 min before centrifugation at 15000g for 20 min at
4°C. Supernatant was collected as the detergent-soluble frac-
tion. The pellet was washed three times with lysis buffer and
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centrifuged at 15000g for 5 min each at 4°C. The pellet was
resuspended in lysis buffer supplemented with 4% SDS, soni-
cated three times, boiled for 30 min, and collected as the de-
tergent-insoluble  fraction. Protein  concentration  was
determined using Lowry Protein Assay (Bio-Rad).

Detergent-soluble fractions were resolved on 4-12% Bis-Tris
poly-acrylamide gels (PAGE), insoluble fractions on 3-8% Tris-
acetate poly-acrylamide gels, and oligomeric species determined
by agarose gel electrophoresis using 1%, 375 mM Tris-HCl, pH
8.8, 1% SDS agarose gels. Insoluble mHTT fibrils were detected
using a modified filter retardation assay where insoluble fractions
were loaded onto a dot blot apparatus (Bio-Rad) and blotted
onto a 0.2 pum cellulose acetate membrane (Morozko et al.,
2018). Membranes were blocked in  StartingBlock™
(Invitrogen) or 5% milk in Tris-buffered saline with Tween 20
(TBST) (for fibrils) at room temperature and incubated in
primary antibody overnight at 4°C. The following primary anti-
bodies were used: anti-HTT (1:1000; MAB5492, Millipore),
anti-Ubiquitin  (1:1000; sc-8017, Santa Cruz Biotechnology)
(Ochaba et al., 2016), anti-p62 (1:1000; BML-PW9860, Enzo)
(Wong et al., 2015), and anti-GAPDH (1:2500; 1D4, Novus
Biologicals) (Zhang et al., 2018). Insoluble fibrils were labelled
with anti-HTT (1:1000; VB3130, Viva Biosciences) (Ochaba
et al., 2016). Western blot and agarose gel electrophoresis data
were quantified by measuring mean pixel intensity using Scion
Image processing software. Detergent-soluble fraction lysates
were normalized to house-keeping protein loading control
(GAPDH) prior to statistical analysis. Detergent-insoluble and
oligomeric protein were quantified as relative protein abundance
as before (Morozko et al., 2018).

Quantitative PCR and NanoString

RNA was extracted and purified from frozen striatal tissue
using a RNeasy® Plus Universal Mini Kit (73404, Qiagen).
Quantitative PCR was performed as before (Morozko et al.,
2018) with reverse transcription using the SuperScript® III
First-strand synthesis system (Invitrogen) and the following pri-
mers for cDNA amplification: R6/2  transgene (F:
CCGCTCAGGTTCTGCTTTTA, R: TGGAGGGACTTGAGG
GACTC), Rplp0 (F: GCTTCGTGTTCACCAAGGAGGA, R:
GTCCTAGACCAGTGTTCTGAGC). For nCounter© analysis,
total RNA was diluted to 20 ng/ul and probed using a mouse
nCounter© PanCancer Immune Profiling Panel
(NS_Mm_CancerImm_C3400, NanoString Technologies) profil-
ing ~700 immunology-related mouse genes. Counts for target
genes were normalized to the best fitting house-keeping genes as
determined by nSolver software. The WGCNA package was
used to evaluate the quality of reads, as well as identify and
remove appropriate outliers, based on standard deviation within
normalized expression values. Principal component analysis
(PCA) plots were generated using plot3D. Negative binomial
linear regression analysis was performed using EdgeR, DESeq,
and Limma packages to generate false discovery rate (FDR) and
log-fold change values. Top significant genes are displayed as a
volcano plot constructed using GLimma, ggplot2, and
EnhancedVolcano (FDR < 0.10, LogFC > 1).

RNA-sequencing and analysis

For mRNA-seq, RNA from the same striatal samples used for
NanoString was analysed, and as such was previously
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extracted using the RNeasy® Plus Universal Mini Kit
(73404, Qiagen). Total RNA was monitored for quality con-
trol using the Agilent Bioanalyzer Nano RNA chip (Agilent)
and NanoDrop™ absorbance ratios for 260/280 nm and 260/
230 nm. Library construction was performed according to the
Illumina TruSeq mRNA stranded protocol. The input quantity
for total RNA was 700 ng and mRNA was enriched using
oligo dT magnetic beads. The enriched mRNA was chemically
fragmented for 3 min. First strand synthesis used random pri-
mers and reverse transcriptase to make cDNA. After second
strand synthesis the double stranded cDNA was cleaned using
AMPure XP beads (Beckman Coulter) and the cDNA was end
repaired and then the 3’ ends were adenylated. Illumina bar-
coded adapters were ligated on the ends and the adapter
ligated fragments were enriched by nine cycles of PCR. The
resulting libraries were validated by qPCR and sized by Agilent
Bioanalyzer DNA high sensitivity chip (Agilent). The concen-
trations for the libraries were normalized and then multiplexed
together. The concentration used for clustering the flowcell
was 200 pM. The multiplexed libraries were sequenced on
one lane using PE 100 cycles chemistry for the HiSeq 4000
(Illumina). The version of HiSeq control software was HCS
3.3.76 with real time analysis software, RTA 2.7.6.

For read alignment and expression quantification, pair-end
RNA-seq reads were first filtered for ribosomal RNA using
SortMeRNA v.2.1b followed by trimmomatic v.0.35 to correct
for overrepresented sequences via quality trimming and adap-
ter removal. Paired-end reads were then aligned using STAR
v.2.5.1b (Dobin et al, 2013) with the options (-
outFilterMismatchNmax 10 —outFilterMismatchNoverRead
Lmax 1 -outFilterMultimapNmax 10). Rsubread was used
to generate feature counts. Gene expression was measured
using Limma, edgeR, and org.Mm.eg.db packages with expres-
sion values normalized into RPKM (reads per kilobase of tran-
script per million mapped reads). Differential expression
analysis: libraries with uniquely mapping percentages higher
than 80% were considered to be of good quality and kept
for downstream analysis. Transcripts with expression RPKM
>1 in at least three samples were collected for subsequent
analysis. Differential expression analysis was performed by
using Limma, edgeR, and org.Mm.eg.dbt (Robinson et al.,
2010). Differentially expressed genes (DEGs) were selected
by using FDR < 0.05. Top significant genes are displayed as
a volcano plot constructed using GLimma, ggplot2, and
EnhancedVolcano (FDR < 0.05, LogFC >1). PCA plots
were generated using plot3D. Gene enrichment pathway ana-
lysis was performed using Ingenuity Pathway Analysis (IPA,
Qiagen) of DEGs detected at FDR < 0.10, and predicted up-
stream regulators are reported with activation z-scores and P-
values.

Data analysis and statistics

Statistical analysis was performed with Prism GraphPad
(v.8.0.1). To assess linear relationships, the two-tailed
Pearson correlation test was used. To compare one variable,
the two-tailed unpaired Student’s #-test was used. To compare
two variables, two-way ANOVA with Tukey’s post hoc test
was used. To compare two variables over multiple time points
(Rotarod, grip strength), the MIXED procedure of the
Statistical Analysis Systems software (SAS Institute Inc.) and
subsequent post hoc contrasts were used to examine
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interactions as before (Elmore et al., 2015, 2018). All bar
graphs are represented as means + standard error of the
mean (SEM) with individual sample values overlain.
Significance is expressed as follows: "P < 0.05, P < 0.01,
**P < 0.001, *™**P < 0.0001

Data availability

Gene expression data are deposited in GEO (ascension number
GSE136158), and all RPKM values can be viewed and
searched for at http://rnaseq.mind.uci.edu/green/R62_PLX/
gene_search.php. All other data are available upon reasonable
request.

Results

CSFIRi via PLX3397 depletes
microglia in R6/2 mice

To evaluate the dependency of microglia on CSF1R signal-
ling in R6/2 mice—a rapidly progressing mouse model
expressing an expanded repeat exon 1 transgene
(Mangiarini et al., 1996)—the CSF1R/c-Kit inhibitor
PLX3397 (275 mg/kg) or vehicle was provided in chow
to R6/2 mice and non-transgenic littermates for 7 days to
generate four experimental groups: non-transgenic + ve-
hicle (control), non-transgenic + PLX3397 (7d PLX3397),
R6/2 + vehicle (R6/2), and R6/2 + PLX3397 (R6/2 + 7d
PLX3397). IHC with the myeloid marker IBA1 revealed a
significant increase in striatal R6/2 microglial densities at
7 weeks of age (P < 0.001) that was not seen in the
diseased somatosensory cortex at this time point
(Supplementary Fig. 1). Importantly, 7 days of PLX3397
delivered at 6 weeks significantly depleted striatal and cor-
tical microglia from R6/2 (P < 0.0001, P < 0.0001, re-
spectively) and non-transgenic mice (P < 0.001, P <
0.001, respectively) to comparable densities of surviving
cells (P > 0.05), suggesting that microglial mHTT expres-
sion does not appear to alter their dependence on CSF1R
signalling for survival.

CSF I Ri via PLX3397 ameliorates grip

strength and novel object recognition
deficits in R6/2 mice

Having demonstrated that microglia could be eliminated in
R6/2 mice, we next set out to investigate the roles these
cells play in disease progression. Following baseline behav-
ioural measurements, 6-week-old R6/2 mice and non-trans-
genic littermates were placed on diet containing 275 mg/kg
PLX3397 or vehicle (n = 6/group) until sacrifice at 11
weeks (Fig. 1A). CAG repeats were confirmed at a range
of 126-130 repeats in R6/2 mice. While treatment had no
effect on body weight, which displayed the stereotypical
plateauing in R6/2 mice at ~7 weeks (Fig. 1B), we
found that over the duration of CSF1Ri, Huntington’s
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disease-related grip strength deficits were prevented up to
Week 11, with significant improvement remaining even at
that time point (Fig. 1C). While inhibitor treatment could
potentially affect muscle macrophages in a way that re-
duces skeletal muscle mHTT inclusions (Moffitt et al.,
2009) or transcriptional alterations (Strand et al., 2005),
PLX3397 has not been reported to reduce peripheral
macrophage numbers (Elmore ef al., 2014; Mok et al.,
2014; Szalay et al., 2016). Cognitively, treatment prevented
R6/2 deficits in novel object recognition at 11 weeks
(Fig. 1D) while having no effect on controls, consistent
with previous measures of cognition following CSF1Ri in
healthy mice (Elmore et al., 2014). No groups differed stat-
istically in average velocity or distance travelled by open
field analysis (data not shown) indicating that these differ-
ences are due to effects on cognition. We did not observe
any effect of treatment on Huntington’s disease-related
Rotarod performance deficits (Fig. 1E). Finally, to verify
cognitive and motor improvements with CSF1Ri in this
model, these behavioural tasks were replicated in a
second cohort of # = 10/group (Fig. 1F-I), producing simi-
lar results. The failure to achieve statistical significance in
novel object recognition with this second cohort may be
attributed to the rapid progression of the model, as many
R6/2 mice were largely immobile/lethargic at Week 11 just
prior to sacrifice, increasing the number of animals
excluded during novel object training and consequently
decreasing statistical power. Nonetheless, the similar cogni-
tive and grip strength effects observed between cohorts sug-
gests that PLX3397 may have therapeutic potential in
Huntington’s disease, particularly in the case of grip
strength.

R6/2 microglia display regional
differences but are ubiquitously
depleted with CSFIRi

To assess the microglial response to disease, IHC with the
myeloid marker IBA1 was performed on coronal brain sec-
tions from each group. Microglial number, cell body area,
and IBA1 intensity were measured in the disease-relevant
striatum as well as in multiple cortical regions (motor, som-
atosensory, and piriform cortex) (Fig. 2A). R6/2 mice dis-
played elevated microglial densities in the striatum
(P < 0.01) and motor cortex (P < 0.05), in addition to a
trending increase in the somatosensory cortex (P = 0.06;
Fig. 2B and C). Microglial cell body area (Fig. 2D) and
IBA1 intensity (Fig. 2E) were significantly increased only
in the motor (P < 0.01, P < 0.01) and somatosensory
cortices (P < 0.05, P < 0.05). Striatal microglia, although
at greater densities, did not appear activated morphologic-
ally or by IBA1™ intensity, and were negative for the acti-
vation marker IB4 (data not shown). Together, this
suggests that ‘classical’ microglial activation is not an
overt feature of the R6/2 brain. Consistent with the data
from 7 days of treatment, CSF1Ri significantly depleted
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Figure | PLX3397 (CSFIRi) ameliorates grip strength and object memory deficits in R6/2 mice. Following baseline measurements,
6-week-old non-transgenic or R6/2 mice were treated with vehicle (Control, R6/2) or 275 mg/kg PLX3397 (PLX3397, Ré/2 + PLX3397) for 5

weeks to attain microglial depletion through CSFIRi. (A) Experimental design (n

5-6/group). (B) Body weight from baseline to end of

experiment displayed stereotypical R6/2 plateauing (n = 5-6/group). (C) R6/2 + PLX3397 forelimb grip strength deficits were significantly reduced
compared to R6/2 at every time point tested (P < 0.0001; MIXED procedure with post hoc contrasts; n = 5-6/group). (D) Performance in novel

(continued)
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microglial numbers in all tissue regions and in both geno-
types as expected (Fig. 2C).

R6/2 striatal mMRNA expression
reveals dysregulated interferon sig-
nalling that is mitigated by CSFIRi

A NanoString inflammatory panel (NS_Mm_Cancer
Imm_C3400) was used to assess endpoint DEGs in striatal
tissue from three mice per group. PCA of normalized gene
counts revealed separate clustering of control and Ré6/2
tissue both prior to and following CSF1Ri (Fig. 2F).
However, even at FDR < 0.1, few inflammation-related
DEGs were found in R6/2 striatal tissue (Fig. 2G). In add-
ition to a marked decrease in striatal adenosine A2a recep-
tor (Adora2a), canonically downregulated in Huntington’s
disease (Blum et al., 2018), we noted altered T-cell and
interferon signalling (increased: Twistl, Ebi3, Tall,
Ccl19, Irf7, Irf4, Bst2, Ifit3, Psmb8; decreased: CD4,
Alcam, Tcf7, Mcam, Ccl25, 1118), similar to recent reports
of peripheral T-cell suppression in R6/2 mice (Lee et al.,
2018). Surprisingly, we found no evidence of disease-
related inflammation in terms of cytokine transcript expres-
sion (116, 111b, Ifng, Tnfa) at the 11-week time point using
this panel. DEGs in CSF1Ri-treated R6/2 mice largely re-
flected microglial depletion, in addition to partial reversals
in T-cell transcript levels (Tall, Ccl25) (Fig. 2H). As before
(Najafi et al., 2018), CSF1Ri treatment in non-transgenic
mice induced the expected loss of microglial gene signature
from the brain transcriptome (data not shown).

To broaden our scope of gene expression analysis, we
performed RNA-seq on the same striatal extracts used for
NanoString. All RPKM values can be searched and visua-
lized at http://rnaseq.mind.uci.edu/green/R62_PLX/gene_
search.php. We again observed distinct clustering of geno-
types, but this time divergent effects of CSF1Ri on the R6/2
transcriptome were detected (Fig. 3A). At Week 11, striatal
R6/2 transcription was considerably suppressed relative to
controls (Fig. 3B) as has been described previously (Luthi-
Carter et al., 2003; Hodges et al., 2006; Runne et al.,
2008; Vashishtha et al., 2013). Among the downregulated
genes were Gadl and Gad2, which encode the enzymes
that catalyse GABA synthesis (Lim et al., 2017), as well
as the MSN voltage-gated sodium channel B4 subunit
Scn4b (Oyama et al., 2006; Miyazaki et al., 2014), and

Figure | Continued
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the astrocyte glutamate transporter Slc7al1, all indicative
of dysregulated excitatory/inhibitory balance. Microglial
elimination was followed by tell-tale loss of microglial
gene expression in control (not shown) and R6/2 mice
(Fig. 3C). Among other genes, CSF1Ri prevented the dis-
ease-associated suppression of Isl1, a gene involved in
motor neuron development (Liang et al., 2011) the condi-
tional deletion of which results in striatal cholinergic inter-
neuron loss (Elshatory and Gan, 2008), as well as
Cacna2d2, mutations in which decrease Ca®* channel sub-
unit expression and drive epileptic seizures (Barclay et al.,
2001; Pippucci et al., 2013). Importantly, this differential
expression occurred in the absence of detectable changes in
endogenous wild-type Hit transcript levels across groups.
RNAseq DEGs were validated by and mirrored in the prior
results from the more sensitive NanoString assay covering a
subset of immune genes.

A growing number of non-viral diseases are characterized
by the presence of a similar IFN transcriptional signature
(Mostafavi et al., 2016) evident within the microglial tran-
scriptome itself as upregulated interferon signalling gene
sets in cells isolated from both an Alzheimer’s disease-like
model of neurodegeneration as well as ageing humans
(Galatro et al., 2017; Mathys et al., 2017). We compared
the activation z-scores of significantly overrepresented path-
ways in human control versus Huntington’s disease caudate
[z-score overall = 41.23; gene expression data taken from
Hodges et al., (2006)] to those in control versus R6/2 stri-
atal tissue and found concordance between the mouse
model and the human disease (Fig. 3D). A dysregulated
IFN signature was found in both the murine and human
manifestation of disease (Fig. 3D), facets of which were
ameliorated with CSF1Ri-mediated microglial elimination
as indicated by a resolution of IFNa and IFNy, but not
IFNB, gene enrichment in control versus R6/2 +
PLX3397 samples. This resolution was accompanied by a
concurrent loss of IFN-involved toll-like receptor signalling
(Tlr4, Tlr7, Tlr9) as well as downstream IFN effector path-
way deactivation (Statl). Pathway enrichment predicted
HTT as the most significant upstream regulator of R6/2
DEGs (z-score: 2.151, P < 8.31 x 10722), in addition to
IFNy (z-score: 3.727, P < 1.01 x 107"), 1-DOPA (z-
score: =5.654, P < 1.19 x 1072°), the type I IFN regulator
IRF7 (z-score: 4.589, P < 7.47 x 107'3), and TRIM24 (z-
score: —=3.970, P < 3.58 x 107'%). Thus, pathway analysis
of the R6/2 versus control brain predicted IFNy as the

object recognition (NOR) test by R6/2 + PLX3397 mice at Week | | was significantly better than R6/2 mice (P < 0.001) and not different from
PLX3397 controls (two-way ANOVA with Tukey’s post hoc test; n = 5-6/group). (E) Latency to fall from an accelerating Rotarod was not altered
with treatment and displayed the stereotypical R6/2 genotype effect (P < 0.0001; MIXED procedure; n = 6/group). (F-1) Replication cohort for
validation of behavioural outcomes using the same statistical analyses. (n = 8—10/group, except for novel object recognition where n = 5-10/
group due to exclusion criteria from Day | acquisition period or Day 2 testing period.) Statistical significance is denoted by *P < 0.05, **P < 0.01,
P < 0.001, *™™**P < 0.0001, ns = not significant. For grip strength, asterisk indicates R6/2 versus R6/2 + PLX3397 and hash symbol indicates

PLX3397 versus R6/2 + PLX3397. Error bars indicate SEM.
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primary cytokine regulator of disease DEGs (Fig. 3E), a
potent stimulator of microglial activation (Monteiro et
al., 2017). Interestingly, Usp18 was markedly increased in
Huntington’s disease, which inhibits microglial activation
by specifically blocking IFN-induced transcription
(Goldmann et al., 2015), suggesting the mobilization of
relevant compensatory mechanisms in the R6/2 striatum.

Microglial elimination normalized several additional
overrepresented human/murine Huntington’s disease path-
ways, i.e. impaired neuronal development, neuritogenesis,
contextual conditioning, and coordination. These impair-
ments occurred in the absence of an extensive inflammatory
transcriptional signature. Indeed, the pro-inflammatory
NF«p pathway was upregulated in the human
Huntington’s disease caudate, but not R6/2, where inflam-
matory transcripts such as Il6 and 1l16 were in fact below
detection limits, indicating that this model likely does not
fully recapitulate the neuroinflammation observed in end-
stage human Huntington’s disease (Crotti and Glass, 2015;
Rodrigues et al., 2016; Yang et al., 2017). Accordingly,
FDR and unadjusted P-values (FDR < 0.1 for control
versus R6/2 plus P < 0.05 for R6/2 versus R6/2 +
PLX3397) in addition to hierarchical clustering were used
to identify genes that were changed in R6/2 mice but pre-
vented with treatment to identify potential non-immune
targets of CSF1Ri-mediated microglial elimination
(Fig. 3F).

Microglial depletion reduces mHTT
accumulation and disease-related
protein clearance pathway
dysregulation

To investigate whether sustained CSF1R inhibition altered
the accumulation of mHTT, we first examined intranuclear
mHTT inclusion bodies (EM48) in the same regions as-
sessed for microgliosis (Fig. 4A). Nuclear inclusion
bodies were rarely seen in microglia, consistent with pre-
vious studies finding that they are predominantly neuronal
(Jansen et al., 2017). Instead, when we found EM48*
staining in microglia it was localized to cytoplasmic
CD68™ lysosomal granules (Fig. 4B, arrows). Following
CSF1Ri the total number of EM48-labelled inclusion

Figure 2 Continued
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bodies was modestly reduced in the striatum (~25%; P
< 0.05), consistent with the results from a recent
study suppressing microglial galectin 3 (Lgals3) in
Huntington’s disease models (Siew et al., 2019), while
EMA48 intensity was significantly reduced in the somatosen-
sory cortex (P < 0.05) (Fig. 4C-E). We also confirmed
previous reports of co-localization of the autophagic pro-
tein p62 with EM48* inclusion bodies in R6/2 mice
(Kurosawa et al., 2015) (Fig. 4F). Finally, although
PLX3397 is more selective for CSF1R, it can also inhibit
¢-Kit and, at higher concentrations, Flt3 receptor tyrosine
kinases [IC50 of 0.013, 0.027, and 0.16 puM, respectively
(Tap et al., 2015)]. Staining for c-Kit and Flt3 revealed no
co-localization with neurons or microglia (Supplementary
Figs 2 and 3), and no significant differences were detected
in their transcript levels (Kit, Flt3) by RNAseq across
groups, supporting the notion that the effects seen here
are due specifically to the inhibition of microglial CSF1R
and subsequent microglial depletion.

In addition to nuclear inclusions, mHTT fragments build
up in multiple detergent-soluble and -insoluble biochemical
species of increasing complexity that can be resolved by
fractionation (Ochaba et al., 2018). To assess mHTT flux
accompanying the observed changes in inclusion body
number following CSF1Ri, we immunoblotted for deter-
gent-soluble and insoluble mHTT in striatal homogenates
from R6/2 mice as described (Ochaba et al., 2016)
(Fig. 4G-I). CSF1Ri and microglial depletion significantly
reduced both monomeric (P < 0.05) and oligomeric (P <
0.001) mHTT in the detergent-soluble fraction, consisting
of largely cytoplasmic proteins (O’Rourke et al., 2013). In
the detergent-insoluble fraction, containing high molecular
weight (HMW) mHTT multimers, insoluble fibrils, and nu-
clear proteins, we found that CSF1R reduced HMW (P <
0.05) but not fibrillar mHTT species. While microglia do
express mutant HTT (mHTT), the paucity of nuclear inclu-
sions in these cells (Jansen et al., 2017) compared to the
more abundant neurons—potentially due to the former’s
greater proteosomal and autophagic capacity (Yang et al.,
2017)—suggests that elimination of microglia reduces neur-
onal mHTT accumulation. To confirm that mHTT changes
did not stem from transcriptional suppression or ‘gene
knockdown’ via microglial elimination, we performed
qPCR of the mutant transgene in the striatum and found

non-transgenic and R6/2 mice treated with vehicle or PLX3397 confirmed R6/2 microgliosis and microglial depletion (n = 5-6/group).

(C) Quantification of IBAl * microglia revealed significant increases in the R6/2 striatum (P < 0.01) and motor cortex (P < 0.05), with a trending
increase in the somatosensory cortex (P = 0.06) but no change in the piriform cortex compared to control. PLX3397 significantly depleted
microglia in both genotypes and in all regions (two-way ANOVAs with Tukey’s post hoc test; n = 4—6/group). (D) Microglia increased in size with
disease in the motor (P < 0.01) and somatosensory (P < 0.05) cortices but remained ramified and did not adopt an amoeboid morphology (two-
tailed unpaired t-tests; n = 4—6/group). (E) IBAl " intensity mirrored changes in cell size, with significant increases in motor (P < 0.01) and
somatosensory (P < 0.05) cortices in R6/2 mice compared to control (two-tailed unpaired t-tests; n = 4—6/group). (F) Striatal inflammatory gene
expression assessed with a NanoString immune panel revealed non-overlapping clustering of samples in each group by principal component
analysis (PCA; n = 3/group). (G and H) Volcano plots of differentially expressed genes (DEGs) in R6/2 versus control striatum (G) indicated a lack
of inflammatory transcription at an FDR of < 0.1, but (H) confirmed loss of the microglial gene signature with PLX3397 in R6/2 striatum (n = 3/
group). Statistical significance is denoted by *P < 0.05, **P < 0.01, P < 0.001, ****P < 0.0001, ns = not significant. Error bars indicate SEM.
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Figure 3 RNA-seq and pathway analysis confirm lack of inflammatory transcriptional polarization in R6/2 striatum, except for
a dysregulated interferon signature resembling the human Huntington’s disease caudate that is partially resolved following
CSFIRi. (A) PCA of striatal gene expression as determined by mRNA-seq confirmed similar non-overlapping clustering of control and Ré/2
samples but a divergent effect of PLX3397 (n = 3/group). (B and C) Volcano plots of control versus R6/2 DEGs (B) confirmed an absence of
inflammatory transcript upregulation in the R6/2 striatum and (C) a loss of microglial gene expression with PLX3397 (FDR < 0.05; n = 3/group).
(D) Pathway analysis (IPA) of 860 control versus R6/2 DEGs and 1380 control versus R6/2 + PLX3397 DEGs (FDR < 0.1; n = 3/group) revealed a
distinct interferon signature and suppressed neuronal development and neuritogenesis pathways in the R6/2 striatum that closely resembled the
human Huntington’s disease caudate, and which were partially resolved following PLX3397. Top significant predicted upstream regulators included
HTT, IFNy, L-DOPA, IRF7, and TRIM24, with associated activation z-scores of 2.151 (P < 8.31 x 1072?),3.727 (P < 1.01 x 107'%),-5.654 (P <
1.19 x 107%9), 4589 (P < 7.47 x 107'3), and -3.970 (P < 3.58 x 107'?), respectively. (E) IPA predicted IFNy as the major cytokine upstream
regulator in the R6/2 striatum, signalling that, along with IFNg, is no longer enriched in R6/2 + PLX3397 striatum. (F) A heat map of control versus
Ré6/2 DEGs (FDR < 0.1) that were reversed with treatment by unadjusted P-value (P < 0.05) to indicate potential mediators of beneficial
PLX3397 effects (n = 3/group). All RPKM values can be searched and visualized at http://rnaseq.mind.uci.edu/green/R62_PLX/gene_search.php.
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that CSF1Ri did not alter mHTT expression (Fig. 4]), thus
suggesting that changes in protein level were independent
of transcript abundance.

Ubiquitin- and autophagy-based protein clearance sys-
tems are highly impaired in Huntington’s disease, as evi-
denced by a striking build-up of ubiquitinated species in
patient brain and mouse models (Bennett er al., 2007;
Ochaba et al., 2016) and an upregulation of the autophagy
marker p62 (Lee et al., 2012). Immunoblotting for ubiqui-
tinated proteins in the detergent-soluble striatal fraction
confirmed significantly greater ubiquitination in R6/2 mice
(P < 0.05), but also, surprisingly, that CSF1Ri completely
prevented this phenotype (Fig. 4K and L). Striatal p62 was
significantly reduced in CSF1Ri-treated R6/2 mice (P <
0.05), although levels were not statistically higher in these
compared to controls (Fig. 4L). Together, these data sug-
gest that microglial depletion via CSF1Ri slows the accu-
mulation of multiple species of mHTT in the R6/2 striatum
by at least partially reversing dysfunctional protein clear-
ance systems. Interestingly, the removal of microglia from
control mice enhanced ubiquitination (P < 0.05), suggest-
ing a potential role for these myeloid cells in homeostatic
non-microglial protein clearance.

Microglial depletion with CSFIRi
prevents R6/2 striatal atrophy

Despite minimal neuronal loss even in late stages of the
disease (Dodds et al., 2014), R6/2 mice display marked
striatal atrophy (Hansson et al., 1999; Li et al., 2005) simi-
lar to humans. Mutant HTT expression in R6/2 microglia
effectively ‘primes’ the cell by increasing expression of the
myeloid transcription factor Pu.l (Crotti et al., 2014), a
positive regulator of microglial phagocytosis (Smith et al.,
2013). We hypothesized that enhanced phagocytic capabil-
ity of mHTT-containing microglia could mediate remodel-
ling of striatal neurites and/or ECM in Huntington’s
disease. We performed double-blinded stereology of the an-
terior caudoputamen, representing the dorsal striatum,
using six coronal sections collected at 240-um intervals

Figure 4 Continued
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from CSF1Ri- and vehicle-treated control and R6/2 mice
(Fig. 5A). Surprisingly, we found that microglial elimin-
ation via CSF1Ri completely prevented the decrease in stri-
atal volume observed in R6/2 mice (Fig. 5B) independent of
changes in neuronal density (Fig. 5C and D). In fact, we
found significantly greater NeuN™* cell density in the
Huntington’s disease striatum (P < 0.05) that did not
change with treatment.

To understand the structural relationship between the
neural components of the diseased striatum, we next exam-
ined neuropil by staining for the type II microtubule-asso-
ciated proteins MAP2 and tau, localized to neuronal
dendrites and axons, respectively (Zhang and Dong, 2012).
Both proteins stabilize microtubules critical for autophago-
some transport (Kast and Dominguez, 2017) especially in
neurons where distal autophagosomes travel long distances
to fuse with soma-localized lysosomes (La Spada and Taylor,
2010). Furthermore, faulty splicing in Huntington’s disease
increases total tau and the juvenile form of MAP2
(Fernandez-Nogales et al., 2016), which retracts from the
dendrites towards the neuronal cell body in Huntington’s
disease patients (Cabrera and Lucas, 2017), together pro-
moting dendritic and striatal atrophy. We found significant
elevations in the integrated densities of MAP2 (P < 0.0001)
and tau (P < 0.0001) fluorescent signal in the R6/2 striatum
(Fig SE-H), alterations that were either partially (MAP2) or
entirely (tau) normalized with CSF1Ri.

Staining for MBP revealed increased striatal white matter
density with disease (P < 0.01), concordant with a signifi-
cant effect of the Huntington’s disease genotype on Olig2*
oligodendrocyte lineage cell number (P < 0.01; Fig. 5I-L),
which are reported to be uniquely proliferative in the R6/2
striatum (McCollum et al., 2013). While oligodendrocyte
lineage numbers were not attenuated, CSF1Ri returned
white matter densities to control levels in R6/2 mice.
Furthermore, analysis of striatal astrocytes
marked disease-related astrogliosis as measured by inte-
grated S100B signal density (P < 0.0001; Fig. SM and
N). This was prevented with CSF1Ri and microglial deple-
tion, in line with the increasingly reported role of microglia

revealed

old Ré/2 mice (n = 4-6/group). (B) Representative x 63 images of microglial EM48* mHTT. When it occurs, it is non-nuclear and co-localizes
with CD68" lysosomes. (C—E) Quantification of R6/2 EM48™ nuclear puncta, which are (C) significantly reduced in number in the striatum with
PLX3397 (P < 0.05), where they (D) also display a trending decrease in area (P = 0.07). (E) Treatment also significantly reduced mean EM48™*
intensity (P < 0.05) in the somatosensory cortex (two-tailed unpaired t-tests; n = 4-6/group). (F) Representative x 63 images of p62*/EM48™*
nuclear co-localization in R6/2 striatum. (G and H) Western blots of striatal homogenates separated into detergent-soluble and insoluble fractions
and probed for mHTT protein species (n = 3—6/group). (I) Quantification of immunoblotted mHTT species revealed that R6/2 + PLX3397 mice
had significantly reduced soluble transgenic (P < 0.05), soluble oligomeric (P < 0.001), and insoluble high molecular weight (HMW) mHTT (P <
0.05) in the striatum compared to Ré/2 (two-tailed unpaired t-tests; n = 3—6/group). (J) Quantitative PCR of striatal R6/2 RNA indicates that
PLX3397 did not change mHTT expression (two-tailed unpaired t-test; n = 3/group). (K) Western blots of striatal homogenates immunoblotted
for soluble ubiquitinated proteins, p62, and the housekeeping protein GAPDH (n = 3/group). (L) The accumulation of ubiquitinated species was
significantly increased in R6/2 striatum compared to control (P < 0.05) and this was prevented with PLX3397 (P < 0.01); interestingly, PLX3397
also significantly increased ubiquitination in control mice (P < 0.05). PLX3397 also induced a significant reduction in R6/2 striatal p62 levels (P <
0.05) (two-way ANOVAs with Tukey’s post hoc test; n = 3/group). Statistical significance is denoted by *P < 0.05, **P < 0.01, ***P < 0.001, ns =
not significant. Error bars indicate SEM. Con = control; Ctx = cortex; SS = somatosensory.
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Figure 5 PLX3397 prevents R6/2 striatal volume loss, neurite abnormalities, and astrogliosis. (A) Representative images of cresyl-
violet stained coronal sections used for stereological assessment of striatal volume (n = 5-6/group, six sections/mouse separated by 240-um
intervals, spanning the anterior caudoputamen). (B) Quantification of stereological analysis reveals a significant reduction in R6/2 striatal volume
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in directing astrocyte reactivity (Liddelow et al., 2017,
Rothhammer et al., 2018; Yun et al., 2018; Gibson et al.,
2019). Although seemingly in juxtaposition to one another,
the enhanced white matter and neuropil density coincident
with striatal volume loss in R6/2 mice may stem from im-
paired neurite outgrowth (Mehta et al., 2018) or disrupted
synaptic connections (Ferrante et al., 1991; Lim et al.,
2017) in Huntington’s disease, consistent with the down-
regulated neuronal and synaptic development pathways
seen in this study. However, ECM degradation could also
contribute to volume loss, and so we aimed next to extend
our structural findings beyond neuronal cell bodies and
processes to the extracellular milieu.

CSFIRi reduces global ECM
proteoglycan deposition in the R6/2
brain

Cell-matrix adhesion in the brain is mediated largely by the
transmembrane receptor CD44, which binds the primary
component of parenchymal ECM, the glycosaminoglycan
(GAG; polysaccharides consisting of a repeating disacchar-
ide unit) hyaluronan, as well as other matrix constituents
such as glycoproteins and proteoglycans (Dzwonek and
Wilczynski, 2015). CD44 immunoreactivity was robustly
enhanced in the R6/2 striatum (P < 0.01) and this was
prevented with treatment (Fig. 6A and B). CD44 expression
in the adult brain is primarily confined to astrocytes and
activated microglia (Matsumoto et al., 2012), and while we
did not observe co-localization of CD44 with the latter,
microglia have been shown to regulate astrocytic expres-
sion of the receptor (Liddelow et al., 2017).

CD44 is a one of a family of mostly secreted molecules,
termed CSPGs, which are involved in neural development
and glial scar formation, due largely in part to their role as
negative guidance cues in axon growth (Ohtake et al.,
2016) as well as their ability to form specialized ECM
structures critical to plasticity (Yutsudo and Kitagawa,
2015; Tewari et al., 2018). CSPGs consist of a core protein
covalently bound to one or more sulphated GAG side-
chains, structurally related to the unsulphated GAG hyalur-
onan coexisting in the ECM, and are primarily produced
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by reactive astrocytes (Silver and Miller, 2004; Yu et al.,
2012).

We therefore wondered whether other members of the
CSPG family followed a similar expression pattern. Using
the CS-56 antibody targeting CSPG-GAG sidechains, we
performed a pan-CSPG stain and found that global CSPG
signal varied directly with CD44 expression, regardless of
experimental group (Pearson correlation coefficient r =
0.8505, P < 0.0001; Fig. 6C and D). Furthermore, we
observed a striking and ubiquitous accumulation of extra-
cellular CSPG throughout the R6/2 brain, which we quan-
tified in the striatum, cortex, and dentate gyrus of the
hippocampus (Fig. 6E-K). There was a significant (P <
0.01; striatum, motor cortex, somatosensory cortex, den-
tate gyrus) or trending increase (P = 0.08; piriform cortex)
in CSPG signal in every region examined. In appearance,
the diffuse patches of elevated CS-56 staining often
resembled ‘dandelion clock-like structure’ (DACS), extracel-
lular CSPG lattices reported to form around neurons at the
end of the developmental critical period (Hayashi et al.,
2007) as well as following kainic acid-induced seizure
(Yutsudo and Kitagawa, 2015), and these deposits some-
times localized to MAP2-negative striatal fibre tracts
(Fig. 6F, R6/2). The depletion of microglia with CSF1Ri
significantly reduced CSPG accumulation to control levels
in the striatum (P < 0.01), somatosensory cortex (P <
0.05), and dentate gyrus (P < 0.01), supporting the idea
that microglia can directly or indirectly (i.e. through regu-
lation of astrocyte reactivity) mediate the aberrant depos-
ition of CSPGs into the extracellular space.

CSF | Ri-driven microglial elimination
ubiquitously increases the density of
ECM PNNs, which are degraded in
the R6/2 brain

Depending on side chain sulphation pattern, CSPGs can
also be preferentially incorporated into conventional
PNNs (Fawecett et al., 2019) where they form a reticular
dendrosomatic structure around largely parvalbumin-ex-
pressing interneurons (Miyata et al,, 2012; Yutsudo and

versus control (P < 0.01) that is prevented with PLX3397 (P < 0.01) (two-way ANOVA with Tukey’s post hoc test; n = 5—6/group). (C-H)

Investigation of striatal neurons revealed increased NeuN™ density (x 20; C and D) in Ré/2 and R6/2 + PLX3397 mice compared to respective
controls (P < 0.05) (two-way ANOVA with Tukey’s post hoc test; n = 4—6/group). Integrated MAP2™ (x 20; E and F) and tau™ (x20; G and H)
signal density, staining for microtubule-associated proteins localized to the dendrites and axons respectively, were significantly increased in R6/2
striatum versus control (P < 0.0001, P < 0.0001) and this was significantly prevented with PLX3397 (P < 0.001, P < 0.0001) (two-way ANOVAs
with Tukey’s post hoc test; n = 4—6/group). (I-N) Analysis of striatal glia revealed a significant R6/2 genotype effect (P < 0.01) on Olig2™ number
(x20; 1 and J) coincident with a significant increase in R6/2 myelinated (MBP* x 20; K and L) white matter area coverage (P < 0.01) that is
normalized with PLX3397 (P < 0.05) (two-way ANOVAs with Tukey’s post hoc test; n = 4—6/group). Quantification of integrated SI00B ™ signal
density (x 20; M and N) revealed extensive astrogliosis in the R6/2 striatum (P < 0.0001) that was prevented with PLX3397 (P < 0.0001) (two-
way ANOVA with Tukey's post hoc test; n = 5—6/group). Significance is denoted by *P < 0.05, **P < 0.0l, **P < 0.001, ***P < 0.0001. Error

bars indicate SEM.
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Figure 6 Extracellular CSPGs accumulate in the R6/2 striatum, cortex, and hippocampus, but are reduced with PLX3397. (A-
D) Non-microglial expression of the cell-ECM receptor CSPG8/CD44 ( x 20 with IBAl™ A, same images with pan-CSPG* C) is significantly
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Kitagawa, 2015) that is thought to ‘lock’ synapses in place
during development. Parvalbumin interneurons are reduced
in number by ~75% in the anterior caudate of patients
with  Huntington’s (Reiner et al., 2013).
Furthermore, it is now known that PNN degradation im-
pairs the inhibitory firing of GABAergic interneurons, thus
contributing to tumour-associated seizures (Tewari et al.,
2018) akin to those observed in R6/2 mice. Therefore, to
investigate disease-associated changes in another relevant
CSPG-based ECM structure, PNNs, we used the canonical
lectin marker WFA to examine the same striatal and cor-
tical regions where we observed increased CS-56 immuno-
labelling in the R6/2 brain (Fig. 7A). Of the regions
examined, PNNs were always most abundant in the som-
atosensory cortex, where, along with the motor cortex,
they were significantly decreased in R6/2 mice (P < 0.01
and 0.001, respectively; Fig. 7D and E), with trends to
reduction seen in regions of lower PNN density and inten-
sity (striatum, piriform cortex; Fig. 7B, C and E).
Importantly, parvalbumin-expressing interneurons in the
Huntington’s disease striatum displayed a significant reduc-
tion (P < 0.01) in mean WFA™ co-staining intensity
(Fig. 7F and G) suggesting degradation of encapsulating
PNNE.

IBA1* microglial processes were frequently observed
proximal to and in contact with the surface of PNNs in
both control and R6/2 brains (Fig. 7F). Indeed, it has been
postulated that microglia mediate the degradation of PNNs
in certain disease states, likely through enhanced produc-
tion of extracellular proteases (Franklin et al., 2008;
Sandvig et al., 2018). Microglial elimination with CSF1Ri
prevented the disease-associated PNN loss observed in the
somatosensory and motor cortices (P < 0.001 and 0.05,
respectively), regions where microglia had adopted a more
activated phenotype in R6/2 mice as measured by cell size
and IBA1™ intensity. Remarkably, the depletion of micro-
glia from naive non-transgenic mice significantly and dra-
matically elevated PNN densities in every brain region
examined.

Finally, to confirm that the robust enhancement of PNNs
in wild-type mice are due solely to the loss of microglia, we
performed THC on previously generated brain tissue from
6-week-old congenic C57BL/6] mixed-sex mice treated for

disease

Figure 6 Continued

BRAIN 2020: 143; 266288 | 28I

10 weeks with the highly selective CSF1Ri PLX5622
(Spangenberg et al., 2019) at 1200 mgkg in chow
(Fig. 7H). WFA* PNNs in the somatosensory cortex
were significantly enhanced with PLX5622 treatment com-
pared to vehicle (P < 0.0001; Fig. 7I) and this was accom-
panied by the depletion of IBA1* microglia (P < 0.001;
Fig. 7]). Unlike CSPGs secreted by glia, PNNs and their
proteoglycan constituents are synthesized by neurons
(Miyata et al., 2005). Taken together, this indicates that
microglia tightly regulate basal PNN formation through
sustained levels of homeostatic degradation, a function
that can be pathologically altered in the context of brain
injury or disease.

Discussion

The contribution of microglia to Huntington’s disease
pathogenesis has been a topic of recent investigation.
Although  neuroinflammation  is  characteristic  of
Huntington’s disease (Crotti and Glass, 2015), treatment
of R6/2 mice with the tetracycline derivative minocycline,
an inhibitor of inflammatory microglial activation
(Kobayashi et al., 2013), has produced mixed results
(Chen et al., 2000; Smith et al., 2003). Furthermore,
mHTT-expressing microglia generate exacerbated responses
to inflammatory stimuli and consequently greater neuronal
damage in vivo (Crotti et al., 2014), but depletion of
mHTT from myeloid cells does not significantly rescue dis-
ease phenotype in the BACHD mouse model (Petkau et al.,
2019). To clarify microglial function in disease further, we
used the targeted and sustained inhibition of CSF1R to
pharmacologically deplete microglia from the R6/2 brain
and assessed the behavioural, transcriptional, and patho-
logical consequences.

Microgliosis is a hallmark of the Huntington’s disease
brain, in patients (Sapp et al., 2001; Tai et al., 2007),
and in cell (Kraft et al, 2012) and mouse models
(Simmons et al., 2007; Siew et al., 2019). Further, inflam-
matory cytokines have been detected in plasma, myeloid
cells and CSF from Huntington’s disease subjects (Chang
et al., 2015; Miller et al., 2016; Rodrigues et al., 2016).
Accordingly, we observed elevated densities of cortical and
striatal microglia, which displayed several morphological

increased in R6/2 striatum (B) compared to control and R6/2 + PLX3397 (P < 0.01, P < 0.01) (two-way ANOVA with Tukey’s post hoc test; n =
5-6/group), and correlated with CSPG accumulation (D) across all samples (P < 0.0001, r = 0.8505) (Pearson correlation test; n = 23). (E-K)
Representative whole-brain (E), x 20 striatal (with MAP2™ F, same images with IBAl * H), and x 20 hippocampal stitched (J) images of CSPG*
accumulation, quantified in the striatum (G), cortex (I) and dentate gyrus (DG) of the hippocampus (K) as integrated signal density (n = 5-6/
group, except dentate gyrus where n = 3-6/group). Significant increases compared to control were found in R6/2 striatum (P < 0.01), motor
cortex (P < 0.01), somatosensory cortex (P < 0.01), and dentate gyrus (P < 0.01), along with a trending increase in the piriform cortex (P =
0.08) (two-way ANOVAs with Tukey’s post hoc test). Interestingly, disease-related accumulation was significantly reduced with PLX3397 in the
striatum (P < 0.01), somatosensory cortex (P < 0.05), and dentate gyrus (P < 0.01) (two-way ANOVAs with Tukey’s post hoc test; n = 5-6/
group, except dentate gyrus where n = 3—6/group). (L) Inset of dentate gyrus from Ré/2 hippocampus (J) showing CSPG + staining in all layers.
Statistical significance is denoted by *P < 0.05, P < 0.0l. Error bars indicate SEM.



282 | BRAIN 2020: 143; 266288 J. D. Crapser et al.

S

Striatum b-|

Pirifarm Ctx

Control

(9]

3
g .
24 600 — ” L
L 400
LS T
b — 0w
&g 207 20 !
- 0 (2T Aaany VEV!'
E T T T T
Control PLX3397 R6/2  R6/2
3 . _ + PLX3397
2+PLx3397 |3 3 600
ﬁ E *ﬁ. dedede sk L.' .
£Q 400 i - T
= dhEE ok ‘
o §‘ . ik o
§ia J= o= 1%
I ] A
€ 0 T T T
= Motor Cix S5 Ctx Pirifarm Ctx
— P=
Cantral G 150 = 0.085
o =
£2 o &
=
+ 8 100 2 0 =
) m
z28 ® Aa ek
&> ] | © vy
@ AAn
£s
wnE 0 T T T T
Confrol PLX3397 R6/2  R6I2
+ PLX3397
10 weeks PLX5622 in 6 w.0. Wild-types
8SCortex. ) ; §SSIC Y |
3
E 250 Fkkk
Q 200
g -
1?_-" 150
E £ 100 -
o
8 5
E
1< 0 T T
; Cantral PLX5622
J
800 g
E
£ 600 °
2 400 i
g
L 200 o
" =
 * 0 , i
Control PLX5622

Figure 7 The density of CSPG-containing PNNs is reduced in R6/2 mice and this is prevented with microglial depletion, which
also ubiquitously enhances PNN formation in healthy controls. (A) Representative whole-brain images of Wisteria floribunda agglutinin
(WFA\) lectin staining of PNNs (n = 5-6/group). (B—E) Striatal and cortical images (x 20) of WFA™ PNN staining (with IBA1*, B and D)
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features of immune reactivity (larger soma, higher IBA1
intensity) in the motor and somatosensory cortices specific-
ally. Beyond this, however, R6/2 microglia did not appear
overtly activated in vivo, at least to the extent seen in other
neurodegenerative disease models (Liberatore et al., 1999;
Spangenberg et al., 2016): their processes remained rami-
fied and thin, they did not adopt an amoeboid morphology,
and the striatal transcriptome did not reflect broad pro-in-
flammatory polarization. However, microglia exist within a
spectrum of functional states, and their dynamic develop-
mental (Lehrman et al., 2018) and homeostatic (Bennett et
al., 2018) roles could also be affected by proteinopathy.
In this study, we began CSF1R-mediated microglial de-
pletion at Week 6, after microglial development but before
overt R6/2 symptomology, attaining successful microglial
elimination in all brain regions examined. We reported
beneficial effects of treatment on both grip strength and
novel object recognition deficits in R6/2 mice. Of clinical
relevance, it is possible that peripheral actions of PLX3397
may contribute to delayed grip strength deficits, e.g. by
altering CSF1R signalling in skeletal muscle macrophages.
Polyglutamine inclusions accumulate in skeletal muscle
from Huntington’s disease models (R6/2, HdhQ150) and
patients, which display myopathic structural abnormalities
(Ciammola et al., 2006; Moffitt et al., 2009; Zielonka et
al., 2014). Furthermore, similar downregulations of macro-
phage-related transcripts we observed in the striatum here
have also been reported in R6/2 skeletal muscle (Igfl,
Ccl25, H2-DMa) (Strand et al., 2005) and peripheral
Huntington’s disease monocytes/macrophages show dysre-
gulated transcriptional polarization as well as impaired mi-
gration to stimuli (Crotti and Glass, 2015). Although
PLX3397 has modest to no effects on homeostatic periph-
eral tissue macrophage numbers (Mok et al., 2014) includ-
ing at doses virtually equivalent to that used in this study
(Szalay et al., 2016), disruption of CSFIR signalling may
alter the functional phenotype of skeletal muscle macro-
phages in a manner that slows disease-related muscle weak-
ness. Future studies should investigate the effects of more
translationally amenable doses of PLX3397 that do not
cross the BBB on R6/2 grip strength and muscle tissue
changes. Additionally, the effects seen here should be vali-
dated in longer-lived models of Huntington’s disease [e.g.

Figure 7 Continued
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BACHD (Gray et al., 2008) or zQ175 mice (Menalled et
al., 2012)], where greater behavioural readout and post-
symptomatic treatment opportunities are feasible than
with the more aggressive R6/2 model.

Transcript analysis of the R6/2 striatum revealed a robust
upregulation of IFN pathway signalling that closely
resembled the affected human caudate. This is suggestive of
the existence of an ‘interferon signature’ in Huntington’s dis-
ease, increasingly reported in other diseases (Mostafavi et al.,
2016; Mathys et al., 2017), aspects of which were partially
resolved upon microglial elimination here. Of note, microglia
were recently reported to accelerate neurodegeneration in a
model of prion disease via reactive upregulation of type I
interferon (Nazmi et al., 2019). Consistent with a secondary
rather than initiating role in Huntington’s disease, microglial
depletion with CSF1Ri reduced the striatal accumulation of
several pathologic mHTT species in R6/2 mice, even though
microglia rarely contain nuclear mHTT inclusions themselves
(Jansen et al., 2017).

While investigating the cellular integrity of the
Huntington’s disease striatum, we found markedly increased
expression of the cell-matrix adhesion receptor CD44, the
expression of which by microglia and astrocytes is associated
with ALS progression (Matsumoto et al., 2012). While we
did not observe microglial co-localization, its upregulation in
astrocytes is microglia-dependent (Liddelow et al., 2017),
consistent with the observed astrogliosis that is abrogated
alongside striatal CD44 expression with microglial elimin-
ation. CD44 (CSPG8) belongs to a family of mostly secreted
proteoglycans that are fundamental components of glial
scars (Anderson et al, 2016) and the brain ECM
(Yutsudo and Kitagawa, 2015; Tewari et al,, 2018), and
staining for CSPG with CS-56 revealed a strong correlation
with CD44. Indeed, Huntington’s disease mice displayed a
remarkable accumulation of CSPG in the cerebral cortex,
striatum, and hippocampus, consistent with reports of astro-
cytic CSPG expression in human Huntington’s disease stri-
atum (DeWitt et al., 1994). Interestingly, kainic acid-induced
seizures (Yutsudo and Kitagawa, 2015), which directly en-
hance glutamate signalling (Iadarola et al., 2015), are fol-
lowed by similar CS-56* deposition.

CSPGs generally exert inhibitory effects on axon growth
(Fidler et al., 1999; Properzi et al., 2005; Fisher et al.,

quantified as integrated density (C and E) revealed significant reductions in the motor (P < 0.001) and somatosensory (P < 0.01) cortices, which
were restored by microglial depletion with PLX3397 (P < 0.05, P < 0.001) (two-way ANOVAs with Tukey’s post hoc test; n = 5-6/group).
Surprisingly, PLX3397 in healthy non-transgenic controls significantly increased WFA™ PNN density in every region examined: striatum (P <
0.01), motor cortex (P < 0.0001), somatosensory cortex (P < 0.0001), and piriform cortex (P < 0.01) (two-way ANOVAs with Tukey’s post hoc
test; n = 5-6/group). Quantification of mean WFA™ intensity co-localizing with striatal parvalbumin-expressing GABAergic interneurons (x 63; F
and G) revealed significant (P < 0.01) and trending (P = 0.085) reductions in R6/2 and R6/2 + PLX3397 mice respectively, indicating loss of
interneuron-associated PNN integrity (two-way ANOVA with Tukey’s post hoc test; n = 5-6/group). (H) Representative whole-brain and x 20
cortical images of WFA™ PNN staining in wild-type mice treated for 10 weeks (from 6 weeks) with 1200 mg/kg PLX5622 in chow (n = 4-5/
group). Analysis of PNN density as integrated WFA™ signal in the somatosensory cortex (l) revealed a significant elevation with PLX5622 (P <
0.0001) that occurred alongside the CSFIRi-induced loss of microglia (J) (P < 0.001) (two-tailed unpaired t-tests; n = 4-5/group). Statistical
significance is denoted by *P < 0.05, P < 0.0l, ***P < 0.001, ****P < 0.0001. Error bars indicate SEM. Ctx = cortex; SS = somatosensory.
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2011; Ohtake et al., 2016; Pearson et al., 2018). Consistent
with this, transcriptomic pathway analysis confirmed im-
pairments in striatal neuritogenesis and neuronal develop-
ment, which were restored alongside CSPG levels following
microglial depletion. Importantly, the same human striatal
samples used for pathway analysis also displayed elevated
astrocyte and CSPG mRNA with disease (Hodges et al.,
2006). It is possible that the loss of microglia represses
astrocyte activation and CSPG secretion (Silver and
Miller, 2004; Yu et al., 2012; Liddelow et al., 2017),
thereby permitting neuropil and axonal outgrowth in the
striatum and restored striatal volume. Consistent with this,
astrocyte reactivity and CSPG production is stimulated by
TGFB (Yu et al., 2012; Ohtake et al., 2016), which is pri-
marily produced by microglia (Zhang et al., 2014) and
disease astrocytes (Endo et al., 2015), and which was sig-
nificantly reduced in R6/2 striatum following CSF1Ri
(Tgfbl, LogFC = -2.0535, FDR<0.01) alongside astro-
gliosis. Additionally, the depletion of mHTT from astro-
cytes alone (Wood et al., 2018), but not microglia
(Petkau et al., 2019), reduces mHTT accumulation and
striatal volume loss in the BACHD mouse model.
Furthermore, bilateral intrastriatal AAV-RNAIi delivery of
HTT-suppressing miRNA targeted to neurons and astro-
cytes (AAV1), but not neurons alone (AAV2-HBKO), res-
cued motor deficits in the YAC128 mouse model of
Huntington’s disease, suggesting that astrocyte mHTT dir-
ectly alters reactivity in a manner detrimental to disease
(Stanek et al., 2019). In light of the current study, these
reports suggest that astrocytes directly contribute to neuro-
degeneration, while microglia promote secondary damage
through modulation of astrocyte reactivity and/or other
pathways, thereby accelerating pathogenesis. The loss of
the homeostatic microglial gene P2ry12 (Bennett et al.,
2018) from the R6/2 striatum in our dataset (FDR <
0.1, LogFC = -0.7083 versus control) further suggests
microglial dysfunction in the context of Huntington’s
disease.

CSPGs are also core structural elements of conventional
PNNs, reticular structures that form along the soma and
proximal dendrites of primarily GABAergic parvalbumin
interneurons soon after synaptic pruning is completed by
microglia (Paolicelli et al., 2011), stabilizing the neuronal
circuitry and inhibiting plasticity (Wang and Fawecett,
2012; Fawcett et al., 2019). CSPGs contained in PNNs
are labelled by the plant lectin WFA in a manner distinct
from CS-56 (Hayashi et al., 2007; Pantazopoulos et al.,
2015; Yutsudo and Kitagawa, 2015), potentially due to
differences in CSPG sidechain sulphation status (Sorg et
al., 2016) or epitope availability. PNNs are autonomously
constructed by neurons (Miyata et al., 20035; Geissler et al.,
2013; Fowke et al., 2017), and in stark contrast to CS-56
staining, we found a loss of WFA™* PNN density with dis-
ease in motor and somatosensory cortices. R6/2 parvalbu-
min striatal interneurons also displayed a reduction in
WFA™ intensity and an apparent loss of PNN structural
integrity, which has before been shown to contribute to

J. D. Crapser et al.

tumour-associated seizures (Tewari et al., 2018) due to im-
paired GABAergic inhibitory firing, as PNNs are thought to
enhance GABAergic electrical transmission akin to a myelin
sheath. As such, their loss may further contribute to the
excitatory/inhibitory imbalance observed in the R6/2
brain. Surprisingly, the depletion of microglia from healthy,
non-transgenic mice produced a dramatic and ubiquitous
accumulation of PNNs, which we verified in brain tissue
from adult wild-type mice treated with the selective CSF1IR
inhibitor PLX5622, underscoring a yet unstudied role of
microglia as homeostatic regulators of PNN formation in
the healthy brain.

In conclusion, we show that sustained CSF1R inhibition
in the R6/2 mouse model of Huntington’s disease, which
exhibited elevated microglial numbers but not broad in-
flammation at the transcriptional or morphological level,
mitigated grip strength and object memory deficits.
Microglial depletion was accompanied by a reduction in
striatal mHTT accumulation and partial or full reversals
of dysregulated interferon signalling, neuritogenesis, and
neuronal development pathways. Furthermore, we report
a massive accumulation of extracellular CSPG with disease,
which is associated with striatal volume loss, astrogliosis,
and neuropil alterations in the R6/2 brain, and microglial
depletion with CSF1Ri partially or completely prevented
each of these phenotypes. Finally, we show that a related
but distinct CSPG-containing structure, the PNN, is dis-
rupted in a region-specific manner with disease, and that
the elimination of microglial not only ameliorates this, but
greatly enhances PNN density in the naive adult brain.
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