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Abstract

Background Studying pain in rodent models of arthritis is challenging. For example, assessing functional changes
in joint neurons is challenging due to their relative scarcity amongst all sensory neurons. Additionally, studying pain
behaviors in rodent models of arthritis poses its own set of difficulties. Commonly used tests, such as static weight-
bearing, often require restraint, which can induce stress and consequently alter nociception. The aim of this study
was to evaluate two emerging techniques for investigating joint pain in mouse models of rheumatoid- and osteo-
arthritis: In vivo calcium imaging to monitor joint afferent activity and group-housed home cage monitoring to assess
pain-like behaviors. Specifically, we examined whether there was increased spontaneous activity in joint afferents
and reduced locomotor activity following induction of arthritis.

Methods Antigen induced arthritis (AIA) was used to model rheumatoid arthritis and partial medial meniscec-

tomy (PMX) was used to model osteoarthritis. Group-housed home cage monitoring was used to assess locomotor
behavior in all mice, and weight bearing was assessed in PMX mice. In vivo calcium imaging with GCaMP6s was used
to monitor spontaneous activity in L4 ganglion joint neurons retrogradely labelled with fast blue 2 days following AIA
and 13-15 weeks following PMX model induction. Cartilage degradation was assessed in knee joint sections stained
with Safranin O and fast green in PMX mice.

Results Antigen induced arthritis produced knee joint swelling and PMX caused degeneration of articular carti-

lage in the knee. In the first 46 h following AIA, mice travelled less distance and were less mobile compared to their
control cage mates. In contrast, no such differences were found between PMX and sham mice when measured
between 4-12 weeks post-surgery. A larger fraction of joint neurons showed spontaneous activity in AIA but not PMX
mice. Spontaneous activity was mostly displayed by medium-sized neurons in AIA mice and was not correlated

with any of the home cage behaviors.

Conclusion Group-housed home cage monitoring revealed locomotor changes in AIA mice, but not PMX mice (with
n=10/group). In vivo calcium imaging can be used to assess activity in multiple retrogradely labelled joint afferents
and revealed increased spontaneous activity in AIA but not PMX mice.
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Introduction

Current analgesic treatments for arthritis pain are not
sufficient. For instance, first line drugs for osteoarthri-
tis (OA) pain are either ineffective and/or poorly toler-
ated [1]. Thus, we urgently need to better understand
the mechanisms that lead to the development of pain
in order to develop better analgesic medications. One
limitation of this development is the comparatively low
number of studies examining pain in preclinical models
of arthritis. For instance,<10% of papers studying OA
in mice examined pain between 2018-2023, and very
few studies examined functional changes in neurons
[2]. This omission may appear strange, given that pain
has a huge impact on individuals living with arthritis
[3]; this is until one is reminded of how challenging it is
to study joint pain in rodents.

Functional changes to sensory neurons are particu-
larly difficult to assess in vivo and traditionally have had
to rely on highly specialized electrophysiological tech-
niques [4—6]. These are very low-throughput and, in the
context of arthritis, have to obtain recordings from the
very small proportion of neurons that innervate joints
e.g. only ~3-5% of lumbar sensory neurons project to
the intra-articular space of the mouse knee [7]. In vivo
calcium imaging is a relatively new approach for assess-
ing sensory neuron function, which we and others have
utilized to study models of arthritis [8—10]. However,
thus far, only global changes in all types of sensory
neurons within a given ganglion have been examined;
important functional changes in joint afferents specifi-
cally may therefore have been ‘diluted; seeing as this
population is relatively small.

Another issue with studying pain in pre-clinical mod-
els of arthritis is the relative scarcity of robust and
reproducible behavioral assays. Mice are now more
commonly used than rats in pain behavioral studies
[11]. However, they are a more challenging species in
this regard, because they require longer habituation
times and are more prone to experimenter induced
stress compared to rats [11, 12]. Static weight bear-
ing behavior is purported to be the ‘gold-standard’ for
assessing joint pain in mice [13, 14]. This test normally
involves restraint, which can lead to stress-induced
alterations of behavioral responses, such as modulation
of nociception [15]. This might explain why the repro-
ducibility of static weight bearing in surgical models of
OA in mice is mixed: some groups find significant shifts
in weight bearing at late timepoints [14, 16], whereas
others do not [17, 18]. Larger weight bearing shifts are
seen in arthritis models that induce substantial knee
swelling, like AIA [18], however, these experiments are
difficult to blind due to the visibly obvious phenotype
induced by the model.
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Here, we set out to establish whether In vivo calcium
imaging and group-housed home cage analysis could
be used to overcome some of the challenges of studying
joint pain in mice. Specifically, our objectives were to:
1) assess whether retrograde labeling and n vivo imag-
ing could be used to measure spontaneous activity in
joint-specific neurons, and 2) evaluate if arthritis mod-
els induce changes in overall locomotor activity in the
home cage. We hypothesized that an increased propor-
tion of joint neurons would show spontaneous activity in
the AIA and PMX models and that arthritic mice would
exhibit reduced activity levels following model induc-
tion. The models were chosen to reflect the two condi-
tions most likely to cause joint pain in people (osteo- and
inflammatory arthritis) and to assess the sensitivity of
our methods; thus, in the AIA model, joint swelling and
consequent functional and behavioral changes are very
pronounced at acute timepoints [19, 20]; in contrast, the
PMX model has a more subtle behavioral phenotype, and
functional changes in sensory neurons have not been
studied [14, 17].

Materials and methods

Animals

Adult C57BL/6 ] male and female mice (n=69; Charles
River, UK) were used in this study. Mice were housed on
a 12/12 h light/dark cycle with a maximum of 4 mice per
cage, with food and water available ad libitum. All experi-
ments were performed in accordance with the United
Kingdom Home Office Animals (Scientific Procedures)
Act (1986). Animals undergoing behavioral experiments
were housed in cages of 4 and were randomly assigned to
treatment groups with 2 treatment and 2 controls in each
cage. The experimenter assessing behavior was blinded to
the treatment group during testing and analysis.

Administration of calcium indicator

We utilized the genetically encoded calcium indica-
tor GCaMP6s for imaging sensory neuron activity [21].
GCaMP6s was delivered to sensory neurons via an
adeno-associated viral vector of serotype 9 (AAV9),
which was administered to mouse pups at post-natal day
P2-P5 as previously described [9, 22]. Briefly, groups of
3—4 pups were separated from their mother and 6 pl of
AAV9.CAG.GCaMP6s.WPRE.SV40 (Addgene, USA)
was injected subcutaneously in the nape of the neck,
using a 10 pL Hamilton syringe with a 30G needle. The
pups were then returned to their mother until weaning
at P21, when they were separated and housed with same
sex litter mates until being used for In vivo imaging from
12 weeks after the injection.
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Retrograde labelling of knee joint afferents

10-12 week old mice were anesthetized using ketamine
and xylazine (75 mg/kg and 1 mg/kg) and placed on
a heating blanket. After shaving the knee and wiping it
with 70% ethanol, the patellar tendon was identified and
marked by running a 27 g needle in the gap beneath the
patella. A Hamilton syringe with a 30 g needle attached
was inserted through the patella tendon at a depth of
2-2.5 mm to deliver the retrograde tracer fast blue (FB;
2 pl 2% in H2O; Polysciences) into the articular space.
Mice were then left on a heating blanket for 1.5 h, while
still under anesthesia, to ensure that fast blue was up
taken into joint afferents. After reversal of anesthesia
with antisedan (1 mg/kg), mice were allowed to recover
for 1.5 h in a heated chamber before being returned to
their home cage.

Partial medial meniscectomy model

Twelve week-old male C57BL6/] mice (Charles River,
UK) were randomized to undergo surgical destabilization
by partial meniscectomy or sham surgery as previously
described [23]. Briefly, animals were placed under general
anesthesia by inhalation of isoflurane (Vetpharma, Leeds,
UK); 3% induction, 2% maintenance in 1-1.5 L/min O2.
0.1 mg/kg buprenorphine (Vetergesic Alstoe Animal
Health, UK) and 1 mg/kg butorphanol (Zoetis,UK) were
administered subcutaneously for peri- and post-oper-
ative analgesia, respectively. For PMX surgery, the knee
joint was opened and the meniscotibial ligament was
transected and approximately 1 mm of the medial menis-
cus removed. For the sham operation, the knee joint was
opened to expose the meniscotibial ligament, then closed
with sutures.

Antigen induced arthritis model

Mice were immunized using an emulsion of CFA (3.3 mg/
ml; Sigma, UK) and mBSA (40 mg/ml; Sigma, UK), as
described previously [24]. Briefly, mice were anesthe-
tized using 2% isoflurane, and 100 pl of the emulsion
was subcutaneously injected at the base of the tail and
in the right flank (50 pl each). Mice were then allowed
to recover and were returned to their home cages. Seven
days after immunization, mice were anesthetized with
isoflurane, and 2.5 pl of mBSA (200 pg) was injected into
the left knee joint using a Hamilton syringe with a 30G
needle. Two days post-injection, the size across ipsilateral
and contralateral knee joints was measured using a digi-
tal caliper.

Static weight bearing
Weight bearing behavior was assessed using a Lin-
ton incapacitance tester. Mice were acclimatized to the
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experimenter, room and weight bearing apparatus on at
least 3 separate occasions prior to baseline testing. For
each test session, the force exerted over a 1 s period by
each hind paw was measured five times. Measurements
from each paw were averaged, and the percentage of
weight born on each side was calculated. Weight bear-
ing was assessed at baseline and at 2-week intervals after
osteoarthritis surgery.

Home cage analyzer

Mice were microchipped in the lower flank (identichip,
Animalcare Ltd, UK) whilst anesthetized for the fast blue
administration. Groups of four mice (n=2 treatment and
n=2 control for RA and OA models and n=4 for naive
controls) that were housed in their home cages (GM500,
Tecniplast) were placed into a home cage analyzer (HCA,
Actual Analytics, UK) [25], and recorded at baseline and
different time points after induction of the arthritis mod-
els. Time spent mobile, distance travelled, time spent
isolated—defined as being over 20 cm away from near-
est mouse, and average distance separated from nearest
cage mate were measured by the HCA system using the
position of the animal in cage, as localized using RFID
readers below the cage. Measurements were aggregated
over 1 h time bins for each animal. To compare behav-
ior before and after model induction, percentage change
from baseline was calculated for light (07:00-19:00) and
dark phases (19:00-07:00) by averaging measurements
over complete 12-h periods at each timepoint and com-
paring them to baseline averages. Only full 12-h peri-
ods (19:00-07:00 for dark, 07:00-19:00 for light) were
used. Statistical analysis was performed on this percent-
age change data. We did not analyze the anxiety-related
behaviors, such as thigmotaxis, because the GM500
home cage is too small and thus not sensitive enough
to detect changes in these parameters (communication
from Actual Analytics).

In vivo imaging of sensory neuron activity using GCaMP6s

In vivo imaging was performed as previously described
[9]. Briefly, mice were anesthetized using a combination
of drugs: 1-1.25 g/kg 12.5% w/v urethane administered
intraperitoneally and 0.5-1.5% isoflurane delivered via
a nose cone. Body temperature was maintained close
to 37 °C. An incision was made in the skin on the back,
and the muscle overlying the L3-L5 DRG was removed.
Using fine-tipped rongeurs, the bone surrounding the
L4 DRG on the same side as the knee joint where the
arthritis model (AIA or PMX) was induced was carefully
removed. The exposure was then stabilized at the neigh-
boring vertebrae using spinal clamps (Precision Systems
and Instrumentation, VA, USA) attached to a custom-
made stage. Finally, the DRG was covered with silicone
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elastomer (World Precision Instruments, Ltd) to main-
tain a physiological environment. Prior to imaging, we
administered a subcutaneous injection of 0.25 ml 0.9%
sterile saline to keep the mouse hydrated. It was then
placed under an Eclipse Ni-E FN upright confocal/mul-
tiphoton microscope (Nikon).

The ambient temperature during imaging was kept
at 32 °C throughout. All images were acquired using a
10xdry objective. A 488-nm Argon ion laser line was
used to excite GCaMP6s, and the signal was collected
at 500-550 nm. Time lapse recordings were taken with
an in-plane resolution of 512512 pixels and a partially
(66%) open pinhole for confocal image acquisition. All
recordings were acquired at 3.65 Hz. A Z-stack was taken
at the end of the experiment using a 488-nm laser to
excite GCaMP6s and a 405-nm laser to excite fast blue.
Stacks were taken every 4 um over a typical depth of
80 um with the pinhole closed and channel series mode
on to ensure no bleed through of emission signal between
channels.

Imaging data analysis

The researcher analyzing the data was blinded to the
treatment group. Timelapse recordings were concat-
enated and scaled to 8-bit in Fiji/Image], Version 1.53.
The image analysis pipeline Suite2P (v 0.9.2) [26] was uti-
lized for motion correction, automatic region of interest
(ROI) detection and signal extraction. Further analysis
was undertaken with a combination of Microsoft Office
Excel 2013, Matlab (2018a) and RStudio (Version 4.02).
A region of background was selected, and its signal sub-
tracted from each ROI. To generate normalized AF/FO
data, the ROMANO toolbox ProcessFluorescentTraces()
function was utilized [27]. This function uses the calcu-
lation: AF/FO=(Ft-FO)/F0, where Ft is the fluorescence
at time t and FO is the fluorescence average over the first
3 min of recording. AF/FO is expressed as a percentage.

The area of each neuron in the L4 DRG was esti-
mated by using the radius extracted with Suite2P. Cells
were grouped into small to medium (<750pm?) and
large-sized (>750um?) neurons. Knee joint afferents
(FB+GCaMPé6s+) were identified using a z-stack max
projection of blue and green channels in Image]. The area
of FB+neurons was measured precisely using the free
hand selection tool in Image]J. Cells that could not clearly
be identified and had substantial overlap with neighbor-
ing cells were excluded from the analysis.

A positive response to capsaicin was taken if the max
signal during the 5-min post-capsaicin period was 10
SD greater than the 2-min baseline period. Spontaneous
activity was assessed during the first 5 min of the record-
ing using a trained machine learning classifier [9].
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We also aimed to assess spontaneous activity across
all L4 neurons, including those innervating the knee
joint and other areas, such as the hind paw. To optimize
neuron detection by the activity algorithm in Suite2p,
we applied a pinch stimulus to the hind paw using ser-
rated forceps, maximizing the number of neurons auto-
matically identified.

In vivo application of capsaicin and lidocaine

The sciatic nerve was exposed at the level of the
midthigh prior to drug application. In some experi-
ments, 50 pl capsaicin (Sigma, UK; 1 mM in 0.2% etha-
nol 0.9% saline) was applied to the nerve. Any residual
capsaicin was then removed from the nerve and lido-
caine hydrochloride (Sigma, UK; dissolved in 0.9% w/v
sodium chloride to a concentration of 74 mM) was
applied to block activity.

Knee joint histology and analysis

After transcardial perfusion with PBS, mouse knee joints
were extracted and processed as previously described
[23]. Briefly, joints were fixed for 24 h in 10% Formalin
and decalcified for 10 days in 0.5 M EDTA (pH=7.4).
Following dehydration in 70-90% ethanol, joints were
embedded in paraffin wax and coronal sections were
cut from the central compartment of the joint using a
microtome (> three slides with 5X5 pm sections; 66 pm
slide intervals).

Sections were deparaffinized with xylene and hydrated
with alcohol to water. Slides were stained with hema-
toxylin and eosin and then washed for 10 min with tap
water. After that, slides were stained with 0.05% fast
green solution for 5 min followed by a rinse with 1% ace-
tic acid solution for 1015 s. Finally, slides were stained
in 0.1% Safranin O solution for 5 min and then washed
briefly twice with distilled water, followed by two washes
with 95% ethyl alcohol, and then immediately placed into
a 60 °C Oven. After 1 h, slides were removed and then
placed into a mounting Xylene pot for 5 min before being
cover-slipped using DPX mounting medium.

Sections were imaged in brightfield mode at 10X using
a slide scanner (Axioscan 7, Zeiss). The best section from
each slide, ie. that without substantial folding/tearing,
was selected for analysis. Three to six sections per joint
were scored using the Osteoarthritis Research Society
International (OARSI) system [28] by two researchers
who were blinded to treatment group. The average score
for medial and lateral compartments was calculated. In
one joint sample from the sham group the lateral com-
partment was completely missing due to incorrect orien-
tation of the sample.
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Quantification and statistical analysis

Graphing and statistical analysis was undertaken with
a combination of Excel 2013, R Studio (Version 4.02),
GraphPad Prism (Version 10) and SPSS (Version 29.0).
Details of statistical tests and sample sizes are recorded
in the appropriate figure legend, while observed effects
& sensitivity analyses are provided in Supplementary
Table 1.

Data loss and exclusion
See supplementary methods for information on data loss
and exclusion.

Results

Partial medial meniscectomy causes loss of articular
cartilage and antigen induced arthritis induces joint
swelling

Histopathological analysis of the knee joints from PMX
mice showed substantial loss and damage of articular
cartilage compared to sham controls (F (1, 17) [Treat-
ment]=45.1, P<0.001; repeated measures 1-Way
ANOVA; n=9-10/group; Fig. 1A-D and Supplemen-
tary Fig. 1). The mean OARSI score in PMX mice on
the medial side (4.26 £0.37; Fig. 1B&C) was significantly
greater than the medial side of sham mice (0.91+0.17;
p=0.0000004; Bonferroni post hoc comparison;
Fig. 1B&D). As expected, cartilage loss was mostly con-
fined to the medial portion of the joint in PMX mice (F
(1, 17) [Knee side*Treatment] =32.0, P<0.001; repeated
measures 1-Way ANOVA; Fig. 1C): the mean OARSI
score in the medial side (4.26+0.37) was significantly
greater than the lateral side (1.69+0.26; p=0.000001;
Bonferroni post hoc comparison).

Both PMX and sham mice showed reduced red stain-
ing in the superficial cartilage, which may indicate pro-
teoglycan loss [28]. As this was unexpected in sham mice
based on previous histopathological findings [28] and
was not observed in naive mice, we wondered whether
the prior intraarticular injection of fast blue into the knee
joint caused these changes. To test this idea, we injected
fast blue into joints of naive mice and found that there
was indeed discoloration of the superficial cartilage
7 days following fast blue but not saline injection (Fig. 2
A&B): the blue and green intensity ratios in the super-
ficial cartilage vs. deep layer was significantly increased
in fast blue compared to saline-injected mice (F (1, 5)
[Group] =151.8, P=0.00006; repeated measures 1-Way
ANOVA, n=3-4/group; Fig. 2C).

In mice that were previously immunized with mBSA,
2.5 yl mBSA (200 pg) injection into the knee joint caused
a significant increase in swelling in the ipsilateral knee
(Ipsilateral/contralateral ~ size  ratio=1.21+0.03) com-
pared to mice injected with 2.5 pl saline (Ipsilateral/
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contralateral =1.04+0.01; p=0.00008, n=11/group; unpaired
t-test; Fig. 1 E&F).

Home cage analysis shows activity is reduced in antigen
induced arthritis but not partial medial meniscectomy
mice

We assessed whether group-housed home cage moni-
toring could be used to detect changes in activity fol-
lowing arthritis model induction (Fig. 3A). As expected,
mice were mostly quiescent during the light phase
(07:00-19:00) and were more active during the dark
phase (19:00-07:00; Fig. 3B&D and Supplementary
Fig. 2A-B). During the light phase, no differences were
found in overall locomotor activity between AIA mBSA
and control mice (F (1, 17) [Treatment group]=1.6,
P=0.23; repeated measures 1-Way ANOVA; n=9-10/
group). However, during the dark phase there was a main
effect of treatment (F (1, 17) [Treatment group]=10.9,
P=0.0001; repeated measures 1-Way ANOVA; n=9-10/
group; Fig. 3B-E). Specifically, mBSA injected mice trav-
elled less distance (between subject effect F (1, 17) [Dis-
tance] =25.8, p=0.00009; Fig. 3 B&C) and were less
mobile (between subject effect F (1, 17) [Mobility] =25.3,
p=0.0001; Fig. 3 D&E) compared to saline injected mice.
Following mBSA injection, there was a reduction in dis-
tance (—44.0%, +5.3) and mobility (—21.6%, +5.0) during
the second dark phase, which was significantly different
to the % change in saline injected mice at the same time-
point (distance=-22.2%,+5.5; mobility=—-0.7%, +5.3;
both p=0.011 Bonferroni post hoc comparison; Fig. 3
C&E). In contrast, there were no significant changes to
the amount of time spent isolated (between subject effect
F (1, 17) [Isolation] =2.4, p=0.14) and the average dis-
tance separated (between subject effect F (1, 17) [Separa-
tion] =6.5, p=0.21; Supplementary Fig. 2 C-H).

There was no significant effect of treatment in PMX
OA experiments during the light (F (1, 18) [Treat-
ment group]=18.9, P=0.12; repeated measures 1-Way
ANOVA; n=10 group) or dark phases (F (1, 18) [Treat-
ment group]=0.5, P=0.72; repeated measures 1-Way
ANOVA; n=10 group; Fig. 4A-E), suggesting that
changes to activity are not as severely impacted in this
model. At 12-weeks following PMX surgery, the % change
in distance (—12.8%,+8.2) and mobility (-21.2%,+5.3)
during the dark phase was similar to that of the sham
group (distance=-16.4%,+6.6; mobility=—17.8%, +3.3;
Fig. 4 C&E). Similarly, the amount of time mice spent iso-
lated and the average distance separated before and after
surgery was comparable between PMX and Sham mice
(Supplementary Fig. 3A-D).

Weight bearing was also assessed in the PMX mice. PMX
mice began to shift weight from their ipsilateral to contralat-
eral hind limbs at 8 weeks following surgery (Ipsilateral/
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Fig. 1 Partial medial meniscectomy causes loss of articular cartilage and mBSA injection causes joint swelling. A Schematic showing experimental
time course for the partial medial meniscectomy model of osteoarthritis. B The average OARSI score to measure cartilage degradation

for the medial and lateral compartments of the knee joint. Note that a minimum OARSI score of 0.5 was given to all samples because there

was a lack of red staining in the superficial cartilage in all sections. C&D Example images of Safranin O & fast green-stained knee joint sections

in PMX (C) and Sham (D) mice at 13-15 weeks post-surgery. Scale bar=200 um. E) Schematic showing experimental time course for the antigen
induced arthritis model of rheumatoid arthritis. F) Ratio of the ipsilateral to contralateral knee size in AIA mice. Each point represents data

from an individual animal. PMX: n=9-10 mice/group AlA: n=11 mice/group. males=closed circles, females=open circles. PMX data: *** p<0.001
**¥% n<0.0001, repeated measures ANOVA. AIA data: p<0.0001, unpaired t-test

contralateral ratio mean=0.95+0.03, Fig. 4F). By 12 weeks,  (Fig. 4F). However, significant differences were not found at
the ipsilateral/contralateral ratio in PMX and sham mice any timepoint (F (6, 108) [Treatment x Time]=1, P=0.46;
was 0.91 (£0.04, n=10) and 0.99 (£0.02, n=10), respectively  repeated measures 1-Way ANOVA; n=10 group).
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between superficial and deep areas of the cartilage for medial and lateral compartments of the joint. A positive shift in the ratio indicates a higher
proportion of blue and green staining compared to red in the superficial portion of the cartilage. Each point represents data from an individual
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In vivo imaging of retrogradely labelled joint afferents
reveals increased spontaneous activity in mBSA injected
mice but not PMX mice

We optimized our In vivo imaging approach for record-
ing from fast blue retrogradely labelled joint afferents, i.e.
those which innervate the synovium and ligaments, but
not bone [29], and used it to assess spontaneous activ-
ity in AIA and PMX models (Fig. 5A and Supplemen-
tary Fig. 4). We focused on spontaneous activity because
reports indicate that it is the likely neurophysiological
correlate of unpredictable or ‘spontaneous’ pain [30, 31],
which has a significant impact on quality of life in those
with chronic arthritis pain [32].

The proportion of double positive fast blue (FB+)/
GCaMPé6s + cells among all GCamP6s labelled neurons
was similar between AIA (1.7% +0.1) and PMX cohorts
(2.1% + 0.2; Supplementary Fig. 4B). There was no spon-
taneous activity in FB+joint neurons of naive mice

(0/15 neurons, n=3 mice) and only one active neuron
in saline injected mice (1/19 neurons, median=0%,
n =3 mice), suggesting that the injection does not cause
substantial abnormal firing in joint afferents. In AIA
mice, mBSA injection caused a significant increase in
the proportion of FB + neurons with spontaneous activ-
ity (14/63 joint neurons, median=26.8, IQR=35.7),
compared to saline injected controls (1/61 joint neu-
rons, median=0, IQR=0; P=0.009, Kruskal Wallis
test; n=10-11/group; Fig. 5B&C and Supplementary
Table 2). In contrast, the proportion of all L4 neu-
rons with spontaneous activity was similar between
mBSA and saline injected mice for small to medium-
and large-sized neurons (Fig. 5B and Supplementary
Table 2).

PMX was unlike AIA, with the levels of spontaneous
activity in FB+joint neurons at 13-15 weeks follow-
ing PMX injury (2/75 neurons, median=0 IQR=1.9)
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post hoc comparisons

similar to that of sham mice (2/55 neurons median=0
IQR=7.2; p=0.11, Kruskal Wallis test; n=10/group;
Fig. 5D and Supplementary Table 2).

In some experiments, we aimed to determine if
spontaneously active neurons express transient recep-
tor potential cation channel subfamily V member 1

(TRPV1) by applying the agonist capsaicin (1 mM) to
the sciatic nerve. In TRPV1 expressing neurons, we
anticipated that there would be depolarization i.e.,
increased calcium due to channel opening, followed by
block [33, 34], which is largely thought to be depend-
ent on TRPV1 activation [34, 35]. However, some
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AlA data: ** p<0.01 Kruskal-Wallis test

spontaneously active neurons were blocked without
any prior depolarization (Supplementary Fig. 5 and
supplementary Table 3), suggesting that the concentra-
tion of capsaicin applied (1 mM) may have caused block
independent of TRPV1, such as through inhibition of
voltage gated sodium channels [36]. We were therefore
unable to verify the proportion of spontaneously active
joint neurons that express TRPV1.

Spontaneously active neurons are predominantly
medium-sized in mBSA injected-AlIA mice

Retrogradely labelled joint neurons were mostly small to
medium in size in AIA and PMX cohorts (Supplementary

Fig. 6), as expected based on previous reports [29, 37].
The only FB+joint neuron with spontaneous activ-
ity in one of the saline-injected mice was small-sized
(area=237 pm?). Conversely, spontaneous activity in
small-sized (<400 pm?) joint neurons was only recorded
in one mBSA injected mouse out of a group of n=6. In
that animal, we recorded three small-sized spontaneously
active FB+neurons and unusually high overall levels
of spontaneous activity (52.9% of all L4 neurons). Most
other FB+joint neurons with spontaneous activity fol-
lowing mBSA injection were medium-sized (9/14 neu-
rons from n=6 mice; Fig. 6 A&B, Supplementary video
1). The median area of spontaneously active neurons was
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483 pm? (IQR =225). We under-sampled from the small-
est sized neurons (<350 pm? in AIA mBSA injected
mice and therefore cannot rule out the possibility that
there was also increased activity within this subgroup
(Supplementary Fig. 6).

Most spontaneously active neurons were silent after
application of lidocaine to the sciatic nerve (n=10/11
neurons; Fig. 6C).

We also performed an exploratory analysis to deter-
mine if spontaneous activity in joint neurons was cor-
related with any of the home cage analyzer behavior
parameters in AIA mBSA injected mice. No significant
correlations could be detected in the n=8 AIA mice for
which matched imaging and behavioral data were avail-
able (Fig. 7). Of note, with this sample size, we are only
well-powered to detect very large correlations (79%
chance to detect Pearson’s r=0.82+at uncorrected
p=0.05).

Discussion

In this study, we set out to determine if /n vivo calcium
imaging and group-housed home cage monitoring could
be used for studying joint pain in models of RA and OA.
We have shown that In vivo imaging can be used to mon-
itor activity in multiple retrogradely labelled joint affer-
ents (~6/experiment) in the L4 DRG, which is greater
than that sampled in a typical electrophysiology experi-
ment (~1-2/experiment (4)). In the AIA model of RA,
we found increased spontaneous activity in joint affer-
ents 2-days following intraarticular injection of mBSA,
which is predominantly localized to medium-sized neu-
rons. In contrast, spontaneous activity was not elevated
in joint afferents at 13—15 weeks in the PMX model of
OA. Group-housed home cage monitoring showed AIA

mice were less active than their control cage mates in the
first 46 h following mBSA injection, whereas no differ-
ences were found between PMX and sham mice between
4—12 weeks post-surgery.

While previous studies have used In vivo imaging to
assess neuronal activity globally in entire sensory gan-
glia in models of arthritis [8—10], our study is the first to
monitor activity in retrogradely labelled FB+joint affer-
ents. These afferents are likely those that innervate the
synovium and ligaments [38, 39], but not bone [29]. We
found increased levels of spontaneous activity in joint
afferents in AIA mice, which is consistent with a previ-
ous electrophysiological study [19], and suggests that
these afferents are involved in driving pain, in this model.
We found that spontaneously active neurons were mostly
medium-sized, which suggests they might be thinly mye-
linated A8-fibres. This appears in contrast to the C-fiber
spontaneous activity reported by Qu et al’s electrophysi-
ological experiments [19]. However, some medium-sized
neurons are unmyelinated C-fibers [40], making it pos-
sible that our work agrees with their findings. Approxi-
mately half of joint afferents are peptidergic nociceptors,
which can be myelinated i.e. express NF200, or non-
myelinated [41-43]. The latter population includes silent
nociceptors, which only become responsive to mechani-
cal stimulation following inflammation [44]. In contrast,
non-peptidergic nociceptors are reported to be virtually
absent in the joint [37, 45]. Blocking nociceptive neu-
rons can reverse pain-like behaviors in arthritis [45], but
the specific subtypes driving it remain unknown. Future
work will aim to determine which types of neurons
develop spontaneous activity following AIA.

We studied the PMX model at a relatively ‘late’ time-
point because spontaneous pain, which is associated
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with increased spontaneous activity in neuropathic pain
conditions [30, 31], is reported to become more severe
in the later stages of OA in humans [32]. It was there-
fore expected that spontaneous activity in joint afferents
would be increased at a ‘late’ timepoint, i.e. week 13-15,
in the PMX model. However, in contrast to AIA mice,
intraarticular afferents did not have increased spontane-
ous activity at this ‘late’ timepoint following PMX, despite
clear evidence of cartilage degradation (Fig. 1). This data
should be interpreted with some caution because we
were only powered to detect a large effect (Supplemen-
tary Table 1). It is difficult to benchmark our data to past
work, since there are very few other studies that have
examined spontaneous activity in joint afferents in surgi-
cal models of OA. A recent study in rats found increased
spontaneous activity in joint afferents at 4-weeks fol-
lowing medial meniscus transection [46]. There are also

reports of increased spontaneous activity in intraarticular
afferents after monoiodoacetate injections (MIA) into the
joint [4, 6]; however MIA is qualitatively very different to
surgical models of OA, with a much shorter time-course
and a potential risk of direct neuronal damage [47].
Another known unknown is whether there might have
been increased spontaneous activity in other afferent
populations, such as bone, in late-stage PMX mice. The
fast blue labelled neurons in our study are not likely to
include bone afferents [29]. Meanwhile, at whole DRG
level, we would likely miss an increase in spontaneous
activity if it was just restricted to bone afferents, as this
fibre type constitutes a very small subset of all neurons,
e.g. only 2% of L4 DRG innervate the tibia [48]. This is
experimentally supported by our AIA data, which show
that differences in spontaneous activity in joint neurons
(i.e. another rare sub-type of overall L4 DRG) are missed
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when all neurons are examined collectively (Fig. 5). In
addition to spontaneous activity, our In vivo imaging
method has potential for examining changes to mechani-
cal sensitivity of joint neurons. We are currently opti-
mizing the best approaches for recording this, since it is
well-established that joint neurons develop heightened
sensitivity to mechanical stimulation in models of arthri-
tis [5, 19, 46].

Beyond neuronal activity, we also examined mouse
behavior using group-housed home cage monitor-
ing. This removes many out-of-cage confounding fac-
tors, such as changes to environmental parameters and
handling, allowing for a more unbiased assessment of
behavioral changes in models of arthritis. Specifically, we
assessed changes in overall locomotor activity, quanti-
fied as the total distance travelled and mobility during the
12 h period when the mice are most active (dark phase).
Our results indicate that this level of analysis is sensitive
enough to detect changes in the AIA model of RA, but
not in the PMX model of OA (with n=10 mice/group).
AIA mice are presumed to be less active because they
are in pain i.e. forces generated from behaviors that are
normally regarded as innocuous, such as moving about,
activate sensitized joint mechanical nociceptors. Mice
may also have been inhibited in their movement by spon-
taneous joint neuron activity. While we found no corre-
lation between this form of peripheral sensitization and
home cage parameters, we were only powered to detect
a very strong relationship between these variables. Our
ATA data are consistent with previous studies using the
LABORAS system in models of RA [14, 20], showing
that overall locomotor activity is a reproducible measure
of behavior change due to experimental RA. Meanwhile,
our PMX home cage results mirror those of other stud-
ies using surgical models of OA in mice in the LABORAS
system [14, 49], but contrast others [50, 51]. Together,
these data suggest that overall locomotor activity may
not be a reliable indicator of pain in surgical models of
osteoarthritis, where behavioral effects are more sub-
tle. This may be due to variability in pain development
despite clear evidence of cartilage damage (Fig. 1).
Indeed, in humans, the extent of joint damage has often
been reported to not correlate well with pain (e.g. [52]),
although this may be due to between-subject differences
in pain reporting [53].

Are other parameters that can be assessed by home
cage analyzers, such as climbing and rearing behavior,
more sensitive for detecting changes to behaviors in
surgical models of OA? Studies using the LABORAS
system reported reduced climbing and rearing behavior
in the destabilization of the medial meniscus (DMM)
model [50, 51], while no significant differences were
found examining the same parameters in the PMX
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model [14]. However, as most pre-clinical arthritis
studies are only powered to detect large effect sizes
(with n<10 mice/group), it is possible that the dis-
crepancies between results are due to lack of power to
detect more moderate effects.

Surprisingly, we also observed decreases in activ-
ity in our control mice for both models. It is not clear
whether these changes were directly due to the con-
trol treatment i.e. the intraarticular injection or the
sham surgery, or whether they were mediated through
a social interaction effect i.e. the control mice move
about less because their arthritic cage mates do. If the
latter was true, it could have obscured the true extent
of the difference between the control and experimental
animals in our home cage setup.

Although we found a slight shift in weight bearing
in PMX mice, it was not significantly different to the
sham group, which is consistent with what others have
reported [17, 18]. The inconsistency of these results
with the positive results that others have reported [14,
16] could stem from the restraint required for the test,
which causes stress. A recent report found that less
variable results can be produced when mice are unre-
strained [54]. Moreover, there could once again be a
problem of statistical power: effects might not be large
enough to be consistently detectable with the sample
sizes commonly employed in the field.

Whilst the methods we employed have advantages
over more traditional methods for assessing joint pain,
there are limitations to our study. Although we are
capable of sampling from ~6 joint neurons/animal in
our In vivo experiments, the number of neurons we
record from is still relatively low, so results from our
assays still need to be interpreted with some caution.
Moreover, the terminal nature of DRG In vivo imag-
ing only allows for the study of neurons at a single time
point. It is therefore possible that increased levels of
spontaneous activity might have been detected, if we
were able to image mice repeatedly over the course of
their arthritis. Whilst the number of mice used in our
study (n=9-10) is similar to that of most other pre-
clinical arthritis studies [14, 17], this sample size only
provides the power to detect very large effects (e.g. with
a parametric t-test, Cohen’s d in excess of 1.3). Thus,
smaller effects may be present but will most probably
be missed by the majority of current animal experi-
ments in the field, including our own.

Conclusion

We conclude that In vivo calcium imaging can be used
together with retrograde labelling to assess functional
changes in multiple joint neurons simultaneously.
Using this technique, we found spontaneous activity
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in joint neurons was increased at an acute timepoint
in ATA mice, but was not observed at a late timepoint
in PMX mice. Group-housed home cage monitoring
revealed changes to overall locomotor activity in AIA
mice, showing that it can be used to detect arthritis-
induced alterations to behavior. In contrast, no differ-
ences in overall locomotor activity were found in PMX
mice, suggesting that this level of analysis may not be
suitably sensitive to detect differences in behavior when
using group sizes of n=10.

Abbreviations

AlA Antigen Induced Arthritis

CFA Complete Freund's Adjuvant

FB+ Fast blue positive

mBSA  Methylated Bovine Serum Albumin

OA Osteoarthritis

OARSI' Osteoarthritis Research Society International

PMX Partial Medial Meniscectomy

RA Rheumatoid Arthritis

TRPV1  transient receptor potential cation channel subfamily V member 1
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Supplementary Material 1. Supplementary Video 1. Example recording of a
spontaneously active fast blue labelled joint neuron in the AIA model. The
bottom panel shows an area taken from the maximum intensity projec-
tion of a z-stack. The top panel shows a timelapse recording of GCaMP6s
activity in the corresponding area. The fast blue labelled joint neuron with
spontaneous activity is indicated by the arrows. Time-lapse recorded at
3.65 Hz. Scale bar =50 um. https://osf.io/fg9jx/files/osfstorage/66¢f3edada
345a296e8c9591.

Supplementary Material 2. Supplementary Figure 1. Additional exam-
ples of joint histopathology in sham and PMX mice. Example images of
Safranin O & Fast Green-stained knee joint sections in Sham (A) and PMX
(B) mice at 13-15 weeks post-surgery. Scale bar = 500um.

Supplementary Material 3. Supplementary Figure 2. Home cage analyzer
data in antigen induced arthritis mice. A&B) Graphs showing distance (A)
and mobility (B) data presented in 12-hr time bins. C-E) Graphs showing
the time spent isolated (C&D) and the average distance separated (E&F)
before and after intraarticular injections (indicated by arrow in C). Data in
C) and E) are presented as mean +/- SEM in 1hr intervals. Grey bars repre-
sent the dark phase. Data in D) and F) show the percentage change from
baseline for the dark phase (19:00-07:00). G&H) Graphs showing isolation
(G) and separation (H) data presented in 12-hr time bins. mBSA: n = 10,
saline: n = 9. Males = closed circles, females = open circles.

Supplementary Material 4. Supplementary Figure 3. Home cage analyzer
data in osteoarthritis mice. A-D) Graphs showing the time spent isolated
(A&B) and the average distance separated (C&D) at baseline and at various
time intervals post-PMX surgery. Data in A) and C) are presented as mean
+/- SEM in 12hr intervals. Grey bars represent the dark phase. Data in B)
and D) show the percentage change from baseline for the dark phase
(19:00-07:00). PMX: n = 10, sham: n = 10. Males = closed circles, females =
open circles.

Supplementary Material 5. Supplementary Figure 4. The proportion

of GCaMP6s+ neurons labelled with fast blue was similar in AIA and
PMX mice. A) Example image showing max projection from a z-stack
taken in blue (fast blue) and green (GCaMP6s) channels on the confocal
microscope. Arrows indicate neurons that are labelled with fast blue (FB)
and GCAMP6s. Scale bar = 50um. B) Graph showing the proportion of
GCaMP+ neurons labelled with fast blue for each experimental group.
males = closed circles, females = open circles.
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Supplementary Material 6. Supplementary Figure 5. Capsaicin application
to the nerve produced variable responses. A) Example traces from spon-
taneously active joint neurons before and after application to the nerve.
Note that activity in some neurons was blocked following capsaicin-
induced depolarization (upper trace) whereas others were blocked
without any prior depolarization (lower two traces).

Supplementary Material 7. Supplementary Figure 6. Size histograms for anti-
gen induced arthritis and partial medial meniscectomy mouse cohorts. A-E)
Size histogram showing the relative frequency of fast blue (FB+) joint neurons
in bin widths of 150 um?. AIA cohorts: AIA mBSA = 63 neurons from n = 10
mice. AIA Ctrl =61 neurons from n = 11 mice. All AIA = 124 neurons from n
=21 mice. PMX cohorts: Sham = 58 neurons from n = 10 mice. PMX = 71
neurons from n = 10 mice. SHAM+PMX = 129 neurons from n = 20 mice.

Supplementary Material 8. Supplementary tables 1-3 are contained within
the Supplementary tables.doc.

Supplementary Material 9. Supplementary Methods [55].
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