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s u m m a r y

Objective: Knee osteoarthritis (OA) is associated with ongoing pain and joint damage that can be
punctuated by acute flares of pain and inflammation. Synovitis in normal knees might resolve without
long-term detriment to joint function. We hypothesised that osteoarthritis is associated with impaired
resilience to inflammatory flares.
Design: We induced synovitis by injecting carrageenan into rat knees with or without meniscal tran-
section (MNX)-induced OA, and measured synovitis, weightbearing asymmetry (pain behaviour), and
joint damage up to 35 days after OA induction (23 days after carrageenan-injection).
Results: Carrageenan injection induced weightbearing asymmetry for 1 week, transient increase in knee
diameter for 2 days, and a sustained increase in synovial macrophages, endothelial cell proliferation and
vascular density compared with naive vehicle-injected controls. MNX surgery induced weightbearing
asymmetry and histological evidence of OA. Carrageenan-injection in MNX-operated knees was followed
for 2 days by increased weightbearing asymmetry compared either to MNXþvehicle or to
shamþcarrageenan groups. OA structural damage and synovitis at day 35 were greater in MNXþcarra-
geenan compared to MNXþvehicle and shamþcarrageenan groups. Carrageenan injection did not induce
OA in Sham-operated knees.
Conclusion: Intra-articular injection of the pro-inflammatory compound carrageenan in OA and sham-
operated control knees induced a short term increase in joint pain. Even though pain flares resolved
in both groups and damage was not induced in sham-operated knees, carrageen injection exacerbated
long-term joint damage in OA knees. OA knees display less resilience to inflammatory episodes. Pre-
venting inflammatory flares may be particularly important in preventing symptoms and long term joint
damage in OA.

© 2018 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

Osteoarthritis (OA) is the most prevalent chronic joint disease
affecting half of the world's population over the age of 65 years1.
The topmost concern of OA patients is the alleviation of chronic
pain, yet the determinants of this pain remain poorly understood.
Osteoarthritic pain is not uniform. People with OA experience

different types of pain, including pain on weight bearing or during
joint movement, and pain at rest. OA pain may come and go
(intermittent joint pain)2, whereas structural damage, as
measured by radiographs, is rarely reversible. Intensity of joint
pain does not necessarily correlate with the severity of joint
damage3,4, indicating important contributions from non-
structural pain mechanisms.

Inflammation and joint damage are each closely associated with
OA pain5e7. Joint changes associatedwith OA pain include synovitis,
cartilage damage, osteophyte formation and subchondral bone
marrow lesions (BML)3,8e11. Inflammation contributes to pain flares
in OA, exacerbates cartilage damage and may lead to sustained
sensitisation and thereby exacerbate chronic pain12,13. Clinical trials
with nerve growth factor (NGF) blocking agents confirm that pe-
ripheral sensitisation is critical to OA pain14. Angiogenesis,
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formation of new blood vessels from pre-existing ones is a core
component of chronic inflammation15. In OA, angiogenesis is seen
in the synovium and subchondral bone16,17. Increased synovial
angiogenesis is also associated with chronic synovitis and can
exacerbate OA pain15,18.

Intra-articular injection of corticosteroids can reduce OA-
associated inflammation and pain, but might not be immediately
accessible during arthritis flares, and risk adverse events in
particular with frequent usage. Oral analgesics such as non-
steroidal anti-inflammatory drugs (NSAIDS) and opioids might
have limited efficacy and also have potential risk of adverse events.
Hence, it is urgent to increase our understanding of OA pain
mechanisms in order to improve clinical outcomes.

Preclinical models of knee OA have the potential to increase our
understanding of OA pain. The rat medial meniscal transection
(MNX) surgical model of knee OA is associated with pain behaviour
and joint pathology similar to those observed in human knee
OA17,19. Intra-articular injection of 2% carrageenan into rat knee
joints produces synovitis and pain behaviourmeasured as hindlimb
weight bearing asymmetry but the inflammation is not sufficient to
induce osteoarthritic changes in the cartilage and bone15,20.
Inflammation therefore might not be sufficient alone to induce OA,
even though inflammation might contribute to pain and joint
damage in people with OA. The normal joint therefore may display
some resilience to acute synovitis. We have previously shown that
OA knees are more sensitive to intra-articular injection of
NGF compared to non-osteoarthritic knees12. This led us to
hypothesise that OA knees might be less resilient to inflammation-
induced pain and joint damage, than are non-arthritic knees. Un-
derstanding what makes OA-knees more “sensitive” and prevent-
ing or reversing this vulnerability might offer novel approaches to
controlling OA pain.

In this study we evaluated the effects of acute induction of sy-
novitis by intra-articular injection of carrageenan in sham-operated
and osteoarthritic rat knees in order to explore whether OA knees
are more sensitive than non-arthritic knees to the pain and struc-
tural effects of synovitis.

Methods

In vivo experiments were performed onmale Lewis rats (Charles
River, Margate, Kent, UK, 250e270 g, agez8 weeks, n ¼ 8 per
treatment group unless otherwise stated) were carried out in
accordance with UK Home Office (HO) regulations and following
the guidelines of the International Association for the Study of Pain.
Severity band of the experiments did not exceed that permissible
under the HO licence. Rats were closely monitored throughout the
experiments to ensure that knee joint swelling did not exceed 50%
of the starting diameter and that they did not exhibit signs of
lameness that prevented their free movement around the cage.
Rats were housed under standard conditions of 12 h light/dark
cycle, with unlimited access to food and water. Rats were anes-
thetised with isoflurane (2% in O2) prior to surgery and intra-
articular injections. All outcome measurements were made by an
observer (SA) blinded to treatment.

MNX model of OA

OA was induced on day 0 in the left knee by medial meniscal
transection (MNX) as previously described17. Sham operated rats
were used as controls, these rats underwent all aspects of the
procedure apart from meniscal transection. We previously
demonstrated that sham-operated controls do not display pain
behaviour, inflammation or OA structural changes beyond 7 days
after surgery21,22.

Intra-articular injection of 2% carrageenan

Rats were given either a single 50 ml intra-articular injection of
2% carrageenan in sterile 0.9% Normal saline, pH 7.4, or Normal
saline alone in the left knee on day 12. Day 12 time-point was used
because at this time-point MNX induced changes in knee joint
pathology (inflammation, cartilage damage, osteophytes and loss of
osteochondral junction [OCJ] integrity) are evident, and signifi-
cantly higher than sham-operated rats19. Pathological changes in
the sham-operated rats as a result of the surgery have resolved by
this time-point and knee-joints resemble non-arthritic naïve con-
trols until day 35. The extent of damage in theMNX-rats seen at day
14 remains similar to that observed at day 35, and no significant
difference between joint damage at day 14 and day 35 following
meniscal transection surgery is observed19.

Treatment groups

The following treatment groups were analysed in this study:

1. Non-arthritic naïve rats were given intra-articular injection of
saline in the left knee on day 12 (naive þ vehicle).

2. Rats undergoing sham surgery (day 0, left knee joint) were
injected with saline in the left knee on day 12 (sham þ vehicle).

3. Rats undergoing sham surgery (day 0, left knee joint) were
injected with 2% carrageenan in the left knee on day 12
(sham þ 2% carrageenan).

4. OA was induced in the left knee by MNX surgery on day 0, fol-
lowed by saline injection in the left knee on day 12
(MNX þ vehicle).

5. OA was induced in the left knee by MNX surgery on day 0, fol-
lowed by 2% carrageenan injection in the left knee on day 12
(MNX þ 2% carrageenan).

Pain behaviour and joint swelling

Prior to surgery and intra-articular injection, as well as on days
12, 13, 14, 19, 26 and 35 after surgery, pain behaviour was measured
as weight bearing asymmetry between the ipsilateral and contra-
lateral hind limbs using an incapacitance meter (Linton In-
struments)17. Joint swelling was alsomeasured at these time-points
using digital electronic calipers (Mitutoyo) as the difference in knee
diameter (mm) between the ipsilateral and contra-lateral (unin-
jected) knees.

Tissue collection and preparation

Rats were killed by asphyxiation in CO2 35 days after surgery.
Synovia with patellae were collected immediately, embedded in
optimal cutting temperature (OCT) compound and snap frozen.
Tibiofemoral joints were preserved for 48 h at room temperature
(RT) in neutral buffered formalin (containing 4% para-
formaldehyde), then decalcified in 10% ethylenediaminetetraacetic
acid (EDTA) in 10 mM Tris buffer (pH 6.95) for 4 weeks at RT.
Coronal sections of trimmed joint tissues were mounted in paraffin
wax.

Synovial morphology

Synovial sections (5 mm thick) were cut using a motorized
cryostat and visualised using a 20� objective lens. CD31-positive
cells and proliferating cell nuclear antigen (PCNA)-immunoreac-
tive CD31-positive cells were used to identify endothelial cells
(ECs) and proliferating ECs, respectively, in the synovia as two
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separate measures of the extent of angiogenesis, as previously
described17,23,24. Synovium was delineated according to
morphology and synovial area was measured using a KS300 image
analysis system (Image Associates, Thame, UK). Within this syno-
vial region, a mask of the endothelial area was created by inter-
active colour thresholding of CD31-positive blood vessels. This
endothelial mask was applied over corresponding images of PCNA-
positive and DAPI-positive nuclei. Nuclei falling within endothe-
lium were counted as PCNA-positive endothelial nuclei and total
endothelial nuclei respectively. EC proliferating index (EC PCNA
Index) was defined as the percentage of endothelial cell nuclei
positive for PCNA. Vascular density (EC Fractional Area) and
macrophage infiltration (macrophage fractional area) was defined
as the percentage of synovial area that was CD31-and ED1-positive
respectively15,25. Four fields of view on each synovial section were
selected that displayed the highest densities of either CD31-
positive blood vessels, or PCNA-positive endothelial nuclei, or
ED1-positive macrophages. For vascular density, four consecutive
sections per case with four fields of view per section were used.
This optimal number was determined in previous experiments to
minimise the coefficient of variation and so that the observed
mean lies within ± 12.5% of the true mean15,26. Nuclei were
counterstained with the fluorescent deoxyribonucleic acid (DNA)
ligand 40,6-diamidino-2-phenylindole (DAPI)27. PCNA and ED1
were developed with diaminobenzidine using the glucose oxidase/
nickel-enhanced method. Endothelium markers were developed
using Fast Red (Sigma). Staining procedures were as previously
described26.

Joint pathology

The entire medial tibial plateau of the mid-coronal sections was
stained with Safranin O and used to assess joint pathology through
a 4� objective lens. A single section per knee (taken from the same
mid-coronal plane) per joint was analysed.

Chondropathy was evaluated as previously described28. Briefly,
cartilage damage was scored on a scale of 0 (cartilage of normal
appearance) to 5 (severe, full thickness degeneration to the tide-
mark). Extent of damage was estimated as the proportion (1/3, 2/3
or 3/3) of the section of the medial tibial plateau that was involved.
The cartilage damage score was then multiplied by 1, 2 or 3
respectively to give an overall chondropathy score (range 0e15).

Osteophytes were evaluated by 2 characteristics, maturity and
size, as previously described29,30. Briefly, osteophyte maturity was
scored from 0 to 3, as 0 ¼ no osteophytes, 1 ¼ predominantly carti-
lage, 2¼mixed cartilage and bonewith active vascular invasion and
endochondral ossification, and 3¼ predominantly bone. Osteophyte
size was graded as 0 ¼ marginal zone proliferative changes
(<200 mm), 1 ¼ small (200e299 mm), 2 ¼ moderate (300e399 mm),
3 ¼ large (400e499 mm) and 4 ¼ very large (�500 mm).

The integrity of the osteochondral junctionwas measured as the
number of channels present in the articular cartilage of a Safranin
Oestained section of the medial tibial plateaux, using a 20�
objective lens. Osteochondral integrity was measured as the
number of channels crossing the osteochondral junction (OCJ) into
the cartilage from the underlying subchondral bone17.

All image analyses were performed by two observers (SA and
SMS) blinded to experimental details using a Zeiss Axioskop 50
microscope (Carl Zeiss, Welwyn Garden City, UK) and a KS300
image analysis system (Image Associates, Thame, UK).

Joint damage (osteophytosis, chondropathy and integrity of the
osteochondral junction) was evaluated combining two separate
experiments (MNXþ2% carrageenan: n ¼ 16, MNX: n ¼ 16,
Shamþ2% carrageenan: n ¼ 8, Sham: n ¼ 8, Naives: n ¼ 16), to
increase the number of animals, hence the power of the study.

Statistical analysis

Power calculations were performed before the study (based on
the primary outcome measure of pain behaviour) to show a differ-
ence of 10% (P < 0.05) using a power of 80%. Data were analysed
using the Statistical Package for the Social Sciences V.16 (SPSS,
Chicago, Illinois, USA) and graphically presented using Prism
(GraphPad, San Diego, California, USA). Parametric or non-
parametric statistical methods were used to analyse normally
distributed and non-normally distributed data sets respectively.
Normally distributed data (log transformed EC PCNA Indices, and
endothelial and macrophage fractional areas, weightbearing asym-
metry and knee diameter) were analysed using one-way analysis of
variance (ANOVA). Pairwise comparisons were made using Stu-
dent's t-test with Bonferroni's correction for multiple comparisons.
Non-normally distributed data (joint damage scores and osteo-
chondral vascularity) were analysed using KruskaleWallis test fol-
lowed by ManneWhitney test for pairwise comparisons with
Bonferroni's correction. Data are presented graphically as either
mean ± S.E.M. or mean (95% Confidence Interval [CI]) unless other-
wise stated and as mean ± S.E.M. in the text. Presented statistics are
the adjusted P-values. A two-tailed P < 0.05 was taken to indicate
statistical significance.

Reagents

Biotinylated rat-adsorbed horse anti-mouse antibody (BA2001)
and avidinebiotin complexes (ABC Kits) were from Vector Labo-
ratories (Peterborough, UK). Monoclonal antibodies to macro-
phages (clone ED1, MCA341GA) and CD31 (clone TLD-3A12,
MCA1334GA) were from Bio-Rad AbD Serotec Ltd (Oxford, UK).
Antibody to PCNA (clone PC10, M0879) was obtained fromDako. All
other chemicals including l-carrageenan (22049) were obtained
from SigmaeAldrich (Poole, UK).

Results

Intra-articular injection of 2% carrageenan induces pain behaviour
and synovitis

Sham operated rats do not display pain behaviour, inflamma-
tion, or OA structural changes beyond 7 days after surgery19,21,22. In
this study sham-operated and vehicle-injected rats showed pain
behaviour (weight-bearing asymmetry) and knee joint swelling
(knee diameter) that throughout the study were similar to naïve
controls injected with vehicle. Intra-articular injection of carra-
geenan in non-arthritic knees (sham operated) on day 12, at a time
point when sham-operated rats do not show any weight bearing
asymmetry (Fig. 1), produced an increase in pain behaviour and
joint swelling [Fig. 1(A) and (B)]. Responses returned to those seen
in sham-operated and vehicle-injected group within 2 weeks (at
day 26). However increases in synovial inflammation and angio-
genesis (proliferating ECs and vascular density) were observed at
day 35 (Figs. 2e4), at a time point whenweight bearing asymmetry
and joint swelling had subsided to that of sham-operated and
vehicle-injected group (Fig. 1). Intra-articular injection of carra-
geenan into sham-operated non-arthritic knees did not cause joint
damage at day 35 (Figs. 5 and 6). Joint tissue sections resembled
those from sham-operated and vehicle-injected group.

Effects of OA on carrageenan induced pain behaviour and synovitis

At day 12, MNX-operated rats showed increased weight bearing
asymmetry (60.0 ± 9.0) compared with sham-operated and
vehicle-injected rats (7.9 ± 2.1, P < 0.0001) and this increase was
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sustained until day 35 (mnxþvehicle: 27.2 ± 5.2, shamþvehicle:
1.3 ± 2.2, P < 0.05). Weight bearing asymmetry in the MNX group
up to 35 days after surgery was similar to that 24 h following intra-
articular injection of 2% carrageenan in sham-operated rats
[Fig.1(A)]. Intra-articular injection of 2% carrageenan into the knees
12 days after MNX surgery, was followed by elevated pain

behaviour (93.6 ± 5.3) when compared with vehicle injection after
MNX surgery (45.2 ± 5.3, P < 0.0001) as well as when compared
with sham-operated and carrageenan-injected rats (55.0 ± 8.0,
P < 0.001). This increase was maintained for 2 days after
carrageenan-injection, after which weight bearing asymmetry did
not significantly differ between treatment groups (MNXþ2%

Fig. 1. Effects of intra-articular injection of 2% carrageen on knee joint pain and swelling following meniscal transection surgery. A, pain behaviour measured as difference in hind-
limb weight bearing asymmetry. B, joint swelling measured as difference in knee diameter. Meniscal transection or sham surgeries were performed on day 0. Intra-articular in-
jection of 2% carrageenan or vehicle (saline) was given on day 12 (vertical dotted line). Sham-operated rats showed similar pain behaviour and joint swelling to naïve controls
throughout the study. Arthritic (MNX) rats showed increased pain behaviour 12 days after surgery compared with sham-operated or naïve controls and this increase was
maintained until day 35. MNX surgery was not associated with significant joint swelling. Sham operated rats injected with carrageenan on day 12 showed increase in pain
behaviour until day 19 which was reduced to sham-operated and vehicle-injected control levels by day 35. MNX rats given intra-articular injection of 2% carrageenan on day 12
showed transient increase in pain behaviour, for 2 days until day 14, compared to sham operated and carrageenan injected rats, and when compared to MNX rats. Pain behaviour at
day 35 was similar in the MNX groups injected with or without carrageenan. Transient increase in joint swelling was seen following injection of carrageenan in sham operated and
MNX operated rats until day 19 (7 days after carrageenan injection). Joint diameters remained higher at day 35 in the MNX operated rats given carrageenan injection, whereas they
returned to non-arthritic control (shamþvehicle) levels at day 26 in the sham-operated and carrageenan-injected rats. Graphs show mean ± S.E.M.. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001 vs sham-operated and vehicle injected controls, þP < 0.05, þþP < 0.01, þþþP < 0.001, þþþþP < 0.0001 vs MNX-operated and vehicle-injected group, #P < 0.05,
##P < 0.01, ###P < 0.001 vs sham-operated and 2% carrageenan-injected groups. n ¼ 8 rats per group.

Fig. 2. Synovial macrophage infiltration in rat knee joints 35 days after either meniscal transection or sham surgery with intra-articular injection of 2% carrageenan or vehicle
(saline). CD68 positive macrophage fractional area, showing the extent of macrophage infiltration was similar in sham-operated and vehicle injected rats, and naïve controls (A).
Macrophage infiltration was increased after meniscal transection surgery (A and C) compared to sham-operated controls (A and B) and further exacerbated after the intra-articular
injection of 2% carrageenan into rat knee joints 12 days after meniscal transection surgery (A and D). Sham operated rats injected with 2% carrageenan (E) showed similar levels of
macrophage infiltration compared with MNX group given vehicle injection (A and C). Macrophages are delineated by immunoreactivity for ED1. Scale bar ¼ 100 mm *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001 vs sham-operated and vehicle-injected controls. þP < 0.05, þþP < 0.01, þþþP < 0.001, þþþþP < 0.0001 vs MNXþ2% carrageenan group. Data are
mean ± 95% CI of n ¼ 8 rats per group.
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Fig. 3. Synovial angiogenesis in rat knee joints 35 days after either meniscal transection or sham surgery with intra-articular injection of 2% carrageenan or vehicle (saline). EC PCNA
Index, a measure of synovial angiogenesis was similar in sham-operated and vehicle injected rats compared with naïve controls (A). Synovial angiogenesis was increased after
meniscal transection surgery (A and C) compared to sham-operated and vehicle injected controls (A and B) and further exacerbated after the intra-articular injection of 2%
carrageenan into rat knee joints 12 days after meniscal transection surgery (A and D). Sham operated rats injected with 2% carrageenan (E) showed similar levels of synovial
angiogenesis compared with MNX and vehicle injected group (A and C). ECs are delineated in red by immunoreactivity for CD31 (blue arrows). Proliferating nuclei are delineated
black by immunoreactivity for proliferating cell nuclei antigen (PCNA; green arrows). Black arrows indicate proliferating ECs, which contain PCNA-immunoreactive nuclei. Scale
bar ¼ 100 mm *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs sham-operated and vehicle injected controls. þP < 0.05, þþP < 0.01, þþþP < 0.001, þþþþP < 0.0001 vs MNXþ2%
carrageenan group. Data are mean ± 95% CI of n ¼ 8 rats per group.

Fig. 4. Synovial vascular density in rat knee joints 35 days after either meniscal transection or sham surgery with intra-articular injection of 2% carrageenan or vehicle (saline).
Synovial vascular density measured as EC fractional area was similar in sham-operated and vehicle-injected rats when compared to naïve controls (A). Synovial vascular density was
not significantly increased after meniscal transection surgery (A and C) compared to sham-operated and vehicle-injected controls (A and B) but was further exacerbated after the
intra-articular injection of 2% carrageenan into rat knee joints 12 days after meniscal transection surgery (A and D). Sham operated rats injected with 2% carrageenan (E) showed
greater synovial vascular density compared with sham-operated and vehicle-injected controls (A and B). ECs are delineated in red by immunoreactivity for CD31. Scale bar ¼ 100 mm
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs sham-operated and vehicle-injected controls. þP < 0.05, þþP < 0.01, þþþP < 0.001, þþþþP < 0.0001 vs MNXþ2% carrageenan
group. Data are mean ± 95% CI of n ¼ 8 rats per group.
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carrageenan vs MNXþvehicle vs shamþ2%carrageenan) through
the end of the study (day 35).

MNX-operated rats showed no significant joint swelling
measured as knee diameter for the duration of the study, whereas
carrageenan-injection 12 days after surgery was followed by in-
creases in joint swelling. Early increases in joint swelling up to 7
days after carrageenan injection (19 days after surgery) were
similar between MNX- and sham-operated knees. Joint swelling
after carrageenan injection into sham-operated knees returned to
non-arthritic control (shamþvehicle) levels by 14 days after injec-
tion (26 days after surgery), whereas MNXþcarrageenan group
continued to show a small but significant increase in joint diameter
at day 35 compared with non-arthritic (shamþvehicle) controls.
Vehicle-injection in sham-operated or naïve controls did not pro-
duce significant joint swelling.

Features of chronic synovitis at day 35, including synovial
macrophage infiltration and angiogenesis (proliferating ECs and
vascular density) were increased after meniscal transection surgery
compared to sham-operated and vehicle-injected knees (Figs. 2e4).
ED1-immunoreactive macrophages were localized to the synovial
lining and dispersed throughout the synovial sublining regions
(Fig. 2). CD31-immunoreactive blood vessels were distributed
throughout the depth of synovia, occasionally containing PCNA-
immunoreactive nuclei (Figs. 3 and 4). Rats given intra-articular
injection of carrageenan into the sham-operated knees showed
levels of synovial inflammation and angiogenesis, determined by
histology, similar to those seen in theMNXþvehicle group at day 35

(Figs. 2e4). MNX-operated knees injected with carrageenan
showed greater synovial inflammation and angiogenesis at day 35
when compared with MNX-operated and vehicle-injected knees,
and also the increase was greater compared to the sham-operated,
carrageenan injected knees (Figs. 2e4).

Effects of carrageenan injection on OA structural changes

The MNX model was associated with the expected OA changes
in the medial tibial plateaux at day 35. These OA changes included
cartilage damage, proteoglycan loss, reduced chondrocyte density,
subchondral bone remodelling including increased numbers of
channels breaching the OCJ, and osteophyte formation at joint
margins (Figs. 5 and 6). Carrageenan-injection was followed by
increased cartilage damage (mean increase in score ¼ 4.19) and
increased maturity of the osteophytes (mean increase in
score ¼ 0.94) in the MNX model of OA compared to vehicle-
injected, MNX-operated knees (Figs. 5 and 6). By contrast sham-
operated rats (with or without intra-articular injection of carra-
geenan on day 12) had normal joint appearance at day 35, similar to
vehicle-injected naive rat knees (Figs. 5 and 6).

Discussion

We demonstrated a short term pain behavioural and joint
swelling response to intra-articular carrageenan injection in rats
with knee OA, modelling an inflammatory pain flare. Carrageenan-

Fig. 5. Histological changes (chondropathy, osteophytosis and channels at the osteochondral junction) of the medial tibial plateau 35 days after either meniscal transection or sham
surgery with intra-articular injection of 2% carrageenan or vehicle (saline) control. Medial tibial plateau from naïve controls (A) and sham operated rats (B) given vehicle injection
showing normal smooth cartilage and joint margins with no inflammatory tissue infiltration. The chondrocytes are homogenously distributed throughout the cartilage and there is
neither evidence of proteoglycan loss nor channels entering the avascular cartilage. Medial tibial plateau from a sham-operated animal having 2% carrageenan intra-articular
injection (12 days after surgery) into the operated knee joint (D), showing inflammatory tissue infiltration (black asterisk), moderate cartilage changes with very few channels
crossing into the cartilage (blue asterisk) and some channels that have approached the bone cartilage interface but have not yet crossed into the cartilage (pink asterisk). Medial
tibial plateau from MNX rat given vehicle injection on day 12 (C) showing severe cartilage loss (arrows) with a large osteophyte formed at the joint margin (circled) and several
channels crossing into or approaching the cartilage (dotted line; separates underlying bone from cartilage). Osteophyte seen in the image is at the intermediate stage of maturity
(Grade 2), as it is a mixture of cartilage and bone (C). No inflammatory tissue infiltration is evident. Medial tibial plateau from a rat having intra-articular injection of 2% carrageenan
(12 days after surgery) into the operated knee joint (MNX) (E), showing infiltration of inflammatory tissue (black asterisk), and a mature osteophyte (Grade 3), predominantly bone
(circled) with enhanced, cartilage loss (arrows). Representative coronal sections of the medial tibial plateaux stained with Safranin-O. Scale bar ¼ 100 mm.
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injection in OA knees also increased cartilage damage and osteo-
phyte maturity, despite carrageenan not causing demonstrable
joint damage in non-arthritic knees. Our findings demonstrate that
OA knees are more sensitive to carrageenan-induced pain, inflam-
mation and joint damage. Even though this increased pain behav-
iour associated with transient inflammatory episode eventually
subsides, joint damage may last long term.

Advent of sensitive imaging systems has suggested that, even at
its earliest stages, before visible cartilage degeneration has
occurred, OA is already an inflammatory disease having a strong
association between the presence of synovitis and OA progres-
sion31,32. In a significant subset of patients with OA, chronic low-
grade inflammation may be a major driver of ongoing joint dam-
age33. In addition, clinical studies demonstrate that chronic syno-
vitis leads to long term joint pain5. Although OA is a chronic disease,
people with OA experience different profiles of pain, both in terms
of duration and intensity, intermittent or constant. Transient epi-
sodes of pain and inflammation known as flares may lead to long
term joint damage12,13.

Carrageenan injectionwas followed by increased pain behaviour
both in sham- and in MNX-operated rats. However this increase in

pain behaviour was short lived, returning to levels in vehicle-
injected animals by 1 week, despite persistent increases in histo-
logical evidence of inflammation and joint damage in MNX-
operated rats. Symptomatic resolution of pain might not be suffi-
cient to indicate resolution of underlying disease.

Synovitis might also be detected by Magnetic Resonance Im-
aging32 or ultrasound6 in asymptomatic human knees, and the
potential contribution of subclinical synovitis to ongoing joint
damage in human OA deserves further study. More sensitive
measures of synovitis might be developed for serial use in rats, for
example using radioisotopes and imaging, in order to help eluci-
date more precisely the time course of carrageenan-induced sy-
novitis in arthritic and non-arthritic knees, and possible effects of
subclinical synovitis on joint damage.

Interestingly, even though synovial inflammation and angio-
genesis persisted in the sham-operated group given intra-articular
injection of carrageenan, no joint damage was observed. The lower
intensity of inflammation, macrophage infiltration, angiogenesis or
other qualitative differences in inflammation not identified in the
current study, might contribute to this absence of OA joint damage.
However, our previous studies have shown that inflammation and

Fig. 6. Exacerbation in OA structural changes in medial tibial plateaux following intra-articular injection of 2% carrageenan or vehicle (saline) in the rat MNX model of OA.
MNXþvehicle: n ¼ 16, MNXþ2% carrageenan: n ¼ 16, shamþvehicle: n ¼ 8, shamþ2% carrageenan: n ¼ 8, naive controls given vehicle injection: n ¼ 16. MNX or sham-operated
animals were given intra-articular injection into their operated knee joint of 2% carrageenan or vehicle control 12 days after surgery. Intra-articular injection of 2% carrageenan in
the rat MNX model of OA was followed by significant increases in osteophyte maturity and cartilage damage score compared to vehicle-injected MNX-operated rats. Structural
changes in the joints were more severe in the combined MNX and carrageenan model compared to sham-operated and carrageenan-injected rats. No difference in structural
damage was seen between the sham operated and vehicle injected, sham-operated and 2% carrageenan-injected and naive control rat knees. Data are given for individual knees.
Graphs show mean ± S.E.M.. **P < 0.01, ***P < 0.001 vs sham-operated and vehicle-injected controls. þP < 0.05, þþP < 0.01, þþþP < 0.001 vs MNX-operated, carrageenan-injected
(MNXþ2% carrageenan) rat knees.
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angiogenesis at this level significantly contribute to OA structural
change, in that inhibition of inflammation or angiogenesis can
reduce structural change in the MNX-induced OA model17,19. It
seems possible, therefore, that the lack of OA structural change in
sham-operated animals injected with carrageenan might be due to
a resilience of normal cartilage and bone to synovitis.

Our data extend findings in a lapine surgical model of OA, in
which chronic synovitis induced by weekly intra-articular injec-
tion of calcium pyrophosphate dehydrate (CPPD) crystals exacer-
bated OA lesions34. Our findings suggest that structural OA
exacerbation by synovitis might not be specific to CPPD-induced
inflammation, and increased structural damage may occur even
with transiently symptomatic inflammatory flares. Together these
data demonstrate the susceptibility of OA joints to inflammatory
flare episodes, which might not be directly related to the initial
cause of OA. Our data indicate that joint damage persists even
when the inflammatory pain flare subsides, modelling observa-
tions in subsets of human OA where chronic synovitis and tran-
sient episodes of inflammation and pain might contribute to long
term joint damage5,12,13,33.

A key finding from this study is that increasing inflammation in
the MNX model of OA resulted in exacerbation of both cartilage
damage and osteophyte maturity. Osteophytes are innervated by
sensory nerves35, and can be a source of pain in OA36. Osteophytes
originate from the periosteum covering bone at the cartilageebone
junction30. Osteophytosis might be driven by inflammation in OA37,
selectively removing macrophages from the synovial lining
reduced osteophyte formation in murine collagenase-induced
OA38,39. Angiogenesis also contributes to osteophyte maturation,
and it is possible that inflammation-associated angiogenesis me-
diates structural progression16.

Several non-human OA models show different degrees of
inflammation, cartilage damage and bone changes. For example, in
the destabilisation of the medial meniscus (DMM) model, synovitis
and osteophyte formation are less pronounced compared to the
collagenase-induced model40. Meniscal transection surgery resul-
ted in more inflammation than that seen following intra-articular
injection of monosodium iodoacetate (MIA)19. This heterogeneity
between models reflects the heterogeneity of human OA. Sub-
groups of human knee OA are characterised by different severities
of synovitis33, and Generalised Nodal OA might display greater
synovitis than other OA subtypes41.

We used the surgically induced, unilateral MNX model of OA,
which resembles many features of human post-traumatic OA (sy-
novitis, cartilage damage, osteophytes and subchondral bone
changes). Synovitis and angiogenesis make important contribu-
tions to joint damage in this model. Suppression of synovitis by
glucocorticoids19, or of angiogenesis using a fumigalin derivative17

each reduces joint damage in the MNX model. However, synovitis
in this model is not as pronounced as, for example, in collagen-
induced arthritis. Carrageenan injection in non-arthritic knees
(sham-operated) resulted in increased synovial macrophage infil-
tration, a measure of synovitis, at day 35, compared to sham-
operated knees injected with vehicle control. We show here that
synovitis at day 35 in the MNX model is of similar intensity to that
23 days after carrageenan injection into sham-operated knees, and
that this low level of synovitis in the absence of other OA changes is
insufficient in sham-operated rats to produce pain behaviour. We
also show that synovitis can be augmented within ethically
acceptable limits by carrageenan injection in MNX-operated ani-
mals, modelling a painful, inflammatory flare. Differing morpho-
logical and biochemical profiles exist between the various animal
models of OA19,42 or synovitis43. Further studies in other models
would be needed to determine whether our findings may be
generalised to other OA subtypes.

An important limitation of this study is the single time point
used for histological evaluations. The 35 day timepoint (3 weeks
after carrageenan injection) was selected for histological and
immunohistochemistry analysis to explore our hypothesis that in-
flammatory pain-flares exacerbated long-term joint damage in OA
knees. Long term joint damage is a key clinical outcome for pa-
tients. Additional time points might help elucidate how quickly
carrageenan-induced synovitis increases cartilage damage and
osteophyte formation in the MNX group, whether the observed
changes peaked, might increase or might potentially resolve with
time beyond day 35. We show sustained changes in cartilage
damage and osteophyte maturity following carrageenan-induced
inflammation in OA knees, but cannot exclude additional effects
of inflammation on structure in joint regions that were not sampled
in our study, or that might be detected with more sensitive
assessment techniques. We also recognise that alternative statis-
tical approaches such as linear mixed effects models, or more
sensitive measures of inflammation or structural change, might
have revealed additional differences between groups. However, our
findings should focus future attention on interactions between the
synovium, articular cartilage and subchondral bone.

The mechanisms that drive OA pain are likely to include pe-
ripheral and central sensitisation, and recent data in rats44e46 and
humans47,48 using NGF-blocking pharmaceutical agents emphasise
the key contribution of peripheral sensitisation. Peripheral sensi-
tisation in OA has been associated with synovitis49. Further
research would be needed to define the underlying mechanism of
carrageenan-induced pain in rat OA knees, and how these might
overlap with mechanisms of augmented joint damage. Previous
research has demonstrated reversal of acute carrageenan induced
pain by cyclooxygenase inhibitors50, which can also reduce pain in
people with OA. Weightbearing asymmetry occurs in carrageenan-
injected, sham-operated rats in the absence of joint damage, sug-
gesting that carrageenan-induced pain from rat knees involves
neuronal sensitisation.

The pathophysiology of pain in OA is complex and similarly the
symptomatic presentation in OA diverse and heterogeneous. Un-
derstanding why osteoarthritic knees are more prone to damage
following painful inflammatory flares will enable us to better un-
derstand why different people respond differently to the same in-
terventions and ultimately which subgroup of people might better
respond to certain treatments. Our study highlights that knees with
post-traumatic OA followingmeniscal transection are able to recover
from carrageenan-induced inflammatory pain flares but are not able
to prevent the associated inflammation-induced joint damage.
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