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ARTICLE INFO ABSTRACT
Keywords: Microglia are the primary immune cells of the central nervous system and maintain tissue homeostasis through
Cytoskeleton phagocytosis and regulation of inflammatory signalling. Although these functions are well established, the

Immune response molecular mechanisms that control microglial activation during neurodegeneration remain poorly understood.

x;z:ggi;;is We focused on the Purkinje Cell Degeneration (PCD) mouse, which carries a loss-of-function mutation in Ccpl
Motorgbehaviour that disrupts tubulin post-translational modifications essential for cytoskeletal stability. Because cytoskeletal
Neurodegeneration dynamics are fundamental for microglial motility, phagocytosis, and proliferation, the Ccpl mutation offers a

Neuroinflammation model to directly examine how intrinsic cytoskeletal defects alter microglial behaviour and how these alterations
manifest within regions undergoing distinct patterns of neurodegeneration.

To this end, we combined in vitro and in vivo approaches. Microglia were isolated from neonatal cortex and
adult cerebellum and olfactory bulb, and microglia-like cells were generated from bone marrow-derived hae-
matopoietic stem cells. In vivo microglial depletion was achieved with the CSF1R inhibitor PLX5622. Immuno-
histochemistry quantified microglial density, morphology, and marker expression; transcriptomic profiling
assessed identity and functional pathways; and functional assays evaluated phagocytosis, motility, and prolif-
eration. Motor behaviour tests were performed to determine whether microglial dysfunction contributes to
circuit-level impairments. Statistical analyses used parametric or non-parametric tests according to distribution.

Ccpl-deficient microglia exhibited intrinsic deficits in phagocytosis, motility, and proliferation, independent
of overt neuronal loss. These impairments were amplified in degenerating regions, where microglia adopted a
predominantly anti-inflammatory rather than pro-inflammatory activation profile. This atypical state suggests a

Abbreviations: ANOVA, Analysis of Variance; BMDML, Bone Marrow Derived Microglia-Like; CB, Calbindin D-28 k; CCL2, Chemokine (c-c motif) ligand 2; CCP1,
Cytosolic carboxypeptidase 1; CCR2, Chemoattractant receptor 2; CD200, Cluster of differentiation 200; CD200R, Cluster of differentiation receptor 200; CONDCA,
Childhood-Onset NeuroDegeneration with Cerebellar Atrophy; CX3CL1, Fractalkine/cx3c chemokine ligand 1; CX3CR1, Fractalkine/cx3c receptor 1; DAPI, 4,6-
Diamidino-2-phenylindole; DPBS, Dulbecco’s Phosphate Buffered Saline; EDTA, Ethylene Diamine Tetraacetic Acid; EPL, External Plexiform Layer; FBS, Fetal Bovine
Serum; GAPDH, GlycerAldehyde-3-Phosphate Dehydrogenase; GL, Glomerular Layer; GrL, Granular Layer; iNOS, Inducible Nitric Oxide Synthase; IPL, Inner
Plexiform Layer; MCL, Mitral Cell Layer; ML, Molecular Layer; OB, Olfactory Bulb; PB, Phosphate Buffer; PBS, Phosphate Buffered Saline; PCD, Purkinje Cell
Degeneration; PCL, Purkinje Cell Layer; PCR, Polymerase Chain Reaction; qPCR, quantitative PCR; SD, Standard Deviation; CNS, Central Nervous System; TLR, Toll
Like Receptors; TNF-o, Tumor Necrosis Factor o; WT, Wild-Type.
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maladaptive response that may compromise tissue homeostasis and intensify disease progression. Consistent with
this, animals showed altered motor behaviour, indicating functional consequences of microglial dysfunction.

Together, these findings identify Ccpl as a key regulator of microglial homeostasis and demonstrate how
cytoskeletal disruption can reshape microglial responses in neurodegenerative environments, providing mech-
anistic insight and potential therapeutic targets.

1. Introduction

Neurodegenerative disorders involve widespread neuronal death
affecting movement, cognition, and/or affectivity, among other func-
tions (Wes et al., 2016). Alongside this neuronal loss, activation of the
immune system—particularly microglia—is triggered, leading to
inflammation that, if excessive, can exacerbate primary neuronal loss (Li
et al., 2014). Furthermore, some studies suggest that microglia
dysfunction may even act as a trigger for the pathological processes
underlying certain neurodegenerative diseases (Mhatre et al., 2015;
Cheng et al., 2020; Wu & Zou, 2022; Bhusal et al., 2023). Thus, inves-
tigating the immune response within the central nervous system (CNS)
and the role of microglia in neurodegeneration and neuroinflammation
represents a major challenge in contemporary neuroscience (Wes et al.,
2016; Salter & Stevens, 2017). A comprehensive understanding of
microglia activity in disease contexts could facilitate the identification
of novel therapeutic targets (Goldmann & Prinz, 2013).

Numerous animal models are employed to study the neurodegener-
ative and neuroinflammatory processes underlying various neurological
pathologies (Pasko et al., 2023). In our study, we utilized the Purkinje
Cell Degeneration (PCD) mutant mouse, a model of the human disorder
known as childhood-onset neurodegeneration with cerebellar atrophy
(CONDCA), which is associated with loss-of-function mutations of the
cytosolic carboxypeptidase 1 gene (Ccpl; Fernandez-Gonzalez et al., 2002;
Wang & Morgan, 2007; Shashi et al., 2018; Karakaya et al., 2019). This
pathology leads to selective postnatal degeneration of Purkinje cells in
the cerebellum at around postnatal day 25 (P25), and to the death of
mitral cells in the olfactory bulb (OB) by approximately P70 (Fernandez-
Gonzalez et al., 2002; Valero et al., 2007; Wang & Morgan, 2007).
Accompanying this neuronal loss, distinct processes of microgliosis are
triggered in both the cerebellum and OB of PCD mice (Baltanas et al.,
2013). Specifically, in the cerebellum, exacerbated microgliosis is
observed during early postnatal weeks, whereas in the OB, a more
moderate microgliosis emerges at later, more adult stages (Baltanas
et al., 2013). This variability makes the PCD mouse an ideal model for
studying microglial dynamics, as microgliosis and neuroinflammation
occur in distinct brain regions, at different ages, and with varying de-
grees of severity within the same animal (Valero et al., 2006; Valero
etal., 2007; Baltanas et al., 2013). Moreover, the role of the Ccp1 gene in
microglial function remains unknown, and it is still unclear whether its
absence affects microglial function as it is highly expressed in this cell
type (Baltanas et al., 2021; Human Protein Atlas, 2025).

Previous studies have demonstrated that microglial dysfunction and
exacerbated immune responses may contribute to the progression of
neurodegenerative disorders (Mhatre et al., 2015; Cheng et al., 2020;
Bhusal et al., 2023). Within this framework, the present study examines
microglial activity under physiological and pathological conditions.
Specifically, we sought to investigate the role of microglia in the PCD
mouse model, with particular emphasis on how alterations in microglial
function may influence neurodegenerative processes. We first aimed to
examine the impact of microglial depletion during the phase of maximal
cerebellar neurodegeneration in PCD mice. Furthermore, to explore the
mechanisms underlying microglial dysregulation, we conducted a
comprehensive characterisation of microglial properties and functions
using both in vitro and in vivo approaches. For the in vitro analyses, we
employed bone marrow-derived microglial-like (BMDML) cells from
wild-type (WT) and PCD mice, as well as microglia isolated from the
cerebral cortex, cerebellum, and OB of both genotypes. In parallel, in

vivo analyses were performed in the cerebellum and OB of WT and PCD
mice at different stages of disease progression—before, during, and after
the onset of neurodegeneration—to assess how distinct neurodegener-
ative environments shape microglial responses.

In this context, a detailed understanding of microglial function
across different pathological environments is essential, as alterations in
core microglial processes such as phagocytosis, motility, and immune
signalling may critically influence the onset and progression of neuro-
degenerative disorders. The PCD mouse therefore represents a valuable
experimental model to investigate the potential contribution of micro-
glial dysfunction to region-specific and stage-dependent neurodegener-
ative processes within the same organism.

2. Methods
2.1. Experimental animals and genotyping

Mice (Mus musculus L., 1758; Muridae, Rodentia, Mammalia) of the
C57BL/DBA strain (Bar Harbor, ME, USA) were used for all experiments.
All animals were handled in compliance with current European
(Directive 2010/63/EU and Recommendation 2007/526/EC) and
Spanish (Royal Decree 53/2013 and Law 32/2007) regulations, with the
corresponding approval of the Bioethics Committee of the University of
Salamanca (reference #00613).

PCD mice are not suitable for breeding (Wang & Morgan, 2007).
Therefore, the colony was maintained by mating heterozygous animals,
which are indistinguishable from their WT littermates. Consequently, all
offspring were genotyped by PCR as previously described (Valero et al.,
2006; Diaz et al., 2012). Animals were grouped according to genotype
and age at the time of analysis (n = 4-8 animals per experimental group;
see Experimental design). Males and females were indistinctly used in
this study since no dimorphic differences have been reported for the
variables considered (Wang & Morgan, 2007).

2.2. Experimental design

The experimental design in this study adhered to the 3Rs principle of
animal research—Replacement, Reduction, and Refinement—as pro-
posed by Russell and Burch (Russell & Burch, 1959). This approach
ensured the use of the minimum number of animals to obtain robust,
conclusive, and reproducible results. It should be noted that, for all in
vitro experiments, cells obtained from two animals were pooled to
generate one experimental sample, which was subsequently considered
a single independent experimental unit (n = 1) for data analysis, as cell
numbers from individual animals were insufficient to complete all
planned assays.

Microglia were eliminated from the cerebellum by treating 4 PCD
mice with a microglial inhibitor at P25, corresponding to the peak of
Purkinje cell degeneration. These animals were compared with 4 WT
mice and 4 untreated PCD mice. The objective was to analyse the impact
of microglia activity on the maximal neurodegenerative phase in the
PCD mouse model. In parallel, motor behaviour tests were performed at
P25 (n = 5 per group) to determine whether microglial activation ex-
acerbates the motor impairments observed in PCD mice.

To analyse BMDML cells, 8 WT and 8 PCD mice at P25 were used. In
this experiment, the objective was to analyse the effect of Ccpl gene
expression on the physiological state of microglia in the absence of
direct neuronal influence. The use of BMDML cells allows the assessment
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of intrinsic alterations associated with the Ccp1 mutation independently
of neuronal signals or region-specific neural microenvironments,
enabling the identification of microglia-intrinsic functional changes.

For the analysis of cortical microglia from neonatal mice, 8 WT and 8
PCD mice aged between P2-P4 were used. Likewise, the effect of Ccpl
gene expression on the physiological state of microglia in the absence of
direct influence of degeneration was assessed. Microglia isolated at this
early postnatal stage were analysed after in vivo exposure to a neural
environment, but prior to the onset of overt neurodegeneration in the
PCD model, allowing the study of CcpI-associated microglial alterations
under relatively healthy neural conditions and during early develop-
mental stages.

To analyse adult microglia, isolated from the cerebellum and OB, 8
WT mice and 8 PCD mice were used at P25 and P70, respectively (16
animals of each genotype in total). The effect of Ccp1 gene expression on
the pathological state of microglia within the neurodegenerative envi-
ronment characteristic of the PCD mouse was assessed. These regions
were selected due to their differential vulnerability in the PCD model,
allowing the evaluation of microglial responses following prolonged
interaction with region-specific neurodegenerative environments during
disease progression.

A total of 24 WT and 24 PCD mice at P15, P25, and P40 (corre-
sponding to stages before, during, and after Purkinje cell neuro-
degeneration, respectively) were used to study cerebellar microglia in
vivo. For the in vivo analysis of OB microglia, 24 WT and 24 PCD mice
were used at the ages of P40, P70, and P120 (corresponding to stages
before, during, and after mitral cell neurodegeneration, respectively). In
this case, the objective was to analyse the direct effect of the neurode-
generative environment in PCD mice on microglia biology, while also
comparing two distinct severities of neuronal cell death.

2.3. Microglial inhibitor administration and analysis of motor behaviour

The microglial inhibitor PLX5622 (MedChemExpress, Monmouth
Junction, NJ, USA; Spangenberg et al., 2019; Riquier & Sollars, 2020;
Basilico et al., 2022) was administered systemically via intraperitoneal
injection. Due to its low solubility, PLX5622 was dissolved in corn oil
(MedChemExpress), which was used as the vehicle for all treatments.
Administration via chow was not feasible in this study, as treatment
needed to begin before weaning and animals at this age do not consume
solid food independently; therefore, intraperitoneal delivery was
required.

Treatment was initiated prior to the onset of Purkinje cell degener-
ation, starting at P15, and continued until P24, coinciding with the
period of maximal vulnerability and peak degeneration in the PCD
model. The choice of P15 as the starting point was based on both welfare
and biological considerations, as critical events of cerebellar organisa-
tion and circuit formation occur between P10 and P15 (Sillitoe & Joy-
ner, 2007; Hashimoto & Kano, 2013), and pharmacological intervention
during this window was avoided. A total of four doses were administered
at a concentration of 50 mg/kg, with injections performed every 72 h.

The dosing regimen was established based on pilot optimisation
experiments aimed at achieving an effective reduction of microglial cells
while preserving animal welfare. Regimens involving earlier starting
ages or higher injection frequencies resulted in significant adverse ef-
fects, including weight loss, lethargy, and increased mortality, and were
therefore excluded. In contrast, administration every 72 h from P15 was
well tolerated, with no signs of distress, behavioural alterations, or re-
ductions in body weight. Under these conditions, PLX5622 treatment
induced a marked reduction in microglial density, without resulting in
complete microglial ablation, consistent with previous reports indi-
cating that short-term CSF1R inhibition leads to partial depletion and
that extended treatment is required for near-complete elimination
(Spangenberg et al., 2019; Kodali et al., 2025).

At P25, animals were sacrificed and cerebellar tissue was collected
for immunohistochemical analysis. The expression of Ibal was used to
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assess microglial abundance, while Calbindin D-28 k was used as a
marker of Purkinje cells (see Table 1). In addition, motor coordination
and balance were assessed prior to sacrifice at P25 using the rotarod test.
Motor performance was quantified by measuring the latency to fall,
defined as the time each mouse was able to remain on the accelerating
rotating rod before falling. All behavioural assessments were conducted
under identical experimental conditions across groups.

2.4. Bone marrow-derived microglial-like cell cultures

Bone Marrow Haematopoietic Stem Cells (BMHSCs) were differen-
tiated into BMDML cells as previously described (Servet-Delprat et al.,
2002; Hinze & Stolzing, 2011; Hinze & Stolzing, 2012) with minor
modifications (see Supplementary Methods). Briefly, mice were
euthanised by cervical dislocation, and their femurs, tibias, and ilia were
harvested. BMHSCs were extracted by injecting Dulbecco’s Modified
Eagle Medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA) into the
epiphyses. Cells were then cultured in low-glucose complete DMEM
supplemented with 10 % (v/v) foetal bovine serum (FBS; Hyclone
cytiva, Logan, UT, USA) and 1 % (v/v) penicillin/streptomycin (P/S;
Lonza, Pontevedra, Spain). Cells were seeded in 75 cm? flasks (Thermo
Fisher Scientific, Waltham, MA, USA) pre-coated with poly-L-lysine (50
pg/mL; Sigma-Aldrich), and maintained for 10 days, the period required
for the proper differentiation of BMHSCs into BMDML cells.

The microglial identity and purity of BMDML cultures were routinely
assessed prior to experimental use by Ibal immunocytochemistry, and
only cultures showing a high proportion of Ibal-positive cells without
detectable contamination from other cell lineages were included in the
study.

2.5. Cortical microglia cultures

Cortical microglia were obtained as previously described (Bronstein
et al., 2013; Daniele et al., 2014). Neonatal mice were euthanised by
decapitation, and their cerebral cortices were dissected, homogenised,
and cultured in DMEM/F-12 medium (Sigma-Aldrich) supplemented
with 10 % (v/v) FBS and 1 % (v/v) P/S. Cells were seeded into 75 cm?
flasks, pre-coated with poly-L-lysine (10 pg/mL). Once cultures reached
confluence, flasks were shaken at 200 rpm for 2 h at 37 °C to detach
microglial cells. The supernatants were collected and centrifuged at
1,200 rpm for 5 min, and the resulting microglial pellets were used for
subsequent experiments (gene expression analyses, immunocytochem-
ical characterization, phagocytosis assays, motility assays, and cell
proliferation/viability assays).

The purity of cortical microglial cultures was verified prior to
experimental use by Ibal immunocytochemistry, and only cultures
showing a high proportion of Ibal-positive cells without detectable
contamination from other neural cell types were included in the study.

2.6. Adult microglia cultures from the cerebellum and olfactory bulb

Microglia from the cerebellum and OB were isolated as previously
described (Lee & Tansey, 2013). Mice were anaesthetised and trans-
cardially perfused with 0.9 % (w/v) saline solution. The cerebella and
OBs were dissected and enzymatically digested at 37 °C for 30 min with
shaking at 100 rpm in a buffer containing papain, dispase II, and DNase I
(Sigma-Aldrich), followed by mechanical dissociation. The reactions
were neutralised, and the cells were centrifuged and filtered through a
40 um filter (Thermo Fisher Scientific) and centrifuged at 1,200 rpm at
18 °C for 10 min; this entire step was performed twice. The pellets were
resuspended in 2 mL DMEM/F-12 and 10 pL/10” CD11b microsphere
cells (Miltenyi Biotec, Bergisch Gladbach, Germany) were added to the
mixture. Magnetically labelled microglia cells were then collected using
the MACS column system (Miltenyi Biotec). The purified microglia were
subsequently used for various experiments.

Due to the low abundance of microglia in these brain regions, tissue
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Table 1
Primary and secondary antibodies used in the indirect immunofluorescence technique for in vitro and in vivo experiments.
1° Antibody Species Origin Dilution 2° Antibody Origin Dilution
Calbindin D-28 k (tissue) Mouse Swant 1:1000 Cy3 mouse anti-IgG Jackson 1:500
CD16/32 (tissue) Rat BD 1:200 Cy3 rat anti-IgG Jackson 1:500
CD206 (tissue) Goat R&D Systems 1:200 Cy2 goat anti-IgG Jackson 1:500
CD45 (tissue) Rat Bio-Rad Laboratories 1:1000 Cy2 rat anti-IgG Jackson 1:500
Ibal (cell culture/tissue) Rabbit Wako Pure Chemical 1:500/1:1000 Cy2 or Cy3 rabbit anti-IgG Jackson 1:1000/1:500
Industries
Ki67 (cell culture) Mouse Abcam 1:500 Cy2 or Cy3 mouse anti-IgG Jackson 1:1000

from two animals was pooled for each isolation. Under these conditions,
each isolation yielded approximately 500,000 microglia per sample,
which represented the minimum number of cells required to perform the
functional assays included in this study. The purity of adult microglial
cultures was verified prior to experimental use by Ibal immunocyto-
chemistry, and only highly enriched microglial preparations were
included in the study.

2.7. Flow cytometry analyses

Flow cytometry was used to confirm the differentiation of BMDML
cells from WT and PCD BMHSCs. After the differentiation period, cells
were collected, centrifuged, and resuspended in phosphate-buffered
saline (PBS) supplemented with 25 mM HEPES, 10 % (v/v) FBS, and
2 % (v/v) P/S. For each sample, 1 x 10° cells were used.

Cells were subsequently incubated for 30 min at 4 °C in the dark with
fluorophore-conjugated antibodies directed against the microglial
markers TMEM119 (FITC-conjugated; Abcam, Cambridge, UK) and Ibal
(PerCP-Cy5.5-conjugated; Abcam), at the concentrations recommended
by the manufacturers. Following staining, cells were washed twice with
staining buffer and recovered by centrifugation at 1,500 rpm for 5 min at
room temperature. Final cell pellets were resuspended in PBS for
acquisition.

Data acquisition was performed at the Cytometry Service of the
University of Salamanca using a FACSCanto™ II flow cytometer (BD
Biosciences, San Jose, CA, USA). The gating strategy included the
exclusion of debris and cell doublets based on forward scatter (FSC) and
side scatter (SSC) parameters. Data were analysed using FlowJo soft-
ware (version 10.8.1). Mean fluorescence intensity (MFI) values were
calculated for each marker.

2.8. Immunocytochemical and immunohistochemical analyses

Immunocytochemical analyses of microglia from different sources
were conducted to determine cell morphology and size. Both parameters
were quantified based on the projected cell area and the expression
levels of Ibal, a general microglial marker. For this purpose, microglial
cells were seeded onto 18-mm diameter glass coverslips placed in 12-
well plates (VWR International, Radnor, PA, USA). Coverslips were
pre-coated with poly-L-lysine (50 pg/mL), and cells were plated at a
density of 50,000 cells/cm?.

Immunohistochemical analyses were conducted on cerebellar and
OB sections to assess microglial density, distribution, morphology,
projected area, and Ibal expression levels before, during, and after
Purkinje and mitral cell degeneration, respectively. In these tissue-based
analyses, microglia were identified based on the combined use of Ibal
immunoreactivity and their characteristic morphology and anatomical
localisation within the brain parenchyma, allowing reliable discrimi-
nation from other Ibal-expressing myeloid populations. Additionally,
several microglial markers, previously used to study inflammatory re-
sponses, were evaluated during peak neurodegeneration in both regions:
CD45 (reactive microglial marker), CD16/32 (pro-inflammatory
microglial marker), and CD206 (anti-inflammatory microglial marker;
see Table 1). For this purpose, mice were anaesthetised and perfused as
previously described (Pérez-Boyero et al., 2023). The cerebella and OBs

were dissected and sectioned at 30 pm thickness using a sliding freezing
microtome (Jung SM 2000, Leica Instruments, Nussloch, Germany),
with parasagittal sections prepared for the cerebellum and coronal
sections for the OB.

Once all samples were prepared, both cells and tissue sections were
incubated for 24 h at 4 °C under continuous rotational shaking in me-
dium containing 0.2 % (v/v) Triton X-100, 5 % (v/v) normal donkey
serum, and the appropriate primary antibodies (see Table 1) diluted in
PBS. Following incubation, samples were rinsed in PBS and incubated
for 1 h at room temperature with the corresponding secondary anti-
bodies (Table 1) under continuous rotary shaking. Ten minutes before
the end of the incubation, 4',6-diamidino-2-phenylindole (DAPI; Sigma-
Aldrich) was added at a dilution of 1:10,000. Finally, samples were
mounted on gelatine-coated slides and covered with anti-fading me-
dium. Appropriate negative controls, in which primary antibodies were
omitted, showed no detectable staining.

2.9. Gene analysis by quantitative PCR

Gene expression analyses were conducted to analyse the transcrip-
tional levels of microglial markers, including general markers (Ibal,
Cx3crl, Tmem119) and genes associated with key microglial functions.
These included markers of phagocytic activity (Trem2, Dap12, P2ry6,
Cd68), motility (Ccl2, Ccr2), and innate (Tlr2, Tir4, CD200r), pro-
inflammatory (Inos, Tnf-a, II-1f) and anti-inflammatory (Argl, Cd206)
immune responses (Sumpter et al., 2011; Baltanas et al., 2013; Doorn
etal., 2015; Rossi et al., 2018; Kaiser & Feng, 2019; Yanguas-Casas et al.,
2020; Pérez-Boyero et al., 2023; see Table 2).

Cultured microglial cells used for gene analysis were plated at a
density of 100,000 cells/cm?. For tissue-based gene analysis, mice were
anaesthetised and transcardially perfused with 0.9 % (w/v) saline so-
lution. The cerebellum and OB were dissected using RNase-free in-
struments and processed fresh. Both cultured cells and tissue samples
were homogenised using an Ultra-Turrax homogeniser (IKA, Staufen,
Germany), and total cytoplasmic RNA was extracted and purified using
the PureLink™ RNA Mini Kit (Thermo Fisher Scientific), and the Pure-
Link™ DNase Set (Thermo Fisher Scientific). Total RNA from each
sample was reverse transcribed into complementary DNA (cDNA) using
the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA). Real-time quantitative PCR (RT-qPCR) assays
were then performed as previously described (Pérez-Boyero et al., 2023;
Pérez-Martin et al., 2023; Del Pilar et al., 2024; Hernandez-Pérez et al.,
2025). The Gapdh gene was used as an endogenous control for data
normalisation (see Table 2).

2.10. Analysis of phagocytosis

Microglial cells were seeded onto 18-mm diameter glass coverslips
pre-coated with poly-L-lysine (50 pg/mL) in 12-well plates at a density
of 50,000 cells/cm?. Either Cy2-labeled microspheres (0.5 pL/well;
Fluoresbrite YG Carboxylate Microspheres 1.00 um, Polysciences, War-
rington, UK) or Cy3-labeled neuronal debris (0.5 uL/well) were added to
the cultures. The plates were then incubated for 1 h at 37 °C in a hu-
midified atmosphere containing 5 % (v/v) CO,. Following incubation,
the cells were washed with pre-warmed PBS (37 °C) and fixed with 4 %
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Sequences of primers used for qPCR in both in vitro and in vivo expression analyses. Abbreviations: Argl, arginase 1; Ccl2, chemokine (c-c motif) ligand 2; Ccr2, che-
moattractant receptor 2; Cd200r, cluster of differentiation receptor 200; Cd206, cluster of differentiation 206; Cd68, cluster of differentiation 68; Cx3cr1, fractalkine/cx3c
receptor 1; Dap12, dnax activator protein 12 kDa; Gapdh, glyceraldehyde-3-phosphate dehydrogenase; Ibal, ionized calcium binding adaptor molecule 1; Il-1p, interleukin 1
beta; Inos, inducible nitric oxide synthase; P2ry6, pyrimidinergic receptor p2y6; Tlr2, toll-like receptor 2; Tlr4, toll-like receptor 4; Tmem119, transmembrane protein 119; Tnf-a,

tumour necrosis factor a; Trem2, triggering receptor expressed on myeloid cells 2.

Gene Sense Oligo 5'- 3 Antisense Oligo 5 3' References

Argl GCAGCAGCCGCTGGAACCCAG GTCCCCGTGGTCTCTCACGTC (Yanguas-Casds et al., 2020)
Ccl2 TGTTGGCTCAGCCAGATGCAGTTA TACAGCTTCTTTGGGACACCTGCT (Yanguas-Casas et al., 2020)
Ccr2 CTCTGCAAACAGTGCCCAGTT AACCGAGACCTCTTGCTCCCC (Yanguas-Casas et al., 2020)
Ccd200r CATAGGATGCATTTGTCTTTTGAAA GCTGCATTTCATCCTCCTCAATA (Yanguas-Casas et al., 2020)
Cd206 GGTTGGATTGAGGCCTGAAA AACGTCCCTTTGTTTTGAACATC (Yanguas-Casas et al., 2020)
Cd68 CTCATCATTGGCCTGGTCCT GTTGATTGTCGTCTGCGGG (Doorn et al., 2015)

Cx3crl TGTCCTTTCTCTTTGTGAACATGA GGCGGCGGCCATCTT (Yanguas-Casas et al., 2020)
Dap12 CGTACAGGCCCAGAGTGAC CACCAAGTCACCCAGAACAA (Sumpter et al., 2011)
Gapdh GCCTATGTGGCCTCCAAGGA GTGTTGGGTGCCCCTAGTTG (Baltanas et al., 2013)

Ibal GCAGGAAGAGAGGCTGGAGGGGATC CTCTTCAGCTCTAGGTGGGTCTTCGG (Rossi et al., 2018)

I-1p GGTGTGTGACGTTCCCATTA CCGACAGCACGAGGCTTT (Yanguas-Casas et al., 2020)
Inos CTTTGCCACGGACGAGAC AACTTCCAGTCATTGTACTCTGAGG (Pérez-Boyero et al., 2023)
P2ry6 CCAGTGCCAGGTTCAGGGTGTA GCGTCTACCGTGAGGATTTCA (Yanguas-Casas et al., 2020)
Tlr2 TGTCCGCAATCATAGTTTCTGATG AGCAGAGAAGTGAAGCCCCT (Yanguas-Casas et al., 2020)
Tlr4 GGCTCCTGGCTAGGACTCTGA TCTGATCCATGCATTGGTAGGT (Yanguas-Casas et al., 2020)
Tmem119 CCTTCACCCAGAGCTGGTTC GGCTACATCCTCCAGGAAGG (Kaiser & Feng, 2019)

Tnf-a GAAAAGCAAGCAGCCAACCA CGGATCATGCTTTCTGTGCTC (Yanguas-Casas et al., 2020)
Trem2 GCACCTCCAGGAATCAAGAG GGGTCCAGTGAGGATCTGAA (Yanguas-Casas et al., 2020)

paraformaldehyde (Sigma-Aldrich) for subsequent immunofluorescence
analysis.

2.11. Analysis of cell motility

Microglial cells were seeded at a density of 25,000 cells/cm? in 12-
well plates pre-coated with poly-L-lysine (10 pg/mL). After cell attach-
ment, phase-contrast time-lapse images were acquired using live-cell
microscopy. Three non-overlapping fields per well were recorded
every 2 min over a total period of 2 h under controlled temperature and
CO5, conditions.

Microglial motility was quantified using an automated image-
analysis pipeline developed in FLJI software (NIH, WI, USA). Rather
than analysing directional displacement or net migration, motility was
assessed based on dynamic changes in cell position and morphology
over time. Specifically, two complementary parameters were extracted:
(1) the total area explored by each cell during the acquisition period,
reflecting the spatial extent of cell movement, and (2) cell wandering,
defined as the cumulative movement inferred from changes in the pro-
jected cell area between consecutive frames. The custom FIJI macro
automatically segmented individual cells in each frame, tracked them
across time, and calculated motility parameters in a consistent and un-
biased manner. This approach allowed the quantification of microglial
motility based on continuous cellular dynamics while minimising user-
dependent variability and ensuring reproducibility across experiments.

2.12. Analysis of cell proliferation

Two complementary techniques were used to study microglial pro-
liferation. The first involved immunocytochemical detection of the
proliferation marker Ki67 (see Table 1). The second employed the ala-
marBlue assay (Bio-Rad, Berkeley, CA, USA), a redox-sensitive dye that
fluoresces and changes colour in response to metabolic activity associ-
ated with cell growth (Czekanska, 2011; Kumar et al., 2018). For the
alamarBlue assay, microglial cells were seeded at a density of 20,000
cells/cm? in 24-well plates (VWR international), and proliferation/cell
viability was monitored over 10 days. Fluorescence was measured using
a microplate reader (AMR-100, Bio-Rad) at a wavelength of 470 nm,
following the manufacturer’s instructions.

2.13. Microscopic visualisation and cell analysis

Microscopy was performed using different imaging systems
depending on the type of analysis. For immunocytochemical, immuno-
histochemical, and phagocytic assays, a STELLARIS 8 confocal micro-
scope (Leica Microsystems, Wetzlar, Germany) was used. For cell
motility studies, an Axio Observer live-cell microscope (ZEISS, Ober-
kochen, Germany) and an AF 6500-7000 time-lapse microscope (Leica
Microsystems) were used. For proliferation studies, a DMI3000 B epi-
fluorescence microscope (Leica Microsystems) equipped with a DFC300
FX digital camera (1.4 MP; Leica Microsystems) was used. The FLJI
software was used for all cell analyses.

2.14. Statistical analysis

All data are presented as mean + standard deviation (SD). Four
experimental subjects were used for each type of analysis in both in vitro
and in vivo experiments. For the in vitro experiments, 10 cells were
randomly selected from each subject for analysis. All analyses were
performed under blinded conditions to prevent bias and ensure the
objectivity and reliability of the results.

The normality and homoscedasticity of the datasets were tested
using the Shapiro-Wilk and Levene’s tests, respectively. For data that
met the assumptions of normality and homogeneity of variance (p >
0.05 for both tests), parametric tests were applied: either the Student's t-
test or analysis of variance (ANOVA), as appropriate. Conversely, for
data that violated these assumptions (p < 0.05 for the Shapiro-Wilk and/
or Levene’s tests), non-parametric tests were used: Mann-Whitney U or
the Kruskal-Wallis test. Statistical significance was set at p < 0.05. Re-
sults were considered significant at p < 0.05 (*) and highly significant at
p < 0.01 (*¥).

All statistical analyses and graphical representations were performed
using SPSS version 26 for Windows (IBM, Armonk, NY, USA), GraphPad
Prism version 10.0.2 for Windows (GraphPad, San Diego, CA, USA), and
Microsoft Excel version 2021 for Windows (Microsoft, Redmond, WA,
USA).
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3. Results

3.1. An exacerbated microglial reaction increases neuronal loss along
with a loss of motor skills

To determine whether microgliosis is a causal factor or simply a
consequence of neurodegenerative processes occurring in the PCD
mouse, we eliminated microglia from the cerebellum prior to the onset
of Purkinje cell degeneration. We focused on this brain region as this is
where the most aggressive and pronounced neurodegenerative changes
and microgliosis occur.

A higher microglial density was observed in the cerebellum of PCD
mice compared to the WT and PCD mice treated with the microglial
inhibitor PLX5622, two groups that presented similar values. Significant
differences in microglial density were observed in cerebellar lobes I-II
(WT vs PCD, p = 0.021; PCD vs treated PCD, p = 0.021), lobe V (WT vs
PCD, p = 0.021; PCD vs treated PCD, p = 0.021), and lobe VIII (WT vs
PCD, p = 0.021; PCD vs treated PCD, p = 0.043). In contrast, lobe X
showed no significant differences among the three experimental groups
(Fig. 1), which may be attributed to its distinct degenerative pattern (see
Discussion). These results indicate that PLX5622 administration signif-
icantly reduces microglia density in the cerebellum of PCD mice,
restoring levels comparable to those observed in the cerebellum of WT
mice.

Regarding the analysis of Purkinje cells, WT mice showed a higher
neuronal density compared to both PCD and treated PCD mice, and
treated PCD mice presented a higher Purkinje cell density than un-
treated PCD animals. Specifically, these differences in Purkinje cell
density were observed in lobes I-II (WT vs PCD, p = 0.021; WT vs treated
PCD, p = 0.021), lobe V (WT vs PCD, p = 0.021; WT vs treated PCD, p =
0.021; PCD vs treated PCD, p = 0.021) and lobe VIII (WT vs PCD, p =
0.021; WT vs treated PCD, p = 0.021; PCD vs treated PCD, p = 0.021).
Conversely, in lobe X, similar values were observed for all three exper-
imental groups (Fig. 1). Thus, the elimination of microglia improves the
survival of these neurons in the cerebellum of PCD mice, resulting in
neuronal density values that are intermediate between those found in
the cerebellum of WT and untreated PCD mice.

These findings show that microglia play a critical role in the pro-
gression of the associated pathology in the PCD mouse model and that
their dysfunction and/or exacerbation increases Purkinje cell death.

After conducting behavioural tests, it was observed that WT mice
performed better in motor behaviour tests compared to PCD and PCD
mice treated with PLX5622. Specifically, it was confirmed that WT mice
had a longer fall latency than the other two groups (WT vs PCD, p =
0.007; WT vs treated PCD, p = 0.007). In addition, it was observed that
PCD animals treated with PLX5622 performed better than untreated
PCD animals (PCD vs treated PCD, p = 0.007). Therefore, the elimination
of microglia from PCD mice improves their motor behaviour, making it
more like that of WT mice.

These findings demonstrate that microglia play a key role in the
progression of pathology associated with PCD in the mouse model and
that their dysfunction and/or exacerbation increases Purkinje cell death
and, consequently, the loss of motor skills.

3.2. Microglia derived from bone marrow haematopoietic cells of PCD
mice exhibit altered gene and protein expression, decreased phagocytic
capacity, and increased cell motility and proliferation

Prior to functional analyses, the differentiation of BMDML cells was
verified by flow cytometry. Both WT and PCD BMDML cultures showed
expression of established microglial markers, confirming successful
differentiation before subsequent experiments were performed (see
Supplementary Fig. S1).

Our next objective was to determine whether the pcd mutation
directly affects microglial function. To achieve this, we designed an
experiment to identify cells unaffected by any neurodegenerative
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process. Specifically, we studied BMDML cells, which originate from
non-neural tissue (see Methods section) and are therefore free from both
degenerative changes and direct neural influence.

Gene expression analysis revealed that WT BMDML cells exhibited
higher expression of genes associated with general microglial markers
(Ibal, Cx3crl, Tmem119), phagocytosis (Trem2, P2ry6), and an anti-
inflammatory immune response (Cd206; Fig. 2A); therefore, these cells
exhibited a more anti-inflammatory microglial phenotype. Conversely,
BMDML cells from PCD mice showed elevated expression of genes
related to motility (Ccl2) and a pro-inflammatory immune response (Tnf-
a, I11-p) (Fig. 2A) and, in this case, exhibited a more pro-inflammatory
microglial phenotype.

Immunohistochemical analysis revealed no significant morpholog-
ical differences between WT and PCD BMDML cells (ameboid, p = 1; one
branch, p = 0.661; two branches, p = 0.767; three or more branches, p =
0.297; Fig. 2D). Similarly, the average cell area did not differ signifi-
cantly between WT and PCD BMDML cells (p = 0.353; Fig. 2E). How-
ever, WT cells exhibited significantly higher expression levels of the
microglial marker Ibal compared to PCD cells (p = 0.001; Fig. 2F).

Regarding phagocytosis, PCD BMDML cells internalised significantly
fewer fluorescent microspheres compared to WT cells, (p = 0.009;
Fig. 2I), indicating reduced phagocytic capacity. To determine whether
this difference was influenced by cell size, microsphere uptake was
normalised to the cell area. The results remained significant (p = 0.005;
Fig. 2J), confirming that WT BMDML cells exhibit a higher phagocytic
capacity independent of cell size.

Regarding motility, the results showed that PCD BMDML cells
exhibit higher motility compared to WT cells (p = 0.018; Fig. 2M),
consistent with the gene expression data.

Finally, proliferation analyses indicated that PCD BMDML cells
exhibit a higher proliferative capacity than WT cells. Specifically, a
greater percentage of Ki67-labelled cells was observed in PCD cultures
compared to WT cultures (p = 0.021; Fig. 2T). In addition, the ala-
marBlue assays showed that although cell numbers were initially com-
parable between WT and PCD cultures on day 1, PCD cultures showed
increased proliferation over time (days 3, 6, and 9), resulting in a higher
overall cell count (p = 0.001; Fig. 2U).

In summary, in the absence of the influence of a neural environment,
PCD microglia present reduced phagocytic capacity and high motility
and proliferation. To verify that the effect was strictly due to the mu-
tation, we performed the same experiments using medium obtained
from PCD mouse cultures as a means of differentiating microglia and
observed the same behaviour of PCD microglia compared to WT (see
Supplementary Fig. S2). Therefore, these findings support a direct role of
the Ccp1 gene in regulating normal microglial function.

3.3. Microglial cells isolated from the cerebral cortex of neonatal PCD
mice exhibit altered protein expression and increased phagocytic capacity
and motility

After analysing BMDML cells, we next examined genuine microglial
cells, those isolated directly from neural tissue that are free from the
influence of neuronal death. To this end, we compared microglial cells
isolated from the cerebral cortex of neonatal WT and PCD mice. The
microglial identity of cortical isolates was further validated by qPCR
analysis of general microglial markers, with results consistent with those
described below (Supplementary Fig. S3).

Immunohistochemical analysis revealed no significant morpholog-
ical differences between WT and PCD cells (ameboid, p = 0.885; one
branch, p = 0.564; two branches, p = 0.561; three or more branches, p =
0.885; Fig. 3C). Similarly, the area of microglial cells isolated from the
cerebral cortex did not differ between both experimental groups (p =
0.463; Fig. 3D). In contrast, Ibal expression intensity was higher in
microglia from WT mice compared to those from PCD mice (p = 0.0286;
Fig. 3E).

Additionally, microglia isolated from the cerebral cortex of neonatal
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Fig. 1. Effect of eliminating cerebellar microglia using PLX5622. (A) Experimental timeline indicating PLX5622 administration in PCD mice (syringe icon), the day of
motor performance assessment (rotarod icon), and the day of sacrifice for immunohistochemical processing (brain and antibody icons). (B-M) Representative
sections of the cerebellar vermis from WT, PCD, and PLX5622-treated PCD mice immunolabeled for Ibal (green) and Calbindin D-28 k (red), organized by cerebellar
lobes: (B, F, J) correspond to lobes I-1I, (C, G, K) to lobe V, (D, H, L) to lobe VIII, and (E, I, M) to lobe X. Note that untreated PCD mice present a wider staining for
microglia and fewer Purkinje cells than WT animals, which is prevented by PLX5622 administration. (N) Quantification of microglial density in the cerebellum of
WT, PCD, and PLX5622-treated PCD mice; PCD mice show increased microglial density compared to WT and PLX5622-treated PCD mice, with the latter two groups
displaying comparable values. (O) Quantification of Purkinje cell density; PLX5622-treated PCD mice exhibit an intermediate number of Purkinje cells relative to WT
and untreated PCD mice. Note that tendencies of both microglial (N) and Purkinje cell densities (O) do not affect lobe X. (P) Rotarod performance at P25; WT mice
show a significantly longer latency to fall, and PLX5622-treated PCD mice perform the task better than untreated PCD mice. GCL, granule cell layer; ML, molecular
layer; PCL, Purkinje cell layer. Data are shown as the mean + SD, where each point corresponds to one animal (n = 4-5 animals per group). The central black line
indicates the mean and error bars represent the SD. *p < 0.05. Scale bar: 100 pm.



D. Pérez-Boyero et al.

PCD mice exhibited higher phagocytic capacity than WT cells, as evi-
denced by increased uptake of fluorescent microspheres (p = 0.029;
Fig. 3H). Considering the cell area, significant differences were found
between the two experimental groups, with PCD microglia displaying
higher values (p = 0.029; Fig. 3I). As before, cell size did not interfere
with phagocytosis.

Brain Behavior and Immunity 133 (2026) 106248

Time-lapse video analysis revealed that cortical microglia from PCD
mice exhibited higher motility compared to WT microglia (p = 0.024;
Fig. 3L).

Proliferation analysis showed no differences between PCD and WT
cortical microglia. Both groups displayed similar percentages of Ki67-
labelled cells (p 0.386; Fig. 3S). Similarly, alamarBlue assays
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Fig. 2. Analysis of WT and PCD BMDML cells. (A) Gene expression analysis of general microglial markers (Ibal, Cx3crl, Tmem119), phagocytic capacity (Trem2,
P2ry6, Cd68), motility (Ccl2, Ccr2), and innate (Tlr2, Tir4), pro-inflammatory (Inos, Tnf-a, Il-1) and anti-inflammatory (Argl, Cd206) immune responses. (B-F)
Immunocytochemical analysis. (B, C) Images of BMDML cells labelled with Ibal antibody (green). (D) Morphologies observed in the cultures and their relative
frequencies. Similar percentages of each morphology were observed between the two genotypes. (E) Cell area analysis shows that WT cells have similar areas to PCD
cells. (F) Analysis of the intensity of Ibal expression showing a greater intensity of labelling in WT cells compared to PCD cells. (G-J) Analysis of phagocytic capacity.
(G, H) Images of BMDML cells labelled with the Ibal antibody (red) showing microspheres (green) both inside and outside the cells. (I) WT BMDML cells phago-
cytosed a greater number of microspheres than PCD BMDML cells. (J) When the area of each cell is considered, it is also observed that WT BMDML cells phagocytose
more microspheres than PCD BMDML cells, irrespective of their dimensions. (K-M) Motility analysis of BMDML cells. (K, L) Schematic showing the movement of
BMDML WT cells and BMDML PCD cells during time-lapse videos. (M) Quantification of motility showing that WT cells show less motility capacity compared to PCD
cells. (N-U) Proliferation analysis. (N-S) Images of WT and PCD BMDMLs labelled with Ibal antibody (green) and Ki67 antibody (red). (T) A higher percentage of cells
expressing Ki67 were found in PCD cell cultures than in WT cell cultures. (U) Analysis of proliferation with alamarBlue over time. The proliferation of PCD cells is
higher than in the WT, which is evident from day 3 onwards. Data are shown as the mean + SD, where each point corresponds to one biological replicate (average of
10 cells per animal; n = 4 animals per group). For boxplots and alamarBlue assays, the single data point shown represents the mean value calculated from all animals
in the group (n = 4 animals). *p < 0.05, **p < 0.01, for overall comparison between genotypes; ##p < 0.01, for overall comparison between times. Scale bars:

100 pm.

showed parallel patterns of cell number fluctuations over time in both
culture types. However, differences were found between the two
experimental groups at day 6 (p = 0.021; Fig. 3T), when cell numbers
declined rather than increased. This suggests that the observed differ-
ence may be due to increased cell death in WT cultures rather than
enhanced proliferation in PCD cultures.

In summary, the physiological neural environment influences certain
characteristics of PCD microglia: it increases their phagocytic capacity
and appears to suppress their proliferation. These findings indicate that
the neural environment itself plays a role in modulating—and poten-
tially reversing—certain microglial functions with altered Ccp1 gene.

3.4. Microglial cells isolated from the cerebellum and olfactory bulb of
adult PCD mice exhibit an inflammatory morphology, altered protein
expression, and increased phagocytic capacity and cell motility

After analysing the intrinsic effects of Ccpl gene deficiency on
microglia function, we next sought to investigate how a neurodegener-
ative environment further influences these cells. For this purpose, we
conducted in vitro analyses of microglia isolated from the cerebellum
and OB, allowing us to compare the impact of two distinct severities of
neurodegeneration.

First, morphological differences were observed between experi-
mental groups in microglia isolated from both the cerebellum and OB.
Specifically, microglial cells isolated from PCD mice in both regions
showed a higher proportion of amoeboid cells, along with a reduced
proportion of microglia bearing one or two branches. No significant
differences were found in the proportion of cells with three or more
branches (cerebellum, amoeboid, p = 0.020; one branch, p = 0.029; two
branches, p = 0.019; three or more branches, p = 0.462; Fig. 4G / OB,
amoeboid, p = 0.020; one branch, p = 0.020; two branches, p = 0.020;
three or more branches, p = 0.695; Fig. 5G). Thus, we can conclude that
microglia isolated from both the cerebellum and OB of PCD animals tend
to adopt a more amoeboid shape. Moreover, microglia cells from PCD
mice were larger than those of WT mice in both cases (cerebellum; p =
0.028; Fig. 4H / OB; p = 0.007; Fig. 5H). In line with this, Ibal
expression intensity was higher in microglial cells isolated from the
cerebellum and OB of PCD mice compared to those isolated from WT
mice (cerebellum, p = 0.03; Fig. 41 / OB, p = 0.001; Fig. 5I).

Analysis of the phagocytic capacity revealed that microglial cells
isolated from PCD mice— whether cerebellum or OB—phagocytosed
more neuronal debris than microglia isolated from WT mice (cere-
bellum, p = 0.029; Fig. 4J / OB, p = 0.013; Fig. 5J). By contrast, when
phagocytosis was normalised to the cell area, no differences were found
between the groups (cerebellum, p = 0.400; Fig. 4K / OB, p = 0.500;
Fig. 5K).

These findings suggest that in contrast to microglia from non-
degenerative regions (e.g., bone marrow or cerebral cortex) cell size
may influence the phagocytic capacity of microglia isolated from
neurodegenerative environments such as the cerebellum and OB.

Finally, microglia from PCD mice exhibited higher motility than WT
microglia in both regions analysed (cerebellum; p = 0.025; Fig. 4N / OB;
p = 0.004; Fig. 5N).

In conclusion, a pathological environment further alters PCD
microglia: it promotes increased proliferation, a shift toward an amoe-
boid and hyper-ramified morphology, and markedly increases Ibal
expression. Thus, a neurodegenerative environment is necessary for
microglia with Ccpl deficiency to fully activate some of their main
functions.

3.5. Microglia in the cerebellum and olfactory bulb of PCD mice exhibit
gene expression characteristic of microglial activation

Our final objective was to analyse microglia in PCD mice in vivo to
assess the direct influence of neuronal death and to characterise the
temporal dynamics of this influence—specifically, before, during, and
after the peak of neurodegeneration.

Gene analyses conducted prior to the onset of neurodegeneration in
the cerebellum showed elevated expression of several genes in PCD mice
compared to the WT control. These included general microglial markers
(Ibal, Cx3crl), phagocytosis-related genes (Trem2, Dap12, P2ry6), genes
associated with motility (Ccl2), and inflammatory response (Tnf-a, II-1,
Argl; Fig. 6). Similarly, in the OB, higher expression of genes related to
motility (Ccl2) and immune response (TIlr2, Tnf-a, I11-$) was found in the
PCD mutant compared to WT mice (Fig. 6). Therefore, even before the
onset of neurodegenerative processes, microglia in the cerebellum and
OB of PCD mice acquire a pre-activated state, with greater activation
observed in the cerebellum.

Gene expression analysis during the neurodegenerative phase
showed a marked upregulation of nearly all analysed genes in the cer-
ebellum of PCD mice, except for Inos (Fig. 6). Similarly, in the OB, PCD
mice also exhibited increased expression of most genes, except for
Cd200r and Inos (Fig. 6). These results indicate that during neuro-
degeneration in PCD mice, genes involved in phagocytosis, motility, and
immune response are highly expressed. Thus, in PCD mice both cere-
bellar and OB microglia are highly activated during neurodegeneration,
especially in the cerebellum.

Following the completion of neurodegenerative processes, the cere-
bellum of PCD mice still showed increased expression of genes corre-
sponding to general markers of microglia (Cx3crl), phagocytosis
(Trem2, Dap12), motility (Ccl2, Ccr2), and immune response (Tlr2, Tnf-a;
Fig. 6). Thus, once Purkinje cell death had concluded, the exacerbated
state of cerebellar microgliosis decreased, presenting more moderate
activation levels. By contrast, microglia in the OB of PCD mice main-
tained high expression levels of nearly all analysed genes, except for
Cd200r, Tlr4, and Inos (Fig. 6). Despite the completion of mitral cell
death, microglia in the OB of PCD mice continued to express high levels
of genes consistent with a state of high activation.
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Fig. 3. Analysis of microglia isolated from the cerebral cortex of WT and PCD mice. (A-E) Immunocytochemical analysis of cortical microglia. (A, B) Images of WT
and PCD microglial cells labelled with the Ibal antibody (red). (C) Morphologies observed in the cortical microglia cultures and their relative frequencies. Similar
percentages of each morphology were observed between the two genotypes. (D) Cellular area analysis of cortical microglia showing that both WT and PCD cells have
similar areas. (E) Analysis of Ibal intensity in cortical microglia cells showing more intense labelling in WT cells compared to PCD cells. (F-I) Analysis of the
phagocytic capacity of cortical microglia. (F, G) Images of cortical microglia isolated from WT and PCD mice labelled with the Ibal antibody (red) showing mi-
crospheres (green) both inside and outside the cells. (H) PCD cortical microglial cells phagocytosed more microspheres than WT cells. (I) When the area of each cell is
considered, PCD cells also phagocytosed more microspheres than WT cells, regardless of their size. (J-L) Motility analysis of cortical microglia. (J, K) Schematic
showing the movement of WT cells and PCD cells during time-lapse videos. (L) Motility quantification showing that WT cells are less motile compared to PCD cells.
(M-T) Proliferation analysis. (M-R) Images of cortical microglia isolated from WT and PCD mice labelled with Ibal (red) and Ki67 antibodies (green). (S) Chart
showing a similar percentage of cortical microglial cells expressing Ki67 in both genotypes. (T) AlamarBlue proliferation analysis of WT and PCD cortical microglia
cells over time. Overall, PCD cells were more numerous than WT cells. Data are shown as the mean + SD, where each point corresponds to one biological replicate
(average of 10 cells per animal; n = 4 animals per group). For boxplots and alamarBlue assays, the single data point shown represents the mean value calculated from
all animals in the group (n = 4 animals). *p < 0.05; **p < 0.01, for overall comparison between genotypes; ##p < 0.01, for overall comparison between times. Scale
bars: 100 pm.

3.6. Microglia in the cerebellum and olfactory bulb of PCD mice exhibit a Prior to the onset of neurodegeneration, microglial density and dis-
high density and are distributed towards areas of neurodegeneration tribution patterns were comparable between WT and PCD mice in both
brain regions. Microglia were distributed homogeneously across the

Following gene expression analyses, immunohistochemical tech- different cerebellar and bulbar layers (Figs. 7 and 8).
niques were performed to examine the spatial distribution and density of However, during peak neurodegeneration, differences emerged be-
microglia in the cerebellum and OB of PCD mice throughout tween the experimental groups. In the cerebellar vermis of PCD mice
neurodegeneration. (lobes I-II, V, and VIII), a marked increase in microglia density was
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(green) showing these neuronal debris both inside and outside the cells. The arrows correspond to the neuronal debris inside the cells. (J) PCD microglia phago-
cytosed more neuronal debris than WT microglia. (K) When relating phagocytosis to the area of each cell, no significant differences were found; therefore, cell size
may influence phagocytic activity. (L-N) Motility analysis. (L, M) Schematic showing the movement of WT cells and PCD cells during time-lapse videos. (N) Motility
quantification showing that PCD cells are more mobile than WT microglia. Data are shown as the mean + SD, where each point corresponds to one biological
replicate (average of 10 cells per animal; n = 4 animals per group). *p < 0.05. Scale bar: 100 pm.
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Fig. 5. Analysis of microglia isolated from the OB of WT and PCD mice. (A-K) Immunocytochemical and phagocytic capacity analysis of microglia. (A, B) Images of
WT and PCD microglia cells labelled with the Ibal antibody (green). (G) Morphologies observed in WT and PCD microglia cultures and their relative frequencies.
More amoeboid cells were observed in PCD cultures compared to WT cultures. In contrast, cells with one or two branches were more abundant in WT cultures.
Regarding cells with three or more branches, similar values were found in both cultures. (H) Cell area analysis of microglia showing that the area of PCD cells is larger
than that of WT cells. (I) Analysis of Ibal expression showing a higher intensity of labelling in PCD microglial cells compared to WT cells. (C-F) Images of neuronal
debris (red) and WT and PCD microglial cells labelled with Ibal (green) showing these neuronal debris both inside and outside the cells. The arrows correspond to the
neuronal debris inside the cells. (J) PCD microglial cells phagocytosed more neuronal debris than WT cells. (K) When relating phagocytosis to the area of each cell, no
significant differences were found, so cell size may affect phagocytic activity. (L-N) Motility analysis. (L, M) Schematic showing the movement of WT cells and PCD
cells during time-lapse videos. (N) Motility quantification showing that PCD cells are more mobile than WT microglia. Data are shown as the mean + SD, where each
point corresponds to one biological replicate (average of 10 cells per animal; n = 4 animals per group). *p < 0.05; **p < 0.01. Scale bar 100 pm.

observed, especially within the molecular and Purkinje cell layers. Once the neurodegenerative processes were over, both the cere-
However, in lobe X, similar values were found in both genotypes (Fig. 7), bellum and OB of PCD mice retained microglial density and distribution
consistent with its known neuroprotective properties (see Discussion). In patterns like those observed during peak degeneration (Figs. 7 and 8). In
the OB of PCD mice, microglia density also increased, particularly the cerebellum, however, an additional increase in microglial density
around the mitral cell layer (Fig. 8). Moreover, the changes in distri- was detected in the granule cell layer (Fig. 7). This redistribution likely
bution and density were more pronounced in the cerebellum than in the reflects the completion of Purkinje cell death, prompting microglia that
OB. had previously migrated and proliferated in the mitral cell and Purkinje
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Fig. 6. Gene expression analysis in the cerebellum and OB of WT and PCD mice. General markers of microglia (Ibal, Cx3crl, Tmem119), phagocytic capacity (Trem2,
Dap12, P2ry6, Cd68), motility (Ccr2, Ccl2), and innate (TIr2, Tlr4, Cd200r), pro-inflammatory (Inos, Tnf-a, Il-13) and anti-inflammatory (Argl, Cd206) immune
responses were analysed before, during, and after neurodegenerative processes. (A) Gene expression analysis in the cerebellum of WT and PCD mice at postnatal age
P15, before the onset of Purkinje cell death. Higher expression of Ibal, Cx3crl, Trem2, Dap12, P2ry6, Ccl2, Tnf-a, Il-15, and Argl was found in PCD mice compared to
WT mice. (B) Gene expression analysis in the OB of WT and PCD mice at P40, before the onset of mitral cell death. Increased expression of Ccl2, Tlr2, Tnf-a, and Il-1
was found in PCD mice compared to WT mice. (C) Gene expression analysis in the cerebellum of WT and PCD mice at P25, during peak Purkinje cell degeneration.
Increased gene expression was observed in virtually all genes analysed: Ibal, Cx3crl, Tmem119, Trem2, Dap12, P2ry6, Cd68, Ccl2, Ccr2, Tlr2, Tlr4, Cd200r, Tnf-a, II-
1p, Argl, and Cd206, except for Inos. (D) Gene expression analysis in the OB of WT and PCD mice at P70, during peak mitral cell degeneration. Significant differences
were found in the expression of nearly all genes analysed: Ibal, Cx3cr1, Tmem119, Trem2, Dap12, P2ry6, Cd68, Ccl2, Ccr2, Tlr2, Tlr4, Tnf-a, II-1, Argl, and Cd206,
except for Cd200r and Inos. (E) Gene expression analysis in the cerebellum of WT and PCD mice at P40, after Purkinje cell death. PCD mice were found to have
increased expression of Cx3crl1, Trem2, Dap12, Ccl2, Ccr2, Tlr2, and Tnf-a and reduced expression of Inos. (F) Gene expression analysis in the OB of WT and PCD mice
at P120, after mitral cell death. Significantly increased expression continued to be observed in almost all genes analysed: Ibal, Cx3crl, Tmem119, Trem2, Dap12,
P2ry6, Cd68, Ccl2, Ccr2, Tlr2, Tnf-a, II-1p, Argl, and Cd206. Data are shown as the mean =+ SD, calculated from four animals per group (n = 4). *p < 0.05.

cell layers to return to their former location in the granule cell layer. In
the case of the OB, the density and distribution of microglial cells were
identical to what was observed at the previous time point (Fig. 8).

3.7. During and after neurodegenerative processes, microglia in the
cerebellum and olfactory bulb of PCD mice exhibit a morphology
characteristic of activated microglial states

In addition to distribution, the morphology of microglia in the

13

cerebellum and OB of PCD mice was also analysed.

Prior to the onset of neurodegenerative processes, microglia in both
regions exhibited similar morphologies in the two genotypes. Cells had a
small cell body and numerous thin, branched processes, and a large
concentric surveillance area—characteristics of a resting state (Vidal-
Itriago et al., 2022). Nevertheless, qualitative in vivo analysis revealed
subtle early morphological alterations in PCD microglia, specifically at
P15 in the cerebellum and P40 in the OB, prior to overt neuronal
degeneration. Although these changes were modest and not subjected to
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Fig. 7. Analysis of the distribution and density of microglia in the cerebellar cortex of WT and PCD mice. Images of the different cerebellar lobes analysed (lobes I-II,
V, VIII, and X) show Ibal-labelled microglia (green) distributed throughout the different layers of the cerebellar cortex. The dotted line delimits the Purkinje cell
layer, orienting the molecular layer above it and the granule cell layer below it. (A-D, A-D) Histological sections showing microglia in the cerebellum of WT and PCD
mice at P15. Homogeneous distribution patterns were observed in both genotypes. (E) Analysis of microglia density in the cerebellum of WT and PCD mice at P15; no
differences were observed between genotypes. (F-I, F-f) Histological sections showing microglia in the cerebellum of WT and PCD mice at P25. Note that at this age
cerebellar degeneration in PCD mice results in marked microgliosis directed towards the molecular layer and Purkinje cell layer in all cerebellar lobes except lobe X.
(J) Analysis of microglial density in the cerebellum of WT and PCD mice at P25 confirms the above-mentioned microgliosis in PCD mice. (K-N, K-N) Histological
sections showing the microglia in the cerebellum of WT and PCD mice at P40. The differences found at P25 are maintained, while microgliosis is detected in lobe X in
PCD mice. (O) Analysis of microglia density in the cerebellum of WT and PCD mice at P40; PCD mice present higher densities in all analysed lobes. GCL, granule cell
layer; ML, molecular layer; PCL, Purkinje cell layer. Data are shown as the mean + SD, where each point corresponds to one animal (n = 4 animals per group). The
central black line indicates the mean and error bars represent the SD. *p < 0.05. Scale bar: 200 pm.
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Fig. 8. Analysis of the distribution and density of microglia in the OB of WT and PCD mice. The images show Ibal-labelled microglial cells (green) distributed
throughout the different layers of the OB. The dotted lines delimit the division between the three regions studied. The orientation of the images shows the glomerular
layer at the top, the mitral and perimitral layers in the middle, and the granule cell layer at the bottom. (A, B) Histological sections showing microglia in the OB of WT
and PCD mice at P40. Homogeneous distribution patterns were observed in both genotypes. (C) Analysis of microglia density in the OB of WT and PCD mice at P40
showing no differences between genotypes. (D, E) Histological sections showing microglia in the OB of WT and PCD mice at P70. Note that bulbar degeneration of
PCD mice results in marked microgliosis directed towards the mitral cell layer. (F) Analysis of microglia density in the OB of WT and PCD mice at P70 confirming
microgliosis in mutant mice. (G, H) Histological sections showing microglia in the OB of WT and PCD mice at P120. The differences found at P70 are maintained,
with microgliosis directed towards the mitral cell layer. (I) Analysis of microglia density in the OB of WT and PCD mice at P120 still showing a higher density in
mutants. EPL, external plexiform layer; GL, glomerular layer; GrL, granule cell layer; IPL, inner plexiform layer; MCL, mitral cell layer. Data are shown as the mean +
SD, where each point corresponds to one animal (n = 4 animals per group). The central black line indicates the mean and error bars represent the SD. *p < 0.05. Scale
bar: 100 pm.

quantitative morphometric analysis, they suggest an early alteration of amoeboid and/or hyper-ramified morphologies typical of activated
microglial structural organisation associated with Ccp1 deficiency (data microglia (Vidal-Itriago et al., 2022; Figs. 9 and 10). Representative
not shown). high-resolution images of microglial morphology in the cerebellum and

In contrast, during peak Purkinje cell and mitral cell degeneration, OB are provided in Supplementary Figs. S4 and S5, respectively. In
microglia in PCD mice underwent pronounced morphological changes. addition, the microglial surveillance area was significantly reduced, and
This included marked hypertrophy of the cell body, increased soma size, microglial processes were directed towards Purkinje and mitral cells
and progressive shortening and thickening of processes, resulting in (Figs. 9 and 10), probably to phagocytize debris and remove it from the
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Fig. 9. Morphological analysis of the cerebellar microglia in WT and PCD mice during the neurodegeneration processes. (A-D) Images showing genuine microglial
cells labelled with Ibal (A, B) and their transformation into a schematic image (skeletonize; C, D) for individual analysis. (E-I) Charts showing the results of the cell
area, cell soma area, tracking area, branch number, and Ibal expression analyses. PCD microglia cells exhibit a larger cell area (E), bigger soma (F), smaller homing
area (G), reduced number of branches (H), and more intense Ibal expression (I). Data are shown as the mean + SD, where each point corresponds to one biological
replicate (average of 10 cells per animal; n = 4 animals per group). *p < 0.05; **p < 0.01. Representative high-resolution images of cerebellar microglia are provided
in Supplementary Material S4.

OLFACTORY BULB (neurodegeneration)

B PCD mmd F G
250 ik 80 .4 3000
1 &
~ 200 —— g 9
<~ = 60 —_—
E b= —-=F *
= =
2150 . g L g *%
£ ® 4 .
31004 —F— F Lind Ey i
2 1 e = Z 1000
< = 2 <
50 30 £
0 T 0 T T 0 T T
WT PCD WT PCD WT PCD
80 10000
2 . = *
£ 0 XY £ 8000 T
- £
2 ® * £ 6000 e
Z 4% 3 K|
% —4 T 4000 o
E 5 £ —%
2% & 2000 ef°
=
. 0 T - 0 : :
Skeletonize WT PCD WT PCD

Fig. 10. Morphological analysis of the OB microglia in WT and PCD mice during the neurodegeneration processes. (A-D) Images showing genuine microglial cells
labelled with Ibal (A, B) and their transformation into a schematic image (skeletonize; C, D) for individual analysis. (E-I) Charts showing the results of the cell area,
cell soma area, tracking area, branch number, and Ibal expression analyses. PCD microglia cells exhibit a larger cell area (E), soma bigger (F), smaller homing area
(G), reduced number of branches (H), and more intense Ibal expression (I). Data are shown as the mean + SD, where each point corresponds to one biological
replicate (average of 10 cells per animal; n = 4 animals per group). *p < 0.05; **p < 0.01. Representative high-resolution images of OB microglia are provided in
Supplementary Material S5.

surrounding medium. These changes were more pronounced in cere- hyperbranched morphologies, especially in the case of the OB. By

bellar microglia, suggesting a more intense activation compared to OB contrast, cerebellum microglia began to display more extensively

microglia. branched morphologies, with elongated processes and smaller bod-
After the neurodegenerative processes had concluded, microglia in ies—features more typical of resting states (data not shown).

both regions of PCD mice continued to exhibit amoeboid and
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3.8. Microglia in the cerebellum and olfactory bulb of PCD mice showed
proinflammatory and anti-inflammatory expression from the onset of
neurodegenerative processes

To further characterise the inflammatory nature of microglia in PCD
mice, we performed a series of additional immunohistochemical ana-
lyses in both the cerebellum and OB using markers associated with

Brain Behavior and Immunity 133 (2026) 106248

microglial functions: CD45 (reactive microglia), CD16/32 (pro-inflam-
matory activity) and CD206 (anti-inflammatory activity). Since CD45 is
expressed to varying degrees by all microglial cells, we quantified its
integrated density (i.e. the fluorescence intensity) using the ‘Threshold’
tool in FIJI. For CD16/32 and CD206, which are selectively expressed
under pro- and anti-inflammatory conditions respectively (Pérez-Martin
etal., 2023; Del Pilar et al., 2024). We calculated the percentage of Ibal-
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Fig. 11. Analysis of the microglial phenotype in the cerebellar vermis of WT and PCD mice. Sections correspond to cerebellar lobes I-II, V, VIII, and X. Dotted lines
delimit the Purkinje cell layer, with the molecular layer situated above the line and the granular layer below it. (A-D, A-D) Histological sections showing microglia in
the cerebellum of WT and PCD mice labelled with Ibal (green) and CD45 (reactive microglia, red). (E) Quantitative analyses of the expression of the reactive
microglia marker CD45 in the cerebellum at P25. In general, a higher intensity of CD45 expression was observed in the cerebellum of PCD mice. (F- I, f-) Histological
sections showing microglia in the cerebellum of WT and PCD mice labelled with Ibal (green) and CD16/32 (pro-inflammatory microglia, red). (J) Quantitative
analysis of the co-expression of Ibal and CD16/32 markers in the cerebellum at P25. Note that significant co-expression of Ibal and CD16,/32 was only observed in
the cerebellum of PCD mice. (K-N, f(-N) Histological sections showing microglia in the cerebellum of WT and PCD mice labelled with Ibal (green) and CD206 (anti-
inflammatory microglia, red). (O) Quantitative analysis of the co-expression of Ibal and CD206 markers in the cerebellum at P25. Co-expression of Ibal and CD206
was observed mainly in the cerebellum of PCD mice. GCL, granule cell layer; ML, molecular layer; PCL, Purkinje cell layer. Data are shown as the mean + SD, where
each point corresponds to one animal (n = 4 animals per group). The central black line indicates the mean and error bars represent the SD. *p < 0.05. Scale bar:
100 pm.
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positive cells co-expressing each marker (i.e., double-labelled for Ibal OB of PCD mice compared to the WT control (data not shown), with
and CD16/32 or CD206 relative to total Ibal + cells). CD206, the anti-inflammatory marker, being the most prominently
Before the onset of neurodegeneration, expression levels of CD45, increased. This possibly reflects the detection of pre-neurodegenerative

CD16/32, and CD206 were slightly elevated in both the cerebellum and signals by microglia (see Discussion).
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Fig. 12. Analysis of the microglial phenotype in the OB of WT and PCD mice. Dotted lines delineate the division between the three regions studied. The orientation of
the images situates the glomerular layer at the top, the mitral and perimitral layers in the centre, and the granule cell layer at the bottom. (A-C, A-C) Histological
sections showing microglia in the OB of WT and PCD mice labelled with Ibal (green) and CD45 (reactive microglia, red). (D) Quantitative analysis of the expression
of the reactive microglia marker CD45 in the OB at P70 showing a higher expression in PGD mice compared to WT mice. (E-G, E-G) Histological sections showing
microglia in the OB of WT and PCD mice labelled with Ibal (green) and CD16/32 (pro-inflammatory microglia, red). (H) Quantitative analysis of the co-expression of
Ibal and CD16,/32 markers in the OB at P70. Note that only significant expression of CD16/32 was observed in the microglia of PCD mice. (I- K, I-K) Histological
sections showing microglia in the OB of WT and PCD mice labelled with Ibal (green) and CD206 (anti-inflammatory microglia, red). (L) Quantitative analysis of the
co-expression of Ibal and CD206 markers in the OB at P70. Higher CD206 expression is observed in the OB of PCD mice compared to WT mice. EPL, external
plexiform layer; GL, glomerular layer; GrL, granule cell layer; IPL, inner plexiform layer; MCL, mitral cell layer. Data are shown as the mean + SD, where each point
corresponds to one animal (n = 4 animals per group). The central black line indicates the mean and error bars represent the SD. *p < 0.05. Scale bar: 100 pm.
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During peak neurodegeneration, expression of all three markers was
markedly increased in both regions of PCD mice, likely as a direct
response to Purkinje and mitral cell degeneration. One of the markers
showing the strongest expression is CD45, indicating that microglia are
in a state of heightened immune reactivity. Additionally, this reactivity
is predominantly of an anti-inflammatory nature, as evidenced by the
more prominent expression of CD206. This increase was more evident in
the cerebellum (Fig. 11) than in the OB (Fig. 12 and Supplementary
Fig. S6), consistent with the more aggressive microgliosis observed in
the former.

After the neurodegenerative processes were concluded, elevated
expression of CD45, CD16/32, and CD206 persisted in both brain re-
gions (data not shown), with CD206 expression being the most sus-
tained, mainly in the OB. This indicates that the anti-inflammatory
response is the one that predominantly persists.

In summary, these results show that once neurodegenerative pro-
cesses begin in PCD mice, a pro- and anti-inflammatory microglial
phenotype coexists. These findings are consistent with the results ob-
tained through the gene expression analysis, as microglia in the cere-
bellum and OB of PCD mice exhibit both pro-inflammatory and anti-
inflammatory functions at the same time manifested as a dual response.

4. Discussion

Elimination of microglia from the cerebellum of PCD mice resulted in
a significant reduction in Purkinje cell death. Therefore, although
microglia are not the sole direct cause of neuronal degeneration, these
findings indicate that they actively contribute to disease progression by
exacerbating and accelerating neurodegenerative processes, in line with
observations in other neurodegenerative disorders (Henry et al., 2020;
Stojiljkovic et al., 2022). Importantly, several independent lines of in
vivo evidence support a functional link between microglial activity and
neuronal vulnerability in the PCD model. In the present study, phar-
macological reduction of microglial density was accompanied by a
marked increase in Purkinje cell survival. In addition, previous work
from our laboratory has demonstrated that attenuation of the microglial
inflammatory response using anti-inflammatory treatments leads to
improved Purkinje cell survival (Pérez-Martin et al., 2023). Moreover,
replacement of resident microglia through transplantation of healthy
WT bone marrow significantly reduced neuronal loss during the
neurodegenerative and inflammatory phase of PCD mice (Diaz et al.,
2012), likely by shifting microglia towards a more protective phenotype.
Taken together, these converging observations strongly support a causal
contribution of microglial activity to Purkinje cell degeneration in this
model. To further elucidate the role of microglia in this model, we
employed a combination of in vitro and in vivo approaches to delve
deeper into the complexities of microglial functioning.

In in vitro experiments, BMDML cells differentiated from PCD mice
exhibited reduced expression of general microglial markers compared to
their WT counterpart. This observation suggests that the Ccpl gene may
play a role in the differentiation of BMHSCs into BMDML cells, poten-
tially maintaining them in a more undifferentiated state, with certain
stem cell-like features. Supporting this hypothesis, previous studies from
our laboratory have shown that mutations in Ccp1 delay the differenti-
ation and maturation of both Purkinje cells and myeloid cells in PCD
mice (Munoz-Castaneda et al., 2018; Del Pilar et al., 2021). Additionally,
other research has shown that CCP1 deficiency is associated with
impaired differentiation and the maintenance of pluripotency in em-
bryonic stem cells (Ye et al., 2018). These findings collectively suggest
that Ccpl may be involved in cell maturation processes, independent of
cell type.

Moreover, Ibal expression was markedly reduced in both BMDML
cells and microglia isolated from the cerebral cortex of PCD mice. Pre-
vious studies have shown that the cytoplasmic distribution of Ibal is
partially dependent on cytoskeletal dynamics. It is plausible that mu-
tations in the Ccp1 gene lead to hyperglutamylation of tubulin, resulting
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in microtubule destabilisation in microglia-like what has been observed
in Purkinje cells (Berezniuk et al., 2012; Munoz-Castaneda et al., 2018).
This cytoskeleton disruption could alter the proper localisation and
expression of Ibal, resulting in inappropriate levels of this marker.
Interestingly, in microglia isolated from the cerebellum and OB during
peak periods of neurodegeneration, Ibal expression was significantly
upregulated, most probably in response to neurodegeneration
(Michalski et al., 2017; Ousta et al., 2022).

Morphological analysis of cultured cells revealed that BMDML cells
and microglia isolated from the cerebral cortex exhibited comparable
morphologies between both experimental groups. However, microglia
from the cerebellum and OB of PCD mice displayed more amoeboid and/
or highly ramified morphologies. Both morphologies could be associated
with microglial activation triggered by the degeneration of Purkinje or
mitral cells, as observed in vivo (see below), and in certain neuropath-
ological conditions (Paasila et al., 2019; Illes et al., 2020; Vidal-Itriago
et al., 2022). These findings suggest that mutations in the Ccpl gene
do not alter the morphology of resting BMDML or microglial cells.
However, under conditions of neuronal damage, the size and shape of
PCD microglia change and present a clearly activated phenotype (Vidal-
Itriago et al., 2022).

The apparent discrepancy between the limited morphological alter-
ations observed in vitro under basal conditions and the early changes
detected in vivo likely reflects the fundamental differences between these
experimental contexts. In vivo, microglia are embedded within a highly
complex and dynamic tissue environment, where neuronal activity,
cell-cell interactions, extracellular matrix components, and inflamma-
tory cues (Vidal-Itriago et al., 2022) can amplify subtle cytoskeletal
defects associated with Ccpl deficiency. In contrast, the reductionist
nature of in vitro systems may mask early alterations, such that
genotype-dependent morphological changes become evident primarily
under conditions of neuronal damage or after prior exposure to a
degenerative milieu.

In the assessment of the phagocytic capacity of microglial cells, PCD
BMDML cells exhibited significantly reduced phagocytic capacity
compared with WT BMDML cells. This suggests that mutations in the
Ccpl gene impair microglia phagocytosis, potentially exacerbating pri-
mary neuronal loss in PCD mice due to inefficient clearance of cellular
debris (Guo et al., 2019; Beccari et al., 2023). This functional weakening
may be influenced by the reduced differentiation of PCD BMDML cells,
as insufficient microglial maturation could compromise the develop-
ment of their functions (Wu et al., 2019). In addition, microtubule
destabilisation—previously reported in various cell types in the PCD
model (Berezniuk et al., 2012; Munoz-Castaneda et al., 2018; Franco-
Bocanegra et al., 2019; Del Pilar et al., 2021; Ramadan et al., 2021;
Moller et al., 2022) —may also affect BMDML cells, negatively influ-
encing the process of phagocytosis. Interestingly, microglial cells iso-
lated from the cerebral cortex, cerebellum, and OB of PCD mice
exhibited increased phagocytic activity. This finding suggests that the
neuronal environment—even without any overt damage—is responsible
for this radical change in the phagocytic capacity of PCD BMDML cells.
Moreover, uncontrolled and excessive phagocytosis has been implicated
in the exacerbation or even initiation of neuronal cell death (Fu et al.,
2014; Herzog et al., 2019; Podlesny-Drabiniok et al., 2020; Wang et al.,
2021; Chen et al., 2022). Thus, in the PCD model, heightened microglia
phagocytic capacity may contribute to the neuropathological processes
observed in the cerebellum and OB. Both regions are characterised by a
multitude of nerve connections that are established through pruning by
microglia (Lin et al., 2000; Arcuri et al., 2017). Dysregulation of the
microglia phagocytic capacity could impair the proper establishment of
neuronal connections and synapses, potentially triggering premature
neuronal loss, as observed in this model of neurodegeneration (Arcuri
et al., 2017; Yanuck, 2019).

Motility studies showed that PCD-type cells in all microglia cultures
are more mobile than WT-type cells. These findings suggest that muta-
tions in the Ccp1 gene may also influence microglial motility, in this case
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by enhancing it. As previously discussed, the CCP1 protein is essential
for the stabilisation of microtubules within the cytoskeleton (Munoz-
Castaneda et al., 2018). Microtubules are known to restrict cell move-
ment and regulate directional migration (Ganguly et al., 2012). This
could explain the increased and less directed motility observed in PCD
microglial cultures, as cells do not have control over the microtubule
dynamics of their cytoskeleton (Adrian et al., 2023; Rosito et al., 2023).
As extensively documented, microglial cells actively scan the brain pa-
renchyma by physically interacting with other cells, contributing to the
structural shape of the brain and the stabilisation of neuronal connec-
tions (Nebeling et al., 2023). In the PCD mouse, altered microglial
motility may compromise these essential functions (Franco-Bocanegra
et al., 2019). Indeed, several studies have shown that altered or mis-
directed microglial motility can promote the development of a pro-
inflammatory phenotype (Gyoneva et al., 2016; Franco-Bocanegra
et al., 2019). In addition, as with phagocytosis, impaired motility may
hinder microglia synaptic pruning, potentially leading to aberrant
neuronal connectivity that could trigger the death of certain neurons
(Arcuri et al., 2017). Ongoing studies in our laboratory indicate that the
synapses established in the cerebellum of PCD mice are altered even
before the onset of neurodegenerative processes. Moreover, previous
research has shown that altered microglia motility can interfere with key
functions such as phagocytosis and immune response (Franco-Bocane-
gra et al., 2019; Bernier et al., 2020). A similar phenomenon appears to
occur in our PCD model of neurodegeneration, where altered microglial
motility is accompanied by impaired phagocytic activity and immune
responsiveness. These findings suggest that altered microglial motility in
PCD mice could affect proper phagocytosis and immune response.

Finally, cell proliferation studies revealed that PCD BMDML cells
exhibited a higher proliferative capacity compared to WT cells. Thus,
mutations in the Ccp1 gene appear to increase cell division. One possible
explanation is the reduced differentiation status of BMDML cells, as they
remain in a more undifferentiated state and probably have a greater
proliferative capacity (Zhu & Skoultchi, 2001; Ye et al., 2018). However,
when examining the proliferation capacity of microglial cells isolated
from the cerebral cortex, no clear differences were observed between the
two genotypes. Therefore, although Ccpl mutations promote microglia
proliferation, a healthy neuronal environment can maintain this prolif-
eration under homeostatic conditions, like those observed in WT models
(Wang et al., 2011; Oria et al., 2018). Notably, in a degenerative neural
environment, microglia proliferation was again elevated in PCD mice in
response to the neurodegenerative processes occurring in both the cer-
ebellum and OB, as observed in our in vivo studies (see below). Impor-
tantly, these in vitro findings complement previous in vivo observations
from our laboratory, which demonstrated significantly increased
microglial proliferation and turnover in PCD mice, as evidenced by
elevated 5-bromo-2-deoxyuridine (BrdU) incorporation in microglia
from the cerebellum and OB (Baltanas et al., 2013). Together, these data
support the notion that Ccp1 inactivation is associated with an altered
microglial proliferative phenotype both in vitro and in vivo. Future
studies using microglia-specific conditional Ccpl knockout models will
be essential to definitively determine the cell-autonomous contribution
of CCP1 to microglial dysfunction and to disentangle intrinsic effects
from those driven by the neurodegenerative environment. In addition,
future studies employing cell type-specific overexpression of Ccpl may
further complement loss-of-function approaches and help refine the
understanding of CCP1 function across distinct neural and glial
populations.

Following the completion of all in vitro analyses, we next examined
the status of the microglia in PCD mice in vivo—before, during, and after
the neurodegenerative processes occurring in both the cerebellum and
OB.

Prior to the onset of neurodegenerative processes in both regions, an
elevated expression of some general microglial markers of phagocytosis,
motility, and inflammatory responses (both pro-inflammatory and anti-
inflammatory) was observed. Notably, a similar pattern was identified in
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the gene expression analysis of PCD BMDML cells, which also showed
increased expression of markers related to motility and pro-
inflammatory activity. These findings suggest that microglial activa-
tion may occur even before the start of neurodegeneration (Vezzani
et al., 2013; Fu et al., 2014; Zheng et al., 2016; Franco-Bocanegra et al.,
2019). Such activation may be explained by two non-mutually exclusive
hypotheses. First, mutations in the Ccpl gene may predispose microglia
to impaired functioning, as previously discussed. Second, previous
studies from our laboratory have shown that there are certain ultra-
structural and morphological alterations in Purkinje (Baltanas et al.,
2011; Munoz-Castaneda et al., 2018; Pérez-Revuelta et al., 2025) and
mitral cells (Valero et al., 2006) of PCD mice even before overt neuro-
degeneration becomes apparent. These findings indicate that microglia
may be capable of detecting subtle cellular dysfunctions or environ-
mental changes and responding accordingly, likely to maintain ho-
meostasis within the neural system (Colonna & Butovsky, 2017).

During the peak of neurodegeneration in both the cerebellum and
OB, an elevated expression of nearly all microglial markers analysed was
observed. This result indicates that microglia are highly activated in
both brain regions, most likely as a response to the degeneration of
Purkinje and mitral cells (Landis & Mullen, 1978; Recio et al., 2007;
Valero et al., 2007; Wang & Morgan, 2007;Munoz-Castaneda et al.,
2018). Moreover, immunohistochemical analysis using Ibal revealed an
increase in microglial density in both the cerebellum and OB of PCD
mice, consistent with previous findings at comparable ages (Baltanas
et al., 2013; Pérez-Martin et al., 2023). In parallel, the upregulation of
genes associated with phagocytosis and motility further supports an
enhancement of these microglial functions. As observed in various
neurodegenerative pathologies, microglia in PCD mice appear to adopt
an activated phenotype, characterised by increased motility and
phagocytic capacity. This activation likely facilitates their migration
through the neural parenchyma towards dead neurons, enabling their
clearance from the surrounding environment to restore homeostasis
(Neher et al., 2012; Butler et al., 2021; Gao et al., 2023). Moreover, in
both the cerebellum and OB, microglia tend to migrate towards layers
where degenerating neurons are located (Baltanas et al., 2013; Pérez-
Martin et al., 2023), a phenomenon that is more evident in the cere-
bellum. This effect may be attributed to the more rapid and aggressive
degeneration of Purkinje cells compared to mitral cells, potentially
eliciting a stronger microglial response. These observations are consis-
tent with the in vitro results, where PCD microglia isolated from the
cerebellum and OB exhibited greater phagocytosis and motility than WT
microglia. Furthermore, in both the cerebellum and OB of PCD mice, we
observed increased expression of the Ibal marker, probably because of
the neurodegenerative processes occurring in these regions (Michalski
et al., 2017; Ousta et al., 2022). This in vivo result is consistent with our
in vitro findings, where microglia isolated from the cerebellum and OB of
PCD mice exhibited elevated Ibal expression. In contrast, cultures of
BMDML or cortical cells showed reduced Ibal expression in PCD mice.
These results suggest that microglia from PCD mice only exhibit
abnormally elevated levels of Ibal when situated within a neurode-
generative environment.

Additionally, while the microglial morphology during the pre-
neurodegenerative phase was predominantly branched, the
morphology observed during peak neurodegeneration was primarily
amoeboid and/or hyper-ramified—both of which are associated with
microglial activation states (Parakalan et al., 2012; Boche et al., 2013;
Vidal-Itriago et al., 2022; Adrian et al., 2023). This morphological
change in response to neuronal damage was also observed in our in vitro
experiments. Specifically, we observed an increase in cell area and a
reduction in tracking area, consistent with the morphological changes
observed in cultured microglia isolated from the cerebellum and OB at
the same age. Notably, previous studies have shown that an increase in
microglial cell area is indicative of activation in response to noxious
stimuli (Davis et al., 2017).

Likewise, the increased expression of immune response genes likely
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corresponds to an elevated release of both pro-inflammatory and anti-
inflammatory mediators. In the PCD model, this release appears to be
massive and uncontrolled, potentially exacerbating neuronal death in
both Purkinje and mitral cells and contributing to additional damage in
the surrounding neural tissue (Zheng et al., 2016). This hypothesis
aligns with our observations in the cerebellum, where the release of
inflammatory mediators is particularly intense and significantly higher
than in the OB. This may help explain the rapid and abrupt degeneration
of Purkinje cell death. In contrast, although the OB also shows elevated
expression of inflammatory response genes, the levels are comparatively
lower than what is observed in the cerebellum, which could account for
the slower and more gradual degeneration of mitral cells over time.
Importantly, regional differences in the speed, intensity, and nature of
neuronal degeneration may contribute to explaining the apparent pre-
dominance of anti-inflammatory markers in degenerative regions
(Colonna & Butovsky, 2017; Neher & Cunningham, 2019). In the cere-
bellum, the rapid and markedly inflammatory degeneration of Purkinje
cells likely induces an intense and acute microglial activation, which
may rapidly shift towards an anti-inflammatory or resolution phenotype
as a mechanism to limit collateral damage in the surrounding tissue. In
contrast, the slower and more progressive loss of mitral cells in the OB
may favour a more sustained microglial activation state, with a rela-
tively greater contribution of anti-inflammatory signals. Taken together,
these findings suggest that the combination of Ccp1 loss-of-function and
the region-specific neurodegenerative context leads to distinct micro-
glial activation profiles, rather than to a uniform inflammatory response.
In this context, it is important to note that the intensity of CD45
immunoreactivity may differ markedly between brain regions. Microglia
in the OB have been reported to display lower basal levels of CD45
expression and a less immunologically primed phenotype compared
with microglia in other regions, including the cerebellum. This well-
established regional heterogeneity likely contributes to the weaker
CD45 signal observed in the OB, despite increased microglial density or
activation during neurodegeneration (de Haas et al., 2008; Grabert
et al., 2016). However, it is also important to consider that the OB is a
highly plastic region, capable of adapting to various abnormal or path-
ological conditions (Diaz et al., 2017; Pérez-Boyero et al., 2023). This
plasticity may confer greater resistance to neurodegenerative processes,
making them less severe or pronounced (Diaz et al., 2017). Additionally,
microtubule dysfunction in certain types of glial cells has been linked to
the development of neurodegenerative processes, likely due to dysre-
gulation of their immune responses (Cyske et al., 2023). Thus, mutations
in the Ccpl gene may predispose PCD microglia to excessive and un-
controlled immune activation, possibly because of abnormal microtu-
bule function.

Following the completion of primary neurodegenerative processes,
both the cerebellum and OB maintained microglial density, distribution,
and morphology like those found during their respective peaks of
neuronal death. Both regions also presented elevated levels of markers
associated with phagocytic capacity, motility, and immune response,
although these levels were lower than those produced during active
neurodegeneration. Interestingly, this sustained expression was more
pronounced in the OB, where an upregulation of nearly all genes ana-
lysed persisted into the post-degenerative period, albeit at levels lower
than that observed during the neuronal degeneration phase itself. These
findings suggest the presence of a chronic microglial response, which
may contribute to the continued death of both mitral cells and other
neuronal populations. Indeed, previous studies on the OB of PCD mice
have reported not only mitral cell loss but also the death of certain in-
terneurons (Valero et al., 2007). This secondary degeneration could be
driven by sustained microglial activation (Recio et al., 2007; Valero
et al., 2007). Furthermore, the persistent state of increased activation
observed in the OB may reflect the fact that bulbar degeneration is not
yet fully completed. Traditionally, it is considered that by P110, virtu-
ally all mitral cells have degenerated in PCD mice (Valero et al., 2007).
However, there is no clear consensus regarding the exact timing of this
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degeneration, with some studies suggesting it concludes around P90,
while others report it may extend to P120 or beyond (Greer & Shepherd,
1982; Recio et al., 2011; Diaz et al., 2012). A similar phenomenon is
observed in lobe X of the cerebellum, which exhibits a particular resis-
tance to Purkinje cell degeneration, with the loss of these neurons
occurring at a later stage (Hernandez-Pérez et al., 2023; Hernandez-
Pérez et al., 2025).

5. Conclusions

In summary, our findings highlight the remarkable versatility of
microglia and underscore the importance of integrating both in vitro and
in vivo models when studying their behaviour. As demonstrated in this
study, even subtle variations in the cellular environment can signifi-
cantly influence microglial characteristics and functions. We show that
microglia in PCD mice exhibit abnormal behaviour due to the mutation
in the Ccp1 gene, which disrupts fundamental microglial functions such
as phagocytosis, motility, and immune response. These impairments
affect the way microglia respond to stimuli, leading to their poorly
regulated and exacerbated reactions that contribute to the establishment
of a neurodegenerative environment and promote neuronal loss along
with a loss of motor skills. The consequences of microglia dysfunction in
PCD mice are further supported by previous research from our labora-
tory. We have shown that transplanted healthy bone marrow cells
differentiate into microglia within nervous tissue, resulting in reduced
neuronal death in PCD mice. This neuroprotection is likely due to the
proper functioning of healthy microglia, which may counteract the
altered effects of mutant microglia (Diaz et al., 2012). These findings
suggest that future research should explore the complete replacement of
impaired microglia in PCD mice with healthy microglia to assess the
impact on neurodegeneration in both the cerebellum and OB. Similar
mechanisms have been observed in other neurodegenerative diseases,
where microglia malfunction can trigger or exacerbate neuronal loss.
For all these reasons, investigating how microglia respond to different
neurodegenerative diseases is critical. A deeper understanding of
microglia function could pave the way for novel therapeutic strategies
for treating neurodegenerative diseases, as well as new diagnostic tools.
In this study, we observed that microglia in both the cerebellum and OB
of PCD mice exhibit an activated profile, characterised by the release of
specific inflammatory cytokines even before the onset of neurodegen-
erative processes. These molecules may serve as early biomarkers for
certain neurological pathologies, potentially enabling early diagnosis
and treatment (Benatar et al., 2022; Wilson et al., 2023; Mészaros &
Guizzaro, 2024).

In conclusion, this work highlights the pivotal role of microglia in the
development of neurodegenerative diseases. Fully understanding the
functional dynamics of these cells is essential, as even minor disruptions
in their core activities can trigger major neurodegenerative processes.
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