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s u m m a r y

Objective: Aiming to delineate novel neuro-immune mechanisms for NGF/TrkA signalling in osteoar-
thritis (OA) pain, we evaluated inflammatory changes in the knee joints following injection of mono-
iodoacetate (MIA) in mice carrying a TrkA receptor mutation (P782S; TrkA KI mice).
Method: In behavioural studies we monitored mechanical hypersensitivity following intra-articular MIA
and oral prostaglandin D2 (PGD2) synthase inhibitor treatments. In immunohistochemical studies we
quantified joint mast cell numbers, calcitonin gene-related peptide expression in synovia and dorsal root
ganglia, spinal cord neuron activation and microgliosis. We quantified joint leukocyte infiltration by flow
cytometry analysis, and PGD2 generation and cyclooxygenase-2 (COX-2) expression in mast cell lines by
ELISA and Western blot.
Results: In TrkA KI mice we observed rapid development of mechanical hypersensitivity and amplifi-
cation of dorsal horn neurons and microglia activation 7 days after MIA. In TrkA KI knee joints we
detected significant leukocyte infiltration and mast cells located in the vicinity of synovial nociceptive
fibres. We demonstrated that mast cells exposure to NGF results in up-regulation of COX-2 and increase
of PGD2 production. Finally, we observed that a PGD2 synthase inhibitor prevented MIA-mechanical
hypersensitivity in TrkA KI, at doses which were ineffective in wild type (WT) mice.
Conclusion: Using the TrkA KI mouse model, we delineated a novel neuro-immune pathway and suggest
that NGF-induced production of PGD2 in joint mast cells is critical for referred mechanical hypersensi-
tivity in OA, probably through the activation of PGD2 receptor 1 in nociceptors: TrkA blockade in mast
cells constitutes a potential target for OA pain.

© 2017 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

The neurotrophin nerve growth factor (NGF) is constitutively
produced and released by synovial fibroblasts in the joint and
sensitizes nociceptive neurons that express TrkA receptors and
innervate the joints1. Under inflammatory conditions, NGF
expression is up-regulated by cytokines, and inflammatory cells

such as mast cells release NGF2. Indeed, extracellular NGF levels are
higher in inflamed joints and NGF blockade with both TrkA-IgG
fusion protein and NGF monoclonal antibodies produces analgesic
effects in preclinical settings3,4. Relevantly, humanised monoclonal
anti-NGF antibodies are effective analgesics in people with osteo-
arthritis joint pain5. However, unexpected side effects such as
increased incidence of bone necrosis indicate that more studies are
needed to understand NGF-mediated regulation of osteoarthritis
(OA) pain.

In this preclinical study we use intra-articular monoiodoacetate
(MIA) injection as this OAmodel is associatedwith dose-dependent
and rapid pain-like responses in the ipsilateral limb, which persists
for several weeks. The ipsilateral joints display morphological
changes of the articular cartilage and bone disruption, which are
reflective of some aspects of patient pathology, as well as synovitis
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and macrophage infiltration3,6. Furthermore, this model of OA re-
flects specific changes in the NGF/TrkA system as follows: 1) the
TrkA antagonist AR786 shows both prophylactic and therapeutic
anti-nociceptive efficacy in MIA rats3; 2) local intra-articular in-
jection of NGF in MIA-knee joints facilitates the responses of spinal
cord neurons to extension of the knee joint7.

The most frequent types of immune cells found in people with
OA joints are macrophages, T cells and mast cells8 TrkA receptors
are expressed by mast cells and macrophages and their activation
by NGF leads to up-regulation and release of inflammatory medi-
ators, which sensitize joint nociceptors2.

With the aim to investigate neuro-immune mechanisms medi-
ated by NGF/TrkA signalling in OA pain, we have examined the
development of MIA-referred mechanical hypersensitivity and
joint pathology in wild type (WT) and mice carrying a mutation in
the TrkA receptor in which Proline 782 is mutated to Serine. This
TrkA mutation confers a defect on ubiquitination by Nedd4-2 (E3
ubiquitin ligase) which leads to 1) an increase in NGF-mediated
signalling; 2) approximately 30% increase of dorsal root ganglia
neurons; 3) increased sensitivity to noxious hot and cold, but not
mechanical, stimuli; 4) enhanced behavioural response to intra-
plantar formalin and 5) increased activation of spinal cord neurons
after formalin9,10.

Method

Animals

Studies were conducted in accordance with UK Home Office
regulations, International Association for the Study of Pain and
ARRIVE guidelines11. Male and female TrkAP782S (TrkA KI) and WT
littermates of C57BL/6 background, aged 3e6months old (25e35 g)
were housed under a 12-h light/dark cycle, with food and water
available ad libitum. In all studies, experimental groups were ran-
domized and an equal number of 3e6 months old-female and
-male transgenic mice was used and data combined. Experiments
were performed blind.

Behavioural testing

Mechanical withdrawal thresholds were assessed by calibrated
von Frey monofilaments (0.02e1 g, North Coast Medical Inc.)
application to the plantar surface of the hind paw. 50% paw with-
drawal threshold (PWT) was determined according to the “upe-
down” method12.

In the monoiodoacetate model mice received an intra-articular
injection of either saline or 0.7 mg MIA (SigmaeAldrich) in 10 mL
of sterile saline6.

Drug administration

A Tanezumab-like antibody (Levicept) or antibody control (IgG1,
kappa SigmaeAldrich, I5154), dissolved in sterile saline were
administered subcutaneously at 5 mg/kg, every 5 days, starting
from the day before MIA injections. HQL-79 (Tocris) was dissolved
in 0.5% methylcellulose. HQL-79 (3 and 10 mg/kg) or vehicle was
administered by oral gavage.

Immunohistochemistry

Seven days after MIA injection, mice were perfuse-fixed under
terminal anaesthesia through the ascending aorta with heparinised
saline followed by 4% paraformaldehyde fixative solution with 1.5%
picric acid inphosphate buffer (0.1M, pH7.4, PB). Sections fromknee
joints (30 mm), lumbar spinal cord (20 mm) and L3-L5 DRG (10 mm)

were incubated overnight with sheep antiecalcitonin gene-related
peptide (CGRP, 1:500, Enzo Life Sciences). Spinal cord sections were
incubated as follows: rabbit anti-c-Fos (1:1000, Cell Signaling Tech-
nology) followed by Alexa Fluor 488- or 546-conjugated antibodies
(1:1000;Molecular Probes); rabbit antie p-p38 (1:100, Cell Signaling
Technology) and biotinylated secondary antibody (1:400 biotin
donkey anti-rabbit, Jackson ImmunoResearch Labs); peroxidase
containing avidin-biotin complex (1:200, Vector Laboratories) and
biotinylated tyramide (NEN Life Science Products) which was
detected with ExtrAvidin-FITC (1:500, SigmaeAldrich); rabbit anti-
Iba-1 (1:100 Wako Pure Chemical Industries Ltd.) followed by Alexa
Fluor 546-conjugated antibody (1:1000; Molecular Probes). Knee
joint sections were incubated with anti-cluster of differentiation 117
(CD117, 1:1000 R&D Systems) or antiecalcitonin gene-related pep-
tide (CGRP). In control experiments, no staining was visible when
joint, spinal cord or DRG sections were processed for immunohisto-
chemistry with omission of the primary antibody. All slides were
mounted with Vectashield Mounting Medium containing nuclear
marker 49,6-diamidino-2-phenylindole$2HCl (DAPI; Vector Labora-
tories), and visualized using a Zeiss Axioplan 2 fluorescent micro-
scope (Zeiss). Acquisition parameters remained constant and
unprocessed images were used for analysis and quantification.

Quantitative assessment of fluorescent intensity

DRG neurons were identified and cell bodies were selected as
regions of interest (ROI) using ImageJ software (NIH). At least 200
neurons were sampled, in serial sections at a distance of at least 10
sections (i.e., 100 mm) apart. c-Fos immunoreactivity was deter-
mined by counting number of positive profiles within a region
defined as laminae I and II, using Axiovision LE 4.8 software (Zeiss).
Iba-1 and p-p38 immunoreactivity was determined by counting
number of positive profiles within three 2.25 � 104 mm2 boxes in
laminae IeIII. Knee joint sections were examined at 10� magnifi-
cation to identify areas with the highest nerve fibre or cell density
in the synovium. The length of nerve fibres was determined by
manually tracing them from Z-stack images using Axiovision LE 4.8
software (Zeiss) and reported as density of fibres per volume of
synovium e area of synovium � thickness (30 mm) e as described
previously13. CD117þ mast cells were counted and data was
expressed as density of cells per volume of synovium13.

Western blotting

RBL-2H3 cells were homogenized in lysis buffer and 30mg/ml of
protein was loaded on a 10% SDS-PAGE gel. Proteins were wet-
transferred using the Bio-Rad system (Bio-Rad Laboratories) and
blots were probed overnight with rabbit anti-cyclooxygenase-2
(COX-2) (1:5000; Abcam), incubated with HRPeconjugated anti-
rabbit immunoglobulin (Dako) and visualised with BioSpectrum
System (Ultra-Violet Products Ltd). Bands were analysed with
Quantity One (Bio-Rad Laboratories). b-actin (1:1000; Cell
Signaling) was used as loading control.

Flow cytometry

Seven days after OA induction, the skin and muscle were
removed and the knee joint isolated with care not to damage the
bone and release bone marrow content. Knee joints were digested
in serum-free RPMI containing collagenase D (0.5 mg/ml) and
DNAse (40 mg/ml). Isolated cells were incubated with Fc block anti-
mouse CD16/CD32 (Clone 2.4G2, BD Biosciences) followed by
fluorochrome-conjugated anti-mouse antibodies: CD45.1-Pacific
Blue™ (Clone 30-F11, BioLegend), F4/80-PE (Clone BM8, eBio-
science), CD11b-APC (Clone M1/70, eBioscience), CD117-PeCy7
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