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Abstract: Machado–Joseph disease (MJD), also known as spinocerebellar ataxia type 3 (SCA3), is
an autosomal dominant neurodegenerative disorder (ND). While most research in NDs has been
following a neuron-centric point of view, microglia are now recognized as crucial in the brain.
Previous work revealed alterations that point to an increased activation state of microglia in the brain
of CMVMJD135 mice, a MJD mouse model that replicates the motor symptoms and neuropathology
of the human condition. Here, we investigated the extent to which microglia are actively contributing
to MJD pathogenesis and symptom progression. For this, we used PLX3397 to reduce the number
of microglia in the brain of CMVMJD135 mice. In addition, a set of statistical and machine learning
models were further implemented to analyze the impact of PLX3397 on the morphology of the
surviving microglia. Then, a battery of behavioral tests was used to evaluate the impact of microglial
depletion on the motor phenotype of CMVMJD135 mice. Although PLX3397 treatment substantially
reduced microglia density in the affected brain regions, it did not affect the motor deficits seen in
CMVMJD135 mice. In addition to reducing the number of microglia, the treatment with PLX3397
induced morphological changes suggestive of activation in the surviving microglia, the microglia
of wild-type animals becoming similar to those of CMVMJD135 animals. These results suggest that
microglial cells are not key contributors for MJD progression. Furthermore, the impact of PLX3397 on
microglial activation should be taken into account in the interpretation of findings of ND modification
seen upon treatment with this CSF1R inhibitor.

Keywords: microglia depletion; Machado–Joseph disease; motor phenotype; morphology; machine
learning

1. Introduction

Machado–Joseph disease (MJD), also known as spinocerebellar ataxia type 3 (SCA3),
represents the most common dominantly inherited ataxia and the second most common
polyglutamine disease (polyQ) worldwide [1]. This neurodegenerative disease is caused
by an expansion of a cytosine-adenine-guanine (CAG) repeat tract in exon 10 of the Ataxin-
3 (ATXN3) gene located in chromosome 14q32.1, which encodes an abnormally long
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polyglutamine (polyQ) segment in the ATXN3 protein, making it prone to self-assembly,
and to form aggregates that are toxic to neurons [2–4]. While in healthy individuals this
CAG repeat tract ranges from 12 to 44 units, in the affected patients the CAG repeat ranges
from 56 to 87, the age of symptom onset being inversely correlated with the repeat length [5].
MJD symptoms reflect the involvement of multiple neurological systems and include a
wide range of progressive motor impairments such as cerebellar ataxia with abnormal gait,
loss of limb coordination, impaired balance, dystonia, dysarthria, dysphagia, spasticity,
and oculomotor abnormalities [6,7]. Post-mortem analysis of MJD patients’ brains reveals
that the progressive motor impairment results from neuronal dysfunction and neuronal cell
loss in several regions of the central nervous system (CNS), such as in the deep cerebellar
nuclei (DCN), in the cerebellum, in the pontine nuclei (PN), in the brainstem, and in
spinocerebellar tracts. In some patients, the involvement of the peripheral nerves may also
be present [8]. Although most research in polyQ disorders has been following a neuron-
centric perspective, due to the well-recognized neuronal degeneration, microglial cells are
now acknowledged as vital components of the CNS that contribute to neuronal health [9].

Microglial cells are resident macrophages of myeloid origin in the CNS, being con-
sidered the first line of defense within the brain and the major orchestrators of the brain
inflammatory response [10–12]. Under healthy conditions, these cells are continuously
scanning their environment, pruning synapses, and regulating neuronal activity [11,12].
Their morphology is one of its more outstanding characteristics and can change upon
different situations of brain disease and pathology, including enlargement of cell bodies
and thickening of their processes [13,14]. In some neurological pathologies, microglial
cells can play either a toxic or a protective role because the extent of microglial activation
and, thereby, their contribution to pathogenesis depending on the type and duration of
injury [14–16]. Indeed, while some studies report chronically activated microglia to be
harmful and worsen the disease outcome in Huntington disease (HD) [17,18], Parkinson
disease (PD) [19], Alzheimer disease (AD) [20], and amyotrophic lateral sclerosis (ALS) [21],
other studies suggest that activated microglia may be beneficial in these diseases [22–25].

Recent evidence suggested that microglial cells might also play a role in the pathogen-
esis of MJD. In fact, reactive microgliosis was observed in MJD patients’ brains [9,26,27]
and in a mouse model of MJD [28]. Additionally, we have recently shown morphological
alterations that point to an increased activation state, as well as molecular perturbations
related with oxidative stress, immune response, and lipid metabolism being seen signif-
icantly altered in microglial cells derived from CMVMJD135 mice [29], an MJD mouse
model that replicates the motor symptoms and neuropathology of the human condition [30].
Because most brain cells express ATXN3, microglial dysfunction may contribute to the
disease process, due to the effects of mutant ATXN3 in microglia itself or as a consequence
of their interaction with neurons. However, it is yet unknown whether and how microglia
contribute to disease onset and progression in MJD. A widely used strategy to address
these important questions in neurodegenerative diseases (NDs) has been the depletion
of microglial cells in the brains of animal models through pharmacological inhibition
of the colony stimulating factor 1 receptor (CSF1R) signaling, which is essential for mi-
croglial survival and maintenance [15,31–34]. In fact, after binding to the CSF1R of its
two natural ligands, colony stimulating factor-1 (CSF1) and interleukin (IL)-34, a cascade
of downstream signaling molecules is activated, including those involved in the phos-
phatidylinositol 3-kinase (PI3K)/protein kinase B (AKT), extracellular signal-regulated
kinase (ERK1/2), and Janus kinase (JAK)-signal transducers/activators of transcription
(STAT) signaling pathways, promoting cellular proliferation, survival, and differentia-
tion [35]. Pexidartinib (PLX3397), an orally bioavailable selective CSF1R inhibitor that
crosses the blood–brain barrier [36], is one of the most widely used CSF1R inhibitors, caus-
ing microglial depletion within several days of administration [31,37–40], albeit to different
extents in different studies. While depletion efficiency varies, full microglial ablation has
never been reported [37,38,41–45]. In fact, it is known that a small subset of microglia
in adult mouse brains can survive without CSF1R signaling [46]. Although PLX3397 is
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more selective for CSF1R, it can also inhibit c-Kit [31,47,48]. Apart from targeting CSF1R
and c-Kit, PLX3397 shows limited cross reactivity with other tyrosine kinases, including
Platelet-Derived Growth Factor Receptor Alpha (PDGFRα) and FMS-like tyrosine kinase 3
(FLT3) [35,47–49].

In this study, we address the contribution of microglia to MJD pathogenesis through
the administration of PLX3397 to the CMVMJD135 mouse model at a mid-stage of the
disease, when most of the symptomatology is present but before major extensive neuronal
damage and neuronal loss are detected, to evaluate the impact of microglial depletion on
the motor phenotype of this mouse model.

2. Materials and Methods
2.1. Transgenic Mouse Model and Administration of PLX3397

The transgenic mouse model used in this work was the CMVMJD135 one, which,
under the regulation of the CMV promoter (ubiquitous expression), expresses an expanded
version of the human ATXN3 cDNA (the 3 UIMs-containing variant of ATXN3) at near-
endogenous levels and manifests MJD-like motor symptoms that appear gradually and
progress over time [30]. Male mice on a C57BL/6J background were used for increased
homogeneity, allowing the reduction of experimental group sizes. DNA extraction, animal
genotyping, and CAG repeat size analyses were performed as previously described in [50].
The mean CAG repeat size (±SD) for all CMVMJD135 mice used in this study was of
138.167 ± 4.356. Age-matched wild-type (WT) littermate animals were used as controls.
Animals (CMVMJD135 and WT, PLX3397- and vehicle treated) were housed at weaning in
groups of five animals, in filter-topped polysulfone cages 267 × 207 × 140 mm (370 cm2

floor area) (Tecniplast, Buguggiate, Italy), with corncob bedding (Scobis Due, Mucedola
SRL, Settimo Milanese, Italy), in a conventional animal facility. All animals were maintained
under standard laboratory conditions, which includes an artificial 12-h light/dark cycle
(lights on from 8 am to 8 pm), with 21 ± 1 ◦C of room temperature (RT) and a relative
humidity of 50–60%. The mice were given a standard diet (4RF25 during the gestation and
postnatal periods, and 4RF21 after weaning; Mucedola SRL, Settimo Milanese, Italy) and
water ad libitum. A total of 81 animals (all littermates) were used in this study. Groups of
4–5 animals per genotype/treatment were used for microglia density and morphological
analysis as shown in Supplementary Materials and Methods: Figure S1a, and groups of
14–18 animals were used per genotype/treatment for behavioral tests (Supplementary
Materials and Methods: Figure S1b).

The treatment with PLX3397 (MedChemExpress, Sollentuna, Sweden) was initiated at
a mid-stage of the disease (18 weeks of age) and ended at 21 weeks of age. PLX3397 was
delivered to CMVMJD135 (n = 18 mice) and WT (n = 15 mice) littermates every day via oral
gavage at a dose of 40 mg/kg for 3 weeks and dissolved in 5% dimethyl sulfoxide (DMSO)
and 25% PEG300 in ddH2O as described in [51]. Control littermate animals (CMVMJD135
(n = 16 mice) and WT (n = 14 mice)) were given vehicle (5% DMSO and 25% PEG300 in
ddH2O) with the same frequency [51].

2.2. Immunofluorescence Staining

Four experimental groups were considered for microglial cell staining: CMVMJD135
PLX3397-and vehicle-treated animals (CMVMJD135 + PLX3397 (n = 3–4 mice) and
CMVMJD135 + vehicle (n = 4 mice)), WT PLX3397- and vehicle-treated animals (WT + PLX3397
(n = 5 mice) and WT + vehicle (n = 5 mice)). All animals were deeply anesthetized with
a mixture of ketamine hydrochloride (150 mg/kg) and medetomidine (0.3 mg/kg), and
transcardially perfused with phosphate saline buffer (PBS) followed by 4% paraformalde-
hyde (PFA) solution (PFA 0.1 M, pH 7.4, in PBS). Brains were removed and immersed in 4%
PFA (48 h, in agitation), followed by 1 week in a 30% sucrose PBS buffer (at 4 ◦C). Sagittal
sections with 40 µm of thickness were obtained using a vibratome (VT1000S, Leica, Wetzlar,
Germany), and permeabilized, in free-floating sections, with PBS-T 0.3% (0.3% triton X-100,
Sigma Aldrich, Algés, Portugal, in PBS) for 10 min. Antigen retrieval was performed by
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immersing the slices in a pre-heated citrate buffer (10 mM, pH 6.0; Sigma Aldrich) for
20 min at 80 ◦C. Once cooled, slices were blocked with goat serum blocking buffer (10%
normal goat serum (NGS), 0.3% triton X-100, in PBS) at RT for 90 min, and incubated with
the primary antibody anti-ionized calcium binding adaptor molecule 1 (rabbit polyclonal
IgG anti-Iba-1, 1:600; Wako, Osaka, Japan) overnight at 4 ◦C, and with a secondary antibody
(Alexa Fluor 594 goat anti-rabbit, 1:1000; ThermoFisher Scientific, Waltham, MA, USA) for
90 min at RT, protected from light, and treated with 4′,6-Diamidin-2-phenylindol (DAPI,
1:1000; Invitrogen, Waltham, MA, USA) for nuclei staining. Sections were mounted on
microscope slides (Menzel-Glaser Superfrost©Plus, ThermoFisher Scientific) and covered
with a coverslip (Menzel-Glaser 24–60 mm, Wagner und Munz, Munchen, Germany) using
aqueous mounting medium (Fluoromount TM, Sigma-Aldrich, St. Louis, MO, USA).

2.3. Image Acquisition for Evaluation of Density and Morphological Characteristics of
Microglial Cells

For microglial density analysis, mosaic imaging was acquired by stitching several
images taken in a 3-dimensional plane (X, Y, and Z axis) using Olympus Confocal FV3000
laser scanning microscope with a resolution of 1024 × 1024 px and a 20× objective, for
each region of interest (DCN and lobules of the cerebellum, and PN of the brainstem). Each
image of the mosaic imaging consisted of 40-µm Z-stacks, composed of 5 µm thick image
slices. For each animal, 3–5 sagittal brain sections were used (n = 3–5 animals per group)
and one mosaic image per section of region of interest was generated. The total count of
Iba-1-positive cells was obtained using the multi-point tool of ImageJ software (v1.53c;
National Institute of Health, Bethesda, MD, USA) on Z-stacked 3D volume mosaic from
sections of the affected brain regions. Quantification was performed on mosaic images
acquired with acquisition settings described as above, normalized first to the total mosaic
area and then for volume (40 µm thickness).

For the morphological analysis of microglial cells, four sagittal brain sections per
animal were used (n = 4–5 animals per group) and 2 photomicrographs per section were
taken in each region of interest (DCN and PN). The Olympus Confocal FV1000 laser
scanning microscope with a resolution of 1024 × 1024 px and a 40× objective was used
to obtain all 40-µm Z-stacked images composed of 0.31 µm thick image slices, which
include two distinct channels (red, Iba-1; blue, DAPI). Using ImageJ software on Z-stacked
3D volume images from sections of the affected brain regions, a morphological analysis
was performed based on a semiautomatic method adapted from [52]. Multiple steps
were followed to apply commands and options to obtain binary images (white cells on
black background), which are required to obtain fractal and skeleton data. At least 5 cells
from both the original and the binary images were selected with the rectangle tool, using
the region of interest (ROI) to set the same rectangle dimensions for all the selected cells.
Afterwards, the single-cell images without any noise were obtained by using the paintbrush
tool. Then, each binary single cell was converted into an outlined and skeletonized format,
to carry out a fractal or skeleton analysis, respectively.

Features relevant to microglia ramification were obtained by the application of the An-
alyzeSkeleton 2D/3D plugin (developed by and maintained at https://imagej.net/plugins/
analyze-skeleton, last accessed 4 April 2022) over each binary single-cell. These skeletal fea-
tures include the number of endpoints voxels (#/cell), number of junctions voxels (#/cell),
number of junctions (#/cell), number of slab voxels (#/cell), number of branches (#/cell),
number of triple points (#/cell), number of quadruple points (#/cell), Euclidean distance
(µm/cell), total branch length (µm/cell), average branch length (µm/cell), and maximum
branch length (µm/cell).

A fractal analysis was performed using the FracLac plugin (Karperien A., FracLac
for ImageJ) to evaluate characteristics associated with cell surface (cell perimeter (µm)
and roughness (ratio)), soma thickness (cell circularity (ratio) and density (ratio)), cell size
(mean radius (µm), convex hull perimeter (µm), convex hull circularity (ratio), bounding
circle diameter (µm), maximum span across the convex hull (µm), convex hull area (µm2),
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and cell area (µm2)), the cylindrical shape of cells (convex hull span ratio and the ratio of
convex hull radii), the complexity of their ramifications (fractal dimension—D), and the
heterogeneity of their shape (lacunarity—Λ).

2.4. MorphData Plugin for Data Collection

The MorphData plugin was used to automate the data extraction process of morpho-
logical features of single microglial cells [53]. Data were obtained from single-cells of
the DCN (number of microglial cells: 263 from CMVMJD135 + PLX3397 mice, 256 from
CMVMJD135 + vehicle mice, 475 from WT + PLX3397 mice, and 387 from WT + vehicle
mice) and of the PN (number of microglial cells: 235 from CMVMJD135 + PLX3397 mice,
217 from CMVMJD135 + vehicle mice, 248 from WT + PLX3397 mice, and 210 from WT +
vehicle mice). The total number of microglial cells used was of 1381 for the DCN and 910
for the PN.

2.5. Machine Learning Setup

KNIME, a data-flow centric platform, was used to process the obtained data and to
identify potential clustering of microglia concerning their morphological features. Within
this platform, one workflow was conceived for each region of interest (DCN and PN). The
workflows are similar, except for the used data. In fact, these are used to conceive and apply
a principal component analysis (PCA) on the used data as well as to apply an unsupervised
Machine Learning model, the k-means, which is a clustering method that can cluster data
points with similar characteristics. The elbow method was used to find the ideal number
of clusters, experimenting, and plotting the mean squared error (MSE) associated to each
cluster, with k varying between 1 and 6. The ideal k is found by picking the “elbow” of the
curve as a function that minimizes the error. The MSE formula is as follows:

MSE =
1
n ∑(y − σ)2 (1)

where n is the number of parameters, y is the parameter value, and σ is the value of the
centroid on the corresponding parameter space.

2.6. Behavioral Analysis

CMVMJD135 mice and WT littermates treated with PLX3397 (n = 15–18 animals per
group) or with vehicle (n = 14–16 animals per group) were used for behavioral assessment
(Supplementary Materials and Methods: Figure S1b). All behavioral tests were performed
during the diurnal period. Before PLX3397 treatment, animals were tested in several motor
behavioral paradigms monthly (at 6, 10, and 14 weeks of age) to make the animals get
used to the tests and acquire the learning curve, and following PLX3397 administration,
the behavioral assessment was conducted every two weeks until 33 weeks of age, which
corresponds to an advanced disease stage, when the phenotype is fully established (Sup-
plementary Materials and Methods: Figure S1b). At endpoint, at 34 weeks of age, animals
were euthanized accordingly. These neurological/motor tests included (1) a general health
and neurological assessment using a selection of tests from the SHIRPA protocol, namely
assessment of body weight, strength to grab, spontaneous activity and gait quality, and limb
clasping [54,55]; (2) footprinting analysis and stride length measurement; (3) balance beam
walk (12-mm square, 11-mm and 17-mm round beams); and (4) motor swimming tests. All
behavioral tests used in this study were performed as previously described [30,50,56] and
are briefly described below.

2.6.1. SHIRPA Protocol

A protocol for phenotypic assessment based on the primary screen of SHIRPA protocol
was established in this study. This protocol mimics the diagnostic process of general
neurological and psychiatric examination in humans [54]. A brief description of the tests
follows below.
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Body weight. All mice were weighed throughout the study from 6 weeks of age until
the end of the trial (33 weeks of age).

Hanging wire grid test. Each animal was placed on the top of a metallic horizontal grid,
which was slowly inverted and suspended at approximately 30 cm to the floor. The time it
took each mouse to fall from the grid was recorded. After 120 s (the maximum time of the
test), any animal still gripping the cage top was removed.

Spontaneous activity and gait quality. Mice were transferred to a 15-labelled-squares
open arena (55 × 33 × 18 cm), and the number of squares travelled for 1 min was counted.
The gait quality was also assessed by the same researcher, where freely moving animals
were scored as: normal, fluid but abnormal movement (incorrect posture of the body
and tail, with decreased distance over the ground), limited (very limited movement), and
unable to walk.

Limb clasping. To determine limb clasping, mice were picked by the tail and slowly de-
scended towards a horizontal surface. The extension/contraction of the limbs was observed
by the researcher and scored as absent (extension of the hindlimbs), mild (contraction in
one of the hindlimbs), or severe (contraction in both hindlimbs).

2.6.2. Footprint Analysis and Stride Length Quantification

The footprint test was used to evaluate motor performance. To register footprint
patterns of each mouse, the hind- and forepaws were coated with black or red non-toxic ink,
respectively. A clean paper sheet was placed on the floor of the runway for each mouse run,
and then the animals were encouraged to walk along a 100 cm long× 4.2 cm width× 10 cm
height inclined runway in the direction of an enclosed safe black box. Because animals tend
to run upwards to escape, an inclined runway was used, instead of a horizontal one. The
stride length was obtained by measuring manually the distance between two pawprints.
Three values were measured for six consecutive steps and the mean of the three values was
used. To evaluate severity of footdragging, the same six consecutive steps were used, and
the dragging was scored as absent = 0, mild = 1 (up to three steps), and severe = 2 (more
than three steps out of six).

2.6.3. Balance Beam Walk Test

This test was performed as previously described [57] and assesses the ability of the
animals to stay upright and to walk on an elevated beam (50 cm above the bench surface)
without falling to sponges that are used to protect mice from falls. The beams (12-mm
square, and 11-mm and 17-mm round beams) were placed horizontally with one end
mounted on narrow support and the other end attached to an enclosed dark box, into
which the mouse could escape. Mice were trained for 3 days (three trials per animal) in
the square beam (12 mm), and on the fourth day, they were tested in the 12-mm square,
and in the 11-mm and 17-mm round beams (two trials per animal were scored). The time
each animal took to traverse the beams was scored and time was discounted whenever the
animals stopped in the beam. The trial was considered invalid if the animal fell or turned
around in the beam. Each animal was given the opportunity to fail twice.

2.6.4. Motor Swimming Test

To analyze voluntary locomotion in the water environment, each mouse was trained for
two consecutive days (three trials per mouse) to traverse a clear Perspex water tank (100 cm
long) to a safe (black Perspex-made) platform at the end, with the water temperature being
monitored at 23 ◦C using a thermostat. Animals were tested for three consecutive days
(two trials per mouse), and the latency to cross the tank was registered by the researcher
from a 60 cm distance (the initiation position was marked with a blue line) [57].

2.7. Statistical Analysis

Mouse sample size was previously calculated using the G-Power 3.1.9.2 software
(University of Kiel, Kiel, Germany) assuming a power of 0.95 and 0.8 for each behavioral test
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and histopathological analyses, respectively [56]. All statistical analyses were performed
using SPSS 22.0 (SPSS Inc., Chicago, IL, USA), and a significance level of p < 0.05 was
used throughout this study. The assumption of normality was tested for all continuous
variables through evaluation of the qualitative analysis of Q-Q plots and of the frequency
distributions (z-score of skewness and kurtosis) as well as by the Kolmogorov–Smirnov and
Shapiro–Wilk tests. Continuous variables with normal distributions were analyzed with
repeated-measures ANOVA for longitudinal multiple comparisons, using genotype and
treatment as factors. The one-way analysis of variance (ANOVA), followed by Tukey HSD
test, was used when data passed on the assumption of homogeneity of variances (evaluated
by Levene’s test). However, Dunnett T3’s test was applied instead of the Tukey HSD test
when the populations variances were not equal. Concerning non-normally distributed
data and/or for the comparison of medians of discrete variables across time-points, a
Friedman’s ANOVA was carried out, with pairwise comparisons through the Kruskal–
Wallis statistic test. GraphPad Prism 8 was used to create graphs, the mean being the
considered measure of central tendency, while the measure of variability was the standard
error of the mean (SEM).

3. Results
3.1. PLX3397 Treatment Promoted a Reduction of the Number of Microglial Cells in
CMVMJD135 Mice

To further understand the role of microglia in MJD, we applied a protocol to deplete
microglia in the CMVMJD135 mice at a mid-stage of disease using PLX3397, an inhibitor of
CSF1R signaling. Beginning at 18 weeks of age, the CSF1R inhibitor PLX3397 or vehicle was
delivered to CMVMJD135 and WT littermates every day by oral gavage for three weeks,
thus generating four experimental groups: WT + vehicle, WT + PLX3397, CMVMJD135 +
vehicle, and CMVMJD135 + PLX3397.

In accordance to our previous observations [29], at 21 weeks of age, a significant
decrease in the number of microglial cells was found in the cerebellar lobules (1593 ± 536
microglia per mm3; p = 0.047085) (Figure 1e,f,n) and in the PN (2743 ± 748 microglia
per mm3; p = 0.019112) (Figure 1i,j,o) but not in the DCN (Figure 1a,b,m) of vehicle-treated
CMVMJD135 mice when compared with vehicle-treated WT mice. This suggests the
possibility of mutant ATXN3 causing glia toxicity or/and a consequence of their interaction
with neurons and/or other cells, which can eventually lead to microglial death processes.

The treatment of both CMVMJD135 and WT mice with PLX3397 led to a decrease in
the number of microglia in the DCN, lobules, and PN when compared to vehicle-treated
CMVMJD135 and WT animals, respectively. In fact, the PLX3397 treatment resulted in
(1) a 59% reduction in the number of microglial cells in the lobules of both CMVMJD135
(3285 ± 565 microglia per mm3; p = 0.000313) and WT (4105 ± 536 microglia per mm3;
p = 0.000019) groups; (2) a 42% reduction in the PN of both CMVMJD135 (3652 ± 748 mi-
croglia per mm3; p = 0.003001) and WT (4756± 748 microglia per mm3; p = 0.000402) groups;
and (3) a 51% reduction in microglial density in the DCN of CMVMJD135 mice (5072 ± 1086
microglia per mm3; p = 0.002164) and in a 43% reduction in WT mice (5207 ± 1030 mi-
croglia per mm3; p = 0.001106). No significant differences were found in the proportion of
microglial cells lost upon PLX3397 treatment between CMVMJD135 and WT mice in the
affected brain regions, suggesting that microglial mutant ATXN3 expression does not alter
the dependence of these cells on CSF1R signaling for survival.
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Figure 1. Microglial population halved by PLX3397 in CMVMJD135 mice. (a–l) Representative
images of microglial cells, using Iba-1 as a microglia marker (in red), from the deep cerebellar nuclei
(DCN) (a–d) and from the lobules (e–h), of the cerebellum, and from the pontine nuclei (PN) (i–l), in
the brainstem of wild-type (WT) and CMVMJD135 mice treated with PLX3397 (c,d,g,h,k,l) or vehicle
(a,b,e,f,i,j). (m–o) Quantitative analysis of the number of microglial cells per mm3 in the (m) DCN,
(n) lobules, and (o) PN from PLX3397 or vehicle-treated WT and CMVMJD135 mice (n = 3–5 animals
per group). The symbols •, �, N, and H stand for the WT + vehicle, CMVMJD135 + vehicle, WT
+ PLX3397, and CMVMJD135 + PLX3397 groups, respectively. Data are presented as mean + SEM
(one-way ANOVA (post hoc Tukey’s test)). *, **, ***, represent the p < 0.05, p < 0.01, and p < 0.001,
respectively. Scale bar 200 µm.

3.2. PLX3397 Treatment Did Not Promote Morphological Changes in Microglia from
CMVMJD135 Mice

In addition to the observed partial depletion, we determined the effects of PLX3397 on
the morphology of the remaining microglial cells in the DCN and PN of CMVMJD135 and
WT mice, at 21 weeks of age.
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Regarding the skeleton data of the 2291 analyzed single microglial cells, only four
out of ten parameters (number of branches, junction voxels, triple points, and quadruple
points) were not found to be statistically different between the four groups (CMVMJD135
+ vehicle and CMVMJD135 + PLX3397, and WT + vehicle and WT + PLX3397) in the PN
(Supplementary Results: Figure S1).

On the other hand, regarding the fifteen fractal parameters, only four (density, convex
hull circularity, ratio of convex hull radii, and convex hull span ratio) were not found
to be statistically different between the four groups in the DCN (Supplementary Results:
Figure S2), while two more (fractal dimension and lacunarity) were not found to be statisti-
cally different in the PN (Supplementary Results: Figure S3).

Hence, significant morphological changes were found, in both DCN and PN brain
regions, in parameters relevant to cell ramification, size, surface, and soma thickness
(Figure 2 and Supplementary Results: Figures S4 and S5, and Figure 3 and Supplementary
Results: Figures S6 and S7, respectively), suggesting that microglia from CMVMJD135 +
vehicle mice are more activated when compared with those from WT + vehicle mice. Indeed,
when compared with microglial cells from WT + vehicle mice, those from CMVMJD135
+ vehicle mice were found to (1) have less and shorter branches; (2) to be less tortuous;
(3) to be less ramified; (Figures 2 and 3, and Supplementary Results: Figures S4 and S6);
(4) to have smaller size and surface; and (5) with higher soma thickness (Figures 2 and 3,
and Supplementary Results: Figures S5 and S7) and Table 1. However, these alterations
were not found at a late stage of the disease, in both affected brain regions, the DCN
and PN. This suggests a functional adaptation of these cells to the characteristics of their
microenvironment, which may differ according to the stage of the disease.

Curiously, CSF1R inhibition by PLX3397 treatment on CMVMJD135 mice did not
induce further morphological changes in the features associated to cell ramification, size,
surface, and soma thickness, because no differences were found between CMVMJD135 +
vehicle and CMVMJD135 + PLX3397 mice, in both regions (Figures 2 and 3, and Supplemen-
tary Results: Figures S4–S7). Like CMVMJD135 + vehicle-derived microglia, CMVMJD135
+ PLX3397-derived microglia, when compared with WT + vehicle, were also found to have
fewer and shorter branches, to be less tortuous, to be less ramified, with smaller size and
surface, and with higher soma thickness. In fact, in both regions, multiple parameters
were found to be decreased in CMVMJD135 + PLX3397-derived microglia when compared
with WT + vehicle, namely: total branch length; number of branches; Euclidean distance;
number of slab voxels; number of junction voxels; number of endpoint voxels; number of
triple points; and the number of quadruple points (Figures 2 and 3, Supplementary Results:
Figures S4 and S6, and Table 1). On the other hand, in contrast to the cell circularity, which
was found to be increased in the CMVMJD135 + PLX3397 group when compared with
the WT + vehicle group, the following features, associated with cell size and surface, were
found to be decreased, namely: convex hull area; convex hull perimeter; diameter of the
bounding circle; mean radius; maximum span across the convex hull; cell perimeter; and
roughness (Figures 2 and 3, Supplementary Results: Figures S5 and S7, and Table 1). These
alterations suggest that microglial cells from CMVMJD135 + vehicle and the surviving
microglia from CMVMJD135 + PLX3397 mice are similar and show an activation profile,
which is not apparently dependent on CSF1R signaling.

In contrast, in both regions, treatment with PLX3397 on WT mice promoted mor-
phological changes associated with microglial cells becoming more activated, these cells
becoming similar to those of CMVMJD135 animals (PLX3397-treated and vehicle-treated)
in some of the analyzed parameters, namely, the total branch length, Euclidean distance,
number of slab voxels, convex hull area, convex hull perimeter, diameter of the bounding
circle, mean radius, maximum span across the convex hull, cell perimeter, roughness, and
cell circularity (Figures 2 and 3, and Supplementary Results: Figures S4–S7). In fact, in
both regions, skeleton data showed significant differences in microglial cells from WT
+ PLX3397 mice when compared with those from WT + vehicle mice. The total branch
length, Euclidean distance, number of slab voxels, and maximum branch length were lower
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in microglial cells from WT + PLX3397 mice (Figures 2 and 3, Supplementary Results:
Figures S4 and S6, and Table 1). Additionally, alterations in parameters associated with the
heterogeneity of the shape, cell size, cell surface, and soma thickness were also observed,
namely a decreased convex hull area, convex hull perimeter, diameter of the bounding
circle, mean radius, maximum span across the convex hull, cell perimeter, roughness, and
lacunarity (Figures 2 and 3, Supplementary Results: Figures S5 and S7, and Table 1). On
the other hand, an increased cell circularity was observed in the WT + PLX3397 group
(Supplementary Results: Figures S5 and S7) and Table 1.

Figure 2. Treatment with PLX3397 did not induce morphological changes in the microglia in the DCN
of CMVMJD135 mice at 21 weeks of age. (a) Representation of the process to prepare the images for
skeleton and fractal analysis of microglia morphology. Quantification of the morphometric parameters
associated to microglia ramification: (b) total branch length; (c) Euclidean distance; and (d) # slab
voxels. Associated with cell size: (e) convex hull area; and (f) convex hull perimeter. Associated
with cell surface: (g) roughness. Data of all these parameters were obtained from: 387 microglial
cells from WT + vehicle mice (n = 5); 256 microglial cells from CMVMJD135 + vehicle mice (n = 4);
475 microglial cells from WT + PLX3397 mice (n = 5); and 263 microglial cells from CMVMJD135 +
PLX3397 mice (n = 4). The symbols •,�, N, and H stand for the WT + vehicle, CMVMJD135 + vehicle,
WT + PLX3397, and CMVMJD135 + PLX3397 groups, respectively. Data are presented as mean +
SEM (one-way ANOVA (post hoc Tukey’s test)). ***, represent p < 0.001. Scale bar 50 µm.
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Figure 3. Microglial activation observed in the PN of CMVMJD135 mice, at 21 weeks of age, is not
altered by PLX3397 treatment. (a) Representation of the process to prepare the images for skeleton and
fractal analysis of microglia morphology. Quantification of the morphometric parameters associated
to microglia ramification: (b) total branch length; (c) Euclidean distance; and (d) # slab voxels.
Associated with cell size: (e) convex hull area; and (f) convex hull perimeter. Associated with cell
surface: (g) roughness. Data of all these parameters were obtained from: 210 microglial cells from WT
+ vehicle mice (n = 4); 217 microglial cells from CMVMJD135 + vehicle mice (n = 4); 248 microglial cells
from WT + PLX3397 mice (n = 5); and 235 microglial cells from CMVMJD135 + PLX3397 mice (n = 5).
The symbols •, �, N, and H stand for the WT + vehicle, CMVMJD135 + vehicle, WT + PLX3397, and
CMVMJD135 + PLX3397 groups, respectively. Data are presented as mean + SEM (one-way ANOVA
(post hoc Tukey’s test)). *, **, ***, represent p < 0.05, p < 0.01 and p < 0.001, respectively. Scale bar
50 µm.
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Table 1. Significant morphological changes found in both brain regions, DCN and PN, in features
relevant to cell ramification, size, surface, and soma thickness. “WT VEH” stands for WT + vehicle
mice; “MJD VEH” for CMVMJD135 + vehicle mice; “MJD PLX” for CMVMJD135 + PLX3397 mice;
and “WT PLX” for WT + PLX3397 mice. A significance level of p < 0.05 was used. N.S. stands for
non-significant values.

WT VEH vs.
MJD VEH

WT VEH vs.
MJD PLX

WT VEH vs.
WT PLX

DCN PN DCN PN DCN PN

Cell ramification features (p-values)

Nº of branches 0.000477 N.S. 0.00800 N.S. N.S. N.S.
Total branch length 0.000004 0.000074 0.000002 0.000074 0.000312 0.001628
Euclidean distance 0.000007 0.000174 0.000005 0.002507 0.000788 0.011000
Nº of slab voxels 0.000003 0.000027 0.000007 0.000127 0.000074 0.000298
Nº of junctions 0.000248 0.039256 0.004317 N.S. N.S. N.S.

Nº of junction voxels 0.000593 N.S. 0.011179 N.S. N.S. N.S.
Nº of endpoint voxels 0.000361 0.025005 0.007278 N.S. N.S. N.S.

Nº of triple points 0.000949 N.S. 0.010280 N.S. N.S. N.S.
Nº of quadruple points 0.001122 N.S. 0.018000 N.S. N.S. N.S.

Max. branch length N.S. N.S. N.S. N.S. 0.028847 0.001628
Average branch length N.S. N.S. N.S. N.S. N.S. 0.000738

Cell complexity and shape features (p-values)

Convex hull area 0.000080 0.000246 0.000016 0.001212 0.000186 0.001170
Convex hull perimeter 0.000738 0.001747 0.000054 0.004893 0.000692 0.007210

Diameter bounding
circle 0.004057 0.005877 0.000203 0.013184 0.002651 0.015690

Mean radius 0.003004 0.003518 0.000158 0.013447 0.002305 0.023623
Max. span across

convex hull 0.004383 0.006752 0.000197 0.014309 0.002723 0.014764

Cell area 0.001454 N.S. N.S. N.S. N.S. N.S.
Cell perimeter 0.000010 0.000056 0.000001 0.000136 0.000064 0.000096

Roughness 0.000042 0.001423 0.000006 0.001110 0.000208 0.000584
Cell circularity 0.017501 N.S. 0.000001 0.002756 0.000019 0.002997

Lacunarity N.S. N.S. N.S. N.S. 0.002194 N.S.
Fractal dimension 0.007317 N.S. N.S. N.S. N.S. N.S.

3.3. PLX3397-Treated WT-Derived Microglia Showed an Activation Profile Similar to
CMVMJD135-Derived Microglia

The morphological analysis of microglial cells from the DCN and PN of CMVMJD135
(PLX3397- and vehicle-treated) and WT (PLX3397- and vehicle-treated) mice was performed
by measuring a total of 26 different parameters to evaluate microglia ramification, complex-
ity, cell size, cell surface, and soma thickness. Hence, considering all statistically significant
differences that were found between the four groups, in both regions, a PCA was performed
to reduce the parameters’ dimensionality to a two-dimensional space, obtained based on
two principal components. In the DCN, the PCA preserves 96.1% of the entire information
present in the 22 statistically different parameters (PC0 = 76.7% and PC1 = 19.4%). On the
other hand, in the PN, the PCA preserves 93.1% of the entire information present in the 16
statistically different parameters (PC0 = 71.4% and PC1 = 21.7%).

For both brain regions, scatter plots were designed, plotting each animal as a point
in a two-dimensional space on the principal components plane. Figures 4a and 5a display
the two-dimensional space of WT + vehicle and CMVMJD135 + vehicle mice for the DCN
and PN, respectively, a clear separation between these two groups being easily noticeable
(established by the first principal component—PC0), which strengthens the assumption
that microglia from CMVMJD135 + vehicle mice are different from those of WT + vehicle
mice. The remaining groups (WT + PLX3397 and CMVMJD135 + PLX3397) were plotted
closer to the CMVMJD135 + vehicle mice in both regions (Figure 4b,c for the DCN and
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Figure 5b,c for the PN), suggesting that these three groups share similarities among them.
Treatment with PLX3397 had a reduced impact on the profile of microglia of CMVMJD135
mice, whereas it brings WT-derived microglia into a state of activation that resembles that
of MJD mice.

Figure 4. Separation of WT + vehicle group and all the remaining groups, including WT + PLX3397,
CMVMJD135 + vehicle, and CMVMJD135 + PLX3397 mice, regarding the 22 significant morphological
parameters found in the microglial cells from the DCN. (a) 2D scatter plot showing the distribution
of WT + vehicle mice (in green) and CMVMJD135 + vehicle (in red) on a principal components plane.
(b,c) 2D scatter plots showing that the remaining groups (WT + PLX3397 and CMVMJD135 + PLX3397)
were plotted closer to CMVMJD135 + vehicle mice, regarding the 22 significant morphological
parameters found in the DCN. (d–f) 3D scatter plots showing a separation between WT + vehicle
mice and the remaining groups regarding their roughness, cell perimeter, and convex hull perimeter.
(g–i) Data points of a total of 387 microglial cells from WT + vehicle mice, 256 microglial cells from
CMVMJD135 + vehicle mice, 475 microglial cells from WT + PLX3397 mice, and 263 microglial cells
from CMVMJD135 + PLX3397 mice were plotted on a 3D space.

To further visualize the relationships between multiple significant parameters found
to be altered in WT + vehicle mice when compared to the remaining groups (WT +
PLX3397, CMVMJD135 + vehicle, and CMVMJD135 + PLX3397 mice), scatter plots on
a three-dimensional space were designed for both regions (Figure 4d–f for the DCN and
Figure 5d–f for the PN). Again, a clear separation between WT + vehicle mice and the
remaining groups is noticeable, reinforcing the previous observations. Finally, scatter
plots were conceived over 1381 single microglial cells for the DCN (Figure 4g–i) and 910
for the PN (Figure 5g–i), displaying all these cells on a three-dimensional space for three
additional significant morphological parameters. Once more, it is possible to visualize that
microglial cells from the WT + vehicle group are clustered together in higher values of
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convex hull area, total branch length, and number of slab voxels, whereas microglia from
the three remaining groups are overlapping with each other, assuming lower values for the
referred parameters.

The PCA showing promising prospects regarding the existence of two distinct clusters,
an unsupervised Machine Learning model, the k-means, was used to validate and identify
clusters of data with similar characteristics within the entire dataset of microglial cells.
Using all the statistically significant parameters found in microglial cells from the DCN
(22 parameters) and from the PN (16 parameters), the elbow method was implemented to
identify the ideal number of clusters. As depicted in Supplementary Results: Figure S8,
the largest drop in the error is found when defining two clusters for both regions, which
reinforces the assumption that CSF1R inhibition with PLX3397 promoted morphological
changes that led to microglial cells of WT mice becoming closer to those of CMVMJD135
mice (PLX3397-treated and vehicle-treated).

Figure 5. Separation of WT + vehicle group and all the remaining groups, including WT + PLX3397,
CMVMJD135 + vehicle, and CMVMJD135 + PLX3397 mice, regarding the 16 significant morphological
parameters found in the microglial cells from the PN. (a) 2D scatter plot showing the distribution
of WT + vehicle mice (in green) and CMVMJD135 + vehicle (in red) on a principal components
plane. (b,c) 2D scatter plots showing that the remaining groups (WT + PLX3397 and CMVMJD135 +
PLX3397) were plotted closer to CMVMJD135 + vehicle mice as a function of the sixteen significant
parameters found in the PN. (d–f) 3D scatter plots showing a separation between WT + vehicle
mice and the remaining groups regarding their roughness, cell perimeter, and convex hull perimeter.
(g–i) Data points of a total of 210 microglial cells from WT + vehicle mice, 217 microglial cells from
CMVMJD135 + vehicle mice, 248 microglial cells from WT + PLX3397 mice, and 235 microglial cells
from CMVMJD135 + PLX3397 mice were plotted on a 3D space.



Cells 2022, 11, 2022 15 of 25

Once the ideal number of clusters was found, these clusters were plotted in a four-
dimensional space, with the color, which defines the clusters, as a fourth dimension.
Supplementary Results: Figure S8 show the relationship between multiple significant
morphological parameters for both regions. An analysis of the two conceived clusters
shows that cluster 1, in green, is mainly composed of microglial cells from WT + vehicle
mice, which are more ramified, have longer branches, and higher size and surface. The
exception is two WT + PLX3397 mice that are clustered together with WT + vehicle mice in
the DCN, and two WT + PLX3397 mice plus one CMVMJD135 + PLX3397 mouse in the PN.
Conversely, cluster 0, in red, contains most of the animals of the remaining groups, which
have typically smaller values regarding parameters associated with cell ramification, size,
and surface.

Altogether, these alterations suggest that, in addition to partial microglial depletion,
CSF1R inhibition by PLX3397 promotes activation of the remaining microglial cells making
cells from WT + PLX3397 mice became more similar to those of CMVMJD135 animals
(either PLX3397-treated or vehicle-treated), both showing an activated state.

3.4. PLX3397 Treatment Had No Impact on the Motor Phenotype of CMVMJD135 Mice

We have recently shown morphological alterations that point to an increased activa-
tion state, and pinpointed molecular pathways involved with oxidative stress, immune
response, and lipid metabolism as significantly altered in microglia from CMVMJD135
mice [29]. However, it is unknown if and how these cells actively contribute to the disease
process and symptoms progression of MJD. To study this contribution, we evaluated the
impact of microglial cells depletion with PLX3397 on the motor phenotype of CMVMJD135
mice. For this, we submitted these mice (PLX3397-treated and vehicle-treated) to various
tests to evaluate different components of the behavioral motor dimension, such as motor
coordination and balance, muscular strength, and gait, from 6 to 33 weeks of age.

To understand whether the treatment with PLX3397 has an impact on the motor
(un)coordination of this animal model, we first used the motor swimming test. While, as
expected, the CMVMJD135 mice (vehicle-treated) displayed swimming impairments over
time given by a significant increase in the time spent to cross the 60 cm distance when
compared with WT mice (vehicle-treated) (Figure 6a), no significant differences were found
between CMVMJD135 + PLX3397 and CMVMJD135 + vehicle mice, and between WT +
PLX3397 and WT + vehicle mice throughout age (Figure 6a), suggesting that the treatment
with PLX3397 had no impact on swimming performance of CMVMJD135 or WT mice.

Because CMVMJD135 mice have difficulties in maintaining balance and show pro-
gressive impairments in fine motor control, we aimed to understand if PLX3397 treatment
modified this phenotype. For this, we tested the ability of the mice to maintain balance while
traversing a narrow beam to reach a safe platform. In the 12-mm square beam, no signifi-
cant differences were found between CMVMJD135 + PLX3397 and CMVMJD135 + vehicle
mice, and between WT + PLX3397 and WT + vehicle mice over time (Figure 6b), although,
as expected, CMVMJD135 mice (vehicle-treated) showed a significantly worse performance
traversing the 12-mm square beam when compared with WT mice (vehicle-treated) (Fig-
ure 6b). With disease progression, CMVMJD135 mice (PLX3397-treated and vehicle-treated)
showed a worsening of the phenotype that affected their ability to perform this task, causing
them to fall off the beams frequently. We analyzed these data by attributing performance
scores to the animals as follows: 0—able to perform the task (can walk on the beam), and
1—unable to perform the task (cannot walk on the beam). Again, PLX3397 treatment had
no impact on the performance of the animals traversing the 12 mm-square beam (at 29, 31,
and 33 weeks of age) and the 17 mm round beam (from 18 weeks of age onwards), as no
significant differences were found between CMVMJD135 + PLX3397 and CMVMJD135 +
vehicle mice, and between WT + PLX3397 and WT + vehicle mice (Figure 6c,d). Once more,
and as expected, significant differences were found between CMVMJD135 + vehicle mice
and WT + vehicle mice, the former performing significantly worse than the latter, when
traversing both the 12-mm square and 17 mm-round beams (Figure 6c,d).
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Figure 6. PLX3397 treatment had no impact on the motor coordination and balance deficits of
CMVMJD135 mice. (a) Motor swimming test showed that CMVMJD135 mice (PLX3397- and vehicle-
treated) spent more time swimming than WT mice (PLX3397- and vehicle-treated), throughout age.
No significant differences were found between PLX3397-treated and vehicle-treated mice (curve
comparison over time p > 0.05, 6–33 weeks). One-way ANOVA (post hoc Dunnett T3 test). (b) In the
square beam test, no differences were found between CMVMJD135 + PLX3397 and CMVMJD135
+ vehicle mice, and between WT + PLX3397 and WT + vehicle mice (curve comparison over time
p > 0.05, 6–27weeks). One-way ANOVA (post hoc Dunnett T3 test). In both motor swimming and
square beam tests, asterisks indicate significant differences which were found between: * WT + vehicle
and CMVMJD135 + vehicle; * WT + vehicle and CMVMJD135 + PLX3397; * WT + PLX3397 and
CMVMJD135 + vehicle; and * WT + PLX3397 and CMVMJD135 + PLX3397. The 12 mm-square beams
walk test (at 29, 31, and 33 weeks of age) and the 17 mm-round beams walk test (from 18 weeks of age
onwards), were analyzed by scoring the animals. (c) In the square beam (score) and (d) in the circle
beam of 17 mm-round (score), significant differences were found between CMVMJD135 + vehicle
mice and WT + vehicle mice, but no differences were found between CMVMJD135 + PLX3397 and
CMVMJD135 + vehicle mice, and between WT + PLX3397 and WT + vehicle mice. Friedman test with
Kruskal–Wallis analysis. (e) In the circle beam of 11 mm-round (score), results showed significant
differences between WT + vehicle and CMVMJD135 + vehicle, but not between PLX3397-treated
and vehicle-treated mice, from 14 weeks to 33 weeks of age. Friedman test with Kruskal–Wallis
analysis. Values are presented as mean ± SEM or as percentage of animals (%) (for the continuous
and non-continuous variables, respectively). Means were considered statistically significant at a
p-value * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Difficulties in traversing the 11 mm-round beam were observed in CMVMJD135 +
vehicle mice from 14 weeks of age onwards when compared with WT + vehicle mice.
Consistently with the previous results, the difficulty in performing this task was similar
for CMVMJD135 + PLX3397 and CMVMJD135 + vehicle mice, and all animals from both
WT + PLX3397 and WT + vehicle groups were able to complete the task in all timepoints
analyzed (Figure 6e), suggesting that motor and balance deficits observed in CMVMJD135
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+ PLX3397 animals can be attributed to their genotype, not being affected by microglial
depletion. Of notice, PLX3397 administration to WT mice caused no overall toxicity and
had no effect on their motor performance.

3.5. Microglial Depletion in CMVMJD135 Mouse Showed No Effect on Gait Quality

The footprint test, used to evaluate gait quality, also revealed that the treatment
with PLX3397 had no impact on this aspect of the phenotype of CMVMJD135 or WT
animals, as no significant differences were found between CMVMJD135 + PLX3397 and
CMVMJD135 + vehicle mice, or between WT + PLX3397 and WT + vehicle mice, in the
distance between the front and hind footprint (stride length) throughout age (Figure 7a).
However, and in agreement with previous observations, from 14 until 33 weeks of age,
CMVMJD135 mice (vehicle-treated) displayed reduced stride length when compared with
WT mice (vehicle-treated) (Figure 7a). In addition, PLX3397 treatment had no impact in the
severity of the footdragging phenotype observed in CMVMJD135 animals, CMVMJD135
+ PLX3397 mice not differing significantly from CMVMJD135 + vehicle mice throughout
age. WT mice (PLX3397- and vehicle-treated) did not show footdragging in all timepoints
analyzed (Figure 7b). No significant difference in spontaneous exploratory activity was
found between vehicle-treated and the PLX3397-treated transgenic mice. The gait quality
was also qualitatively assessed in the open arena, onset of an abnormal gait being observed
at 10 weeks in both CMVMJD135 + PLX3397 and CMVMJD135 + vehicle mice (Figure 7c,d).
We also observed no beneficial or deleterious effect of the PLX3397 treatment on this
parameter throughout age (Figure 7c,d).

Figure 7. Abnormal stride length and footdragging phenotype observed in CMVMJD135 animals is
not affected by PLX3397 treatment. (a) The treatment with PLX3397 had no impact on the gait quality
of CMVMJD135 mice, which displayed an abnormal stride length when compared with WT mice.
Asterisks indicate significant differences which were found between: * WT + vehicle and CMVMJD135
+ vehicle; * WT + vehicle and CMVMJD135 + PLX3397; * WT + PLX3397 and CMVMJD135 + vehicle;
and * WT + PLX3397 and CMVMJD135 + PLX3397. One-way ANOVA (post hoc Tukey’s test).
(b) PLX3397 treatment had no impact on the severity of the footdragging phenotype that is observed
in CMVMJD135 animals, which displayed a worsening of the footdragging phenotype with age.
Friedman test with Kruskal–Wallis analysis. (c,d) No therapeutic effect of the PLX3397 treatment on
abnormal gait observed in CMVMJD135 mice throughout age. Friedman test with Kruskal–Wallis
analysis. Values are presented as mean ± SEM or as percentage of animals (%) (for the continuous
and non-continuous variables, respectively). Means were considered statistically significant at a
p-value * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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3.6. Muscular Strength and General Well-Being of MJD Mice Were Not Affected by
Microglial Depletion

Some parameters of the SHIRPA protocol were also used to assess the impact of
PLX3397 treatment in the motor and neurological dysfunction of CMVMJD135 mice.
CMVMJD135 mice (PLX3397- and vehicle-treated) displayed significantly lower body
weight gain than WT mice (PLX3397- and vehicle-treated) throughout time (Figure 8a). No
differences were found among PLX3397- and vehicle-treated mice, regarding this parameter
(Figure 8a).

Figure 8. PLX3397-treatment did not modify the loss of muscular strength and abnormal reflexes
seen in CMVMJD135 mice. (a) Assessment of body weight showed significant differences between
CMVMJD135 mice (PLX3397- and vehicle-treated) and WT mice (PLX3397- and vehicle-treated)
throughout time. One-way ANOVA (post hoc Tukey’s test). (b) In the hanging wire grid test, in all the
analyzed timepoints, CMVMJD135 mice (PLX3397- and vehicle-treated) showed a significantly lower
latency to fall from the grid when compared to WT mice (PLX3397- and vehicle-treated). Asterisks
indicate significant differences which were found between: * WT + vehicle and CMVMJD135 + vehicle;
* WT + vehicle and CMVMJD135 + PLX3397; * WT + PLX3397 and CMVMJD135 + vehicle; and * WT
+ PLX3397 and CMVMJD135 + PLX3397. Friedman test with Kruskal–Wallis analysis. (c) Abnormal
reflexes observed in the transgenic mice were not significantly improved by the PLX3397 treatment.
Friedman test with Kruskal–Wallis analysis. Values are presented as mean ± SEM or as percentage of
animals (%) (for the continuous and non-continuous variables, respectively). Means were considered
statistically significant at a p-value. ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Loss of muscular strength is a very early and severe symptom observed in CMVMJD135
mice [30,50]. However, a similar performance in the hanging wire grid test was ob-
served between CMVMJD135 + PLX3397 and CMVMJD135 + vehicle mice, suggesting that
the PLX3397 treatment does not impact the muscular strength of CMVMJD135 animals
(Figure 8b).

Abnormal reflexes (limb clasping) are another phenotypic characteristic of the CMVMJD135
mouse model that was detectable from 10 weeks of age in both groups of transgenic animals
(CMVMJD135 + PLX3397 and CMVMJD135 + vehicle mice) (Figure 8c). However, this
phenotypic characteristic was not significantly modified by PLX3397 treatment, as no
differences being observed between CMVMJD135 + PLX3397 and CMVMJD135 + vehicle
mice, from 10 until 33 weeks of age (Figure 8c).

4. Discussion

We have previously demonstrated morphological, phenotypic, and transcriptomic
alterations that point to an increased activation state of microglial cells during the late stages
of disease in CMVMJD135 mice [29]. Here, we aimed to understand if these alterations
are, or not, actively contributing to disease onset and progression in MJD. Hence, to
study the contribution of these cells during early to mid-stages of disease, we evaluated
the impact of microglial depletion with PLX3397 in motor phenotype of CMVMJD135
mice. The administration of PLX3397 was made at a mid-stage of the disease based on the
previous observations, which suggests that (1) it is difficult to ameliorate neurodegenerative
disease phenotypes, including in MJD, during late stages after neuronal loss has already
occurred [15,58] and (2) a decrease in the number of microglia during an early stage of the
disease resulted in the amelioration of motor deficits in a mouse model of spinocerebellar
ataxia type 1 (SCA1), another spinocerebellar ataxia caused by a polyQ expansion [15].
Although PLX3397 treatment was able to substantially reduce the microglia numbers in
two of the key affected regions in this disease, the cerebellum and the brainstem, it did not
have an impact on the motor deficits of CMVMJD135 mice, suggesting that the contribution
of microglia for MJD progression may not be relevant, and its activated state may be a
consequence of the disease establishment. This study also demonstrates that reducing the
number of microglial cells and/or renewing the microglial cell pool, after the onset of motor
deficits, is not an effective strategy to counteract disease progression in MJD. Nevertheless,
it would also be interesting to study whether the effect of microglial depletion would be
more relevant at earlier stages of the disease, prior to the appearance of motor symptoms.
It is also possible that a more severe depletion of microglia, achievable by increasing the
concentration and/or the time of PLX3397 administration, or through combined targeting of
different microglia-relevant pathways with different inhibitors, might lead to a modification
of the neurodegeneration-related phenotype. A complementary approach could be to use
targeted genetic or pharmacological approaches, allowing us to better understand the
contribution of microglia in specific brain regions. For example, a study confirmed that
the depletion of CSF1, a ligand of the CSFR1, affected the number of microglia in the
cerebellum but not in the frontal cerebral cortex [59]. In addition, microglial depletion
studies showed that Il-34, another ligand of CSFR1 mainly expressed by neurons, was
important for maintaining microglial numbers in a region-dependent manner, as microglia
density was reduced in Il-34-deficient mice only in the cortex and striatum, but not in the
cerebellum and brainstem [60].

In this study, CMVMJD135 and WT mice treated with PLX3397 were found to have
a 42–59% reduction in the number of microglial cells in the lobules and DCN, from the
cerebellum, and in the PN, from the brainstem. In general, our results are similar to those
obtained by [51], who reported a 55% reduction in macrophages (CSF1R is also expressed
by these peripheral monocytes [61]) between treated and untreated mice with PLX3397
using a similar experimental approach (method, dose, time of the administration, and age
of treatment initiation). In fact, multiple studies have reported different results regarding
the extent of depletion of microglia using PLX3397. While some have found a depletion
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of around 90% of microglial cells [31,37,38,41], others report depletion rates between 30
and 60% [42–45]. To the best of our knowledge, complete microglial ablation has never
been reported [46]. It is known that a small subset of microglia in adult mouse brains can
survive without CSF1R signaling, which may explain the variation in depletion efficiency
between different studies [46]. Although it is unknown how the sensitivity to CSF1R
blockade changes with age [43], and not fully clear which signals aside from CSFR1 do
microglial cells that are resistant to depletion rely on for survival, evidence suggests that
other receptors, such as triggering receptor expressed on myeloid cells 2 (TREM2), may
contribute with compensatory survival pathways [62], which may also change with age.
Therefore, additional experiments are needed to understand if the remaining microglia
observed in the DCN and PN of CMVMJD135 and WT mice belong to these cell populations
that are resistant to CSF1R inhibition and how treatment at different ages would impact
their survival.

Concerning specificity of the treatment, it is known that PLX3397 is an inhibitor of
CSF1R but also of c-Kit [47,48]. Thus, despite PLX3397 having higher affinity for CSF1R
than for c-Kit, the depletion here observed can be the result of the inhibition of both tyrosine
kinases. However, it was demonstrated by [31] that no significant differences were found in
transcript levels of c-Kit in a mouse model of Huntington disease, another polyglutamine
disease, when compared with control mice, upon treatment with PLX3397, supporting
the notion that the drug effects in this model were due specifically to the inhibition of
microglial CSF1R and subsequent microglial depletion [31].

A partial but significant depletion being found, we also evaluated the effects of
PLX3397 on the morphology of the remaining microglial cells in the DCN and PN of
CMVMJD135 and WT mice. PLX3397 treatment did not promote morphological changes
in the microglia of CMVMJD135 mice in the two affected regions. Both CMVMJD135 +
vehicle and CMVMJD135 + PLX3397 microglia, when compared with that of WT + vehicle,
were found to have fewer and shorter branches, to be less tortuous, to be less ramified,
with smaller size and surface, and with higher soma thickness. Decreased values of these
features and increased circularity are associated with an “activated state”, characterized by
cells with larger cell bodies, and shorter and thicker processes [13,14,63]. These alterations,
typically found in different situations of brain disease and pathology [13–15,63,64], suggest
that microglia from CMVMJD135 + vehicle and CMVMJD135 + PLX3397 mice are similar
and showed an activation profile, which was not dependent on CSF1R signaling. Because
mutant ATXN3 is expressed in microglia [29], we hypothesize that this activation profile
may be induced by mutant ATXN3 in microglial cells themselves or/and emerge as a
consequence of their interaction with neurons undergoing degenerative processes. This,
however, remains to be explored.

Interestingly, in both regions, it seems that the treatment with PLX3397 on WT mice
promoted morphological changes that led to microglial cells becoming more activated, and
thus more similar to those observed for CMVMJD135 animals. In fact, the PCA showed
the existence of a clear structure on these morphological data, with two clusters being
identified. Our analysis showed that one cluster is grouping more ramified cells, with
longer branches, and higher size and surface. This cluster is mainly composed of microglia
from WT + vehicle mice, whereas the second cluster is mainly composed of microglia
from animals of the remaining groups, which have typically smaller values regarding
parameters associated with cell ramification, size, and surface, characteristics typically
found in activated microglia. These findings are in accordance with other studies that used
PLX3397, which have also found that the remaining microglia exhibited shorter and thicker
processes, smaller cell size, and an increased circularity [32,65], a consequence that needs
to be taken into account when interpreting the results of such experiments in the context of
neurological diseases.

The neuroprotective effects of PLX3397 have been described in several models of
neurodegenerative diseases [31,34,66,67], and this compound was already shown to have
beneficial effects in motor performance in a transgenic mouse model of SCA1, without
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major adverse events [15]. In this study, we submitted the CMVMJD135 mice (PLX3397-
and vehicle-treated) to various tests to evaluate different components of the behavioral
motor dimension, such as motor coordination and balance, muscular strength, and gait,
throughout age. The general health of all animals used in this study suggests that the
administration of PLX3397 is safe, as it did not cause any major behavioral alterations,
weight loss, or sign of illness in mice treated with PLX3397 for 3 weeks. Since a depletion
of ≈50% of microglial cells was seen in brain regions relevant for motor function in WT
mice treated with PLX3397 and this did not impact the motor phenotype of the animals, we
conclude that these cells may not be highly relevant for motor performance. Additionally,
and contrarily to our hypothesis, the partial reduction of microglia induced in CMVMJD135
mice had no impact on their motor phenotype. In fact, PLX3397-treated and vehicle
CMVMJD135 mice displayed a similar loss of muscular strength, abnormal gait, reflexes,
and stride length, and motor and balance deficits. This does not support the hypothesis
that microglia are a relevant contributor for MJD pathogenesis or symptoms progression,
despite the morphological, phenotypic, and transcriptomic changes seen in the microglia
of MJD mice [29].

5. Conclusions

This study demonstrates that reducing the number of microglial cells after the onset of
motor deficits is not an effective strategy to counteract disease progression in MJD: in fact,
halving the microglial population did not change the phenotypic outcome in CMVMJD135
mice. While it is possible that a more severe depletion of microglia could lead to a change
in neurodegeneration-related phenotype or that the effect of microglial depletion would be
more marked at earlier phases of the disease prior to the appearance of motor symptoms,
overall, our data do not support a central role for microglial cells in this disease.
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