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Introduction: Toll-like receptor 4 (TLR4) is a pattern recognition receptor involved in the
detection of pathogen-associated molecular patterns (PAMPs), but also a “danger-sensing”
receptor that recognizes host-derived endogenous molecules called damage-associated mole-
cular patterns (DAMPs). The involvement of TLR4 in rheumatic diseases is becoming
evident, as well as its potential role as a target for therapeutic intervention. Moreover,
increasing evidence also suggests that TLR4 is implicated in chronic pain states. Thus, in
this study, we evaluated whether a systemic administration of a synthetic antagonist of TLR4
(TLR4-A1) could decrease nociception and cartilage degradation in experimental osteoar-
thritis (OA). Furthermore, as the activation transcription factor (ATF)-3 serves as a negative
regulator for TLR4-stimulated inflammatory response, we also evaluated the effect of TLR4
inhibition on ATF-3 expression in primary afferent neurons at the dorsal root ganglia (DRG).
Methods: OA was induced in adult male Wistar rats through an intra-articular injection of
2 mg of sodium mono-iodoacetate (MIA) into the left knee. From days 14 to 28 after OA
induction, animals received an intraperitoneal injection of either TLR4-A1 (10 mg/kg) or
vehicle. Movement- and loading-induced nociception was evaluated in all animals, by the
Knee-Bend and CatWalk tests, before and at several time-points after TLR4-Al/vehicle
administration. Immunofluorescence for TLR4 and ATF-3 was performed in L3-L5S DRG.
Knee joints were processed for histopathological evaluation.

Results: Administration of TLR4-A1 markedly reduced movement-induced nociception in
OA animals, particularly in the Knee-Bend test. Moreover, the increase of ATF-3 expression
observed in DRG of OA animals was significantly reduced by TLR4-A1. However, no effect
was observed in cartilage loss nor in the neuronal cytoplasmic expression of TLR4 upon
antagonist administration.

Conclusion: The TLR4 antagonist administration possibly interrupts the TLR4 signalling
cascade, thus decreasing the neurotoxic environment at the joint, which leads to a reduction
in ATF-3 expression and in nociception associated with experimental OA.
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Introduction

Osteoarthritis (OA) is a chronic, usually progressive, disease that involves the

whole joint in a degenerative process. Pain is the most common manifestation of

OA, usually of mechanical origin or activity-related, even though it may become

more persistent and also occur at rest and at night in more advanced OA.'
Although several factors seem to play a role in the pathogenesis of OA, its

underlying mechanisms are still unclear. Current treatments are focused on
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alleviating the symptoms through drugs, such as acetami-
nophen,  Non-Steroidal  Anti-Inflammatory =~ Drugs
(NSAIDs) and corticosteroids, which do not change the
course of the disease and are associated with significant
adverse effects, including gastrointestinal bleeding, cardi-
ovascular events and renal toxicity.”* Therefore, the iden-
tification of specific therapeutic targets that allow the
development of Disease-Modifying Drugs (DMOADs) is
of utmost importance.

Toll-like receptors (TLRs), a family of pattern recogni-
tion receptors (PRRs) that recognize structures called
pathogen-associated molecular patterns (PAMPs), have
been implicated with the development of many pathologi-
cal conditions.’ Recently, a growing body of evidence has
suggested that TLR4, a member of the TLRs family, is
particularly involved in the pathogenesis of OA.®® TLR4
expression was shown to be increased in articular cartilage
lesions of OA patients, and activation of TLR4 in human
chondrocyte cultures induced a variety of inflammatory
and catabolic responses that might have a pivotal role in
promoting or exacerbating the degradation of cartilage in
these patients, including increased expression of IL-1j,
matrix metalloproteinases (MMP) and nitric oxide (NO),
increased prostaglandin E2 (PGE2)

decreased aggrecan and type II collagen synthesis.

and
9,10

synthesis,

TLR4 increased expression has also been observed in
synoviocytes of OA synovium.'' On the other hand, sev-
eral Damage-Associated Molecular Patterns (DAMPs),
generated by the injured tissues in OA, can activate
TLR4. These include small degradation fragments of hya-
luronic acid, fibronectin fragments, the calcium-binding
proteins S100-A8 and S100-A9 and the high mobility
group protein Bl (HMGBI1). After binding to the TLR4
receptor, these molecules can promote cellular innate
immune responses, such as the secretion of TNF-a, IL-183
and IL-6, which may further propagate this damaging
process.'> '® Furthermore, oxidative stress and increase
of reactive oxygen species (ROS) production have been
implicated as a mediator of OA, regulating intracellular
signaling processes, chondrocyte apoptosis and senes-
cence, extracellular matrix synthesis and degradation, dys-
function of the
inflammation.'” TLR4 can stimulate ROS production via

subchondral bone and synovial
NADPH oxidases,'® which are expressed by the chondro-
cytes and are the main enzymes responsible for ROS
formation in synovial fluid, contributing to the progressive

cartilage degradation that accompanies OA."”

Increasing evidence also suggests a role for TLR4 in
the induction and maintenance of chronic pain states.'’
Tang and colleagues®® showed that TLR4 is critical for
pain induction after nerve injury in mice, and that spinal
targeting of TLR4 with specific antisense oligonucleotides
attenuated behavioral hypersensitivity in these animals.
Intrathecal siRNA-mediated suppression of TLR4 also
attenuated mechanical allodynia and thermal hyperalgesia
in a rat chronic constriction injury (CCI) model*' and
reduced mechanical allodynia and spontaneous pain in
a bone cancer pain model.”> Therefore, TLR4 seems to
be involved not only in OA pathogenesis but also in pain
pathophysiology. In patients with OA, chronic pain is
ultimately dependent on the activation of primary sensory
neurons that innervate the joint.”* Since articular cartilage
is described as being essentially not innervated, OA-
related pain might originate from other affected joint tis-
sues such as the subchondral bone, the synovium and the
infrapatellar fat pad.”*2° Interestingly, TLR4 expression
has been found across glial cells but also in primary
afferent neurons of trigeminal and dorsal root ganglia
(DRG).?” Taking this into account, we hypothesized that
targeting TLR4 could offer an effective approach to
attenuate pain in OA.

Thus, in this study, we evaluated whether a TLR4
antagonist (TLR4-Al) could efficiently reduce the noci-
ception and cartilage degradation progression in the mono-
iodoacetate (MIA) rat model of OA. The selected TLR4
antagonist (CAS RN: 1202208-36-3) for this study is
a synthetic benzylammonium ether lipid recently described
by Peri and colleagues.*®

Furthermore, as the activation transcription factor
(ATF)-3 is induced by TLR4 activation and serves as
a negative regulator for TLR4-stimulated inflammatory

response in immune cells,?%*°

and in previous work we
observed an increase in ATF-3 expression in primary sen-
sory neurons of OA animals,®’ we also investigated the

effect of TLR4-A1 on ATF-3 expression in DRG neurons.

Materials and Methods

TLR4-Al Compound

TLR4-A1 (CAS RN: 1202208-36-3) is a synthetic benzylam-
monium ether lipid designed like a non-hydrolysable struc-
tural analogue of LipoPolySaccharide (LPS), the naturally
occurring ligand of TLR4 (Figure 1). Based on recent studies
(both in vitro**** and in vivo®®), this compound proved to be
an effective inhibitor of the TLR4 activation pathway. The
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Figure | Structure of the synthetic benzylammonium TLR4 antagonist |
(N-(3,4-bis-tetradecyloxy-benzyl)-N-cyclopentyl-N,N-dimethylammonium  iodide;
CAS number: 1202208-36-3).

authors reported that TLR4-A1 inhibited LPS-induced TLR4
activation in HEK293 stably transfected with TLR4, MD-2
and CDI14 gene.** Furthermore, it was active in blocking
TLR4-mediated cytokine production in innate immunity
cells.** This molecule was synthesized on large scale follow-
ing the original procedure described.”® The structural identity
was verified by NMR studies whereas purity was determined
by HPLC analysis prior to administration.

TLR4-A1 has been suggested to interact with TLR4
and its co-receptor protein CD14, making improbable an
unspecific selectivity on other TLR, since these lack
TLR4/CD14-mediated interaction.*

Animals

Adult male Wistar rats (n=20; Charles River, France),
weighing 230 + 30 g at the beginning of the experiments,
were used in this study. Animals were housed in solid
bottom cages, with water and food ad libitum, and the
animal room was kept at a constant temperature of 22°C
and controlled lighting (12 h light/12 h dark cycle). All
experimental procedures were performed in accordance
with the ethical guidelines for the study of experimental
pain in conscious animals,’”®> as well as the European
Communities Council Directive 86/609/EEC, and were
approved by the Local Committee of Animal Welfare
(ORBEA), with all adequate measures being taken to
minimize pain or discomfort of the animals.

Induction of Osteoarthritis

Under brief isoflurane anesthesia, animals were injected
intra-articularly, with 25 pL of either saline (control group,
n=8) or 2 mg of MIA dissolved in saline (n= 12; Sigma-
Aldrich, St Louis, MO, USA). The Hamilton syringe with

a 26G needle was inserted through the patellar ligament
into the intra-articular joint space of the left knee. Animals
were randomly assigned to each group before the first
injection.

Experimental Design

At the beginning of the experiments, baseline values of
movement-induced nociception were evaluated in all ani-
mals (day 0) by the Knee-Bend and CatWalk tests, as
previously described.>® After MIA or saline injection,
animals were assessed at day 3, 7 and 14, to evaluate if
a correct model induction was achieved. At day 14, after
the behavioral assessment, each group of animals was
randomly divided into two subgroups, each one receiving
a daily administration of either vehicle (10% ethanol
diluted in saline; OA-Vehicle and Control-Vehicle) or of
TLR4 antagonist (TLR4-A1, 10 mg/kg) dissolved in vehi-
cle (in a 9:1 ratio of 0.9% saline and ethanol; OA-TLR4A1
and Control-TLR4A1). Therefore, after day 14 the experi-
ments comprised 4 subgroups of rats (OA-Vehicle,
Control-Vehicle, OA-TLR4A1 and Control-TLR4ALl).
Administration of TLR4-Al and vehicle was performed
through an intraperitoneal injection. The dosing regimen

12 which showed an

chosen was based on Piazza et a
increased survival rate from 0% to 67%, with this com-
pound, in a sepsis mice model.

The effect of the chronic administration of the TLR4-
Al or vehicle on the movement-induced nociception of
these animals was assessed on days 15, 18, 20, 22, 24, 26

and 28 after saline or MIA injection.

Nociceptive Behavior Evaluation
Movement-induced nociception was evaluated in all ani-
mals by the Knee-Bend and CatWalk tests at days 0, 3, 7,
14, 15, 18, 20, 22, 24, 26 and 28 post saline or MIA
injection. Testing was blind and always done by the
same experimenter in order to minimize variability in the
application of the tests.

Briefly, the Knee-Bend test consisted on recording the
number of squeaks and/or struggle reactions of the animal in
response to five flexions and five extensions of the knee
joint, according to the following evaluation scale: 0 - no
responses to any kind of extension or flexion of the joint; 0.5
- struggle to full range flexion/extension; 1 — struggle to
medium range flexion/extension or vocalizations to full
range flexion/extension; 2 — squeak reactions in response
to medium range manipulations (flexions or extensions) of
the joint. The sum of the animal reactions, with a maximum
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of 20, represents the Knee-Bend score, an indication of the
animal’s nociception induced by movement of the affected
joint. For the CatWalk test, animals were placed in a glass
platform illuminated such as to reflect the light downwards
only at the points of contact of the paw with the glass
surface, resulting in a bright sharp image of the paw print.
The intensity of the paw print signal increases with the area
of the paw in contact with the platform and with the pressure
applied by it. The platform was monitored by a video camera
with a wide-angle objective, placed under the glass platform
and connected to a computer equipped with video acquisi-
tion software (Ulead Video Studio, USA). For each hind
paw, the total paw print intensity (mean pixel intensity
x number of pixels) was determined, allowing the compar-
ison of the area/pressure applied by each paw. Results were
expressed as the percentage of the total ipsilateral paw print
intensity (%TIPPI) in the sum of both paw prints. The
CatWalk was always performed prior to the Knee-Bend
test to minimize the effect of manipulating the affected
knee on the animals’ gait.

Tissue Processing
On day 28 after saline or MIA injection, animals were
anaesthetized and perfused with 4% paraformaldehyde.
The DRG from lumbar segments 3, 4 and 5 (L3, L4 and
L5) of OA animals were dissected, post-fixed for 4 hours
in the same fixative and kept in 30% sucrose with 0.01%
sodium azide. DRG were serially sliced in 12 um sections
using a cryostat (Leica, Germany), and every 10th section
was collected in the same glass slide (8—10 sections from
each DRG, on average). DRG were oriented to ensure that
longitudinal sections were made, and the number of sec-
tions obtained from each DRG was similar between ani-
mals, giving an indirect measure of this consistency.

The injected knees were also dissected, post-fixed for
72 h and then decalcified for 8 hours in a buffer containing
7% AICI3, 5% HCOOH and 8.5% HCI. Afterwards, joints
were washed in 0.1 M phosphate buffer saline (PBS) pH
7.2 and kept in 30% sucrose with 0.01% sodium azide
until they were cut, in 10 pm sections, using a cryostat.

The cutting process was always performed by the same
person and with the same method to ensure the consis-
tency of the procedure throughout the study.

Histopathology

Knee joint sections were stained by the Fast Green and
Safranin-O method to evaluate the extent of the histo-
pathological lesions, as previously performed.>® The

experimenter was blind to the groups. Slides were
mounted with Eukitt (Kindler GmbH & Co, Germany)
and images were acquired with an Axioskop-40 micro-
scope equipped with an AxioCam-MRc5 camera (Carl
Zeiss Microlmaging GmbH, Germany).

Immunohistochemical Analysis

Slides containing every tenth section of L3, L4, and L5
DRG of OA animals were used for the immunofluores-
cence reactions for ATF-3 and TLR4. The immunohisto-
chemistry reactions for each marker were performed in
adjacent sections.

Briefly, DRG sections were rinsed in 0.1 M PBS pH
7.4, followed by PBS+0.3% triton-X (PBST), and incu-
bated in 10% normal serum in PBST for 90 min. Sections
were then incubated overnight at room temperature with
one of the following antibodies diluted in 2% normal
serum in PBST: rabbit anti-ATF-3 (1:500, Santa Cruz
Biotechnology Inc, USA); rabbit anti-TLR4 (1:750,
Abcam, UK). After thorough PBST washing, sections
were incubated with Alexa-Fluor 568 donkey anti-rabbit
secondary antibody (1:1000, Molecular Probes, USA) for
1 h at room temperature. Slides were then rinsed in PBST
followed by PBS, mounted with Prolong Gold Antifade
medium (Molecular Probes, USA) and coverslipped.
Microscopic images of the joints were acquired through
an AxioCam MRm with AxioVision 4.6 software (Carl
Zeiss Microlmaging GmbH, Germany).

ATF-3 and TLR4 immunolabelled cells were quantified
by counting all labelled neurons on a slide containing
every tenth section of a DRG (one slide for each reaction,
per animal). TLR4 immunolabelling was evaluated sepa-
rately in the cytoplasm/membrane and in the nuclei.
Results were expressed as the number of labelled neurons

per section.

Statistical Analysis

The normality of all data was assessed by the Kolmogorov—
Smirnov test. Behavioral data for movement induced-noci-
ception in control and OA groups were analyzed by two-way
repeated measures analysis of variance (RM-ANOVA), for
factors time and group, followed by the Tukey’s post-hoc
test for multiple comparisons between time points within
each group. The Unpaired ¢-test was used for the analysis
of the immunofluorescence studies. In all statistical analysis,
a level of significance of P < 0.05 was assumed.
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Results

Intraperitoneal Injection of TLR4-Al
Attenuates Movement-Induced
Nociception in OA Animals

To establish the OA model, MIA was injected into the left
knee joint, and movement-induced nociception was eval-
uated by the Knee-Bend and CatWalk tests. As expected,
all OA animals showed a significant increase in the Knee-
Bend score and a significant decrease in the %TIPPI on the
CatWalk test at day 3, when compared with day 0 (before

A

Knee-Bend

- -
o (3.}
1 ]

Ipsilateral KneeBend score
(3]
1

o
|

Time (days)

Catwalk

MIA injection), thereby demonstrating movement-induced
nociception as a consequence of OA induction (Figure 2).
This movement-induced nociception was also observed on
days 7 and 14 post-MIA injection.

On day 14, OA animals were randomly divided into
two groups and treated with vehicle or TLR4-A1l for 14
days. OA rats that received a daily i.p. injection of TLR4-
Al showed a reduction in the Knee-Bend score already
at day 15, although this decrease in movement-induced
nociception was only statistically significant from day 18
onwards, approaching the values of control animals in the

OA
OA-TLR4A1

OA-Vehicle
control
Control-TLR4A1
Control-Vehicle

téw b ot

OA

OA TLR4A1
OA-Vehicle
control
Control-TLR4A1
Control-Vehicle

I I

w
o

I I H
0 3 7 14 15 18 20 22 24 26 28
Time (days)

Figure 2 Nociceptive behavior. Nociception associated with movement and loading on the joint was evaluated by the Knee-Bend (A) and CatWalk (B) tests in saline-
injected control (n=8) and MIA-injected OA animals (n=12) at baseline (T0), 3, 7 and 14 days. After the behavioral assessment of day 14, each group of animals was randomly
divided in two subgroups, Control-Vehicle and Control-TLR4A| (n=4/subgroup), OA-Vehicle and OA-TLR4A| (n=6/subgroup), and movement-induced nociception was
assessed on days 15, 18, 20, 22, 24, 26 and 28. Knee-Bend score (A) is presented for the ipsilateral knee. CatWalk data (B) is expressed as the percentage of total ipsilateral
paw print intensity (%TIPPI). Mean * SEM, two-way RM-ANOVA followed by Tukey's post-hoc test for multiple comparisons between time points within each group. *P <
0.05, *P < 0.01.
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end of the second week (Figure 2A; P < 0.05 or P < 0.01).
Regarding the CatWalk test, an increase in %TIPPI was
observed from the beginning of TLR4-A1 administration
until day 22 (Figure 2B; P < 0.05). However, during
the second week of treatment, the values of %TIPPI
started to decrease.

OA animals receiving a daily injection of vehicle did
not show any difference in the Knee-Bend score and %
TIPPI at any time-points evaluated, maintaining the move-
ment-induced nociception observed prior to intervention
(Figure 2).

In both tests, saline-injected control animals showed
behavioral responses similar to those observed prior to the
injection, during the whole experimental period.

TLR4-Al Intraperitoneal Injection Did

Not Improve Cartilage Loss

Histopathology of the knee joints was performed to eval-
uate model induction and to observe if TLR4-A1 improved
OA histopathological changes. Briefly, no joint damage
was observed in both subgroups of saline-injected control
animals (Figure 3A and B). In contrast, the MIA-induced
animals treated with vehicle showed histopathological
alterations similar to what has been described for this
OA model®' (Figure 3C). There was loss of proteoglycan
staining and chondrocyte death, accompanied by a marked
decrease of the thickness of the articular cartilage with
areas of marked erosion and fissures, and exposure of the
subchondral bone. OA animals treated with TLR4-A1 did
not show any improvement of the histopathological altera-
tions, overlapping with the OA-vehicle
(Figure 3D).

subgroup

Systemic administration of TLR4
antagonist induced an increase in nuclear
TLR4 expression and had no effect on

membrane and cytoplasmic expression
To evaluate if TLR4 levels in DRG neurons were down-
regulated after TLR4-Al systemic administration, an
immunohistochemistry reaction against TLR4 was per-
formed in OA animals (Figure 4A and B).

Cytoplasmic expression of TLR4 was observed in pri-
mary sensory neurons of L3, L4 and L5 DRGs both in
OA-vehicle and OA-TLR4A1 subgroups (Figure 4C and
D). Although there was as an apparent increase in TLR4
expression in animals receiving the TLR4 antagonist (from
251.7 £ 33.4 in the OA-vehicle group to 324.7 + 41.0 in

OA-TLR4A1 it did not reach statistical

significance.

animals),

Interestingly, an increase in nuclear TLR4 expression
was observed upon TLR4-A1 administration (Figure 5A).
This increase was observed at the three levels studied
although it was more prominent at L3 (6.5 = 4.3 in the
OA-vehicle group and 22.8 £+ 4.6 in OA-TLR4A1 animals
in L3+L4+L5; P < 0.05, Figure 5B and C).

TLR4 Antagonist Suppresses the
Expression of ATF-3 in Primary Sensory

Neurons

As ATF-3 serves as a negative regulator for TLR4-stimu-
lated inflammatory response, at least in immune cells,
ATF-3 expression was evaluated in primary sensory neu-
rons of MIA-induced animals (Figure 6A and B). The
administration of TLR4-A1l significantly decreased the
ATF-3 expression induced by OA (5.7 + 0.7 in the OA-
vehicle group and 2.4 £ 0.4 in OA-TLR4A1 animals, P <
0.01; Figure 6D). This reduction was observed at the three
lumbar DRGs studied, although it only reached statistical
significance at the L4 and L5 levels (P < 0.05; Figure 6C).

Discussion

In this study, we evaluated whether the systemic adminis-
tration of an antagonist of TLR4 could be effective on
decreasing nociception and cartilage degradation in OA,
and also neuronal injury. Administration of TLR4-Al
markedly reduced movement-induced nociception on OA
animals, particularly in the Knee-Bend test. Moreover, we
observed that TLR4-Al induced a reduction of ATF-3
expression in DRG neurons, but it had no effect on the
neuronal cytoplasmic expression of TLR4 nor it improved
the histopathology of the joint in our OA animals.

Pain associated with OA is heterogeneous and involves
both peripheral and central neural mechanisms. Evidence
suggests that different types of pain with distinct neuro-
biological mechanisms are part of the OA phenotype. Pain
in OA may be primarily nociceptive, with a protective
function, alerting the individual to mechanical limitations
of the joints, and to a reduced ability of the joint to cope
with additional stress.>” In a subset of patients, inflamma-
tion plays a pivotal role in the development of OA and is
also a contributor to chronic pain. Primary afferent nerve
fibers innervating the joint become exposed to the intra-
articular inflammatory milieu, whose components are
thought to be the major contributors for the peripheral
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Figure 3 Histopathology of knee joint sections stained with Safranin-O and Fast Green. Control-Vehicle (A) and Control-TLR4A| (B) animals show unaltered articular
cartilage (in red) and subchondral bone. OA-Vehicle (C) and OA-TLR4AI animals (D) showed decrease in proteoglycan staining (*), chondrocyte death, loss of intercellular
matrix, decrease of the thickness of the articular cartilage (arrow) and erosion of the hyaline articular cartilage (arrowhead).

sensitization of articular mechanonociceptors.’® In addi-
tion, neuropathic pain mechanisms may also occur during
the development of OA. In fact, a recent systematic review
showed that the overall prevalence estimate of neuropathic
pain in persons with knee or hip OA was 23%, although
with considerable heterogeneity.’”® In a previous study
using the MIA-induced model of OA, we have shown
two waves of expression of ATF-3, a marker of neuronal
injury, in DRG neurons.>' The first wave was as early
as day 3 post-MIA injection, corresponding to the initial
inflammatory stage, which led to the hypothesis that the
neuroinflammatory environment of the joint might be neu-
rotoxic for the primary afferents innervating the area. In
fact, it is likely that the presence of the pro-inflammatory
cytokines IL-1p and TNF-a observed in early OA contri-
bute to that, since it has been shown that they are both able
to trigger ATF-3.*° Curiously, besides the known role of

TLR4 in inflammatory conditions, there is also evidence
that TLR4 participates in nerve injury.'® In this context,
TLR4 thus emerges as a possible link between the joint
inflammatory environment and the peripheral nerve injury
observed in OA, possibly being a promising target for the
development of new therapies. Remarkably, the two weeks
of i.p. administration of TLR4-A1 significantly reduced
movement-induced nociception in OA animals. A more
pronounced nociceptive effect in the Knee-Bend test, com-
paring to the CatWalk, was observed. The Knee-Bend test
provides a direct nociceptive stimulation through direct
manipulation of the injured joint, while the CatWalk relies
on the animal kinematics and load bearing, depending on
all the musculoskeletal system of the animal, with the
involvement of several neuronal pathways, some of them
of supraspinal origin.*' This, together with non-improve-
ment of the histopathology alterations of the joint with
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Figure 4 TLR4 expression in DRG neurons. A, (B) Representative images of immunofluorescence labelling for TLR4 in ipsilateral DRGs of OA-Vehicle (A) and OA-TLR4AI
(B) animals. Immunofluorescence cell counting analysis for TLR4 cytoplasmic labelling in L3, L4 and L5 ipsilateral DRG of OA-Vehicle and OA-TLR4AI animals (C and D),

after 15 days of chronic TLR4-Al administration.

TLR4 blockade, might account for the decrease in %TIPPI
in the second week of treatment.

As already mentioned, injured tissues in OA can gen-
erate several DAMPs that activate TLR4 present on the
cartilage, bone and synovium, which will lead to
a sustained production of several mediators with proin-
flammatory and pronociceptive effects.'” By mimicking
OA, MIA injection might cause chondrocyte apoptosis
and fibrosis at the articular joint, generating DAMPs.
Being the TLR4 responsible for their recognition and for
the expression of costimulatory molecules on antigen pre-
4245 TLR4-Al could be blocking this
immune-mediated response, possibly by preventing the

senting cells,

activation of the nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB) signaling pathway and the
production of TNF-a and IL-1B at the joint, which will

lead to a reduction in the excitability of primary afferent

neurons and to a reduction of movement-related
nociception.** Park et al'' have also recently showed that
intra-articular administration of TAP2, a peptide antagonist
of TLR4, suppressed the expression of pro-inflammatory
cytokines at the joint of OA animals and also reduced the
secondary mechanical allodynia. ATF-3, an adaptive
response gene induced by a variety of stress signals,*® is
not expressed in most healthy intact neurons, but its
expression is induced following nerve injury,*® being asso-
ciated with neuroprotective and regenerative effects in the
peripheral nervous system.*’*® ATF-3 can be induced by
TLR4 signaling and behaves as a negative regulatory
transcription factor in TLR pathways, controlling the
inflammatory response, at least in antigen presenting

cells (APCs),”® most likely through attenuation of NF-kB
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Figure 5 TLR4 nuclear expression in DRG neurons. (A) Representative image of TLR4 nuclear labelling (arrows) in the ipsilateral DRG of an OA-TLR4AIl animal
(amplification of Figure 4B). Immunofluorescence cell counting analysis for TLR4 nuclear labelling the L3, L4 and L5 ipsilateral DRG of OA-Vehicle and OA-TLR4AI animals
(B and C), after 15 days of chronic TLR4-Al administration. *P < 0.05 significantly different from OA-vehicle (Unpaired t-test).

activity reduction via direct interaction with the p65
subunit.*” Neuroinflammatory environments at the joints
might be neurotoxic and trigger ATF-3 expression indir-
ectly, most possibly through nerve damage. So, as the
TLR4 pathway was being silenced by the TLR4 antago-
nist, it is possible that the inflammatory response was
being suppressed, since reduction of pro-inflammatory
cytokines have already been observed following adminis-
tration of TLR4-A1,°° thus reducing the neurotoxic

environment, leading to a decreased expression of ATF-3
in DRG neurons.

Since TLR4 has been identified in neurons within the
DRG," it is possible that the primary afferent neurons
directly detect PAMPs and DAMPs independently of
classic immunocompetent cells, to send warning signals
to the brain.** Moreover, it has been shown that TLR4
DRG
Thus, in this study, we also evaluated

expression in the increases in neuropathic

conditions.>2
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Figure 6 ATF-3 expression in DRG neurons. (A and B) Representative images of immunofluorescence labelling for ATF-3 in ipsilateral DRGs of OA-Vehicle (A) and OA-
TLR4AI (B) animals. Immunofluorescence cell counting analysis for ATF-3 labelling (nuclear) in L3, L4 and L5 ipsilateral DRG of OA-Vehicle and OA-TLR4AI animals (C and
D), after 15 days of chronic TLR4-Al administration. *P < 0.05, **P < 0.0l significantly different from OA-vehicle (Unpaired t-test).

TLR4 expression in DRG after TLR4-A1 administration
to assess if the antagonist was having an effect not only
through its action on the joint but also at the DRG level.
TLR4 administration did not decrease TLR4 expression
in DRG neurons, which lead us to hypothesize that the
antagonist has not a direct effect on the TLR4 expressed
i the fact,
a pharmacodynamic perspective, given the low expected
permeability of the TLR4Al through the blood-brain
barrier (it is a quaternary ammonium compound contain-
ing long alkyl chains), the effects observed could be
blockage.

in neuronal  perikarya. In from

preferentially mediated by peripheral
However, DRG lack a protective surrounding capsular
membrane, like the perineurium, and an efficient neuro-
vascular barrier, like in the CNS, which indicates that,
theoretically, DRG neurons can readily be targeted by
intravenous

systemic delivery approaches, such as

injection.”” Furthermore, given the well-known presence

of TLR4 receptors in primary sensory neurons>" as well
as in resident and recruited macrophages,” we cannot
exclude an effect of TLR4-Al at this level.

While the neuronal TLR4 expression was predomi-
nantly cytoplasmic, nuclear expression was also observed
in the DRG of OA animals in our study. In addition,
TLR4-A1 increased the neuronal nuclear expression of
TLR4 in the L3 DRG, although the reason for this is
unclear. Though this is not a common observation, other
authors have already described nuclear expression of
TLR4 in other cell types.’®>® However, the precise impli-
cation of this is not understood. Janardhan et al’® showed
nuclear localization of TLR4 in lung cells, which coloca-
lized with LPS. Yet, it was not clear if the TLR4-LPS
complex was formed in the cell surface or in the cytoplasm
prior to its migration into the nucleus, or whether this
complex was formed in the nucleus with pre-existing
TLR4.>°
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Recently, a protective role of TLR4 in cartilage
homeostasis has been suggested, which might indicate
a double-edge function of this receptor in OA pathophy-
siology. Chondrocytes isolated from TLR2 and TLR4
double knockout showed reduced anti-oxidative stress
capacity and impaired autophagy flux, which could indi-
cate chondrocyte dysfunction and compromise their
homeostasis.”® In agreement, we observed no improve-
ment in the histopathology of the joint of OA animals
receiving the TLR4 antagonist, despite the reduction in
nociception and in neuronal injury, which reinforces the
possible distinct actions of the TLR4 pathway. This is in

1" which showed

contrast with the study of Park et a
a reduction of cartilage degradation upon TAP2 admin-
istration. However, since inflammatory events involving
TLR4 are complex, the two antagonists might produce

different effects in the downstream pathway.

Conclusions

In conclusion, we hypothesize that DAMPs liberated
by the damaged tissue in the extracellular joint milieu
activate TLR4 present in different joint tissues, there-
fore triggering the TLR4 signalling cascade. As already
described, TLR4 activation culminates in the transcrip-
tion and expression of cytokines, chemokines, and
other immune mediators that are neurotoxic to the
primary afferent neurons innervating the joint. ATF-3
expression in DRG neurons is thus induced, as
a negative feedback response, in an attempt to prevent
TLR4 antagonist

administration possibly interrupts this TLR4 cascade,

additional neuronal injury. The

decreasing the inflammatory environment, and as
a consequence the ATF-3 expression, and improving

the nociceptive symptoms.
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