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Does Pain at an Earlier Stage of Chondropathy Protect 
Female Mice Against Structural Progression After Surgically 
Induced Osteoarthritis?
Isabell S. von Loga,1  Vicky Batchelor,1 Clare Driscoll,1 Annika Burleigh,1 Shi-Lu L. Chia,1 Bryony Stott,1 
Jadwiga Miotla-Zarebska,1 David Riley,1 Francesco Dell’Accio,2 and Tonia L. Vincent1

Objective. Female C57BL/6 mice exhibit less severe chondropathy than male mice. This study was undertaken 
to test the robustness of this observation and explore underlying mechanisms.

Methods. Osteoarthritis was induced in male and female C57BL/6 or DBA/1 mice (n = 6–15 per group) by 
destabilization of the medial meniscus (DMM) or partial meniscectomy (PMX). Some mice were ovariectomized 
(OVX) (n = 30). In vivo repair after focal cartilage defect or joint immobilization (sciatic neurectomy) following DMM 
was assessed. Histologic analysis, evaluation of gene expression in whole knees, and behavioral analysis using 
Laboratory Animal Behavior Observation Registration and Analysis System (LABORAS) and Linton incapacitance 
testing (n = 7–10 mice per group) were performed.

Results. Female mice displayed less severe chondropathy (20–75% reduction) across both strains and after 
both surgeries. Activity levels after PMX were similar for male and female mice. Some repair-associated genes 
were increased in female mouse joints after surgery, but no repair differences were evident in vivo. Despite reduced 
chondropathy, female mice developed pain-like behavior at the same time as male mice. At the time of established 
pain-like behavior (10 weeks after PMX), pain-associated genes were significantly up-regulated in female mice, 
including Gdnf (mean ± SEM fold change 2.54 ± 0.30), Nrtn (6.71 ± 1.24), Ntf3 (1.92 ± 0.27), and Ntf5 (2.89 ± 0.48)  
(P < 0.01, P < 0.01, P < 0.05, and P < 0.001, respectively, versus male mice). Inflammatory genes were not regulated 
in painful joints in mice of either sex.

Conclusion. We confirm strong structural joint protection in female mice that is not due to activity or intrinsic 
repair differences. Female mice develop pain at the same time as males, but induce a distinct set of neurotrophins. 
We speculate that heightened pain sensitivity in female mice protects the joint by preventing overuse.

INTRODUCTION

Epidemiologic studies identify female sex as a major non-
modifiable risk factor in osteoarthritis (OA) development (1). Sex- 
dependent risk holds true across different joint sites and at different 
ages and is particularly apparent after 55 years of age (2–4). In the 
hand, the sex bias is particularly notable; 90% of those attending 
secondary care are women, and the incidence peaks around the 
perimenopausal period (1,3). The burden of hand OA in women 
increases as those individuals age (2), tending to plateau around 

the age of 80 years (as does the disease in men) (3,5). Men have 
significantly higher cartilage volume at all sites compared with 
women, even after accounting for differences in height, bone size, 
and weight. This difference becomes more apparent after the age 
of 50 years (6). The sex bias in OA incidence and prevalence, 
particularly after 55 years of age, suggests an association with sex 
hormones and their changes at the time of menopause. Despite 
the speculation that hormone replacement could protect female 
joints against OA, a systematic review of epidemiologic studies 
has failed to support a joint-protective role of estrogen in OA (7).
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OA risk is also sex-dependent in mice. Young female mice 
subjected to destabilization of the medial meniscus (DMM) 
have previously been shown to develop less severe OA 
than male mice (8). In that study, female mice that had been 
ovariectomized (OVX) (at 6 weeks of age) had significantly more 
severe OA than non-OVX female mice. Conversely, male mice 
subjected to orchidectomy (castration) had reduced disease 
severity compared with unoperated males (3,8). Similar studies 
have been performed in a number of different species (3,9), and 
a systematic review comparing the severity of OA after OVX con-
cluded that OVX led to worse disease compared with non-OVX 
females in approximately two-thirds of cases (10). The effects 
of exogenous estrogen treatment are less conclusive. Only 
half of the studies looking at the effects of estrogen replace-
ment found reduced OA severity, and one study demonstrated 
exacerbation of disease (10). Lack of conclusive results in these 
studies may be due to a failure to appreciate the complexity of 
the effects of multiple hormones affecting joint tissues, as well 
as inconsistency in study design and power. In animals as well 
as humans, ovariectomy leads to changes in the expression of 
several hormones besides estrogen, including decreases in pro-
gesterone and testosterone, and increases in follicle-stimulating  
hormone (FSH) and luteinizing hormone (10). Receptors for 
estrogen, androgens, and FSH have been identified in joint cells, 
including articular chondrocytes, and have been shown to affect 
tissue metabolism (10–12).

If one regards OA as a disease of failed tissue repair, infor-
mation may be gleaned from sex-dependent wound responses 
in other tissues. Several other tissues exhibit sex differences in 
their response to injury. One that has been extensively exam-
ined is cutaneous wound healing. Aging of healthy human skin is 
associated with reduced levels of transforming growth factor β1 
(TGFβ1), and a reduced rate of cutaneous wound healing, albeit 
with reduced scarring. This age-related pattern can be reversed 
by systemic estrogen therapy (13). Similar relationships can be 
demonstrated in mice. Young female mice have significantly 
higher levels of TGFβ1 than young male mice, and exhibit an 
increased inflammatory response to injury (13). OVX female mice 
demonstrate delayed repair of incisional wounds, which can be 
reversed by topical application of estrogen, which was associated 
with increased latent TGFβ1 secretion by dermal fibroblasts (13). 
Orchidectomized mice display accelerated wound healing com-
pared with noncastrated controls (14).

There are also sex differences in the perception of pain. 
Women present with more chronic pain conditions than men, and 
are known to experience higher levels of pain and have a lower 
threshold for pain (15–18). The actual mechanisms of these sex 
differences is as yet unclear (17). Females have been suggested 
to employ different immune cells in their responses to pain (19,20). 
For example, in female mice, but not male mice, adaptive immune 
cells within the spinal cord played a role in the development 
of mechanical hypersensitivity (21).

In this study we explore sex differences in murine OA in 
detail, with a particular focus on the mechanisms that may drive 
differences in disease severity. We examine the impact on activity 
levels, ability to repair cartilage, molecular response to injury, and 
pain-like behavior.

MATERIALS AND METHODS

Animals and surgical methods have been described previ-
ously (22,23), with further details presented in the Supplementary 
Methods, available on the Arthritis & Rheumatology website at 
http://onlin​elibr​ary.wiley.com/doi/10.1002/art.41421/​abstract.

Sciatic neurectomy. Animals were placed under general 
anesthesia by inhalation of isoflurane (Vetpharma) (3% induction 
and 1.5–2% maintenance in 1.5–2 liters/minute O2.) Hind limbs 
were shaved and prepared for aseptic surgery. Buprenorphine 
(0.3 mg/ml; Vetergesic Alstoe Animal Health) was administered 
subcutaneously to all animals for analgesic purposes. The hind 
limbs were stretched out and secured using surgical tape. From 
the midline, around 0.5 cm lateral to the tail, a 1-cm incision 
was made and the fascia and hind leg muscles were sepa-
rated. The sciatic nerve was exposed, lifted from the limb, and 
a 2–4-mm segment of the nerve was removed, causing minimal 
damage to the surrounding muscle, before the skin was closed 
and sutured.

Focal cartilage injury. Ten-week-old male and female 
C57BL/6 mice were subjected to focal cartilage injury in the 
patellar groove as previously described (24). Eight weeks after 
injury, joints were scored using the previously described mod-
ified Pineda score (25) to assess intrinsic cartilage repair.

Histologic analysis. Mice were killed by CO2 inhalation, 
and the ipsilateral knee joints were collected by sharp division 
at the proximal femur and distal tibia and used for histologic 
analyses. The skin and surrounding tissue were removed, 
and joints were subsequently fixed in 10% formalin for 24 
hours before decalcification in 20% formic acid for 1 week. 
The tissue was paraffin embedded, and coronal sections of 
4 microns were cut at 80-micron intervals. Tissue slides were 
stained using Safranin O, and in the case of samples used 
for histologic analysis after partial meniscectomy (PMX), also 
fast green for microscopic inspection and histologic scoring. 
Histologic scoring of the mouse knees was performed in a 
blinded manner by 2 observers (VB and BS) using the Oste-
oarthritis Research Society International scoring system (26). 
Each joint consisted of 8–12 scored sections. Each quadrant 
surface (lateral femoral condyle and tibial plateau and medial 
femoral condyle and tibial plateau) within the joint was scored 
separately, and the score from each histologic section was 
added up to provide a section score. The 3 highest section 
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scores obtained for any given joint were summed to yield a 
cartilage damage index for that animal.

Osteophyte scoring. Osteophytes were assessed either 
by histologic grading of size and maturity according to previ-
ously validated methods (27) or by micro–computed tomography 
(micro-CT) (of the ipsilateral and contralateral joints) as previously 
described by our group (28).

RNA extraction and reverse transcription– 
polymerase chain reaction. RNA was extracted from mouse 
whole knee joints as previously described (29). Briefly, after skin 
and muscle were removed, the joint was trimmed to the upper and 
lower edges of the parapatellar and quadriceps tendon and then 
snap-frozen in liquid nitrogen. Whole knees were freeze-fractured 
using a precooled biopulverizer. RNA from the powdered sample 
was isolated using RNeasy RNA Mini kits (Qiagen) according to 

Figure 1.  Reduced chondropathy scores in female mice following joint destabilization. A, Osteoarthritis Research Society International (OARSI) 
scores for the ipsilateral joints after destabilization of the medial meniscus (DMM) in male C57BL/6 mice (n = 34) and female C57BL/6 mice (n = 40). 
B, OARSI scores in naive female mice (n = 10), naive male mice (n = 10), and sham-operated female mice (n = 10) and after partial meniscectomy 
(PMX) in female mice (n = 35) and male mice (n = 34), and female mice subjected to ovariectomy (OVX; n = 30). Data for male mice at weeks 8 
and 12 have previously been published as a supplementary figure (51). C, Representative sections of the medial compartment of the joint used to 
obtain the histologic scores shown in B. Original magnification × 10. D, OARSI scores after surgical DMM in female DBA/1 mice (n = 15) and male 
DBA/1 mice (n = 16). E and F, Osteophyte size (E) and osteophyte maturity (F), as determined by histologic analysis. G and H, Osteophyte size, as 
determined by micro–computed tomography, shown as total epiphyseal volume of right (R; operated) and left (L; unoperated) epiphyses (G) and 
as the percent increase over the unoperated side (H). In A, B, D, and H, symbols represent individual mice; horizontal lines and error bars show 
the mean ± SEM. In E and F, data are shown as box plots. Each box represents the 25th to 75th percentiles. Lines inside the boxes represent the 
median. Lines outside the boxes represent the 10th and 90th percentiles. * = P < 0.05; *** = P < 0.001; **** = P < 0.0001, male versus female mice 
in A, B, D, and E and right versus left epiphyses in G, by two-way analysis of variance, or in the absence of the same sample size within a time 
point, by mixed-effects analysis with Bonferroni post hoc test for multiple testing in A, B, and D, by unpaired t-test in E, and by paired t-test in G.
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the manufacturer’s instructions, and then stored at −80°C. Sam-
ples were reverse transcribed into complementary DNA (cDNA) 
using a high-capacity RNA to cDNA kit (Applied Biosystems). 
Murine cDNA was analyzed on 2 custom-made microfluidic cards 
(TaqMan; Thermo Scientific) including hydrolysis probes, testing a 
total of 67 OA-related or pain-regulating genes (see Supplemen-
tary Table 1, available on the Arthritis & Rheumatology website 
at http://onlin​elibr​ary.wiley.com/doi/10.1002/art.41421/​abstract). 
Fold change was calculated using the 2−ΔΔCt method, where each 
gene of interest was compared with a housekeeping gene (either 
Fgfr3 or Gapdh) and normalized to the respective control group 
(unoperated or sham operated) for each sex.

Weight bearing measurement. Static weight bearing  
measurements were performed using a Linton Incapacitance 
Tester (Linton Instrumentation) as previously described (30,31). 
Briefly, mice were first acclimated to the chamber on 2 separate 
occasions over 2 weeks before experimental measurements. Mice 
were maneuvered inside the chamber to stand with 1 hind limb 
on each weighing scale. The weight placed on each hind limb 
was measured over a 1-second interval for at least 3 consecu-
tive measurements. Results were expressed as the percentage of 
weight transmitted through the operated limb compared with the 
contralateral limb. One observer performed the measurements for 
each surgical experiment (ISvL for PMX and CD for DMM) and was 
blinded with regard to the treatment status of the mice.

Laboratory Animal Behavior Observation Registration  
and Analysis System (LABORAS). LABORAS allows for 
the measurement of mouse activity in an undisturbed environ-
ment overnight. Mice were housed individually, with 4 cages in 
use at any one time. They were given food and water ad libitum. 

Cages contained sawdust bedding but no additional enrichment.  
LABORAS picked up vibrations of animal movement and converted 
these into behavior classifications, specifically “climbing,” “locomo-
tion,” “immobility,” “rearing,” “grooming,” “drinking,” and “eating”. 
Measurements were performed during the mouse’s 12-hour active 
period (excluding the initial exploratory phase), 7:00 pm to 7:00 am. 
The total duration for each activity over the 12 hours was calculated.

Statistical analysis. Data are expressed as the mean  
± SEM and were analyzed using GraphPad Prism (GraphPad 
Software). For behavioral comparisons of 2 groups only, t-test 
with Bonferroni multiple comparisons test, where applicable, 
was used. For behavioral comparisons of 3 groups and without 
a repeated-measures time course, an ordinary 2-way analysis 
of variance (ANOVA) with Tukey’s multiple comparisons test was 
applied. For any time course experiments, a repeated-measures 
2-way ANOVA with Bonferroni test for multiple comparisons was 
used. In the case of missing time points, a mixed model with a  
Bonferroni multiple comparisons test was used instead of a 
repeated-measures 2-way ANOVA.

RESULTS

Do female mice develop lower chondropathy scores 
after surgical joint destabilization? We examined sex differ-
ences in chondropathy score after joint destabilization in a number 
of different groups, specifically investigating whether sex differences 
were robust 1) after different types of surgery (DMM or PMX), and 2)  
across different genetic strains (C57BL/6 or DBA/1). Lower dis-
ease severity in female mice was apparent following both DMM 
and PMX surgery, beginning 4 weeks after DMM and 12 weeks 
after PMX (Figures 1A–C). Disease severity plateaued in both 

Figure 2.  Activity differences in male and female C57B/L6 mice 10 weeks after partial meniscectomy (PMX) or sham surgery. Ten weeks after 
PMX, male and female mice were individually housed in Laboratory Animal Behavior Observation Registration and Analysis System (LABORAS) 
recording cages for 18 hours overnight (3:00 pm to 9:00 am) with analysis performed between 7:00 pm and 7:00 am. No significant differences 
were observed between the PMX and sham-operated groups for either male or female mice. Activity levels were similar between sexes. Bars 
show the mean ± SEM (n = 7–10 mice per group). Differences between groups were analyzed by one-way analysis of variance with Bonferroni 
post hoc test for multiple testing.
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female and male mice 12 weeks after PMX. Female mice sub-
jected to OVX did not have different disease scores following PMX 
compared with female controls at any time point examined. In 
another strain, female DBA/1 mice also displayed reduced chon-
dropathy after DMM compared with male mice (Figure 1D). Oste-
ophyte volume and maturity (Figures 1E and F) were assessed 
by histologic analysis and by micro-CT, using the epiphyseal 
volume as a surrogate marker for osteophyte size according 
to our validated method (28). Osteophyte maturity was similar 
between male and female mice. Osteophytes were smaller in 
female mice than in male mice, but as a proportion of the total 

volume of the epiphysis, this represented the same percentage 
increase (Figures 1G and H).

Are female mice less active than male mice? One 
possible explanation for the decreased disease observed in 
female mice was reduced joint use through reduced activity. 
We assessed the activity levels of male and female mice using 
LABORAS over a 12-hour period. LABORAS allows the recording 
of different behavioral activities of individually caged animals. It 
is able to distinguish between “climbing,” “locomotion,” “immo-
bility,” “grooming,” “drinking,” and “eating”. When comparing 

Table 1.  Fold change in expression of genes associated with repair and inflammation in the whole knee joints of mice subjected 
to DMM*

Male mice Female mice

Gene
Unoperated 
(normalized)

6 hours after 
DMM, fold change

Unoperated 
(normalized)

6 hours after 
DMM, fold change

P, male mice vs. female  
mice 6 hours after DMM†

Genes associated  
 with repair
Bmpr2 1.02 ± 0.10 1.04 ± 0.09 1.00 ± 0.01 1.52 ± 0.13‡ 0.05
Ctgf 1.03 ± 0.16 1.68 ± 0.17 1.01 ± 0.09 2.11 ± 0.39§ –
Fgf18 1.04 ± 0.16 1.61 ± 0.21 1.00 ± 0.06 1.44 ± 0.07‡ –
Fgf2 1.04 ± 0.16 1.52 ± 0.32 1.01 ± 0.09 2.53 ± 0.03¶ 0.05
Fgfr1 1.04 ± 0.18 1.05 ± 0.16 1.02 ± 0.12 1.30 ± 0.10 –
Fgfr2 1.02 ± 0.13 0.95 ± 0.08 1.01 ± 0.07 0.87 ± 0.03 –
Fgfr4 1.04 ± 0.14 0.64 ± 0.08 1.05 ± 0.18 1.41 ± 0.32 –
Inhba 1.02 ± 0.12 5.92 ± 1.14‡ 1.01 ± 0.06 6.33 ± 0.60¶ –
Ltbp1 1.01 ± 0.09 1.05 ± 0.23 1.01 ± 0.10 0.97 ± 0.07 –
Ltbp2 1.00 ± 0.05 0.97 ± 0.13 1.01 ± 0.09 1.25 ± 0.08 –
Pmepa1 1.03 ± 0.16 1.37 ± 0.22 1.01 ± 0.09 2.46 ± 0.27# 0.05
Tgfb1 1.03 ± 0.17 1.07 ± 0.10 1.02 ± 0.12 1.17 ± 0.08 –
Tgfb2 1.02 ± 0.11 0.69 ± 0.08 1.01 ± 0.09 0.73 ± 0.05 –
Tgfb3 1.00 ± 0.06 0.72 ± 0.06 1.02 ± 0.14 1.00 ± 0.26 –
Tgfbr1 1.02 ± 0.10 1.20 ± 0.20 1.00 ± 0.05 1.20 ± 0.06 –
Tgfbr2 1.07 ± 0.21 1.03 ± 0.10 1.02 ± 0.13 1.04 ± 0.07 –
Tgfbr3 1.03 ± 0.16 0.86 ± 0.19 1.02 ± 0.12 1.30 ± 0.15 –

Genes associated with  
 inflammation
Adamts1 1.03 ± 0.17 4.52 ± 1.06‡ 1.01 ± 0.07 6.65 ± 0.71¶ –
Adamts4 1.08 ± 0.24 6.75 ± 2.52§ 1.01 ± 0.09 12.05 ± 1.11§ –
Adamts5 1.05 ± 0.19 1.92 ± 0.55 1.01 ± 0.06 2.04 ± 0.20 –
Arg1 1.11 ± 0.31 61.05 ± 24.71 7.35 ± 7.02 44.75 ± 6.55# –
Ccr2 1.04 ± 0.18 1.03 ± 0.16 1.00 ± 0.05 1.67 ± 0.25 –
Cd68 1.05 ± 0.19 1.17 ± 0.15 1.02 ± 0.12 1.13 ± 0.02 –
Il1a 1.14 ± 0.33 0.95 ± 0.23 1.07 ± 0.24 1.08 ± 0.22 –
Il1b 1.04 ± 0.16 6.29 ± 1.23‡ 1.01 ± 0.06 6.31 ± 0.40¶ –
Il6 1.20 ± 0.38 131.49 ± 49.15 1.00 ± 0.05 129.19 ± 24.35# –
Mmp13 1.05 ± 0.20 1.30 ± 0.23 1.01 ± 0.07 1.63 ± 0.10§ –
Mmp19 1.02 ± 0.13 2.46 ± 0.29 1.01 ± 0.10 4.45 ± 0.56¶ 0.05
Mmp3 1.00 ± 0.05 6.58 ± 1.48 1.03 ± 0.14 13.24 ± 2.64¶ –
Ptgs2 1.01 ± 0.09 24.51 ± 4.89 1.04 ± 0.15 20.16 ± 2.31‡ –
Timp1 1.07 ± 0.23 2.72 ± 0.77 1.03 ± 0.12 3.01 ± 0.27‡ –
Tnfaip6 1.03 ± 0.14 25.91 ± 6.52# 1.12 ± 0.32 18.56 ± 2.15¶ –

* Values are the mean ± SEM fold change in expression compared to the housekeeping gene and normalized to the unoperated 
control. DMM = destabilization of the medial meniscus. 
† By unpaired t-test. 
‡ P < 0.01 versus unoperated mice of the same sex, by unpaired t-test. 
§ P < 0.05 versus unoperated mice of the same sex, by unpaired t-test. 
¶ P < 0.0001 versus unoperated mice of the same sex, by unpaired t-test. 
# P < 0.001 versus unoperated mice of the same sex, by unpaired t-test. 
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the mean activity over a 12-hour period 10 weeks after PMX, 
there were no significant differences between the sham-oper-
ated and PMX groups for either sex, and no apparent differences 
between sexes. This was the case when considering the total 
activity over 12 hours (Figure 2) or after breaking activity levels 
down into 1-hour periods (data not shown). Similar activity levels 
were seen in unoperated male and female mice (data not shown). 
The full data set for the male mice will be published elsewhere 
(manuscript in revision). These data indicate that LABORAS is not 
a sensitive tool for detecting pain-like behavior, but do not support 
the notion that differences in activity levels account for differences 
in structural joint damage.

Is cartilage repair better in female mice than in male  
mice? We next tested the hypothesis that damaged cartilage is 
better repaired in female mice than in male mice and that this could 
account for reduced chondropathy scores. We first assessed gene 
expression in response to acute joint destabilization by extracting 
RNA from the whole knee joint 6 hours after DMM. The analy-
sis focused on pathways implicated in cartilage repair, including 
fibroblast growth factors (FGF-2, FGF-18, and FGF receptors 
1, 2, and 4) and TGFβ (TGFβ1, 2, and 3 and TGFβ receptors 2 
and 3). Pmepa1, Bmpr2, and Ltbp2 have previously been shown 
by our group to be strong TGFβ-dependent genes in human 
chondrocytes (32) (Table 1). Several genes were up-regulated only 

Figure 3.  Female mice do not exhibit enhanced cartilage repair compared with male mice. A and B, Cartilage repair scores 8 weeks after 
focal cartilage injury of the intercondylar groove (A) and representative images at 0 and 8 weeks after injury (B). In A, symbols represent 
individual mice; bars show the mean ± SEM. No significant differences were observed between groups. C, Osteoarthritis Research Society 
International (OARSI) scores for the joints of male mice subjected to either destabilization of the medial meniscus (DMM) alone or DMM followed 
by joint immobilization (by sciatic neurectomy [ScN]) either 4 or 8 weeks after DMM. D, OARSI scores for the joints of female mice subjected 
to DMM alone or DMM followed by joint immobilization (by sciatic neurectomy) 12 weeks after DMM. For both male and female mice, joint 
immobilization halted disease progression. In C and D, symbols represent individual mice; horizontal lines and error bars show the mean ± SEM.  
* = P < 0.05; ** = P < 0.01; **** = P < 0.0001, by ordinary one-way analysis of variance with Tukey’s post hoc test for multiple comparisons. 
NS = not significant.

2325
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in female mouse joints, and 3 were significantly higher in female 
compared with male mice: Bmpr2, Fgf2, and Pmepa1. Another 
TGFβ family member that is strongly induced by FGF2, inhibin 
A (Inhba; the homodimer of which forms activin A) was up-regu-
lated equally in both male mouse joints (mean ± SEM 5.92 ± 1.14; 
P < 0.01 versus unoperated control) and female mouse joints 
(mean ± SEM 6.33 ± 0.60; P < 0.0001 versus unoperated control).

Gene expression data suggested that the response to joint 
injury may produce a stronger anabolic response in female mice 
compared with male mice. We investigated whether this related to 
improved repair of articular cartilage after injury in vivo. Previously 
published data from our laboratory showed that OA development 
could be prevented by performing joint immobilization by sciatic 
neurectomy at the time of joint destabilization (29). Others have 
previously demonstrated that joint immobilization facilitated joint 
repair after injury (33,34).

To test whether female mice exhibited enhanced carti-
lage repair in vivo, we used 2 different models. The first was 
a focal cartilage defect model originally described by Eltawil 
and colleagues (24). In this model, which had historically been 
tested in male mice only, the authors showed both an age- and 
strain-dependent influence on repair, with only young DBA/1 mice 
exhibiting repair of the focal defect (24). In this study, male and 
female C57BL/6 mice were subjected to focal cartilage injury 
at 10 weeks of age in order to see whether cartilage was more 
likely to be repaired in female mice than in male mice. Joints 
were examined 8 weeks later. Cartilage repair was assessed 
using a modified Pineda score (25) (Figures 3A and B). No differ-
ences in repair were observed between the 2 groups.

In a second model, we assessed whether joint immobilization 
by sciatic neurectomy, after disease was established, would allow 

reversal (repair) of cartilage damage induced by DMM surgery. 
This model has not been previously validated, and we selected 
different time points for both male and female mice to ensure 
that there was a sufficient level of chondropathy at the start of 
the experiment. In both male and female mice, neurectomy was 
able to arrest disease progression, but did not reverse disease  
(Figures 3C and D). Taken together, these data suggest that 
despite female mice having a more “repair-conducive” molecular 
response to joint destabilization, male and female C57BL/6 mice 
both fail to exhibit functional repair in vivo.

Do male mice mount a more catabolic response upon 
joint destabilization? Since the inflammatory response to injury 
has been shown to be sex-dependent in other tissues, we next 
addressed whether there was a difference in inflammatory gene 
regulation between sexes that could account for a more catabolic 
response in male mouse joints. We assessed genes associated with 
the inflammatory response in the whole knee joints of both male and 
female mice 6 hours after DMM compared with unoperated mice 
of each sex (Table 1). Inflammatory genes were up-regulated to 
a similar extent in both male and female mouse joints. Mmp19 
was the only gene that was significantly different between sexes 
(higher in female mice [mean ± SEM 4.45 ± 0.56] than male mice 
[2.46 ± 0.29]; P < 0.05). Based on these early 6-hour results, we 
concluded that differences in the inflammatory response to injury 
were unlikely to explain the sex differences seen in chondropathy.

Do male and female mice display different OA  
pain-like behavior? We next tested whether female mice dis-
played different pain-like behaviors than male mice. We assessed 
spontaneous pain-like behavior after sham or OA surgery (DMM 

Figure 4.  Male and female mice exhibit similar pain-like behaviors after either destabilization of the medial meniscus (DMM) or partial 
meniscectomy (PMX). Pain-like behavior was tested in male and female mice by Linton incapacitance at a variety of times after surgical 
induction of osteoarthritis. Weight bearing on the operated limb is shown as a percentage of weight bearing on the unoperated limb in male  
and female mice subjected to DMM or sham surgery (A) and male and female mice subjected to PMX (with or without ovariectomy [OVX] in 
female mice), or sham surgery (B). Values are the mean ± SEM (n = 10 mice per group for DMM and 6 mice per group for sham surgery in A; 
n = 14–15 mice per group in B). * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001 versus sham-operated mice, by mixed-effects 
analysis with Dunnett’s post hoc test for multiple comparisons in A and repeated-measures two-way analysis of variance with Sidak post hoc 
test for multiple comparisons in B. NS = not significant.
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or PMX) in male, female, and OVX (PMX only) mice using Lin-
ton incapacitance testing, which measures weight asymmetry 
through the hind limbs. Spontaneous pain-like behavior was seen 
transiently in the postoperative period in all groups and then from 
~9 weeks after PMX and 10 weeks after DMM (Figures 4A and B). 
No difference in the timing or severity could be discerned between 
the sexes. These results were somewhat surprising, as we had 
previously concluded that chondropathy score predicted the time 
of onset of late OA pain-like behavior in male mice (35,36) through 
the release of pain-sensitizing molecules such as nerve growth 
factor (NGF) from the damaged articular cartilage (35). These 
results suggested that female mice either have an exaggerated 
behavioral response to modest cartilage damage or that addi-
tional pain-sensitizing pathways are activated, perhaps elsewhere 

in the joint, that are independent of cartilage loss. To test these 
hypotheses further, we assessed the differences in joint molecular 
profile at the time of established OA pain-like behavior (10 weeks 
after PMX).

Is the molecular pain response different between  
male and female mice? To assess sex differences in the reg-
ulation of genes associated with pain, we assessed a panel of 
pain-related genes that we had previously used as a screening 
tool at a time of established late OA pain (35). This list included 29 
genes that were either associated with inflammation (cytokines, 
chemokines, and leukocyte activation markers) or were known 
pain sensitizers. We compared the expression of these molecules 
in mouse whole knee joints between sexes, 10 weeks after PMX 

Table 2.  Fold change in expression of genes associated with inflammation and pain in the whole knee joints of mice subjected 
to PMX*

Male mice Female mice

Gene

10 weeks after 
sham operation 

(normalized)

10 weeks 
after PMX, 

fold change

10 weeks after 
sham operation 

(normalized)

10 weeks 
after PMX, fold 

change

P, male mice  
versus female  

mice after PMX†
Genes associated  

 with inflammation
Ccl19 1.04 ± 0.19 1.50 ± 0.35 1.01 ± 0.09 0.92 ± 0.06 –
Ccl2 1.02 ± 0.14 1.21 ± 0.34 1.04 ± 0.20 1.06 ± 0.16 –
Ccr2 1.01 ± 0.13 1.18 ± 0.28 1.07 ± 0.25 1.12 ± 0.11 –
Ccr7 1.02 ± 0.15 0.99 ± 0.21 1.03 ± 0.17 1.23 ± 0.10 –
Cd14 1.01 ± 0.08 1.45 ± 0.44 1.05 ± 0.24 1.10 ± 0.09 –
Il10 1.11 ± 0.38 1.69 ± 0.68 1.05 ± 0.21 1.60 ± 0.19 –
Il15 1.05 ± 0.25 0.75 ± 0.13 1.01 ± 0.11 1.51 ± 0.23 <0.05
Il1r1 1.01 ± 0.11 1.64 ± 0.18 1.02 ± 0.14 1.49 ± 0.15 –
Il2 1.11 ± 0.37 0.99 ± 0.20 1.03 ± 0.16 1.48 ± 0.43 –
Il4 1.01 ± 0.10 0.90 ± 0.31 1.02 ± 0.13 1.72 ± 0.21 –
Il6 1.06 ± 0.28 0.88 ± 0.17 1.02 ± 0.15 1.30 ± 0.18 –
Il6ra 1.06 ± 0.28 1.19 ± 0.20 1.01 ± 0.08 1.54 ± 0.21 –
Nos2 1.02 ± 0.15 0.85 ± 0.09 1.03 ± 0.17 1.32 ± 0.14 <0.05
Tnf 1.00 ± 0.02 1.45 ± 0.17 1.09 ± 0.30 1.30 ± 0.09 –

Genes associated  
 with pain
Bdkrb1 1.01 ± 0.09 2.48 ± 0.34‡ 1.09 ± 0.32 1.57 ± 0.23 –
Bdkrb2 1.00 ± 0.04 1.60 ± 0.35 1.08 ± 0.32 1.20 ± 0.10 –
Cnr1 1.01 ± 0.11 0.89 ± 0.19 1.09 ± 0.33 1.10 ± 0.14 –
Cnr2 1.02 ± 0.13 1.35 ± 0.20 1.02 ± 0.16 1.26 ± 0.17 –
Gal 1.02 ± 0.13 1.15 ± 0.28 1.00 ± 0.05 1.21 ± 0.13 –
Gdnf 1.01 ± 0.08 0.95 ± 0.20 1.06 ± 0.22 2.54 ± 0.30‡ <0.01
Ngf 1.01 ± 0.10 1.76 ± 0.14§ 1.06 ± 0.26 1.56 ± 0.26 –
Npy 1.03 ± 0.16 1.38 ± 0.48 1.08 ± 0.27 0.62 ± 0.08 –
Nrtn 1.03 ± 0.19 1.07 ± 0.41 1.02 ± 0.15 6.71 ± 1.24‡ <0.01
Ntf3 1.05 ± 0.24 1.03 ± 0.20 1.11 ± 0.37 1.92 ± 0.27 <0.05
Ntf5 1.04 ± 0.21 0.33 ± 0.12‡ 1.02 ± 0.14 2.89 ± 0.48 <0.001
Penk 1.03 ± 0.18 1.19 ± 0.11 1.17 ± 0.46 1.16 ± 0.15 –
Pspn 1.05 ± 0.23 1.19 ± 0.27 1.15 ± 0.44 0.40 ± 0.12 <0.05
Tac1 1.01 ± 0.10 1.15 ± 0.44 1.06 ± 0.26 1.43 ± 0.15 –
Tacr1 1.01 ± 0.09 2.17 ± 0.53 1.43 ± 0.85 1.68 ± 0.27 –

* Values are the mean ± SEM fold change in expression compared to the housekeeping gene and normalized to the sham-
operated control. PMX = partial meniscectomy. 
† By unpaired t-test. 
‡ P < 0.05 versus sham-operated mice of the same sex, by unpaired t-test. 
§ P < 0.01 versus sham-operated mice of the same sex, by unpaired t-test. 
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surgery (when pain-like behavior was established) (Table 2). No 
significant regulation of inflammatory genes was seen in either 
group, consistent with our previously published data, suggesting 
that inflammatory changes in the joint are not a major driver of pain-
like behavior at this time point (35). Il15 and Nos2 expression lev-
els were relatively higher in female mice (mean ± SEM 1.51 ± 0.23 
for Il15 and 1.32 ± 0.14 for Nos2) when compared with male mice 
(mean ± SEM 0.75 ± 0.13 for Il15 and 0.85 ± 0.09 for Nos2) (both 
P < 0.05), although neither were significantly up-regulated com-
pared with the respective sham-operated control.

In contrast, when considering the pain-sensitizing molecules, 
significant sex-dependent changes were observed. Male mice 
showed significant increases in Ngf expression (mean ± SEM 
1.76 ± 0.14; P < 0.01) and Bdkrb1 expression (2.48 ± 0.34;  
P < 0.05), consistent with our previous publication (35). Female  
mice had strong and significant up-regulation of a group of  
neurotrophins including Gdnf (2.54 ± 0.30) and Nrtn (6.71 ± 1.24) 
when compared with their respective sham-operated or male 
PMX control. Two additional neurotrophins, Ntf3 (1.92 ± 0.27) and 
Ntf5 (2.89 ± 0.48) were up-regulated in female mice compared 
with male mice (P < 0.05 and P < 0.001, respectively), but were 
not significantly up-regulated compared with the sham-operated 
control. Pspn was down-regulated in female mice (0.40 ± 0.12) 
compared with male mice (1.19 ± 0.27) (P < 0.05).

Raw CT values are shown for both the inflammatory and 
pain-related molecules in the sham-operated and OA groups in 
Supplementary Table 2, available on the Arthritis & Rheumatology 
website at http://onlin​elibr​ary.wiley.com/doi/10.1002/art.41421/​
abstract. No significant differences between the sexes in basal 
activity in any of these genes was detected after sham operation 
(by t-test; data not shown). Taken together, these results suggest 
that female mice develop pain-like behavior after less severe car-
tilage damage and may use different molecular pathways to drive 
pain-like behavior.

DISCUSSION

We have confirmed the findings of a previous study showing 
that male mice develop more severe chondropathy after surgical 
joint destabilization compared with female mice (8) and extended 
the previous study by showing that this finding was robust across 
different strains and surgical induction methods. We were unable 
to confirm a reversal of female protection in OVX animals. This 
is not easily explained, but it is the case that several other stud-
ies have also failed to observe this reversal (10). OVX mice were 
purchased from a commercial provider, and we were able to ver-
ify estrogen deficiency by estrogen-dependent gene expression 
(data not shown). The previously published study by Ma et al (8) 
concluded by suggesting that lower chondropathy might be due 
to different activity levels between male and female mice (higher 
activity predisposing to increased disease). We were unable to 
substantiate this using LABORAS. We did not find evidence of 

different activity levels between the 2 sexes, although we were 
also unable to distinguish activity levels between PMX and sham- 
operated animals in either sex, indicating that LABORAS is not 
very sensitive. Further details of this insensitivity will be published 
elsewhere (manuscript in revision).

Next, we explored sex differences in the molecular response 
to joint destabilization, addressing specific clusters of disease- 
modifying genes. Looking at the immediate post-injury gene 
expression profile in whole knee joints, we saw no difference in 
the inflammatory/catabolic genes between male and female mice 
but did see some differences in genes relating to the TGFβ path-
way, suggesting that female mice could elicit an enhanced repair 
response after injury. This was subsequently tested in 2 models of 
in vivo repair. No differences between the sexes were observed, 
and we concluded that their repair profile (or lack thereof), at least 
in these stringent models, was similar.

Interestingly, we found the same time of onset and sever-
ity of pain-like behavior in male and female mice following either 
DMM or PMX. This finding has recently been confirmed by another 
group using the medial meniscal transection model, in which the 
authors also confirmed reduced chondropathy in female mice (37). 
This was a little surprising in view of the fact that we had previously 
suggested that the onset of pain-like behavior in mice arises at 
the time that the junction between the calcified and noncalcified 
cartilage (tidemark) is breached (35). These results could have 
suggested that pain-like behavior in female mice was originat-
ing from a tissue other than the cartilage, such as the synovium. 
Although we cannot completely exclude this possibility, the inflam-
matory gene profile in the  joint at the onset of pain-like behav-
ior indicated that there was little joint inflammation present in OA 
joints of either male or female mice, suggesting that synovitis was 
unlikely to be contributing to the pain phenotype. This suggests 
that female OA pain-like behavior in this model is “noninflamma-
tory,” as we have previously concluded for male mice (35). We also 
studied osteophyte development in male and female mouse joints. 
Osteophyte development in murine OA occurs rapidly after joint 
destabilization (within the first 2 weeks) (28) and does not correlate 
temporally with pain-like behavior changes. No differences in the 
size (measured by percent volume of the epiphysis) or maturity of 
the osteophytes were detected between male and female mice.

At the time of established OA pain-like behavior, it appears 
that female mice regulated a different, additional set of potential 
pain-modulating genes. These included Gdnf, Nrtn, Ntf3, Ntf5, 
and Pspn. Glial cell line–derived neurotrophic factor (GDNF), 
neurturin, and persephin are trophic factors for dopaminer-
gic motoneurons and midbrain neurons and are being explored 
in Parkinson’s disease (38,39). They signal through a common 
receptor family and are all part of the TGFβ superfamily (40). 
GDNF and neurturin have been associated with inflammatory 
bone pain (41), and GDNF has also been suggested as an 
analgesic target in neuropathic pain (38,39). As we found that 
TGFβ activity was increased in female mice after joint injury 

http://onlinelibrary.wiley.com/doi/10.1002/art.41421/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41421/abstract
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compared with male mice, it is possible that a common mech-
anism exists for the activation of TGFβ superfamily molecules. 
Neurotrophic factor 3 (NTF3) and NTF5 are both neurotrophic 
factors related to NGF. NTF3 and NTF5 are largely regarded as 
survival factors for sensory neurons (42,43), but NTF3 has also 
been shown to have analgesic effects specifically by down- 
regulating transient receptor potential vanilloid channel 1 and 
suppressing thermal hyperalgesia (44). No sex differences have 
been reported for the regulation of any of these molecules. NGF, 
a well-known pain target for OA (45,46), was not differentially 
regulated between the sexes, suggesting that it contributes to 
OA pain-like behavior in both male and female mice, although in 
this analysis NGF was not significantly increased in female mouse 
joints compared to sham-operated joints. It would have been 
nice to check that both male and female mice responded equally 
to anti-NGF therapy, but this was not available to us.

Our data are consistent with mounting evidence that shows 
pain can be relayed by different mechanisms in males and 
females, suggesting that there are common as well as distinct 
sex-specific pathways (47). In females cells of the adaptive 
immune system have been shown to relay pain-like behavior 
(21). Although we cannot completely exclude a mechanism that 
involves adaptive immune cells in the present study, we did not 
see any evidence of classical inflammatory gene regulation in 
either male or female mouse joints at the time the mice developed 
pain-like behavior.

The inclusion of women in clinical studies only became  
mandatory in the US in 1993, while preclinical studies still do not 
require the inclusion of both sexes (17,48). Part of this is due 
to fear of estrous cycle–related variability in females, although it 
has been suggested that fighting to establish dominance hierar-
chies in male mice can introduce as much variability, if not more 
(17). The inclusion of females in preclinical studies is important 
to identify female-specific pathways in drug discovery and to 
avoid results from male animals being falsely generalized to 
females (17,48). The marked female predominance in chronic 
pain conditions, higher documented pain sensitivity, lower pain 
thresholds, and higher pain ratings (15–18) reinforce the fact 
that preclinical studies probably need to be done in both sexes 
if we are to attempt to understand their molecular basis. This 
approach is already being implemented by the National Insti-
tutes of Health in the US (49). This work has important implica-
tions for the National Centre for the Replacement, Refinement, 
and Reduction of Animals in Research. While the goals of 
replacement, reduction, and refinement must be upheld, it may 
be necessary to study such pathways in both sexes in order not 
to miss sex-specific differences. What is also evident is that it 
would not be appropriate to perform analyses of mixed popula-
tions of male and female animals in mechanistic studies.

Finally, could chondroprotection in female mice be a result of 
earlier pain sensitization? Given the highly mechanosensitive nature 
of OA (29), we speculate, as others have done previously, that 

pain protects the joint by preventing overuse. Since female mice 
are sensitized at an earlier stage of their disease, this could be 
one mechanism to explain the reduced chondropathy observed. 
This debate is topical in view of the discussion around rapidly pro-
gressive OA in individuals receiving good analgesic control with 
therapies such as anti-NGF (50).

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it critically 
for important intellectual content, and all authors approved the final version 
to be published. Dr. Vincent had full access to all of the data in the study 
and takes responsibility for the integrity of the data and the accuracy of 
the data analysis.
Study conception and design. von Loga, Vincent.
Acquisition of data. von Loga, Batchelor, Driscoll, Burleigh, Chia, Stott, 
Miotla-Zarebska, Riley, Dell’Accio.
Analysis and interpretation of data. von Loga, Batchelor, Driscoll, 
Burleigh, Dell’Accio, Vincent.

REFERENCES
	1.	 Silverwood V, Blagojevic-Bucknall M, Jinks C, Jordan JL, Protheroe 

J, Jordan KP, et al. Current evidence on risk factors for knee os-
teoarthritis in older adults: a systematic review and meta-analysis. 
Osteoarthritis Cartilage 2015;23:507–15.

	2.	 Srikanth VK, Fryer JL, Zhai G, Winzenberg TM, Hoomer D, Jones G. 
A meta-analysis of sex differences prevalence, incidence and sever-
ity of osteoarthritis. Osteoarthritis Cartilage 2005;13:769–81.

	3.	 Prieto-Alhambra D, Judge A, Javaid MK, Cooper C, Diez-Perez A, 
Arden NK. Incidence and risk factors for clinically diagnosed knee, 
hip and hand osteoarthritis: influences of age, gender and osteoar-
thritis affecting other joints. Ann Rheum Dis 2014;73:1659–64.

	4.	 Watt FE. Hand osteoarthritis, menopause and menopausal hormone 
therapy [review]. Maturitas 2016;83:13–8.

	5.	 Oliveria SA, Felson DT, Reed JI, Cirillo PA, Walker AM. Incidence 
of symptomatic hand, hip, and knee osteoarthritis among pa-
tients in a health maintenance organization. Arthritis Rheum 
1995;38:1134–41.

	6.	 Ding C, Cicuttini F, Scott F, Glisson M, Jones G. Sex differences in 
knee cartilage volume in adults: role of body and bone size, age and 
physical activity. Rheumatology (Oxford) 2003;42:1317–23.

	7.	 De Klerk BM, Schiphof D, Groenveld FP, Koes BW, van Osch GJ, 
van Meurs JB, et al. Limited evidence for a protective effect of unop-
posed oestrogen therapy for osteoarthritis of the hip: a systematic 
review. Rheumatology (Oxford) 2008;48:104–12.

	8.	 Ma HL, Blanchet TJ, Peluso D, Hopkins B, Moris EA, Glasson SS. 
Osteoarthritis severity is sex dependent in a surgical mouse model. 
Osteoarthritis Cartilage 2007;15:695–700.

	9.	 Oestergaard S, Sondergaard BC, Hoegh-Anderson P, Henriksen K, 
Qvist P, Christiansen C, et al. Effects of ovariectomy and estrogen 
therapy on type II collagen degradation and structural integrity of 
articular cartilage in rats: implications of the time of initiation. Arthritis 
Rheum 2006;54:2441–51.

	10.	Sniekers YH, Weinans H, Bierma-Zeinstra SM, van Leeuwen JP, van 
Osch GJ. Animal models for osteoarthritis: the effect of ovariecto-
my and estrogen treatment–a systematic approach. Osteoarthritis  
Cartilage 2008;16:533–41.

	11.	Khalkhali-Ellis Z, Handa RJ, Price RH Jr, Adams BD, Callaghan JJ, 
Hendrix MJ. Androgen receptors in human synoviocytes and andro-
gen regulation of interleukin 1β (IL-1β) induced IL-6 production: a 
link between hypoandrogenicity and rheumatoid arthritis? J Rheu-
matol 2002;29:1843–6.



EARLY PAIN SENSITIZATION AND REDUCED CHONDROPATHY IN FEMALE MICE |      2093

	12.	Sun L, Peng Y, Sharrow AC, Iqbal J, Zhang Z, Papachristou DJ, et al. 
FSH directly regulates bone mass. Cell 2006;125:247–60.

	13.	Ashcroft GS, Dodsworth J, van Boxtel E, Tarnuzzer RW, Horan MA, 
Schultz GS, et al. Estrogen accelerates cutaneous wound healing as-
sociated with an increase in TGF-β1 levels. Nat Med 1997;3:1209–15.

	14.	Gilliver SC, Ashworth JJ, Ashcroft GS. The hormonal regulation of 
cutaneous wound healing. Clin Dermatol 2007;25:56–62.

	15.	Unruh AM. Gender variations in clinical pain experience [review]. 
Pain 1996;65:123–67.

	16.	Fillingim RB, King CD, Ribeiro-Dasilva MC, Rahim-Williams B, Riley 
JL III. Sex, gender, and pain: a review of recent clinical and experi-
mental findings [review]. J Pain 2009;10:447–85.

	17.	Mogil JS. Sex differences in pain and pain inhibition: multiple expla-
nations of a controversial phenomenon [review]. Nat Rev Neurosci 
2012;13:859–66.

	18.	Sorge RE, Strath LJ. Sex differences in pain responses. Curr Opin 
Physiol 2018;6:75–81.

	19.	Mapplebeck JC, Beggs S, Salter MW. Molecules in pain and sex: a 
developing story [review]. Mol Brain 2017;10:9.

	20.	Doyle HH, Murphy AZ. Sex differences in innate immunity and its 
impact on opioid pharmacology. J Neurosci Res 2017;95:487–99.

	21.	Sorge RE, Mapplebeck JC, Rosen S, Beggs S, Taves S, Alexander 
JK, et al. Different immune cells mediate mechanical pain hypersen-
sitivity in male and female mice. Nat Neurosci 2015;18:1081–3.

	22.	Glasson SS, Blanchet TJ, Morris EA. The surgical destabilization of 
the medial meniscus (DMM) model of osteoarthritis in the 129/SvEv 
mouse. Osteoarthritis Cartilage 2007;15:1061–9.

	23.	Knights CB, Gentry C, Bevan S. Partial medial meniscectomy pro-
duces osteoarthritis pain-related behaviour in female C57BL/6 mice. 
Pain 2012;153:281–92.

	24.	Eltawil NM, de Bari C, Achan P, Pitzalis C, Dell’Accio F. A nov-
el in vivo murine model of cartilage regeneration: age and strain- 
dependent outcome after joint surface injury. Osteoarthritis Cartilage 
2009;17:695–704.

	25.	Pineda S, Pollack A, Stevenson S, Goldberg V, Caplan A. A semi-
quantitative scale for histologic grading of articular cartilage repair. 
Acta Anat (Basel) 1992;143:335–40.

	26.	Glasson SS, Chambers MG, van den Berg WB, Little CB. The 
OARSI histopathology initiative: recommendations for histological 
assessments of osteoarthritis in the mouse. Osteoarthritis Cartilage 
2010;18:S17–23.

	27.	Little CB, Barai A, Burkhardt D, Smith SM, Fosand AJ, Werb Z, et al. 
Matrix metalloproteinase 13–deficient mice are resistant to osteoar-
thritic cartilage erosion but not chondrocyte hypertrophy or osteo-
phyte development. Arthritis Rheum 2009;60:3723–33.

	28.	Borges PD, Vincent TL, Marenzana M. Automated assessment of 
bone changes in cross-sectional micro-CT studies of murine experi-
mental osteoarthritis. PLoS One 2017;12:e0174294.

	29.	Burleigh A, Chanalaris A, Gardiner MD, Driscoll C, Boruc O,  
Saklatvala J, et al. Joint immobilization prevents murine osteoarthritis 
and reveals the highly mechanosensitive nature of protease expres-
sion in vivo. Arthritis Rheum 2012;64:2278–88.

	30.	Inglis JJ, McNamee KE, Chia SL, Essex D, Feldmann M, Williams 
RO, et al. Regulation of pain sensitivity in experimental osteoarthri-
tis by the endogenous peripheral opioid system. Arthritis Rheum 
2008;58:3110–9.

	31.	Blease A, Borges PD, Curtinha M, Javaheri B, von Loga IS, Parisi 
I, et al. Studying osteoarthritis pathogenesis in mice. Curr Protoc 
Mouse Biol 2018;8:e50.

	32.	Tang X, Muhammad H, McLean C, Miotla-Zarebska J, Fleming J, 
Didangelos A, et al. Connective tissue growth factor contributes 
to joint homeostasis and osteoarthritis severity by controlling the 

matrix sequestration and activation of latent TGFβ. Ann Rheum Dis 
2018;77:1372–80.

	33.	Williams JM, Brandt KD. Immobilization ameliorates chemically- 
induced articular cartilage damage. Arthritis Rheum 1984;27: 
208–16.

	34.	Williams JM, Brandt KD. Temporary immobilisation facilitates re-
pair of chemically induced articular cartilage injury. J Anat 1984; 
138:435.

	35.	Driscoll C, Chanalaris A, Knights C, Ismail H, Sacitharan PK, Gentry 
C, et al. Nociceptive sensitizers are regulated in damaged joint tis-
sues, including articular cartilage, when osteoarthritic mice display 
pain behavior. Arthritis Rheumatol 2016;68:857–67.

	36.	Zarebska JM, Chanalaris A, Driscoll C, Burleigh A, Miller RE,  
Malfait AM, et al. CCL2 and CCR2 regulate pain-related behaviour and 
early gene expression in post-traumatic murine osteoarthritis but con-
tribute little to chondropathy. Osteoarthritis Cartilage 2017;25:406–12.

	37.	Temp J, Labuz D, Negrete R, Sunkara V, Machelska H. Pain and 
knee damage in male and female mice in the medial meniscal tran-
section-induced osteoarthritis. Osteoarthritis Cartilage 2020;28: 
475–85.

	38.	Buj-Bello A, Buchman VL, Horton A, Rosenthal A, Davies AM. GDNF 
is an age-specific survival factor for sensory and autonomic neurons. 
Neuron 1995;15:821–8.

	39.	Boucher TJ, Okuse K, Bennett DL, Munson JB, Wood JN,  
McMahon SB. Potent analgesic effects of GDNF in neuropathic pain 
states. Science 2000;290:124–7.

	40.	Kotzbauer PT, Lampe PA, Heuckeroth RO, Golden JP, Creedon DJ, 
Johnson EM Jr, et al. Neurturin, a relative of glial-cell-line-derived 
neurotrophic factor. Nature 1996;384:467–70.

	41.	Nencini S, Ringuet M, Kim D, Greenhill C, Ivanusic JJ. GDNF, neur-
turin, and artemin activate and sensitize bone afferent neurons and 
contribute to inflammatory bone pain. J Neurosci 2018;38:4899–911.

	42.	Klein R. Role of neurotrophins in mouse neuronal development. 
FASEB J 1994;8:738–44.

	43.	Berkemeier LR, Winslow JW, Kaplan DR, Nikolics K, Goeddel DV, 
Rosenthal A. Neurotrophin-5: a novel neurotrophic factor that acti-
vates trk and trkB. Neuron 1991;7:857–66.

	44.	Wilson-Gerwing TD, Dmyterko MV, Zochodne DW, Johnston JM, 
Verge VM. Neurotrophin-3 suppresses thermal hyperalgesia as-
sociated with neuropathic pain and attenuates transient receptor 
potential vanilloid receptor-1 expression in adult sensory neurons.  
J Neurosci 2005;25:758–67.

	45.	Lane NE, Schnitzer RJ, Birbara CA, Mokhtarani M, Shelton DL, 
Smith MD, et al. Tanezumab for the treatment of pain from osteoar-
thritis of the knee. N Engl J Med 2010;363:1521–31.

	46.	Denk F, Bennett DL, McMahon SB. Nerve growth factor and pain 
mechanisms [review]. Annu Rev Neurosci 2017;40:307–25.

	47.	Sorge RE, LaCroix-Fralish ML, Tuttle AH, Sotocinal SG, Austin JS, 
Ritchie J, et al. Spinal cord Toll-like receptor 4 mediates inflamma-
tory and neuropathic hypersensitivity in male but not female mice.  
J Neurosci 2011;31:15450–4.

	48.	Beery AK, Zucker I. Sex bias in neuroscience and biomedical  
research. Neurosci Biobehav Rev 2011;35:565–72.

	49.	Clayton JA, Collins FS. Policy: NIH to balance sex in cell and animal 
studies [letter]. Nature 2014;509:282.

	50.	Lane NE, Corr M. Osteoarthritis in 2016: anti-NGF treatments for 
pain–two steps forward, one step back? [review]. Nat Rev Rheuma-
tol 2017;13:76–7.

	51.	Von Loga IS, El-Turabi A, Jostins L, Miotla-Zarebska J,  
Mackay-Alderson J, Zeltins A, et al. Active immunisation targeting 
nerve growth factor attenuates chronic pain behaviour in murine os-
teoarthritis. Ann Rheum Dis 2019;78:672–5.


