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Changes to the activity and sensitivity of nerves
innervating subchondral bone contribute to pain in
late-stage osteoarthritis

Michael Morgan, Jenny Thai, Vida Nazemian, Richard Song, Jason J. Ivanusic*

Abstract \
Although it is clear that osteoarthritis (OA) pain involves activation and/or sensitization of nociceptors that innervate knee joint

articular tissues, much less is known about the role of the innervation of surrounding bone. In this study, we used monoiodoacetate
(MIA)-induced OA in male rats to test the idea that pain in OA is driven by differential contributions from nerves that innervate knee
joint articular tissues vs the surrounding bone. The time-course of pain behavior was assayed using the advanced dynamic weight-
bearing device, and histopathology was examined using haematoxylin and eosin histology. Extracellular electrophysiological
recordings of knee joint and bone afferent neurons were made early (day 3) and late (day 28) in the pathogenesis of MIA-induced OA.
We observed significant changes in the function of knee joint afferent neurons, but not bone afferent neurons, at day 3 when there
was histological evidence of inflammation in the joint capsule, but no damage to the articular cartilage or subchondral bone.
Changes in the function of bone afferent neurons were only observed at day 28, when there was histological evidence of damage to
the articular cartilage and subchondral bone. Our findings suggest that pain early in MIA-induced OA involves activation and
sensitization of nerves that innervate the joint capsule but not the underlying subchondral bone, and that pain in late MIA-induced OA
involves the additional recruitment of nerves that innervate the subchondral bone. Thus, nerves that innervate bone should be

considered important targets for development of mechanism-based therapies to treat pain in late OA.
Keywords: osteoarthritis, osteoarthritis pain, bone afferent neurons, bone nociceptors

1. Introduction

Osteoarthritis (OA) is a chronic inflammatory condition of the joints
leading to swelling, stiffness, and pain. It is characterized by focal
loss of articular cartilage in synovial joints and is associated with
varying degrees of synovitis and subchondral bone damage."
Although the focus on finding treatments for OA has been on
stopping or slowing disease progression, significant improve-
ments to quality of life and economic burden can be made
by treating the underlying pain and thereby prolonging
the time to joint replacement surgery. The joint capsule,
synovium, and subchondral bone are all innervated by nerve
endings that are activated and sensitized by noxious
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stimuli#*+27:28.31.83:89.47-49.54.74 and therefore constitute targets

for mechanism-based therapies to treat OA pain.

There has been significant focus on the innervation of the
articular tissues because of the ease of experimental access in
animal models. Both the synovium and joint capsule are
innervated by nociceptors that respond to noxious mechanical
stimulation and known algesic substances, and that can be
sensitized by inflammatory mediators in OA.*6:8:23:81:42.43.54.56.65
In studies of humans with OA, synovitis provokes pain via
mediators of inflammation and there are reports of associations
between knee pain and the degree of OA synovitis.?®"® However,
whereas radiographic evidence of joint damage predisposes to
pain, the severity of the damage to the joint bears little relation to
the severity of the pain experienced.®'"**3 This suggests that
activation of articular nociceptors may not be the critical factor for
severe pain experienced by patients with OA.

In recent years, there has been a growing awareness of the
involvement of subchondral bone in the pathogenesis of OA
pain.?%272 When articular cartilage breaks down with disease
progression, several changes in the subchondral bone become
obvious, including osteochondral channels, microdamage, bone
marrow edema, and bone cysts.”'® This is the most debilitating
stage of the disease for which pain management is most
problematic. Of particular relevance, severe pain in patients with
OA s clearly correlated with radiological evidence of subchondral
bone lesions or inflammation, and the severity of pain is correlated
with the size of lesions.?'9675 There is also speculation from
experiments conducted during joint replacement surgery that in
advanced OA, severe pain may be caused by raised intraosseous
pressure in the bones around joints.'®”® Thus, it seems that
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subchondral bone is more important in the pathogenesis of OA
pain than originally thought, particularly at late-stage OA when
there is cartilage breakdown, and that changes to the function of
nerves that innervate the surrounding bone may drive pain during
this late stage of disease.

In this study, we have used electrophysiology to record directly
from nerves that innervate the knee joint and surrounding bones
in a rat model of monoiodoacetate (MIA)-induced OA, to
determine how OA affects their function.

2. Methods
2.1. Animals

Male Sprague-Dawley rats weighing between 200 and 250 g
were used in this study. Animals were housed in pairsina 12-hour
light/dark cycle and were provided with food and water ad libitum.
All experiments conformed to the Australian National Health and
Medical Research Council code of practice for the use of animals
in research and were approved by the University of Melbourne
Animal Experimentation Ethics Committee.

2.2. Induction of osteoarthritis

Osteoarthritis was induced by injection of MIA (Sigma-Aldrich, St
Louis, MO) into the left knee joint of animals. This is an established
model that is characterized by an acute inflansnmatory response in the
first week post-MIA injection, and significant cartilage breakdown
and damage to subchondral bone later in disease progression.'® It
results in rapid and reproducible changes in weight-bearing (within a
day post-MIA injection) that are related to acute inflammation of the
knee joint. Pain behavior persists beyond 28 days at which point it is
also associated with damage of subchondral bone.'*¢ Although
the time-course of pain behavior and histopathology in MIA-induced
OA is not entirely consistent with what is observed in humans with
OA, the model provides the opportunity to explore how inflansnmation
of the joint, and/or damage to subchondral bone, can impact on the
function of nerves innervating the knee joint and surrounding bone.
Animals were anesthetized with isoflurane (4% induction; 2.5%
maintenance). A topical local anesthetic (2% lignocaine) was applied
to the skin at the injection site and animals were given an intra-
articular injection of MIA (4.5 mg/50 L, in sterile saline). We chose a
high dose (4.5 mg) of MIA to ensure we were able to observe
significant changes in bone in a reasonable experimental timeframe.
Control animals received an intra-articular injection of sterile saline
(50 wb). In both cases, the solution was injected slowly and the joint
gently massaged after the needle was removed.

2.3. Dynamic weight-bearing to assay pain behavior

Weight-bearing was evaluated using the advanced dynamic
weight-bearing device (Bioseb, Boulogne, France) (Fig. 1A). This
apparatus consists of a clear Plexiglas chamber (22 X 22 X
30 cm), and a sensory pad composed of 1936 pressure
transducers, which is synchronized to a video camera mounted
to the top of the enclosure. This allows for simultaneous and
automated exploration of weight-bearing on each paw during
movement of the animals around the chamber and requires
minimal animal handling. Animals were habituated to the device 1
day before surgery. Behavioral testing was performed to generate
a baseline metric on the day of OA induction (day 0), and then at
days1,2,3,4,5,7,9,11,15, 18, 20, 23, and 28 after surgery, to
establish the time-course of pain behavior in MIA-induced OA.
Testing was performed by the same experimenter and at the
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same time each day, and analysis was performed blinded to the
experimental condition. The animals were allowed to move freely
within the chamber for 4 minutes at each testing time-point. The
data were analyzed, by a blinded investigator, using the
advanced dynamic weight-bearing device software (module
version 1.4.3.98; Bioseb). This involved assigning pressure zones
to the corresponding paws (front left, front right, rear left, and rear
right) for each time segment of the data. A zone was considered
valid when one pressure transducer recorded a weight of =4 g
and at least 2 adjacent pressure transducers recorded a weight of
=2 g. Atime segment was considered valid if the activated zones
were stable for =0.5 seconds. Animals were excluded if there
was less than 60 seconds of total validated time available, if there
was excessive grooming behavior during the recording period, or
if animals were exhibiting freezing behavior. Weight borne on the
hind limb injected with MIA or saline was expressed as a
percentage of the total weight borne on both hind limbs.

2.4. Histological assessment of joint and subchondral
bone pathology

Histological changes in the knee joint and surrounding bones
were assessed using haematoxylin and eosin at days 3 or 28 after
injection of MIA or saline. Haematoxylin and eosin was used
because it allows for easy identification of changes to both the
cartilage and surrounding bone, particularly in late MIA-induced
OA, and because it is easier to apply compared with other stains.
Animals were anaesthetized with an overdose of ketamine/
xylazine (ketamine 130 mg/kg, xylazine 10 mg/kg; i.p.) and were
perfused via the ascending aorta with 500 mL heparinized
phosphate buffered saline (PBS) followed by 500 mL of 4%
paraformaldehyde in PBS. The hind limb was removed and the
knee joint was dissected away from surrounding soft tissues,
paying careful attention to conserving the joint capsule and
surrounding subchondral bone. Dissected joints were postfixed
in 4% paraformaldehyde for 72 hours, washed in PBS, and
decalcified in 5% formic acid in water for 7 days. The formic acid
solution was changed every second day. The joints were washed
in running tap water, embedded in paraffin, and serially sectioned
in the coronal plane, at 100 wm intervals, into 4-pm-thick
sections. The sections were deparaffinized in xylene, rehydrated
in 100% and 70% ethanol followed by water, stained with
haematoxylin and eosin, dehydrated in 100% ethanol, and
cleared in xylene before being mounted onto glass slides with
CV mounting medium (Leica, lllinois). Sections were scored and
imaged with 2.5x objective and 10x objective using a Zeiss
Axioskop fluorescence microscope (Zeiss, Oberkochen, Ger-
many) fitted with an AxioCam MRm camera.

Histological changes to the joint and surrounding bone was
scored by a blinded investigator using a modified Osteoarthritis
Research Society International scale.’’ Table 1 outlines the
specific criteria used to score synovitis (thickening of the synovial
lining and infiltration of inflammatory cells), proteoglycan loss,
chondrocyte hypertrophy and clustering, cartilage breakdown,
subchondral bone changes, and the formation of osteophytes.
Scores ranged from zero (normal structure without any pathology)
to 3 (severe pathology) (Table 1).

2.5. Electrophysiological recordings

We used in vivo electrophysiology to determine how the function
of knee joint and/or bone afferent neurons is affected by MIA-
induced OA (Fig. 2). Recordings were made at either day 3 (when
evidence of histopathology is confined principally to the joint
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Figure 1. Time-course of MIA-induced pain behavior. (A) Weight-bearing was assessed using the advanced dynamic weight-bearing assay that measures
distribution of weight-bearing across each limb. (B) There was a significant reduction in weight-bearing on the injected hind limb, relative to the uninjected hind
limb, in MIA (n = 9) relative to saline (n = 10) injected animals, at all time-points tested (Bonferroni post hoc test *P < 0.05). Peak reduction in weight-bearing for
MIA-injected animals occurred at days 2 and 3, and weight-bearing was still markedly reduced at day 28. Data represent mean = SEM. MIA, monoiodoacetate.

capsule) or day 28 (when significant involvement of subchondral
bone is evident).

Rats were anesthetized with urethane (50% wt/vol, 1.5 g/kg;
i.p.). Rectal temperature was maintained within the physiological
range (36-37°C) with a servo-controlled heating pad. Dissections
were made to expose the medial articular nerve that innervates
the rat knee joint capsule,® or a small nerve that innervates the
subchondral bone of the rat tibia.*”~*° The medial articular nerve
was exposed by making a skin incision over the medial aspect of
the knee and thigh, and cutting it away from its parent saphenous
nerve. The nerve to the rat tibia was exposed by making a skin
incision along the medial aspect of the tibia, and removing the
medial head of the gastrocnemius muscle, to identify the nerve
entering bone at the posteromedial aspect of the tibia. Each nerve
was carefully teased away from its associated blood vessels and

membranes and placed on a platinum hook electrode for
extracellular recording. A second, indifferent electrode was
implanted into nearby muscle. The nerves were protected from
desiccation by using skin and/or muscle flaps to create a paraffin-
filled pool that was maintained at room temperature. The sciatic
and femoral nerves were transected high in the limb to prevent
reflex activation of muscle or sympathetic efferent fibers in the
nerves that we recorded from. Whole-nerve electrical activity was
amplified (X 1000) and filtered (high pass 100 Hz, low pass 3 kHz)
(DP-311 differential amplifier, Warner Instruments), sampled at
20 kHz (PowerlLab; ADInstruments, Bella Vista, Australia), and
stored to PC using LabChart recording software (ADInstruments).

Receptive fields of knee joint afferent neurons were identified
by mechanical stimulation, delivered by applying a series of
calibrated von Frey filaments (up to 4 g) to their peripheral

Scoring criteria for histopathology.

Score

0—normal

1—mild

2—moderate

3—severe

Synovitis

1 layer of synovial lining cells; no
inflammatory cell infiltration

2-3 layers of synovial lining cells,
no or mild inflammatory cell
infiltration

4-5 layers of synovial lining cells,
moderate inflammatory cell
infiltration

>5 layers of synovial lining cells,
significant inflammatory cell
infiltration

Proteoglycan loss

No proteoglycan loss

Proteoglycan loss in the superficial
part of the cartilage

Proteoglycan loss in the superficial
and middle parts of the cartilage

Proteoglycan loss through the full
thickness of the cartilage

Chondrocyte hypertrophy
and clustering

No hypertrophy or decrease in
number of chondrocytes, no loss of
columns, <5 cells/cluster

Hypertrophy and focal decrease in
number of chondrocytes at the
surface of the cartilage, mild loss of
columns, <5 cells/cluster

Hypertrophy and multifocal
decreases in the number of
chondrocytes, moderate loss of
columns, 5-7 cells/cluster

Hypertrophy and extensive
decrease in number of
chondrocytes, extensive loss of
columns, >7 cells/cluster

Cartilage degradation

No degradation of cartilage

Fissures extending into the
superficial cartilage: <10% from
the cartilage surface

Fissures extending into the middle
of the cartilage

Fissures extending into the deepest
part of the cartilage, full thickness
degradation of cartilage to the
tidemark, collapse of articular
cartilage into the epiphysis

Subchondral bone
changes

Normal

Focal fragmentation of calcified
cartilage at the tidemark

Marked fragmentation of calcified
cartilage at the tidemark,
mesenchymal changes involving
up to 1/2 of the subchondral bone
under the fragmentation

Significant fragmentation of the
calcified cartilage at the tidemark,
mesenchymal changes involving
over 1/2 of subchondral bone
under the fragmentation, may
include bone cyst

Osteophyte formation

Minimal proliferative changes
<200 pm diameter

Osteophyte: 200-299 pm in
diameter

Osteophyte: 300-399 pm in
diameter

Osteophyte >400 p.m in diameter
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Figure 2. Schematic of the knee joint showing key features of monoiodoa-
cetate-induced osteoarthritis and approaches to recording from nerves that
innervate the joint capsule vs subchondral bone.

endings in the medial aspect of the joint capsule. Each filament
was applied perpendicular to the surface of the joint capsule and
was maintained for at least 4 seconds. The receptive fields of
knee joint afferent neurons identified in this way are relatively
discrete, so spikes arising from single, mechanically sensitive
knee joint afferent neurons were easily discriminated from the
whole-nerve recordings by their similar amplitude and duration.
The threshold for mechanical activation of each of the
discriminable knee joint afferent neurons was defined at the
lowest force filament that produced action potential discharge.
Discharge frequency was calculated from the number of action
potentials that fired during the first 4 seconds of a supra-
threshold stimulus (4 g von Frey stimulation) and was expressed
as the number of action potentials/second (Hz). The location of
receptive fields was mapped on a diagram, relative to clear
landmarks such as blood vessels etc.

Receptive fields of bone afferent neurons buried deep in the
marrow cavity were not accessible using our preparation, so
mechanical stimulation was instead delivered to the endings of
bone afferent neurons by raising intraosseous pressure in the
marrow cavity. This was achieved by injection of heparinized
(0.17 IU/mL) physiological saline (0.9% sodium chloride) through
a needle that was connected to a feedback-controlled syringe
pump (PHD ULTRA pump; Harvard apparatus, Holliston, MA)
with polyethylene tubing. The input pressure to the bone was
measured using a bridge amplified (TAM-D amplifier) signal
derived from a pressure transducer (APT300 transducer), placed
to measure the input pressure to the bone. The pump uses this as
feedback to adjust flow through the system to control and
maintain constant input pressures. We used this feature to apply
a ramp-and-hold mechanical stimulus with an initial flow rate of
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7 mL/min during the ramp (rising) phase, and a constant 300 mm
Hg of pressure delivered for a 15-second duration during the hold
phase. Nerve impulses arising from single, A8 mechanically
sensitive bone afferent neurons were discriminated from the
whole-nerve recordings by their similar amplitude and duration.
We were not able to isolate individual C-fiber bone afferent
neurons because they did not have clearly discriminable
amplitudes and/or durations. However, we report data for all
spikes with amplitudes consistent with C-fiber activity in whole-
nerve recordings of nerve to the rat tibia. This allows us to assess
if there are changes in the discharge frequency of C-fiber bone
afferent neurons at the whole-nerve level.

The threshold for mechanical activation of bone afferent
neurons was calculated from the rising phase of the pressure
stimulus. Discharge frequency was reported over the entire
ramp-and-hold pressure stimulus and was expressed as the
number of action potentials/second (Hz).

The conduction velocity of knee joint afferent neurons was
determined by electrical stimulation with a bipolar silver electrode
(0.5 Hz, 0.02-2 ms pulse duration, 0.05-10 V). Conduction
velocity was calculated by dividing the distance between the
electrical stimulation site and the recording electrode, by the time
taken for an action potential elicited by the electrical stimulus to
reach the recording electrode. In all cases, we were able to
identify unitary spikes on electrical stimulation that matched the
size and shape of spikes evoked by mechanical stimulation of the
receptive field. A8 fibers were classified as those with conduction
velocities between 2.5 and 12 m/s, whereas C fibers were
classified as those with conduction velocities slower than 2.5 m/s.
We were unable to routinely record the conduction velocities of
bone afferent neurons in each experiment because we could not
electrically stimulate the receptive fields of individual units buried
deep inside the marrow cavity. Instead, we classified spikes as
originating from C or A3 fibers on the basis of previously published
experiments using the same recording configuration in which we
demonstrated a linear relationship between conduction velocity
and peak-to-peak action potential amplitude for units activated
with a 300-mm Hg pressure stimulus applied to the marrow cavity
(see Refs. 47 and 49). In these previous experiments, single units
were discriminated in the whole-nerve recordings according to
their amplitude and duration using Spike Histogram software
(LabChart 8, ADInstruments). Conduction velocities were de-
termined using 2 recording electrodes with a distance of 7 to
10 mm between electrodes. Action potentials recorded at the
second electrode, which were time-locked to those recorded at
the first electrode, were considered as originating in the same
axon. Conduction velocities were estimated by dividing conduc-
tion time between the electrodes by the distance between
electrodes. Units with A8 conduction velocities (2.5-12.5 m/s)
had action potential amplitudes between 47 to 145 .V, and units
with C conduction velocities (<2.5 m/s) had small amplitude
action potentials (<40 wV). Thus, in this study, we define spikes
with peak-to-peak amplitudes of between 40 to 145 wV as being
derived from AS fibers, and spikes with peak-to-peak amplitudes
of less than 40 pV as derived from C fibers. Some very fast
conducting units were observed but these had very large
amplitude spikes (>145 pV) and had receptive fields outside of
the marrow cavity (they responded to gentle probing of the
periosteum or muscle adjacent to the bone). It is possible that
these units represent low-threshold mechanoreceptors, in
surrounding periosteum or muscle, that were mechanically
activated by leakage of saline from the marrow cavity, through
Volkmann canals and into surrounding tissue. They were
relatively rare and were excluded from further analysis.
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Figure 3. Monoiodoacetate-induced changes in the histology of the knee joint and surrounding bone. (A) Low-power photomicrograph of a knee joint and
surrounding bone showing histological changes at 3 days post-MIA injection. Inset A1 shows a higher-power view of the synovium and the joint capsule, to
highlight thickening of the synovial cell layers and inflammatory cell infiltration of the synovium and joint capsule at 3 days post-MIA injection. Inset A2 shows a
higher-power view of the articular cartilage and subchondral bone, highlighting it is normal at 3 days post-MIA injection. (B) Low-power photomicrograph of a knee
joint and surrounding bone showing histological changes at 3 days after saline injection. Inset B1 shows a higher-power view of the synovium and the joint capsule,
to highlight normal synovium and a lack of inflammatory cell infiltration at 3 days after saline injection. Inset B2 shows a higher-power view of the articular cartilage
and subchondral bone, highlighting it is normal at 3 days after saline injection. (C) Low-power photomicrograph of a knee joint and surrounding bone showing
histological changes at 28 days post-MIA injection. Inset C1 shows a higher-power view of the synovium and the joint capsule, along with some articular cartilage
and subchondral bone, to highlight thickening of the synovial cell layers and inflammatory cell infiltration of the synovium and joint capsule, and extensive
remodeling of the subchondral bone, at 28 days post-MIA injection. Inset C2 shows a higher-power view of the articular cartilage and subchondral bone
highlighting marked proteoglycan and chondrocyte loss (arrowheads), fragmentation of the articular cartilage (arrow), and extensive remodeling and inflammation
of the subchondral bone. (D) Low-power photomicrograph of a knee joint and surrounding bone showing histological changes at 28 days after saline injection.
Inset D1 shows a higher-power view of the synovium and the joint capsule, to highlight normal synovium and a lack of inflammatory cell infiltration at 28 days after
saline injection. Inset B2 shows a higher-power view of the articular cartilage and subchondral bone highlighting it is normal at 28 days after saline injection. Scale
bars in low-power photomicrographs = 500 wm. Scale bars in insets = 100 wm. syn, synovium; inf, inflammatory cell infiltration; ct, articular cartilage; bn, bone;
MIA, monoiodoacetate.

To determine whether MIA-induced OA increases spontaneous  sampled from the whole-nerve recordings, and spontaneous activity
activity in the medial articular nerve, or the nerve to the rat tibia, a ~ was expressed as the number of spikes per second (Hz).
continuous whole-nerve recording was made over a 5-minute To determine whether MIA-induced OA increases the mechanical
period, 10 minutes after the nerve was applied to the electrode. Al sensitivity of knee joint or bone afferent neurons, comparisons of
spikes with positive and/or negative peaks clearly above noise were  threshold for mechanical activation and discharge frequency in
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Histology scores.

Day 3—Animal # Saline (n = 6 day 3) MIA (n = 6 day 3) One-sample f test
#1 #2 #3 #4 #5 #6 Mean #1 #2 #3 #4 #5 #6 Mean
Synovitis 0 0 0 0 0 0 0 3 3 3 1 3 2 2.5 P<0.05
Proteoglycan loss 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ns
Chondrocyte hypertrophy and clustering 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ns
Cartilage degradation 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ns
Subchondral bone changes 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ns
Osteophyte formation 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ns

Day 28—Animal # Saline (n = 6 day 28)

MIA (n = 6 day 28) One-sample £ test

#1  #2 #3 #4 #5 #6 Mean #1 #2 #3 #4 #5 #6 Mean
Synovitis 0 0 0 0 0 0 0 1 1 1 0 1 2 1 P<0.05
Proteoglycan loss 0 0 0 0 0 0 0 3 3 3 3 3 3 3 P<0.05
Chondrocyte hypertrophy and clustering 0 0 0 0 0 0 0 3 3 2 3] 3 3 2.8 P<0.05
Cartilage degradation 0 0 0 0 0 0 0 3 3 2 1 3 3 2.5 P<0.05
Subchondral bone changes 0 0 0 0 0 0 0 3 3 8 8 3 3 3 P<0.05
Osteophyte formation 0 0 0 0 0 0 0 1 1 1 1 3 2 1.5 P<0.05

MIA, monoiodoacetate.

response to mechanical stimulation were made between animals
injected with MIA and those injected with saline (control).

All animals that were recorded from were killed by decapitation,
while still anesthetized by urethane, at the end of each experiment.

2.6. Statistical analyses

Statistical analyses were performed using Prism (GraphPad
Prism; GraphPad Software). Comparison of pain behavior over
time was analyzed using a two-way analysis of variance (ANOVA)
with repeated measures (MIA vs saline), followed by Bonferroni
post hoc testing only if the ANOVA indicated a significant
difference. Because the mean histological scores for the saline
controls were zero and had no variance, the data for the MIA
histological scores were analyzed using a one-sample t test (with
a hypothesized mean score of zero). Comparisons of whole-
nerve spontaneous activity at each time-point were made using
unpaired t tests (MIA vs saline). Comparisons of the response of
single A3 and C knee joint afferent neurons, and Ad bone afferent
neurons, to mechanical stimulation were evaluated using a
mixed-model nested t test (MIA vs saline). A mixed-model design
was used to avoid potential errors related to pseudoreplication for
electrophysiological data that included multiple cells derived from
a single recording preparation. Comparisons of the response of C
bone afferent neurons in whole-nerve recordings were made with
unpaired t tests (MIA vs saline). In all cases, P < 0.05 was used to
define statistical significance. In cases where multiple action
potential units were isolated from a single recording, N = number
of action potential units and n = number of animals/recordings.

Results

3.1. Changes in weight-bearing resulting from
monoiodoacetate-induced osteoarthritis are established by
day 1 and persist for at least 28 days

There was a rapid decrease in weight-bearing on the injected limb
of MIA-injected animals, but not saline-injected animals, that was

established by day 1 and persisted to at least day 28 (two-way
ANOVA with repeated measures; Bonferroni multiple compari-
sons; Fig. 1B). Peak reductions in weight-bearing for MIA-
injected animals occurred at days 2 and 3. Weight-bearing was
relatively stable after this time and was still markedly reduced at
day 28.

3.2. Histological changes are confined to the joint in early
monoiodoacetate-induced osteoarthritis and extend to the
bone in late monoiodoacetate-induced osteoarthritis

At day 3, MIA-injected animals had obvious histological changes
associated with inflammation of the soft tissues of the joint,
including thickening of the synovial lining of the joint capsule and
infiltration of inflammatory cells (Fig. 3A and Table 2). However, at
this time-point, there was no evidence of proteoglycan loss,
chondrocyte hypertrophy and clustering, or degradation of the
articular cartilage, and no evidence of fragmentation of calcified
cartilage at the tidemark, mesenchymal changes, or osteophyte
formation in the surrounding subchondral bone (Fig. 3A and
Table 2). There were also no histological changes in saline-
injected control animals (Fig. 3B and Table 2). Statistical
analyses confirmed a significant increase in the score for
histological findings relating to the soft tissues, but not in the
score for each of the histological findings relating to articular
cartilage and bone, in MIA-injected animals (one-sample t test;
Table 2).

At day 28, there were still obvious histological changes
associated with inflammation in the soft tissues of the joint of
MIA-injected animals, albeit with a mean score that was lower
than for day 3 (Fig. 3C and Table 2). However, at this same time-
point, MIA-injected animals also showed clear evidence of
proteoglycan loss, chondrocyte hypertrophy and clustering,
degradation of the articular cartilage, fragmentation of calcified
cartilage at the tidemark, and mesenchymal changes and
osteophyte formation in the surrounding subchondral bone
(Fig. 3C and Table 2). There were no histological changes in
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saline-injected control animals at day 28 (Fig. 3D and Table 2).
Statistical analyses confirmed a significant increase in the score
for each of these findings in MIA-injected animals (one-sample t
test; Table 2).

3.3. Electrophysiological changes are confined to knee joint
afferent neurons in early monoiodoacetate-
induced osteoarthritis

At day 3, the individual AS neurons recorded from the medial
articular nerve of animals injected with MIA had reduced
thresholds for mechanical activation (nested t test), and increased
mechanically evoked discharge frequencies (nested t test),
relative to those injected with saline (Figs. 4A and B). At this
time-point, there was also a reduction in the threshold for
mechanical activation (nested t test), and an increase in discharge
frequency (nested t test), of individual C-fiber neurons recorded
from the medial articular nerve of animals injected with MIA,
relative to those injected with saline (Figs. 4C and D). In addition,
spontaneous activity in whole-nerve recordings made from the
medial articular nerve was markedly increased in MIA-injected
animals relative to saline-injected animals (f test; Fig. 4E). Thus,
knee joint afferent neurons are activated and sensitized in early
MIA-induced OA and contribute to pain signaling when there is
evidence of inflammation of the joint capsule.

By contrast, at day 3, there were no changes in the threshold
for mechanical activation (nested t test), or the mechanically
evoked discharge frequency (nested t test), of individual A8
neurons recorded from the nerve to the rat tibia of animals
injected with MIA, relative to those injected with saline (Figs. 5A
and B). There were also no changes in the mechanically evoked
discharge frequency of C-fiber neurons recorded from the nerve
to the rat tibia of animals injected with MIA, relative to those
injected with saline (unpaired t test; Fig. 5C). Because we were
unable to isolate the activity of individual C-fiber neurons in the
bone-nerve preparation, the thresholds for activation for C-fiber
units could not be ascertained. In addition, there was no
difference in spontaneous activity in whole-nerve recordings
from the nerve to the rat tibia in MIA-injected animals, relative to
saline-injected animals, at day 3 (unpaired t test; Fig. 5D). These
findings indicate that bone afferent neurons have no role in pain
signaling in early MIA-induced OA.

3.4. Electrophysiological changes in bone afferent neurons
are evident only in late monoiodoacetate-
induced osteoarthritis

At day 28, there was a reduction in the threshold for mechanical
activation (nested t test), but no change in the mechanically
evoked discharge frequency (nested t test), of individual A8
neurons recorded from the medial articular nerve of animals
injected with MIA, relative to those injected with saline (Figs. 6A
and B). There was also a reduction in the threshold for
mechanical activation (nested t test), and an increase in discharge
frequency (nested t test), of individual C-fiber neurons recorded
from the medial articular nerve of animals injected with MIA,
relative to those injected with saline (Figs. 6C and D). Thus, knee
joint afferent neurons remain sensitized even at day 28 post-MIA
injection. However, at this time-point, there was no difference in
spontaneous activity in whole-nerve recordings made from the
medial articular nerve in MIA, relative to saline-injected animals
(unpaired t test; Fig. 6E).

Importantly, at day 28, there was a reduction in the threshold
for mechanical activation (nested t test), and an increase in the

PAIN®

mechanically evoked discharge frequency (nested t test), of
individual A3 neurons recorded from the nerve to the rat tibia of
animals injected with MIA, relative to those injected with saline
(Figs. 7A and B). There was also an increase in the mechanically
evoked discharge frequency of C-fiber neurons recorded from
the nerve to the rat tibia of animals injected with MIA, relative to
those injected with saline (unpaired t test; Fig. 7C). There was no
difference in spontaneous activity in whole-nerve recordings in
MIA-injected animals, relative to saline-injected animals, at day 28
(unpaired t test; Fig. 7D). These changes in activity and/or
sensitivity of bone afferent neurons at day 28 were not observed
at day 3 and clearly indicate that bone afferent neurons contribute
to pain signaling in late MIA-induced OA, when there is evidence
of histopathology in the subchondral bone.

3. Discussion

Electrophysiological recording was used to determine how
nerves that innervate the knee joint and surrounding bones are
affected by MIA-induced OA in the rat. We observed significant
changes in the function of knee joint afferent neurons, but not
bone afferent neurons, early in progression of MIA-induced OA,
when there is histological evidence of inflammation in the joint
capsule, but no damage to either the articular cartilage or
surrounding subchondral bone. Changes in the function of bone
afferent neurons occurred later in progression of MIA-induced
OA, when there is histological evidence of damage to the articular
cartilage and surrounding subchondral bone. Our findings
suggest that pain induced by the acute inflammatory response
in early MIA-induced OA involves activation and/or sensitization of
nerves that innervate the joint capsule and synovium but not the
underlying subchondral bone, and that pain in late MIA-induced
OAinvolves the additional recruitment of nerves that innervate the
subchondral bone.

Patients with OA often present clinically with pain during activity,
stiffness, grinding, catching, swelling, and/or altered joint func-
tion.'*15:25 Clinical examination often reveals joint line tenderness
or crepitus,'* and a lack of significant evidence of radiographical
changes to the joint, scored at less than 2 on the Kellgren and
Lawrence scale.33” When patients experience flare-ups of night
pain or morning stiffness, it is usually accompanied by joint
effusion, suggesting the pain is related to inflammation.? Synovitis
provokes pain via mediators of inflammation and there are reports
of correlations between knee pain and the degree of OA
synovitis.?® Thus, inflammation of the joint capsule and synovium
is likely one of the main drivers of pain in OA.

Studies using in vivo recording of joint afferent neurons in the
cat and the rat report sensitization of As- and/or C-fiber neurons,
but not ApB-fiber neurons, to mechanical stimulation in the
presence of acute inflammation, 226" or upon application of
inflammatory mediators such as IL-6, IL-17, TNF, prostaglandins,
or bradykinin, among many others.5:3%:89:51:57.58.62.63 Thgre have
also been a number of studies showing that many of these
features are relevant to OA and, in particular, MIA-induced OA in
rats.*"*5-59 However, recordings in most of these latter studies
were made at day 14 post-MIA injection, a time at which there is
significant evidence of damage to articular cartilage and bone in
rat MIA-induced OA. Our findings clearly show that similar
changes in the function of A8- and C-fiber knee joint afferent
neurons occur in the acute, inflammatory phase of MIA-induced
OA, before there is any histological damage to the articular
cartilage or surrounding bone. Thus, the early effects of MIA-
induced OA on knee joint afferent neurons are likely a result of
inflaonmation confined to the joint, and there does not seem to be
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Figure 4. Monoiodoacetate-induced changes to function of knee joint afferent neurons at day. (A) Raw traces showing the response of A knee joint afferent
neurons to von Frey stimulation at various forces. Left column shows a neuron recorded 3 days after saline injection. Right column shows a neuron recorded 3 days
after MIA injection. (B) Group data showing a decrease in threshold for activation (left; nested t test, *P < 0.05) and an increase in discharge frequency (right; nested
t test, *P < 0.05) for single A knee joint afferent neurons recorded at day 3 post-MIA (N = 12, n = 8), relative to saline (N = 14, n = 8) injection. (C) Raw traces
showing the response of C knee joint afferent neurons to von Frey stimulation at various forces. Left column shows a neuron recorded 3 days after saline injection.
Right column shows a neuron recorded 3 days after MIA injection. D, Group data showing a decrease in threshold for activation (left; nested t test, *P < 0.05) and
an increase in discharge frequency (right; nested t test, *P < 0.05) for single C knee joint afferent neurons recorded at day 3 post-MIA (N = 8, n = 7), relative to
saline (N = 6, n = 6) injection. E, Raw traces (left) and group data (right; unpaired t test, *P < 0.05) showing a change in spontaneous activity of knee joint nerves
recorded 3 days after MIA (n = 8), relative to saline (n = 8) injection. Data represent mean + SEM. MIA, monoiodoacetate.

Saline

a role for changes in the function of nerves innervating the
surrounding tissues such as bone at this early stage. Interestingly,
our findings indicate that although some (C-fiber) knee joint
afferent neurons continue to be sensitized in late-MIA-induced
OA, there is a distinct lack of spontaneous activity in the medial
articular nerve, and some (A3-fiber) knee joint afferent neurons do

not have altered activity levels at this late time-point. Furthermore,
this seems to be associated with less defined histological
changes in the synovium and joint capsule in late, relative to
early, MIA-induced OA. Thus, knee joint afferent neurons may be
particularly important during acute inflammation of the knee and
may have less of a contribution to pain signaling in late MIA-
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Figure 5. Monoiodoacetate-induced changes to function of bone afferent neurons at day 3. (A) Raw traces showing the response of bone afferent neurons, in
whole-nerve recordings, to a ramp-and-hold intraosseous pressure stimulus 3 days after saline (left) or MIA (right) injections into the knee joint. (B) Group data
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showing no change in spontaneous activity of the bone nerve recorded 3 days after MIA (n = 8) relative to saline (n = 5) injection. Data represent mean + SEM. MIA,

monoiodoacetate.

induced OA when there is less evidence of inflammation in the
joint.

Severe pain in late OA is the main reason that patients present
to the clinical environment, and it predisposes patients to knee
joint replacement therapy.®2526% Thus, understanding the
pathogenesis of pain at this late stage of disease is critical for
the development of targeted therapies to treat it. Although
synovitis presents in late-stage OA, and there is a documented
association between synovitis and pain, the severity of the
damage to the joint capsule and synovium bears little relation to
the severity of the pain experienced.®'"**3® This suggests that
activation and/or sensitization of articular nociceptors may not be
the only drivers of severe pain experienced by patients with OA.
By contrast, severe pain in patients with late OA is clearly
correlated with radiological evidence of subchondral bone lesions

and/or inflammation, and the severity of the pain is correlated with
the size of the lesions.’13:16:36:60.75 Eor example, Felson et al.'®
performed a cross-sectional observational study on 401 patients
with knee OA using visual analogue and WOMAC scales to
capture pain outcomes. They reported that subchondral bone
lesions were found in 272 of 351 (77.5%) patients with painful
knees vs 15 of 50 (30%) patients without knee pain, and that the
size of the bone lesion was independently associated with pain.
Aso et al." more recently reported, in another cross-sectional
study on over 1400 patients, that the size of bone marrow lesions
correlated specifically with weight-bearing pain.

Our finding that changes in the function of bone afferent
neurons only occur late in MIA-induced OA, when there is
histological evidence of damage to the articular cartilage and
surrounding subchondral bone, further suggests that the
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Figure 6. Monoiodoacetate-induced changes to function of knee joint afferent neurons at day 28. (A) Raw traces showing the response of A3 knee joint afferent
neurons to von Frey stimulation at various forces. Left column shows a neuron recorded 28 days after saline injection. Right column shows a neuron recorded 28
days after MIA injection. (B) Group data showing a decrease in threshold for activation (left; nested t test, *P < 0.05), but no change in discharge frequency (right;
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showing the response of C knee joint afferent neurons to von Frey stimulation at various forces. Left column shows a neuron recorded 28 days after saline injection.
Right column shows a neuron recorded 28 days after MIA injection. (D) Group data showing a decrease in threshold for activation (left; nested t test, *P < 0.05) and
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Figure 7. Monoiodoacetate-induced changes to function of bone afferent neurons at day 28. (A) Raw traces showing the response of bone afferent neurons, in
whole-nerve recordings, to a ramp-and-hold intraosseous pressure stimulus 28 days after saline (left) or MIA (right) injections into the knee joint. (B) Group data

showing a decrease in threshold for activation (left; nested t test, *P < 0.05) and

an increase in discharge frequency (right; nested t test, “P < 0.05) for single Ad

bone afferent neurons recorded at day 28 post-MIA (N = 16, n = 6), relative to saline (N = 15, n = 6) injection. (C) Group data showing an increase in discharge
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Raw traces (left) and group data (right; unpaired t test) showing no change in spontaneous activity of the bone nerve recorded 28 days after MIA (n = 5) relative to

saline (n = 4) injection. Data represent mean + SEM. MIA, monoiodoacetate.

severe pain late in disease progression involves nerves that
innervate the subchondral bone. A number of recent studies
have reported that bone afferent neurons can be activated and
sensitized by inflammatory mediators in bone, and/or respond
to noxious mechanical stimulation,****%47=59 providing mech-
anisms by which their function could be modulated in OA.
There is also evidence of changes to the sensory innervation of
subchondral bone in humans with OA,%®”" and in a number of
murine models of OA, including OA induced by mechanical
joint loading,”® anterior cruciate ligament tear,”® destabiliza-
tion of the medial meniscus,®® or in the lumbar facet joint.%°
These findings are important because they highlight the need
to target the peripheral sensory neurons that innervate bone, in
addition to those that innervate the joint, for therapeutic benefit
in late-stage OA to be realized.

There is also emerging evidence for a role for neuropathy of
peripheral sensory neurons in the pathophysiology of OA,2%:40:41
It is possible that the physiological changes to the function of
bone afferent neurons we have reported here are a response to
damage of their peripheral nerve terminal endings in subchondral
bone, resulting from destruction and/or remodeling of bone in
late-stage OA. It will be important in the future to determine
whether neuropathy affects bone afferent neurons and their
contribution to the pathogenesis of OA.

Identifying mechanisms related to the different stages of OA is
important because it could direct specific pain therapies to different
stages of the disease. In rat MIA-induced OA, NSAIDs reverse
weight-bearing pain and hyperalgesia in the first 2 weeks after
induction, but in later stages, only centrally acting drugs such as
morphine and gabapentin are effective. %% One of these studies
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confired that naproxen, an NSAID, also blocked spontaneous
activity from joint afferent neurons only during the early phase.'®
Bisphosphonates also reduce pain behavior in MIA-induced OA,””
and it seems they may reverse OA-induced pain when there is clear
evidence of alterations to subchondral bone innervation.”® They
might be most beneficial in certain subsets of patients with OA who
display high rates of subchondral bone turnover.”® Thus, it may be
necessary for novel therapies designed to treat OA pain to target
neuronal populations that innervate different tissues, and at different
stages of disease. Our new finding that pain in late MIA-induced OA
is associated with changes to the function of nerves that innervate
subchondral bone suggests that they are likely to be important
targets for development of mechanism-based therapies to treat pain
late in disease progression.
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