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ABSTRACT (232 words)

Nerve/glial antigen 2 glial cells (NG2-glia) are a uniformly distributed pool of cells in the central nervous
system. In addition, to serve as oligodendrocytes progenitors, NG2-glia might also fulfil physiological roles,
although such functions’ mechanistic nature remains unclear. Here, we investigated NG2-glia expression in
the striatum of 6-hydroxydopamine lesioned Wistar adult male rats presenting L-DOPA induced dyskinesia
(LID). Immunoconfocal morphometry, immunohistochemistry, and western blot techniques were performed
to label NG2-glia, astrocyte (GFAP), and microglia (OX-42) in the striatum. Our data revealed that the
L-DOPA-induced dyskinesia produces a decrease of the NG2-glia density in the striatum, an area critical to
Parkinson’s disease pathophysiology L-DOPA induced dyskinesia instalment. NG2-glia presented a negative
correlation with L-DOPA induced dyskinesia score opposing to GFAP and OX-42 immunopositive cells. The
doxycycline antidyskinetic therapy induced a robust increment of NG2-glia restoring standards beforehand
L-DOPA induced dyskinesia manifestation. The morphometric analysis identified a NG2 reactive phenotype
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. in the striatum of parkinsonian rats, under L-DOPA treatment, not altered by doxycycline. NG2-glia im-
munolabeled cells do not colocalize with OX-42 or GFAP-labeled cells. In conclusion, our findings provide
the first description of the distribution and morphological changes of NG2-glia in the parkinsonian and dys-
kinetic rats’ striatum. The NG2-glia expression rise in the striatum positively correlated to the decrease in
L-DOPA induced dyskinesia scores. The results reveal an aspect of the NG2-glia as a potential therapeutic
target for Parkinson´s disease and L-DOPA induced dyskinesia.

Keywords: NG2-glia; Parkinson’s disease; L-DOPA-induced dyskinesia; Astrocyte; Microglia.

MAIN POINTS

• L-DOPA-induced dyskinesia produces a decrease of the NG2-glia density in the striatum, an area
critical to Parkinson’s disease pathophysiology LID development.

• The antidyskinetic therapy with doxycycline revealed a robust increase of the NG2-glia in the dorso-
medial, dorso- and ventrolateral striatum

• NG2-glia has a negative correlation with LID score contrasting to GFAP and OX-42 immunopositive
cells.

Abbreviations - 6-OHDA: 6-hydroxydopamine; AIMs: axial, limb and orofacial abnormal involuntary mo-
vements; ALO: global AIMs Score including all AIM categories: axial, forelimb, and orofacial; DOXY: doxy-
cycline; GFAP: glial fibrillary acidic protein from astrocyte; L-DOPA: 3,4-dihydroxyphenyl-L-alanine; LID:
L-DOPA-induced dyskinesia; NG2-glia: Nerve/glial antigen 2 glial cells; OX-42: CD11b/c equivalent protein
of microglia; PD: Parkinson’s disease; SNc: substantia nigra compacta; TH: tyrosine hydroxylase.

INTRODUCTION (742 words)

Parkinson’s disease (PD) is a neurodegenerative disorder, triggered by the progressive loss of dopamine-
producing neurons in the substantia nigra compacta (SNc) region of the basal ganglia (Vaillancourt and Lehe-
ricy, 2018). The disease was considered mainly by motor symptomatology, including resting tremor, bradyki-
nesia, limb rigidity, and defects in gait and balance (Obeso et al., 2018). Currently, symptomatic therapies are
available, mainly the dopamine replacement therapy with levodopa (L-DOPA: l-3,4-dihydroxyphenylalanine).
L-DOPA improves motor symptoms, but long-term L-DOPA use leads to the gradual development of side
effects such as on-off fluctuations, abnormal involuntary movements, and hallucinations (Obeso et al., 2000;
Dauer and Przedborski, 2003). The abnormal involuntary movements termed L-DOPA-induced dyskinesia
(LID), are among the main challenges in treating PD since they limit the L-DOPA effectiveness.

To date, LID cause is not entirely understood (Fahn et al., 2004; Olanow et al., 2004; Jenner, 2008). Several
studies aimed to find alternative therapies that reduce LID (Cenci et al., 2020). It was recently demonstrated
the presence of an inflammatory reaction in the brains of patients exhibiting a history of dyskinesia (Del-Bel
et al., 2016; Carta et al., 2017; Junior et al., 2020). In the PD post mortem brain patients, the basal ganglia
is marked by angiogenesis, vascular endothelial growth factor up-regulation, and altered brain blood barrier
properties (Ohlin et al., 2011, 2012; Janelidze et al., 2015; Lerner et al., 2017). Pre-clinical studies showed
evidence of an inflammatory environment in the dopamine depleted striatum, with sustained activation of
astrocytes and microglia and the recruitment of immune elements contributing to the pathophysiology of
LID (Picconi et al., 2002; Robelet et al., 2004; Meissner et al., 2006; Buck and Ferger, 2010; Bortolanza et al.,
2015a; Del-Bel et al et al., 2016; Guerra et al., 2019). Supporting the hypothesis, the striatum of lesioned rats
long after the microinjection of the neurotoxin 6-hydroxydopamine (6-OHDA), receiving L-DOPA treatment,
has been revealed a sustained neuroinflammatory reaction (Spinnewyn et al., 2011; Aron-Badin et al., 2013;
Muñoz et al., 2014; Bortolanza et al., 2015a and b; Ramirez-Garcia et al., 2016; Teema et al., al., 2016; Boi
et al., 2019). Targeting neuroinflammation may be a strategy to limit LID (Del Bel et al., 2016; Dos-Santos-
Pereira et al., 2016; Carta et al., 2017; Junior et al., 2020).

A population of dividing glial progenitors, called NG2-glia, considered the fourth glial type in the adult central
nervous system, has been identified throughout adult brain parenchyma (Dimou et al. 2008; Richardson et al.,
2011). This population express markers typically found in oligodendrocyte precursor cells during development
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. such as chondroitin sulfate proteoglycan (Levine et al., 1998; Peters, 2004; Nishiyama et al., 2009). It has
been reported their potential to generate a wide variety of cell types besides oligodendrocytes, including
astrocytes and neurons (Belachew et al., 2003; Aguirre and Gallo, 2004; Aguirre et al., 2010; Baracskay
et al., 2007), although the latter is debated (Dimou et al., 2008; Nishiyama et al., 2009; Zhu et al., 2011;
Richardson et al., 2011). Rodent NG2 glia receives direct synaptic inputs from glutamatergic and GABAergic
neurons, a feature that is unique among glial cells (Bergles, et al., 2000; Lin & Bergles, 2004). Furthest, it
was demonstrated that neuronal activity promotes the recruitment and differentiation of NG2 cells in the
adult brain, which could contribute to neural plasticity (Gibson et al., 2014).

NG2-glia reacts to many types of injury or pathological conditions changing their morphology and prolifera-
tion rate. Additionally, NG2-glia responds to inflammatory cues, exhibiting a behaviour remarkably similar
to microglial cells (Kang et al., 2013; Wang et al., 2017). NG2-glia surveys their microenvironment through
constant filopodia extension changing their morphology (Nishiyama et al., 1997; Mart́ın-López et al., 2013;
Bribian et al., 2018; Okada et al., 2018). Zhang et al. (2019) described a downregulation of NG2-glia ex-
pression in the SNc of PD patient brain compared with healthy subjects. Kitamura et al. (2010) detected
activated NG2-positive cells in the nigral 6-OHDA-injected model but not in the striatum. These findings
suggest the dysfunction of NG2 glia in the PD brain and provide a compelling rationale for developing new
studies.

Here we analyzed the NG2-glia response in the striatum of parkinsonian rats expressing LID using immuno-
confocal morphometry, immunohistochemistry and immunoblotting. We examined NG2-glia distribution in
the lesioned striatum, the cells’ phenotypic characteristics, and the association with astrocytes and microg-
lia cells. Because molecules capable of modulating glial cells’ activation were effective in resolving LID, we
determine the antidyskinetic effect of doxycycline (6-Deoxy-5-hydroxytetracycline, Bortolanza et al., 2020),
in NG2 expression and NG2-glia activation.

METHODS (2.243 words)

Subjects Adult, male Wistar rats (n=64, 250–300 g, aged 9–11 weeks) were used in this study. Animals
were housed in groups of three per cage, maintained at a temperature of 22–25 °C, on a 12-h light/dark
cycle, and with food and water (autoclaved tap water) available ad libitum. Studies regarding sex differences,
which may produce biological variables, were not investigated in this study. The experiments were performed
in compliance with the recommendations of the US National Institutes of Health Guide for Care and Use
of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee at the
University of Sao Paulo (Approval Number: 2017-0014-02). All efforts of the researchers minimized the
animal suffering and the number of animals used.

Drugs The dose regimen and route of administration of drugs were based on previously published studies
(Cenci et al., 1998; Gomes et al., 2008; Lazzarini et al., 2013; Padovan-Neto et al., 2015). L-DOPA (L-3,4-
Dihydroxyphenylalanine methyl ester hydrochloride; 20 mg/kg orally- Prolopa dispersive, Hoffman-LaRoche,
Rio de Janeiro, RJ, Brazil), plus benserazide–HCl (5 mg/kg) were dissolved in water. Doxycycline (40 mg/kg
i. p., Sigma-Aldrich, St. Louis, MO, USA) was dissolved in saline and administered 30 min before L-DOPA.
All drugs and their respective vehicle (VEH) were freshly prepared before use and injected in a volume of
1mL/kg.

Parkinsonian Lesion Microinjection of 6-OHDA was delivered into the medial forebrain bundle as pre-
viously described (Gomes and Del-Bel, 2003; Gomes et al., 2008; Padovan-Neto et al., 2009). Animals were
anaesthetized with 2,2,2-tribromoethanol (Sigma-Aldrich, St. Louis, MO, USA) (250 mg kg-1, i.p.) and
fixed into the stereotaxic apparatus for performing the surgery (David Kopf, model USA, 9:57). Stereotaxic
coordinates were (from bregma in mm: AP = -4.3; LL = -1.6; DV = -8.3) were based on Paxinos & Watson,
(2007). Rats received microinjection of 6-OHDA in a volume of 2μl into the left medial forebrain bundle
(6-OHDA - 2.5 μg μl-1 in 0.9% NaCl supplemented with 0.02% ascorbic acid, 1 μL min-1). After the mi-
croinjection, the cannula was left in place for two additional minutes to prevent the injected solution’s reflux.
At the end of the surgical procedure, the animals were kept warm by a 60W light bulb until full recovery
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. from anaesthesia. The dopamine lesion was confirmed by analysis of tyrosine hydroxylase immunoreactivity
(TH-ir) as described before (Padovan-Neto et al., 2015) in the striatum and SNc (Fig. 1).

Behavioural tests

Rotational Behavior After two weeks from surgery, rats were tested for apomorphine-induced rotational
behavior (0.5 mg/kg s.c. over a period of 45 min). Only animals showing individual mean (2 full turns per
min in the direction contralateral to the lesion side) were selected for the study (Padovan-Neto et al. 2009).
Two days after that, chronic L-DOPA treatment was initiated.

L-DOPA-Induced dyskinesia Chronic L-DOPA treatment consisted of rats receiving a daily oral administra-
tion of L-DOPA for 14 days. Rats were monitored for LID using a rat dyskinesia scale (Anderson et al.,
1999; Cenci and Lundblat, 2007; and modified by Padovan-Neto et al., 2009). Briefly, each rat was scored
on a severity scale from 0 to 4 (where 0=absent, 1=occasional, 2=frequent, 3=continuous but interrupted
by sensory distraction, and 4=continuous, severe and not suppressible) on each of the three axial, limb, and
orofacial (ALO AIMs) subtypes (once every 20 min during 180 min after L-DOPA administration. Results
are presented as the sum of ALO AIMs scores and analyzed as one item. Also, A dyskinesia time curve was
generated by plotting the L-DOPA induced AIMs score against each monitoring time (20, 40, 60, 80, 100,
120, 140, 160, and 180 min) for an entire testing session. Animals with a L-DOPA induced. AIMs score of
>10 and severity grading of >2 on at least one L-DOPA induced AIMs to score subtype were selected for
the behavioral analysis (Lundblad et al., 2002; Winkler et al., 2002).

Immunohistochemical analysis of the rat post-mortem tissue

Tissue preparation. Rats anaesthetized with tribromoethanol (1.5 g kg-1, Sigma-Aldrich, St. Louis, MO,
USA) were euthanized 60 min after the last L-DOPA injection. The brain was fixed by transcardiac perfusion
with 100 mL of Kreb’s-ringer buffer and 200 mL of buffered picric acid-paraformaldehyde fixative room
temperature (Somogyi and Takagi, 1982 - 500 ml of 0.2 M sodium phosphate buffer (pH 7.4), 150 ml of
saturated picric acid in distilled water; 348 ml of paraformaldehyde solution containing 40 g of depolymerized
paraformaldehyde and 2 ml of 25% glutaraldehyde). Brains were dissected and post-fixed in the same fixative
for 60 minutes at 4 °C. The tissues were equilibrated with 30% sucrose in 0.1 M phosphate buffer and fully
frozen. The brains were quickly frozen in isopentane cooled in liquid nitrogen (-40 degC, Sigma-Aldrich, St.
Louis, MO, USA) and stored at -80 degC until histological processing.

Serial coronal sections throughout the rostrocaudal extent of the striatum (Bregma +2.76mm, Interaural
11.76mm – Bregma -2.28mm, Interaural 6.72mm) and the SNc (Bregma -4.44mm, Interaural 4.56mm –
Bregma -6.24mm, Interaural 2.76mm) were cut (25 μm) using a freezing microtome (Leica, model CM1850).

Tyrosine hydroxylase (TH) Immunoperoxydase Labeling TH immunolabeling to confirm 6-OHDA lesion was
detected following a standard peroxidase-based method (Gomes et al., 2008; Padovan-Neto et al., 2009).
Sections were incubated overnight at room temperature with the primary antibody: rabbit anti-TH (1:4000,
PelFreez, 01,229, USA for rats), followed by 2h of incubation with anti-rabbit biotinylated secondary anti-
body (1:250, Vectastain, Vector Laboratories, USA). Sections were then incubated with the avidin-biotin-
peroxidase complex for 2 h (Vectastain ABC kit, Vector Lab, Burlingame, CA, USA). Immunoreactivity was
revealed by a peroxidase reaction using 3,3’-Diaminobenzidine diaminobenzidine (DAB; Sigma-Aldrich, St.
Louis, MO, USA) as the chromogen. The slices were mounted on slides and coverslipped for microscopic
observations.

An in-depth analysis of NG2-glia by immunoconfocal morphometry . Immunofluorescent labeling of NG2-
glia was achieved incubating brain sections in blocking buffer solution (3% normal goat serum, 0.05% Triton
X-100 and 1% bovine serum albumin in phosphate-buffered saline) and then, overnight at 4 °C with a rabbit
polyclonal antibody to NG2 (1:500; Millipore, Temecula, CA, USA). After thorough washing, sections were
incubated for 90 min at room temperature in secondary antibodies conjugated to Alexa 488 against rabbit
(fluorochrome, 1:1000 Invitrogen). The specificity of primary antibodies immunoreactivity was confirmed by
the omission of the primary or secondary antibody and the verification of the absence of immunohistochemical
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. staining in these sections. Brain sections were scanned and photographed by slide scanner (SCN400, Leica
Microsystems Ltd., Mannheim, Germany) on Multi-channel confocal microscopy (Leica TCS-SP5, Leica
Microsystems Ltd., Mannheim, Germany). Digital images were acquired for a wavelength of 488 nm (green),
and the images were converted to TIFF format. Contrast levels adjusted using Adobe Photoshop v. 10.0
(Adobe Systems, San Jose, CA, USA).

Quantitative analysis of the cell number was carried out on the medial striatum dorsal and ventral areas
(Bregma +0.96mm, Interaural 9.96mm – Bregma -0.24mm, Interaural 8.76mm - x20 objective) per ani-
mal, and results were expressed as an average density of NG2 glia in pixels. Only those on the surface of
the sections, where antibody penetration was guaranteed, were counted. Images were digitized with a vi-
deo camera (Leica DFC420), captured real magnification in grayscale, and evaluated with ImageJ (http://
rsb.info.nih.gov). Integrated optical density values (product of area and mean gray value) of corresponding
sectors in each section were averaged. For this procedure, the stain’s mean gray value was expressed in
arbitrary grayscale units where the scale ranges from 0 to 255 (0 representing the darkest, most intense
labeling) to form one density measurement performed in the sections. After this, integrated optical density
was calculated by multiplying the selected area with the mean gray value. Sampled areas consisted of regions
of interest measuring 0.1 mm2. The average gray amount from an unstained area was subtracted from each
section to correct for background immunoreactivity. All analyses were performed on the lesioned hemisphere
of the brain (right) by an experimentally blind investigator.

Quantitative analysis of the ramification index, number of branches, number of junctions, average branch
length, and soma area of NG2-glia was carried out on the medial striatum dorsal and ventral areas (Bregma
+0.96mm, Interaural 9.96mm – Bregma -0.24mm, Interaural 8.76mm- x40 objective), according to previous
studies (Heppner et al., 1998; Eder et al., 1999). Either adjustment to contrast or brightness were made uni-
formly to all parts of the image. A Sholl analysis method was developed to quantify NG2-glia morphology
in immunofluorescent images of the striatum, according to the following: the resulting images were conver-
ted to a binary signal and analyzed using the Simple Neurite Tracer plugin of the Fiji software, ImageJ
(https://imagej.net/Fiji/Downloads). Cellular branches were manually traced and, the center for the Sholl
analysis was pointed at the centroid of the nucleus. Concentric circles were automatically drawn, beginning
at 2 μm from the center and increasing 2 μm with every circle. The Sholl analysis plugin was then applied
to all traced cells to collect data on the intersections between branches and each increasing circle to create a
Sholl plot. For each rat, a mean Sholl plot was generated. The ramification index (RI) was calculated using
the following formula: RI = cell area/convex area, where “convex area” is the area of a polygonal object
defined by the cells’ most prominent projections (Schilling and Eder, 2015). The length of NG2-glia processes
was defined as the distance between the soma and the detectable end of an extended process identified by
NG2 staining. NG2-glia diameter (soma area) was determined by measuring the cell body’s longest axis
through the nucleus (um2).

Dual labeling of NG2-glia and glial fibrillary acidic protein (GFAP, to reveal astrocytes) or OX-42 (CD11b/c
equivalent protein of microglia to reveal microglia) was achieved incubating brain sections in blocking buffer
solution (3% normal goat serum, 0.05% Triton X-100 and 1% bovine serum albumin in phosphate-buffered
saline) and then, overnight at 4 °C with a rabbit polyclonal antibody to NG2 (1:500; Millipore, Temecula, CA,
USA) and mouse monoclonal antibody to GFAP (1:700; Millipore, Temecula, CA, USA) or rabbit polyclonal
antibody to NG2 and mouse monoclonal antibody to OX-42 (1:600; Abcam, Branford, CT, USA). After
thorough washing, sections were incubated for 90 min at RT in secondary antibodies conjugated to Alexa
488 against rabbit and Alexa 568 against mouse (fluorochromes, 1:1000 Invitrogen). The specificity of primary
antibodies immunoreactivity was confirmed by the omission of the primary or secondary antibody and the
verification of the absence of immunohistochemical staining in these sections. Immunofluorescent digital
images were obtained using a Leica microscope (Leica Microsystems Launches Leica FW4000 - Cambridge,
UK), and were acquired separately for each wavelength [488 nm (green) and 568 nm (red)] and then merged.
The striatal area’s quantification was measured using the ImageJ system (National Institutes of Health -
NIH; Schneider et al., 2012). Striatal NG2, GFAP, and OX-42 immunolabeled cells were quantified at 20X
magnification. The striatum was unilaterally evaluated in the dorsolateral, dorsomedial, ventrolateral, and
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. ventromedial quadrants. According to the coordinates of the Franklin and Paxinos (1997) rat brain atlas,
the regions were located. For double labeling, the results of NG2, GFAP, and OX-42 were analyzed as the
number of cells per 0.5 mm2, and they were expressed in percentage of double labeling per total of NG2
cells.

Western blotting (WB) analysis

Tissue preparation. An independent group of animals was decapitated and the dorsal striatum was dissected
on an ice-cooled dissection cover, with the help of magnifying lens (Leica Zoom 2000), and immediately
frozen in dry ice. Tissue samples were stored at -80degC until use. The sample was homogenized on ice
in 200uL of tissue in sterile saline using a Polytron(r)PT 1200 handheld homogenizer (KinematicaInc; NY,
USA). The homogenate was used for WB measurement.

Immunoblotting analysis . Protein was isolated from the striatum of both controls and experimental rats.
Samples were treated with boiling lysis buffer (1% sodium dodecyl sulfate, 1.0 mM sodium orthovana-
date, 10 mM Tris, pH 7.4). Equal amounts (30 μg) of total protein were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (10%) and transferred to polyvinylidene difluoride membranes. Immunos-
taining of the blots was performed using two primary antibodies, rabbit polyclonal antibody to NG2 (1:1.000;
Millipore) and mouse monoclonal antibody to anti-β-actin (1:10.000; Sigma-Aldrich). Membranes were then
incubated with peroxidase-coupled secondary antibodies (1:2.000; Millipore) for 1 hour at room temperature.
Blots were developed using the Amersham ECL Prime western blotting detection reagent (GE healthcare,
Little Chalfont, UK). Densitometric analysis was performed using the Eagle Eye TMII Still VideoSystem
(Stratagene, La Jolla, CA, USA).

Experimental design

6-OHDA-lesioned rats were randomized to one of the following treatment groups: 6OHDA (n=6),
6OHDA+DOXY (n=6),6OHDA+Vehicle+L-DOPA (n=7), and 6OHDA+DOXY+L-DOPA (n=7). ANo
lesion group (n=6), receiving saline in the MFB, was analyzed as a control group. The rats were submit-
ted to analysis of the AIMs as an index of LID. Animals were sacrificed one hour after the last L-DOPA
treatment to obtain the striatum for immunohistochemistry/imunoblotting assessment. Rats treated with
doxycycline or its vehicle received the drug 30 min before the last L-DOPA dose. Independent groups of
rats submitted to the same treatments and euthanasia were conducted to obtain the striatum for Western
blotting methodology.

Statistical analysis

For the sample calculation, we used the sample size values; critical value for the desired degree of confidence;
population standard deviation of the variable; maximum estimated difference between the sample mean and
the true population mean (it is the margin of error or maximum error of estimate).

The dyskinesia data failed the Kolmogorov-Smirnov test for normality. Therefore, these results were analyzed
by a non-parametric approach. The Mann-Whitney test investigated the differences between treatments.

A one-way ANOVA, followed by Bonferroni’s test, was performed to analyze the immunohistochemical and
western blotting results.

Spearman’s rank correlation coefficient was calculated to investigate associations between the global ALO
AIMS and NG2 expression. The statistical analyses were handled using GraphPad Prism software 6 or the
Statistical Package for the Social Sciences (SPSS) v.20.0. Data were expressed as the mean ± standard error
of the mean (SEM). Values of p<0.05 were considered statistically significant.

RESULTS (1.073 words)

Nigrostriatal lesion characterization and AIMs scores.

The rate-limiting enzyme in the dopamine synthesis pathway is TH, widely accepted as a marker of dopami-
nergic neurons. We first examined neurodegeneration in the striatum by TH-immunoreactivity in the brain
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. coronal sections of 6-OHDA-lesioned and control animals.

Rats with 6-OHDA lesion exhibited more than 90% reduction in TH-immunostaining in the striatum and
SNc compared to sham lesioned animals (controls; Fig. 1A-D).

In the apomorphine-induced rotational behavior, rats presented strong contralateral turns following apomor-
phine challenge (results not presented) confirming >90% dopaminergic cell loss

In respect to chronic L-DOPA treatment, 90% of the rats developed AIMs impacting the contralateral
forelimb, orofacial movements and axial dystonia (Fig. 1E, p<0.05, 6OHDA+Vehicle+L-DOPA). The maxi-
mum total AIMs score was reached 60–120 min after L-DOPA administration and gradually declined to the
baseline level over 180 min (Fig. 1F).

Administration of a single dose of doxycycline (40mg kg-1), 30 min before L-DOPA, significantly decreased
AIMs (79%; Fig. 1E-F,6OHDA+Vehicle+L-DOPA AIMs score=122.41±24.5 vs.6OHDA+DOXY+L-DOPA
ALO AIMs score=26.77±10.79, p<0.001) over 20 to 140 min observation period (Fig. 1F). AIMs were not
observed in both the non-lesioned rats and lesioned rats treated with vehicle or doxycycline (data not shown).

Analysis of NG2-glia in the striatum in 6-OHDA-lesioned Parkinsonian rats treated with L-DOPA by im-
munoconfocal microscopy

Firstly, we examined the spatial distribution of NG2-glia in the rat striatum of the experimental
groups No lesion (control), 6OHDA lesion (6OHDA), 6OHDA+DOXY, 6OHDA+Vehicle+L-DOPA and
6OHDA+DOXY+L-DOPA(Fig. 2B-E; see methods). The four subdivisions of the striatum (dorsomedi-
al, dorsolateral, ventromedial, ventrolateral) were separately quantified, due to their functional properties,
which reflect the diversity of the striatal dopaminergic system connections (Fig. 2F-I).

Parkinsonian rat brains were analyzed 32 days after the neurotoxin microinjection, corresponding to 6OHDA-
lesion establishment and L-DOPA/vehicle time therapy. The analysis of the dorsolateral and ventrolateral
striatal regions showed a slight increase (15%) in NG2-glia density when compared to the No lesion group.
This minor increase was maintained after doxycycline treatment (experimental group6OHDA+DOXY ,
p<0.05; Fig. 2G and I).

Parkinsonian rats receiving L-DOPA and reporting LID presented a robust NG2-glia density reduction in
the dorsolateral, ventrolateral and dorsomedial striatum when compared to the No lesion (control), 6OH-
DA lesion (6OHDA), 6OHDA+DOXY and 6OHDA+DOXY+L-DOPA groups (6OHDA+Vehicle+L-DOPA
, p<0.001; Fig. 2F, G and I). Doxycycline administration before L-DOPA prevented dyskinesia and lead
reduced NG2-glia density in the striatum regions (6OHDA+DOXY +L-DOPA ; p<0.001; Fig. 2F, G and
I). There was a negative correlation of NG2-glia density with the dyskinesia score (dorsomedial r=-0.83,
dorsolateral r=-0.88, and ventrolateral r=-0.64; p<0.0001; Fig. 2J, K and M). There was no NG2-glia im-
munolabelling alteration in the ventromedial striatum of the animals.

The profile of NG2-glia, analyzed by protein expression immunoblotting in dorsolateral striatum extract,
revealed one band of about 26kDa corresponding to NG2-glia in both the control and the lesioned striatum
(Fig. 2N). Lesioned rats treated or not with doxycycline showed a slight increase (17%) in NG2-glia ex-
pression when compared to No lesionones (6OHDA and 6OHDA+DOXY , p<0.05, Fig. 2N). The NG2-glia
expression decreased in the lesioned striatum of L-DOPA-treated parkinsonian rats compared to all other
groups (50-60%,6OHDA+Vehicle+L-DOPA , p<0.05, Fig. 2M). Doxycycline treatment induced a significant
increase (76%) of NG2-glia immunoreactivity compared to the intensity detected in animals presenting LID
(6OHDA+DOXY+L-DOPA ; p<0.05, Fig. 2N).

NG2-glia morphological alteration in L-DOPA-induced dyskinesia.

The number of branches, their length (μm), the number of junctions and the soma area (μm2) of NG2-glia
were quantified in each of the four subdivisions of striatum (Fig. 3).

Firstly, the ramification index of the NG2-glia after L-DOPA chronic treatment of parkinsonian rats and
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. doxycycline administrationincreased in the dorsolateral striatum, decreased in the dorsomedial and ventro-
medial striata, and presented no changes in the ventrolateral division (Figs A, A”, B-E) when compared to
rats that received only L-DOPA treatment.

Animals receiving L-DOPA treatment and exhibiting LID presenteda decrease in the number of branches
per cell and the average of the branch length in the dorsolateral striatum compared to the 6OHDA lesioned
animals. In the dorsomedial and ventromedia l striatum L-DOPA treatment-induced, per cell, an
increase in the number of branches, the average branches length, and the number of junctions compared to
6OHDA lesioned animals. The dorsomedial striatumalso showed an increase in the average of the soma
area. There was a decrease in NG2-glia cells index activation in the dorsolateral striatum of rats presenting
LID (Fig 3).

In the dorsolateral striatum of the animals presenting LID and treated with doxycycline was revealed an
increased NG2-glia pattern of activation as evaluated by the number and the average branches length per
cell, the number of junctions per cell (entangled with each other) and the average soma area when compared
to 6OHDA lesion and6OHDA+Vehicle+L-DOPA groups. There was a decrease in the NG2-glia indicators
of activation in the dorsomedial and ventromedial striatum.

Doxycycline treatment decreased dyskinesia and the signals of the NG2-glia activation in the dorsomedial
and ventromedial striatum (the number of branches per cell and the average branch length). In the
dorsomedial striatum it was also observed a decrease in the NG2-glia average of the soma area compared to
6OHDA+L-DOPAgroup.

There were no changes in the NG2-glia cells measured parameters in the ventrolateral striatum in all ex-
perimental groups (Nolesion (control), 6OHDA lesion, 6OHDA+DOXY, 6OHDA+Vehicle+ L-DOPA and
6OHDA+L-DOPA+DOXY ).

Double labelling of NG2-glia and astrocytes or microglia in the striatum of 6-OHDA-lesioned parkinsonian
rats treated with L-DOPA and/or doxycycline

We performed a double immunofluorescence reaction to determine the presence and/or co-localization of
the astroglial protein GFAP, the microglial protein OX-42 and the NG2-antigen in the striatum from 6-
OHDA-injected animals and those presenting LID. The yellow pseudo-color for these structures visible in
microscopic images identified the superimposition of NG2-glia immunoreactivity (green) on either GFAP or
OX-42 positive immunoreactivity (red) cell body/process and vice versa .

Similar to Bortolanza et al., (2015), the dopamine-depleted striatum of rats under L-DOPA treatment
(6OHDA+Vehicle+L-DOPA , p<0.001, Table 1) had a prominent GFAP and OX42 immunoreactivity
(6OHDA+Vehicle+L-DOPA , p<0.05, Table 1). Doxycycline administered before L-DOPA reduced LID
and also GFAP and OX42 immunoreactivity in the depleted striatum (6OHDA+DOXY+L-DOPA , p<0.001,
Table 1).

High resolution in single plane image showed an extensive interdigitation of the processes deriving from
astrocytes/microglia and NG2-glia. The fine processes of NG2 (green) and astrocytes (red) or microglia
(red), characteristically shown as irregular shaped dots, closely associated in tiny points (yellow) of all
subdivisions of striatum (Fig. 4, 5A-D). There was no effect of the lesion or the treatment in the measured
parameters of the microglia and astrocytes markers.

DISCUSSION (1.002 words)

Our data revealed (i) a slight increase in the immunoreactivity of NG2-glia in the lesioned dorso- and
ventrolateral striatum 36 days after the 6-OHDA-microinjection; (ii) a robust decrease of NG2-glia im-
munoreactivity in the dorsolateral, dorso- and ventromedial striatum of rats presenting LID with NG2-glia
density negatively correlated with LID score; (iii) a robust increase of NG2-glia density in the dorsomedial,
dorso- and ventrolateral striatum following doxycycline antidyskinetic therapy, in contrast to a decrease in
the GFAP and OX-42 immunoreactivity. The morphometric analysis of the striatum of the animals express-
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. ing LID revealed (iv) an increase in the NG2-glia indicators of activation in the dorso- and ventromedial
striatum with a decrease in the dorsolateral one. The aforementioned results revealed: (v) a further increase
in the activation cells parameters only in the dorsolateral striatum, associated to doxycycline antidyskinetic
effect; (vi) a decrease in the NG2-glia indicators of activation in the dorso- and ventromedial striatum. The
no-lesion animals and the only 6-OHDA lesioned rats receiving vehicle or doxycycline exhibited: (vii) a
NG2-glia morphological features of a typical resting cell; (viii) a NG2-glia immunoreactivity decrease in the
dorsal and ventromedial striatum. The results provide evidence of the dynamic involvement of NG2-glia in
the dyskinesia induced by L-DOPA chronic treatment of parkinsonian rats.

One of the remarkable findings of the present study is that NG2-glia expression decreases in the dorsal
striatum of animals’ disclosing LID. The dorsal striatum receives dense dopaminergic innervation from the
SNc and the lateral portion of the ventral tegmental area (Haber et al., 2000; Ikemoto, 2007; Lerner et
al., 2015), strong projections from somatomotor cortical areas and lateral thalamic motor nuclei (Smith, et
al., 2004). Independently, controlled information flows from the SNc to the dorsolateral and dorsomedial
striatum (Lerner et al., 2015). The dorsolateral striatum presents a sensorimotor role, controlling voluntary
movement severely compromised in PD (Flaherty and Graybiel, 1994).

The doxycycline antidyskinestic action increased NG2-glia cell density, with activated phenotype. In this
study, we did not measure L-DOPA plasmatic concentrations. Therefore, a potential doxycycline interference
on L-DOPA gastrointestinal absorption cannot be ruled out. However, this is an unlikely possibility because
previous research from our group (Bortolanza et al., 2020) provide evidences of no drug interference with
the positive motor effects of L-DOPA and the anti-dyskinetic effects of doxycycline were still present when
L-DOPA was administered subcutaneously. The large majority of NG2-glia in the adult brain is maintained
in a quiescent state under physiological conditions (Hughes et al., 2013). Phenotypically, NG2 glia provides
a stereotypic reaction with increased NG2 expression, retraction of cell processes, cell body swelling, cell
proliferation, and migration toward the lesion site to almost all kind of injury, independently of the extent
of myelin loss (Bedner et al., 2020; Jin et al., 2018; Valny et al., 2018). A neuromodulatory mechanism has
been proposed to be related to NG2-glia reactivity (Levine et al., 2016). A co-culture of primary NG2-glia
with damage hippocampal slices activated NG2-glia, produced neurotrophic factors and immunomodulatory
action by creating anti-inflammatory cytokines as interleukin-10 and transforming growth factor (TGF) β2
(Sypecka and Sarnowska, 2014).

PD preclinical studies evidenced NG2-glia as a protector factor against neuroinflammation and dopaminergic
neuron apoptosis (Kitamura et al., 2010; Zhang et al., 2019). The NG2-glia ablated mouse brain exhibited
increases in pro-inflammatory response subsequent exposure to endotoxin lipopolysaccharide (Zhang et al.,
2019). An enriched environment with physical activity induces increased numbers of newborn NG2-positive
and GFAP-positive cells in the adult SN and improves motor behavior function in the 6-OHDA rat model
of PD (Steiner et al., 2006; Kirby et al., 2019). There are however, contradictory observations. Nakano
et al. (2017) and Zhang et al. (2019) found that NG2-glia ablation exacerbated dopaminergic neuronal
cell loss in a mouse PD model, induced neurodegeneration, microglia activation, and neuroinflammation in
the adult hippocampus. In the post-mortem brain specimens from patients with Alzheimer’s disease, there
is a reduction in NG2-glia immunoreactivity, which is negatively correlated to microglial immunoreactivity
(Nielsen et al., 2013), but associated with the amyloid-β plaques (Fiedorowicz et al., 2008; Zhang et al.,
2019). As shown in amyotrophic lateral sclerosis models NG2-glia has been observed either to limit central
nervous system damage or to actively contribute to neuroinflammation or neurotoxicity (Kang et al., 2013).

Consistent with the notion that NG2-glia, microglia, and astrocytes are distinct glial cells subpopulations
NG2/GFAP or NG2/OX42 staining was not once found to be co-localized on the same cell. Noteworthy,
the number of NG2/GFAP or NG2/OX42 staining superimposition points was not altered by the factors
lesion or treatment. An interaction was demonstrated between NG2 glia and astrocytes (Hamilton et al.,
2010; Xu et al., 2014), microglia (Nishiyama et al., 1997), and neurons (Maldonado and Angulo, 2015).
This anatomical relationship is a basis for the coupling and functional communication between the glial
subtypes. Further, NG2-glia is a source of neurotrophic factors in the central nervous system (Bankston
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. et al., 2013). Liu and Aguzzi (2020) demonstrated that NG2-glia and microglia interaction played pivotal
roles in regulating microglia states in the adult mouse brain in Alzheimer model disease. Astrocytes signal
to NG2-glia via the release of ATP and glutamate that evokes a Ca2+ rise in NG2-glia (Hamilton et al.,
2010). Considering that the TGFβ pathway is essential for normal microglia development (Butovsky et al.,
2014; Krasemann et al., 2017), TGFβ pathway suppression may be associated with microglia dysfunction.
Whether the NG2-glia function contributes to the disturbing microglia and astrocyte signature in the dorsal
striatum of rats presenting LID is not determined yet.

A limitation of the present study was the performance only in male rats to avoid gender influence in the
results. It is important to highlight that the analysis of dyskinesia induced by L-DOPA was originally
standardized in female rats (Cenci et al., 1999).

As aforementioned, there is an association between damaged dopamine neurons, L-DOPA-treatment, and
dysregulated inflammation (Bortolanza et al., 2015b; Del-Bel et al., 2016; Mulas et al., 2016; Teema et al.,
2016). The hypothesis of NG2-glia decrease inflammatory reaction is compatible with the observation of the
NG2-glia immunoreactivity decrease in LID, and the increase in the microglia/astrocytes. The implications
of this discovery are far-reaching and needs more investigation.

SIGNIFICANCE: Our findings provide the first description of the distribution and morphological changes
of NG2-glia in the striatum of parkinsonian rats presenting LID and the effect of doxycycline therapy. They
support an inverse link between the transformation of NG2 glia to the reactive form and microglial/astrocyte
activation/recruitment in a specific brain region, directly enrolled in PD and the dyskinesia manifestation.
These data could reflect the possibility that NG2-glia cells promote striatal plasticity as a form of dyskinesia
recovery. Besides, this study may also contribute to establishing NG2-glia as a novel therapeutic target for
LID and so, we believe that our findings are of great interest to the neuroscience and medical community.
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Table 1. GFAP and OX-42 expression in DL striatum by immunohistochemistry

TREATMENTS
GFAP-ir cells/
0.5mm2

GFAP-ir cells/
0.5mm2 OX-42-ir cells/ 0.5mm2

No lesion No lesion 78.3 ± 22.3* 67.7 ± 12.1*#

6-OHDA 6-OHDA 112.7 ± 11.4* 387.3 ± 3.2*
6-OHDA+DOXY 6-OHDA+DOXY 127.5 ± 8.7 195.4 ± 12.6
6-OHDA+Vehicle
+L-DOPA

6-OHDA+Vehicle
+L-DOPA

342.2 ± 24.9* 629.8 ± 16.2*

6-OHDA+DOXY+L-
DOPA

6-OHDA+DOXY+L-
DOPA

258.1 ± 29.2* 388.5 ± 7.5*

*P<0.001 (One-Way ANOVA), vs. 6OHDA+LOPA.#P<0.05, vs. 6OHDA. Data are mean ± SEM. DOXY:
doxycycline; L-DOPA, L-3, 4-dihydroxyphenylalanine; 6-OHDA, 6-hydroxydopamine.

FIGURE LEGENDS

Figure 1. 6-OHDA nigrostriatal lesion characterization and AIMs scores. Panel A shows the
distribution of TH fibers in the striatum (CPu) of controls (No-lesion- A and the inset) shows intense TH-
immunoreactive fiber terminals. Panel B shows the effect of 6-OHDA on TH-immunoreactive fiber terminals.
Likewise in the SNc, TH-immunoreactive neurons were greatly reduced (D ) compared to controls (C ). Panels
E and Frepresent the effects of doxycycline on the development of abnormal involuntary movements (AIMs -
E ) and time course of AIMs during 180 min (F ) induced by chronic administration of L-DOPA to 6-OHDA-
lesioned rats. *P <0.001, Mann-Whitney, comparing Vehicle+ L-DOPA (dyskinetic) with doxycycline-L-
DOPA treated rats. Data are mean ± SEM. DOXY: doxycycline; L-DOPA, L-3, 4-dihydroxyphenylalanine;
6-OHDA, 6-hydroxydopamine; VEH: vehicle; ALO AIMs: global AIMs score including all AIM categories
(axial, forelimb, and orofacial movements).

Figure 2. NG2 distribution in striatum. A:Experimental design line. The striata was divided in dor-
somedial (DM), dorsolateral (DL), ventromedial (VM) and ventrolateral (VL) for quantification analysis.
B-E : Representative sections showing NG2-glia immunostaining in the DL striatum from rats without
lesion (B- No lesion); lesioned with 6-OHDA toxin (C- 6OHDA); lesioned with 6-OHDA+Vehicle+ L-
DOPA treatment (D- 6OHDA+Vehicle +L-DOPA); dyskinetic rats treated with doxycycline (E-6OHDA+L-
DOPA+DOXY). Bar represents 20μm. F-I : Quantification of NG2-glia by optic density (One-Way ANOVA)
in the DM, DL, VM, VL striatum of No lesion, 6OHDA, 6OHDA+DOXY, 6OHDA+Vehicle+L-DOPA and
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. 6OHDA+DOXY+L-DOPA experimental groups. J-M : Spearman’s rank correlation coefficient of NG2-glia
with global AIMs scores axial, forelimb, and orofacial dyskinesia scores in the DM, DL, VM, VL parts of
striatum. N : Relative NG2-glia protein expression level (One-Way ANOVA) in DL striatum measured by
Western blot (NG2: 26kDa; β actin: 54kDa) in No lesion, 6OHDA, 6OHDA+DOXY, 6OHDA+Vehicle+L-
DOPA and 6OHDA+DOXY+L-DOPA experimental groups of rats. *P <0.05, 6OHDA+LDOPA vs. all
other groups. **P<0.001, 6OHDA+DOXY+L-DOPA vs. 6OHDA+Vehicle+LOPA. #P<0.05, vs. No
lesion. Data are mean ± SEM. DOXY: doxycycline; L-DOPA, L-3, 4-dihydroxyphenylalanine; 6-OHDA,
6-hydroxydopamine. DL= dorsolateral, DM= dorsomedial, VM= ventromedial; VL= ventrolateral.

Figure 3. NG2-glia undergoes morphological changes in the striata of rats presenting AIMs. A:
Ramification analysis figures; A´: Representative image of a NG2-glia cell (green) used for the morphological
analysis. Bar represents 5μm. A´´:Illustration of skeletonized cell; used for analysis to get information of
the cell morphology complexity. A´´´: Illustration of Sholl analysis used to quantify process branching.
For quantification, the ramification index (RI) was calculated using the following formula: RI = convex
area/cell area (Heppner et al., 1998), where convex area is the area of a polygonal object that is defined by
the cells’ most prominent projections and cell area is the area from soma. B-E: Data from the ramification
index of rats with L-DOPA-induced dyskinesia (6OHDA+Vehicle+L-DOPA) and treated with Doxycycline
(6OHDA+DOXY+L-DOPA) in dorsomedial (DM), dorsolateral (DL), ventromedial (VM) and ventrolate-
ral (VL) striata areas. F: Morphometry analysis data summary for DM, DL, VM and VL striatal areas
including number of branches, number of junctions, average branch length and average soma area analy-
zed. *P<0.001 (One-Way ANOVA), vs. 6OHDA+Vehicle+LOPA. #P<0.001, vs. 6OHDA. Data are mean
± SEM. DOXY: doxycycline; L-DOPA, L-3, 4-dihydroxyphenylalanine; 6-OHDA, 6-hydroxydopamine. DL=
dorsolateral, DM= dorsomedial, VM= ventromedial; VL= ventrolateral.

Figure 4. NG2-glia and GFAP double labeling in the striatum. A-D : Graphs show the per-
centage of NG2-glia co-labeling with GFAP in the total of NG2-glia in dorsomedial (DM), dorsolateral
(DL), ventromedial (VM) and ventrolateral (VL) striatum.E-I : Representative sections showing NG2-glia
(green), GFAP (red) staining and a merged image in DL striatum from No lesion, 6OHDA, 6OHDA+DOXY,
6OHDA+Vehicle+L-DOPA and 6OHDA+DOXY+L-DOPA experimental groups of rats. Bar represents
20μm. Data are mean ± SEM. DOXY: doxycycline; L-DOPA, L-3, 4-dihydroxyphenylalanine; 6-OHDA,
6-hydroxydopamine.

Figure 5. NG2-glia and OX-42 double labeling in the striatum. A-D : Graphs show the per-
centage of NG2-glia co-labeling with OX-42 in the total of NG2-glia in dorsomedial (DM), dorsolateral
(DL), ventromedial (VM) and ventrolateral (VL) striatum.E-I : Representative sections showing NG2-glia
(green), OX-42 (red) staining and a merged image in DL striatum from No lesion, 6OHDA, 6OHDA+DOXY,
6OHDA+Vehicle+L-DOPA and 6OHDA+DOXY+ L-DOPA groups of rats. Bar represents 20μm. Data are
mean ± SEM. DOXY: doxycycline; L-DOPA, L-3, 4-dihydroxyphenylalanine; 6-OHDA, 6-hydroxydopamine.
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Figure 1: This is a caption
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Figure 2: This is a caption
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Figure 3: This is a caption

21



P
os

te
d

on
A

u
th

or
ea

19
M

ay
20

21
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
62

14
37

26
.6

77
18

31
4/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Figure 4: This is a caption

Figure 5: This is a caption
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