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s u m m a r y

Osteoarthritis (OA) is a chronic degenerative joint disease and a leading cause of disability worldwide.
Pain is the main symptom, yet no current treatment can halt disease progression or effectively provide
symptomatic relief. Numerous animal models have been described for studying OA and some for the
associated OA pain. This review aims to update on current models used for studying OA pain, focusing on
mice and rats. These models include surgical, chemical, mechanical, and spontaneous OA models. The
impact of sex and age will also be addressed in the context of OA modelling. Although no single animal
model has been shown ideal for studying OA pain, increased efforts to phenotype OA will likely impact
the choice of models for pre-clinical and basic research studies.
© 2022 The Author. Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction

Osteoarthritis (OA) is a chronic degenerative joint disease and a
leading cause of disability worldwide. OA most commonly affects
knees, hands, hips, and feet in people over 40 and female1,2. OA
prevalence and incidence varies between countries3. However,
globally, the age-standardised prevalence rate of OA increased
9.3% between 1990 and 2017, and this is projected to increase as
the global population ages3. The primary features of OA include
pain, joint swelling, stiffness, decreased mobility, and bone
enlargement4. Knee OA is estimated to affect 16% of the world
population in individuals aged 15 and over5. Clinically, visible
radiographic changes such as osteophytes and joint space nar-
rowing are used to classify disease severity6. Nevertheless, it is
pain that drives most sufferers to the clinic and is the most im-
pactful on quality of life7,8.

Pain is the main symptom of OA. Several articular and peri-
articular regions of the joint have been linked to OA pain. Namely,
synovitis, subchondral bone marrow lesions, periarticular muscle
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dysfunction, and bursitis9,10. However, attempts to correlate
radiographic changes in affected joints, physical function and pain
have been met with challenges11,12. Furthermore, not all patients
with OA experience pain13. Besides joint damage, other factors,
such as psychological, social, and cultural factors, play a role in the
disease severity and the likelihood of developing OA pain14. This
heterogeneity between patients suffering from OA highlights the
diverse mechanisms leading to OA pain and sets challenges for
modelling the disease.

The first models of OA were developed to study structural as-
pects of OA15. For instance, to understand cartilage degeneration
rather than the symptomatic aspects of OA. The need for animal
models of disease stems from difficulties with human subjects.
Experiments using human subjects can be complex logistically and
ethically, are subjective, and data tends to be only collected towards
later stages of the disease16. In contrast, OA models allow scientists
to follow disease progression, and have been described in many
species and in vitro17. However, mice are used primarily when
developing new models because they are the primary species for
transgenic animals. Transgene expression is a valuable tool in un-
derstanding pain pathways as it allows overexpression and knock
out of proteins of interest18. Nevertheless, the use of rodent animal
models comes with their own limitations. For instance, age and sex
discrepancies (see other experimental factors), but also trans-
lational factors, such as articular cartilage physiology, weight
bearing, and gait differences between rodents and humans19,20.
Though, overall, animal models are an exceptional research tool to
explore the molecular mechanisms surrounding OA development
and progression.
search Society International. This is an open access article under the CC BY license

http://creativecommons.org/licenses/by/4.0/
mailto:m.simoes@ucl.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.joca.2022.01.010&domain=pdf
https://doi.org/10.1016/j.joca.2022.01.010
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.joca.2022.01.010
https://doi.org/10.1016/j.joca.2022.01.010


M. Alves-Sim~oes / Osteoarthritis and Cartilage 30 (2022) 802e814 803
This review aims to discuss the current knowledge of rodent
animal models of knee OA in the context of pain research, focusing
on mice and rats. For reviews on pain in arthritis see21e23 and re-
views on non-rodent animal use in studying arthritis see19.

Pain in knee osteoarthritis

In a healthy knee joint, pain is a protective mechanism. Pain is
typically a consequence of twisting, exceeding theworking range or
intense pressure. Experimental testing in humans has revealed that
pain can be evoked by noxious mechanical and chemical stimuli
applied to ligaments and the fibrous capsule, but not by stimulation
of the cartilage24. Painful stimuli are transmitted through pre-
dominantly unmyelinated C-fibers (~80%) innervating the joint
capsule, ligaments, menisci, periosteum, and subchondral
bone25e28. OA is regarded as a disease of the whole joint; although
cartilage is initially damaged, the whole joint is affected long-term,
including subchondral bone remodelling, osteophyte formation,
innervation, and synovial changes8.

Magnetic Resonance Images (MRI) and histological studies with
patient samples have linked features associated with pain in OA.
For example, bone marrow lesions and joint effusion with asym-
metric weight-bearing29e31, increased subchondral NGF expres-
sion, and angiogenesis32. In the early stages of OA, pain occurs
sporadically with joint use that is relieved by rest. Nevertheless, as
OA progresses, the pain no longer correlates with joint use, and it
becomes constant even at rest and at night23.

Chronic pain development in OA patients is heterogeneous. OA
pain results from multiple factors that include peripheral and
central sensitization, reduced descending inhibition, and atrophy of
cortical areas23. Signs of central sensitization such as mechanical
allodynia and referred pain have been described in OA patients33. In
addition, evidence supports a neuropathic pain component34e36,
changes in joint innervation28,37, and a strong neuroimmune
correlate in OA pain38. Thus, pre-clinical pain assessment requires a
range of experimental procedures to address this heterogeneity.

Pain assessment in OA models

Behavioural tests to assess pain in OA animal models have been
broadly taken from established pain protocols39 and have been
addressed in the context of OA40,41 (Table I). These include tests to
evaluate mechanical thresholds to innocuous mechanical pressure
Test Assessment

von Frey Light touch percept
mechanical hyperal

Gait analysis and Catwalk Joint use/weight dis
Static and dynamic weight-bearing Joint use/weight dis
Rotarod Joint use/motor coo
Hot/cold plate Noxious thermal se
Grip strength Joint use/strength
Digging assay on-going pain
LABORAS Spontaneous pain
Knee compression Primary mechanica
Knee bend Joint use/primary m

Table I

Assessment of pain and function of the knee joint. LABORAS, Laborato
(von Frey) on the hind paw as a measure to test secondary me-
chanical hyperalgesia; to test weight distribution asymmetry
induced by pain (gait analysis, static and dynamic weight-bearing
assay); to measure ambulatory pain (rotarod); to measure thermal
hyperalgesia (hot/cold plate test)39; to measure movement-
induced pain (grip strength test)42; to measure on-going pain
(digging assay43), and to measure spontaneous pain (Laboratory
Animal Behaviour Observation Registration and Analysis System,
LABORAS44,45). Specific knee-related tests have also been described
to assess primary mechanical hyperalgesia in rats, such as
compression of the knee using a digital pressure paw Randall-
Selitto instrument42 and scoring vocalizations in the knee-bend
test46. Furthermore, novel methods for measuring pain thresholds
in vivo using machine learning and optogenetics (e.g.,47e49) are
promising tools in understanding OA pain processing. These
methods when compared to classical behaviour tests provide
objective data acquisition, high-speed throughput, and “remote
touch” in freely moving animals. In addition to behavioural tests, in
vivo electrophysiology and in vivo imaging experiments are also
powerful tools to describe the neuronal activity of nociceptive
pathways and will likely contribute to the mechanistic under-
standing of OA.

Models of osteoarthritis

Rodent models used to study OA associated pain can be broadly
subdivided into surgical, chemical, mechanical, and spontaneous,
according to the induction method.

Surgical models

Surgical models aim to destabilise the joint via the transection of
ligaments or the removal of fibrocartilaginous tissue to induce
progressive joint degeneration (Fig. 1 and Table II). Early models of
OA involving surgical procedures were developed in guinea pigs
and rats, such as the medial meniscal tear model (also referred as
menisco-ligament injury, MLI)50,51. The first OA surgical models
adapted to mice were by Visco and colleagues in 2003 and were
further developed by Kamekura and colleagues in 200552,53(Table
II). These models exhibited various speeds of OA progression and
OA score depending on the severity of the joint instability52.

Surgical models of OA most closely reflect post-traumatic hu-
man OA as they induce joint instability and alter the loading in the
Key reference
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Fig. 1 Osteoarthritis and Cartilage

Simplified diagram of the knee joint. (A) Simplified diagram of the anterior view of the knee joint with the patella ligament. (B) Simplified diagram
of the anterior view of the knee joint without anterior tendons. Structures altered in surgical OA models are labelled (F, femur; P, patella; T, tibia).
Figure created using BioRender.com. Based on Kamekura et al. 200552.
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knee. These models typically develop within weeks, whereas in
human OA takes decades to develop54. They require strong surgical
skills but deliver high reproducibility of time course. Notably,
nociceptive behaviours may not be present despite significant
changes in cartilage damage in line with clinical OA. Surgical
models with functional changes associated with pain include
medial meniscal tear, destabilisation of the medial meniscus
(DMM), anterior cruciate ligament transection (ACLT) and medial
meniscal transection (MNX) (Table II).
Medial meniscal tear/menisco-ligament injury
The Menisco-ligament injury (MLI) is induced by partial

meniscectomy and medial collateral ligament transection (Fig.
1(B))51. In rats, this model induces rapid joint degradation within
7 days51, increased synovial vascularization, cartilage damage, and
osteophyte formation with characteristics of human OA55. In mice,
MLI has also been shown to induce joint degradation 1 week post-
surgery53 with increased bone volume56,57, which worsens for at
least 20 weeks56. In a recent study exploring the therapeutic effect
of blocking receptor tyrosine kinase-like orphan receptor (ROR2),
the MLI model has been demonstrated to induce asymmetric
weight-bearing from 7weeks58. Moreover, a recent study exploring
sex dysmorphism (discussed later in this review) further repro-
duced weight-bearing asymmetry, reported secondary mechanical
hyperalgesia (von Frey) up to 12 weeks and transient thermal hy-
persensitivity within the first week, post-surgery59. Compared to
other surgical models, MLI has a quicker onset of joint degeneration
and pain phenotype (Table III), positioning MLI has a cost-effective
OA pain model.
Destabilization of the medial meniscus
The DMM surgical model involves sectioning the medial

meniscotibial ligament in the knee joint that anchors the medial
meniscus to the tibial plateau [Fig. 1(B)]60e62. The DMM induced
instability leads to cartilage degradation from 2weeks post-surgery
and progressively expands to subchondral bone sclerosis and
osteophyte formation63,64. Asymmetric weight-bearing has been
reported to occur from 865, to 12 weeks post-surgery, which is
reversed by celecoxib and morphine63. In a further study, mice
developed secondary mechanical hypersensitivity (von Frey) from
4 weeks, maintained up to 16 weeks (Fig. 2)45. Research using the
DMMmodel has revealed the key role metalloprotease, ADAMTS-5,
in cartilage degradation66. In addition, genetic deletion of the
protein kinase Cd gene in mice inhibited OA pathogenesis induced
by DMM but augmented knee joint OA-associated hypersensitivity
to pain via NGF/TrkA axonal growth67. Furthermore, hyperalgesia in
the DMMmodel has been associated with CCL2 - CCR2 signalling in
the joint45,68, and is attenuated by parathyroid hormone's sub-
chondral bone remodelling69.
Anterior cruciate ligament transection
In this surgical model of OA, the anterior cruciate ligament is

transected (ACLT) [Fig. 1(B)]. First described in dogs70, the ACLT
model destabilizes the joint more severely than the medial
meniscectomy model (see below)15. In humans, ACL rupture is a
common sports injury that induces joint instability, increasing the
risk of painful OA development 10e20 years later71. Rupture of the
ACL as an OA model has also been described using a non-invasive
mechanical loading (ML) on the knee joint with a force of 12 N (a
method discussed later in Mechanical loading)72. One clear
advantage of the ACL rupture model is the opportunity to investi-
gate early responses to injury73. Using the surgical ACLT model in
malemice, TGF-b contributed to subchondral bone degradation and
its inhibition reduced the articular cartilage degradation. In addi-
tion, netrin-1 secreted by osteoclasts during subchondral bone
remodelling increases CGRP-positive sensory neuron innervation
and contributes to secondary mechanical hyperalgesia (von Frey)37.
In male mice, secondary mechanical hyperalgesia was detectable
from 1 week after ACLT surgery until the end of the study at week
eight post-surgery37. In female mice, the ACLT model induces
transient asymmetric weight-bearing 3 days post-surgery74. How-
ever, these behavioural effects were deemed too small by the au-
thors for pharmacological intervention. Similarly, the ACL rupture
model in male mice has been reported to induce secondary
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Table II Osteoarthritis and Cartilage

The destabilization approach by transection of ligaments and meniscectomy in the various surgical models
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mechanical hyperalgesia, transient changes in weight bearing75,
and knee hyperalgesia (Randall-Selitto)76. Thus, due to the limited
pain reports using males and females, current evidence does not
place ACLT as a robust model for OA pain research.

Meniscectomy and medial meniscal transection
Surgical removal of the meniscus, meniscectomy, in patients,

increases the prevalence of radiographic OA and significantly in-
creases knee pain within 21 years77. In rodents, the meniscectomy
OA model has various approaches such as total, partial, unilateral,
and bilateral MNX. Partial MNX is achieved by unilaterally cutting
the medial meniscus. In mice, this model leads to osteoarthritic
changes 4 weeks post-surgery, increased mechanical sensitivity
from 8 weeks post-surgery measured by von Frey filaments78, and
altered weight-bearing from 7 weeks65,79. Partial MNX has been
recently used in a proof of concept study where immunisation
targeting NGF reduced asymmetric weight-bearing in mice79.

Chemical models

Chemical-induced OA models involve an intraarticular injection
of destabilising substances, typically via the patella ligament
approach [Fig. 3(A)]. Models with a pain phenotype include the
monosodium iodoacetate (MIA)-induced arthritis model, which is
the predominant model, and the collagenase-induced arthritis
(CIOA) model.

Monosodium iodoacetate
MIA is a cysteine peptidase inhibitor that targets glyceralde-

hyde-3-phosphate dehydrogenase (GAPDH), a key enzyme in the
glycolysis pathway80,81. Thus, MIA is a highly toxic compound. First
used in rats and guinea pigs82,83, the MIA-induced arthritis is
characterised by a rapid onset, decreased function of the joint and
associated pain42. To restrict the effects to the joint, MIA intra-
articular injections (1 mg in 10 ml in mice)84 are performed with
minimal damage to the joint capsule to avoid leaking into the
bloodstream. When injected, MIA induces cartilage degradation by
suppressing the chondrocyte metabolism, which leads to cell
death81,84.

The histopathological progression of the MIA model reveals
loss of articular cartilage and subchondral bone lesions85. Carti-
lage lesions in the knee joint have been reported as early as day
one86 and subchondral bone involvement from day seven post-
injection85. Due to the joint space's avascular nature87, MIA mainly
targets chondrocytes. However, as the cartilage progressively de-
grades, it increases the loading on the subchondral bone and leads
to bone lesions and remodelling85,88. Evidence suggests sub-
chondral bone lesions are linked to clinical OA pain30,31,89,90. In the
MIA model, secondary mechanical hyperalgesia is reported from
7 days post-injection up to 42 days in mice91 [Fig. 3(C)] and up to
63 days in rats92. This hypersensitivity is susceptible to the non-
steroidal anti-inflammatory drug (NSAID) diclofenac during the
first days of the model88. However, inflamed knee diameter is
unaffected by diclofenac88, and weight-bearing imbalance is only
affected by NSAIDs at day 14 post-MIA injection93. Further reports
using conditioned place preference testing have also reported a
neuropathic pain component in the MIA model and central
sensitization94.

The MIA model has been the model of choice in the pain field
due to its demonstration of long-lasting hyperalgesia and weight-
bearing asymmetry. However, transcriptional profiling and
pathway analysis of articular cartilage showed a discrepancy be-
tween the MIA model in rats and clinical OA, with less than 4% of
genes modulated overlapping95. Furthermore, extensive chon-
drocyte death and subchondral bone collapse are uncharacteristic
of OA85. Nevertheless, the MIA model has been pharmacologically
validated by commonly used therapeutic agents such as paraceta-
mol, naproxen, rofecoxib, and diclofenac, all of which alleviated
joint discomfort (as measured by weight-bearing) following MIA
injection88,93. In addition, the MIA model has been used in pre-
clinical studies for Nav1.8 inhibitors, A-893467 and VX-150, which
led to phase IIa clinical trials96,97.
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modulation
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References

MLI Mice and rats/
males and
females*/10
weeks

7 days Cartilage degradation,
synovitis, osteophyte
formation, increased
vascularization, Increased
bone volume

~6.5 (8 weeks) 1 week Secondary mechanical
hyperalgesia, transient
thermal hypersensitivity,
asymmetric weight-bearing

e Inhibition of
ROR2

Post-traumatic;
malalignement

51,53,55,58,59,61

DMM Mice/males and
females*/8
weeks

14 days Cartilage degradation,
osteophyte formation,
subchondral bone sclerosis

~4/7 (8 weeks),
~25 (12 weeks),
~12 (12 weeks)\

3e4 weeks Secondary mechanical
hyperalgesia, Asymmetric
weight-bearing

ADAMTS-5, PKCd,
CCL2-CCR2
signalling,
parathyroid
hormone

Celecoxib,
morphine

Post-traumatic;
malalignement

60e69

ACLT Mice and rats/
males and
females*/8
weeks

2e10 weeks Cartilage degradation,
osteophyte formation,
subchondral bone
degradation

15 (8 weeks),
~20 (12.8 weeks),
9.5 ± 1.96
(20 weeks)\

3 days\,
1 week

Secondary mechanical
hyperalgesia, asymmetric
weight-bearing (transient)\

TGFb netrin-1 e Post-traumatic;
malalignement

37,74,142

MNX Mice and rats/
males/10
weeks

7 days (rats)
4 weeks
(mice)

Cartilage degradation ~12 (8 weeks
partial MNX),
~30 (12 weeks
partial MNX),
~12.5 (18 weeks
partial MNX),
~20 (12 weeks
partial MNX)\

7e8 weeks Secondary mechanical
hyperalgesia, asymmetric
weight-bearing

e Morphine,
gabapetin,
tramadol,
anti-NGF
(vaccine)

Post-traumatic;
malalignement

61,65,78,79,143

MIA Mice and rats/
males

1e7 days Cartilage degradation,
subchondral bone
remodelling

e 1 week Primary and secondary
mechanical hyperalgesia,
asymmetric weight-bearing

GAPDH,
chondrocyte
death

Diclofenac,
paracetamol,
naproxen,
rofecoxib

Inflammatory 42,81,84,85,88,91e93,95,144

CIOA Mice and rats/
males

1e4 weeks Cartilage degradation,
subchondral bone
remodelling, osteophyte
formation, joint swelling

e 1 week Increased knee bending
score, altered gait

Deterioration of
tendons and
ligaments

e Inflammatory 98,99,102,103,122,145

ML Mice/males/12
weeks

7 days Cartilage degradation,
synovitis, osteophyte
formation, subchondral
bone remodelling

~3 (6 weeks, 9N),
~5 (6 weeks, 11N)

1 week Secondary mechanical
hyperalgesia, asymmetric
weight-bearing, altered gait

Cartilage
degradation

Anti-NGF,
diclofenac,
gabapentin

Post-traumatic 109e111

ACL
rupture

Mice/males and
females*/12
weeks

2 weeks Cartilage degradation,
synovitis, osteophyte
formation, subchondral
bone remodelling

~30 (21 days,
medial)

1e7 days Secondary mechanical
hyperalgesia, asymmetric
weight-bearing (transient),
knee hyperalgesia

e HU308 Post-traumatic 72,73,75,76,146

SRT/ort Mice/males/NA Variable, high
incidence (93%)
from 17 months

Cartilage degradation e NA No secondary mechanical
hyperalgesia, no thermal
hypersensitivity, no
changes in vocalizations
induced by knee
compressions

e e Age-associated;
malalignement

116,147,148

Col9a1 �/� Mice/males/NA 3 months Cartilage degradation e 9 months Secondary mechanical
hyperalgesia, altered gait,
no thermal hypersensitivity

Cartilage
degradation

e e 117,119

* All data refers to males unless noted with a \ symbol

Table III Osteoarthritis and Cartilage

Summary of the osteoarthritis (OA) models discussed in this review.
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Collagenase
CIOA develops due to the destabilisation of the knee joint98,99.

Intraarticular injections with collagenase from Clostridium histo-
lyticum bacterium (type I, II, and VII) target tissues containing
collagen type I such as tendons and ligaments100. It does not directly
affect the articular cartilage, which is rich in collagen type II101. CIOA
contrasts to the MIA chemical induction approach, which directly
affects the chondrocytes in the joint. CIOA requires one injection
containing 10e30 units98,99,102,103. This injection induces osteoar-
thritic-like progressive changes triggered by patellar dislocation,
including osteophyte formation, subchondral bone trabecular
structural changes, and cartilage loss98,99,102,104,105. As with the
models mentioned above, most papers using the collagenase model
use male mice as these are more prone to developing spontaneous
OA100. Ad~aes and colleagues (2014) further characterised this model
in rats. They reported progressive OA-like structural changes from
week four, transient joint swelling, and a pain phenotype fromweek
one (knee bending score and gait analysis). The CIOA model has a
rapid progression of joint degeneration, however, like other chemical
models such as MIA, it is challenging to link the progression to
clinical OA.

Mechanical loading models

The non-invasive ML model was first developed to study the
impact of ML on the health of the joint106. Previous studies on the
effects of loading had focused on in vitromodels using chondrocyte
preparations107,108 and lacked the interaction of the surrounding
tissues involved in joint health. TheMLmodel induces reproducible
lesions with repetitive loading in the articular cartilage that
worsens over 3 weeks, promoting lesions characteristic of OA such
as cartilage degradation, subchondral bone thickening, and osteo-
phyte formation. The procedure involves positioning the mouse
joint between two loading cups and applying 40 cycles of a force of
nine N, six times three times per week, under isoflurane anaes-
thesia [Fig. 4(A) and (B)]. The key to the progressive nature of the
model is the repetitive loading as a single loading does not trigger
progressive lesions106.

The ML model of OA pain is driven by cartilage degradation.
Early ML studies revealed transient subchondral bone thickening in
the contralateral joint and changes in gait109. In a further study the
ML model was reported to induce a reproducible pain phenotype
[Fig. 4(C) and (D)]110. Mechanical hypersensitivity measured by von
Frey and weight-bearing was significantly altered from 3 weeks
post-loading. Importantly, there were no reports of fractures, and
no hypersensitivity was detected within the first 2 weeks post-
loading. In addition, treatment with anti-NGF, gabapentin or
diclofenac, known to improve pain presentation in OA patients,
were shown to reverse ML-induced hypersensitivity110. In a recent
study, a high correlation between cartilage damage andmechanical
hypersensitivity in the loaded knee joint was reported111. The
cartilage damage was seen immediately post-loading on the ipsi-
lateral joint and developed later on the contralateral joint, con-
firming earlier reports of contralateral joint involvement106,109.
They also report a transient inflammatory period of synovitis before
nociceptive behaviour detection. Taken together, the main advan-
tages of this model are its reproducibility, low variability between
mice, lack of surgery, and easy training of new experimenters.
Hence, this firmly places ML as a model for progressive OA pain,
which resembles post-traumatic OA in patients.

Spontaneous models

Spontaneous models of OA consist of genetically modified
animals or those which naturally develop OA with ageing. In
contrast to surgical or loading models, these models mimic the
progression of non-traumatic OA and are thus regarded as more
closely resembling human OA. For example, studies have shown
that C57Bl/6J mice have a high incidence of OA (up to 80%) at the
age of 18 months112,113. Furthermore, the SRT/ort mouse strain
develops OA with a high incidence (93%) in male mice aged 17
months114. In the knee joint, around 85% of male SRT/ort mice
develop OA in the medial tibial plateau. This effect is thought to
be a consequence of the patella dislocating medially with age114

and internal tibial torsion115. Yet only one study has explored the
pain phenotype in the SRT/ort mouse and has reported no sig-
nificant changes in pain sensitivity with ageing (and thus the
development of OA) (Table III)116. Thus, spontaneous models
might be a tool to study disease progression, however, no studies
have shown a pain phenotype accompanying the OA-like joint
degradation.

Genetic models used to investigate the pathophysiology of pain
in OA include the type IX alpha 1 collagen col9a1 transgenic
mice117. Mammalian articulate cartilage contains collagen types II,
IX and XI in a network that surrounds chondrocytes101. Mutations
in type II and type IX collagen have been associated with premature
OA-like cartilage degradation and progressive development of OA
features117,118. Col9a1�/� mice do not express type IX collagen,
known to associate with type II collagen fibrils in articular carti-
lage101, and develop premature OA-like joint degradation by
3 months of age117. At 9 months of age, Col9a1�/� mice have me-
chanical hyperalgesia (von Frey), altered gait, but no changes in
thermal sensitivity (tail-flick test)119.

Other experimental factors

Sex

Research has revealed a major discordance between human OA
and animal models. Male mice and rats are more susceptible to
OA-like joint degeneration than females across multiple OA
models59,120e122. This ‘protective’ mechanism in female rodents is
in stark contrast to human OA, where female patients are preva-
lent1. Ovariectomy, the surgical removal of the ovaries, has been
shown to increase OA susceptibility in female mice. In contrast,
orchiectomized males, the surgical removal of the testes, devel-
oped less severe OA than unoperatedmales120. Recent comparison
studies using the DMM and partial meniscectomy surgical models
in mice have shown that both males and females develop OA pain
(secondary hyperalgesia and weight-bearing asymmetry)65,121.
However, the damage in the knees of females (OARSI score123) was
less severe compared to males by week 12 [Fig. 2(C)]65 and by
week 20121. Further investigation revealed this is not due to
altered activity or repair differences as previously suggested120,
but likely a heightened pain sensitivity by females that deters
joint overuse.

Furthermore, microarray analysis depicted a distinct divergence
in gene expression between sexes. Female mice had significant
upregulation of neurotrophin genes Gdnf and Nrtn, whereas males
had significantly higher Ngf and Bdkrb1 at 10 weeks after partial
meniscectomy. Thus, both female and male mice developed pain
within the same timeline but expressed distinct neurotrophins65. In
contrast, a recent study in rats usingMIA showed that aged females,
not males, had longer and more pronounced hyperalgesia124.
Hence, demonstrating sex, species, and age differences in OA.

Age

Another important factor is the age at the time of OA induction.
Not only nociceptor sensitization is different in younger



Fig. 2 Osteoarthritis and Cartilage

Representative examples of OARSI scores and phenotypic data of mice after the destabilization of medial meniscus (DMM). (A)
Representative example of secondary mechanical allodynia following DMM induction measured with von Frey filaments. naïve (n ¼ 7e 10), sham
(n ¼ 9), and DMM mice (n ¼ 9e13), one-way ANOVA with Bonferroni’s multiple comparison test, ** ¼ P < 0.01, *** ¼ P < 0.001 vs. week 0.
Values given as the mean ± SEM. Reproduced with permission from Miller et al. 201245. (B) Weight-bearing assay in male and female mice after
DMM. Values given as the mean ± SEM and as a percentage of weight-bearing on the unoperated limb in male and female mice subjected to
DMM or sham surgery. (n ¼ 10 mice per group for DMM and 6 mice per group for sham surgery). **** ¼ P < 0.0001 versus sham-operated mice,
by mixed-effects analysis with Dunnett’s post hoc test for multiple comparisons. Reproduced with permission from Loga et al. 202065. (C)
Osteoarthritis Research Society International (OARSI) score for operated knee joints of male (n ¼ 34) and female (n ¼ 40) C57BL/6 mice after
DMM. Reproduced with permission from Loga et al. 202065.
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animals125, but also their ability to deal with joint insults126. C-
fibre nociceptors, which primarily innervate the joint, have been
shown to respond differently in aged mice (>77 weeks) compared
to young mice (7-20 weeks) in skin preparations. In a complete
Freund's adjuvant model (intraplantar injection), only younger
mice showed sensitization to mechanical stimuli during acute
measurements, and only young and not aged mice showed
desensitization of C-fibres to mechanical force in chronic mea-
surements125. Importantly both age groups showed pain behav-
iours during acute and chronic measurements. Thus, peripherally
acting analgesics for chronic inflammatory conditions may be
largely ineffective in aged populations in the later stages of the
disease.

Moreover, Huang and colleagues (2017) have demonstrated age
as a significant factor in OA progression using the DMM model.
Cartilage degradation and subchondral bone erosion were more
severe in older male mice (12 and 19 months) than younger males
(4 months)126. In addition, Loeser and colleagues (2012) have
shown that the fingerprint of upregulated and downregulated
genes is different in 12-week-old vs 12-month-old animals in the
DMM model from samples containing articular cartilage, sub-
chondral bone, meniscus, and joint capsule. In the MIA model,
hyperalgesia is more severe and lasts longer in older rats than
young124. Functional magnetic resonance imaging studies using
young (3e6 months) and old (20e24 months) rats further sup-
ported the impact of sex and age in chronic pain processing127.
These studies strongly suggest that OA-like pain induced in the
young is different from OA-like pain induced in older animals and
that strategies to target pain in earlier stages of OA should be
different from later stages of the disease where central sensitiza-
tion is likely to be involved.

Pharmacological validation

Pharmacological validation of animal models must be done with
caution. For instance, validation of animal models through the effi-
cacy of NSAIDs may introduce a bias towards a subset of models.
NSAIDs have shownmodest efficacy in OA patients but have excelled
in pre-clinical inflammatory models128,129. Furthermore, pre-clinical
studies have beenpoor inpredicting the outcomes of clinical studies,
likely due to suboptimal animal models and measured outputs130.
The pre-clinical models typically used young and normal weight-
mice and post-traumatic models, whereas clinical trials recruit pa-
tients with late-stage OA associated with age and obesity130.



Fig. 3 Osteoarthritis and Cartilage

The monosodium iodoacetate (MIA) model of osteoarthritis. (A) Simplified diagram of the anterior view of the knee joint. MIA intraarticular
injection is typically administered via the patella ligament (P, patella). Image created using BioRender.com. (B) Percentage of weight distribution
of the ipsilateral hind paw in rats after MIA. (C) Mechanical threshold to von Frey filaments in rats after MIA. Values are mean ± 95% CI (n ¼ 6 rats
for each group). *P ¼ 0.005; vs control. #P ¼ 0.003; vs control. $P ¼ 0.002; vs control. **P ¼ 0.004; vs control. ##P ¼ 0.006; vs control.
Reproduced with permission from Aso et al. 201691.
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OA phenotypes

Key to understanding the diverse mechanisms involved in OA
pain development is to explore distinct clinical OA phenotypes.
Phenotype classification has proved useful in other fields, such as
heart failure, in basic research and clinical settings131. It has been
previously described as a classification restricted to phenotypes that
affect treatment or prevention decisions or phenotypes that are
critical for understanding OA pathophysiology132. Multiple groups
have detailed distinct OA phenotypes132e135, including phenotypes
onmechanism, prognostic, and treatment response subgroups131. In
this review, the OAmodels are described according to the induction
method, yet it is expected that the OAmodellingwill evolve as these
phenotypes are validated in the clinic, and it may become more
relevant to describe them according to OA phenotypes.

What is the ideal OA pain model?

The ideal model must be reliably induced, progressive within a
suitable time frame, and have the characteristics of human OA17. For
an ideal OA pain model, it is paramount that a pain phenotype
develops with the progression of the disease and not due to the
induction approach, as knee OA is characterised by a progressive
development of pain associated with joint degradation136.
Measures to standardise joint degradation assessment such as the
OARSI histopathology initiative (OARSI score)123 and ARRIVE
guidelines for reporting animal research137 facilitate discussion and
research progress. Regarding OA pain, there is no such system. For
instance, weight-bearing symmetry and gait analysis may generate
translationally relevant data but are also in need of standardisation
for accurate comparisons (see41 for a review on the topic). Stand-
ardisation of pain measurements taken across different labs and
models will further aid research. In addition, an increased under-
standing of OA phenotypes seen in patients with knee OA will aid
pre-clinical research in adequately measure the relevant outputs.
Hence, linking the OA phenotypes with models and pain mea-
surements will likely advance the field.

In addition to OA phenotypes, existing rodentmodels of OA pain
may be employed to address different stages or aspects of the
disease (Table III). For instance, surgical models show a robust joint
degradation by altering joint loading, chemical models trigger
strong inflammatory responses, and naturally occurring models
more accurately model disease progression. In OA pain research,
chemical models may thus proportionate a greater understanding
of joint inflammatory pain, whereas surgical and loadingmodels an
understanding of pain development with joint degradation seen in
earlier stages of OA. When choosing a model, the researcher must
consider the known modifying factors (age, sex, induction, and



Fig. 4 Osteoarthritis and Cartilage

The non-invasive mechanical loading model of osteoarthritis. (A) Schematic representation of the position of the hind limb and loading
direction when placed in the loading apparatus. (B) Diagram of a single cycle of applied load, showing hold and peak load magnitudes, rate of
load application, and intervening peak and baseline hold times. Reproduced with permission from Poulet et al. 2011106. Representative data from
mice after mechanical loading (C-E). (C) Mechanical hypersensitivity measured with von Frey filaments for non-loading control (black, n¼ 8) and 9
N loaded controls (red, n¼8). Values are the mean ± SEM. # ¼ P < 0.05; ### ¼ P < 0.001, versus mechanical joint loading. ** ¼ P < 0.01; *** ¼ P
< 0.001, versus baseline. (D) Weight-bearing depicted as % weight on loaded leg. Results were compared to those in non-loaded anesthetized
controls (n ¼ 8). Values are the mean ± SEM. # ¼ P < 0.05; ## ¼ P < 0.01; ### ¼ P < 0.001, versus mechanical joint loading. * ¼ P < 0.05; ** ¼ P
< 0.01, versus baseline. Reproduced with permission from ter Heegde et al. 2019110. (E) Maximal OA score. Severity of OA-like cartilage lesions
following mechanical loading of the knee. 9N-loaded mice (red squares, n ¼ 5-6), non-loaded isoflurane controls (black circles, n ¼ 5-6). ** ¼ P <
0.01, *** ¼ P < 0.001. Values given as mean ± SD. Reproduced with permission from ter Heegde et al. 2020111.
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model mechanisms) according to the research question. Hence, the
choice of the OA model will depend on the mechanism or type of
human OA that needs to be replicated.

Concluding remarks

A variety of models can be useful to determine the different
stages of OA and have been described for cartilage degradation138.
While the current models of OA pain do not yet fully model the
human disease, existing models resemble different stages or the
progression of the disease. Difficulties also rely on our lack of basic
understanding of OA pathophysiology; until we understand the
underlying causes of this complex disease, animal models will only
reflect some of the pathophysiology. OA pain is complex, and many
recent studies and metanalyses have been published to close the
gap on the possible OA phenotypes132e135. One model will not,
alone, be the tool for advancing therapeutic interventions for pa-
tients suffering from this debilitating disease. Hence, as progress is
made to phenotype OA in the clinic, models may be linked to
specific OA phenotyping in humans and effectively link pre-clinical
models to clinical trials.
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