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Abstract

It is consistently reported that in inflammatory arthritis (IA) pain may continue despite well
controlled inflammation, most likely due to interactions between joint pathology and pain
pathway alterations. Nervous system alterations have been described but much remains to be

understood about neuronal and central non-neuronal changes in inflammatory arthritis.

Using a rat model of IA induced by intra-articular CFA injection, this study includes a thorough
characterization of joint pathology, and objectives to identify peripheral innervation changes and
alterations in the spinal dorsal horn (DH) that could alter DH excitatory balancing. Male and
female rats displayed long-lasting pain-related behavior but, in agreement with our previous
studies, other pathological alterations emerged only at later times. Cartilage vascularization,
thinning and decreased proteoglycan content were not detectable in the ipsilateral cartilage until
4 weeks post-CFA. Sympathetic and peptidergic nociceptive fibers invaded the ipsilateral
cartilage alongside blood vessels, complex innervation changes were observed in the surrounding
skin and ipsilateral NGF protein expression was increased. In the DH, we examined innervation
by peptidergic and non-peptidergic nociceptors, inhibitory terminal density, the K-CI co-
transporter KCC2, microgliosis and astrocytosis. Here, we detected the presence of microgliosis

and. interestingly, an apparent loss of inhibitory terminals and decreased expression of KCC2.

In conclusion, we found evidence of anatomical, inflammatory and neuronal alterations in the
peripheral and central nervous systems in a model of inflammatory arthritis. Together these
suggest that there may be a shift in the balance between incoming and outgoing excitation, and

modulatory inhibitory tone in the DH.
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Introduction

Arthritis, an umbrella term for a group of joint diseases, involves joint pain, inflammation and
degradation. Unfortunately, pain in inflammatory arthritis (IA) may continue even when
treatment with biologics has successfully controlled inflammation [41], suggesting the presence
of mechanisms besides joint inflammation. A major hurdle hindering the development of
mechanistically targeted treatments for IA pain is that the mechanisms of joint pain are poorly
understood [57]. Patients often report to the clinic with advanced disease, which leaves gaining
insight into development, progression and maintenance of pain in arthritis difficult from clinical
studies alone. Following arthritis pathogenesis over time in animal models, such as the intra-
articular Complete Freund’'s Adjuvant (CFA) model (IA-CFA model), can offer insight into
mechanisms of joint pain [7]. Pathological joint alterations that reproduce clinical observations
have been demonstrated in this model [7; 29], however almost no studies provide quantitative

data on when such changes occur.

In IA, pathology is not restricted to the joint; alterations to the peripheral [1; 22; 60] and central
nervous systems (CNS) [2; 39; 51] have been demonstrated in pre-clinical and clinical studies
[21; 56] In the periphery, nociceptors [13; 26] and mechanoceptors [31] can become sensitized
and nerve fiber sprouting has been described [1; 22; 37], in addition to sensitization in the CNS
[reviewed in 43]. Previously, we have demonstrated sympathetic fiber sprouting and a role for

the sympathetic system in pain in a similar IA-CFA model at 4-weeks post-CFA only [37]. Ours



and other studies [30; 44] highlight that some changes may not emerge until later time-points in
models of arthritis. This is particularly important as the mechanisms underlying pain in early and
late clinical disease [23; 58; 59], or those in play during persistent vs resolved inflammation [41],

may vary.

The first main aims of this study were to provide a thorough characterization of joint pathology
and peripheral innervation changes in the IA-CFA model, and to confirm that findings previously
identified in males also occur in females. As the spinal dorsal horn (DH) is the first site in the
CNS where nociceptive information is modified before being relayed to higher centers, the
second aim was to identify DH alterations that could modify the DH balance of excitation to
inhibition. Specifically, we evaluated terminals of nociceptors and inhibitory neurons,
potassium-chloride co-transporter 2 (KCC2) expression, and gliosis. A third aim was to develop
a detection protocol for peripheral nerve growth factor (NGF) protein expression. Using
histological approaches, we found that cartilage vascularization and other cartilage alterations
were not detectable until a late time-point, at which time accompanying sympathetic and
peptidergic fibers had invaded the cartilage. In the adjacent skin innervation changes included
not only increased innervation of the upper-dermis and cartilage, as expected, but also an
unexpected denervation of the epidermis. In the DH, we observed microgliosis, downregulation

of a marker for inhibitory terminals and KCC2, suggesting disinhibition.



Methods
Animals

All experiments were performed in female and made§ue Dawley (Charles River) rats
(weighing 175g at arrival). Animals were housede? gage with soft bedding on a 12-hour
light/dark cycle with food and water availalaié libitum. We followed the Care and Use of
Experimental Animals of the Canadian Council onral Care guidelines and all studies were
approved by the McGill University Faculty of Mediel Animal Care Committee. We followed

the ARRIVE (Animal Research: Reporting of In Viva@Eeriments) guidelines and checklist.

Arthritis model

Under 5% isoflurane in £anesthesia, the right tibia-talus joint [7] wa®otgd with 4QL that
contained 4Qg of CFA (Sigma) or mineral oil as a sham (shag total number of animals
used in this study was 118, including those usethftependent replications. Each finding was
replicated a minimum of twice. Unless specifiedenttise, each data set is 50% male data and

50% female data.

Ankle Width

Ankle swelling was assessed using a caliper to nmeankle width.



Behavioral Tests

Pain related behavior was assessed weekly fronliase 4-weeks post-CFA using von Frey
filaments to assess mechanical sensitivity, Hakgr€aest for heat hyperalgesia and acetone to
assess cold allodynia. Beginning as close to 7 AMassible, animals were habituated to the
testing environment for 3 sessions before basetimasurements were recorded and at the
beginning of each weekly session. Tests were applithe same order as described below, with
at least 15 minutes in between repeated test2@mainutes from the last application of one test
and the first application of the next to avoid sezegtion from repeated testing. First, animals
were habituated to the von Frey equipment unty teed settled in a resting position. Filaments
were applied according to the up-down method [a6harp withdrawal was considered a
positive response and the pattern of responsesiseakto calculate the 50% withdrawal
threshold [10]. In the same testing equipmentydsponse in the 60 seconds following the
application of an acetone drop was assessed asvflD = no response, 1 = 1 sharp withdrawal,
2 = multiple lifts, 3 = sustained lifting, lickingr vocalizations [11]. The average of 3 separate
trials, with at least 5 minutes in between triakswealculated for each animal. Lastly, animals
were habituated to the Hargreaves’ testing appsuf2&] until they had settled in a resting
position, with the hind paw resting flatly on theface. The latency to a sharp withdrawal from
a heat source was recorded from 3 separate wiéls 4t least 5 minutes in-between) and
averages calculated for each animal. To avoiddisumage, there was a stimulus-application
limit of 20 seconds. All stimuli were applied taetplantar surface of the hind paw, adjacent to
the ankle. Static weight distribution (SWD) wasessed with an Incapacitance Meter® (IITC
Life Science 600/8) after animals walked on a treildColumbus Instruments Exer 3/6), at

5.5m/min for 20 minutes. Three separate measurenoeet a 3-s period (averaged



automatically by the apparatus), were recorde@é&ah rat after each walking session.
Measurements in grams were converted to the pagemf the total weight exerted by the hind
paws that was distributed ipsilaterally [(ipsil@ieweight/ipsilateral + contralateral weight) x
100]. In the week prior to baseline, animals waabituated to the treadmill and Incapacitance

Meter® on 5 separate sessions.

Tissue Preparation

At 2- and 4-weeks post-CFA injection, under deegsémesia with 0.3ml/100g of body weight of
Equithesin (containing 12.75g of chloral hydrateg3sodium pentobarbital and 6.38g of
magnesium sulfate in solution, administered ignjmals were perfused through the left
ventricle with perfusion buffer. For skin and joettraction to be analyzed by
immunohistochemistry this was followed by 3% parafaldehyde (PFA) and 15% saturated
picric acid in 0.1M phosphate buffer (pH 7.4) (PB)hen only spinal cords were to be extracted,
4% PFA in PB was used (without picric acid). Aftesation, hind-paw skin, ankle joints and
lumbar spinal cords were extracted and post-fixethé same fixative overnight (skin and spinal
cords) or for 4 hours (joints) at 4°C. Joints weeealcified in 10% EDTA in dpD for 3 weeks

and 3x rinsing in PB followed by phosphate buffesatine (PBS). Subsequently, skin and cords
were cryoprotected in 30% sucrose in PBS and jan1$% sucrose in 0.1M sodium cacodylate
buffer overnight at 4°C. Tissue was embedded imaph cutting temperature medium (OCT,
Tissue Tek) and cut in a cryostat (Leica). Joingsarcut at 2m and attached to gelatin-subbed
slides. Skin was cut at fth and spinal cords at @th, and sections were collected as free-

floating in PBS. Glabrous hind-paw skin for anadysy western blot was extracted from another



cohort that was only perfused with perfusion bufiée were able to collect synovial fluid from
animals perfused with only buffer or fixative (byteacting it after perfusion buffer but before
fixative). Briefly, a transverse incision was maeoss the dorsal ankle and the Achilles tendon
punctured through until the joint capsule was glsoctured. Using a pipette introduced through
the puncture, synovial fluid was extracted by laségx) with 25ul of 0.05M
ethylenediaminetetraacetic acid (EDTA) (Sigma), fH{20], with a protease inhibitor (Roche).

Samples were snap-frozen in liquid nitrogen ancestat -80°C for later processing.

Toluidine Blue Staining

After removing the OCT with d}D, ankle sections were stained with toluidine {ué4%
toluidine blue in 0.2M acetic acid, pH 3.5) for 2nmtes. Sections were washed with,@Hand
dehydrated by one dip in 95% ethanol, 10 dips RA@thanol (x2), 2 minutes in xylene (x3).
Slides were cover-slipped immediately with mountingdium (Entellan, EMD Millipore) and
stored at room temperature. Mast cells and caetilegre identified by metachromatic staining

and blood vessels by orthochromatic staining.

Immunohistochemistry

Skin and spinal cord immunohistochemistry (IHC) wagied out as previously described by us
[37; 38]. Briefly, sections were washed 3 x witR%. Triton-X in PBS (PBST) to remove the
OCT and blocked in 10% normal donkey or goat sefNBS/NGS, species-matched to the
secondary antibody) for 1 hour at room-temperat8k& and joint sections were incubated in

50% ethanol for 30 minutes and washed 3 x with PB&®re blocking. Primary antibody

8



incubations: anti-CD68 (mouse monoclonal, Bio-Ra800), anti-calcitonin gene related
peptide (rabbit polyclonal, CGRP, Sigma, 1:2508j}i-aesicular GABA transporter (guinea pig
polyclonal, VGAT, Synaptic Systems, 1:1000), anfM b (mouse monoclonal, Bio-Rad,
1:100), anti-glial fibrillary acidic protein (mouseonoclonal, GFAP, Cell Signalling, 1:1000),
anti-dopamine beta hydroxylase (mouse monocloraH Medimabs, 1:50), anti-KCC2 (rabbit
polyclonal, Millipore, 1:500), anti-PAX2 (R&D, 1:8) and Isolectin-IB4 conjugated to Alexa
Fluor 488 (Invitrogen, 1:200), were carried oub serum overnight at 4°C. The next day
sections were washed 3 x with PBST and incubat#d fliorochrome-conjugated secondary
antibodies against the respective primary hosttfiogen Alexa Fluor, Thermofisher) at 1:800 in
PBST for 2 hours at room-temperature. Finally,isestwere washed 3 x with PBST, mounted
on gelatin subbed-slides and coverslipped with ringmmedium (Vectashield, Vector).
Microglia and macrophages were detected with @il (rabbit polyclonal, Wako, 019-19741)
and anti-CD68 (mouse monoclonal, Biorad, MCA341G2000) antibodies with 3,3'-
diaminobenzidine (DAB). For this, endogenous peatage was quenched with 0.3%04 for 30
minutes, sections washed 3 x PBST and incubatBélilNGS prior to overnight incubation with
the primary antibodies at“€. The next morning sections were washed 3 x RBST and
incubated for 1 hour at room temperature with & goéi-mouse IgG (American Qualex,
A106UU; diluted 1:50 in PBST), which had been pdsabed with chopped, fixed rat lip tissue
for 6hrs at £C to prevent the known unspecific sticking of antiuse antibodies to connective
tissue [48]. After 3 washes in PBST, sections viecabated with a mouse anti-HRP monoclonal
antibody (1:30, Medimabs) pre-incubated with 5 pghRP. Following 3 washes in PBST,
staining was developed with 0.06% DAB and 1%0kin PBST. Sections were washed and

mounted on gelatin-coated slides, dehydrated wgtaded ethanol series, cleared in xylene and



cover-slipped with Entellan (EMD Milliporefror staining of microglia in the spinal cord the
same protocol was used with the following differesicl) 10% methanol + 3%,8, were used
for quenching and 10% normal serum was used fakiig. 2) biotinylated goat anti-rabbit
secondary (1:200 in PBST, Vector, BA-1000) was ugatbwed by the ABC complex from a
Vectastain Elite ABC HRP kit (Vector). See the depgentary materials for details of IHC on

joint tissue (available at http://links.lww.com/M&A967).

Western blot

Following homogenization, samples were preparedvistern blot with 1/3 loading buffer, 1/10
[3-mercaptoethanol, sufficient sample and PBS te gppropriate final overall protein
concentration. Tissue homogenization details cafoled in the supplementary materials
(available at http://links.lww.com/PAIN/A967). Whekkin lysate was prepared gid/ul for

the detection of proNGF and concentrated softly bgenized skin at 1.29/ul. For synovial
fluid, samples were prepared with the above progastof loading buffer and 3-
mercaptoethanol and the remainder the concentextealct. After boiling for 5 minutes, 18 of
samples were resolved on a 15% gel at 90mV, thexedpproximately 1Ql of concentrated
synovial extracts were resolved. Subsequently protgere transferred to a PVDF membrane
(Bio-Rad) at 30mA for 90 minutes. Due to differbiacking (and later exposure time)
requirements for the detection of proNGF and mat@d (MNGF), membranes were cut at
~20kDa indicated by a molecular weight standarai@i). This was then blocked for 1 hour at
room temperature with 5% milk for higher moleculaights and 2.5% bovine serum albumin
(BSA) for lower molecular weights prior to overntghcubation at 4°C in primary antibodies

against NGF. Rabbit anti-proNGF (Alomone, ANO02QN) was diluted in 5% milk and rabbit
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anti-NGF (Abcam, ab979, 1:500) in 1% BSA. Secondenrybody incubations (donkey anti-
rabbit conjugated to HRP, Jackson 711036152, 1a)0@6re carried out at room temperature
following which the signal was revealed with ECldadeveloper (Kodak). NGF levels from
whole skin lysate were normalized to 3-actin. Siteesoftly homogenized skin protocol was
designed to enrich for extracellular protein ley&dgal protein content was assessed with
Ponceau S staining and used as loading contratoAmotein was detectable in contralateral
synovial fluid, samples were prepared with equélaet volume instead of equal protein
concentration and there was no appropriate loachngrol. Densitometric analyses were carried

out using a flat-bed scanner and ImageJ.

Imaging

Microscopy was carried out using a Zeiss Axiolmdg@rimaging microscope. For bright field
imaging, we used a Zeiss Axiocam 506 Color for-cedbr image capturing; for fluorescence
images, an Axiocam 512 Monochrome camera with pseotbr was used. Exceptionally,
VGAT and KCC2 signals were captured with a ZeisBS0 confocal microscope. Both
microscopes were used with the Zeiss ZenPro sodtwar3 (Zeiss Canada). For each staining,

acquisition settings were kept consistent forrathges taken.

Vascularization Quantification

We analyzed 3 joint sections from each animal flocatilage alterations assessed; individual
images were taken with a 10x objective and stitchébe microscope software to form 1 large

tiled image per section covering the articularitzges of the talus and tibia and adjacent tissues.
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We used the ImageJ freehand line tracer to mediselength of the cartilage of both bones. We
defined a cartilage vascularization point as adbleessel clearly penetrating the tide-mark that
separates the calcified from non-calcified carglag the osteochondral junction. The number of

vascularization points per millimeter was calculafter each bone, for each section.

Cartilage thickness

Using the ImageJ freehand line tracer, 3 measuresnoécartilage thickness were taken from
both bones (a total of 6 measurements per jointhi® 3 sections per animal. Measurements
were taken from the cartilage edges (and an ave@gelated) and one measurement from the

middle of the cartilage.

Cartilage Damage Scoring

Damage was assessed with a cartilage erosion gradate [8] from O to 4. A score of 0 would
demonstrate no erosion, 1 would indicate a smatiarhof erosion located to one area, 2 would
express moderate erosion in a limited number csar@ would signify erosion in several areas.

Finally, a score of 4 would indicate general ernsio

Optical Density in Cartilage

In ImageJ, the images were converted into 8-bifiores of interest were selected, optical density
measured, and values subtracted from 255 (255=wwtdack in 8-bit images) for a higher

value to represent darker staining. For each secdioneasurements were taken from each bone,
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for a total of 6 values per section. The same @E®eas used to analyze the optical density of

western blot bands.

Fiber Density

Sympathetic fiber innervation of the skin was qifeatt as previously described [37].
Sympathetic fibers in the joint, and peptidergbefis in both skin and joint were quantified with
the ImageJ freehand line tracer and expressedhgthlper unit area. As in previous publications
from our laboratory, we define the upper dermithasregion within 150pum from the dermal-

epidermal junction [61].

Spinal Cord Image Analyses

Central terminals of nociceptors (labelled with I&4d CGRP), CD68, KCC2 and VGAT signals
were quantified by the average intensity of stajnmlimaged in images captured using a 10x
objective for IB4 and CGRP, a 20x objective for @#hd KCC2, and a 63x oil immersion lens
for VGAT. The CR3 signal was quantified by the aneaupied by the staining on images
captured with a 20x objective. To analyze glialg;edtacked images gathered with a 40x
objective (spanning 30um depth with a z-step of lwere processed using the “Extended
Depth of Processing” feature in Zeiss software. Jllgsequent image generated was used for a
manual count of astrocyte and microglial cell bedMorphological analysis was carried out as
previously described [27; 34]. In total, 3-6 imad¢gsen from the medial 2/3 of the dorsal horn

were analyzed per animal. To analyze KCC2, 6 R@imflamina | and lamina Il were selected.
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Experimental design and statistical analyses

Samples sizes were selected based on previougstuodin our lab (including preliminary
studies of the work presented here), discussiotisfield experts, and standard practices in the
preclinical pain field [33]. We conductgust-hoc power analyses of data from previous studies
to confirm appropriateness. Means were calculatad the 3 sections per animal and
subsequently used to calculate group means. Alsstal tests were completed using Windows
GraphPad Prism version 5. Behavioral and cartiidtgzation data were assessed with two-way
ANOVASs, innervation and spinal cord data were apadlyby student’s t-tests and paired t-tests
when pairs of ipsilateral and contralateral dateewing analyzed. Preliminary studies showed
that there was no difference between contralagardlsham measurements, and therefore the
contralateral tissue was used as a control folyaas) except microglial morphology analyses in
which shams served as controls as preliminary ssudivealed that contralateral IBA1 staining

was not the same as in shams.

Results

CFA-induced lasting hypersensitivities and ankleling

No sex differences were observed in any of therpatars assessed in the study, hence we have
pooled male and female animals together. For sagess and clarity, we have only included

the pooled data.
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Behavioral assessment of the contralateral pawcasagged out concurrently; because no notable
effects were observed from baseline, these data lbeen omitted for clarity. The injection of
CFA into the ankle joint induced mechanical andidofpersensitivities, together with ankle-
swelling, for the duration of the experiment (Figdr, two-way repeated measures ANOVA;
von Frey - F < 0.0001 for time factor, paw factodanteraction F (1.871, 35.55) = 614.6,
P<0.0001 [time factor], F (1.000, 19.00) = 79220801 [paw factor], F (1.871, 35.55) =
614.6, P<0.0001 [interaction]; acetone - F (4,7@%.99, P<0.0001 [time factor], F (1, 19) =
154.6, P<0.0001 [paw factor], F (4, 76) = 44.27012601 [interaction]; Ankle swelling - F (1,
11) = 0.09813, P=0.7599 [time factor], F (1, 11)62.0, P<0.0001 [paw factor], F (1, 11) =
0.2189, P=0.6490 [interaction]. Cold sensitivitysxgbsent at baseline and for contralateral
values, with increased pain behaviors lifting, shgland licking of the paw in 60 seconds
observed at all post-CFA time-points assessed (Eifj8). Decreased 50% withdrawal threshold
to von Frey fiber application demonstrated the g@mes of mechanical sensitivity. At baseline
and for contralateral assessments the upper cutasffalmost always reached and were
therefore assigned a value of 24g. Mean ipsilateiales dropped to a low of a 2.4g (Figure 1B)
from 1-week post-CFA onwards. The Hargreaves'débkeat hyperalgesia could not be applied
at 1- or 2-weeks post-CFA due to guarding of thikaimed paw, which recovered by week 3. At
that time only, heat hyperalgesia was transientg@nt as decreased withdrawal latency of the
ipsilateral paw (Figure 1C; two-way repeated meas@&NOVA, F (2, 38) = 4.784, P=0.0140
[time factor], F (1, 19) = 6.767, P=0.0175 [pawttaf; F (2, 38) = 3.936, P=0.0280
[interaction]). At earlier time-points, we observealw guarding and swelling of the ipsilateral
paw that extended beyond the ankle. These werevassto accompany one another, and both

resolved by 3 weeks. To assess pain-related to mewveweight bearing across the hind paws
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was measured after animals had walked for 20 nmsmurtea treadmill. Static weight distribution
(SWD) was reduced from baseline and from contredbtaeasurements from 1-week post-CFA
onwards, recovering from peak levels but lastirgugh to 4 weeks post-CFA (Figure 1E; two-
way repeated measures ANOVA; F (4, 20) = 1.000,.43€¥ [time factor], F (1, 5) = 159.0,
P<0.0001 [paw factor], F (4, 20) = 17.39, P<0.006teraction]). Taken together, these data

suggest that CFA induces lasting inflammation efjthint and persistent hypersensitivity.

CFA-induced cartilage alterations

A primary objective of this study was to providé@rae course illustrating that pathological joint
changes do not become apparent in this model ohtA relatively late post-CFA. As a previous
study from our lab has identified a divergence ethanisms contributing to pain in this model

at 2- and 4-weeks post-CFA [37], these were the pwints examined here. Despite the early
emergence and persistence of pain-related behaveocartilage alterations that we assessed
were not detectable until 4-weeks post-CFA. Atl#ter time-point, vascularization of the
ipsilateral talus and tibial cartilage was detelgtas sites where blood vessels clearly penetrated
the tidemark (Figure 2A, B; two-way ANOVA,; F (1,66 114.2, P<0.0001 [time factor F (3,

56) = 30.14, P<0.0001 [paw factor], F (3, 56) =180.P<0.0001 [interaction]). Vascularization

of the ipsilateral tibia was found to be statidticaignificantly lower than that of the talus at 4

weeks post-CFA (Figure 2A, B; p = 0.0026 by Borderrcorrected post-hoc t-test).

The thickness of the darkly stained cartilage maghied from contralateral measurements at the
midpoint of the ipsilateral talus at 4-weeks po§iAQFigure 2A, C; two-way ANOVA; F (1, 27)

= 0.5025, P=0.4845 [time factor], F (1, 27) = 5.2B40.0302 [paw factor], F (1, 27) = 0.7180,
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P=0.4043 [interaction]). This was the sole meatilage thickness measurement that was found
to be different between ipsilateral and contrakdtereasurements (data from other
measurements not shown). At the same time, toleibine staining of the cartilage of both
ipsilateral ankle bones was found to be 33% leds tti@n contralateral measurements (Figure
2A, D; two-way ANOVA; F (1, 28) = 19.01, P=0.000thje factor], F (1, 28) = 13.92, P=0.0009
[paw factor], F (1, 28) = 17.92, P=0.0002 [interac}), which suggests a decrease in
proteoglycan content. Finally, using a damage si8}relamage was only present in ipsilateral
joints at 4-weeks post-CFA (Figure 2E; two-way AN®\F (1, 28) = 47.48, P<0.0001 [time

factor], F (1, 28) = 137.8, P<0.0001 [paw factér]1, 28) = 31.09, P<0.0001 [interaction]).

Although the talus damage score did not reach ¢laé& possible measurement even at four
weeks post-CFA, there was generalized and widegmtestruction to the talus. The situation
was not the same in the tibia, where more localde=truction was observed. At both

timepoints, the hypertrophic pannus was clearlg@néand at 4 weeks the pannus could be seen

invading the cartilage from the joint space.

Altered peripheral innervation and upregulated NGGEFA-induced arthritis

In previous studies altered peripheral innervatiothis model has been demonstrated at 4 weeks
post-CFA only. For this reason, plus the late emrecg of cartilage alterations, the later
timepoint was the focus of experiments investigatiervous system alterations. As previously
reported [37], sympathetic innervation of the upgemmis was increased at 4 weeks post-CFA in
ipsilateral skin (Figure 3A, B; t (8) = 2.695, 00273 by paired t-test). Ipsilateral upper dermal

innervation by peptidergic fibers was also increla@egure 3A,B; t (7) = 2.564, p = 0.0373 by
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paired t-test), but interestingly, epidermal inragiton by the same fibers was decreased (Figure
3A, B; t(9) = 2.819, p = 0.0201 by paired t-tegt)both the skin and synovium, peptidergic

fibers and sympathetic fibers were observed wrappmund one another (Figure 4A, C).

Unexpectedly, a transient dermal and hypodermb&dnmhatory infiltration was observed

(Figure 4 A-D). At 2-weeks post-CFA there was angigant increase in the number of mast
cells in the upper dermis of the ipsilateral pawnpared to the contralateral side (Figure 4A-B,

F (1,13) = 21.31, p = 0.0005 by two-way ANOVA wijtbst hoc t-test) which by 4-weeks post-
CFA was no longer detectable. In parallel, there w#arge inflammatory infiltration of the

lower dermis and hypodermis (containing mast cetlscrophages, and other mononuclear cells)
of the ipsilateral paw at 2 weeks only (Figure 4@ surprisingly, cell infiltration of the

synovium persisted until 4 weeks (Figure 4E).

Innervation changes in the joint were similar tosdh observed in the skin. Abnormal cartilage
innervation by sympathetic and peptidergic fibeeswetectable in the ipsilateral joint at 4
weeks (Figure 5). As we had observed greater &besato the talus (Figure 2), and previously
we could detect sprouting at 4-weeks post-CFA @Bily, cartilage innervation was assessed in
this bone at this time point only. Sprouted symptthand peptidergic fibers in the cartilage
were observed associated with blood vessels ag, smalfibers, with small varicosities (Figure
5A, B, C; VMAT2: t(3) = 6.676, p = 0.0069, CGRR3) = 6.837, p = 0.0064 by paired t-test).
This morphology is consistent with newly sproutixfs. Although we did not quantitate
synovial innervation or inflammatory cell infiltiah, we observed at 4 weeks increased
innervation in CFA-treated animals and, like in gke, a novel arrangement of sympathetic and

peptidergic varicosities in close apposition, whilith not occur in controls (Figure 3C). In
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keeping with the nature of the pannus, a largamfhatory infiltration was observed in synovial

tissue (not shown).

The detection of NGF was in itself a challenge. ldgemization of whole skin gave a lysate that
was unsuitable for mMNGF analysis by western bldihwie available antibodies. Using an
altered, more gentle homogenization protocol coetbimvith concentrating sample proteins by
precipitation with methanol and chloroform, we walde to detect upregulated mNGF in
ipsilateral synovial fluid and adjacent glabrousglEigure 6; synovial fluid: W(0,45) =45 p =
0.0039, skin: W(28, 0) = 28, p = 0.0156 by Wilcoxgned rank). This band is of the expected
molecular weight of 13.5kDa and aligned with thatresponding to recombinant human NGF.
In skin samples, in addition to the 13.5kDa barad #iigns with the positive control and the
band in ipsilateral synovial fluid, we observed tireo band of slightly lower molecular weight.

It is difficult to tell if this represents anothisoform of NGF or a spurious band resulting from
the problematic nature of probing low abundancégmme from a biological sample such as skin.
Detection of proNGF did not have the same inisglies as mMNGF and could be detected using a
much lower overall protein concentration than wesded for the mature form. Interestingly,
proNGF was detected at different molecular weightsch changed differentially depending on
tissue and homogenization method. A band migratrayound 25kDa, a characterized
molecular weight [50] that migrated alongside reborant proNGF, was upregulated in whole
skin lysate (Figure 6 B; U = 0.0, p = 0.0286 by Maihitney). This band was absent from
synovial fluid and gently homogenized skin; thesgles contained proNGF migrating at
40kDa which is upregulated in ipsilateral synoviaid (Figure 6; synovial fluid: W(0,45)=45, p
= 0.0035, skin: W(19, -9) = 10, p = 0.4688 by Wiea signed rank). The 40kDa form was

present at the same concentration in CFA-treatddcantrol whole skin lysate (Figure 6 B; W
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(9, -1) =8, p=0.25 by Wilcoxen signed rank). Thaggeees with previous findings [37], and has
been reported as a glycosylated form of proNGF.[@@fegulated NGF was detectable from
timepoints sampled across the duration of the éxyert, but for clarity only samples from 4
weeks post-CFA are shown. Synovial fluid extradtedh the ipsilateral ankle contained more

overall protein than fluid taken from the contralal (data not shown).

CNS alterations

Given the alterations to peptidergic nociceptorghaperiphery, we wondered if there were
changes to their DH terminals. However, we diddeiect any difference between ipsilateral and
contralateral DH measurements of the average itiyavfsthe fluorescent signals of CGRP or

IB4 (Figure 7; CGRP: t (8) = 0.3847, p = 0.710%41B(8) = 0.07797, p=0.9398 by paired t-
test). We did not observe an ipsilateral-conteatdtdifference in the number of astrocytes as
detected by GFAP staining, or in area occupiechbynt (Figure 8A-B; number: t(9) = 0.915,
p=0.3840, area: t(7) = 2.186, p = 0.0650 by patirtest), suggesting a lack of astrogliosis.
Microgliosis on the other hand, was observed aeéks post-CFA as increased microglial cell
density and altered morphology (decrease of thgtieéarea ratio of cells) in ipsilateral DH
compared to shams (Figure 8C-D; density: t (16)848, p<0.0001, morphology: t (13) = 2.758,
p = 0.0163 by student’s t-test). Unlike our prewddindings at 2 weeks in this model where
peripheral nerves sprouting was not detectable E73 weeks post-CFA microgliosis was
already detectable (Figure 8C-D). We did not dedegtdifferences between the number of
microglia or their morphology comparing contralatéo sham, but by visual examination it can
be seen that in the contralateral DH microglia dbappear exactly the same as in sham (Figure

8D). Microglial activation markers CR3 and CD68die 9 A, B, C) were upregulated in the
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ipsilateral DH with increased area occupied by GRiing (Figure 9 A, C; t(9) =3.814, p =
0.0041 by student’s t-test), and increased meansitly of the CD68 signal (Figure 9B, C; : U =
3, p = 0.0341 by Mann Whitney). Together, theda daggest that microglia infiltrate the area
of the spinal cord where primary afferents inndngthe ankle joint terminate, and that these
cells have an altered function from normal. Fingdity4 weeks post-CFA ipsilateral DH
immunoreactivity intensity for VGAT, an inhibitotgrminal marker, and potassium chloride
transporter KCC2 were reduced compared to corfiigfe 9 D-E;VGAT: t(16) = 2.16, p =

0.0463, KCC2: t(4) = 7.295, p = 0.0019 by studenésts).

Discussion

This study demonstrates that pathology in IA ex¢emelyond joint inflammation, encompassing
decreased joint integrity, peripheral innervatibarges, and DH alterations that could alter the
balance of inhibition to excitation. In the DH, thevas evidence of microgliosis, KCC2
downregulation and selective inhibitory terminaddoWhile addressing the main aims of this
work, we provided evidence that many arthritistedigoint changes do not occur until later

stages even though pain related behaviour emeagls e

The cartilage alterations described in this manpsare the first rigorous, quantitative analysis
of cartilage changes following CFA treatment. Asamanisms underlying pain in early and late
stage disease likely differ, selection of apprdpreendpoints in preclinical studies is necessary.
Given that this is contingent on knowing when ctemngccur, the quantitative time-course
provided here fills a notable literature gap byydong measurable outcomes that can guide the

design of future interventional experiments. Theastsed reduction in cartilage integrity,
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thinning, proteoglycan loss and altered structwayld render the cartilage less effective in
conducting its roles of protecting the underlyiranb and maintaining phenotypic stability of
chondrocytes. In this altered environment, chongtexcmay contribute directly to the

inflammatory and pronociceptive milieu of the imfiad joint [32].

The innervation data raise multiple discussion {soamd serve three important purposes: the
confirmation in females of previously demonstrdibde sprouting, demonstration of fibre
sprouting in the cartilage, and the descriptionahplex innervation changes in the skin. In
previous investigations [37], examination of spiogtin the joint following CFA treatment was
restricted to the synovial membrane in male rodéfi¢se we show that blood vessels
accompanied by sympathetic and peptidergic fibmeade the cartilage, in males and females.
The observede novo innervation of the cartilage brings nociceptots iclose proximity with
both the altered cartilage matrix and synovialditiat contains contains inflammatory and
pronociceptive mediators (such as NGF, as detdwes). The observed vascular invasion of the
cartilage is thus a double-whammy, by bringing neptors into an altered and now pro-
nociceptive environment. Although these findingggast that a sympathetic nervous system
participation in pain in the late stage of this mld@7] may also apply to females, it will be
important to elucidate if sympathectomy attenugtga in females. Lastly, the observed skin
innervation changes involve parallel hyperinneabf one anatomical region and denervation
of another. Potentially indicative of complex resngement processes involving both retraction
and sprouting mechanisms, this highlights how cemplervous system alterations could be in

chronic joint pain.
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Interestingly, we observed transient infiltratidmneast cells into the same region of the skin in
which fibers sprouted. Mast cells release NGF (%], as they express trkA, peptidergic and
sympathetic fibers respond to NGF [24; 36]. TherefdlGF-releasing cell infiltration preceding
NGF-responsive cell sprouting into the same zong poeant to a driving-process. In addition to
being the likely driver of peptidergic and sympaitieprouting, NGF is an effective mediator of
primary afferent sensitization [9]. As such, NGRleady identified as a potential multi-modal
target for the treatment of arthritis pain, howewerrently, the anti-NGF antibodies that

demonstrated great pain-relief effects await FDpArapal after side-effects emerged in trials [5].

In the CNS, extra-cellular proNGF cleavage has [sbenvn [6], contrasting with earlier studies
assuming that, like mouse submandibular gland déMNGF, all NGF was cleaved
intracellularly [18]. To our knowledge, the peripllerelease and processing pathway of NGF
has not been clarified. In part this is becausediemn of mMNGF has been rather difficult,
especially in peripheral tissues, which is why th@k includes a description of the detection
method. The detection of different molecular wesgditross tissue-type and the upregulation of
different molecular weights in ipsilateral sampbesnt to intriguing potential processing
differences between the different molecular weigligsroNGF. Indeed, proNGF is not the
biologically inactive precursor of mNGF, but isallsbiologically active [17], and the ratio of
precursor to mature is important for a normal neatstate [14]. Elucidation of peripheral
release and conversion of NGF, especially in parduaditions, will be vital for optimal
refinement of anti-NGF based treatments to maxirtheesuperior pain-relief whilst reducing

side-effects.
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The second aim was to identify DH alterations tiwatld alter the balance of excitation to
inhibition. There is no doubt that from an inflanjeaht there will be increased transduction
from primary afferents to the DH and it is welladished that peripheral and central
sensitization occur in arthritis [42]. Hyperexcilékp of nociceptive projection neurons in joint
pain models has been demonstrated [25], but btikmown if this is driven by only increased
peripheral drive and central excitatory change<i{®;45; 46; 52] or if there is also a
contribution from decreased inhibition. Upregulatmf substance P and CGRP have been shown
in the DH in IA models [19; 40; 51], as well as ngas of the substance P.receptor expression
[2; 51]. The discrepancy in CGRP immunoreactivityhe spinal cord between studies [19],
including ours, may be due to differences in signaintification method, idiosyncrasies
between models or the time-points of sampling. Bigafly, in the current model there was
visibly less tissue inflammation due to the lowesel of CFA than in previous models used by

us [37; 51].

Here, we show for the first time that in the IA-CR#fodel inhibitory neural connections appear
to be lost and KCC2 is downregulated. As both eE¢hare important for the maintenance of
normal DH inhibition in pain processing, this opéims door to the hypothesis that DH
disinhibition oceurs in arthritis. Moreover, torditnowledge, this is the first analysis of
microglial morphology in the dorsal horn in CFAdted animals. The altered microglial
function inferred here by the morphological changeserves further attention, including
contralateral side alterations. Although beyondsitape of this study, it is noteworthy that a
difference was observed visually. This could be wugystemic inflammation, or represent
subtle CNS changes that could be related to wigesipsensitivity often present in IA patients

even when inflammation is controlled [4]. Microghave been implicated in arthritis, [3; 12; 19]
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but as a role for microglia has been demonstratd€2H disinhibition associated with a different
chronic pain condition, neuropathic pain [15], wadiéve that this may also be relevant in
arthritis. Characteristics associated with neuroipgtain such as burning, pain from light
pressure and spontaneous shock-like pain areepeoted by IA patients when describing their
pain. These reports are not infrequent (up to 36@abents) [47] and preclinical studies have
noted similarities between neuropathic and arthatiimal models [55]. The combined presence
of microgliosis and changes that point towards Ddththibition strengthen the perspective that
arthritis and neuropathic pain may share featundsuaderlying mechanisms. The details of this
potential indication of the presence of disinhdaitin arthritis warrant further investigation and
may point to the use of drugs that act centralliyeat pain in arthritis. Indeed, interest in tise u
of gabapentinoids and duloxetine (first-line neathjic pain agents that act on calcium channels
and the noradrenergic-serotonergic system, resjgdgtis increasing [53]. Although we draw
parallels with mechanisms in neuropathic and arshpain, it cannot yet be determined if these
represent a “neuropathic component” to arthritis @& if these are commonalities between

these two, and potentially more, chronic pain cboads.

Limitations of this study include that the chandescribed here are currently only associated
with pain and other types of studies will be neagg$for example genetic or pharmacological
approaches) to demonstrate a causative link ta pais is particularly relevant regarding the
functional role of sprouted sympathetic fibersemales, as previously histological changes in
pain models have been shown to occur in both séxgdunctional, downstream sexual
dimorphisms have been identified in the spinal ¢6d). The implications of the decreased
VGAT and KCC2 signals are intriguing, but the cangnces and cause of these remain

undetermined. Our lab is currently carrying out@encomprehensive analysis of inhibitory and

25



excitatory synapses in the DH of arthritis and ppathic pain models. Although this study
presents an anatomical basis for nervous systengelan both sides of the balance in DH
excitability, comprehensive physiological functibstudies will be needed to understand how

these findings contribute to pain in IA.

With these extensive analyses, we hope to reiténateanportance of regarding pain in arthritis
in an integrated way, by which the identificatidmovel mechanistic targets may arise.
Together, the complex findings in the periphery @S presented here suggest that in arthritis
there may be a shift in the balance between incgminml outgoing excitation, and modulatory

inhibitory tone in the DH.
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Figure Legends

Figure 1. Intra-articular injection of CFA is assodated with lasting pain-related behavior
in male and female ratsHind pawA, mechanical sensitivity, cold sensitivity score€, heat
hyperalgesia anB, ankle swellingE, Ipsilateral static weight distribution following 28inutes
walking at 5.5m/min on a treadmill. Values are tinean + SEM (10 rats per group). * =P <
0.05, * P < 0.01; *** = P <0.0001 versus contrbl two-way repeated-measure analysis of
variance followed by Bonferroni corrected post-hoests (comparing timepoint to baseline

except D where p = ipsi vs contra). (20 rats peupgr except D where n=12, and E where n=6).

Figure 2. Significant changes to the cartilage areot detected until 4 weeks post-CFA
injection. A, Toluidine blue staining of rat ankle joints likeose used for quantification of joint
changes shown iB-E. Black arrow points to the hypertrophic pannus,ltbxes are enlarged in
the images below in which the arrows point to bleedsels (with a blue overlay and grey
outline for clarity) crossing the tideline (dottie) where darkly stained non-calcified cartilage
begins. Scale bar = 506 in the upper images, and 1009 in the lower enlarged imageB,
Number of vascularization points/mm of cartilagedth in the talus and tibi&, Thickness of
the talus cartilage at the mid-poipihg). D, Optical density of toluidine blue staining of the
cartilage E, Scoring of damage to the cartilage. Bars reprabentnean + SEM (610 male

and female rats per group). * P < 0.05, ** P < 001 = P <0.001 versus control, by two-way

analysis of variance followed by Bonferroni coregtpost-hoc t-tests.
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Figure 3. Innervation of the skin adjacent to the &A-treated joint is altered at 4 weeks. A,
Identification of peptidergic nociceptors with a@GRP and sympathetic fibers with anti-DBH
(dopamine beta hydroxylase) antibodies in conteaddtand ipsilateral upper dermis and
epidermis from the hindpaw adjacent to the anki¢aeeks post-CFA. The dotted line shows
the dermal-epidermal junction, scale bar = i The area within the white box is enlarged to
the right and arrows point to where DBH and CGRRunoreactive varicosities can be seen in
close apposition to each other. Arrows point tefd) scale bar = 251 (10um in enlargement).
Note the finer looking fibers indicated by the liefi arrow (filled arrow points to thicker
fibers).B. Quantification of density of peptidergic fibersthre upper dermis and epidermis and
sympathetic fibers in the upper dermis. Bars regiethe mean + SEM (8-10 male and female
rats per group), shown normalized to control. * = .05, ** P < 0.01; *** = P <0.001 versus
control, by paired t-test€. Sympathetic and peptidergic fibers in close agpsin the

synovium at 4 weeks post-CFA, scale bar gri5

Figure 4. Glabrous skin is transiently inflamed.A, Detection of mast cells by metachromatic
staining with toluidine blue in the upper dermigsloé glabrous plantar skin adjacent to the ankle.
Arrows point to mast cells, scale bar = 560 Quantification of this is seen By bars represent
the mean = SEM (10 male and female rats per grap P <0.001 versus control, by two-way
ANOVA and post hoc t-tests. The organization ofskim appears altered in ipsilateral samples.
C, A large inflammatory infiltrate in the hypodermdgentified with CD68 immunoreactivity and
toluidine blue staining. Dotted lines representlibandary between the epidermis and upper
dermis (upper dotted line), and between the uppeéid@ver dermis (lower dotted line), scale

bar= 10@um. D, CD68 staining of cells associated with blood vesseh region within the distal
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talus at 4 weeks post-CFA; arrow points to a COGunoreactive macrophage. Scale bar =

25um. E, Mast cells in the synovium at 4 weeks post-CFAlesbar = 5am.

Figure 5. Innervation of the cartilage in CFA treaied joints. A, Sympathetic fibers identified
by VMATZ2 immunoreactivity; inAi note the morphology and presence of varicosities,
associated with a vessel in the ipsilateral tahrilage (red arrows). Dotted lines indicate the
tideline at the osteochondral junction, with a airmecyte indicated by a black arrow
demonstrating that vessels and associated fibergrasent in the cartilagaii shows grayscale
images inAi, to better show the overlay (here in red) drawn t¢heifibers as was used for
guantification B, Peptidergic fibers identified with CGRP immunortaty; note the
morphology and the presence of varicosities, amipsilateral talus cartilage. Overlay shows
blood vessels (light blue) and tideline (dotte@)irinBii blue arrows indicate fibers in the
grayscale of images i, note the blue overlay drawn over the fibers, kintb that used for
guantification. Scale bar in A-Bi=p@n, in Bii=20um. C, Quantification of fiber density as
length per areaum/um?) of sympathetic and peptidergic innervation ofisatartilage (n=4 male
and female rats, extracted at 4 weeks post-CFA} EBpresent the mean + SEM, shown

normalized to control.

Figure 6. NGF protein levels i\, synovial fluid extracted from the ankle joints, dmain B,
adjacent glabrous skin, with representative blbtsvg below (n=4-10 male and female rats,
extracted at 4 weeks post-CFA). Bars representnemn + SEM, shown normalized to control,
** P<0.01, **P<0.001 Wilcoxen signed rank test, centra, i=ipsi, +=positive control of
recombinant human NGF. Blots were cut and processgtoNGF and mNGF separately,
denoted by the dotted line (loading controls cafoli@d in the supplementary materials,

available at http://links.lww.com/PAIN/A967).
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Figure 7. In the dorsal horn, no change in nocicept terminals was observed.Central
terminals of peptidergic and non-peptidergic ngeioes detected by CGRP (magenta)
immunoreactivity and 1B4-lectin binding (green)spectively, in the contralateral and ipsilateral
dorsal horn, scale bar = 200. Higher magnification images of single channe¢éssbhown in the
side panels, scale bar = 100. Bars represent average intensity of staininga(mesEM),
normalized to contralateral values (n=9 male anaale rats per group, extracted at 4 weeks

post-CFA).

Figure 8. CFA-induced microgliosis but no astrocyteis A, Astrocytes were detected by
GFAP immunoreactivity in the contralateral and lgtgiral dorsal horrB, Quantification of the
number and size of astrocytes (mean +SEM, n=8-16 aral female rats, shown normalized to
contralateral)C-D, Microgliosis assessed by cell density and cellphology with IBA1

staining in dorsal horns from sham, 2-week (2w) 4vdeek (4w) post-CFA ipsilateral and 4-
week post-CFA contralateral dorsal horns. Barsasgmt mean +SEM, *P<0.05, **P<0.01, by
one way ANOVA with Bonferroni corrected t-tests, 618 male and female rats, extracted at 4

weeks post-CFA. Scale bars = 100

Figure 9. Markers of microglial activation are upregulated and expression of inhibitory
terminals and KCC2 is reduced. Microglial markers CR34) and CD68 B) in contralateral
and ipsilateral cords extracted at 4 weeks post-QFABars represent mean +SEM of the
average fluorescent intensity of the CD68 signal #me area occupied by CR3 staining in
contralateral and ipsilateral dorsal horns, showrmalized to contralateral. *P<0.05, Mann-
Whitney. ***P<0.001 by student’s t-test (n=4-8 malad female rats). Scale bars=i00D,
Inhibitory terminals identified by VGAT (magentajpch KCC2 (green) immunoreactivity in

contralateral and ipsilateral dorsal horns. Sokdloyv line shows the dorsal boundary of the
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dorsal horn and the dotted lines denote the limlitamina | and lamina Il respectively. Scale
bar=5Q@um. E, Bars represent mean +SEM of the average fluoresctamtsity VGAT and KCC2
signals in contralateral and ipsilateral dorsalnspishown normalized to contralateral. *P<0.05,
**P<0.01 by student’s t-test (n=5-11 male and feamits). F, Downregulated KCC2 (green)
and VGAT (magenta) in the ipsilateral cord can benstogether. Arrows point to KCC2 and
VGAT on the cell membrane. Changes can be seathihiiory cells indicated by Pax2 (white)
and excitatory cells (Pax2-; observed here in pisddteral images), note that no Pax2+ cells are

visible in the contralateral fields. Arrowheadsmidb nucleoli, scale bar=jfn.
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