UC Davis
UC Davis Previously Published Works

Title
Structural, compositional, and functional effects of blunt and sharp cartilage damage on
the joint: A 9-month equine groove model study.

Permalink
https://escholarship.org/uc/item/2wh1g9zg

Journal
Journal of Orthopaedic Research, 39(11)

Authors

Te Moller, Nikae
Mohammadi, Ali
Plomp, Saskia

Publication Date
2021-11-01

DOI
10.1002/jor.24971

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/2wh1q9zs
https://escholarship.org/uc/item/2wh1q9zs#author
https://escholarship.org
http://www.cdlib.org/

Received: 21 September 2020 Revised: 9 December 2020 Accepted: 21 December 2020

DOI: 10.1002/jor.24971

Journal of

Orthopaedic

RESEARCH ARTICLE Research®

Structural, compositional, and functional effects of blunt and
sharp cartilage damage on the joint: A 9-month equine groove

model study

Nikae C. R. te Moller? |
Filipe M. Serra Braganca®
Isaac O. Afara? |
Rami K. Korhonen? |
P. René van Weeren?

1Department of Clinical Sciences, Faculty of
Veterinary Medicine, Utrecht University,
Utrecht, the Netherlands

2Department of Applied Physics, University of
Eastern Finland, Kuopio, Finland

3Diagnostic Imaging Center, Kuopio
University Hospital, Kuopio, Finland

“Department of Orthopaedics, University
Medical Center Utrecht, Utrecht,
the Netherlands

5School of Information Technology and
Electrical Engineering, The University of
Queensland, Brisbane, Queensland, Australia

Correspondence

Nikae C. R. te Moller, Department of Clinical
Sciences, Faculty of Veterinary Medicine,
Utrecht University, Yalelaan 114, 3584 CM
Utrecht, the Netherlands.

Email: n.c.r.temoller@uu.nl

Funding information

ReumaNederland, Grant/Award Number:
LLP-22; Nederlandse Organisatie voor
Wetenschappelijk Onderzoek,

Grant/Award Number: 022.005.018;
University of Eastern Finland's Doctoral
Programme in Science, Technology and
Computing (SCITECO); Academy of Finland,
Grant/Award Numbers: 324529, 307932

Ali Mohammadi? |

Ervin Nippolainen? |
Juha Toyras

Saskia Plomp? |
| Martijn Beukers!® | Behdad Pouran?® |
Janne T. A. Mikel3? |

235® | Harold Brommerl® |

Abstract

This study aimed to quantify the long-term progression of blunt and sharp cartilage
defects and their effect on joint homeostasis and function of the equine carpus. In
nine adult Shetland ponies, the cartilage in the radiocarpal and middle carpal joint of
one front limb was grooved (blunt or sharp randomized). The ponies were subjected
to an 8-week exercise protocol and euthanized at 39 weeks. Structural and com-
positional alterations in joint tissues were evaluated in vivo using serial radiographs,
synovial biopsies, and synovial fluid samples. Joint function was monitored by
quantitative gait analysis. Macroscopic, microscopic, and biomechanical evaluation
of the cartilage and assessment of subchondral bone parameters were performed ex
vivo. Grooved cartilage showed higher OARSI microscopy scores than the contra-
lateral sham-operated controls (p < 0.0001). Blunt-grooved cartilage scored higher
than sharp-grooved cartilage (p=0.007) and fixed charge density around these
grooves was lower (p = 0.006). Equilibrium and instantaneous moduli trended lower
in grooved cartilage than their controls (significant for radiocarpal joints). Changes
in other tissues included a threefold to sevenfold change in interleukin-6 expression
in synovium from grooved joints at week 23 (p = 0.042) and an increased CPII/C2C
ratio in synovial fluid extracted from blunt-grooved joints at week 35 (p = 0.010).
Gait analysis outcome revealed mild, gradually increasing lameness. In conclusion,
blunt and, to a lesser extent, sharp grooves in combination with a period of mod-
erate exercise, lead to mild degeneration in equine carpal cartilage over a 9-month

period, but the effect on overall joint health remains limited.
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1 | INTRODUCTION

Osteoarthritis (OA) affects millions of people worldwide and is also a
common burden in animals. Particularly in the horse industry, the
high incidence of OA is an important concern. The close similarity
between equine and human articular cartilage and the horse being a
target species in itself, make equine models very useful for studying
early pathobiological events of OA.>°

Recently, the articular groove model that was earlier used in
dogs, sheep, and rats,” ® was applied in the equine metacarpopha-
langeal (MCP) joint.” In that study the cartilage was surgically
grooved onto the calcified cartilage layer and the animals were
subjected to moderate physical exercise. In a 10-week pilot study in
Shetland ponies, we showed later that the model behaved similarly in
middle carpal and MCP joints.®

The cited studies focused on structural changes of cartilage and
subchondral bone, biochemical analysis of cartilage, and, to some extent,
synovial fluid (SF) biomarkers.*”” Data on biomechanical changes of the
cartilage is still limited, despite the growing awareness of the crucial role
of biomechanics in our current incapacity to regenerate functional ar-
ticular cartilage.” In this context, the responses to various types of lesions
that differently affect the native architecture of the cartilage is of in-
terest. In the 1960s, the scarification model (a groove model with sharp
cuts) was used in rabbits'® and the response of articular cartilage to
blunt grooves versus sharp cuts has been investigated in vitro,'* but no
in vivo comparison has been made. Also, longitudinal information on the
progress of chondral grooves is sparse. This kind of data would be va-
luable for the validation of computational models aiming to predict the
progression of focal defects and ensuing posttraumatic OA.'? Better
insights in early-stage processes could help timely recognition of (the risk
to develop) OA and may reveal new treatment targets.

This study aimed at quantifying the long-term progression of
artificially created cartilage grooves and their effect on other joint
tissues in the equine carpal joint by monitoring changes at a
structural, compositional, and functional level in vivo and ex vivo.
We hypothesized that 1) damage to articular cartilage would al-
ways lead to progressive degeneration, but that substantial dis-
ruption of the matrix (“blunt grooves”) would accelerate this
process compared with more subtle damage (“sharp grooves”) and
that 2) progressive cartilage degeneration would affect joint
homeostasis, evidenced by alterations in other joint tissues and
functionally as changes in gait pattern.

2 | METHODS

2.1 | Animals

The study included nine healthy adult female Shetland ponies (mean +
SD) age 6.8+2.6 years (range 4-13 years); mean+SD bodyweight
203+ 15.3 kg (range 171-220 kg); details of sample size calculation in
Supporting Information text S1). The ponies were not lame and did not
suffer from lateral patellar subluxation or upward patellar fixation

(well-known disorders in this breed). The study was authorized by the
Utrecht University Animal Experiments Committee and the Central
Committee for Animal Experiments (permit AVD108002015307) in
compliance with the Dutch Act on Animal Experimentation. Animal care
was performed in accordance with the Utrecht University guidelines.

2.2 | Surgical procedures

All surgeries were performed under general anesthesia (details of
procedure in Supporting Information Text S2). Grooves were created
by a board-certified equine surgeon (HB) in one randomly assigned
front limb per animal. In the cartilage layer of the radial facet of the
third carpal bone and of the dorsoproximal surface of the intermediate
carpal bone, three grooves (two running in parallel in palmarodorsal
direction and one in mediolateral direction) were made via arthrotomy
of the middle carpal and radiocarpal joint, respectively (Figure 1A).
Blunt and sharp grooves were randomly assigned to either of the two
joints (n = 9 per groove type). Blunt grooves were made using a hooked
arthroscopic probe with a sharpened tip (Figure 1B), sharp grooves
with a surgical blade (Beaver Mini-Blade®, MFID: 376400) clamped in
a custom-made device (Figure 1C). The contralateral joints were sham-
operated and served as controls (n = 18). After surgery, ponies were

kept for 3 weeks in individual boxes allowing mutual contact.

2.3 | Exercise program

The ponies were accustomed to treadmill (Mustang 200; Kagra AG)
exercise 3 weeks before surgery. After initial box-rest, they were
hand-walked daily for 15min 2 weeks post-surgery. After 3 weeks,
they were moved to an open group shed (approx. 125 m?) and sub-
jected to an incremental exercise protocol for 8 weeks (Table 1). After
26 weeks, the ponies were allowed free pasture exercise until the end
of the study.

2.4 | In vivo monitoring and post-mortem analysis
Structural and compositional changes in the joints were monitored
through serial radiographs, synovial biopsies, and SF samples. Joint
function was monitored by quantitative gait analysis (Figure 2A). At
39 weeks, the ponies were euthanized (Supporting Information Text
S2). Grooved and control joints were harvested and stored at -20°C
until post-mortem analyses focusing at macroscopic and microscopic
cartilage degeneration (primary outcomes), cartilage biomechanics,

and subchondral bone parameters (Figure 2B).

2.5 | Macroscopic examination of cartilage

Joints were thawed overnight at 4°C, and joint surfaces were
photographed for macroscopic evaluation using a 0-4 scale.’®
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FIGURE 1 (A) The carpal groove model shown for the right carpus, with the left carpus representing the sham-operated control.

C3, third carpal bone; |, intermediate carpal bone; MC3, third metacarpal bone; MCJ, middle carpal joint; R, radial carpal bone, RCJ, radiocarpal
joint; U, ulnar carpal bone. Grooves were created at the dorsoproximal surface of the intermediate carpal bone (2) and at the radial facet
of the proximal surface of the third carpal bone (4); one blunt, one sharp, randomly chosen. 1, distal surface of the radius (kissing site),

3, distal surface of the radial carpal bone (kissing site). (B) An arthroscopic probe with a sharpened tip was used to create blunt grooves.
(C) A surgical mini blade clamped in a custom-made device was used to create sharp grooves [Color figure can be viewed at wileyonlinelibrary.com]

The actual grooves were excluded from this grading scheme.
Photographs were blind-coded and randomly scored twice with
one week in between by two observers (NM, HB). Osteochondral
samples from the grooved sites and the contact sites (“kissing
sites”), and their contralateral controls were harvested using an
oscillating saw (multitool PMF 220CE; Bosch) and stored
at -20°C.

TABLE 1 Training protocol (weeks after groove surgery)

2.6 | Micro-computed tomography (CT) imaging of
osteochondral samples

Samples were thawed at room temperature before high-
resolution micro-CT imaging (Quantum FX®; Perkin Elmer) and
subsequently stored at -20°C (Supporting Information Text S3).
Trabecular bone thickness and trabecular bone volume fraction

Horse walker

Treadmill (min/gait) (min/day)
Week Day Walk Trot Canter Walk Canter Trot Walk Total Walk
3 Mo-Fri 10 - - - - - - 10 -
4 Mo 3 2 - 2 - 2 5 14 15
Tue 3 3 - 2 - 3 5 16
Thu 3 3 - 2 - 3 5 16
Fri 3 4 - 2 - 4 5 18
5 Mo 3 5 - 2 - 5 5 20 30
Tue 3 4 1 1 1 2 5 17
We 5 4 1 1 1 2 5 19
Thu 3 5 - 2 - 2 5 17
Fri 5 4 2 - - 2 5 18
6-11 Mo 3 5 - 2 - 5 5 20 30
Tue 5 4 2 - - 2 5 18
Thu 3 5 - 2 - 5 5 20
Fri 5 4 2 - - 2 5 18

Note: Speed at walk, trot, and canter was set at 4.5, 11, and 21 km/h, respectively. Walking exercise in the horse walker was performed 7 days/week.
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FIGURE 2 (A) Study design for in vivo monitoring. During the baseline period, ponies were accustomed to treadmill exercise. Groove
surgery was performed through arthrotomy. (B) Workflow of post-mortem analyses [Color figure can be viewed at wileyonlinelibrary.com]

were evaluated using Fiji software (ImageJ, version 2.0.0-rc-69,

https://imagej.net).

2.7 | Semi-automated mechanical indentation
testing of cartilage

Measurement was done at three points dorsal and three points
palmar of the groove running in mediolateral direction (Figure 2B).
After thawing at room temperature, measurements were conducted
using a Biomomentum Mach-1 v500css (Biomomentum Inc.) with a
70N multiaxial load-cell and a nonporous spherical tip indenter
(d=0.5mm, MA034; Biomomentum). Briefly, a one-step stress-
relaxation protocol was implemented using a ramp rate of 100%/s,
15% (of the cartilage thickness) step and 300's relaxation time.** ¢
Equilibrium and instantaneous Young's moduli were calculated and

corrected using Hayes equation®’ (Supporting Information Text S4).

2.8 | Microscopic examination of cartilage

Osteochondral samples were cut at 6 mm from the (virtual) central
groove towards the dorsal and palmar sides. They were fixated in 10%

formalin (Riedel-de Haen 33220) and decalcified in 0.5 M ethylenedia-
minetetraacetic acid (prod. 20296.360, VWR; Radnor) at pH 7.0 for
10 weeks. Samples were further divided into four parts and embedded
in paraffin. Five micrometer thick sections from three locations per
sample (directly adjacent to and at 3mm from the central groove
(Figure 2B) were stained with Safranin-O/Fast-green (SOFG), blind-
coded, and graded at a 0-20 scale'® in randomized order by two
observers (NM, SP). The proteoglycan (PG) depletion within a 1-mm
rectangular region-of-interest (ROI) around each groove was de-
termined based on optical density values from digital densitometry
images (Supporting Information Text S5, Figure S1). Collagen type 1 and
2 immunohistochemistry was performed using collagen 1 rabbit mono-
clonal antibody (ab138492; Abcam) and collagen 2 mouse monoclonal
antibody (1I-116B3, DSHB; Supporting Information Text S6).

2.9 | Radiographic analysis

Radiographs were taken bilaterally before and at 38 weeks after
groove surgery, including the following views: lateromedial,
flexed lateromedial, dorsopalmar, dorsomedial-palmarolateral
and dorsolateral-palmaromedial oblique and dorsoproximal-
dorsodistal oblique at 85° and 55°. Images were blind-coded and
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radiocarpal and middle carpal joints were assessed separately for
subchondral bone lysis, bone proliferation at the joint capsule
attachment (enthesophytes), and osteophyte formation, each on

a 0-3 scale,’® by one board-certified veterinary radiologist (MB).

2.10 | Synovial membrane microscopy

At each surgery, synovium biopsies from each joint were taken for
histology and gene expression analysis. Samples for histology were
fixed in formaldehyde solution 4% (Klinipath 4078.9005) and em-
bedded in paraffin. Five-um thick sections were stained with
hematoxylin-eosin, blind-coded, and graded on a 0-20 scale™ in

randomized order by two observers (SP, NM).

2.11 | Synovial membrane quantitative
polymerase chain reaction (qQPCR)

For RNA isolation, the RNeasy Mini kit (QIAGEN) was used
according to the manufacturer's guidelines. An input of 300 ng
total RNA per sample was reverse-transcribed into complementary
DNA (cDNA) and subsequently, SybrGreen quantitative real-time
PCR (gRT-PCR) was performed (Supporting Information Text S7).
Target genes included matrix metalloproteinase-3 (MMP-3),
chemokine (C-C motif) ligand 2 (CCL2), interleukin-1 receptor
(IL1R), interleukin-6 (IL-6), transforming growth factor-gf1
(TGF-B1), activin receptor-like kinase-5 and -1 (ALK5 and ALK1),
and plasminogen activator inhibitor-1 (Pail) (Table S1). Five
reference genes were selected (Supporting Information Text S7)
and relative expression was calculated according to the normalized
relative quantity (NRQ) method'’ in Microsoft Excel (version
16.24). Statistically significant changes were considered relevant

when fold-changes > 2.

2.12 | Synovial fluid composition
SF was collected into uncoated tubes before each surgery and ad-
ditionally at weeks -3, 19, and 35. Before arthrocentesis, ponies were
sedated with detomidine and butorphanol and the arthrocentesis
area was aseptically prepared. Samples were processed within
30 min. Total nucleated cell count (TNC) and total protein (TP)
concentration (hand-held refractometer; Euromex Holland) were
measured, and predominant cell populations were identified by mi-
croscopic evaluation of rapid stained smears. Control samples from
radiocarpal and middle carpal joints were averaged for analysis. The
remainder of the sample was centrifuged (at 2520g for 5 min). The
cell-free supernatant was transferred to 2 ml Eppendorf tubes and
stored at -80°C for biomarker analysis.

Five biomarkers were evaluated in SF collected at week -3
(baseline), week 19, and week 35. Concentrations of type Il collagen
synthesis marker carboxypropeptide (CPIl), type Il collagen cleavage

Research®

(C2C) marker (Ibex; Montreal), and the inflammation and pain-
related marker CC-chemokine ligand 2 (CCL2; KingFisherBiotech)
were measured by commercial ELISA kits (Supporting Information
Text S8). General MMP activity was measured using a fluorometric
assay based on the cleavage of the fluorogenic peptide substrate
FS-6.2° Glycosaminoglycan (GAG) concentrations were measured
using a modification of the 1,9-dimethylmethylene blue assay.?*
Control samples from radiocarpal and middle carpal joints were

pooled. Samples from grooved joints were pooled at baseline.

2.13 | Quantitative gait analysis

Optical motion capture data was collected by 18 high-speed infrared
cameras (Oqus 700+, 200 Hz; Qualisys AB) 2 weeks before and at 8, 10,
22, and 38 weeks after groove surgery (Supporting Information Text S9).
Symmetry parameters MaxDiff and MinDiff (i.e., differences between the
two maxima and minima of vertical displacement, respectively) and range

of motion were calculated for head, withers, and pelvis.22

2.14 | Statistical analysis

R software (version 3.5.2) was used. Ordinal data (radiographic and
macroscopic scores) were analyzed using Friedman testing with
Tukey HSD post hoc comparison. A paired ttest was used for
two-group comparisons (blunt vs. sharp) with continuous outcomes
(optical density values). For more than two groups with continuous
outcomes, linear mixed effect models were used with multiple fixed
effects and with pony as random effect (nlme package, version
3.1-137), followed by pair-wise comparisons of estimated means with
false discovery rate correction to test for differences between
groups. Using these approaches, dependences within animals could
be taken into account. Logarithmic or square root transformations
were used when needed to meet the model assumptions (details in
Table S2). Model fit was tested using Akaike's Information Criterium
and presented model estimates were based on restricted maximum
likelihood estimators. p <0.05 was set as the limit of statistical
significance. Macroscopic and microscopic scores of two observers
were averaged for analysis. As a measure of interobserver agree-
ment, the intraclass correlation coefficient (ICC) was calculated
(two-way random model for agreement on single measurements).

3 | RESULTS

3.1 | Macroscopic and microscopic examination of
the cartilage

Macroscopically, blunt grooves were clearly visible and showed a
crumbling aspect at the edges of the grooves. Sharp grooves were hardly
visible. In neither of the groove types, signs of defect filling were seen. In
most samples from blunt-grooved joints, an imprint was seen at the
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kissing site. The surfaces of both grooved and control joints showed mild
to moderate degenerative changes (Figures 3 and S2A). The ICC (95%
confidence interval [Cl]) of two observers was 0.443 (-0.089 to 0.771).

Microscopically, blunt lesions typically reached to the calcified
cartilage layer and caused detachment of the non-calcified cartilage
at the tidemark. Big clusters (up to 19 cells) and loss of SOFG
staining characterized the area adjacent to the lesions. Sharp lesions
typically reached into the deep zone of the non-calcified cartilage
and caused mild changes to the adjacent tissue (Figure 4). In two
ponies, filling of blunt defects with fibrocartilage-like tissue was
observed. In one of them this was also seen in a sharp defect
(Figure 5). Estimated mean (95% CI) OARSI scores were higher in
grooved samples compared with their controls (16.9 [15.7-18.1] vs.
10.2 [9.0-11.5] for blunt and 14.9 [13.7-16.2] vs. 11.2 [9.9-12.4] for
sharp; p<0.0001); this was not the case for the kissing sites
(Figure S2B). Blunt-grooved samples scored significantly higher than
sharp grooved samples (p=0.007). The ICC (95% Cl) of two ob-
servers was 0.902 (0.874-0.924). Normalized mean (+SD) optical
density, as a measure of proteoglycan content, was significantly
lower around blunt grooves than around sharp grooves (0.57 +0.21
and 0.92 £0.28, resp.; p =0.006). Qualitative evaluation of collagen
staining showed collagen type 2 loss in the cartilage directly adjacent
to the blunt lesions and, to a lesser extent, at the edges of sharp

Kissing site

Radiocarpal

Grooved site

Kissing site

Middle carpal

Grooved site

lesions. Collagen type 1 staining was only (minimally) seen in the

repair tissue found in two blunt-grooved samples (Figure 5).

3.2 | Micro-CT imaging of cartilage and
subchondral bone

The estimated mean (95% CI) cartilage thickness opposite to the
sharp grooves was higher than their contralateral controls in the
middle carpal joint (471 [388-572]um vs. 398 [328-483]um;
p =0.005). No other differences in cartilage thickness, mean trabe-
cular thickness, or trabecular bone volume fraction were observed
between grooved samples and their controls (Figure S3).

3.3 | Biomechanical measurements of cartilage
Biomechanical moduli trended lower in the grooved joints than in
their controls (Figure 6).

For the equilibrium modulus the estimated mean (95% Cl) was
lower in the cartilage opposite blunt grooves in the middle carpal
joint (0.73 [0.59-0.90] vs. 0.95 [0.77-1.14] MPa; p =0.021) and in
sharp grooved cartilage in the radiocarpal joint (0.86 [0.71-1.03] vs.

FIGURE 3 Gross appearance of the articular cartilage surface of grooved (left column = right limb) and sham-operated (middle column = left
limb) joints of an individual at 39 weeks. Right column presents enlargements of the carpal bones labeled (A-D) in the left and middle columns.
Sharp grooves (A) and blunt grooves (D) are present in the right joint. The kissing site in the right middle carpal joint shows a press-pattern
of the blunt grooves (C). The kissing site in the left middle carpal control joint shows a grade 3 lesion possibly resulting from the surgery

(B) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Light microscopy images of articular cartilage sections with blunt and sharp grooves (pony 1-9). COLII/I, collagen type 2/1
immunohistochemistry staining; SOFG, Safranin-O Fast-Green staining. “reference” shows freshly made blunt and sharp lesions in a cadaver
joint [Color figure can be viewed at wileyonlinelibrary.com]

1.10 [0.93-1.30] MPa; p =0.009). The instantaneous modulus was 3.4 | Radiographic analysis

lower in both blunt- and sharp-grooved cartilage in the radiocarpal

joint (6.42 [4.56-8.59] vs. 8.39 [6.22-10.9] MPa; p = 0.021, and 5.64 No statistically significant changes in radiographic scores were
[4.13-7.39] vs. 6.93 [5.23-8.88) MPa; p = 0.045, respectively). seen. The biggest increase of mean (+SD) scores was observed in
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FIGURE 5 Light microscopy images of articular cartilage sections with fibro-cartilage-like filling of blunt (ponies 5 and 9, respectively) or
sharp (pony 9) grooves. White asteriskindicates fibro-cartilage-like tissue. Lack of collagen type 2 staining and positive staining for collagen
type 1 was observed in the blunt grooves. The fibro-cartilage-like tissue observed in the SOFG-stained section of the sharp groove,

was not found in the collagen type 1 and 2-stained sections [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 Post-mortem cartilage biomechanical properties. Spaghetti plots show cartilage equilibrium modulus (A) and instantaneous
modulus (B) per pony averaged over six measured locations. Gray boxplots represent medians with interquartile ranges of all measured
locations (gray dots). *p < 0.05; **p < 0.01 [Color figure can be viewed at wileyonlinelibrary.com]
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blunt- (0 [0]-1.8 [1.3]) and sharp-grooved (0 [0]-1.4 [1.3]) radiocarpal
joints (Table S3 and Figure S4).

3.5 | Synovial membrane microscopy

A total number of 138/144 of synovium sections was graded
(four controls, one blunt, and one sharp were excluded due to in-
sufficient quality). Treatment groups could not be distinguished
statistically at any time point (Figure S5). The ICC (95% ClI) of two
observers was 0.759 (0.678-0.822).

3.6 | Synovial membrane quantitative PCR

A mean (+SD) RNA yield of 35.5 (£26.1) ng/ul was obtained. Eight
samples (four controls, two blunt, and two sharp) were excluded
because of poor RNA quality or because C; values were out of the
detection range. Measures of qPCR quality are provided in
Table S4. Expression levels of interleukin-6 (IL-6) were higher in
grooved joints than in their contralateral controls at week 23
(p =0.042). The estimated mean (95% CIl) NRQ in blunt-grooved
joints was 4.27 (1.16-15.7) versus 1.38 (0.32-5.93) in their
controls. For the sharp group this was 4.99 (1.36-18.3) versus

©15
.: ° b
T a a
o]
U 10 E‘b e
I
=
= 5| [ B
U L]
O .
baseline week1g week3g
H#t# Hit#
5000 « °
£ 4000 5
B0 . ®
253000
~—
AL
O 2000
U L ] L]
1000 [£:| EJLQ
| Gl
baseline  weekig week3s
EdControl E3Blunt EdSharp

Research®
0.69 (0.19-2.53). Expression levels of IL-6, CCL2, and ALKS5

showed increases over time that were statistically significant and
relevant only in grooved joints. Changes in expression levels in
other markers were observed over the level of treatment group
only (Figure Sé6).

3.7 | Synovial fluid

TNC could not be measured in 3/216 samples (two blunt grooved and
one control) due to a technical error. Total protein levels remained within
a clinically normal range (0-3g/dl) and therefore, the time-related de-
crease was not considered relevant. The estimated mean (95% Cl) TNC
increased over the level of treatment group from 0.33 (0.18-0.61) G/L at
baseline to 5.20 (2.84-9.56) G/L at week 39 (p < 0.0001), with a small
peak of 240 G/L at week 11 (95% Cl 1.29-4.44; p < 0.0001). This could
be explained by an increasing presence of lymphocytes (Table S5).

In SF extracted from blunt-grooved joints, the estimated mean
(95% CI) CPII/C2C ratio significantly from 5.84
(4.10-7.90) at baseline to 9.16 (6.80-11.9) at week 35, reaching a
higher level than sharp-grooved (5.59 [3.78-7.75], p=0.0075) and
control joints (6.3 [4.37-8.58], p = 0.0248) at that point. For GAG and
MMP analysis 1/72 samples and for CCL2 analysis 3/72 samples

increased
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FIGURE 7 Biomarkers in synovial fluid. Medians (+ interquartile ranges) of CPII/C2C ratio, glycosaminoglycan (GAG) and chemokine
(C-C motif) ligand 2 (CCL2) concentrations, and matrix metalloproteinase (MMP) activity in synovial fluid from control joints and blunt- and
sharp-grooved joints. *Significant differences between time points, within treatment group. #Significant differences with baseline for all
treatment groups. *#p < 0.05; **/** p < 0.01; ***#p < 0.001. Treatment groups with non-corresponding letters are significantly different

[Color figure can be viewed at wileyonlinelibrary.com]
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markers, time-related changes occurred over the level of treatment

group only (Figure 7).

3.8 | Quantitative gait analysis

One pony was withdrawn from treadmill training after 5 weeks
and excluded from gait analysis because of recurrent mild la-
meness (1-2/5), related to mild desmopathy of the interosseous
tendon branches and bilateral shoulder OA. The estimated mean
(95% CI) absolute MinDiff of the head gradually increased,
reaching a maximum of 14.8 (12.2-17.3) mm at week 22 (vs. 8.43
[6.23-10.6] mm at baseline; p < 0.0001). No further statistically
significant or clinically relevant changes in symmetry were found.
The range of motion of the head decreased on the short term
(-6.4 mm at week 8) but increased on the long term (+4 mm at
week 38). For the withers and pelvis, a decrease in range of

motion was seen over the long term (Table Sé6).

4 | DISCUSSION

In this model, both blunt and sharp cartilage grooves led to a certain
degree of degeneration in the adjacent articular cartilage, as evi-
denced by significantly higher OARSI scores of grooved cartilage,
compared with the contralateral controls. Blunt lesions resulted in
more extensive proteoglycan depletion and loss of collagen type 2
staining, and more pronounced cluster formation and focal cell loss.
There were no relevant differences in cartilage thickness, but carti-
lage biomechanical moduli were lower in grooved joints, indicating
less-than-normal resilience. Concomitant changes in other joint tis-
sues remained limited to higher IL-6 expression levels in synovium at
week 23 and an increased CPII/C2C ratio in SF from blunt-grooved
joints at week 35.

The features of blunt and sharp grooves in this study were
similar to those described in previous in vivo models.*” 7102324
However, despite macroscopically visible imprints of particularly
blunt grooves, kissing sites were not assigned higher OARSI
scores than contralateral controls, as described in sheep and
rats.>® This could be due to the repeated arthrocentesis and joint
surgeries which may have caused unintended damage, leveling
out the difference in degeneration scores. Additionally, we found
fibro-cartilage-like tissue in some defects in two individuals. This
has not been reported in other groove models, but partial defect
filling with fibrous repair tissue has been described in the equine
carpus, 3 months®® and 1 year”® after the creation of a chondral
lesion. The fact that we observed this only in some individuals
may highlight the variation in individual responses to cartilage
damage. An in vitro study comparing blunt and sharp trauma in
immature bovine cartilage explants reported a band of cell death
adjacent to the blunt lesion edge extending approximately
100 um into the tissue and viable cells immediately adjacent to
the edge of sharp lesions. Also, loss of safranin-O staining at the

edge of blunt lesions extended further into the tissue. It was
hypothesized that there is less initial disruption of the matrix and
less mechanical stress immediately adjacent to the edge of a
sharp defect.*?’

Interestingly, the lower cartilage stiffness around the grooves
than in controls was only significant in the radiocarpal joints. This
could be related to a higher range of motion and different con-
tributions of shear and compression to the total forces than in the
middle carpal joints.?® The bigger changes in radiographic scores
observed in grooved radiocarpal joints than middle carpal joints may
support this theory. Possibly, changes would have been greater if
indentation had been performed closer to the grooves than at 2 mm,
a value chosen to minimize edge effects.?’ Digital densitometry
(reflecting fixed charged density of proteoglycans, which strongly
influences the equilibrium modulusr*?) showed reduced optical
density values mostly within less than a 1 mm rectangular ROI
around the grooves.

The cartilage defects produced an upregulated IL-6 expression
at week 23. Immunostaining of the synovium or analysis of IL-6
concentration in SF may confirm whether this resulted in an actually
increased IL-6 production. The time-related increases in IL-6, CCL2
and ALKS5 expression in grooved joints only suggest that cartilage
damage may enhance gene transcription. The higher SF CPII/C2C
ratio in blunt-grooved joints versus sharp-grooved and control joints
at week 35, suggests a locally upregulated collagen turnover. In
previous equine chondral defect models, no differences in SF bio-
marker concentrations between traumatized and sham-operated
joints were found,”° but significant differences were present when
the defect included the subchondral bone.** Mean thickness of the
trabeculae or bone volume fraction were not different between
grooved and control joints at week 39, which is in line with previous
findings in sheep and dogs.”*? However, changes may have taken
place at an earlier phase, following the theory of biphasic bone re-
modeling.>?> Furthermore, subtle changes to the subchondral bone
plate or calcified cartilage layer cannot be excluded based on the
current data.

However, a pilot study with Fourier transform infrared micro-
spectroscopy showed a decreased mineralization in both layers of
blunt grooved samples (n=6) compared with controls (n = 5).>> No
direct effect on gait quality of cartilage lesions was measured. Pre-
vious groove model studies reported gait changes within 10 weeks
after surgery.”>* The overall gradually increasing absolute MinDiff
values of the head together with the increased range of motion of
the head on the longer term (week 38) are indicative of a mildly
progressive lameness.>®

We monitored groove-related changes over a period of
9 months with each individual serving as its own control. This
helped decrease the number of experimental animals and the
degree of biological variation between them, but also brought
limitations. Sham-operated control joints were not entirely free
from cartilage lesions and surgeries and serial SF and synovium
sampling likely induced bilateral inflammatory responses that may
have been partly responsible for the time-related changes
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observed independent of treatment.®® *® Another potential con-
founder is exercise (i.e., mechanical loading), which can influence
joint homeostasis through various mechanisms.*? This tallies well
with the changes in synovium gene expression and SF biomarkers,
irrespective of the treatment group. Together, these factors may
have minimized the differences between grooved and control
joints. Furthermore, the study design did not allow for time-
dependent histopathological assessment of the articular cartilage.
However, longitudinal evaluation of the cartilage was performed
using arthroscopic near-infrared spectroscopy.”® A long-term
contribution to early pathobiological events of OA cannot be ex-
cluded, but the direct effect of blunt or sharp cartilage damage on
joint homeostasis appeared limited. Therefore, cartilage damage
in itself may not be too important, as long as the tissue's bio-
mechanical function remains sufficient. This observation is in line
with the well-known lack of relationship between the extent of
cartilage lesions and clinical manifestation of OA and the often
huge time lag between initial cartilage damage and the clinical
presentation of OA.** However, lesion progress is slow but in-
evitable. The combination of lesion size and morphology, together
with the loading profile, will still determine progress and hence
probably the moment when these lesions do become clinically
important. The role of inflammation seemed rather limited in the
current study, but the upregulation of IL-6 and CCL2 expression in
the synovium may provide clues to further investigation.

In the search for leads to improve timely recognition and
treatment of OA, longer follow-up (several years) may be needed to
bring about measurable effects of minor cartilage damage on joint
homeostasis. However, such studies are practically very demanding,
expensive, and bear ethical considerations. Quicker progress of de-
generation may be achieved with more extensive grooves or using
high motion joints that are subjected to more shear forces than the
carpal joint. However, the question as to what extent quick and
short-term models mimic the natural situation as encountered in the
human or equine clinic, and therefore their translational value, re-
mains a point of discussion. Higher sensitivity techniques like pro-
teomics and metabolomics could contribute to more adequate

profiling of synovial tissues*? **

and might be able to pick up chan-
ges not detected with the current methods. The interplay between
the morphology of the lesion, degree of tissue disruption, mechanical
loading, and inflammatory responses, could be further studied by ex
vivo mechanical testing and computational modeling.>*° Data ob-
tained by in vivo studies like ours, is of great value for the validation
of such models.

In conclusion, sharp and blunt grooves in the non-calcified car-
tilage layer of the equine carpal joint, do not repair. Microscopic
observations and biomechanical data showed that the reaction of the
tissue adjacent to the defect varies dependent on the characteristics
of the lesion. The overall effect of minor cartilage lesions on joint
homeostasis and clinical presentation is limited, but they irrevocably
cause a certain degree of degeneration. It is likely that it is the

combination of lesion size and configuration, together with the

Research®

loading profile that will determine the speed and character of further

degeneration.
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