Doxycycline, an anti-inflammatory agent, alleviates dyskinesia
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Abstract

Background and Purpose L-DOPA induced dyskinesia is a debilitating side effect of treating Parkinson’s disease with L-DOPA.
There is a need to discover a treatment that has the same benefits as L-DOPA treatment without the associated side effects.
Here, we demonstrate the anti-dyskinetic potential of doxycycline and the analog compound COL-3 (without antimicrobial
activity) in hemiparkinsonian rats presenting L-DOPA-induced dyskinesia. Experimental Approach Wistar adult male rats
received a unilateral medial forebrain bundle injection of 6-hydroxydopamine and were then orally administered L-DOPA once
a day for 14 days. This resulted in dyskinetic-like behavior. Key Results A single injection of doxycycline (intraperitoneal)
or COL-3 (intracerebroventricular) together with L-DOPA attenuated the dyskinesia. Co-treatment with doxycycline from the
first day of L-DOPA suppressed the onset of dyskinesia. The improved motor responses to L-DOPA remained intact in the
presence of doxycycline or COL-3, indicating the preservation of the L-DOPA benefits. Doxycycline treatment was associated
with decreased expression of FosB, cyclooxygenase-2, astrocytes, and microglia, which had previously been found to be elevated
in the basal ganglia of rats exhibiting dyskinesia. In addition, metalloproteinase-2/-9 activity, metalloproteinase-3 expression,
and production of reactive oxygen species in the basal ganglia of dyskinetic rats showed a significant positive correlation with
the intensity of dyskinesia, which was decreased with the doxycycline treatment. Conclusion and Implications Given the long-
established and safe use of doxycycline and the similar effect of COL-3 (without antimicrobial activity), this study indicates
that both drugs should undergo testing for their ability to reduce signs of dyskinesia induced by L-DOPA in patients with

Parkinson’s disease.

Bullet point summary:
‘What is already known’,
Repeated treatment with L-DOPA induces dyskinesia (LID) in patients with Parkinson’s disease (PD).

Doxycycline is a clinically used antibiotic that posses dopamine neuroprotective properties and anti-
inflammatory activity.

‘What this study adds’
Doxycycline reduced and prevented LID in a rat model of PD preserving L-DOPA motor benefits.



Doxycycline decreased striatal neuroinflammatory signals, metalloproteinase changes, and ROS production
associated with LID.

‘Clinical significance’
Adjunct treatment to L-DOPA might delay the onset of dyskinesia and attenuate neurodegeneration.

Doxycycline or its derivatives should undergo testing in patients with Parkinson’s disease.
INTRODUCTION (996 words)

Parkinson’s disease (PD) is a progressive, age-associated neurodegenerative disorder characterized by a de-
pletion of dopamine in the striatum due to the loss of dopaminergic neurons of the substantia nigra compacta
(SNc; Fahn et al., 2004; Olanow et al., 2004). L-DOPA (3,4-dihydroxyphenyl-L-alanine) is considered the
most effective and well-tolerated noninvasive therapy for the treatment of PD motor symptoms. However,
over time this effect decreases and more than 75% of L-DOPA-treated PD patients develop incapacitating
abnormal involuntary movements (AIMs) referred to as L-DOPA-induced dyskinesia (LID) (Aquino and Fox,
2015; Cenci et al., 2020; Cenci and Olanow, 2017; Espay et al., 2018; Fahn et al., 2004; Olanow et al., 2004).
As such, there has been a number of studies conducted to try and find alternative therapies that do not
result in the pro-dyskinetic side effects or can reduce the dyskinetic signs.

The mechanisms involved in the pathogenesis of LID are complex and are not entirely understood. In
the nigrostriatal circuitry, there are several alterations associated with LID manifestation, for example, the
expression of specific genes (ERK1/2 extracellular signal-regulated kinase 1/2; DARP32 dopamine- and
cAMP-regulated neuronal phosphoprotein; Fos, Finkel-Biskis—Jinkins osteosarcoma) (Cenci et al., 2007;
Cenci, 2014; Cenci and Crossman 2018; You et al., 2018), and altered synaptic plasticity (Cenci et al., 2007,
2020; Cenci, 2014) with modifications in the long-term potentiation of the cortico-striatal pathway (Borgkvist
et al., 2018; Calabresi et al., 2015; Picconi et al., 2011; 2003). Pre-clinical and clinical evidence has emerged
to support the use of a number of compounds to treat LID. Amantadine (the non-selective N-methyl-D-
aspartate receptor antagonist - Blanchet et al., 1998; Lundblad et al., 2002) is the only compound with
robust evidence of anti-dyskinetic effects in patients. However, its therapeutic success is limited (Bortolanza
et al., 2015; Cenci et al., 2020; 2014).

Various neural pathways such as the serotonin, acetylcholine, y-aminobutyric acid, nitric oxide, or cannabi-
noid interact with dopaminergic pathways have been proposed as possible pharmacological targets for LID
suppression (Dos-Santos-Pereira et al., 2016; Espadas et al., 2020; Huot et al., 2013; Johnston et al., 2018;
Vijayakumar and Jankovic, 2016). In rodent PD models, neuroinflammation has been reported to be as-
sociated with the development and onset of LID (Barnun et al., 2008; Boi et al., 2019 Bortolanza et al.,
2015 a, b; Munoz et al., 2014; Mulas et al., 2016; for review see Del Bel et al., 2016; Carta et al., 2017).
In pre-clinical studies, pharmacological based therapy with anti-inflammatory compounds as corticosterone
(Barnum et al., 2008), cannabidiol (dos-Santos-Pereira et al., 2016, Espadas et al., 2020), nitric oxide syn-
thase inhibitor (Bortolanza et al., 2016; Padovan-Neto et al., 2009, 2015; Solis et al., 2015), thalidomide (Boi
et al., 2019; Mulas et al., 2016), or IRC-82451 a multitargeting molecule (Aron-Badin et al., 2013), reduced
the severity of dyskinesia and was associated with a reduction in inflammation. Amantadine may also be
somewhat beneficial by inhibiting the inflammatory activation of microglia (Kim et al., 2012).

Recently, it was hypothesized that the striatum in LID, evolves from the combination of dopaminergic
terminals degeneration, inadequate dopamine presence following the administration of L-DOPA and excessive
glutamate concentration (Barcia et al., 2003; McGeer et al., 2003; Picconi et al., 2011; 2003; Tansey et al.,
2007). In wivo brain imaging of patients with PD reveals an association between widespread microglial
activation and the pathological process (Bartels et al., 2007; Gerhard et al., 2006; Ouchi et al., 2005).
Inflammatory reaction in the basal ganglia of both parkinsonian rats and patients with PD that have a history
of dyskinesia also revealed angiogenesis, vascular endothelial growth factor up-regulation and altered brain-
blood barrier properties (Janelidze et al., 2015; Lerner et al., 2017; Ohlin et al., 2011, 2012). Furthermore,
long after the neurotoxin, 6-hydroxydopamine (6-OHDA) has been cleared from the brain the striatum of



lesioned rats receiving L-DOPA treatment displayed sustained neuroinflammation and neurodegeneration
(Bortolanza et al., 2015a and b; Mufnoz et al., 2014; Spinnewyn et al., 2011; Teema et al., 2016). Therefore,
targeting neuroinflammation might be a pharmacological strategy to limit LID (Del Bel et al., 2016; Huot
et al., 2013;).

Tetracycline antibiotics are increasingly being used, largely due to their anti-inflammatory features (Borto-
lanza et al., 2018; Reglodi et al., 2017). The second-generation tetracycline antibiotic, doxycycline (6-deoxy-5-
hydroxytetracycline, a Food and Drug Administration approved compound), protects dopaminergic neurons
from degeneration induced by 6-OHDA (Lazzarini et al., 2013), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP, Du et al. 2001; Wu et al. 2003) and lipopolysaccharide (LPS, Zhang et al., 2015). This neuropro-
tective effect seems to be associated with its anti-inflammatory properties (Lazzarini et al., 2013; Stoilova
et al., 2013). At a clinical level, the therapeutic rationale for targeting inflammation in PD is supported by
the observation of the reduced incidence of PD in patients using tetracycline for rosacea treatment (Ege-
berg et al., 2016). Moreover, these rosacea patients did not present any prominent side effects related to
the antimicrobial activity (Gompels et al. 2006; Langevitz et al. 1992; NINDS NET-PD Investigators 2006;
Payne et al. 2011; Smith et al. 2011). Although it is unclear what drives increased inflammation in pati-
ents with PD, tetracycline and analog compounds have emerged as a potential treatment for PD and other
neurodegenerative disorders (Johnston et al., 2019; Socias et al., 2018).

Due to the well-known anti-inflammatory effects of doxycycline, we hypothesized that this drug might re-
duce LID displayed inflammatory processes and, as a result, alleviate the expression of LID. In addition,
to avoid side effects, such as bacterial resistance, COL-3 (CMT-3,6-demethyl-6-deoxy-4-de[dimethylamino]-
tetracycline formerly known as incyclinide) a chemically modified tetracycline (Edan et al., 2013; Liu et al.,
2001) might be efficacious in the treatment of LID.

In the present study, we examined the potential effect of doxycycline and COL-3 to modify LID induced by
chronic L-DOPA treatment in 6-OHDA lesioned rats. We analyzed whether doxycycline and/or COL-3 given
once dyskinesia was already present decreased dyskinetic signals and also whether the co-administration of
doxycycline with L-DOPA from day one inhibited the appearance of LID. Using an immunohistochemistry
analysis, we examined dopamine depleted striatum changes due to L-DOPA and doxycycline treatment.

METHODS

Animals Male Wistar rats (n=270) FMRP-USP, Ribeirao Preto, Brazil; 200250 g body weight) were
housed and maintained in groups of three per cage in a controlled environment under a light-dark cycle
of 12 h (lights on at 06:00 and off at 18:00 h), in a quiet room with controlled temperature (23 °C + 1
°C). All experimental animal procedures were approved by the local Animal Care and Use Committee of
the University of Sdo Paulo/Brazil at the Ribeirao Preto Campus (2016.1.667.58.4) and were conducted in
accordance with the Guide for the Care and Use of Laboratory Animals of the National Council for the
Control of Animal Experimentation (CONCEA).

Experimental Parkinsonism and dyskinesia

Dopaminergic neuronal lesion with 6-OHDA: Rats were rendered hemiparkinsonian as previously described
(Gomes and Del Bel, 2003; Gomes et al., 2008; Padovan-Neto et al., 2015; Padovan-Neto et al., 2009;). The
animals (n=270) were anesthetized with 2,2,2-tribromoethanol (Sigma-Aldrich, St. Louis, MO, USA) (250
mg kg-1, i.p.) and fixed into a stereotaxic frame (David Kopf, model USA, 9:57) with the incisor bar set
at 3.3 mm below the interaural line. The rats received one deposit (coordinates from bregma in mm: AP
= -4.3; LL = -1.6; DV = -8.3) of 2.0 ul 6-OHDA (Sigma-Aldrich, St Louis, MO, USA) into the left medial
forebrain bundle as described by Gomes et al. (2008) (6-OHDA - 2.5 pg pl-1 in 0.9% NaCl supplemented
with 0.02% ascorbic acid, 1 uL min-1). Following surgery, all rats were placed in clean cages on a warming
pad for recovery (60 min), after which they were returned to group housing. A non-lesioned control group
(n=24) was also included.

Two weeks later, the extent of the 6-OHDA-induced injury to the dopaminergic neurons was estimated



using an apomorphine-induced rotation test (0.5 mg kg-1 in 0.9% NaCl, subcutaneous [s.c.], Sigma). Motor
asymmetry was assessed using an automated system (Columbus Instruments International, Ohio, USA;
Ungerstedt and Arbuthnott, 1970). Only those rats showing >90 total full contralateral turns over 45 min
were selected for the study. Rats meeting this criterion have been reported to have a greater than 95%
depletion of striatal dopamine (Chang et al., 1999; Kirik et al., 1998; Robinson and Becker 1983).

The lesion was confirmed histologically at the end of the behavioral tests by tyrosine hydroxylase (TH)
immunohistochemistry. This confirmed that all rats in this study had more than 90% of diminution in TH
immunoreactivity both in the dopamine depleted striatum and in the SNec.

Drug treatment The dosage regimen and routes of administration were based on previously published studies
(Cenci et al., 1998; Lazzarinl et al., 2013; Padovan et al., 2009; Worlitzer et al., 2013).

The preparation of L-DOPA used for animals was given orally as it is currently used for treating patients
with PD. The concentration (20 mg kg™!) is similar to the usual regimen of L-DOPA in patients ranging from
0.2 to 1.6 g/day, which corresponds to about 1-20 mg kg™! in animal models (Charvin et al., 2018; Lundblad
et al., 2004). However, L-DOPA has low bioavailability when administered orally in comparison with the
intraperitoneal route (Bredberg et al., 1994; Kurlan et al., 1988) and the oral route exhibits considerable
variation in both the rate and extent of absorption. If oral L-DOPA was used at a lower concentration, the
range of dyskinesia severity might vary greatly within a group of 6-OHDA-lesioned animals, which would
compromise the evaluation of LID.

The daily dose of L-DOPA (Prolopa dispersive, Hoffman-LaRoche, Brazil) was 20 mg kg-1 plus a peripheral
decarboxylase inhibitor, benserazide (5 mg kg-1) (orally by gavage, dissolved in water). Doxycycline (40 mg
ke-1, intraperitoneal [i.p.], Sigma) and COL-3 (i.c.v.) were dissolved in saline, since to ensure high lipid
solubility with good penetration of the blood-brain barrier (Andersson and Alestig, 1976; Barza et al., 1975;
Klein and Cunha, 1995; Liu et al., 2001).

L-DOPA-primed rats due to chronic L-DOPA treatment (14 days) were administered doxycycline or COL-3
after dyskinesia was present. The groups of parkinsonian rats submitted to doxycycline+L-DOPA (14 days,
chronic) had not received treatment with L-DOPA previously. Doxycycline (i.p.) was administered 30 min
before the L-DOPA or vehicle (gavage) in all experiments. Acute COL-3 (i.c.v.) was administered 10 min
before the L-DOPA or vehicle.

Abnormal involuntary movements (AIMs)

Two weeks after the 6-OHDA microinjection rats received a daily oral administration of L-DOPA for 14
days. The AIMs score was assessed by an experienced observer that was blinded to the treatment, according
to a scale described by Anderson et al., (1999), Cenci and Lundblat, (2007) and modified by Padovan-Neto
et al. (2009). The sum of the severity+amplitude score of the axial, limb, and orofacial AIMs for each
monitored period is referred to as the global AIMs score or ALO AIMs (Anderson et al., 1999). AIMs were
scored over a 1-min period every 20 min for a total of 180 min, post-L-DOPA administration. Each of
the three subtypes was scored according to the severity scale, which ranges from 0 to 4 (where O=absent,
1=occasional, 2=frequent, 3=continuous but interrupted by sensory distraction, and 4=continuous, severe
and not suppressible). In addition, the amplitude of the ALO AIMs, and L-DOPA induced AIMs score, was
measured and ranged from 0 to 4 (the maximum amplitude of the L-DOPA induced AIMs score during the
observation period. 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.
We have created individual curves for each L-DOPA induced AIMs score category (limb, orofacial, and axial).
Based on previous studies (Lundblad et al., 2002; Winkler et al., 2002), animals with an L-DOPA induced
ATIMs score of >10 and severity grading of >2 on at least one L-DOPA induced AIMs score subtype during
treatment with L-DOPA, were selected for the behavioral analysis.

Motor activity tests
To control for any effects of doxycycline on motor activity and motor deficits following 6-OHDA+L-DOPA



treatment, the forepaw adjusting steps test and the open field test were performed. Vehicle or doxycycline
was injected 30 minutes before L-DOPA.

Forepaw adjusting steps test: The stepping test has been used as a measure of forelimb akinesia, demon-
strating sensitivity to dopamine loss as well as the reversal of the deficit by dopamine replacement therapy
(Chang et al., 1999; Olsson et al., 1995). Briefly, the experimenter restrained the rat, so that the hind limbs
were lifted, and one front paw was free for weight-bearing. The rats were dragged laterally across a table
(90 cm/10s), and a trained rater blind to the condition counted the steps. Three trials were conducted for
each forepaw and included both forward and backward stepping. Each forepaw was alternated, with the
forepaw that was contralateral to the lesion tested first. Baseline stepping measurements were obtained
before initiation of the study (pre-test), and 60 min after L-DOPA treatment on days 1, 7, and 14. The
results are presented as a percentage of the number of forehand adjusting steps taken with the intact paw
relative to the total number of adjusted steps.

Open field test: The rats’ spontaneous activity in the open field was tested 60 min after L-DOPA or vehicle
administration. Each rat was individually placed in the center of the arena and allowed to explore the open
field for 5 min. The behavior recognition system (ANY-maze 4.9, Stoelting USA) was used to calculate the
distance traveled and time of immobility.

Tissue collection and processing

Rats were anesthetized with tribromoethanol (1.5 g kg-1, Sigma-Aldrich, St. Louis, MO, USA) 60 min after
the last L-DOPA injection before being sacrificed.

Tissue collection for immunohistochemistry: Anesthetized rats were perfused transcardially with 100 mL of
Kreb’s-ringer buffer and 200 mL of buffered picric acid-paraformaldehyde fixative room temperature (Som-
ogyi and Takagi, 1982: one liter of fixative was made up by mixing in the following order: 500 ml of 0.2 M
sodium phosphate buffer (pH 7.4), 150 ml of saturated picric acid in distilled water; 348 ml of paraformalde-
hyde solution containing 40 g of depolymerized paraformaldehyde and 2 ml of 25% glutaraldehyde). The final
pH was between 7.2 and 7.4, and the final concentrations were 4.0% paraformaldehyde, 0.05% glutaraldehyde,
and 0.2% picric acid.

After perfusion, the brain was removed from the skull and fixed by immersion in the same fixative for 60
min at 4 °C. Then, it was cryoprotected in a 30% sucrose solution in 0.1 M phosphate buffer for 24 h. The
brains were quickly frozen in isopentane cooled in liquid nitrogen (-40 °C, Sigma-Aldrich, St. Louis, MO,
USA) and stored at -80 degC until histological processing. Serial coronal sections (25 um) were cut using a
freezing microtome (Leica, model CM1850) throughout the rostrocaudal extent of the striatum and the SNe
(Paxinos & Watson, 2004). The sections were collected in an anti-freeze solution (50% phosphate buffer,
0.05 M pH 7.3, 30% ethylene glycol, 20% glycerol) for preservation and subsequent processing.

Immunohistochemical reaction: Immunostaining was performed on free-floating sections with standard
avidin-biotin protocols (Bortolanza et al., 2015 a, b; Gomes et al. 2008) with the antisera presented in
Supplementary Table 1.

Free-floating sections were submitted to antigen recovery by heating for 30 min in a water-bath at 60 “C
in 0.1 M citrate buffer with a pH of 6.0. After rinsing in the washing buffer (phosphate-buffered saline 0.1
M (PBS - sodium chloride NaCl, (mw: 58.4 g/mol); potassium chloride KCl (mw: 74.551 g/mol); sodium
hydrogen phosphate Na2HPO4 (mw: 141.96 g/mol); monopotassium phosphate KH2PO4 (mw: 136.086
g/mol)) 4+ 0.15% Triton-X100; pH 7.4), the sections were incubated for 30 min with 1% hydrogen peroxide
(diluted in washing buffer) to block endogenous peroxidase activity. Nonspecific binding sites were blocked
by incubation in a solution containing 2% bovine serum albumin plus 5% normal serum (from the species
of origin of the secondary antibody) in washing buffer for 60 min. Next, the sections were incubated
with primary antibody against tyrosine hydroxylase (TH), FosB, glial fibrillary acidic protein (GFAP to
reveal astrocytes), OX-42 (CD11b/c equivalent protein of microglia to reveal microglia) or cyclooxygenase-
2 enzyme-labeled cells (COX-2). After incubation in the primary antibody for 24 h, the sections were



successively rinsed in the washing buffer and incubated in biotinylated secondary antibody solution (in PBS)
for 90 min (Supplementary Table 1). Sections were then incubated with the avidin-biotin-peroxidase complex
for 2 h (Vectastain ABC kit, Vector Lab, Burlingame, CA, USA), and the immunoreactivity was revealed
by a peroxidase reaction using 3,3’-Diaminobenzidine diaminobenzidine (DAB; Sigma) as the chromogen.

Quantification analysis: All analyses were done in the dorsal striatum by an experimentally blind inves-
tigator. The quantification of FosB, COX-2, astrocytes, microglia were carried out as in previous studies
(Bortolanza et al., 2015 a, b; Padovan et al., 2015). Digital images were obtained using a Leica microscope
(Leica Microsystems Launches Leica FW4000 - Cambridge, UK) under 20x or 40x objectives. The quan-
tification of the brain area was measured using the ImageJ system (National Institutes of Health - NIH;
Schneider et al., 2012).

Analysis of microglia (OX-42) and astrocyte (GFAP) immune labeling morphology was conducted as de-
scribed by Giocanti-Auregan et al. (2016) using Fiji algorithms and a generated skeleton image. The
parameters analyzed were the number of branches, the number of intersections or branching points, and the
mean process length.

For FosB, COX-2, GFAP, and OX-42, the results were expressed as the number of cells per 0.5 mm?. For
GFAP and OX-42, the results were also expressed as the number of branches of intersections of branching

points and process length per mm? or length per mm?.

Tissue collection for in situ fluorogenic reaction and gel electrophoresis An independent experimental group
of rats was used to assess the in situ gelatinolytic activity and ROS concentration, and another group
for the substrate gel electrophoresis of metalloproteinases and western blotting (see experimental design ).
At the end of the behavioral analyzes, animals were anesthetized as described in the tissue collection and
processingsection, immediately decapitated, and the brain removed.

To assess the in situ gelatinolytic activity of MMPs and ROS presence, each brain was embedded in Tissue-
tek®), quickly frozen in isopentane (-40 degC, Sigma-Aldrich, St. Louis, MO, USA) and stored at -80 degC
until histological processing. Coronal sections (5 pm) of the striatum were cut using a freezing microtome
(Leica, model CM1850).

To assess MMP-2 and MMP-9 presence by substrate gel zymography and the MMP-3 protein concentration
by western blot, the rat brain was removed and dissected. The dorsal striata were micro-dissected on an
ice-cooled plate and immediately frozen in dry ice.

A block of tissue containing the SNc prevenient from the above described experimental animal brain was
post-fixed in buffered picric acid-paraformaldehyde fixative for 6 h at 4 °C for TH-immunoreactivity analysis
(see immunohistochemistry ). The SNc blocks were quickly frozen in isopentane (-40 degC) and stored at -80
degC. The brain sections were collected and processed, as described in theimmunohistochemistry section.

Gelatinolytic zymography in situ: Zymography is a technique that can be used for the detection of hydrolytic
enzymes based on the substrate repertoire of the enzyme. This technique allows for the precise localization
of the two MMPs identified as active gelatin-degrading enzymes (gelatinases), i.e., gelatinase A (72-kDa
MMP-2) and gelatinase B (92-kDa MMP-9), in the gently fixed tissue section (Galis et al., 1995; Lee et al.
2004; Nascimento et al. 2013). A dye-quenched (DQ)-gelatin degradation assay to quantify MMP-2/MMP-9
activities was performed in the striatum tissue samples by zymography.In situ MMP activity was measured
in 5 um sections using DQ-Gelatin (E12055, Molecular Probes, USA) as a fluorogenic substrate. The gelatin
with a fluorescent tag remains caged (no fluorescence) until the gelatin is cleaved by MMPs 2/MMP-9.
Sample sections were incubated with 1.0 mg mL™! of DQ-Gelatin in Tris-CaCl2 buffer (50 mM Tris, 10 mM
177 CaCl2, 1 mM ZnCl2) in dark and humidified chambers for 60 min. Proteolytic activity was detected as
bright green fluorescence, which indicated substrate breakdown. Arbitrary fluorescence units were evaluated
using ImageJ (NTH, USA). Negative control sections were incubated in the same way as described above but
without DQ gelatin.

In situ reactive oxygen species measurement (ROS) In situvisualization of ROS production allows for the



precise localization of ROS in specific brain regions. The reaction was performed using dihydroethidium
[DHE, Sigma Chemical Co. (St. Louis, MO, USA)]. DHE exhibits red fluorescence through interactions
with superoxide and other free radicals in the brain (Castro et al. 2009). Briefly, in situROS quantification
was measured in sections 5-um thick of the striatum (obtained as described above for in situ gelatinolytic
zymography) incubated with DHE (10 umol L!; Castro et al., 2009; Fernandez et al. 2018) in dark wet
chambers, at room temperature, for 30 min. They were post-fixed in 4% paraformaldehyde in 0.1 M phosphate
buffer for 10 min and then examined by fluorescence microscopy (Leica Microsystems Launches Leica FW4000
- Cambridge, UK). Bright red fluorescence represented ROS (arbitrary fluorescence units) and was evaluated
using ImageJ (NIH, USA). Negative control sections were incubated in the same way as described above but
without DHE.

Substrate gel electrophoresis for MMP-2 and MMP-9 and western blot for MMP-3 Frozen striatum samples
were homogenized in 300 mL extraction buffer that consisted of 10 mM of CaCly, 50 mM of Tris-HCI, 1
mM of 1, 10 ortho-phenanthroline, phenylmethylsulphonyl fluoride (PMSF, a serine protease inhibitor) at
100 uM and 1 mM of N-ethylmaleimide to extract the proteins. Lesioned and non-lesioned dorsal striata
were processed separately. After 20 h at 4°C, the samples were centrifuged at 3000 g for 15 min, and
the protein content was measured using the Bradford (1976) method. The samples were then diluted in
the sample buffer (2% SDS, 125 mM Tris—HCI pH 6.8, 10% glycerol, and 0.001% bromophenol blue) and
subjected to electrophoresis on 12% SDS-PAGE co-polymerized with 1% gelatin (Sigma Chemical Co. St.
Louis, MO, USA) as the substrate. After electrophoresis was completed, the gel was incubated in a 2%
Triton X-100 solution followed by Tris-HCI buffer pH 7.4 + 10 mM CaCl2. The gels were stained with 0.05%
coomassie brilliant blue. The gelatinolytic activity was detected as unstained bands against the background
of coomassie blue-stained gelatin. Metalloproteinases MMP-9 and MMP-2 protein in the striatum was
detected as transparent bands against a dark-blue background (Nascimento et al., 2013). Enzyme activity
was determined by densitometry using a Kodak Electrophoresis Documentation and Analysis System (EDAS
290; Kodak, USA).

To analyze the antibody specificity by western immunoblotting, and to quantify striatal MMP-3-related
protein expression, total protein extracts were obtained from the dorsal striatum, which was homogenized
in buffer containing 137 mM of NaCl, 20 mM of Tris, pH of 8.0, 1% NP- 40, 0.105% SDS, 10% glycerol,
and protease inhibitors 0.2 mM of phenylmethylsulphonyl fluoride (PMSF), 0.1 uM of aprotinin and 1 pM of
leupeptin (N-acetyl-L-leucyl-L-leucyl-L-argininal) and phosphatase inhibitors (1 mM of NaF and 2 mM of
Na3zVOy). After homogenization, the sample was centrifuged (13,000 g at 4 °C for 20 min). The supernatant
and the precipitate were separated, and the total amount of protein in the supernatant was determined
by the Bradford (1976) method. Samples containing 0.5 mg of protein were separated by polyacrylamide
gel electrophoresis containing 12% SDS-PAGE and electrically transferred to a polyvinylidene difluoride
(PVDF) membrane (Millipore, MA, USA). Detection of the proteins on the membrane was done by sequential
incubations with the primary and secondary antibodies (see Table S1) and evaluated using the ImmobilonTM
Western Chemiluminescent HRP Substrate detection system (Millipore) and registered by ImageQuant 350
detection system (GE Healthcare).

Experimental Design

After surgery, all rats were allowed to recover for two weeks. L-DOPA or vehicle treatment started two days
after the apomorphine rotational test. Animals were assigned randomly to experimental groups that were
well-matched regarding the rotational rate (results not shown). Each experimental group was daily treated
with L-DOPA (20 mg kg™!) plus benserazide-HCI (5 mg kg™!) or saline by gavage once a day for 15 days.
The study consisted of four different main experiments.

Experiment 1- Impact of acute administration of doxycycline on LID expression once dyskinesia was pre-
sent

In this experiment, group 6-OHDA+vehicle+L-DOPA (n=11) treated animals received L-DOPA for 14 days.
On day 15, 50% of the animals received acute doxycycline (40 mg kg™!, i.p., once), 30 min before L-DOPA



(6-OHDA+doxycycline+L-DOPA, n=6). The other parkinsonian animals received vehicle before L-DOPA (6-
OHDA +vehicle+L-DOPA, n=5). After 3 days of drug washout, the allocation of the animals to “drug” versus
“vehicle” treatment was switched. Therefore, each animal was submitted to both treatments. A comparison
between the AIMs scores among the 6-OHDA+doxycycline4+IL-DOPA and 6-OHDA+vehicle+LDOPA groups
was performed using a one-way repeated measures analysis of variance (ANOVA-RM).

An additional group of parkinsonian animals received similar treatment to those described above un-
derwent the motor activity tests, the forepaw adjusting step, and the open field test. Experimental
groups were composed of animals with already established LID: 6-OHDA+vehicle+L-DOPA (n=11) and
6-OHDA +doxycycline+L-DOPA (n=11). Comparisons of the AIMs scores between the experimental groups
were performed by one-way ANOVA, followed by Bonferroni’s multiple comparisons test. The control groups
were no-lesion+vehicle+vehicle (n=6); 6-OHDA-+vehicletvehicle, (n=8); 6-OHDA+doxycycline+ vehicle
(n=9).

Ezxperiment 2- Effect of chronic doxycycline on the development of LID

To extend these novel findings, we also examined whether chronic, doxycycline administration would
attenuate the development of LID. We examined whether the co-treatment of doxycycline (40 mg
kgl, ip., once a day, 15 days) to lesioned rats, 30 min before L-DOPA, influenced the develop-
ment of LID. The experimental groups consisted of 6-OHDA+chronic-vehicle+L-DOPA (n=11) and 6-
OHDA+chronic-doxycycline+L-DOPA (n=11). There was no AIMs manifestation in the control group ani-
mals [no-lesion+chronic-vehicle+vehicle (n=6); 6-OHDA+chronic-vehicle+vehicle (n=6); 6-OHDA-+chronic-
doxycycline+vehicle (n=7)]. Individually all animals were submitted to the open field test one hour after
L-DOPA treatment to evaluate their motor behavior. Comparisons of the scores between the experimental
groups were performed by two-way ANOVA-RM, followed by Bonferroni’s multiple comparisons test.

Ezxperiment 3- Striatal LID markers expression after administration of dozycycline

In this experiment, the immunoreactivity of FOS-B (a canonical protein associated with LID), proteins typical
of neuroinflammation such as COX-2, GFAP, OX-42, MMPs, and the presence of ROS were evaluated. The
experimental groups comprised parkinsonian rats with already established LID that were receiving acute
doxycycline treatment and parkinsonian rats receiving doxycycline treatment since day one as well as the
respective controls. An individual experimental group assembly was prepared for each analysis described
below.

Experiment 3.1. Striatal LID markers expression in rats acutely treated with doxycycline once dyskinesia
was present

(i) Immunohistochemical reaction for COX-2, GFAP, OX-42 in the experimental groups: 6-
OHDA +vehicle+L-DOPA, (n=7); 6-OHDA+doxycycline+L-DOPA (n=8) and the respective controls [no-
lesion+vehicle+vehicle; (n=6), 6-OHDA+vehicle+vehicle (n=5), 6-OHDA+doxycycline+vehicle (n=>5)].

(ii) MMP-3 immunoblotting, MMP-2 and MMP-9 gel zymography in the striatum of the experimental groups:
6-OHDA+vehicle+L-DOPA (n=7), 6-OHDA+doxycycline+L-DOPA (n=6), and the respective controls [no-
lesion+vehicle+vehicle (n=6), 6-OHDA+vehicle+vehicle, (n=6), 6-OHDA+DOX+vehicle (n=6)].

(iii) MMP-2/-9 in situ gelatinolytic zymography and ROS histochemistry analysis in the brain sec-
tions of the experimental groups: 6-OHDA+vehicle+L-DOPA (n=7), 6-OHDA+doxycycline+L-DOPA
(n=7), and the respective controls [no-lesion+vehicle+vehicle (n=6), 6-OHDA+vehicle+vehicle (n=6), 6-
OHDA +doxycycline+vehicle (n=6)].

Experiment 3.2. Striatal ROS and MMP expression in rats chronically treated with doxycycline +L-DOPA

(i) MMP-2/MMP-9 in situ gelatinolytic zymography and ROS histochemistry was measured at the
striatum slices of the experimental groups: 6-OHDA+chronic-vehicle+L-DOPA (n=7), 6-OHDA-chronic-
doxycycline+L-DOPA (n=8) and the respective controls [no-lesion+chronic-vehicle+vehicle (n==6), 6-
OHDA -++chronic-vehicle+vehicle (n=6), 6-OHDA+chronic-doxycycline+vehicle (n=6)].



(ii) MMP-2 and MMP-9 substrate gel zymography was measured at the striatum tissue in the experimental
groups: 6-OHDA+chronic-vehicle+L-DOPA (n=7), 6-OHDA+chronic-doxycycline+L-DOPA (n=6) and the
respective controls [no-lesion+chronic-vehicle4vehicle (n=6), 6-OHDA+chronic-vehicle+vehicle (n=6), 6-
OHDA -+chronic-doxycycline+vehicle (n=6)].

Ezxperiment 4 Impact of acute administration of COL-3 on LID expression once dyskinesia was present

In this experiment, a group of 6-OHDA+vehicle+L-DOPA (n=15) animals received L-DOPA for 14 days.
To test the COL-3 effect (50 and 100 nmol - approximately 0.1 and 0.2 pg kg-1; Echelon Biosciences, Salt
Lake, UT, USA, dissolved in saline), after L-DOPA treatment rats had an i.c.v. cannula (15-mm guide
cannula, 22 gauge, C313/G/SPC; Plastics One Inc., Roanoke, VA) implanted above the left lateral ventricle
(AP: 4+ 0.4 mm, ML: -2.9 mm, DV: -4.0 mm relative to bregma (see the dopaminergic neuronal lesion with
6-OHDA section for details of the surgery). The cannula was stabilized with 5 micro screws and fixed with
Jet Denture Repair Acrylic (Lang Dental, Wheeling, IL). The guide cannula was fitted with a 28-gauge inner
stylet (Plastics One) to maintain cannula patency. The animals were allowed to recover for five to seven
days.

Animals were administered COL-3 (50 and 100 nmol, n=7). The drug and the vehicle were injected into
the ventricle of awake animals through a 15-mm-length stainless steel needle attached to an infusion pump
10 minutes before L-DOPA. To ensure that the investigator was blind to the rats’ individual treatment,
COL-3 or vehicle was given randomly on either day 1 or day 2 of a 2 consecutive days testing period.
On day 1, the animals received acute COL-3 (n=8), of either 50 or 100 nmol. The other animals (n=7)
received vehicle before L-DOPA. A comparison between the AIMs scores among 6-OHDA+COL-3+L-DOPA
vs. 6-OHDA+vehicle+L-DOPA was performed by one-way ANOVA-RM, followed by Bonferroni’s test.

The animals had their motor activity evaluated using the open field test, one hour after L-DOPA application.

Cannula placement was analyzed through striatal sections mounted on gelatinized slides using a light mi-
croscope (Leica Microsystems Launches Leica FW4000 - Cambridge, UK) following cresyl violet staining
(Sigma-Aldrich). All the tested animals had the cannula inserted in the lateral ventricle, between AP-3.4 to
-4.3 mm.

Statistical Analyses

Cenci and Lundblat (2007) indicated that AIM scores should be treated parametrically because the basic
scores for LID reflect the proportion of time during which a given behavioral manifestation is present. Also,

it has been shown that AIM scores are linearly and closely correlated with parametric quantities (Cenci and
Lundblat, 2007).

All statistical analyses were conducted using GraphPad Prism software 6. A p-value of < .05 was considered
statistically significant.

The acute administration of doxycycline or COL-3 and vehicle on L-DOPA-induced AIMs scores, and the
open field and forepaw adjusting step tests were compared by one-way ANOVA followed by Bonferroni’s
test. Data are presented as the mean+SEM with points representing data from individual animals.

A comparison of the chronic administration of doxycycline and vehicle combined with L-DOPA was perfor-
med by two-way RM-ANOVA followed by Bonferroni’s test. To analyze the immunohistochemical and fluore-
scence intensity results, a one- or two-way ANOVA was performed to determine the difference between factors
L-DOPA (6-OHDA+vehicle+L-DOPA and doxycycline (6-OHDA+doxycycline+L-DOPA) followed by Bon-
ferroni’s test to determine the statistical difference. For the western blotting analysis, the Students t-test was
used to compare the expression of markers in the 6-OHDA+vehicle+L-DOPA vs. 6-OHDA-+doxycycline+1L-
DOPA treated animals. Correlations were estimated using simple regression analyses. Figure legends indicate
the test used for each experiment. The data are presented as the mean +- SEM.

RESULTS (1330 words)



Analysis of the 6-OHDA-lesion

TH immunostaining in the striatum and the SNc was used to evaluate the degree of the dopaminergic lesion.
There was a marked reduction of the dopaminergic neurons in the SNc and TH-positive fibers in the lesioned
striata (Supplementary Fig. 1) compared to the no-lesioned rat striata. There was no difference in the extent
of the lesion between the animals in each group.

Impact of acute administration of doxycycline on LID expression once dyskinesia was present

During the chronic L-DOPA treatment, 90% of the rats developed AIMs affecting the contralateral forelimb
and orofacial structures, together with trunk dystonia (Fig. 1-A, p<0.05, 6-OHDA+vehicle+L-DOPA). The
maximum total AIMs score (ALO-AIMs Fig. 1-A) was reached 40-80 min after L-DOPA administration and
gradually declined to the baseline level over 180 min (Fig. 1-B). Administration of doxycycline (40 mg kg-1),
30 min before L-DOPA significantly reduced AIMs (89%; Fig. 1-A, 6-OHDA+vehicle+L-DOPA ALO AIMs
score=92.22+4-8.66 vs. 6-OHDA+doxycyclineL-DOPA ALO AIMs score=10.56+-4.89, p<0.0001) over 20 to
120 min observation period (Fig. 1-B). Acute doxycycline before L-DOPA also decreased the individual
AIM categories (axial, forelimb, and orofacial; Supplementary Fig. 2). AIM was not observed in both the
non-lesioned rats and lesioned rats treated with vehicle or doxycycline (data not shown).

Dozxycycline does not affect the therapeutic effect of L-DOPA

The lesioned animals displayed akinesia of the contralateral forelimb (Fig. 1-C, stepping test) and a decrease
in the distance traveled (Fig. 1-D, open-field test) demonstrating compromised motor ability. L-DOPA
treatment improved akinesia and increased the distance traveled (Figs. 1-C and -D). Doxycycline did not
improve motor function as revealed by the akinesia (Fig. 1-C, stepping test) and distance traveled (Fig. 1-D,
open-field test).

Impact of the acute administration of doxycycline on LID associated markers once dyskinesia was present

Ezpression of FosB: Similar to described by Padovan-Neto et al., (2009) and others, FosB protein ex-
pression increased in the cell nuclei in the lesioned striatum of parkinsonian rats receiving L-DOPA (6-
OHDA +vehicle+L-DOPA; Figs. 2-A, -B, -C). The acute administration of doxycycline caused a significant
decrease in the expression of FosB (40%; 6-OHDA+doxycycline+L-DOPA; p < 0.001; Fig. 2-C).

Ezpression of COX-2: Similar to described by Bortolanza et al., (2015b), L-DOPA increased the number of
cells expressing COX-2 (6-OHDA+vehicle+L-DOPA; Figs. 2-D, -E, -F) in the dopamine-depleted striatum.
Doxycycline significantly reduced the induction of LID associated COX-2 (6-OHDA+doxycycline+L-DOPA;
p<0.05; Figs. 2-E and -F).

Expression of GFAP and 0X42: We investigated how L-DOPA, alone or combined with acute doxycycline,
would affect the number (Figs. 2-G, -H, -1, -J, -K and -L) and morphology (Supplementary Fig. 3) of the
astrocytes and microglia using GFAP and OX42 immunohistochemical labeling, respectively. The number
of astrocytes increased as did the number activated in the dopamine-depleted striatum. It was showed an
increased GFAP-immunoreactivity (6-OHDA+vehicle+L-DOPA; Figs. 2-G and -I) and cellular hypertrophy
(6-OHDA+vehicle+L-DOPA; Supplementary Figs. 3-A, -B and -C). Also, L-DOPA treatment increased the
number of microglia as characterized by increased OX-42 density (6-OHDA+vehicle+L-DOPA; Figs. 2-J
and -L) and hypertrophic morphology (6-OHDA+vehicle+L-DOPA; Supplementary Figs. 3-D, -E and -F).
Doxycycline administered before L-DOPA reduced each of these L-DOPA treatment-induced changes in the
depleted striatum (6-OHDA+doxycycline+L-DOPA; Figs. 2-H, -1, -K and -L; Supplementary Fig. 3).

The increase of the immunoreactivity of Fos-B, COX2, GFAP, OX-42 in LID, or evidence of microglia and
astrocytes activation was not observed in the striatum of non-lesioned rats and lesioned rats treated with
only vehicle or doxycycline (data not shown).

Impact of the acute administration of doxycycline on LID induced ROS and MMPs once dyskinesia was
present
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ROS detectio n: The levels of red fluorescence of dihydroethidium (DHE) oxidation as an indicator of ROS
levels increased in the lesioned striatum of parkinsonian animals treated with L-DOPA (6-OHDA+vehicle+L-
DOPA; Figs. 3-B, -G, arbitrary units). Acute doxycycline treatment prior to L-DOPA led to a slight but
significant decrease in DHE oxidation (6-OHDA+doxycycline+L-DOPA; Figs. 3-C, -G; p < 0.05). The
increased level of ROS had no significant correlation with dyskinesia severity (Fig. 3-H).

Detection of MMP-2/MMP-9 activity: A fluorescein isothiocyanate (FITC) signal representing MMP-
2/MMP-9 activity was observed in the striatum of lesioned rats (6-OHDA+vehicletvehicle; Figs. 3-D
and -I) and the striatum of rats expressing L-DOPA induced dyskinesia (6-OHDA+vehicle+LDOPA; Figs.
3-E and -I). Doxycycline acute treatment significantly reduced the MMP-2/-9 activity (Figs. 3-F and -I).
MMP-2/MMP-9 activity was highly correlated with dyskinesia severity (r=0.9; p<0.01; Fig. 3-J).

MMP-2 and MMP-9 gel zymography: The presence of the MMP-2 (72 kDa) and the MMP-9 (97 kDa) was
detected by substrate gel zymography in the lesioned striatum (Supplementary Fig. 4). Striatal MMP-2
patterns did not change wither following lesion (6-OHDA+vehicle4vehicle), or L-DOPA treatment alone
(6-OHDA+vehicle+L-DOPA) or with acute doxycycline (6-OHDA+doxycycline+L-DOPA) (Supplementary
Fig. 4-A). Contrastingly, the striatal MMP-9 signal was increased after 6-OHDA-lesion but not modified
by L-DOPA treatment. Interestingly, acute doxycycline treatment significantly reduced MMP-9 in lesioned
rats but reached statistical significance after L-DOPA treatment (p<0.05; Supplementary, Fig. 4-B).

MMP-3 protein level: The western blot analysis revealed an increased amount of MMP-3 in the lesioned-
striatum of dyskinetic rats (6-OHDA+vehicle+L-DOPA), which was significantly reduced by doxycycline
administration (6-OHDA-+doxycycline+L-DOPA; p<0.0001; Fig. 3-K). The increase in MMP-3 levels was
positively correlated with dyskinesia severity (r=0.9; p<0.01, Fig. 3-L).

Effects of chronic doxycycline on the development of LID

L-DOPA induced the appearance of dyskinesia in the parkinsonian rats (6-OHDA+chronic-vehicle+L-DOPA;
Fig. 4-A). Co-administration of doxycycline with L-DOPA (6-OHDA+chronic-doxycycline+L-DOPA de-
creased the AIMs measured at days 1, 7, and 14 of the combined treatment (p<0.0001; Fig. 4-A). Post
hoc analyses revealed a significant reduction of the total AIMs (Fig. 4-A) and the different AIMs types
(Supplementary Figs. 2-D, -E and -F; p<0.05, 6-OHDA+chronic-vehicle+L-DOPA vs. 6-OHDA+chronic-
doxycycline+L-DOPA). AIMs were not observed in the control group or the 6-OHDA-lesioned rats that were
treated with vehicle or doxycycline only (data not shown).

The lesioned animals showed a decrease in the distance traveled, as evaluated by the open-field test (6-
OHDA +chronic-vehicle+vehicle; Supplementary Table 1), demonstrating compromised motor ability. L-
DOPA treatment increased the distance traveled (6-OHDA+chronic-vehicle+L-DOPA Supplementary Table
1), and the co-administration of L-DOPA+doxycycline did not affect the improvement in locomotor activity
(6-OHDA+chronic-doxycycline+L-DOPA p<0.05; Supplementary Table 1).

Impact of the chronic administration of doxycycline on LID induced ROS and MMPs

Reactive oxygen species: 6-OHDA lesion and L-DOPA treatment increased ROS production as measured
by fluorescence intensity (Figs. 4-D and -I) in the dopamine-denervated striatum. Co-administration of
doxycycline (6-OHDA-+chronic-doxycycline+L-DOPA) reduced the ROS fluorescence intensity (80% arbi-
trary units) (Figs. 4-E and -I). The ROS level was positively correlated with the dyskinesia severity (r=0.9;
p<0.0001; Fig. 4-J).

Ezpression of MMP-2/MMP-9 activity : The activity of MMP-2/MMP-9 increased in the striatum of rats
with 6-OHDA lesions (6-OHDA+chronic-vehicle4-vehicle), and those with L-DOPA induced dyskinesia (6-
OHDA+chronic-vehicle+L-DOPA Figs. 4-F, -G and -K). Doxycycline reduced MMP-2/MMP-9 activity in
the 6-OHDA lesioned rats (6-OHDA+chronic-doxycycline+vehicle) and after L-DOPA induced dyskinesia
(6-OHDA+chronic-doxycycline+L-DOPA p<0.0001, Figs. 4-H and -K). The activity of MMP-2/MMP-9
exhibited a positive correlation with dyskinesia (r=0.7, p<0.0001, Fig. 4-L).
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MMP-2 and MMP-9 gel zymography: There was an increase in the MMP-2 and MMP-9 in the striatum of
rats with 6-OHDA lesion (6-OHDA+chronic-vehicle+vehicle), without statistical significance. Doxycycline
treatment per se slightly decreased MMP-2 and MMP-9 detection. The MMP-9 increase reached statistical
significance following L-DOPA treatment (6-OHDA+chronic-vehicle+L-DOPA; p<0.0001, Supplementary
Figs. 4-B and -D). Doxycycline co-treatment significantly reduced MMP-2 and MMP-9 detection after LID
expression (6-OHDA+-chronic-doxycycline+L-DOPA).

COL-3 acute treatment attenuated LID once dyskinesia was present

L-DOPA-treated lesioned rats were administered an i.c.v. microinjection of COL-3 at two different doses (50
or 100 nmol, 10 minutes before L-DOPA) over 10 days. A dose of 100 nmol of COL-3 was found to significantly
reduce L-DOPA induced dyskinesia (6-OHDA +vehicle+L-DOPA, AIMs sum 47.93+-7.93; lesion+COL-3+L-
DOPA, AIMs sum 20.57+-3.70; p< 0.01; Fig. 5-A; p <0.05). COL-3 reduced dyskinesia over a 20 to 140
min period, as observed in the time response curve (Fig. 5-B). No significant differences were found with
50 nmol of COL-3 (6-OHDA+COL-3+L-DOPA: 42+-5.72). Moreover, COL-3 administration reduced axial,
limb, and orofacial dyskinesia (p<0.0001; Supplementary Figs. 2-G, -H and -I).

COL-3 treatment (100 nmol) did not affect the L-DOPA improvements in the locomotor outcomes as mea-
sured by the distance traveled and time immobile (Supplementary, Table 1).

DISCUSSION (1595 words)

The acute administration of doxycycline or COL-3 demonstrated an anti-dyskinetic effect in rats with already
established LID. Notably, we demonstrated that co-administration of doxycycline with L-DOPA since the first
day of receiving L-DOPA suppressed the development of AIMs. Our results demonstrate that doxycycline
or COL-3 are useful complements to L-DOPA, in that they block LID but maintain the improvements in
motor function.

Doxycycline attenuated the increase in FosB, COX-2, GFAP, and OX42 expression in the lesioned striatum
induced by L-DOPA treatment. The results demonstrated an increase in MMP-2/MMP-9 activity and ROS
presence in the striatum of L-DOPA-dyskinetic parkinsonian rats. Treatment with doxycycline decreased
MMP-2/MMP-9 activity and ROS induced by L-DOPA treatment. The increase of ROS and MMP-2/MMP-
9 activity was positively correlated with the degree of dyskinesia. Acute doxycycline treatment decreased
MMP-9 gel detection related to LID, while chronic treatment decreased MMP2 and MMP-9 detection.

In agreement with our hypothesis, the modulation of inflammatory processes aimed at preventing or inter-
rupting the cycle between damaged dopamine neurons, L-DOPA-treatment and dysregulated inflammation
has the potential to emerge as a novel therapeutic strategy.

Reduction of LID markers in the striatum of rats expressing LID after the acute administration
of doxycycline

FosB-expressing neurons appear in the brain of patients with PD (Lindgren et al., 2011; Tekumalla et al.
2001) and accumulation of FosB has been linked to the development of dyskinetic behavior in animal models
(Anderson et al. 1999). Treatment with doxycycline decreased FosB up-regulation in the dopamine-depleted
striatum of rats expressing LID.

Doxycycline treatment decreased COX-2 immunoreactivity in the dopamine-depleted striatum induced by
L-DOPA treatment. Bortolanza et al., (2015b) and Berke et al. (1998) previously described the increase in
COX-2 in the LID striata. COX-2 expression was also up-regulated in SNc dopaminergic neurons in both
patients with PD and experimental PD models (Braak et al., 2008; de Meira Santos Lima et al., 2006; Knott
et al., 2000; Teismann et al., 2003). The evidence for a direct role of COX-2 in PD and LID is still unclear
(Bartels and Leenders, 2007).

In the striatum of parkinsonian rats presenting LID, it was found that GFAP and OX-42 immunoreactivity
increased, along with the presence of reactive astrocytes and microglia, respectively (Bortolanza et al., 2015a,
b; Lanza et al., 2019; Ramirez-Garcia et al., 2015). The pattern of neuroinflammatory-glial activation seen
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in our study was at least partially a consequence of the L-DOPA treatment in the lesioned animals. The
glial activation identified was attenuated by treatment with doxycycline. Postmortem analyses of patients
with PD have indicated the presence of reactive astrocytes and microglia (Ben Haim et al., 2015), which
produce and release a variety of pro- and anti-inflammatory substances (Block et al., 2007; Liu et al., 2017;
Rohl et al. 2007; Sidoryk-Wegrzynowicz et al., 2011; Wolf et al. 2017).

Taken together, FosB, COX-2, GFAP, and OX42 expression reduction as demonstrated by doxycycline
treatment, is proposed to be part of a feasible therapeutic strategy for LID, and may well be appropriate for
the treatment of PD patients.

Positive correlation between striatal MMPs and ROS with overall LID severity

The present study revealed an increase of ROS in the striatum of parkinsonian rats presenting LID. The
neuroprotective effect of doxycycline has been attributed to its ability to scavenge ROS (Antonio et al., 2014).
After chronic doxycycline treatment with L-DOPA, a robust correlation with ROS levels and LID intensity
was established. Oxidative stress has been found to be one of the factors responsible for the initiation and
progression of PD (Charvin et al., 2018; Zhou et al., 2008). An increase in MMPs may be a consequence of
ROS production (Gottschall and Yu, 1995; Koli et al., 2008) and the presence of reactive astrocytes (Muir
et al., 2002; Ogier et al., 2006). MMP-2/MMP-9 gelatinolytic activity and MMP-3 expression increased
in the striatum of rats presenting L-DOPA dyskinesia. Alterations of MMP-2/MMP-9 activity and MMP-
3 expression were positively correlated with LID. Also, our results showed that MMP-2/MMP-9 activity
and MMP-2 and MMP-9 gel detection also increase after 6-OHDA lesion. Doxycycline is an inhibitor of
metalloproteinases activity (Bahrami et al., 2011; Garcia-Martinez et al. 2010; Nikodemova et al., 2006).
The doxycycline treatment attenuated the MMP-2/MMP-9 activity increase when given either acutely or
chronically to rats expressing LID. Contrastingly, the MMP-2 and MMP-9 gel detection was decreased,
primarily after chronic treatment. We cannot explain the former contrasting results, but it is important to
note that gel detection permits the separated detection of each enzyme and provides distinct in situ detection
of the general gelatinases activities.

Lorenzl et al. (2004), Annese et al. (2015), and De Stefano and Herrero (2017) described the up-regulation of
MMP-2/MMP-9 activity in neurons and microglia in the striatum and SN¢ in the MPTP model of PD. In the
MPTP model, Chung et al. (2013) found increased MMP-3 protein and activity levels. In the postmortem
brains of patients with PD, alpha-synuclein, and MMP-3 are co-localized in Lewy bodies (Choi et al. 2014,
2011). In contrast, Lorenzl et al. (2002) detected a 50% reduction in MMP-2/MMP-9 activity levels in the
SNc of patients with PD. Accordingly, our findings of alterations in MMP-2, MMP-9, and MMP-3 levels in
the striatum of PD rats submitted to L-DOPA treatment consistent with the possibility that alterations in
MMPs may contribute to LID pathogenesis.

Antimicrobial drugs in Parkinson’s disease

There is evidence that antimicrobial drugs have the potential to exert neuroprotective effects on central
nervous system neurodegenerative diseases, such as PD (Amor et al., 2010; 2014; Bassani et al., 2015;
Bortolanza et al., 2018; Champagne-Jorgensen et al., 2019; Santa Cecilia et al., 2019).

The penicillin derivative ceftriaxone (beta-lactam antibiotic) has been found to prevent and reverse behavioral
and neuronal deficits in the MPTP model of PD (Chotibut et al., 2014; Hsieh et al., 2017; Hsu, 2015; Huang
et al., 2015; Weng et al., 2016). It increases the expression of glutamate transporter 1, which plays a major
role in glutamate clearance in the central nervous system (Yimer et al., 2019). Ceftriaxone has been reported
to slow the development of LID, but it does not change previously established LID (Chotibut et al. 2017;
Kelsey and Neville 2014). The antibiotic poorly crosses the blood-brain barrier, and the concentrations used
might be even higher than those for infectious disease treatment, thus exerting potent, selective pressure on
commensal and pathogenic microbiota (Mattappalil and Mergenhagen, 2014).

Another first-line agent for the treatment of tuberculosis, rifampicin, readily crosses the blood-brain barrier
and has also been used for the treatment of central nervous system infections (Yulug et al., 2014). Rifampicin
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reduces microglial inflammatory responses and neurodegeneration induced in vitro by a-synuclein fibrillary
aggregates (Acuna et al., 2019). Rifampicin pre-treatment inhibits the rotenone toxicity induced in the PC12
cells (Lin et al., 2017; Wu et al., 2018) and rotenone-induced microglial inflammation (Liang et al., 2017).
Paradoxically, rifampicin possesses strong pro-inflammatory properties (Yuhas et al., 2009). It increases
inducible nitric oxide synthase expression, NF-xB activation, and decreases PPAR-~g expression.

Doxycycline is one of the most extensively studied for properties other than its antimicrobial effects (Aminov,
2013; Chen et al., 2019; Stephenson et al., 2018), and excellent blood-brain barrier permeability (Barza et
al., 1975; Liu et al., 2001). The drug is known to have a broad range of actions (Garrido-Mesa et al., 2013)
including the modification of the neurotransmitters system known to be involved in the pathophysiology of
LID such as the cholinergic (Conti et al., 2018; Schlesinger et al., 2004; Schlesinger et al., 2004), serotonergic
(Zhang et al., 2006), glutamatergic (Monte et al., 2013) as well as others (Mansson et al., 2007; Munzar
et al., 2002). In addition, Gonzdlez-Lizdrraga et al. (2017) reported that doxycycline reshapes o-synuclein
oligomers, inhibits a-synuclein aggregation, and the seeding of new oligomers, thus preventing cytotoxicity
in dopaminergic cell lines.

The pharmacokinetic properties of doxycycline are advantageous concerning the gut microbiota. Based
on their long, excellent safety profiles in humans, following oral application, the rapid rise in the serum
levels indicates that it is primarily absorbed by the small intestine. Thus, doxycycline represents a low
burden for the colorectal tract (Bartlett et al., 1975). As the motor benefits of L-DOPA were preserved
after doxycycline treatment, it is strong evidence that the drug did not interfere with L-DOPA intestinal
absorption. However, one cannot eliminate this hypothesis. New experiments are ongoing in our laboratory
using the subcutaneous application of L-DOPA. Preliminary results confirm the outcome of oral L-DOPA. To
avoid side effects related to the antimicrobial activity and possible bacterial resistance, chemically modified
tetracycline COL-3 may have numerous applications without the associated risk of antibiotic resistance.

Finally, despite anecdotal evidence from patients with PD, we do not know to what extent the effects of
doxycycline are valid. Although we have hypothesized that neuroinflammation plays a major role in the
development of LID, we recognize that a causal link between the two needs to be firmly established. As a
final point, repurposing doxycycline against dyskinesia in PD might be a novel tactic for neuroprotection,
exploiting this therapeutic potential of a ready-to-use drug (Del Bel et al., 2016; Reglodi et al., 2017; Socias
et al., 2018).

SUMMARY and CONCLUSION We demonstrated for the first time that doxycycline is effective in the
attenuation of LID without interfering with the anti-akinetic action of L-DOPA. The possible mechanisms
underlying the effect of doxycycline decreasing LID are interesting but need to be further investigated to
optimize the dose and ensure the safety of long-term treatment. Our findings point to the potential of the
repurposing doxycycline or its derivatives as an adjunct treatment to L-DOPA in the therapy of PD to delay
the onset of dyskinesia and possibly attenuate neurodegeneration.

Ethics statement: The experiments were conducted according to the principles and procedures described
by the guidelines for the care and use of animals in neuroscience and behavioral research (ILAR, USA). The
local ethics committee approved the protocol.

Acknowledgments: The authors appreciate Prof. Francisco S Guimaraes and Prof. Paul Bolam for their
critical review of the paper. The authors would like to thank Célia A. da-Silva, Sara Saltareli, and Vitor
Castania for their technical assistance.

Funding statement: The study was supported by the Sao Paulo State Foundation for the Support of
Research (FAPESP, Brazil; Grant 2014/25029-4). EDB is a recipient of grants from the National Council for
Scientific and Technological Development (CNPq, Brazil), CAPES, and the Comité Frangais d’Evaluation de
la Coopération Universitaire avec le Brésil (French Committee for the Evaluation of Academic and Scientific
Cooperation with Brazil; CAPES-COFECUB Grant #848/15). EDB is a CNPq research fellow. MB and
GCN were recipients of FAPESP, Brazil, fellowship 2016-06602-0 and 2015-03053-3, respectively).

14



Conflict of interests: The authors have no financial or personal conflicts of interest to declare in relation
to this study.

Author ’s contribution

Mariza Bortolanza: Conceptualization, Investigation, Experimental research, Formal Analysis, Writing: Ori-
ginal Draft Preparation, Review & Editing

Glauce C do Nascimento: Experimental research, Formal Analysis; Writing: Original Draft Preparation,
Review & Editing

Rita Raisman-Vozari: Funding acquisition; Writing: Review & Editing

Elaine Del Bel: Conceptualization, Investigation, Funding acquisition, Project administration, Supervision,
Validation, Writing: Review & Editing

DECLARATION OF TRANSPARENCY AND SCIENTIF IC RIGOUR This Declaration ack-
nowledges that this paper adheres to the principles for transparent reporting and scientific rigour of preclinical
research as stated in the BJP guidelines for Design Analysis, Immunoblotting and Immunochemistry, and
Animal Experimentation, as recommended by funding agencies, publishers, and other organizations engaged
with supporting research.

Legend of the figures

Figure 1. Doxycycline acute administration reduced LID without compromising the benefi-
cial motor effects. 6-OHDA lesioned rats received a daily administration of L-DOPA (20 mg kg!) for
14 days to establish the expression of L-DOPA induced dyskinesia.(A) Sum of the AIMs score or ALO
AIMs (axial, forelimb, and orofacial) are presented. The score was measured on days 1, 7, 14 of L-DOPA
administration (n=11) over 180 min. Doxycycline was inoculated in the animal 30 min before L-DOPA (6-
OHDA+doxycycline+L-DOPA). AIMs expression decreased by 89% (one-way ANOVA-RM p<0. 0001; data
presented as the mean+-SEM) compared to 6-OHDA+vehicle+L-DOPA. (B) Time course of the appearance
of dyskinetic manifestation with 6-OHDA-+doxycycline+L-DOPA compared to 6-OHDA+vehicle+L-DOPA
(p<0.001) across time (p<0.05, two-way ANOVA-RM followed by Bonferroni posthoc test). (C)L-DOPA ad-
ministration significantly improved performance in the stepping test; doxycycline-maintained the beneficial L-
DOPA motor effects (p<0.01; one-way ANOVA followed by Bonferroni test; data are presented as the mean+-
SEM). (D) Doxycycline does not alter the L-DOPA effect on the distance traveled (p<0.0001; one-way
ANOVA followed by Bonferroni; data are presented as the mean+-SEM) *compared to 6-OHDA-+vehicle+L-
DOPA; #compared to 6-OHDA+doxycycline+L-DOPA A- compared to no-lesion+vehicle+vehicle. AIMs:
abnormal involuntary movements; DOX: doxycycline; L-DOPA, L-3, 4-dihydroxyphenylalanine; RM, re-
peated measures; 6-OHDA, 6-hydroxydopamine.

Figure 2. Reduction of LID markers in the striatum of rats expressing LID after the acute
administration of doxycyclinePhotomicrographs of the medial dorsal striatum (coronal sections - 0.10
mm with respect to bregma) from rats sacrificed 1 h after the last L-DOPA injection. Doxycycline treatment
prior to L-DOPA reduced immunoreactivity for: FosB (A, B) ; 0X-42 (D, E) ; GFAP(G, H) and COX-2
(J, K) . The bar charts (C, F, I, L, respectively) show the quantification of FosB, OX-42, GFAP, and
COX-2 immunopositive cells. 6-OHDA+vehicle+L-DOPA group is represented in (A, D, G, J) and 6-
OHDA +doxycycline+L-DOPA in(B, E, H, K) . A two-way ANOVA followed by the Bonferroni test was
used to check for statistical significance (p<0.05); n=7-10/group; *compared to 6-OHDA+vehicle4vehicle;
#compared to 6-OHDA+vehicle+L-DOPA; OX-42, CD11b/c beta-integrin marker of microglia; GFAP, glial
fibrillary acid protein; COX-2, cyclooxygenase-2. Inset bar: 10 ym.

Figure 3. Reduction of ROS and MMPs in the striatum of rats expressing LID after the acute
administration of doxycycline. ROS, MMP-2/MMP-9, and MMP-3 levels increased in the striatum of
rats with dyskinesia that was decreased by doxycycline. (A-F)Representative image from the dopamine-
denervated striatum of L-DOPA-treated rats (-0.10 mm relative to bregma; Paxinos and Watson, 1997)
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without and with doxycycline treatment illustrating ROS (redA-C ) and MMP-2/MMP-9 gelatinolytic
activity (green D - F ) expressed as arbitrary fluorescence units. The graphics show the quantification
of ROS and MMP activity (G, I, K) and the correlation between them and the dyskinesia index (H,
J, L) . The 6-OHDA+vehicle+vehicle group is represented in (A, D); 6-OHDA+vehicle+L-DOPA in (B,
E) and 6-OHDA+doxycycline+L-DOPA in (C, F). A one-way ANOVA followed by the Bonferroni test
was used to check for statistical significance (p<0.05). There was no correlation between the dyskine-
sia sum of the score of rats and ROS fluorescence intensity (p=0.3; r=0.3; H ). Pearson’s correlation
coefficient was significant between the sum of the dyskinesia score and gelatinolytic activity (p<0.0001;
r=0.9; J ). MMP-3 expression (p<0.0001, r=0.9, L ) was revealed. Each point represents an individual
rat. *compared to 6-OHDA+vehicletvehicle; #compared to 6-OHDA+vehicle+L-DOPA; Acompared to
no-lesion+vehicle+vehicle (n=6-7/group). AIMs, abnormal involuntary movements; DOX, doxycycline; L-
DOPA, L-3,4-dihydroxyphenylalanine; MMP, matrix metalloproteinase; ROS, reactive oxygen species.

Figure 4. Doxycycline/L-DOPA chronic co-treatment of parkinsonian rats since the first day of
receiving L-DOPA block LID development and the increase of ROS and MMPs in the striatum
(A)Cumulative total score of the axial, limb and orofacial AIMs evaluated on days 1, 7, and 14 after L-DOPA
treatment. Doxycycline co-treatment blocked the development of L-DOPA induced dyskinesia (p<0.0001,
two-way ANOVA-RM, Bonferroni posthoc test). Data are presented as the mean+SEM. (E, F, G) Represen-
tative images from the dopamine-denervated striatum of rats (-0.10 mm relative to bregma) illustrating ROS
detection (red C, D ) and MMP-2/-9 gelatinolytic activity (green F, H ) measured as arbitrary fluorescence
units. The 6-OHDA+chronic-vehicle+vehicle group is shown in(C, F) ; 6-OHDA+chronic-vehicle+L-DOPA
in (D, G) and 6-OHDA +chronic-doxycycline+L-DOPA in (E, H). The graphics show the quantification of
ROS and MMP activity (I, K) and the correlation between them and the dyskinesia index (J, L) . A one-
way ANOVA followed by the Bonferroni test was used to check for statistical significance (p<0.05). Pearson’s
correlation coefficient was significant between AIMs intensity and ROS (p<0.0001; r=0.9) and AIMs intensity
and gelatinolytic activity (p<0.0001, r=0.7). All molecular markers are expressed in the denervated striatal
areas. *compared to 6-OHDA +chronic-vehicle+vehicle; #compared to 6-OHDA+chronic-vehicle+L-DOPA;
Acompared to no-lesion+chronic-vehicle4vehicle; +compared to 6-OHDA-+chronic-vehicle+L-DOPA at 1
Day of treatment; &compared to 6-OHDA+chronic-vehicle+L-DOPA at 7 Days of treatment (n=6-7/group)
AIMS, abnormal involuntary movements; L-DOPA, L-3,4-dihydroxyphenylalanine; MMP, matrix metallo-
proteinase; ROS, reactive oxygen species; chDOX, chronic doxycycline.

Figure 5. COL-3 acute administration reduces LID in animals expressing LID. After L-DOPA
induced dyskinesia had been established, the animals received two different doses of COL3 (50 or 100 nmol
approximately 0.1 and 0.2 pg Kg 'intracerebroventricular) before L-DOPA. (A) Sum of the AIMs score
(axial, forelimb, and orofacial) are presented. COL-3 (100 nmol) treatment significantly reduced the sum of
AIMs over the 180 min observation period (p<0. 01; paired t-test n=>5; p<0.05 RM one-way ANOVA n=T7)
compared to the measurement the previous day. The points represent data from individual animals.(B) Time
course of the appearance of dyskinesia with 6-OHDA+COL-3+L-DOPA compared to 6-OHDA+vehicle+L-
DOPA across the time period (p<0.01, two-way ANOVA-RM followed by Bonferroni posthoc test). AIMS
were evaluated on days 1, 7, and 14. Data are expressed as the mean £SEM; p<0.05 #compared to 6-
OHDA+vehicle+L-DOPA. AIMs, axial, limb and orofacial abnormal involuntary movements; COL-3, CMT-
3,6-demethyl-6-deoxy-4-de[dimethylaminol-tetracycline; L-DOPA, L-3,4-dihydroxyphenylalanine; VEH, ve-
hicle.

SUPPLEMENTARY FIGURE LEGEND

Suppl. Figure 1. Photomicrography of coronal brain sections illustrating the loss of striatum TH positive
fibers (A—C; A’-C) and substantia nigra compacta TH positive neurons (D-F; D-F); (A’, B’, C’, D', E’, F)
represents the lesion side. Scale bars=1200 ym.

Suppl. Figure 2. Doxycycline or COL-3 single administration to L-DOPA primed rats or co-administration
of L-DOPA and doxycycline reduces individual AIMs development. (A, B, C) show doxycycline single
administration effects on axial (p=0.069), limb (p < 0.01) and orofacial (p < 0.05) AIMs, respectively
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over 60 min on day 15 compared to day 14 LID measurement (paired t-test; the points represent data
from individual animals). (D, E, F) show the co-administration of L-DOPA and doxycycline effects on
the axial, limb, and orofacial AIMs, respectively over 60 min (p<0.0001, unpaired t-test, data as box and
whiskers plus minimum and maximum values, the point values represent data from individual animals).
(G, H, I) show COL-3 single intraventricular administration effects on axial (p < 0.01), limb (p < 0.01)
and orofacial (p < 0.05) AIMs, respectively over 60 min on day 15 compared to day 14 (paired t-test; the
points represent data from individual animals). #compared to 6-OHDA+vehicle+L-DOPA; +compared to
6-OHDA +vehicle+L-DOPA. AIMs: abnormal involuntary movements; DOX: doxycycline; L-DOPA, 1-3,4-
dihydroxyphenylalanine.

Suppl. Figure 3. Morphological quantification of the astrocytes and microglia reactivity. Doxycycline
reduces activation of the astrocytes (GFAP, glial fibrillary acid protein labeling astrocytes) and microglia
(OX-42 CD11b/c-beta-integrin marker of microglia) associated with LID. The analysis was performed in
the striatum of 6-OHDA-lesioned rats expressing LID, without and with doxycycline treatment. Animals
were sacrificed 1 h after the last L-DOPA injection. Morphological quantification of the GFAP and 0X42
reactivity is shown in the bar charts and represents the average process number (A) (D),average process
length (B) (E), and process intersection number (C) (F), respectively. A two-way ANOVA followed by
the Bonferroni test was used to check for statistical significance: *compared to 6-OHDA+vehicle+vehicle;
#compared to 6-OHDA+vehicle+L-DOPA.

Suppl. Figure 4. Substrate gel zymography quantification of striatal MMP-2 and MMP-9 isoforms,
following acute and chronic doxycycline administration in parkinsonian rats (A-B) : 6-OHDA-lesion and
L-DOPA treatment increased MMP-2 and MMP-9 in the striatum. A single dose of doxycycline reduced
MMP-9 in the striatum of lesioned rats, and L-DOPA treated rats. (C-D): The administration of L-DOPA
increased the presence of MMP-2 and MMP-9 in the lesioned striatum. The co-administration of doxycycline
during L-DOPA (or its vehicle) treatment reduced both MMP-2 and MMP-9 in the striatum of lesioned rats,
and L-DOPA treated rats. A one-way ANOVA followed by a Bonferroni test was used to check for statistical
significance (p<0.05). *compared to 6-OHDA+vehicle+vehicle; #compared to 6-OHDA+vehicle+L-DOPA.
AIMs abnormal involuntary movements; DOX, doxycycline; L-DOPA, L-3,4-dihydroxyphenylalanine; MMPs,
matrix metalloproteinase
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Supplementary Table 1 — Open Field Data

LOCOMOTOR LOCOMOTOR TIME OF IMMOBILITY
TREATMENTS ACTIVITY (m) ACTIVITY (m) (s)
ACUTE DOX ACUTE DOX ACUTE DOX ACUTE DOX
No- No- 68.3 + 2.3* 232.7 + 12.1*
lesion+vehicle+vehicle lesion+vehicle+vehicle
6- 6- 127+ 14 387.3 £+ 26.1
OHDA +vehicle+vehicle OHDA +vehicle+vehicle
6- 6- 125 £ 1.7 395.4 + 32.6
OHDA+doxycycline+vehiclecOHDA+doxycycline4vehicle
6-OHDA +vehicle+L- 6-OHDA +vehicle+L- 42.2 4+ 4.9* 229.8 4+ 16.2*
DOPA DOPA
6- 6- 38.1 £+ 4.0* 218.5 £ 29.5*
OHDA+doxycycline+L- OHDA+doxycycline+L-
DOPA DOPA
CHRONIC DOX CHRONIC DOX CHRONIC DOX CHRONIC DOX
No-lesion+chronic- No-lesion+chronic- 45.3 £ 4.2* 114.8 £+ 13.1*
vehicle+vehicle vehicle+vehicle
6-OHDA -+chronic- 6-OHDA -+chronic- 9.8 £ 1.6 349.4 4+ 52.6
vehicle+vehicle vehicle+vehicle
6-OHDA +chronic- 6-OHDA +chronic- 9.3 £ 1.8 472.3 £ 204
doxycycline+vehicle doxycycline+vehicle
6-OHDA +chronic- 6-OHDA -+chronic- 28.2 + 3.9% 130.1 & 50.3*
vehicle+L-DOPA vehicle+L-DOPA
6-OHDA +chronic- 6-OHDA +chronic- 25.7 & 5.4* 144.4 4 42.2*

doxycycline+L-DOPA
ACUTE COL-3

doxycycline+L-DOPA
ACUTE COL-3

ACUTE COL-3

ACUTE COL-3

6- 6- 11.6 £ 7.1 315.1 &+ 31.2
OHDA +vehicle+vehicle OHDA +vehicle+vehicle

6-OHDA+COL- 6-OHDA+COL- 13.2 £ 5.1 303.4 + 25.1
3+vehicle 3+vehicle

6-OHDA +vehicle+L- 6-OHDA +vehicle+L- 26.9 + 3.8* 127 £ 13.2*
DOPA DOPA

6-OHDA+COL-3+L- 6-OHDA+COL-3+L- 27.8 £ 4.4* 128 + 16.4*

DOPA

DOPA

2 Measures of spread from data observed in the open field task. TWO-WAY ANOVA followed by Bon-
ferroni post hoc test; n=6-7per group. Data are expressed as the mean + SEM; p<0.05 *compared to
6-OHDA +vehicle+vehicle and 6-OHDA+doxycycline+vehicle. ANOVA, analysis of variance; 6-OHDA, 6-
Hydroxydopamine; ch, chronic; DOX, doxycycline; COL-3, CMT-3,6-demethyl-6-deoxy-4-de[dimethylamino];

L-DOPA, L-3,4-dihydroxyphenylalanine; VEH, Vehicle.

Supplementary Table 2 — Statistical analysis performed in this study P.
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ONE-WAY ONE-WAY ONE-WAY ONE-WAY
ANOVA ANOVA ANOVA ANOVA
Parameter Treatment Treatment Treatment Treatment

Stepping test -
acute doxycycline
(Fig. 1-C)

Time of immobility
in the open field -
acute doxycycline
(Fig. 1-D)
Distance travelled
in the open field -
acute doxycycline
(Supplementary
table 1)

Time of immobility
in the open field -
acute COL-3
(Supplementary
table 1)

Distance travelled
in the open field —
acute COL-3
(Supplementary
table 1)

ROS - acute
doxycycline (Fig.
3-G)
Gelatinolytic
activity - acute
doxycycline (Fig.
3-1)

MMP-3 - acute
doxycycline (Fig.
3-K)

ROS - chronic
doxycycline (Fig.
4-1)

Gelatinolytic
activity - chronic
doxycycline (Fig.
4-K)

MMP-2 - acute
doxycycline
(Supplementary
Fig. 4-A)
MMP-9 - acute
doxycycline
(Supplementary
Fig. 4-B)

F (4, 43) = 651 P
< 0.001

F (4,43) = 11.92 P
< 0.0001

F (4, 43) = 39.02 P
< 0.0001

F (1, 16) = 17.278
P < 0.001

F (1,18) = 18.32 P
< 0.001

F (2, 15) = 50.46
P < 0.0001

F (2,16) = 1534 P
< 0.0001
F (2, 16) = 584.0 P
< 0.0001

F (2, 14) = 611.7
P < 0.0001

F (2, 16) = 100.3 P
< 0.0001

F (2, 15) = 6.408 P
< 0.001

F (4,43) = 651 P
< 0.001

F (4,43) = 11.92 P
< 0.0001

F (4, 43) = 39.02 P
< 0.0001

F (1, 16) = 17.278
P < 0.001

F (1,18) = 1832 P
< 0.001

F (2, 15) = 50.46
P < 0.0001

F (2,16) = 1534 P
< 0.0001
F (2, 16) = 584.0 P
< 0.0001

F (2, 14) = 611.7
P < 0.0001

F (2, 16) = 100.3 P
< 0.0001

F (2,15) = 6.408 P
< 0.001
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F (4,43) = 651 P
< 0.001

F (4,43) = 11.92 P
< 0.0001

F (4, 43) = 39.02 P
< 0.0001

F (1, 16) = 17.278
P < 0.001

F (1,18) = 1832 P
< 0.001

F (2, 15) = 50.46
P < 0.0001

F (2,16) = 1534 P
< 0.0001
F (2, 16) = 584.0 P
< 0.0001

F (2, 14) = 611.7
P < 0.0001

F (2,16) = 100.3 P
< 0.0001

F (2, 15) = 6.408 P
< 0.001

F (4,43) = 651 P
< 0.001

F (4,43) = 11.92 P
< 0.0001

F (4, 43) = 39.02 P
< 0.0001

F (1, 16) = 17.278
P < 0.001

F (1,18) = 18.32 P
< 0.001

F (2, 15) = 50.46
P < 0.0001

F (2,16) = 1534 P
< 0.0001
F (2, 16) = 584.0 P
< 0.0001

F (2, 14) = 611.7
P < 0.0001

F (2, 16) = 100.3 P
< 0.0001

F (2, 15) = 6.408 P
< 0.001



ONE-WAY
ANOVA

ONE-WAY
ANOVA

ONE-WAY
ANOVA

ONE-WAY
ANOVA

MMP-2 chronic
doxycycline
(Supplementary
Fig. 4-C)
MMP-9 chronic
doxycycline
(Supplementary
Fig. 4-D)

Parameter

AIMs - acute
doxycycline (Fig.
1-A)

AIMs - acute
COL-3 (Fig. 5-A)

Parameter

FOS-B — acute
doxycycline (Fig.
2-C)

COX-2 — acute
doxycycline (Fig.
2-F)

0X-42 — acute
doxycycline (Fig.
2.L)

GFAP — acute
doxycycline (Fig.
2-T)

Distance travelled
in the open field -
chronic doxycycline
(Supplementary
table 1)

Time of immobility
in the open field -
chronic doxycycline
(Supplementary
table 1)

Parameter

Time course of
AIMs - acute
doxycycline (Fig.
1-B)

F (2, 15) = 9.828 P
< 0.01

F (2, 15) = 49.83 P
< 0.0001

RM ONE-WAY
ANOVA
Treatment

F (3, 30) = 11.07
P < 0.0001

F (1,549, 9,294) =
23.87 P < 0.001
TWO-WAY
ANOVA

L-DOPA

Treatment

F (1, 16) = 54.06 P
< 0.0001

F (1,19) = 13.33 P
< 0.01

F (1,22) = 106.5 P
< 0.0001

F (1, 22) = 98.57
P < 0.0001

F(1,21)=2111P
< 0.01

F (1,21) = 39.76 P
< 0.0001

RM TWO-WAY
ANOVA

Treatment

F (1,10) = 1517 P
< 0.0001

F (2,15) = 9.828 P
< 0.01

F (2,15) = 49.83 P
< 0.0001

RM ONE-WAY
ANOVA
Treatment

F (3, 30) = 11.07
P < 0.0001

F (1,549, 9,294) =
23.87 P < 0.001
TWO-WAY
ANOVA
Dozxycycline
Treatment
F(1,16) =2.832 P
= 0.1118

F (1, 19) = 0.5967
P = 0.45

F (1,22) = 1463 P
< 0.001

F (1, 22) = 44.26
P < 0.0001

F (1,21) =0.153 P
= 0.89

F (1, 21) = 2.500 P
=0.13

RM TWO-WAY
ANOVA

Time

F (9,90) = 23.17 P
= 0.003
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F (2,15) = 9.828 P
< 0.01

F (2,15) = 49.83 P
< 0.0001

RM ONE-WAY
ANOVA
Treatment

F (3, 30) = 11.07
P < 0.0001

F (1,549, 9,294) =
23.87 P < 0.001
TWO-WAY
ANOVA
Doxycycline
Treatment

F (1, 16) = 2.832 P
= 0.1118

F (1, 19) = 0.5967
P = 0.45

F (1,22) = 1463 P
< 0.001

F (1, 22) = 44.26
P < 0.0001

F (1,21) = 0.153 P
= 0.89

F (1, 21) = 2.500 P
=0.13

RM TWO-WAY
ANOVA

Time

F (9,90) = 23.17 P
= 0.003

F (2, 15) = 9.828 P
< 0.01

F (2, 15) = 49.83 P
< 0.0001

RM ONE-WAY
ANOVA
Treatment

F (3, 30) = 11.07
P < 0.0001

F (1,549, 9,204) =
23.87 P < 0.001
TWO-WAY
ANOVA

Interaction

F (1, 16) = 6.609 P
< 0.05

F (1,19) = 6.744 P
< 0.05

F (1,22) = 7.140 P
< 0.05

F (1, 22) = 8.810
P < 0.01

F (1,21) = 0.07 P
= 0.79

F (1,21) = 1.563 P
= 0.22

RM TWO-WAY
ANOVA
Interaction

F (9,90) =942 P
< 0.0001



ONE-WAY ONE-WAY ONE-WAY ONE-WAY
ANOVA ANOVA ANOVA ANOVA
AIMs - chronic F(1,30) =492 P  F(2,32)=2292P F(2,32)=2292P F (2 30)=2331P
doxycycline (Fig. < 0.0001 < 0.0001 < 0.0001 < 0.0001

4-A)

Time course of
AIMSs - chronic
doxycycline (Fig.
4-B)

Time course of
AIMs - acute
COL-3 (Fig. 5-B)

Parameter

Axial, Limb and
Orofacial measures
AIMs — acute
doxycycline
(Supplementary
Fig. 2-A, -B and
Q)

Axial, Limb and
Orofacial measures
AIMs — chronic
doxycycline
(Supplementary
Fig. 2-D, -E and -F)
Axial, Limb and
Orofacial measures
AIMs — COL-3
(Supplementary
Fig. 2-G, -H and -I)

F (1, 10) = 746.3 P
< 0.0001

F (1,63) = 36.19 P
< 0.0001

PAIRED
T-TEST
Effect
Axial:
T=1.401
P<0.05

Axial:
T=3.590
P<0.05

Axial:
T=3.738
P=0.0022

F (9, 90) = 68.03 P
< 0.0001

F (8, 63) = 13.01 P
< 0.0001

PAIRED
T-TEST
Effect
Axial:
T=1.401
P<0.05

Axial:
T=3.590
P<0.05

Axial:
T=3.738
P=0.0022

30

F (9, 90) = 68.03 P
< 0.0001

F (8, 63) = 13.01 P
< 0.0001

PAIRED
T-TEST
Effect
Limb:
T=4.422
P=0.0013

Limb:
T=4.216
P=0.00012

Limb:
T=5.259
P=0.0001

F (9, 90) = 63.26 P
< 0.0001

F (8, 63) = 2.974 P
= 0.0069

PAIRED
T-TEST
Effect
Orofacial:
T=2.767
P=0.0199

Orofacial:
T=4.657
P=0.0023

Orofacial:
T=2.214
P<0.05



ONE-WAY ONE-WAY ONE-WAY ONE-WAY
ANOVA ANOVA ANOVA ANOVA
b Parametric b Parametric b Parametric b Parametric b Parametric
statistical statistical statistical statistical statistical

analyses carried
out to calculate
measures of
spread from data
observed in this
study. ANOVA,
analysis of
variance; COL-3,
CMT-3,6-
demethyl-6-
deoxy-4-
de[dimethylamino]-
tetracycline
formerly known
as Incyclinide;
COX-2,
Cyclooxygenase-2;
F, F statistic;
FOS-B, protein
FOS-B; GFAP,
Glial fibrillary
acidic protein;
MMP, Matrix
metalloproteinase;
0X-42, CD11b/c
equivalent protein
of microglia; P, P
value; RM,
repeated
measures; ROS,
reactive oxygen
species; t, t value
in the student’s

analyses carried
out to calculate
measures of
spread from data
observed in this
study. ANOVA,
analysis of
variance; COL-3,
CMT-3,6-
demethyl-6-
deoxy-4-
de[dimethylaminol-
tetracycline
formerly known
as Incyclinide;
COX-2,
Cyclooxygenase-2;
F, F statistic;
FOS-B, protein
FOS-B; GFAP,
Glial fibrillary
acidic protein;
MMP, Matrix
metalloproteinase;
0X-42, CD11b/c
equivalent protein
of microglia; P, P
value; RM,
repeated
measures; ROS,
reactive oxygen
species; t, t value
in the student’s

analyses carried
out to calculate
measures of
spread from data
observed in this
study. ANOVA,
analysis of
variance; COL-3,
CMT-3,6-
demethyl-6-
deoxy-4-
de[dimethylamino]-
tetracycline
formerly known
as Incyclinide;
COX-2,
Cyclooxygenase-2;
F, F statistic;
FOS-B, protein
FOS-B; GFAP,
Glial fibrillary
acidic protein;
MMP, Matrix
metalloproteinase;
0X-42, CD11b/c
equivalent protein
of microglia; P, P
value; RM,
repeated
measures; ROS,
reactive oxygen
species; t, t value
in the student’s

analyses carried
out to calculate
measures of
spread from data
observed in this
study. ANOVA,
analysis of
variance; COL-3,
CMT-3,6-
demethyl-6-
deoxy-4-
de[dimethylamino]-
tetracycline
formerly known
as Incyclinide;
COX-2,
Cyclooxygenase-2;
F, F statistic;
FOS-B, protein
FOS-B; GFAP,
Glial fibrillary
acidic protein;
MMP, Matrix
metalloproteinase;
0X-42, CD11b/c
equivalent protein
of microglia; P, P
value; RM,
repeated
measures; ROS,
reactive oxygen
species; t, t value
in the student’s

analyses carried
out to calculate
measures of
spread from data
observed in this
study. ANOVA,
analysis of
variance; COL-3,
CMT-3,6-
demethyl-6-
deoxy-4-
de[dimethylaminol-
tetracycline
formerly known
as Incyclinide;
COX-2,
Cyclooxygenase-2;
F, F statistic;
FOS-B, protein
FOS-B; GFAP,
Glial fibrillary
acidic protein;
MMP, Matrix
metalloproteinase;
0X-42, CD11b/c
equivalent protein
of microglia; P, P
value; RM,
repeated
measures; ROS,
reactive oxygen
species; t, t value
in the student’s

t-test. t-test. t-test. t-test. t-test.

Supplementary Table 3 — Antibody details

C

Primary Primary Primary Primary Secondary  Secondary  Secondary  Secondary  Se
antibodies  antibodies antibodies antibodies antibodies  antibodies antibodies antibodies an
Antigen Host Dilution Manufac Antigen Host Dilution Type M:
TH rabbit 1:1000 US (H+1L) goat 1:400 Biotinylated Ve
T9237-13 Biological rabbit La
FOS-B rabbit 1:4000 Santa (H+1L) goat 1:400 Biotinylated Ve
H-75: Cruz rabbit La
sc-7203
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Primary Primary Primary Primary Secondary  Secondary  Secondary  Secondary  Se
antibodies  antibodies antibodies antibodies antibodies  antibodies antibodies antibodies an
COX-2 rabbit 1:1000 Cayman (H+1L) goat 1:400 Biotinylated Ve
160126 rabbit La
0X-42 mouse 1:600 Abcam (H+1L) horse 1:400 Biotinylated Ve
Abl211 mouse La
GFAP rabbit 1:4000 Sigma (H+ L) goat 1:400 Biotinylated Ve
G6171 rabbit La
MMP-3 rabbit 1:1000 Sigma (H+ L) horse 1:400 HRP Ve
SAB4501892 rabbit La

¢ Antibodies used in immunohistochemistry and western blotting procedures. TH, tyrosine hydroxylase; FOS-B, protein Fo:

Sum of ALO AIMs
(20-180 min)

per monitored day

Stepping test
(% of total)
B o @
> % °

N
(=]
1

6-OHDA
L-DOPA
DOX

1001

A

Doxycycline

1 7 1415
L-DOPA treatment

(days)

+

+ 4+

Sum of ALO AIMs
per monitored period

32

*

-~ 6-OHDA+VEH+L-DOPA
-0~ 6-OHDA+DOX+L-DOPA

0 20 40 60 80 100120140160180
L-DOPA treatment (min)

Distance trevelled
in 5 min (m)

6-OHDA
L-DOPA
DOX

100;
804
60+
40
201




DOX+L-DOPA

I

VEH+L-DOPA

#T_ + + + #__ +++ T_ +++ #T_H_+
T | ++ ] IR IR
oo O+ e A

[« T e e ]

JUWGQ/SI0 I-G-50d & = AUWGQ/SPD ZHXO  © JUWGQ/SM A-dyaD S LUISO/SIRBTHOD g

dViID

“Areururford aq Aewr vye(] pomaraal 1wad useq jou sey pue jutiderd e suyJ,

CGRTEST e/ THEEE 01 /3

1op/ /:sdyg

‘uorsstuiod JNOYYIM 9STOT ON "PIAISSOI SYYSH [[Y “Iopuny/1oyjne ayy st wp[oy jysdridoo ay,

33

030Z UN[ §g BOIOYIMY U0 Pasoq



DOX+L-DOPA

VEH+L-DOPA

o=
=
>
+
==
=
>

R=0.3
p=03

(syun Areniqay)
Aysuaul duddsAIony SOY

2001
1501

n
-

(sun Areniqay)
Aysuajur duIISaony SOY

T T 1
0 0 0
0

150

100
AIMs score

50

+

+

6-OHDA

L-DOPA

DOX

p <0.0001

T T "% T e

.0 (=] (=3 =) (=] (=]
=) [=<] © < o~
-
(synun Areniqay)
Ananpy sndouneP 6/zZdININ

m =] =) <+
(s1un Areniqay)
Ananoy ondjouneEd 6/ZdIWIN

AIMs score

L-DOPA

DOX

<< < B
[a Py
S o L
2K/
[Sn R | -
T % ="
=i o 8
33 i
n v
S5 ® o
55 -
g o
ce m
T T —O T
(=] (=2 (=] /0 (=} (=]
mn [=) mn o n
[\ [a\] - -
(1on3u0d jo o)
€-dININ
T ©
[ala)
X X
o O
Nelpip]
o
|
4 |
. <
0™ g
Pt
T —
S
r T T 1
=) = =) =)
mn (=] n
-

-
(ronuod jo %)
ey 09 - €-dININ

100 150

50

- o+ + o+ 4+

-OHDA
L-DOPA

6

AlMs score

34

+ o+

DOX



ROS

Sum of ALO AIMs per
monitored days (20-180 min)

A B

-®- 6-OHDA+VEH+L-DOPA

=
150 " .E 20 -0- 6-OHDA+chDOX+L-DOPA
=R
< 215
100 * & S%
50 e 5
EE
# # # 28 o
0! &—O0—O0 2
1 - 14 0 20 40 60 80 100120140160180
L-DOPA treatment L-DOPA treatment (min)
(days)
VEH+VEH | VEH+L-DOPA \ chDOX+L-DOPA |

1501

100+

504

ROS fluorescence intensity
(Arbitrary units)

6-OHDA
L-DOPA
ch DOX

100+

[=-]
=]
1

=N
=]
1

>
<
1

[
=]
1

MMP2/9 Gelatinolytic Activity
(Arbitrary units)
<

6-OHDA
L-DOPA
ch DOX

1]

A
x
+ + o+
- -+
- + -

Ak
1
+ + 0+
- -+
-+ -

+

@ 6-OHDA+VEH+LDOPA
I @ 6-0HDA+chDOX+LDOPA ]

200
=y
a
£ ¥ 150 ’. L]
£z
g s
§ 100
25
5%
EZ s0 1) R=0.9
% p <0.0001
[=}
= 0
0 50 100 150
AIMs score
K L
2 807 )
3 °
-
28 607
=%
o P
S 5 407
o1
Sz R=0.7
2 20 e
SN
& p<0.0001
B
=
s 0 T T 1
0 50 100 150
AlIMs score

35



Sum of ALO AIMs

A
100+
= 80-
& 60 I
o - i
T 401 | e o
S 20 = [__—]
|
04 -
] ]
L-DOPA + +
COL-3  _ .
50nmols
COL-3 _ +
100nmols

Sum of ALO AIMs
per monitored period

[
%)}
1

=
=]
1

[52]
1

&

36

- 6-OHDA+VEH+L-DOPA B
-0~ 6-OHDA+COL-3 100nmols+L-DOPA

0 20 40 60 80 100 120 140 160
L-DOPA treatment (min)



