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Abstract

Platelet-rich plasma (PRP) is a biological blood-derived therapeutic obtained from whole blood that contains higher levels
of platelets. PRP has been primarily used to mitigate joint degeneration and chronic pain in osteoarthritis (OA). This clinical
applicability is based mechanistically on the release of several proteins by platelets that can restore joint homeostasis. Plate-
lets are the primary source of brain-derived neurotrophic factor (BDNF) outside the central nervous system. Interestingly,
BDNF and PRP share key biological activities with clinical applicability for OA management, such as anti-inflammatory,
anti-apoptotic, and antioxidant. However, the role of BDNF in PRP therapeutic activities is still unknown. Thus, this work
aimed to investigate the implications of BDNF in therapeutic outcomes provided by PRP therapy in vitro and in-vivo, using
the MIA-OA animal model in male Wistar rats. Initially, the PRP was characterized, obtaining a leukocyte-poor-platelet-rich
plasma (LP-PRP). Our assays indicated that platelets activated by Calcium release BDNF, and suppression of M1 macrophage
polarization induced by LP-PRP depends on BDNF full-length receptor, Tropomyosin Kinase-B (TrkB). OA animals were
given LP-PRP intra-articular and showed functional recovery in gait, joint pain, inflammation, and tissue damage caused
by MIA. Immunohistochemistry for activating transcriptional factor-3 (ATF-3) on L4/L5 dorsal root ganglia showed the
LP-PRP decreased the nerve injury induced by MIA. All these LP-PRP therapeutic activities were reversed in the presence
of TrkB receptor antagonist. Our results suggest that the therapeutic effects of LP-PRP in alleviating OA symptoms in rats
depend on BDNF/TrkB activity.

KEY WORDS BDNF - PRP - platelets - osteoarthritis - inflammation - joint pain

INTRODUCTION

Degenerative joint diseases are currently one of the biggest
causes of physical disability worldwide, and osteoarthritis
(OA) is one of the primary sources [1-3]. This disease is
commonly linked with a gradual increment in oxidative
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linked with the release of several growth factors by platelets
capable of triggering tissue anabolism, macrophage polari-
zation, and angiogenesis [7, 8]. Altogether, these biological
activities allow the switch in the inflammatory and degen-
erative state at the intra-articular space, providing a better
disease outcome for OA patients [9, 10].

Although platelets have a versatile collection of growth
factors stored in their cytosolic granules [7], they serve as
primary sources of Brain-Derived growth factor (BDNF) at
the periphery, carrying significantly higher amounts of this
protein in comparison with brain extracts [11-13].

BDNF was discovered in 1982 [14], being reported as a
protein present in the mammalian brain capable of inducing
survival and neurite outgrowth in neurons [15]. Outside of
the nervous system, studies have shown anti-inflammatory,
antiapoptotic activities of this neurotrophin at the periphery
[14, 16-20]. These same therapeutic activities are also seen
for PRP [7, 21, 22]. However, it is still unknown if BDNF
plays a significant role in platelet repair mechanisms, espe-
cially those provided with PRP therapy in OA joints.

Thus, the study aimed to investigate the role of BDNF in
therapeutic activities induced by PRP in vitro, and in vivo,
using the monoiodine acetate (MIA) model of osteoarthritis
inrats [1-4, 6,7,7, 11-14, 16-36].

MaAaTerIALS AND METHODS
Animals

Male Wistar rats (200-220 g) were acquired from the Central
Animal Facility of the University of Campinas (CEMIB,
UNICAMP) and kept in polypropylene cages in the main-
tenance vivarium from the Pain Studies Lab—UNICAMP
at a temperature of 22 +2 °C, with a 12-h light/dark cycle
with food and water ad libitum. All animal experiments were
approved by the Animal Use Ethics Committee from the
Institute of Biology at UNICAMP, protocols 4706-1 and
4834-1A. All behavioral experiments followed the guide-
lines recommended by the International Association for the
Study of Pain — IASP for the assessment of animal behavior
in research animals [37].

PRP Obtainment and Characterization

To obtain an appropriate amount of PRP for experiments,
18 animals served as blood donors. The samples were char-
acterized and quantified at each centrifugation step. The
plasma samples were then mixed to create a pool for in-
vitrolin-vivo experiments and were subjected to hematology
quantification. The terminology used to describe the samples
was assessed following the MARSPILL guidelines [38].

PRP preparation was carried out following the Amable
et al. (2013) protocol [39] with some modifications. Ini-
tially, animals were terminally anesthetized with Ketamine
(300 mg/kg; 200 puL) and Xylazine (30 mg/kg;200 pL) co-
injected intraperitoneally. A thoracotomy was performed for
the retrieval of 5 mL of blood from each animal through a
vein puncture of the hepatic vena cava. The blood collected
was sent to sterile tubes containing citric acid dextrose anti-
coagulant solution (Vacutainer BD™). After, an amount of
0.5 ml of blood samples from each donor (Whole blood) was
separated and the remaining 3.5 ml aliquot was destined to
sterile silicone tubes (Labor Import™) for centrifugation
(300G; 18 °C; 5 min). In sequence, 500 pL of the platelet-
rich plasma disposed on the upper layer of the tube was
collected and sent to a hematology counter (Micro ES60;
Horiba™). After this step, the samples were subjected to
a second centrifugation (700G; 18 °C; 17 min). Then, the
upper-half plasma which comprehends the poor-platelet-
plasma (PPP) was collected and the remaining volume,
which consists of pure-platelet-rich plasma (P-PRP), or
leukocyte-poor-platelet-rich plasma (LP-PRP) was homog-
enized and further collected. The P-PRP/LP-PRP samples
were submitted to the hematology counter being PPP used
as control.

Platelet Degranulation Assay and Measurement
of BDNF Release

To investigate the BDNF release by platelets, an assay was
carried out with LP-PRP samples stimulated with 10% Cal-
cium Chloride (10%; CaCl2; agonist of platelet degranula-
tion) [28, 40]. Initially, an amount of 1 mL from both LP-
PRP and PPP samples was previously obtained and filtered
on a 0.22 um filter. Then, 160 pL/well of sterile LP-PRP
or PPP was pipeted on 5 wells from a 48-well cell-culture
plate. In sequence, 40 puL of 10% CaCl, solution was added
to each well, and samples were left for 60 min in a flow
cabinet at 22 +2 °C room temperature. After the clott gel
formation, the samples were resuspended in 450 pL of ster-
ile PBS solution for growth factors retrieval and were left
for 30 min in an incubator at 37 °C/5%CO,. Then, samples
were collected and centrifuged (8500 rpm; 15 min; 4 °C).
The supernatant was collected for a quantitative analysis of
the BDNF released in LP-PRP and PPP samples through
ELISA assay, according to the manufacturer's instructions
(R&D system™; DY?248). Following the same procedures,
experiments with LP-PRP and PPP samples without activa-
tion were carried out together as a control.

Another aliquot of the supernatant collected was fil-
tered through a 0.22 pM filter and later destined for the
macrophage polarization assay. In an extra-set experiment
and supplementary control, the clot gel formed on the cell
plate was imaged using the bright field of a fluorescence
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microscope (Leica, DMI 6000B, Leica Microsystems, Ger-
many) for the detection of the fibrin network, another result-
ing phenome from platelet activation [41].

Cell Culture of Bone Marrow-Derived Macrophages

Bone marrow-derived macrophages (BMDMs) were
obtained following the protocol described by Toda et al.
(2021) [42]. Initially, bone marrow hematopoietic stem
cells from femur and tibia of Wistar rats were collected
and plated (1 x 10* cells/well) in 24-well plates containing
RPMI medium (R6504; Sigma aldrich™) supplemented
with 10% fetal bovine serum (12103C; Sigma aldrich™), 1%
penicillin—streptomycin (P4333; Sigma aldrich™), 1% non-
essential amino acid solution (M7145; Sigma aldrich™),
1% solution of vitamins (M6895; Sigma aldrich™), 1%
sodium pyruvate (P2256; Sigma aldrich™) and 20 ng/mL
macrophage colony-stimulating factor (M-CSF; Z03010-
5; Genscript™). The cell medium was changed on the 3rd
day after the initial plating and on the fifth day, the culture
medium was changed and added with different treatments
intended for the polarization assay.

Macrophage Polarization and SLPPRP Treatment Assay

Carried out with BMDMs previously obtained, macrophage
cells were polarized to the M1 profile. All drugs were dis-
solved in a cell culture medium according to the experimen-
tal group assigned.

First, five groups were adopted following the experimen-
tal design below: three groups, the M1 (LPS/IFN-y), M1
plus an antagonist of TrkB receptor (LPS/IFN-y/ANA-12),
and M1 plus vehicle (LPS/IFN-y/Vehicle), were stimulated
with 300 L of cell culture medium containing LPS (20 ng/
mL; Sigma Aldrich™) and IFN-y (20 ng/mL; Invitrogen™)
added with, respectively, ANA-12 (100 uM; Alomone
Lab™) or its vehicle (1% DMSO; Sigma Aldrich™). Then,
60 min after stimuli, these groups were treated with 150
pL of culture medium. The other two groups, LPS/IFN-y/
ANA-12 + LP-PRP and LPS/IFN-y/SLPPRP consisted
respectively of BMDM cells stimulated with 300 pL of cell
culture medium containing LPS/IFN-y/ANA-12 or LPS/
IFN-y only, at the same concentrations mentioned above,
and 60 min after treated with 150 pL of the supernatant col-
lected on platelet activation assay (SLPPRP). At 180 min

after LPS/IFN-y, all groups were submitted to cell lysate
for RNA extraction.

As supplemental controls, the following groups were
adopted: control, ANA-12, and Vehicle. These groups con-
sisted respectively of BMDM cells cultured initially in 300
pL medium or 300 pL with medium containing ANA-12
(100 uM) or its vehicle (1% DMSO). Then, after 60 min,
these groups received more than 150 pL of culture medium
and were also sent to cell lysate and RNA extraction in
180 min after the first treatment.

The M1 and M2 macrophage phenotypes were assessed,
respectively, through the gene expression of Nos-2 and Arg-1
by quantitative real-time PCR (RT-qPCR).

RNA Extraction and Quantitative Real-Time PCR
Analysis (RT-qPCR)

RNA extraction was performed using Trizol reagent and
RNA extraction kit (Tri-Reagent, T9424; Sigma-Aldrich®),
following the manufacturer's instructions. Complementary
DNA (cDNA) synthesis was performed using the Accuris
gMax kit (Accuris, Benchmark Scientific, New Jersey,
USA) following the manufacturer’s instructions. The gene
expression of Nos-2 and Arg-1 genes (see Table 1 for primer
sequences) was determined by real-time PCR performed in
a StepOnePlus system (Applied Biosystems™, USA) using
the iTaq Universal SYBR Green Supermix reagent (Bio-rad
laboratories™, USA). B-actin was used as a housekeeping
gene. The relative change in gene expression was calculated
using the 2722 method [43].

Intra-Articular Injection

For intra-articular drug administration, the animals were ini-
tially anesthetized with isoflurane (Isoforine, Cristalia™; 5%
for anesthesia induction and 2% for maintenance). After, the
tibiofemoral joint was shaved, and asepsis was performed
with 70% alcohol solution and 1% povidone-iodine solution
(Riodeine; Rioquimica™). Subsequently, the intra-articular
injection was performed by flexing the right joint at 45° fol-
lowed by the introduction through the patellar tendon of a
26G needle (13 x0.45 mm; BD™) coupled to a Hamilton
syringe (Hamilton Company™). For each injection, the total
volume injected did not exceed 25 pL.

Table 1 Primer Sequences used Target Gene

Forward sequence 5°-3’

Reverse sequence — 5°-3’

for RT-qPCR
B-actin CGCGAGTACAACCTTCTTGC CGTCATCCATGGCGAACTGG
Arg-1 CCAGTATTCACCCCGGCTAC GTCCTGAAAGTAGCCCTGTCT
Nos-2 TCAGGCTTGGGTCTTGTTAGC GAAGAGAAACTTCCAGGGGCA
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LP-PRP Treatment in Experimental Osteoarthritis
and Investigation from the Role of TrkB Receptor

For in-vivo investigation of the role of TrkB receptor and
the effects induced by LP-PRP treatment, the animals were
initially submitted to the experimental osteoarthritis (EOA)
induction through an injection on day O of monoiodine ace-
tate (MIA group; 2 mg; Sigma Aldrich™) via intra-articular
on the tibiofemoral joint from the right knee. The control
group consisted of animals injected with NaCl 0.9% solution
(Saline group). On day 7, after OA induction, animals were
randomly distributed in 4 groups: the leucocyte-poor-platelet-
rich plasma group (LP-PRP group) received initially saline
solution and 30 min after LP-PRP; the ANA-12 + LP-PRP
group, which consisted of animals initially treated with ANA-
12 (TrkB receptor antagonist; 100 uM; Alomone Labs™) and
30 min after received LP-PRP; The ANA-12 and ANA-12
Vehicle groups, designed as controls and which consisted of
animals respectively treated with a single injection of ANA-12
(100 uM; Alomone Labs™) or its vehicle (1% DMSO; Sigma
Aldrich™). This treatment approach was also performed on
day 14 after OA induction. The same LP-PRP pool was used
for injection in LP-PRP and ANA-12+LP-PRP groups in all
experiments conducted. Behavioral tests were performed on
days 0, 3, 7, 14, and 21 post-MIA injections. An adapted elec-
tronic von Frey apparatus was used to assess the joint flexion
mechanical threshold and the Catwalk System (NoldusTM)
evaluated the dynamic motor function of animals on a walking
track test. On day 21, animals were euthanized and harvested
for the knee joint and L4/L5 dorsal root ganglia (DRG).

Assessment of Mechanical Threshold for Joint
Flexion - Adapted Von Frey

The mechanical threshold for knee joint flexion was per-
formed following the methodology of Guerrero et al.
(2006) [44] with some modifications. Initially, the ani-
mals were placed in acrylic cages (23 X 20x18cm) 60 min
before the tests for acclimatization in a quiet room. The
cages were attached to a wire grid floor arranged on a
suspended platform where at the bottom there is a mirror
that allows the proper visualization of the animals during
the test. The equipment used was an electronic von Frey
(digital analgesimeter; Insight®, Brazil) that consists of a
force transducer where at the end a 4.15 mm? polypropyl-
ene tip is fixed and connected to a device that reads the
force applied to the animal paw, converting it to grams.

A stimulus is applied to the metatarsal footpad, perpen-
dicularly and in ascending motion until the induction of
tibiofemoral joint flexion followed by paw withdrawal. The
force required to induce the joint flexion followed by the
paw withdrawal reflex is recorded in grams and assumed
to be the mechanical threshold to induce such joint flexion.
For all experiments, baseline, and post-treatment measure-
ments were performed. The assessment was during the 0
(baseline), 3-, 7-, 14-, and 21-days post-MIA injection.
The result represents the arithmetic mean of the 6 meas-
urements performed at each time analyzed.

Assessment of Joint Dynamic Motor Function -
Catwalk Walk-Track Test

The assessment of motor function in treated animals was
performed using the CatWalk walking track test (Noldus
Inc., Wageningen, Netherlands). The equipment consists
of an automated system comprehended by a hall coupled
with an illuminated walkway glass floor that allows the
spontaneous movement of the animal. The green LED
plus a red-illuminated background creates a contrast in
the glass floor that can be recorded by a high-speed video
camera (Gevicam GP-3360; GEViCAM Inc., Milpitas,
CA, USA) equipped with a wide-angle lens (6.0 mm;
DF6HA-1B, Fujinon Corp., China). The camera is set at
56 cm underneath the walkway. As animals cross a cali-
brated 20 X 10 cm length lane, paw prints are automatically
recorded by the CatWalkTM XT 10.6 software, and the
measurement of static and dynamic parameters associated
with the animal's gait can be assessed. The gait analysis
was performed at 0, 7, 14, and 21 days, after OA induction,
always in the afternoon with the room lights switched off.
During each period of analysis, each rat performed three
runs following the parameters shown in Table 2.

Euthanasia and Tissue Harvest

At the end of experiments on day 21, the animals were ter-
minally anesthetized with Ketamine (300 mg/kg; 200 uL)
and Xylazine (30 mg/kg;200 pL), co-injected intraperito-
neally and perfused through the ascending aorta with saline
followed by a cold 4% paraformaldehyde (PFA) solution
containing 0.1 M phosphate buffer. After the perfusion, the
right knee joint and L4/L5 DRGs were collected.

Table 2 Catwalk XT
Configurations; a.u= Arbitrary
Units

Green Intensity
0.35 (a.w)

Red Ceiling Light
17.8 (a.u)

Max. allowed speed variation
60% 0.5-8.0's

Green walkaway light
16.5 (a.u)

Min & Max crossing time

Camera gain
25.01 (a.u)
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Histopathological Analysis of the Tibiofemoral Joint

The collected knee joints were left in a 4% PFA solution
for 24 h. After, they were transferred to another container
with a decalcifying acid solution (4.5% HCI, EDTA, and
Sodium Tartrate). This solution was replaced once per week.
On the 14th day, the joints were immersed in paraffin. The
joint tissue was sectioned in 5 pm and stained with Hema-
toxylin/Eosin. For the assessment of quantitative scores in
each group analyzed, the histopathological analysis was per-
formed using an optical microscope (Nikon™; E800 model)
and following the guidelines of the Osteoarthritis Research
Society (OARSI) [45].

Assessment of Neuronal Injury by Quantifying
Transcriptional Activating Factor-3 (ATF-3) Staining
in Dorsal Root Ganglia Neurons

The harvested DRGs were left for 48 h in a cryoprotect-
ant solution containing 30% sucrose. Then, each DRG was
embedded in an OCT compound (Tissuetech, Sakura Fine-
tek, Torrance, CA, USA). Non-serial sections from L4 and
L5 DRGs were made at 15 um and optimum temperature
using a cryostat. At least 8 sections were mounted on each
slide, being stored at—20 °C until further fluorescence
staining.

For the immunofluorescence detection of ATF-3 in DRG
neurons, slides were incubated for 30 min in phosphate
buffer saline (PBS) containing 0.1 M glycine and subse-
quently blocked with 2% of bovine serum albumin (BSA)
and triton X-100 0.1% for 1 h. After washing with 0.1 M
PBS, the slides were incubated overnight with anti-ATF-3
(1:200, polyclonal rabbit; sc-188, Santa Cruz®) and anti-
fox3-protein (NeuN; neuronal marker; 1:1000; mouse mono-
clonal; Ab104224; Abcam™) primary antibodies in a PBS
solution containing 0.1% triton X-100 and 2% BSA. Then,
the slides were washed once with the same solution used for
the primary antibody and then washed 3 times for 5 min with
0.1 M PBS. In sequence, the sections were incubated with
Alexa 594 secondary antibody (donkey; anti-rabbit;1:1000;
Life Technologies™) and Alexa 488 (donkey; anti-mouse;
1:1000; Life Technologies™) for 90 min and after were
washed 4 times for 5 min in 0.1 M PBS. Then, the slides
were incubated for 10 min with DAPI for cell nuclei stain-
ing (0.25 pg/mL; Sigma Aldrich™). Negative controls were
mounted and consisted of slides incubated only with second-
ary antibodies to confirm nonspecific binding. The slides
were photographed on a confocal microscope (Zeiss™,;
LSM-780 NLO model) at 20 X magnification.

For the assessment of ATF-3 expression on DRG neu-
rons, three animals per group were adopted and one slide
for each animal was analyzed. In the end, an average of
1000 cells and 24 sections per group were analyzed. In each
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section, the relative percentage expression of ATF-3 on each
field analyzed was initially calculated by the formula: the
number of neurons labeled with ATF-3 divided by the num-
ber of neurons per field X 100. Then, to obtain the normal-
ized arithmetic mean of ATF-3 expression in each section
counted, the percentages from each field were summed and
further divided by the total number of fields analyzed. The
final average obtained corresponds to the data included for
the statistical analysis and graphical representation.

Statistical Analysis

The analysis of the results was performed using GraphPad
Prism v.8 software (GraphPad™, San Diego, USA). The
t-student test was selected when two means were compared.
When the comparison involved more than two means, a
one-way or two-way analysis of variance (ANOVA) was
performed according to the experimental design followed.
When the level of significance indicated a statistical differ-
ence between the analyzed means, the Tukey test was used
to compare the different analyzed groups. The level of sig-
nificance adopted in the analysis of the results was p < 0.05.

ResuLts
Characterization of Platelet-Rich Plasma Samples

Two sequential centrifugations of the whole blood collected
were performed to isolate the PRP followed by cell quan-
tification in the hematology analyzer. The results show the
characterization from PRP samples of three donors that were
sampled for statistical analysis and representation.

As seen in Supplementary Fig. 1D, E, and F, the number
of white blood cells (monocytes, lymphocytes, and granu-
locytes) present in PRP samples was significantly reduced
after the 1st and 2nd centrifugation compared to the whole
blood fraction. As expected, platelets gradually increased
at each centrifugation step, being the final solution signifi-
cantly filled with high levels of platelets, with the absence
of red blood cells, and lower levels of white blood cells.
Particularly, despite not detectable values for monocytes and
lymphocytes, a residual number of granulocytes were seen in
the sample collected from donor 3, after the 2nd step of cen-
trifugation (Supplementary Fig. 1F). Therefore, the correct
designation for the final enriched plasma solution obtained
was Leukocyte-poor platelet-rich plasma (LP-PRP), as a
significant reduction in Leucocytes (more than 2.5 X related
to whole blood baseline) was observed in our PRP samples.

The pool of LP-PRP samples generated presented sig-
nificantly higher levels of platelets (1429 + 364 platelets/
mm?) in comparison with PPP control (38.55+7.27 plate-
lets/mm?®) (Supplementary Fig. 1B). This range in platelets/
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mm?> values, both for PPP and LP-PRP pools, was similar
in the other pools that were obtained from the other blood
donors (data not shown).

Activated Platelets Release BDNF

The stimulation with calcium chloride led to platelet degran-
ulation, clearly evidenced by the formation of fibrin nets
between platelets in LP-PRP samples activated (Fig. 1A).
In these samples, the amount of BDNF released was almost
twice as seen for activated PPP (LP-PRP: 65.07 + 11.83 pg/
mL; PPP: 36.96 +2.98 pg/mL). Furthermore, the amount
of BDNF released by activated LP-PRP was at least 8§ times
higher in comparison with non-activated controls (LP-PRP:
7.52+1.44 pg/mL; PPP: 7.78 +0.88 pg/mL; Fig. 1B).

The Supernatant Harvested from Activated LP-PRP
Decreases M1 Polarization Via the TrkB Receptor

BMDM cells stimulated with LPS/IFN-y exhibited robust
M1 phenotype, confirmed by significant mRNA Nos-2
expression related to control (Fig. 2A). This M1 phenotype
was significantly decreased when the SLPPRP was applied
in the culture medium, downregulating Nos-2 mRNA levels,
being equivalent to non-stimulated cells (Fig. 2A). Inter-
estingly, it was observed that the pre-treatment with ANA-
12, a TrkB antagonist, blocked the effect of SLPPRP on
Nos-2 mRNA expression (Fig. 2A). This suggests that the
TrkB receptor can be involved in this suppression of M1
polarization induced by SLPPRP. However, although Nos-2
was effectively modulated by SLPPRP, the levels of Arg-1
mRNA expression remained unaltered (Fig. 2C). Likewise,
the mRNA levels related to M1 and M2 phenotypes in the
complementary controls adopted in this assay were similar

Fig. 1 Activated platelets release BDNF. Platelets from LP-PRP sam-
ples form fibrin nets after being exposed to 10% CaCl,, indicating an
activated state (A). BDNF amounts in the supernatant collected from
activated LP-PRP samples were significantly higher in comparison to

w

BDNF (pg/mL)

to non-stimulated cells (Fig. 2B and D; ANA-12 and Vehicle
groups).

TrkB Receptor Mediates the Effects of LP-PRP
on the Joint Injury Induced in the MIA Model

Typical OA-like injuries were detected in knee joints of rats
previously injected with MIA. In these animals, along with
cartilage breakdown, the subchondral bone was exposed in
focal areas (Fig. 3B, red arrows; and 3B-II for high mag-
nification) followed by focal reactive bone-marrow lesions
(BMLs) (Fig. 3B, asterisk symbol). All these findings were
absent in the saline group that presented healthy and intact
morphology of the joint (Fig. 3A, and A-I for high magnifi-
cation). The injection of LP-PRP could mitigate the OA-like
features induced by MIA (Fig. 3C, and C-1II for high mag-
nification). The animals that were submitted to the LP-PRP
therapeutic protocol showed an intact articular cartilage with
the absence of fissures. Some fibrillogenesis (Fig. 3C-black
arrows) and focal BMLs were detected (Fig. 3C-asterisk)
in animals of this group. However, these features were less
extent in comparison with MIA group. The debilitated state
observed for MIA group was similarly replicated on ani-
mals that received the TrkB antagonist followed by LP-PRP
injection (Fig. 3D, and D-IV for high magnification). This
indicates that the TrkB receptor could be mediating the LP-
PRP effects in mitigate joint injury promoted in MIA model.
The histopathological features seen in animals of ANA-12
or ANA-12 Vehicle groups were similar to those presented
in MIA group (Fig. 3E, F; V and VI for high magnification).
Lastly, the OARSI score analysis highlighted the qualitative
data presented by all groups (Fig. 3G). The LP-PRP treat-
ment could lower the histopathological score induced by
MIA, where the ANA-12 4+ LP-PRP, ANA-12, and ANA-12

k%

1004 *

80+

604
%k %k

404

CaCl,10%

activated PPP and non-activated controls (B). Results are shown as
Mean + Standard Deviation. Symbols * and ** indicate respectively,
P<0.05 and P<0.01, for comparison between highlighted groups.
One-way ANOVA, Tukey post-hoc test.
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Fig.2 LP-PRP effects on
M1-like phenotype induced

by LPS/IFN-y are mediated

by the TrkB receptor. BMDM
cells stimulated with LPS/
IFN-y exhibited marked Nos-2
mRNA expression in compari-
son with non-stimulated cells
(A; control group). This marked
Nos-2 expression is significantly
reduced in BMDM cells that
were initially primed with LPS/
IFN-y 2 h in advance and then
treated with SLPPRP (A; LPS/
IFN-y/SLPPRP vs LPS/IFN-y
group). The effects of SLPPRP
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at M1-like phenotype induced
by LPS/IFN-y are significantly
reversed by TrkB receptor
antagonist, ANA-12 (A, LPS/
IFN-y/ANA-12 + SLPPRP vs
LPS/IFN-y/SLPPRP group),
suggesting TrkB depend-

ent mechanism for LP-PRP
suppression of M1-phenotype
driven by LPS/IFN-y stimu-
lation. Although effective
modulation was seen for Nos-2
with SLPPRP treatment, the
levels of Arg-1 mRNA expres-
sion remained unaltered (C).
The mRNA levels related to
M1 and M2 phenotypes in

the complementary controls
adopted were like non-stimu-
lated cells (B and D; ANA-12
and Vehicle groups). Results
are shown as Mean + Standard
Deviation. Symbols * and **
indicate respectively, P <0.05
and P <0.01 for comparison
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between highlighted groups.
One-way ANOVA, Tukey post-
hoc test.

vehicle groups were not statistically different from animals
that were only injected with MIA.

OA-Like Injuries in MIA-Injected Joints
are Followed by Neuronal Injury in DRGs
and Mitigated by LP-PRP

The OA-like injuries in knee joints of rats previously
injected with MIA were followed by a substantial increase
in ATF-3 staining in DRG neurons (Fig. 4A, B, and G).
The LP-PRP therapeutic protocol was able to counteract
this neuronal injury promoted by MIA, while the TrkB
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antagonism paired with LP-PRP injection led to a similar
outcome as observed in DRGs from MIA animals (Fig. 4B,
C, D, and G). No statistical difference was observed in the
percentage of ATF-3-labeled neurons in animals previ-
ously injected with MIA and treated with ANA-12 or its
vehicle alone in comparison with MIA control, indicating
similar patterns of neuronal injury between these groups
(Fig. 4B, E, F, and G).

Taken together, the data provided in this subset of results
complement the joint-histopathology findings and show
an interplay between degenerative events occurring at the
articular space and the predicted sensorial damage at the
DRG, where therapies such as PRP that modulate these
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Fig.3 TrkB receptor mediates
the effects of LP-PRP on the
joint injury induced in the MIA
model. Typical OA-like injuries
were detected in knee joints of
rats previously injected with
MIA in comparison with control
(A, B). The injection of LP-PRP
mitigates the OA-like features
induced by MIA (C), where
the debilitated state observed
in MIA-injected joints was
similarly replicated on animals
that received TrkB antagonist
followed by LP-PRP injection
(D). The histopathological fea-
tures seen in animals that were
previously injected with MIA
and treated with ANA-12 alone
or its vehicle were like those
presented by the MIA group as
well (E, F). The OARSI score
analysis (G) shows quantitative
data from all groups, highlight-
ing the decreased histopatho-
logical score presented by the
LP-PRP group, and as in the
MIA group, similar values were
observed for ANA-12+LP-
PRP, ANA-12, and ANA-12
vehicle groups. Results are
shown as Mean + Standard
Deviation. Symbols ** and ***
indicate respectively, P <0.01
and P <0.001 for comparison
between highlighted groups.
One-way ANOVA, Tukey post-
hoc test. Images at 2 X mag-
nification (A-F). Images at

20 x magnification (I and II).
Images at 10 X magnification
(II-VI). Red arrows—Cartilage
breakdown or subchondral
bone exposure; Black arrows

— Fibrillogenesis; Asterisk —
Focal bone marrow reactive
lesions (BMLs).
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Saline

LP-PRP

ANA-12

ANA-12 Vehicle

Fig.4 MIA-induced neuronal injury is mitigated by LP-PRP with
potential implications of the TrkB receptor. Rats' knee joints previ-
ously injected with MIA (2 mg; 25 pL; intra-articular) were followed
by a substantial increase in ATF-3 staining in DRG neurons in com-
parison with saline controls (A, B, and G) at day 21. The LP-PRP
therapeutic protocol decreased this neuronal injury promoted by
MIA, while the TrkB antagonism (ANA-12; 100 uM; 25 uL; intra-
articular) paired with LP-PRP injection led to a similar outcome as
observed in DRGs from MIA animals (B, C, D, and G). No statis-
tical difference is seen in the percentage of ATF-3-labeled neurons

tissue-damage events will eventually interfere with the sen-
sory outcome as well, especially neuronal injury.

Mitigation Promoted by LP-PRP on TNF-a
Concentration in MIA-OA Joints Involves
the Participation of the TrkB receptor

Blocking the TrkB receptor led to an increase of TNF-a
release in joint homogenate from OA animals, as seen
in ANA-12+LP-PRP and in ANA-12 groups (Fig. 5A).
The LP-PRP protocol reduces TNF-a (Fig. 5B), and a
slight reduction was noticed for IL-1 titers, although
non-significant when compared to the ANA-12 and ANA-
12 + LP-PRP groups (Fig. 5C and D). This result suggests
an endogenous role of the TrkB receptor by modulating
TNF-a concentrations in MIA-induced osteoarthritic
joints. Once this same event was replicated in the pres-
ence of LP-PRP, it is reasonable to consider that one
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in animals previously injected with MIA and treated with ANA-12
(100 pM; 25 pL; intra-articular) or its vehicle alone 1% DMSO solu-
tion; 25 pl; intra-articular) in comparison with MIA control, show-
ing similar patterns of neuronal injury between these groups (B, E,
F, and G). Results are shown as Mean + Standard Deviation. Results
are shown as Mean + Standard Deviation. Symbol **** indicates
p<0.0001 for comparison between highlighted groups. Symbol NS
indicates a non-significant comparison between the groups high-
lighted. One-way ANOVA, Tukey post-test. Images at 20 X magnifica-
tion and scale bar at 50 um.

of the mechanisms by which LP-PRP promotes TNF-a
decrease on MIA-OA joints involves the participation of
the TrkB receptor.

The Effects of LP-PRP on Joint Hyperalgesia Induced
by MIA Require TrkB Receptor Participation

MIA injection into knee joints of rats promoted long-lasting
joint mechanical hyperalgesia, as seen by the decrease of
joint flexion mechanical thresholds starting at day 3 and
persisting until day 21 post-MIA injection (Fig. 6A). The
LP-PRP treatment could significantly reduce the MIA-joint
hyperalgesia at days 7 and 14 after MIA injection (Fig. 6A).
The analyzed area under the curve (AUC) of the LP-PRP
group showed a significant increase in comparison with the
MIA group. This suggests differences in time-displacement
recovery regarding mechanical thresholds between these
two groups (Fig. 6B), implying a gain in recovery from
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Fig.5 LP-PRP decreases in the
TNF-a concentrations in MIA-
OA joints require the participa-
tion of the TrkB receptor. A and
B The blockade of the TrkB
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joint-flexion mechanical thresholds produced by LP-PRP
injection.

The effects of LP-PRP treatment at the hyperalgesic
joints were reversed in animals where TrkB receptor was
blocked, such as seen in ANA-12+LP-PRP group (Fig. 6C).
This result suggests that the TrkB receptor is involved in
the functional outcome promoted by LP-PRP in MIA-OA
joints, especially for the joint flexion mechanical threshold
recovery (Fig. 6C and D). In addition, the TrkB antagonism
in animals previously injected with MIA, to investigate an
endogenous TrkB role in joint pain triggered by MIA, did
not show differences in joint flexion mechanical thresholds
comparing with OA controls just injected with MIA. How-
ever, as observed in (Fig. 6C and D) the ANA-12 group
displayed significant different joint flexion thresholds in
comparison with LP-PRP treated animals.

The Improvement on Gait Dysfunction Induced
by LP-PRP on MIA-OA Model Requires TrkB Receptor
Participation

The injection of MIA into the knee joints led to a prominent
debilitation state reflected by a significant gait dysfunction
three days after the insult and lasting at least until day 21

post-MIA injection (Figures A, E, and I). The LP-PRP treat-
ment could mitigate significantly the alterations triggered
by MIA in the spatiotemporal parameters Max contact area
(Fig. 7A), Print area (Fig. 7E), and Print width (Fig. 71). Addi-
tionally, compared to the MIA group in all these previously
mentioned parameters, the LP-PRP displayed a significantly
differences in AUC analysis (respectively in Fig. 7C, G, and
K). Notably, these same gait improvements (Figures B, F, and
J) and AUC (Fig. 7D, H, and L) were also observed in the LP-
PRP group in comparison to the ANA vehicle, ANA-12, and
ANA +LP-PRP group.

These results suggest a role of the TrkB receptor in bio-
logical activities exerted by LP-PRP in the joint compart-
ment implied in gait performance, as changes in gait, espe-
cially related to spatiotemporal parameters, were followed by
changes in AUC which infers differences in temporal pattern
from time curves [46, 47]. In this sense, the results suggest that
these changes in gait parameters might reflect time-dependent
gain in joint function triggered by LP-PRP injection.

No significant changes in gait parameters were observed
in animals injected with MIA and post-treated with ANA-12
or its vehicle in comparison with the MIA-OA control group
(injected only with MIA; MIA group), or with ANA-12+LP-
PRP group (Fig. 7B-D; F—H; J-L).
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Fig.6 The effects of LP-PRP on joint hyperalgesia induced by MIA
require TrkB receptor participation. A The injection of MIA into
rats’ joints led to a long-lasting joint mechanical hyperalgesia evi-
dent throughout the significant decrease in the mechanical joint
flexion thresholds 3 days after MIA intra-articular delivery (2 mg;
25 pL, at day 0). The LP-PRP protocol (25 pL; intra-articular) sig-
nificantly mitigated the MIA-joint hyperalgesia at days 7 and 14 after
MIA injection. B The analyzed area under the curve (AUC) between
MIA and LP-PRP shows significant differences, suggesting a time-
displacement recovery difference regarding mechanical thresholds
between these two groups. C In animals where the TrkB receptor
blockade was paired with LP-PRP protocol (ANA-12; 100 pM; 25
pL; days 7 and 14 after MIA; ANA-12+LP-PRP group), the effects

Discussion

This is the first work that aimed to analyze the implications
of the BDNF and the Tropomyosin Kinease B (TrkB) recep-
tor in the effects of PRP therapy in OA animals. Previous
works showing the presence of BDNF in other sites rather
than neuronal tissue and implicated in functional activities
of platelets have been reported by Chacén-Fernandez et al.
[11], Fujimura et al. [48], and Le Blanc et al. [49].
Evolutionarily, the platelet system was conceived in mam-
mals to control hemostasis, ensure the mitigation of vascular
damage, and avoid bleeding and tissue injury [50]. In such
reparative and physiological role, products such as ATP
and calcium ions act as main agonists in platelet degranula-
tion [28, 51]. We observed that the use of 10% CaCl, could
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of LP-PRP at the hyperalgesic joints were reversed and animals pre-
sented a slight significant decrease in the mechanical thresholds in
comparison with the vehicle controls. These events seen for the TrkB
blockade on the LP-PRP protocol were replicated when we performed
TrkB antagonism in animals previously injected with MIA. D The
AUC analysis showed that the TrkB receptor blockade reversed the
gain in time-displacement recovery induced by the LP-PRP proto-
col, as the AUC presented by the ANA-12+LP-PRP group was sig-
nificantly lower in comparison with the LP-PRP group. Results are
shown as Mean + Standard Deviation. Symbols *, *% #%% gpd *#**
indicate respectively, P<0.05, P<0.01, P<0.001 and P <0.0001 for
comparison between highlighted groups. A and C Two-way ANOVA;
B and D One-way ANOVA; Tukey post-hoc test.

stimulate platelet degranulation and BDNF release. Similar
results were obtained by Le Blanc et al. [49], that suggest
a plasmatic predominance in BDNF concentrations coming
from activated platelets through a series of agonists such as
ADP, collagen, calcium, and arachidonic acid.

Previous findings suggest that BDNF is stored in cyto-
sol and at a-granules in platelets [11, 49]. These a-granules
are structures that are present platelets plasmatic membrane
and oscillations in intracellular calcium stores stimulate
their exocytosis and content release [28]. As previously
mentioned, different sets of molecules implicated in tissue
injury signaling can trigger BDNF release in platelets [48,
49]. In this sense, studies regarding mechanisms involved
on the docking and release of this neurotrophin in platelets
will be of quite interest to elucidate if classical exocytosis
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Fig.7 The effects of LP-PRP on gait dysfunction induced by MIA
require TrkB receptor participation. A, E and I MIA delivery (2 mg,
25 pL) on the knee joints from naive rats led to a prominent debili-
tation state reflecting significant gait dysfunction three days after the
insult and lasting at least until day 21 after MIA intra-articular injec-
tion. The LP-PRP protocol (25 pL; intra-articular; days 7 and 14)
could significantly mitigate the alterations led by MIA in the spati-
otemporal parameters Max contact area, Print area, and Print width.
C This gait improvement was also followed by a time-displacement
recovery as shown by the significant differences between AUC pre-
sent by LP-PRP in comparison with the MIA group. D, H and LL The
paired intra-articular delivery from the TrkB antagonist (ANA-12;

protein complexes that led to granule release in platelets,
such as VAMP-8 and SNARE proteins, are also involved in
BDNF release from platelet granules [28, 52].

Perhaps one of the most important interactions for tissue
repair is the crosstalk between platelets and macrophages
[53, 54]. Macrophages have an essential role in maintaining
joint homeostasis and present a dynamic plasticity that can
be modulated by platelets [7, 54, 55]. In this regard, plate-
lets can release inflammatory cytokines such as IL-1p and
TNF-a that trigger M 1-phenotype in macrophages, typically

Days

5 &
= K4

100 pM; 25 pL; days 7 and 14) with the LP-PRP protocol promoted a
significant reversal both at gait and AUC altered by LP-PRP. No sig-
nificant changes in gait parameters were observed in animals injected
with MIA and post-treated intra-articularly with ANA-12 (ANA-12;
100 pM; 25 pL; days 7 and 14) or its vehicle (1%DMSO; 25 pL; days
7 and 14) in comparison with the OA control group (MIA group), or
with ANA-12+LP-PRP group. Results are shown as Mean + Stand-
ard Deviation. Symbols *, ** *¥* and **** jndicate respectively,
P<0.05, P<0.01, P<0.001 and P<0.0001 for comparison between
highlighted groups. A and C Two-way ANOVA; B and D One-way
ANOVA; Tukey post-hoc test.

known as inflammatory [56-58]. On the other hand, platelets
also release Tumor growth factor beta (TGF-f) and Fibrino-
gen, that are known to trigger an M2-phenotype in mac-
rophages, reported as anti-inflammatory [56-58].

Although macrophage polarization has been extensively
mentioned as one of the primary mechanisms by which PRP
improves tissue repair [7, 53], little is known about the role
of BDNF in such therapeutic activity induced by PRP.

In our hands, BMDM cells that were polarized for a
MI-like phenotype by LPS/IFN-y had this event mitigated
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by SLPPRP. Additionally, the effects of SLPPRP were
reversed in the presence of TrkB receptor antagonist, sug-
gesting a role of BDNF in the suppression of M1-pheno-
type induced by SLPPRP. Although the results suggest a
preventive effect of SLPPRP, given the short time window
between the stimulus and treatment, a study showed that in
1 h after the LPS insult, there is a substantial increase in
iNOS expression, a M1-phenotype marker [59]. In this study
the protein and mRNA levels of iNOS in macrophage cells
persisted significantly altered for at least 24 h after stimulus
[59]. Thus, our results suggest that SLPPRP would be acting
in these M1-like cells to reprogram or counteract an inflam-
matory state, which TrkB receptor seems to be involved.

Despite significant modulation was seen by SLPPRP
in M1-phenotype, no changes in Arg-I expression were
detected, suggesting that no M2-like phenotype could be
triggered by SLPPRP treatment. Indeed, the in-vitro time-
course for M2-phenotype triggered by Arg-/ modulation
induced by PRP and its therapeutic derivatives such as LP-
PRP and PRGF seems to occur in a timely manner, with
significant levels of Arg-/ mRNA being seen between 6 and
24 h after incubation [60—62]. Another possibility is that
the anti-inflammatory cytokines and peptides present in
non-activated plasma, that boosts PRP activity after injec-
tion, would not influence SLPPRP activity and thus limit
our observations. In conclusion, the failure of SLPPRP in
induce an M2-like phenotype in our experiments could be
attributed to the earlier cells harvesting performed at the
third hour after stimulus or due to an intrinsic activity of
SLPPRP. At both cases, detectable changes in Arg-1 mes-
sage would require more time to be achieved.

The interaction between BDNF and TrkB receptor in
neurons led to the activation of signaling cascades ruled
by Phosphoinositide-3-Kinase (PI3K), Mitogen-Activated
Protein Kinase (MAPK), Phospholipase C Gamma (PLCy),
and Guanosin Triphosphate Hydrolases (GTPases) enzymes
that ultimately lead to cell growth, dendrite branching,
cell survival and synaptic plasticity [63]. BDNF signal-
ing through PI3K leads to further phosphorylation of AKT
kinase inhibiting the intrinsic and extrinsic pathways and
further neuronal apoptosis [63]. In macrophages, it is known
that AKT isoforms 1 and 2 (AKT, and AKT,, respectively)
directly regulate macrophage polarization by modulating
iNOS and Arg-1 expression [64]. The absence of AKT), in
macrophages promotes hyperresponsiveness to LPS and
increased iNOS gene expression, exacerbating M1 inflam-
matory response and further increase in IL-1f, TNF-a, and
IL-6 cytokines. The opposite is observed in the absence of
AKT,, that leads to an exacerbation of anti-inflammatory
response by upregulating Arg-1 [64]. Thus, it is possible
that BDNF via TrkB receptor could regulate macrophage
polarization through AKT signaling. However, more studies
are required to confirm this hypothesis.

@ Springer

After sets of in-vitro experiments, we investigated the
implications of the TrkB receptor in the repair activities
induced by LP-PRP in OA animals.

The TrkB receptor is expressed in many cells of the joint
compartment, such as synoviocytes, chondrocytes, osteo-
clasts, and osteoblasts [19, 65-68]. Although not directly
linked with OA pathogenesis, BDNF via TrkB receptor have
potential therapeutic activities through its anti-inflammatory
[15], anti-apoptotic [63], antioxidant and modulation of
autophagy [69] actions that could induce healing cascades
in OA affected joints.

In our studies, an interesting decrease in knee joint
injury followed by functional recovery of both joint-flexion
mechanical thresholds and gait was observed after LP-PRP
treatment. These mitigation on OA-like injuries are depend-
ent on TrkB receptor, since the effects of LP-PRP, both at
behavioral and tissue repair outcomes (joint and nerve
injury) were significantly reversed in the presence of the
selective TrkB antagonist, ANA-12.

As in humans, the OA model triggered by MIA in murine
animals display similar pathological changes resulting from
oxidative stress in joint cells, which leads to ongoing tis-
sue catabolism, inflammation, cartilage breakdown, nerve
injury, and chronic pain [70, 71]. These OA-like alterations
are divided into an acute and late phase [71-73].

During the acute phase of MIA model, typically reported
as inflammatory, an increase in cytokines such as IL-1p,
TNF-a, IL-6, IL-8, and chemokines, such as CCL-2 are
observed [70, 72—77]. In parallel, an enhancement on cell
recruitment occurs in the knee joint, resulting on an increas-
ing number of inflammatory cells such as macrophages, den-
dritic cells, neutrophils, and mast cells [77-79]. Particularly,
a shifting to M1 profile is noticed in macrophages, driven
by the massive released of tissue degradation products and
cytokines that ultimately contribute to boost the late phase of
MIA-OA model, looping the pro-inflammatory context and
stablishing an ongoing tissue injury that sets a degenerative
process [70, 75, 77, 80].

Following the acute phase, in the late stage of MIA
model, known as chronic and degenerative, a decrease in the
expression of enzymes linked with cell survival against oxi-
dative damage, such as SOD-2 and Catalase, and increased
expression of matrix metalloproteinases (MMP), such as
MMP3 and 9, are observed [70, 74, 81, 82]. As this catabolic
state goes by, the cell-death tied to a hyperactivity of MMPs
led to cartilage breakdown and further sensitization of sen-
sory fibers due to nerve injury of primary afferent terminals
in subchondral bone. The sensitization of joint nociceptors is
also driven by inflammatory products that could be present
on synovial fluid such as IL-1p, TNF-a, IL-6 and NGF [70,
77, 83].

Given that joint histological changes triggered by MIA
are dictated by a series of pathological mechanisms, our
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results suggest that LP-PRP would be acting in the inflam-
mation and degeneration cascades induced by MIA to
antagonize tissue injury and improve repair at the affected
joints, thus, resulting in substantial changes on joint mor-
phology with the therapeutic protocol. In this regard, stud-
ies have shown interesting mechanisms by which PRP
could promote joint repair in OA and impact histological
changes.

Previous works reported that PRP in-vitro promotes i)
cellular differentiation of chondrocytes via regulation of
cyclins B1, D1, and E2, ii) decrease apoptotic signaling
induced by caspase-3 and p53, and iii) alleviates ROS-
induced oxidative damage triggered by IL-1f [22, 84, 85].
Importantly, chondrocyte differentiation is a key activity to
boost tissue matrix peptides synthesis and further mitigate
joint catabolism triggered in OA [86]. Interestingly, PI3K
and AKT signaling that are activated by BDNF-TrkB inter-
action have a role in chondrocyte terminal differentiation in
murine embryos [87].

Aside from in-vitro activities, some studies also have
shown that PRP treatment mitigates OA joint injuries by
decreasing the expression of MMPs 1, 3, and 13 [22, 84, 85].
In interfering with the activity of these metalloproteinases,
PRP alleviated tissue degeneration and the ongoing joint
damage that leads to chronic inflammation in OA. Interest-
ingly, an interaction of BDNF and Runx-2, a transcriptional
factor known to regulate chondrogenesis and mitigate OA
cartilage injury by downregulating MMP-13 and other
matrix metalloproteinases as Adamts-5, is described in a
non-OA animal model [88].

It has been widely reported that therapeutic approaches
capable of interfering with oxidative damage and modulate
autophagy mechanisms in chondrocytes can improve tissue
healing in OA joints [§9-91]. Considering the BDNF-TrkB
interaction, activities such as decrease in ROS tissue damage
towards modulation of the SOD-2 enzyme [65, 92, 93] and
FOXO; protein signaling [94] had been previously reported.
The FOXO proteins complex is involved in cell defense
against oxidative stress and modulation of autophagy genes
such as Sesn3 and Bnip3 that prevent chondrocyte apoptosis
and cartilage aging [91].

In summary, is reasonable to suggest that the interaction
between BDNF-TrkB arising after LP-PRP injection and fur-
ther platelet degranulation has as one of main therapeutic
axis the attenuation of oxidative stress triggered in MIA-
OA model [70, 81, 82]. Complementary, the shared anti-
inflammatory profile induced by PRP and BDNF, such as
a decrease in inflammatory IL-1p/TNF-a and enhancement
of the anti-inflammatory IL-10/IL-4 cytokine axis [15, 95]
could be contributing to a suppression on macrophage-M1
profile, and thus, a decrease in further ongoing-tissue injury,
given the initiation of therapeutic protocol with LP-PRP at
day 7 after MIA insult, which comprehends the transitioning

period between the acute phase and chronic phase of MIA-
OA model [70, 75].

In this sense, this downward on tissue inflammatory and
catabolic state clearly provided by LP-PRP and BDNF-
TrkB interaction reflects the findings in our tissue pathology
assays (joint and DRG) and corroborates with our behav-
ior results: OA-like injuries are attenuated in the presence
of LP-PRP, where its therapeutic activities are reversed in
the presence of TrkB antagonist. The importance of these
BDNF-TrkB biological activities for joint repair are high-
lighted at the functional (gait and pain behavior) outcomes
obtained in presence and absence of the TrkB antagonist.

Joint nociceptive neurons typically evoke action poten-
tials in response to stimuli that breakthrough the tissue's
physiological working range [96-99]. Thus, when a static or
dynamic pressure stimulus, such as intense pressure, sharp
rotation, or twisting, exceeds the joint baseline resistance,
the result is an avoidance of harmful motion, withdrawal of,
and preservation of the affected limb [96, 97, 99].

Although some murine models shown an overlap between
antalgic gait and pain behavior such as seen in diabetic neu-
ropathy [100], a study have shown no reversal of antalgic
gait parameters in presence of analgesics, especially in CFA
and spared nerve injury pain models [101]. Particularly for
MIA-OA models, there is still no concise data, where some
studies report none to mild changes in gait after MIA [102]
and some seen markable joint dysfunction regarding spa-
tiotemporal parameters at the acute and late phase of the
model [73, 103—-105]. In these studies, it is a common under-
standing that joint dysfunction triggered by MIA is followed
by changes in print-area, print length and print width param-
eters [73, 103—-105].

In our experiments, the LP-PRP therapeutic protocol was
able to increase the max contact area as well as print-length,
and print-width gait parameters at day 14 and 21st after MIA
injection. These improvements in gait were also followed
in joint mechanical thresholds and reversed in the presence
of TrkB antagonist, ANA-12. Interestingly, the animals in
the ANA-12 and ANA-12 +LP-PRP groups displayed sig-
nificantly decreased joint-flexion mechanical thresholds in
comparison with both OA controls treated with antagonist
vehicle (ANA-12 vehicle group). However, despite this
worsening in joint-flexion mechanical thresholds, this event
was not replicated in the gait parameters analyzed.

It is important to note that although there is some signifi-
cant interdependence between antalgic gait and mechani-
cal thresholds linked with joint injury (such as joint flexion
thresholds or secondary allodynia), these parameters might
not strictly follow covariance over time [73, 73, 102, 104].

In this sense, joint nociceptive afferents have prominent
response to noxious flexion or twisting stimuli [96-99].
Although it seems plausible that the nerve injury tied to
the persistent inflammatory phenotype driven by increased
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TNF-a in ANA-12 and ANA-12 +LP-PRP groups would
imply an increase in gait behavior related to joint noxious
dysfunction, the animal's ability to adapt joint motion to
preserve normal gait would bias our conclusions in showing
no changes related to spatiotemporal parameters, at least at
the endpoint measurements. Another possibility is that the
antalgic gait seen in the MIA-OA model could be related to
a significant impairment in joint mechanobiology properties
that limit joint movement and further proper animal ambu-
lation. Thus, this impairment would be more significant in
the model's early phase due to an inflammatory input linked
with swelling and joint sensitization. The gait alterations
would be resolved as the inflammatory event decreases and
acquires a latent characteristic, and the pain phenotype is
mainly related to the ectopic activity of primary afferent
neurons. In such ectopic activity, the nociceptive background
would rely on nerve injury triggered in the model, where
nociception and pain behavior would be achieved primarily
through induction of joint flexion [99, 106]. In addition, the
nerve injury seen mechanistically by increasing on ATF-3
expression in dorsal root ganglia neurons and implicated in
joint nociceptive response can be associated with a persis-
tent plasticity of these cells triggered by massive release of
inflammatory peptides in the early phase of MIA or due to
a mechanical injury of peripheral terminals present at joint
capsule and subchondral bone [107, 108]. Of note, chemi-
cal (inflammatory cytokines and peptides) or mechanical
(chronic constriction, axotomy) injury are primarily mecha-
nisms involved in ATF-3 increase on the DRG [109-111].

Lastly, the improvements in joint performance by LP-PRP
could be attributed to a shift in inflammation profile driven
by this therapeutic after injection. This alternate in inflam-
matory and degenerative profile would be likely associated
with a downregulation activity in macrophage M1-profile,
mitigation in tissue catabolism and preservation in joint
integrity that ultimately led to a decrease in inflammation
and nerve injury of nociceptive afferents. These biological
activities seem to involve an interaction between BDNF and
TrkB receptors with implications in functional aspects as
well, once both changes in histopathological, molecular, and
pain phenotype evoked by LP-PRP were reversed in pres-
ence of TrkB antagonist [7, 11-13, 15, 19, 22, 28, 48-62,
64-85, 87, 88, 91-104, 106-126].

CoNcLUSIONS AND STuDY LimMITATIONS

Although the search for an effective drug in OA remission
and chronic pain remains a challenge, our results support
the use of PRP as a therapy for pain control and joint repair.
Through behavioral and molecular experiments, the data
presented in this work clarifies the discussion about the role
of growth factors, particularly BDNF, in joint homeostasis.

@ Springer

The clinical relevance of neurotrophins in non-neuronal
tissues, particularly for joint homeostasis, come with data
from pre-clinical studies that had shown expression of TrkA
(NGF) and TrkB (BDNF) receptors in synovium, bone, and
cartilage tissue [65, 66, 127]. Notably, genomic alterations
that lead to a dysfunction in these receptors have as an out-
come dwarfism, insensitivity to pain and arthritic pheno-
type [66, 128, 129]. These disease conditions are commonly
attributed to the anabolism and sensory perception proper-
ties, particularly from BDNF and NGF, that maintain bone
and joint development as well as regulate joint propriocep-
tion and pain signaling [128, 130].

There is an increase interest in pharmacological
approaches capable of regulating neurotrophins activity in
osteoarthritic joints, particularly, NGF [130, 131]. However,
although anti-NGF therapies appear to be effective in miti-
gate joint pain in OA models, no improvements in cartilage
damage score were evidenced in a range of studies [131]. In
this sense, our approach with LP-PRP gives some advan-
tages once we notice mitigation of joint injury and pain
behavior with the therapeutic protocol adopted in the study.
The behavioral and tissue damage outcomes obtained with
TrkB blockade paired or not with LP-PRP injections high-
lights the importance of BDNF-TrkB interaction to regulate
inflammation and joint repair, where increase bioavailability
can be achieve with LP-PRP therapy to provide better dis-
ease outcomes.

Despite platelets also stored in their granules Pro-BDNF
protein, it is well understood that platelet activation by a
series of agonists, such as ADP, collagen, calcium, and ara-
chidonic acid, is followed only by the release of BDNF [49].
However, the residual amount of Pro-BDNF in plasma that
does not originate from activated platelets can be one of
the reasons why we detected limited improvements in tissue
pathology and further joint function. Secondly, we acknowl-
edge that some anesthetics, such as ketamine, decrease plate-
let membrane fluidity, interfering with their degranulate
function [132, 133]. Once we used ketamine for terminal
anesthesia and blood withdrawal for plasma retrieval, the
PRP quality may have decreased, and such an event would
have impacted our experimental findings. However, it is still
unknown if anesthetics such as ketamine directly impact
therapeutic outcomes induced by PRP.

The main goal of this study was to investigate the func-
tional outcome of platelet BDNF in an osteoarthritis model,
we directed our assays to analyze the contributions of this
neurotrophin in biological activities of PRP in a pre-clini-
cal OA murine model that mimics both inflammatory and
degenerative state of the disease. We acknowledge that the
study was conducted only in male animals and further inves-
tigation needs to be addressed to confirm if similar mecha-
nisms regarding the role of BDNF-TrkB interaction in joint
homeostasis can be replicated in females as well.
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Lastly, we suggest a role of TrkB receptor in joint repair
activities induced by PRP therapy and in the endogenous
control of joint homeostasis given the results obtained in our
endpoint measurements. However, more studies with longer
follow-ups (more than 21 days), using other OA models,
and with tissue-specific knockouts need to be addressed to
unravel additional mechanisms regarding the role of BDNF
in osteoarthritis [65, 66, 127-131, 131].
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