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Abstract

Objective: In osteoarthritis (OA), the pain-strueturelationship remains complex and poorly
understood. Here, we used the mechanical joininga@JL) model of OA to investigate both knee

pathology and nociceptive behaviour.

Design: MJL was used to induce OA in the right lmeé 12-week-old male C57BL/6 mice (40
cycles, 9N, 3x/week for two weeks). Mechanical ety thresholds and weight-bearing ratios were
measured before loading and at weeks one, thresianqmbst-loading. At these time points, separate
groups of loaded and non-loaded miae=12/group) were sacrificed, joints collected, and f
corticosterone levels measured. uCT analyses afhsulgral bone integrity was performed before
joint sections were prepared for nerve quantifaraticartilage or synovium grading (scoring system
from 0-6).

Results: Loaded mice showed increased mechaniqadrégnsitivity paired with altered weight-
bearing. Initial ipsilateral cartilage lesions omeek post-loading (1.8+0.4) had worsened at weeks
three (3.0+0.6,Cl=-1.8--0.6) and six (2.8+0.4Cl=-1.6--0.4). This increase in lesion severity
correlated with mechanical hypersensitivity deveiept (correlation; 0.729=0.0071). Loaded mice
displayed increased synovitis (3.6+0.5) compareadn-loaded mice (1.5+0.%71=-2.2--0.3) one-
week post-loading which returned to normal by wetbkse and six. Similarly, corticosterone levels
were only increased at week one post-loading (@Zng/mg) compared to non-loaded controls

(0.14£0.01ng/mgCl=-1.8--0.1). Subchondral bone integrity and nervieime remained unchanged.
Conclusions: Our data indicates that although tlaelihg induces an initial stress reaction and local

inflammation, these processes are not directlyaresiple for the nociceptive phenotype observed.

Instead, MJL-induced allodynia is mainly associatgétt OA-like progression of cartilage lesions.

Key words: Osteoarthritic pain, cartilage lesiaggovitis, knee innervation, bone integrity, stress
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Introduction

Osteoarthritis is typically recognized as a degativg joint disease characterized by a loss of
cartilage. Although much of the aetiology remaim&nown, the approach to understanding OA has
evolved from being cartilage focussed to a moretifaatorial, whole joint view of the disease [1].
The identification of pathologies in multiple joitiésues and their subsequent involvement in OA, ha
bought up the question how these pathologies duré&ito the clinical presentation of OA-associated
pain. For the patients, it is this clinical presdiain of pain that is the most problematic symptaim
OA. Despite the importance of pain as a symptotmek OA, much remains unclear about how knee

pathology is associated with pain in OA [2].

The complexity of this structure-pain relationshsighlighted by epidemiological studies presegtin
conflicting results on the correlation between panerity and MRI or radiograph read-outs of tissue
damage. Whilst some clinical studies have showitipesorrelations between pain and a variety of
knee pathologies including bone marrow lesions][3Ynovitis [3, 8], effusion [4, 8, 9], cartilage
degradation [6, 10-12] and meniscal tears [3], o8tadies show a negative or neutral correlation
between pain and bone marrow lesions [9, 10], syiscil3, 14], cartilage damage [9] or meniscal
pathology [9, 10, 15, 16]. Evidently, there is emtty no consensus on which single tissue pathology
or combination of pathologies drives OA-associgiaih. Furthermore, it is likely that the magnitude
of contribution to pain severity for each tissu¢hpéogy is dependent on the stage and progress$ion o
the disease. This is then further complicated Wieptspecific factors such as genetics, age ard se

which, in part, can explain the discordance ingrdtassociation studies.

Animal models of OA, such as the MJL, can be usedddress temporal questions regarding the
development of knee pathology in correlation to &%ociated pain. Mechanical loading of the knee
joint is a novel, non-invasive murine model of Okis model induces OA by intermittent, repetitive
loading of the tibia through the knee and ankletgi Originally, this model has been used to
investigate the osteogenic effect of mechanicallit@pon the tibia [17]. Poulet and colleagues [18]
were the first to investigate the effects of diffietr loading regimes on the knee joint. Mice saaii
directly after two weeks of loading at 9N showedtitge damage, osteophyte formation and
meniscus pathologies combined with a thickening &bdosis of the synovium indicative of
inflammation. When mice were loaded at 9N for tweeks and sacrificed three weeks later, knee
pathology analysis showed increased cartilage daraag meniscal pathology whilst the osteophyte
formation remained the same and signs of synomitdrnmation had decreased. Subchondral bone
thickening and increased trabecular bone percenta&ge only seen in mice loaded at 9N for five

consecutive weeks [19]. This initial characteriaatof the knee pathology following loading provided
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the first evidence that the MJL model could be usedtudy OA initiation and progression in a

controlled, non-invasive manner.

In previous work, we showed that the mechanicaitjlmiading model at 9N induces a progressive and
chronic pain phenotype from two weeks post-loadafgracterized by the development of ipsilateral
mechanical hypersensitivity, altered weight beaang reduced mobility, without affecting thermal
sensitivity [20]. Here, we used this model to gaisight into how the development of OA pathology
in different tissues relates to the developmer¥dE-induced allodynia [20]. To this end, knee joint
pathology, pain severity and animal welfare wergeased at weeks one, three and six post-loading.
Pain severity was determined as the nociceptiveorese to von Frey hairs, taken as a measure for
mechanical allodynia, and by measuring hindlimbghtbearing wherein a reduced weight borne on
the ipsilateral hindlimb is indicative of increassehsitivity [21, 22]. It should be noted thathaligh
these parameters are routinely used for assessmgeption in murine OA-related pain models [23-
25], they are measurements of referred knee pélrerrahan being specific for knee nociception.
Alongside behavioural measurements to evaluate paintal of five markers were measured at these
time points to track the OA development; the sayeof cartilage damage and synovitis in both
ipsilateral and contralateral knees, the volumeyofipathetic and sensory nerve fibres present in the
ipsilateral knee, the integrity of the subchondvahe in the ipsilateral knee and the corticosterone
levels in the fur as a measure for chronic strélese read-outs of OA progression were subsequently
correlated to behavioural read-outs to determin&hvpathologies matched the MJL-induced pain

phenotype.
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Method

Naive, male 10-week-old C57bl/6 mice (Charles Ri@ford, UK) were housed in groups of four in
individually ventilated cages and fed a standard1R#hintenance diedd libitum All experiments
were carried out in compliance with the Animalsiéatfic Procedures) Act (1986) and approved by
the College’s Ethics and Welfare Committee and Wifng Office.

Osteoarthritis was induced in the right knee ofaigzk-old mice by a two-week loading regime using
an electronic testing machine (Bose 3100; TA imeguts), as described previously [18, 20]. Briefly,

the tibia was positioned vertically between twotoosmade cups to fixate the knee and ankle joint in
deep flexion of 45°. Axial compressive loads weppleed to the knee joint via the upper loading cup
controlled by software delivered by the loadingtegs (WinTest7 Bose). One loading cycle consisted
of 9.9 seconds holding time with a load magnitutig after which a peak load of 9N was applied

for 0.05sec. This 10 second trapezoidal wave |Igadyrtle is repeated 40 times within one loading
episode. These loading episodes were applied times per week, performed on alternating days, for
two consecutive weeks. The left hindlimb was leftoaded. No other experiments were performed

on the mice during the two weeks of loading.

Osteoarthritis was induced in a total of 36 miceother 36 cage- and age-matched mice did not
undergo loading but were subjected to anaesthesisserved as the non-loaded controls. Separate
groups of loaded mice and non-loaded controls sarificed at one-, three- and six-weeks post-
loading to conduct post-mortem analysis4 per condition and time point). Behaviour was suead
before loading (week -3) after which developmematiception was verified at weeks one, three and
six post-loading, a day before the sacrifice timé@ip Behavioural analysis conducted included von
Frey measurements in both hindlimbs to measure amécél sensitivity thresholds and weight
bearing to measure asymmetry in stance. Reseangédmsming behavioural testing were blinded to

the condition of the mice.

At each time point, post-mortem samples were c@tedor analysis. Half of the samples were used
for uCT analysis, OA and synovitis grading=6/group) whilst the other half were used for nerve
analysis §=6/group). Hindlimbs used for uCT analysis, synievdnd OA grading were collected
directly after sacrifice, post-fixed (4% formaliaipd stored at 4°C. These samples were first scanned
using the uCT after which they were processed famaffin embedding and grading. Cartilage
integrity was scored using the Osteoarthritis Rete8ociety International grading system (range 0—
6) [26] whilst synovitis was scored using the sbirt grading system as described by Lewis and
colleagues [27]. Hindlimbs collected for nerve gsi were perfused (12,5% picric acid, 4%

formalin fixative) dissected out on ice, post-fixebcalcified and then stored in sucrose solution a

3
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20°C [28]. Immunocytochemistry was used to ideng@nsory and sympathetic nerves [29] using
primary antibodies against calcitonin gene-relgtedtide (CGRP) and tyrosine hydroxylase (TH),
respectively. Finally, the fur was collected frothanimals to analyse the corticosterone levels as

measure for chronic stress.

Extended methods for both the behavioural measurenaad the post-mortem analysis can be found

in the supplementary methods.

Data were analysed using GraphPad Prism (7.04ulResre presented as mean+SD. Mice were
assigned conditions in a pseudo-random order, gxgsaomparable behavioural baseline values and
allocating different conditions within the home eagRepeated behavioural measurements were
analysed using a repeated two-way ANOVA. OA patyploead-outs for loaded and non-loaded
groups across time points were compared using anmric two-way ANOVA. Homogeneity of
variances was assessed using Levene’s test. Nornedlithe residuals were evaluated by visual
inspection of the histograms. In the case of aifsigimt time, group or interaction effect, analygias
performed to identify which data points showed alifinces. Between group differences at specific
time points or within group differences betweendipoints are presented with the corresponding
95% confidence interval (Cl) of the difference. TBpearman’s rank correlation between multiple
behavioural and OA pathology read-outs was caledlatsing R (version 5.3.1), with results
presented as a heatmap. Spearman’s correlatioficter@fs and the corresponding p-values between
parameters can be found in supplementary datae&ar time point, the difference between baseline
and final behavioural thresholds (difference scofdhe ipsilateral mechanical thresholds and weigh
bearing values were used. Parameters used as eedsuknee pathology are all ipsilateral values.
Parameters showing the clearest pattern in cooelawvith behaviour over time were plotted
independently to visualize the progression of tleddvioural parameter in relation to the knee
pathology. Additionally, linear model was employedevaluate the association between behaviours

and OA pathology over time (behaviours, time, dradrtinteraction in the model).
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Results

Mice loaded at 9N developed mechanical hyperseitgitin both hindlimbs and an altered weight
bearing (Fig.1). Mice sacrificed at weeks threeg(H) and six (Fig.1C) showed a difference in
ipsilateral mechanical threshold values betweenddamice and non-loaded controls. Non-loaded
controls showed an initial drop in threshold valaesveek one but then recovered whilst threshold
values in loaded mice further decreased at weetee t0.175g+0.0.79CI=0.26-0.67) and six
(0.140g+0.169g, CI=0.30-0.71) post-loading compared to baseline walu@.645g+0.29q).
Contralateral mechanical hypersensitivity developmeras less pronounced with loaded mice
showing a lower threshold level (0.205¢g+0.17g) cared to non-loaded mice (0.571g+0.22g,
Cl=0.14-0.59) only six weeks post-loading (Fig.1Bjteration in weight bearing occurred alongside
this development of mechanical hypersensitivityaded mice sacrificed at weeks one (Fig.1G), three
(Fig.1H) and six (Fig.1l) post-loading showed anffigant alteration in weight bearing over time. At
six weeks post-loading the difference in weight n@oron the ipsilateral paw between loaded
(44.13%+3.8%) and non-loaded (49.95%+5.4@24:=1.80-9.93) mice was most pronounced. See

supplementary Figl for individual behavioural value

Following MJL, both knees showed signs of cartilagenage; in the ipsilateral knee, MJL induced
mild cartilage lesions which progressively worsepedr time whilst the contralateral knees of loaded
mice showed cartilage damage of a lesser extentoalydat six weeks post-loading (Fig.2). Non-
loaded, naive mice did not show any change inlaggiintegrity over time in either knee. In thesfir
week following MJL the maximum OA score (Fig.2A) the ipsilateral knees of loaded mice
(1.8+0.4) was higher compared to non-loaded cati(@.9+0.4, Cl=-1.45--0.31). The lesions
worsened up till three weeks post-loading (3.04 @féer which they stabilized at six weeks post-
loading (2.8+0.2). Summed OA scores of the ipsitdtknees (Fig.2C) show a similar advancement
of OA severity with lesions progressing from weeleq11.0+6.5) to three (31.3+9.G)=-30.75--
9.75) and stabilizing at week six (37.1+70=-36.58--15.59). Contralateral lesions develop later
stage with maximum OA scores (Fig.2B) of loadedan{it.8+0.7) being higher than non-loaded mice
(1.0+0.0, CI=-1.55--0.12) at six weeks post-loading. Summed sxares (Fig.2D) show a more
progressive increase of lesions in the contralaten@es of loaded mice with values steadily
increasing from week one (5.815.8) to three (13.8}4dnd six (22.0+9.7) post-loading.

The synovial lining of loaded mice showed increasigas of inflammation compared to non-loaded
controls in the first weeks following MJL (Fig.3laximum synovitis scores for the ipsilateral knees
were increased in loaded animals at week one paslifig (3.6+0.2) compared to non-loaded controls

(1.5+0.2, CI=-3.02--1.18). Following this initial inflammationthe maximum synovitis scores
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progressively decreased with a mild inflammatiath gtesent at week three (2.6+£0.2) and no signs of
inflammation in loaded animals at week six postliog (2+0.4). Summed synovitis scores showed
the same trend, with synovitis being highest atkwaee and returning to normal at week six post-

loading. Contralateral knees showed no sign of wghinflammation at any time point.

Corticosterone levels in the fur of mice collectgolst-mortem at each time point were analysed
(Fig.4). The results show increased corticostetewnels in loaded mice (0.21+0.04ng/mg) compared
to non-loaded controls (0.14+0.01ng/n@=-1.8--0.1) one week post-loading. Later time p®idid

not show any differences between loaded mice andaaxled controls.

The volume of both TH+ nerve fibres (Fig.5A) and R+ nerve fibres (Fig.5B) remained
unchanged following MJL. Upon examination of thes&nsections, it was evident that innervation
was most prevalent in the ligaments, menisci antbgteum. Other regions, like subchondral bone,
cartilage or synovial fluid did not consistentlyoghany presence of nerves, see supplementary Fig2.
In all cases nerve density was higher in the ligameompared to other compartments (Fig5C-H).
Images of TH+ and CGRP+ nerve fibres histology .@idlustrate the differences in morphology and
density between tissues. The profile of sympatheatit sensory nerve fibres was also different, with
TH+ nerve fibres showing a characteristic curlingpuad blood vessels while CGRP+ nerves

typically having long, straight fibres.

The subchondral bone integrity, measured in theufesnd tibia, did not show any changes between
loaded and non-loaded mice over time following MJlab.1). Results were analysed per condyle
(data not shown) but this did not reveal any regipecific changes in subchondral bone integrity

following MJL.

Correlation analysis between pathology parametaisahavioural read-outs revealed that increasing
cartilage damage over time correlates significatdlyan increased mechanical sensitivity following

MJL (Fig.7). The correlation analysis between gagtaviours and pathology parameters (cartilage
lesions, nerve volume, corticosterone levels, sabdhal bone integrity and synovitis) at weeks one,
three and six post-loading is shown in Fig.7A. Tamslysis revealed that the maximum and summed
ipsilateral cartilage lesion severity following thag showed a consistent increasing positive
correlation to mechanical hypersensitivity andralieweight bearing as time progressed. Whilst the
other parameters measured did correlate to medidmypersensitivity at certain time points, these

did not show a pattern over time matching the Mddiuiced progression of allodynia. In contrast, the
positive correlation between summed OA scores psithteral mechanical threshold values increases
over time (Fig.7B) with significant interaction keten time and ipsilateral mechanical difference

score on the summed OA scorgs({.0038). Whilst there is no significant correlatipresent at

6
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195 weeks one (correlation; 0.233:0.4824) and three (correlation; 0.4180.1368) post-loading, this
196 does develop at week six post-loading (correlat®or29,p=0.0072). The calculated correlations and

197 corresponding p-values per parameter can be fautittisupplementary data.
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Discussion

We have previously shown that the mechanical jlmatling can be used as an appropriate model to
measure OA-induced allodynia in mice [20]. Here stew that the increasing cartilage damage
following MJL matches the development of nociceptbehaviour, resulting in a positive correlation
between behavioural read-outs and severity oflageilesions six weeks post-loading. Furthermore,
we show that the other parameters of OA pathologgsured did not show a clear pattern in their
correlation to the pain phenotype. The synoviumwatbsigns of mild inflammation directly after
loading but this returned to normal as both cagéldesions and nociceptive behaviour started to
develop. Likewise, stress levels, as indicated uyycbrticosterone levels, are increased in thé firs
week following MJL but return to normal in weekgdal and six post-loading. Bone integrity and
knee innervation were not altered by MJL. Thesdifigs provide a first step into understanding the

pain-structure relationship in the MJL model of &r@A.

MJL induces cartilage damage in the ipsilateraitjdirectly after loading whilst contralateral less
develop at a later stage. In accordance with titieeg[18, 20], these initial ipsilateral lesionslited

by the two-week loading regime progress and womsan three weeks after which the severity of
cartilage damage stabilizes. Importantly, the tifname of lesion progression matches the
development of allodynia resulting in a positiveretation between cartilage damage and mechanical
hypersensitivity. Interestingly, onset of contratal mechanical hypersensitivity also corresponds t
the development of cartilage damage. Contralatezbbvioural and cartilage changes, however, are
only seen six weeks post-loading whereas ipsilatereanges occur from three weeks. This
contralateral phenotype could result from compeamgaiehaviour with ipsilateral allodynia inducing
altered gait and an overuse of the contralatardd.liAlthough these results suggest a role forlagsi
degradation in the development of OA-induced nqitioa, the combination of both ipsilateral and
contralateral phenotypes could also be indicativeemtral hypersensitization, comparable to that
seen in patients with OA [30]. Neuroplastic cemtation of pain could, in part, explain the
disconnect seen between structural damage andspa@rity [31] as centralized pain following OA
will also be present in the absence of structuaah@age [32]. Nevertheless, the link between cagilag
damage and nociceptive behaviour has been showntim preclinical [33, 34] and clinical studies
[10, 31]. Driscol et al. [35], showed that the s@tyeof cartilage damage at the onset of nocicepiso
comparable in two different surgical models of OtAg destabilization of the medial meniscus
(DMM) and the partial meniscectomy (PMX) surgerg. the MJL model, the same severity of
cartilage damage is seen three weeks post-loatimgsat of nociceptive behaviour. The link between
cartilage damage and pain is further supporteddosetation studies that work to minimize between
patient confounding. These show that multiple messsfor pain perception correlate to joint space

narrowing as a measure for cartilage degradati@h [logether these results suggest that cartilage

8
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damage could, at least in part, be responsiblddtih OA pain in patients and allodynia in animal
models of OA.

Further histological analysis of the synovial ligirevealed that the initial signs of synovitis jmets
one week post-loading decrease at three weeksrambdonger present when nociceptive behaviour
is established at six weeks. Although osteoarshistigenerally thought to be non-inflammatory,ash
been suggested that subclinical synovitis may plegle in the early stages of OA [36]. Following th
MJL-induced trauma, debris from the degrading lzgé is released into the synovium and it is
possible that cells in the synovial membrane reathese pro-inflammatory mediators causing local
inflammation [37, 38] thus explaining the initiafiammation. These signs of inflammation, however,
decrease as the behavioural phenotype developsatimdj that joint inflammation might not be
directly responsible for the allodynia seen in timedel. This matches with surgical models of OA
pain where, after an initial inflammatory post-semg phase, joint inflammation subsides whilst
nociceptive behaviour persists [39, 40]. Furtheendhere is no upregulation of inflammatory
markers in the joints of mice undergoing either DMMPMX at the point of nociception onset [35].
Instead, in bothin vivo andin vitro models, mechanically damaged chondrocytes progade
sensitizing molecules like nerve growth factor, dyidnin receptors B1/B2, tachykinin, and
tachykinin receptor 1 [35]. The development of neptive behaviour following mechanical loading

further supports the suggestion that mechanicaiynjather than synovitis, could drive OA pain.

Corticosterone levels in the fur, as a measurelioonic stress were increased only in the firstlkivee
following loading. Exposure to stress results ia thlease of corticosteroids via the hypothalamic-
pituitary-adrenal-axis. These hormones ensure sh#ficient energy is available and dampen the
immune function to enable a fight or flight reactipdl]. Elevated levels of corticosterone can
therefore be indicative of a stress reaction irerdsl. In most cases these corticosteroids are mezhsu
in either blood or saliva. The disadvantage of éire transient nature of the data with corticaster
levels reflecting only the hours or minutes prengdcollection [42]. Corticosteroid hormones
released into the blood get incorporated into Haning growth and as such, post-mortem collected
hair can be used to evaluate chronic exposure rtacasteroids over time [43, 44]. The analysis of
corticosterone in the fur following MJL shows tmaainly the loading period itself is stressful rathe
than the chronic pain that develops at a lateresttigs, therefore, possible that the large vanmat
seen in behavioural readouts in the first weelofeithg MJL is due to the increased stress in loaded

animals.

Interestingly, joint innervation was not altereceotime following MJL. Literature shows that intra-
articular injection of complement Freud'’s adjuv@@FEA), which induces painful joint inflammation,

leads to increased knee joint innervation and Jasgeation [28, 45]. This is supported by patient

9
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data showing an increase in innervation and vasdgation in subchondral bone, synovium and
menisci in painful knee OA [46, 47]. Results prdésdnhere show, to a large extent, the same
localization of TH+ sympathetic nerves and CGRP#segy nerve in ligaments, meniscus and
periosteum. Notably, both TH and CGRP staining wassistently low in the subchondral bone
compartment. This contradicts literature showinghbionervation of bone [48] and an increase in
CGRP+ nerve fibres following surgical OA inductipt®-52]. It has been shown that decalcification
of bone tissue reduces the immunoreactivity of tiesue [53] which could, in part, explain the
absence of subchondral bone innervation seen Berthermore, in contrast to the CFA model, knee
innervation is not increased following MJL. One kex@ation could be that, unlike the CFA model,
MJL does not cause severe joint inflammation andsash does not induce nerve sprouting.
Nevertheless, it is still possible that other Maduced neuronal changes are contributing to the
development of allodynia. In models of OA pain rogliastic changes are typically seen at the level of
the dorsal root ganglia or spinal cord [54-57]. Aiddally, there are reports showing that
sensitization to pain can be due to central seasitin [58, 59] or the recruitment of silent noqt®s
[60, 61], both processes that do not require ablisincrease in joint innervation to induce
hypersensitivity. As such, more work needs to beedm fully understand the nature and extent of

neuronal contribution to MJL-induced nociception.

As with the joint innervation, MJL did not alterlsthondral bone integrity. This contrasts with what
has been found in knee samples from OA patientwisigothat bone mineral density of the
subchondral bone increases as the cartilage votleneeases [62]. This cortical thickening as OA
pathology progresses also been reported in differ@emine OA models, including the MIA model
[63, 64], the DMM model [65, 66] and in the Str/@mice [67]. Using the MJL model we have not
been able to reproduce this subchondral bone pyesotAccordingly, when this model was
originally characterized [18], changes in bone éeckture were not seen in the ipsilateral knees of
mice loaded for two consecutive weeks at 9N. IrstEatical thickening was only visible following
five consecutive weeks of loading [19]. Possibhe two-week loading regime used here was not
severe enough to induce clear changes in subcHdraira architecture. Furthermore, results show no
differences between loaded and non-loaded aninaisli@idual time points indicating that loading at
9N does not induce an osteogenic effect. As tlegaliire reports osteogenic effects with loading

regimes at 13N or higher [17], an osteogenic efi¢&N was not expected.

The correlation analysis revealed an increasingtipescorrelation between MJL-induced allodynia
and progressive cartilage damage over time. Irtiaghg, all other pathology markers measured did
not show a similar pattern in correlation to MJldhiced allodynia progression. Of note is that these
coefficients are dependent on the variation in diata. Groups and outcomes are, therefore, not

directly comparable. As mentioned previously, thaingstructure relationship in knee OA is
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extremely complex and, whilst results presented taddur knowledge, much remains unknown
regarding other OA-related pathologies not measunede. Literature has demonstrated the
importance of tissue pathologies like bone marregidns [68] or meniscal pathology [69] in the

development of OA-associated pain; yet how thefeopagies manifest themselves in the MJL model
and if they contribute to the behavioural phenotigoenknown. Although work remains to be done to
understand how cartilage damage induces nocicepétaviour and which other tissue pathologies
potentially play in OA-associated pain, these fngdi provide valuable insight into the pain-struetur

relationship in the MJL model.
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Figurelegends

Figure 1: Development of mechanical hypersensjtiaiid altered weight bearing following MJL

The right knees of mice were loaded three timeswgsk for two weeks at 9N (red line= 12 per
time point) to induce OA. Behavioural read-outs evepmpared to non-loaded isoflurane controls
(black dotted linen = 12 per time point). Mice were sacrificed at weeke A, D, G), three B, E,

H) and six C, F, |) post-loading. Development of mechanical hypersierigiwas measured using
von Frey filaments (50% paw withdrawal thresholdMP in grams) in the ipsilateral( B, C) and
contralateral D, E, F) paws. Altered weight bearing (weight placed asilgteral paw as a percentage
of total weight placed on both legs) was measusaaguthe incapacitance te€d,(H, |). Differences
between non-loaded and loaded animals are indicaitdd# (p < 0.05), ## 0 < 0.01) or ###§ <
0.001) whilst a change within groups over time (paned to baseline value) are indicated with p * (

< 0.05), ** (p < 0.01) or *** (p < 0.001) in corresponding colours. Values givethasmean * SD.

Figure 2: Severity of OA-like cartilage lesionsléling MJL

Ipsilateral and contralateral knees of 9N-loadedemired squares) = 5-6) were collected post
mortem at weeks one, three and six post-loadirgr afhich OA severity was scored for each joint
section. Values were compared to non-loaded isanfleircontrols (black circles, = 5-6). Scoring
system ranges from 0-6, OA severity is classifis@ither low (grade 0-2), mild (grade 3-4) or sever
(grade 5-6). For each sample, maximum scoes ifsilateral kneesB; contralateral knees),
determined as the lesions with the highest seveaityl summed score€;(ipsilateral kneesD;
contralateral knees) are given. Differences instineerity of OA lesions between groups are indicated
with a * (p < 0.05), ** (p < 0.01) or *** (p < 0.001). Values given as mean + SD. Representativ
images of toluidine blue stained, coronal kneeisestare shown for the ipsilateral knee at dag (
three F) and six G) weeks post-loading as for the contralateral kategt one i), three [) and six

(J) weeks post-loading. Yellow arrows indicate damsmgéhe cartilage that was scored as OA-like.

Images shown are 25x magnification with scale bgpsesenting 200pum

Figure 3: Severity of synovitis following MJL

Ipsilateral and contralateral knees of 9N-loadedemfred squares) = 5-6) were collected post
mortem at weeks one, three and six post-loadirey afhich the severity of synovitis was scored for
each joint section. Values were compared to nodddasoflurane controls (black circles= 5-6).
Scoring system ranges from 0-6, synovitis is cfesbias either low (grade 0-2), mild (grade 3-4) or
severe (grade 5-6). For each sample, maximAmigsilateral kneesB; contralateral knees) and
summed score<( ipsilateral kneed); contralateral knees) are given. Differences @ gbverity of
synovitis between groups are indicated with @ %(0.05), ** (p < 0.01) or *** (p < 0.001). Values

given as mean * SD.
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Figure 4: Corticosterone levels in the fur of loddemd non-loaded mice after MJL

Fur of 9N-loaded mice (red squaress 6) and non-loaded isoflurane controls (blacklesm = 6)
were collected post mortem at weeks one, threesangost-loading. The fur was processed and
analysed to determine the corticosterone levelsa aneasure for chronic stress. Differences in

corticosterone levels are indicated with @%(0.05). Values given as mean * SD.

Figure 5: Tyrosine hydroxylase (TH) and calcitomjane-related peptide (CGRP) positive nerve

fibres following MJL

Ipsilateral knees of 9N-loaded mice (red squames,5) and non-loaded isoflurane controls (black
circles,n = 5) were collected post mortem at weeks oneetlared six post-loading. Knees were
processed for nerve analysis after which the wtéime of TH+ A) and CGRP+E) nerve fibres
were determined. There were no significant diffeemnin total nerve volumes. Innervation of TH+
(C, E, F) and CGRP+D, F, H) nerve fibres in the respective compartmentsyaht@eniscus (LM),
medial meniscus (MM), cruciate ligament (CM), thetelal collateral ligament (LCL), medial
collateral ligament (MCL), and periosteum (P), e as a volume at week orn@, D), three E, F)

and six H, 1) weeks post-loading. Values given as mean * SD.

Figure 6: Visualization of TH+ and CGRP+ labellimgspecified regions of the knee joint of loaded

and non-loaded mice at week one following MJL

Innervation of the knee joint was imaged in corasedtions A). Regions used to image are showed
on toluidine blue stained sectioB)( Examples of typical nerve fibres expressing T¢€) and
CGRP+ D) are shown for the lateral collateral ligament,diak collateral ligament, cruciate
ligament, lateral meniscus, medial meniscus andbgteum of loaded and non-loaded ipsilateral
knees at week one post-loading. Images are showxamagnification with scale bars representing

50um.

Figure 7: Correlation analysis between pain behasiand OA parameters following MJL

Overall correlation analysi#\] was run between parameters for OA-like seveffityastiage damage
(green), nerve volume (violet), corticosterone leviged), subchondral bone integrity (purple) or
synovitis scoring (yellow) and nociceptive behaviatl weeks one, three and six post-loading. For
each time point, differences between baseline ara behavioural thresholds (difference score) of
the ipsilateral mechanical thresholds (50% PWT) aeijht bearing values (% weight ipsilateral)
were used as behavioural read-outs for the coisalanalysis. Correlations range from -1 (dark blue
indicative of perfect negative correlation) to kil red; indicative of perfect positive correlafion
Specific correlation between ipsilateral mechanitaeeshold difference scores plotted against the

summed OA cartilage scoreB)(is shown for loaded mice and non-loaded contsalsrificed at
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74  weeks one (orange dots= 11), three (blue dots, = 11) and six (green dots,= 12) post-loading.

75 Linear trendlines and corresponding R2 values ar&ggyed on the graph.
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Table 1 Summary UCT parameters of subchondral bonen loaded and non-loaded mice
following MJL

There were no significant differences in uCT par@nsebetween non-loaded controls and loaded
mice. Values given as mean + SEM with corresponginglues.

nCT Region of Conditi One week Three weeks Six weeks
ondition
Parameter interest post-loading | post-loading | post-loading
E Non-loaded controll 0.052 +0.005 0.084 +0.002 5.69.002
[9)]
4 2 Loaded 0.052+0.001| 0.087 +0.001  0.098 + 0.003
X [
L
ﬁ p — value > 0.9999 0.7641 0.6570
ks
%‘ Non-loaded controlf 0.083+0.002 0.075+£0.002 8.88.002
S =
5 S Loaded 0.083+£0.002| 0.077+0.001 0.088 + 0.003
5 &
7 p - value 0.9912 0.9513 0.1632
Non-loaded control| 43.12+1.34 40.06 + 1.87 4@1751
S 2 Loaded 4726+1.85 | 44.98+1.10| 43.79%2.09
> I—
|_
S p - value 0.2271 0.1453 0.4997
m
‘—3“ Non-loaded control| 43.55 + 1.48 40.44 + 1.66 4& 9694
2 5
|‘_E g Loaded 45.17 £1.09 43.55 +1.28 44.68 + 1.9(
LL
p - value 0.8031 0.3733 0.5930
- Non-loaded controlf 0.051+0.002 0.050+0.002 8.69%.001
S
% :_c.f Loaded 0.054 +0.002| 0.055+0.002 0.056 +0.002
] -
Q
% p - value 0.3583 0.1313 0.6610
2
k= Non-loaded controll 0.054 +0.002 0.053+0.002 P.6®.001
>
(&) —_
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% g Loaded 0.056 + 0.001| 0.057£0.002 0.059 +0.003
= L
p - value 0.8462 0.4034 0.6191




Contralateral von Frey Weight bearing

Ipsilateral von Frey
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Summed synovitis score

Maximal synovitis score
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Total nerve volume

Three weeks post-loading One week post-loading

Six weeks post-loading

TH+ nerve population CGRP+ nerve population
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A: Orientation knee joint section B:  Imaging regions

€. TH + nerve visualization at one week post-londing D. CGRP + nerve visualization at one week post-loading

Non loaded controls 9N loaded Non loaded controls 9N loaded

5. Medial meniscus




A. Overall correlation analysis between behavioural and pathological parameters

Maximal OA score
Summed OA score
Total volume CGRP+ nerves

Total volume TH+ nerves

Corticosterone

Cortical cross-sectional thickness (tibia)
Cortical bone volume (tibia)

Trabecular cross-sectional thickness (tibia)
Trabecular bone volume percentage (tibia)
Cortical cross-sectional thickness (femur)
Cortical bone volume (femur)

Trabecular cross-sectional thickness (femur)
Trabecular bone volume percentage (femur)
Maximal synovitis score

Summed synovitis score

B. Correlation between summed OA score and ipsilateral mechanical hypersensitivity

Summed OA Score (ipsilateral knee)
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. y = 30.525x + 8.3866
R?=0.6151

* One week post-loading

. ® Three weeks post-loading

y =7.6312x +4.7046 ,
2202513 .-
R 0251 3... o Six weeks post-loading

. y =-0.253x + 3.3202
R?=0.0003
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