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ABSTRACT
Background. Osteoarthritis (OA) is a progressive joint disease and a major cause of
chronic pain in adults. The prevalence of OA is higher in female patients, who tend to
have worse OA outcomes, partially due to pain. The association between joint pain and
OA pathology is often inconclusive. Preclinical research studies have largely overlooked
sex as a potential determinant in joint pain during OA. This study aimed to investigate
the role of sex in joint pain in the collagenase-induced OA (CiOA) model and its link
with joint pathology.
Methods. Multiple aspects of pain were evaluated during identically executed exper-
iments of CiOA in male and female C57BL/6J mice. Cartilage damage, osteophyte
formation, synovial thickness, and cellularity were assessed by histology on day 56.
The association between pain and pathology was investigated, disaggregated by sex.
Results. Differences in pain behavior between sexes were found in the majority of
the evaluated pain methods. Females displayed lower weight bearing ability in the
affected leg compared to males during the early phase of the disease, however, the
pathology at the end stage was comparable between sexes. In the second cohort,
males displayed increased mechanical sensitivity in the affected joint compared to
females but also showed more cartilage damage at the end stage of the model. Within
this cohort, gait analysis showed varied results. Males used the affected paw less
often and displayed dynamic weight-bearing compensation in the early phase of the
model. These differences were not observed in females. Other evaluated parameters
displayed comparable gait behavior between males and females. A detailed analysis
of individual mice revealed that seven out of 10 pain measurements highly correlated
with OA histopathology in females (Pearson r range: 0.642–0.934), whereas in males
this measurement was only two (Pearson r range: 0.645–0.748).
Conclusion. Our data show that sex is a determinant in the link between pain-related
behavior with OA features. Therefore, to accurately interpret pain data it is crucial to
segregate data analysis by sex to draw the correct mechanistic conclusion.
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INTRODUCTION
Osteoarthritis (OA) is amajor contributor to chronic pain in adults and is the fourth leading
cause of disability worldwide (Murray et al., 2012), affecting 7% of the global population
(Hunter, March & Chew, 2020). OA creates an enormous burden on patients and society
by severely impacting the workforce (Kontio, Viikari-Juntura & Solovieva, 2020). OA
is a progressive disease of the articular joints characterized by cartilage degeneration,
ectopic bone formation, and, in approximately 50% of cases, synovitis (Ayral et al., 2005;
D’Agostino et al., 2005). However, despite the structural damage, joint pain is the primary
OA symptom driving patients to seek medical help.

According to the International Association for the Study of Pain (IASP), pain is described
as ‘‘an unpleasant sensory and emotional experience associated with, or resembling that
associated with, actual or potential tissue damage’’ (Raja et al., 2020). Pain is a complex
phenomenon and there are multiple pain types and modalities according to the nature
of the pain stimulus. Pain sensations can vary according to the stimulus and are defined
as allodynia (pain provoked by an innocuous stimulus) or hyperalgesia (increased pain
perception from a painful stimulus). In OA, joint pain was generally accepted to be
nociceptive (often linked to inflammation), in which the nature of the pain is associated
with tissue damage in the joint. Presently, nociceptive, inflammatory, and neuropathic pains
are all known to occur in OA (Adães et al., 2015; Arendt-Nielsen et al., 2010; Fu, Robbins
& McDougall, 2018; Valdrighi et al., 2022). During early OA, patients often describe the
exacerbation of pain during movement and relief during rest. As the disease advances,
patients describe the pain as either intermitted but generally severe/intense or persistent
background pain/aching (Hunter, McDougall & Keefe, 2008; Neogi, 2013). This persistent
pain state prevents patients from performing daily activities and taking part in social
interactions, altering their physical functioning and mental health, which can lead to
personality changes and even depression (Raja et al., 2020).

Pain management is the primary goal for treating OA, since the symptoms may be
life-altering, and currently, no approved disease-modifying therapies exist. Despite recent
developments, including NGF-targeting strategies, effective pain management is still a
challenge. This may be due to a poor understanding of how OA drives pain.

Clinical studies correlating pain and joint changes related to OA (cartilage damage,
osteophyte formation, and joint space narrowing) had conflicting results, possibly due
to the use of different outcome parameters or large intersubjective variability. OA is also
a highly heterogeneous disease from the patient (age, sex, body mass index) and the
disease perspective (stage, progression, inflammation) which has prompted the notion
of disease phenotypes/subsets (Deveza & Loeser, 2018; Driban et al., 2010). Without the
proper distinction of subset/phenotype, it may be very difficult to identify the relevant
differences in the disease progression. For example, synovitis is present in 50%of cases and is
the onlyOA feature associatedwith pain for which there is consensus in literature andwhich
has been clinically associated with OA progression (Ayral et al., 2005) and pain sensitization
(Neogi, 2013; Neogi et al., 2016). Sex is another factor that may add to the complexity when
trying to determine the cause of pain inOA (Tannenbaum et al., 2019). This factormay have
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been historically overlooked as a biological variable in preclinical studies. However, when
sex was considered, only 42% of the studies analyzed their data by sex (Woitowich, Beery &
Woodruff, 2020). However, when aggregated data is analyzed, differences between the sexes
may be hidden (Tannenbaum et al., 2019). Preclinical findings from sex-inclusive research
have revealed that rodents have remarkably different biological pain pathways between the
sexes (Sorge et al., 2011; Sorge et al., 2015). Likewise, in humans, men and women have been
shown to respond differently to analgesics (for review, see Packiasabapathy & Sadhasivam,
2018). Women exhibit higher pain sensitivity compared to men in multiple modalities of
pain, such as widespread pain and lower pain threshold/tolerance for mechanical pressure,
heat, and cold (Bartley et al., 2016).

Even in OA, sex-specific differences are present. OA affects a higher proportion of
women than men (almost 2:1), with women also having worse outcomes, partially due
to pain (Cho et al., 2010; Glass et al., 2014; Srikanth et al., 2005). However, the majority of
preclinical research has been performed on males, with a very limited number of studies
investigating sex differences and/or female pain in OA (Contartese et al., 2020). Therefore,
our study aims to reveal whether there is a link between pain and OA pathology and if it
varies between the sexes.

We compared multiple aspects of pain-related behavior in male and female mice in an
OAmodel with high involvement of inflammation, which is known as collagenase-induced
OA (CiOA). We measured mechanical allodynia, pressure-induced hyperalgesia in the
affected joint, static weight bearing, and gait analysis (including non-static weight bearing).
This is the first preclinical study investigating sex differences in OA pain with synovitis as
the main feature (Blom et al., 2004; Ter Huurne et al., 2012).

MATERIALS & METHODS
Animals
Adult male and female C57BL/6J mice (n= 10 per group and sex; Janvier Laboratories, Le
Genest-Saint-Isle, France), 10–14 weeks-old, were used in this study. Animals were housed,
five per cage, under standard environmental conditions with food and water provided ad
libitum. Nesting material and two prefabricated refuges (Igloo) per cage were provided
as environmental enrichment. Animal order was blindly and randomly assigned by an
operator who was not involved in the experiments. During the outcome measurement,
blinding was not possible due to obvious phenotypic differences between the sexes. Data
analysis was performed blindly. All animal procedures were designed and conducted in
accordance with a protocol approved by the Ethical Committee of Animal Research of
Radboud University and by the Dutch Central Committee for Animal Experiments (DEC
approval n◦ 2015-0014; AVD10300 2015 115). The experiments followed the guidelines for
theCare andUse of LaboratoryAnimals of the EuropeanUnionDirective (2010/63/EU) and
Dutch regulations (EC2013-235). The experiment was performed in two parts to prevent
subjecting the mice to more than two behavioral studies, and a total of 40 mice were used
(20 per experiment). As this was an exploratory study, sample size was determined based on
previously unpublished data. In addition, 30 mice were used for the CiOA gait experiments
database (described below). In total, 70 mice were used in the current study.
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Figure 1 Experimental design. CiOA was induced by two consecutive intra-articular injections of colla-
genase type VII on day 0 and day 2 in the right knee joint. Training started 2 weeks before model induc-
tion (day−14) and baseline behavior was measured at day−7,−3 and 0. Nociceptive behavior was as-
sessed on day 3, 7 and weekly after that, until the endpoint on day 56. Histological parameters were as-
sessed at endpoint. For correlation analysis, early pain is designated as the period between days 0 to 21,
while late pain, between 28 to 56. These periods were determined based on the baseline recovery time in
which the majority of animals were back to baseline threshold after the initial pain peak for all the evalu-
ated parameters. PAM, Pressure Application Measurement.

Full-size DOI: 10.7717/peerj.15482/fig-1

CiOA Model
Experimental OA was induced as described previously (Van der Kraan et al., 1990). Briefly,
mice received two consecutive intra-articular injections in the right knee joint with one
unit of collagenase type VII (Sigma-Aldrich, St. Louis, MO, USA) on day 0 and day 2 (Fig.
1). Consecutive injections were performed by the same operator. These injections resulted
in local instability of the knee joint, evolving to an OA-like phenotype characterized by
cartilage destruction, ectopic bone formation, and chronic synovial activation. Mice were
sacrificed by cervical dislocation under isoflurane anesthesia, eight weeks after the first
collagenase injection. Control groups were not included, as naïve (Blaney Davidson et
al., 2006) or saline-injected (Van der Kraan et al., 1990) animals do not naturally develop
changes in joint structure. Throughout the experiment, both the research team and the
veterinary staff monitored the welfare of the animals daily. Animal health was monitored
by weight, food and water intake, and a general assessment of activity, panting, and fur
condition. In all of the experiments the animals did not reach the human endpoint (for
detailed humane endpoint criteria, see Supplemental methods).

Experimental design
Pain-related behavior was evaluated weekly using four different methods to compare
multiple aspects of pain between males and females. To prevent a higher degree of
agitation from handling, and therefore a higher variability in the outcome, two pain
measuring methods per experiment were performed on the same animals. For cohort 1,
mechanical allodynia with the von Frey filaments was assessed, followed by weight-bearing
in the affected joint with the incapacitance tester (IC), as previously described (Blom et al.,
2020). For cohort 2, gait analysis using the Catwalk XT (Noldus, The Netherlands) was
performed first as the more passive measurement, followed by mechanical hyperalgesia in
the affected joint with the pressure application measurement (PAM; Ugo Basile, Italy) (Fig.
1). Due to the Catwalk apparatus requirements, the nociceptive behavior measurements
for the second experiment were performed in a dark room, with red light illumination.
For all pain measurements, extreme care was taken to ensure the reliability of the tests.
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Animals were trained for a period of two weeks before model induction. For the first week,
mice underwent a handling/training procedure to get accustomed to the experimental
settings. For the second week, three baseline measurements were obtained on alternate
days before the start of the experiment: days −7, −3, and day 0. Mice were placed in the
procedure room with the person performing the measurements 30 mins prior to the start
of the experiment. For standardization purposes, individuals performing the procedure,
the starting time, and the procedure order were kept constant throughout the experiment.
After model induction, pain-related behavior was measured on days 3, 7, and weekly after
that, until day 56.

To compare the pain progression between males and females over time, baseline
correction was performed per individual mouse. The mean baseline was calculated and
subtracted from each measurement, which set the normalized baseline value at zero. To
compare histological parameters and pain per individual mouse, the area under the curve
(AUC) was calculated using the raw data and each baseline threshold (min andmax values),
taking into consideration the peak of nociceptive behavior and whether it was positive or
negative. Early and late AUC were calculated in respect of the periods between days 0 to
21, and 28 to 56, respectively, using software Prism 6 (GraphPad software, San Diego, CA,
USA). These periods were determined based on the baseline recovery time in which the
majority of animals were back to baseline threshold after the initial pain peak for all the
parameters evaluated.

Nociceptive behavior assessment
Evaluation of mechanical allodynia (Von Frey test)
To evaluate the mechanical allodynia in the ipsilateral paw, we used a set of eight calibrated
von Frey filaments (BioSeb, Vitrolles, France) as previously described (Blom et al., 2020).
Animals were individually placed in small Plexiglas cubicles on a metal grid surface and
allowed to acclimatize. The filaments were applied perpendicular to the plantar surface
of the ipsilateral paw until the fibers bowed and were held for 2 s. The up-down staircase
method was used to determine the threshold force necessary for eliciting withdrawal
(Dixon, 1991). The grams of force that evoked a positive response more than 50% of the
time was determined as described by Chaplan et al. (1994).

Evaluation of spontaneous pain (incapacitance and Catwalk tests)
To assess the weight bearing capacity of the hindlimbs, we used an incapacitance tester
(Linton Instruments, UK). Mice were placed in a dedicated compartment that positioned
the subject with its front paws on a small ramp, thus it was standing on its rear legs. As
such, the right and left hind paws were positioned on two separate scales. To ensure reliable
results, measurements started when the mouse was in a stable position, as indicated by
stable readings for at least 4 s. Five serial measurements were performed per mouse and
the percentage of weight on the right limb was calculated, followed by the calculation of
the mean per mouse.

To investigate changes in gait parameters by the CiOA induction, and to assess whether
differences between males and females were present, gait analysis was performed using the
Catwalk-XT (Noldus, Wageningen, The Netherlands). This system consists of a glass plate
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Table 1 Overview of Catwalk XT gait parameters.Description and direction of parameter translating into pain-related behavior.

Parameter Description Pain-related behavior*

(Foot) print area mean width x length for a paw ↓

Max contact max intensity measure of the weight support put on a paw on the glass
plate

↓

Stand time duration of paw contact with the ground ↓

Swing time time in which the paw is in the air until next stand ↑

Duty cycle the ratio of the stand time as a percentage of the step cycle
(stand+ swing)

↓

Single stance stand time in which the contralateral hind does not touch
the plate, with the hind support laying only in the affected
limb

↓

Initial dual stance (IDS) measures the overlap period at the beginning of the RH step
cycle in which there is still a support from LH

↓

Terminal dual stance (TDS) duration in the end of the support of RH that overlap with
the beginning of contact for LH

↑

Notes.
*related to the affected paw (RH): ↓ (lower) or ↑ (higher) number corresponds to more pain.

runway, illuminated with a green light, which the mice are allowed to freely walk across.
Underneath the runway, a high-speed camera captures the illuminated footprints and sends
them to a computer software. Three valid runs (60% maximal variation in run speed) per
mousewere considered a trial. For all data, the trial valuewas calculated as themean over the
three runs. To measure pain behavior, footprint parameters and spatiotemporal patterns
were identified and digitally analyzed (Table 1). Footprint parameters described the use
of a single paw, and for that, print area and max contact max intensity from the affected
(right hind = RH) and contralateral (left hind = LH) paws were evaluated. The intensity
parameter was used to assess the effects of neuropathic pain in the chronic constriction
injury model (Vrinten & Hamers, 2003). The spatiotemporal parameters described the
dynamic parameters, which included timing and the position of the foot strikes. The
simplest units for these patterns were measured as the stand time, the swing time, and the
duty cycle. More complex spatiotemporal units involve measures of synchronic support
from the contralateral hind paw. The single and initial/terminal dual stances are used for
gait analysis in pain models (Blom et al., 2020; Coulthard et al., 2002; Coulthard, Simjee &
Pleuvry, 2003). These parameters quantify gait modifications that can be linked to limping
in humans.

Evaluation of mechanical hyperalgesia (PAM test)
Hypersensitivity in the affected joint was assessed using the pressure application
measurement (PAM) device (Ugo Basile) as previously described (Barton et al., 2007).
Briefly, mice were gently restrained by hand and the small force transducer (dedicated
to mouse measurements) was placed on the medial side of the knee joint. Squeeze force
was gradually applied, guided by the PAM software, at a constant rate (30 gf/second). The
response was recorded when the mouse tried to withdraw or responded with agitation.
When no response occurred, a maximal of 450 gf was applied. Two measurements, at least
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5 min apart, were recorded per animal and the mean withdrawal force per mouse per day
was calculated.

Histological analyses and scoring of knee OA pathology
Mice were euthanized by cervical dislocation under isoflurane anesthesia on day 56 after
induction of CiOA. The knee joints of the test animals were isolated and fixed in 4%
formaldehyde, decalcified in formic acid, and subsequently dehydrated and embedded in
paraffin. Coronal sections were cut at 7 µm andmounted on coated slides. One set of slides
was stained with Safranin O/Fast Green (SafO) and another with hematoxylin and eosin
(HE). Osteophyte formation, cartilage damage, joint dislocation, and synovial changes
were assessed in the below-mentioned sections.

Osteophyte formation
We assessed the locations of ectopic bone formation as previously described to investigate
the formation of osteophytes (Blaney Davidson et al., 2007). Briefly, every joint stained
with HE was scored for osteophyte formation at all locations on both lateral and medial
sides, as well as the central area.

Cartilage damage (OA score) and joint dislocation
Cartilage destruction was determined in five sections per knee joint stained with Safranin
O/Fast Green using a histologic scoring of murine OA (Glasson et al., 2010). Briefly, the
OA score was the assessment of the depth progression of OA into the cartilage. The OA
score from the five sections was determined per location (medial and lateral sections in
both the tibia and femur) and the mean of each location per animal was calculated, with
a maximum grade per location of 30 (5 × 6). The total OA score was determined by the
average of the four locations together (with a max value of 30). During this scoring, the
presence of dislocations was also noted per animal. Animals with patella dislocation were
included in the analysis as it may contribute to pain-related behavior.

Synovial thickness and cellularity
For changes in the synovium, the thickness and cellularity were assessed in knee joint
sections stained with HE. Images were acquired with the Pannoramic P1000 (3DHistech,
Budapest, Hungary) and analyses were performed using Fiji/ImageJ (Schindelin et al.,
2012). Synovial thickness was measured as the width from the bone margin to the capsule
in the parapatellar recesses at the medial and lateral sides at three positions per section.
Measurements were performed in three sections per knee. In total, 18 measurements of
synovial thickness per knee were obtained, which were averaged to reach a single value per
knee joint. The same three sections per knee were used for synovial cellularity assessment.
The image was prepared using Fiji and following these steps: color deconvolution, HE, blue
color was selected because the cell nucleus was visible and Li threshold and watershed were
applied. The synovial area was selected as the region of interest and the area covered by the
cell nucleus was calculated as a percentage of the total area. A total of six measurements
per knee were acquired and averaged, resulting in one single value per knee joint.
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Table 2 Overview of experiments: protocol similarities and differences.

Experiment Cohort 1 Cohort 2 Dataset 1 Dataset 2

Sex M/F M/F M/F Only F
animals per group
(n)

10 10 10 10

collagenase injec-
tions (n)

2 2 1 2

Endpoint (day) 56 56 42 42
Pain measure-
ments

VF+ IC Catwalk+ PAM Catwalk Catwalk

Baseline measure-
ment (n)

3 3 1 3

Histology outcome Cartilage damage+ Os-
teophyte number

Cartilage damage+ Os-
teophyte number

Cartilage damage Cartilage damage

Notes.
M, males; F, females; VF, Von Frey test; IC, Incapacitance testers; PAM, Pressure Application Measurement.

Database on CiOA gait experiments for retrospective analysis
For validation purposes, unpublished experiments from our database on CiOA gait analysis
with the Catwalk XT were re-analyzed according to the strategy used in the current study.
Experiments were conducted according to Dutch law and approved by the Dutch Central
Animal Experimentation Committee (projects 2011-227 and 2014-165). Deviations from
the current experiment (Table 2) included a different endpoint(day 42), and the evaluation
of only gait analysis and cartilage damage. One experiment included male and female mice
(Dataset 1), while the other had only females (Dataset 2). Moreover, one intra-articular
collagenase injection was used for model induction, and one baseline measurement was
performed for the gait analysis in an experiment using both male and female mice. Ten
mice per group were used for both experiments.

Heatmap and the association between histological characteristics and
nociceptive profile
A heatmap was developed based on Pearson coefficient values (r) to provide an overview
of the associations between the histological parameters of OA and the different pain
parameters (AUC). The following histological parameters were placed horizontally:
cartilage damage, dislocation, osteophyte number, synovial thickness, and synovial
cellularity. The pain variables (AUC) were distributed vertically. The coefficient values
were displayed for significant correlations, followed by the level of significance. For non-
significant correlations, the r values were omitted. All coefficient values were color-coded
as bluefor positive correlations, yellow for r close to zero, and red for negative correlations.
Pearson coefficient values range from +1 to −1, with +1 as a perfect positive correlation,
0 as no correlation, and −1 as a perfect negative correlation.

Statistical analyses
Results are presented as mean ± standard error of the mean (SEM). The normality of
all data was assessed using the Shapiro–Wilk test. Nociceptive behavior was analyzed
by repeated measures (RM) two-way ANOVA, followed by the Bonferroni multiple
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comparison post-test for comparison between sexes and to the baseline. The P value
was corrected for multiple comparisons. Male versus female differences in histology were
assessed using the Mann–Whitney test. All statistical analyses were performed using the
Prism 6 software (GraphPad software, San Diego, CA, USA), except for the correlation
tests which were analyzed by Pearson correlation analysis using SPSS (IBMCorp., Armonk,
N.Y., USA). Significant differences were considered as p< 0.05.

RESULTS
Mechanical allodynia and static weight-bearing symmetry following
CiOA (cohort 1)
In cohort 1, mechanical allodynia was assessed with the ipsilateral foot pad using the
von Frey filaments; however, this sensation was not observed in male or female subjects
(Fig. 2A). Significant results were observed in males on day 49 compared to baseline,
as well as in males compared to females; however, these differences were not indicative
of mechanical allodynia. Within the same cohort, weight bearing asymmetry was more
obvious during the early phase of CiOA in both males and females when compared to the
later phase. Two-way ANOVA analysis showed that sex had a significant effect (p= 0.0118)
with females displaying lower weight bearing in the affected hind limb than males.

Both sexes avoided loading support in the ipsilateral leg on days 3 (M 6.4± 9.9; F 19.6±
15.1) and 7 (M 7.5± 8.9; F 16.3± 7.0), with only females still showing impairment on day
14 (M 1.1 ± 8.6; F 6.7 ± 8.0). When comparing the magnitude of response between males
and females, females displayed a lower weight bearing capacity on day 3. Females avoided
bearing 20% of their weight on the affected limb compared to 6% in males (p< 0.001, Fig.
2B). Despite the differences in weight bearing, histological analysis of the joint at endpoint
showed no significant differences between males and females in cartilage damage (M 10.7
± 8.0; F 8.3 ± 5.8, Fig. 2C), osteophyte formation (M 10.3 ± 6.0; F 12.3 ± 3.6, Fig. 2D),
and synovial alterations (M 87.6 ± 51.4; F 56.0 ± 27.3, Fig. 2E and M 5.2 ± 2.2; F 7.7 ±
3.8, Fig. 2F). Three males had joint dislocations compared to one female. These results
indicate that females may experience more pain during the early phases of the disease or
have different compensatory behaviors to relieve the affected joints, despite a similar degree
of pathology at the endpoint.

Mechanical hypersensitivity in CiOA mice (cohort 2)
In cohort 2, male and female mice exhibited increased sensitivity in the affected joint on
day 7 after the induction of OA. Males and females reacted to a force of 200.6 ± 99.3
gf and 95.4 ± 89.0 gf less than before model induction, respectively (Fig. 3A). Females
recovered to near baseline force values by day 14. However, in males, the affected joints
remained in a hypersensitive state during the full course of CiOA. Two-way ANOVA
analysis showed that sex (p= 0.0063), time (p= 0.0008), and the interaction between them
(p= 0.0037) had a significant effect on pain levels. The differences between males and
females were present on days 14 (p< 0.01), 21 (p< 0.05), and 35 (p< 0.01), suggesting
that males experienced increased sensitivity in the affected joint when compared to females.
As opposed to the previous experiment, histological analysis revealed that males presented
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Figure 2 Females exhibit a more dramatic decrease in weight bearing during the early phase of OA
(cohort 1). (A) 50% paw withdrawal threshold measured with the von Frey filaments (in grams). Values
are corrected for individual baselines. Negative values indicate mechanical allodynia in the affected joint.
(B) Weight bearing on the right hind limb measured with the incapacitance tester. Values are corrected
for individual baselines. Negative values indicate lower weight bearing in the affected joint. (C) Histologic
scoring of total cartilage damage. (D) Total number of locations with ectopic bone formation. Synovial (E)
thickness and (F) cellularity. All histological parameters were measured at end of the experiment, on day
56. Representative images of cartilage damage in the femoral condyle and tibial plateau with safraninO/-
Fast Green staining in (F) and (G) (scale bar= 100 µm) and synovial changes in the patellofemoral space
with HE staining scale in (I) and (J) (scale bar= 200 µm) of males and females, respectively, knee joint
cavity sections; f, femur; t, tibia; p, patella and s, synovial membrane. For pain measurement, RM two-way
ANOVA and Bonferroni’s multiple comparisons test. * (black asterisk) male vs female comparison; τ fe-
male to baseline and # male to baseline comparison. For the remaining graph, the Mann–Whitney test. *
p< 0.05 and *** p< 0.001. N = 10 mice per group. Data are expressed as mean± SEM.

Full-size DOI: 10.7717/peerj.15482/fig-2
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more cartilage damage as measured by the OA score (Fig. 3B, M 18.8 ± 8.0; F 7.8 ± 6.1;
p= 0.0051), as well as more joint dislocations (six males versus two females) on day 56.
No differences were observed in the number of osteophytes (M 15.1 ± 5.6; F 12.2 ± 6.0;
Fig. 3C). Males tended to have a thicker synovium (124.5 ± 57.4 versus 74.0 ± 39.3, Fig.
3D) than females; however, this difference was not significant ( p= 0.063). The synovial
cellularity remained similar between the sexes (M 12.5 ± 3.4; F 13.7 ± 4.4; Fig. 3E). These
findings demonstrate that the higher and more prolonged hypersensitivity of the affected
joints in males coincided with more severe histological parameters.

Spontaneous pain during voluntary gait following CiOA (cohort 2)
Cartilage damage was shown to be more severe in males, as mentioned in the previous
section (Fig. 3B—Cohort 2). Males used the affected paw less often during early CiOA
compared to baseline (Fig. 4A, D3, p< 0.01; D7, p< 0.001), which translated into a smaller
print area on days 3 and 7. Males displayed a smaller print area than females on day 7.
In addition, males also showed decreased weight support compared to baseline (max
contact max intensity; Fig. 4B, D3, and D7, p< 0.01), suggesting mechanical allodynia.
This impairment recovered to baseline values by day 14. In contrast to the males, females
did not show significant changes compared to baseline in these footprint parameters at the
early time points. However, females did show compensatory behaviors in the contralateral
paw print area (Fig. S1A) over multiple time points during early and late phases. Two-way
ANOVA analysis showed that sex had a significant impact on the affected paw print area
values, with males displaying a lower print area than females (p= 0.0424). For the max
contact max intensity, no significant effect of sex was observed.

Spatiotemporal parameters indicated that males experienced more nociceptive behavior
in the early phases as indicated by a significantly longer swing time of the affected paw
compared to females on day 3 (Fig. 4C). Males also displayed earlier weight bearing
compensation by the contralateral hind paw (TDS; Fig. 4D) on day 7 (p< 0.05). Stand
(Fig. 4E), single stance (Fig. 4F), and IDS of the affected hind limb (Fig. 4G) did not
show significant differences between males and females. However, stand, IDS, and TDS
two-way ANOVA analysis demonstrated that sex alone did not have an influence, but when
interacting with time, the results were significant (p= 0.0065, p= 0.0191, and p= 0.0035,
respectively), indicating that pain development over time in CiOA is different between
males and females. The duty cycle, which is the ratio of the stand phase of the whole step
cycle was significantly smaller in the CiOA limb in both males and females compared to
baseline on day 3 (Fig. 4H, p< 0.001). Males had a significantly decreased duty cycle on
days 49 (p< 0.05) and 56 (p< 0.01); however, no significant sex differences were observed.

Most of the changes in CiOA were observed in the early stages of the disease; however,
CiOA seems to have promoted comparable adaptations in gait strategies on day 56 in males
and females. Both sexes displayed a lower stand time on the affected paw (Fig. 4E), as well
as a decreased IDS.

Gait analysis from the present study indicated that differences betweenmales and females
may be parameter-dependent, indicating differences in nociceptive-related compensatory
mechanisms.
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Figure 3 Males experience increased hyperalgesia in the affected joint compared to females but also
showedmore pronounced OA (cohort 2). (A) Hypersalgesia in the affected joint measured with the peak
force value using the PAM. Values are corrected for individual baselines. Negative values indicate lower
pressure tolerance in the affected joint compared to baseline. (B) Histologic scoring of total cartilage dam-
age. (C) Total number of locations with ectopic bone formation. Synovial (D) thickness and (E) cellu-
larity. All histological parameters were measured at the end, on day 56. Representative images of carti-
lage damage in the femoral condyle and tibial plateau with safraninO/Fast Green staining in (F) and (G)
(scale bar= 100 µm) and synovial changes in the patellofemoral space with HE staining scale in (H) and
(I) (scale bar= 200 µm) of males and females, respectively, knee joint cavity sections; f, femur; t, tibia; p,
patella and s, synovial membrane. For pain measurement, RM two-way ANOVA and Bonferroni’s mul-
tiple comparisons test. * (black asterisk) male vs female comparison; τ female to baseline and # male to
baseline comparison. For the remaining graph, the Mann–Whitney test. * p < 0.05 and ** p < 0.01. N =
10 mice per group. Data are expressed as mean± SEM.

Full-size DOI: 10.7717/peerj.15482/fig-3

Association between nociceptive behaviors and histological
parameters
To investigate whether sex is a determinant in the link between histological parameters
and pain, data were analysed on an individual mouse level, disaggregated by sex. The area
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Figure 4 Gait analysis showed parameter-dependent differences between sexes (cohort 2).Gait was
evaluated using the Catwalk system. For all parameters, values are corrected for individual baseline. (A)
RH Print area. (B) RHMax contact max intensity. (C) RH Swing. (D) RH terminal dual stance. (E) RH
Stand. (F) RH Single stance. (G) RH Initial dual stance. (H) RHDuty cycle. RM Two-way ANOVA and
Bonferroni’s multiple comparisons test. * (black asterisk) male vs female comparison; τ female to baseline
and # male to baseline comparison. * p < 0.05, ** p < 0.01 and *** p < 0.001. N = 10 mice per group.
Data are expressed as mean± SEMD. RH, Right hind.

Full-size DOI: 10.7717/peerj.15482/fig-4
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under the curve (AUC) of each pain parameter per individual mouse was calculated and
used in correlation analyses to examine the relationship between the OA parameter and
pain behavior. The number of significant correlations was compared between males and
females. The AUC was first calculated for the entire time course of CiOA, since disease
pathology at the endpoint is a result of events that occurred throughout the duration of the
disease. This correlation analysis yielded 17 positive correlations for females, with r values
between 0.934 and 0.642 (Fig. 5, Pearson r with significant levels p< 0.05 and p< 0.01),
distributed over seven out of the 10 pain parameters. Males displayed only three positive
correlations (r values: 0.645, 0.676, and 0.748, with significant levels p< 0.05), within two
pain parameters, max contact max intensity, and swing time.

Most of the pain-related behavior was observed in the early phase; therefore, the
correlation analysis was divided by the AUC of the early (day 0–21) and late phases (day
28–56). Remarkably, in the early phase, females showed 15 positive associations, with r
values between 0.635 and 0.882, distributed over eight of the 10 pain parameters. The pain
was associated more closely with hard tissue changes (cartilage damage and dislocation,
and osteophyte number), in contrast to one positive association with synovial thickness.
Males showed no associations between pain and hard tissue changes and displayed only
two positive correlations with the synovial thickness. In the late phase comparison, females
also showed positive associations; however, these were fewer than in the early phase, with
10 significant correlations in five of the 10 pain parameters. Females also displayed one
negative correlation. Males showed only two negative correlations, suggesting that the
number of osteophytes and synovial cellularity in the late phase are inversely proportional
to swing time alterations.

Positive correlations indicate that the increase in two variables is proportionally related;
and, these results indicate that the level of pain-related behavior highly correlates to
histological parameters in females, while in males, this correlation was nearly absent. The
complete data of the calculated correlations and corresponding p-values per parameter are
shown in the Table S1.

Retrospective correlation analysis of pre-existing CiOA data
We re-analyzed pre-existing data (Table 2) on CiOA gait analysis using the catwalk
according to the above-described strategy to validate our findings. Cartilage damage
assessed by histopathological scoring displayed a high degree of variation between sexes and
experiments. For the experiment including males and females (Dataset 1), males showed
slightly more severe cartilage damage compared to females, however, the difference was
not significant (p= 0.0524, Fig. 6A). Males also presented more knee joint dislocations
than females (six in males and three in females). In the experiment with only females
(Dataset 2), cartilage damage and the number of animals with dislocation (seven out of
10 animals) were similar to the males in experiment 2 (Fig. 3). When combining the data
from the pre-existing dataset and the experiments (females: n= 30 and males: n= 20),
the correlation analysis from the AUC of the pain parameters and cartilage damage and
dislocations resulted in significant positive correlations in females only. Females displayed
four moderately positive correlations with r values between 0.376 and 0.559 (Fig. 6B,
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Figure 5 Level of pain highly correlates to histological parameters only in females.Heatmap based on
the Pearson coefficient values (r) between OA histological parameters and the different AUC pain param-
eters during the whole time course (top), early phase (middle), and late phase (bottom). Coefficient val-
ues are displayed for significant correlations followed by the level of significance (*). For non-significant
correlations, the r values were omitted. All coefficient values were color coded as blue for positive correla-
tions, yellow for r close to zero, and orange for negative correlations. Pearson coefficient values range from
+1 and−1, with+1 as a perfect positive correlation, 0 as no correlation, and−1 as a perfect negative cor-
relation. * p< 0.05 and ** p< 0.01. For specific P values, see Table S1. N = 10 mice per group. c . Cannot
be computed because at least one of the variables is constant.

Full-size DOI: 10.7717/peerj.15482/fig-5

Pearson r with significant levels p< 0.05 and p< 0.01) for females, distributed over two of
the six evaluated pain parameters. In evaluating the effects of the early and late phases of
the disease, females showed four positive correlations, with higher r values, between 0.500
and 0.610 in the early phase (day 0–21) (Fig. 6B, Pearson r with significant level p< 0.01).
The late phase correlations showed no associations between pain and damage in either
males or females, with males showing no significant correlations in any of the periods or
parameters investigated.
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Figure 6 Retrospective data analysis confirmed the association of pain behavior and histological pa-
rameter in females. (A) Histologic scoring of total cartilage damage and (B) heatmap based on the Pear-
son coefficient values (r) between OA histological parameters and the different AUC pain parameters dur-
ing the whole time course (top), early phase (middle), and late phase (bottom). Coefficient values are dis-
played for significant correlations followed by the level of significance (*). For non-significant correla-
tions, the r values were omitted. All coefficient values were color coded as blue for positive correlations,
yellow for r close to zero, and orange for negative correlations. Pearson coefficient values range from+1
and−1, with+1 as a perfect positive correlation, 0 as no correlation, and−1 as a perfect negative corre-
lation. * p < 0.05 and ** p < 0.01. For specific P values, see Table S2. Histological data are expressed as
mean± SEM. N = 20 male mice and 30 female mice.

Full-size DOI: 10.7717/peerj.15482/fig-6
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The inclusion of data from two previous studies in CiOA, which were subjected to the
same association analysis, substantiated our primary findings that the association between
the histological parameters of OA is present in females and is nearly absent in males. The
complete data of the calculated correlations and corresponding p-values per parameter are
shown in Table S2.

DISCUSSION
In this study, we investigated the link between pain and histological parameters andwhether
there is difference between the sexes. Multiple aspects of pain were studied in male and
female mice during the course of CiOA. For both sexes, CiOAmainly triggered pain-related
behavior during the early phase (until day 21). Gait asymmetry measured with the stand
and initial dual stance for both sexes and terminal dual stance and duty cycle in males only,
was observed during the late phase. Changes in these parameters can be comparable to
limping in humans. Differences in pain behavior between males and females were found in
most of the evaluated pain aspects, with the exception of mechanical allodynia measured
with the von Frey, which was not observed in this experiment. Females displayed lower
weight bearing capacity in the affected leg compared to males (cohort 1—Fig. 2) with a
similar degree of histological parameters. In an experiment with more cartilage damage and
joint dislocation in males, these mice displayed increased hyperalgesia in the affected joint
as compared to females (cohort 2—Fig. 3). Interestingly, gait analysis from the present
study suggests that differences between males and females are parameter-dependent (Fig.
4) with different pain-related compensatory mechanisms. However, because of the extent
of the differences in pathology between the sexes, it cannot be concluded that this is due to
a sex-related effect.

The most striking results came by correlating pain with OA histopathology on an
individual mouse level. This showed that in females OA damage on hard tissues with
changes including cartilage damage and osteophyte formation was strongly correlated
with joint pain-related behavior; whereas in males this relationship was nearly absent. The
correlation between cartilage damage and dislocation with pain in females was confirmed
by an analysis of pre-existing datasets of CiOA gait analysis. This also allowed direct
comparison between males and females having a similar degree of cartilage damage and
number of joint dislocations, which still showed that the correlation between cartilage
damage and pain behavior was stronger in females and weaker in males. Thus, the
observed differences between males and females regarding this correlation were not due to
a difference in pathology between the sexes and strongly suggest a difference in the pain
pathways between sexes (Fig. S2). This was further substantiated by the fact that pain in
males seems to be associated with increased synovial thickness at day 56, and the absence
of hyperplasia suggests that either joint inflammation was in remission and/or a fibrotic
process was ongoing. It is well known that synovial fibrosis contributes to pain and joint
stiffness in OA (for review, see Remst, Blaney Davidson & Van der Kraan, 2015).

The observed differences in the association between pathology and pain behavior
between sexes may be linked to the adaptive cost of the pain behavior itself. From the
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evolutionary perspective, males and females developed adaptive functions aiming at
reproduction, resulting in unique behavior between them. Among these, males evolved
towards the expression of dominance or power dynamics and resource acquisition, leading
to a different relation to stress and pain than females (Seifarth, McGowan & Milne, 2012).
These distinct behavioral patterns between sexes are, in part, a consequence of different
sex hormones (for review see Adkins-Regan, 2012; Goldey & Van Anders, 2015; Wallen
& Zehr, 2004). This may lead to different pain pathways and might be intertwined with
the differential activation of the stress hormone systems between males and females
(Butler & Finn, 2009). In this context, the distinct roles of sex hormones are shown, with
androgen being mainly an anti-inflammatory hormone (Cai et al., 2016) and are estrogen
protecting cartilage (Bay-Jensen et al., 2013), as is being revealed in current epidemiological
studies (Hughbanks et al., 2021; Jones & Jørgensen, 2020). These mechanisms could play an
additional role in the effect that sex has on the link between OA damage and pain,
warranting further investigation.

Despite our increasing knowledge about sex differences, until recent years, sex was not
recognized as a biological variable and the preference for males in preclinical research
was a generalized standard (Woitowich, Beery & Woodruff, 2020), including in OA research
(Contartese et al., 2020). Many studies did not mention the sex of their subjects, being cells
or animals. If both sexes were included in a study, data analysis and reports were rarely
performed by sex, which ignores the modifier effect that sex may have. This is the first study
that comprehensively evaluated and compared CiOA pain in males and females. However,
past study from our group had shown that sex difference in the prevalence of CiOA was
present (twice as high in males as in females) (Van Osch et al., 1993). In the current study,
differences were sometimes observed in histological severity, not in prevalence. Moreover,
the CiOA induction protocol has since beenmodified by intraarticular collagenase injection
on two alternate days rather than once (Blom et al., 2004). Previously pain in CiOA had
been studied using the incapacitance tester in males (Lee et al., 2020) or with both sexes
without reporting data per sex (Cook et al., 2012; Lee et al., 2018). In earlier studies, weight
distribution was significantly altered only after day 20 and did not show the early phase
pain, as observed in the present study. A possible explanation for this discrepancy may be
the difference in the age of the animals at the time of OA induction. Previous studies used
7 week-old mice whereas we used 10–14 weeks old mice, which by human comparison
standards, would be between adolescents (puberty) and mature adults (adulthood),
respectively. This means that their mice were still in an active growth phase and changing
sex-hormone levels in contrast to our situation of full-grown joints and stable hormone
levels. The sex differences in pain were recently investigated in traumatic OA models.
In studies using a destabilization of the medial meniscus (DMM) model, joint damage
was more extensive in male mice compared to females. However, there was a subtle sex
difference in the exhibited pain behavior (Hwang et al., 2021; Von Loga et al., 2020). A
study using the meniscal transection-induced OA (MMT) model (Temp et al., 2020) in
8–10 week-old mice showed that males developed more severe cartilage damage than
females; and sex differences were pain-modality and time-dependent, corroborating the
present study. However, in the MMTmodel, the correlation between knee damage and the
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pain was absent in both males and females. This discrepancy in correlation with the results
of the present study may be due to the degree of inflammation involved in the models:
there was no-to-low involvement in the MTT and high involvement in the CiOA. The age
of mice may also have been a determinant, as the inflammatory response of adolescent mice
is weaker than that of adult mice. These results corroborate the findings of the previously
mentioned clinical studies, in which synovitis is the only OA parameter that correlates with
OA progression (Conaghan et al., 2010; Wang et al., 2018) and pain sensitization (Neogi,
2013; Neogi et al., 2016).

The positive association between pain sensitization and synovitis is usually described as
moderate (Guermazi et al., 2014). In the present study, pain and CiOA damage showed a
high degree of correlation in females only, andwas nearly absent inmales.When the current
data was analysed with males and females combined, then the pain-OA damage correlation
was also moderate (Fig. S3). These findings suggest that disaggregating the analysis per
sex is necessary for studies connecting pain-pathology. Recent clinical cohort data on OA
pain and obesity performed a sex-stratified analysis and the outcome corroborates our
hypothesis. Multiple clinical and biological factors were associated with pain (OAKHQOL,
WOMAC and VAS scores) in females, including radiographic severity (Kalgreen-Lawrence
stage). These associations were nearly absent in males, with their severity only being
associated with the VAS score (Sellam et al., 2021).

The findings of this study have some limitations. First and foremost are the structural
differences between the sexes. To account for the possible differences in hip biomechanics
in weight bearing between the sexes, raw data was transformed into percentage of change
(as compared to baseline) to establish comparisons between females and males. Another
possible limitation to consider is the fact that growth plates in rodents remain open,
despite achieving sexual maturity, which may explain, in part, some discrepancies between
the observations made in the early and late phases of CiOA (Aigner et al., 2010). In
addition, pathology in CiOA can vary between experiments and this cannot be controlled.
The differences in the severity of CiOA pathology in the present study prohibit ideal
comparison between sexes, as pathology is a confounding factor. Nonetheless, to ensure
proper conclusions, the present study only made claims about sex differences in pain
between cohorts (in one experiment, female mice showed more pain behavior, while in
the other experiment, males exhibited more pain), but also highlighted the differences in
the severity of OA pathology. Despite the differences in histopathology, the association
between nociceptive behavior in the early phase and histological parameters at endpoint
were strongly linked in females. Furthermore, it was anticipated that a chronic pain phase
would be reached if the experiment had a longer duration than is standard within our
laboratory (day 42). Therefore, extrapolating conclusions to those similar in patients with
OA is not possible. In addition, the use of gait and weight bearing experiments to determine
pain levels must also consider the interference of functional impairment due to altered
biomechanics (Xu et al., 2019).

Nevertheless, despite the severe damage to the joints at the endpoint on day 56, the
absence of chronic pain over multiple pain modalities may also provide an opportunity to
investigate factors that are present or absent in the progression of CiOA which prevents
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pain from becoming chronic. Clinically, the findings from the present study provide hints
of sex-based influences in the relationship between early joint pain and late OA damage.
This generates a testable hypothesis for larger sample sizes, as well as the need to identify
the subsets for which OA subsets/phenotypes are applicable. Based on the results of this
study and once early pain was more prominent in the CiOA model, early joint pain may
predict OA outcomes in females only.

CONCLUSIONS
It was clearly demonstrated that pain levels correlate to OA changes in females, whereas in
males this relationship is nearly absent. This corroborates with the hypothesis that sex is a
determinant in the link between pain and OA damage. Reproducibility was tested on CiOA
gait analysis database experiments. Additionally, a recent clinical cohort study indicated
that this phenomenon is also present clinically (Sellam et al., 2021). To our knowledge, this
clinical study was the first to perform a similar, disaggregated analysis per sex concerning
the pain-pathology connection. Our data underpin that pain pathways may be different
between males and females in experimentally-induced OA and warrants further, more
detailed analysis of males versus females in future OA experiments in general, but those on
pain, in particular.

The identification of key factors that may be different between the sexes, using sex
as a determining point, may lead to a more effective OA pain management. Moreover,
this knowledge may contribute to the development of an advanced patient-oriented OA
therapy, and the use of pain as an outcome measure in intervention studies may be treated
as sex-pathway dependent.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This study was funded by the ReumaNederland (grant nr 18-1-402). The funders had no
role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
ReumaNederland: 18-1-402.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Natália Valdrighi conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

Valdrighi et al. (2023), PeerJ, DOI 10.7717/peerj.15482 20/27

https://peerj.com
http://dx.doi.org/10.7717/peerj.15482


• Arjen B. Blom conceived and designed the experiments, performed the experiments,
authored or reviewed drafts of the article, and approved the final draft.
• Henk M. van Beuningen performed the experiments, authored or reviewed drafts of the
article, and approved the final draft.
• Elly L. Vitters performed the experiments, prepared figures and/or tables, and approved
the final draft.
• Monique M. Helsen performed the experiments, prepared figures and/or tables, and
approved the final draft.
• Birgitte Walgreen performed the experiments, prepared figures and/or tables, and
approved the final draft.
• Peter L.E.M. van Lent conceived and designed the experiments, authored or reviewed
drafts of the article, and approved the final draft.
• Marije I. Koenders conceived and designed the experiments, authored or reviewed drafts
of the article, and approved the final draft.
• Peter M. van der Kraan conceived and designed the experiments, authored or reviewed
drafts of the article, and approved the final draft.
• Fons A.J. van de Loo conceived and designed the experiments, authored or reviewed
drafts of the article, and approved the final draft.
• Esmeralda N. Blaney Davidson conceived and designed the experiments, authored or
reviewed drafts of the article, and approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

All animal studies were conducted according to the Dutch law and approved by
the Dutch Central Animal Experimentation Committee (project 2015-0014; Centrale
Commissie Dierproeven (Netherlands) approval number: AVD10300 2015 115).

Data Availability
The following information was supplied regarding data availability:

The raw data is available in the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.15482#supplemental-information.

REFERENCES
Adães S, Ferreira-Gomes J, Mendonça M, Almeida L, Castro-Lopes JM, Neto FL. 2015.

Injury of primary afferent neurons may contribute to osteoarthritis induced pain:
an experimental study using the collagenase model in rats. Osteoarthritis Cartilage
23:914–924 DOI 10.1016/j.joca.2015.02.010.

Adkins-Regan E. 2012.Hormonal organization and activation: evolutionary impli-
cations and questions. General and Comparative Endocrinology 176:279–285
DOI 10.1016/j.ygcen.2011.12.040.

Valdrighi et al. (2023), PeerJ, DOI 10.7717/peerj.15482 21/27

https://peerj.com
http://dx.doi.org/10.7717/peerj.15482#supplemental-information
http://dx.doi.org/10.7717/peerj.15482#supplemental-information
http://dx.doi.org/10.7717/peerj.15482#supplemental-information
http://dx.doi.org/10.1016/j.joca.2015.02.010
http://dx.doi.org/10.1016/j.ygcen.2011.12.040
http://dx.doi.org/10.7717/peerj.15482


Aigner T, Cook JL, Gerwin N, Glasson SS, Laverty S, Little CB, McIlwraithW, Kraus
VB. 2010.Histopathology atlas of animal model systems—overview of guiding
principles. Osteoarthritis Cartilage 18:S2–S6 DOI 10.1016/j.joca.2010.07.013.

Arendt-Nielsen L, Nie H, LaursenMB, Laursen BS, Madeleine P, Simonsen OH,
Graven-Nielsen T. 2010. Sensitization in patients with painful knee osteoarthritis.
Pain 149:573–581 DOI 10.1016/j.pain.2010.04.003.

Ayral X, Pickering EH,Woodworth TG, Mackillop N, Dougados M. 2005. Synovitis:
a potential predictive factor of structural progression of medial tibiofemoral knee
osteoarthritis—results of a 1 year longitudinal arthroscopic study in 422 patients.
Osteoarthritis Cartilage 13:361–367 DOI 10.1016/j.joca.2005.01.005.

Bartley EJ, King CD, Sibille KT, Cruz-Almeida Y, Riley 3rd JL, Glover TL, Goodin BR,
Sotolongo AS, Herbert MS, Bulls HW, Staud R, Fessler BJ, Redden DT, Bradley LA,
Fillingim RB. 2016. Enhanced pain sensitivity among individuals with symptomatic
knee osteoarthritis: potential sex differences in central sensitization. Arthritis Care &
Research 68:472–480 DOI 10.1002/acr.22712.

Barton NJ, Strickland IT, Bond SM, Brash HM, Bate ST,Wilson AW, Chessell IP,
Reeve AJ, McQueen DS. 2007. Pressure application measurement (PAM): a novel
behavioural technique for measuring hypersensitivity in a rat model of joint pain.
Journal of Neuroscience Methods 163:67–75 DOI 10.1016/j.jneumeth.2007.02.012.

Bay-Jensen AC, Slagboom E, Chen-An P, Alexandersen P, Qvist P, Christiansen
C, Meulenbelt I, Karsdal MA. 2013. Role of hormones in cartilage and joint
metabolism: understanding an unhealthy metabolic phenotype in osteoarthritis.
Menopause 20:578–586 DOI 10.1097/GME.0b013e3182745993.

Blaney Davidson EN, Vitters EL, Van der Kraan PM, Van den BergWB. 2006. Ex-
pression of transforming growth factor-beta (TGFbeta) and the TGFbeta signalling
molecule SMAD-2P in spontaneous and instability-induced osteoarthritis: role
in cartilage degradation, chondrogenesis and osteophyte formation. Annals of the
Rheumatic Diseases 65:1414–1421 DOI 10.1136/ard.2005.045971.

Blaney Davidson EN, Vitters EL, Van Beuningen HM, Van de Loo FA, Van den
BergWB, Van der Kraan PM. 2007. Resemblance of osteophytes in experimental
osteoarthritis to transforming growth factor beta-induced osteophytes: limited role
of bone morphogenetic protein in early osteoarthritic osteophyte formation. Arthritis
& Rheumatology 56:4065–4073 DOI 10.1002/art.23034.

Blom AB, Van den BoschMH, Blaney Davidson EN, Roth J, Vogl T, Van de Loo FA,
Koenders M, van der Kraan PM, Geven EJ, Van Lent PL. 2020. The alarmins
S100A8 and S100A9 mediate acute pain in experimental synovitis. Arthritis Research
& Therapy 22:199 DOI 10.1186/s13075-020-02295-9.

Blom AB, Van Lent PL, Holthuysen AE, Van der Kraan PM, Roth J, Van Rooijen
N, Van den BergWB. 2004. Synovial lining macrophages mediate osteophyte
formation during experimental osteoarthritis. Osteoarthritis Cartilage 12:627–635
DOI 10.1016/j.joca.2004.03.003.

Butler RK, Finn DP. 2009. Stress-induced analgesia. Progress in Neurobiology
88:184–202 DOI 10.1016/j.pneurobio.2009.04.003.

Valdrighi et al. (2023), PeerJ, DOI 10.7717/peerj.15482 22/27

https://peerj.com
http://dx.doi.org/10.1016/j.joca.2010.07.013
http://dx.doi.org/10.1016/j.pain.2010.04.003
http://dx.doi.org/10.1016/j.joca.2005.01.005
http://dx.doi.org/10.1002/acr.22712
http://dx.doi.org/10.1016/j.jneumeth.2007.02.012
http://dx.doi.org/10.1097/GME.0b013e3182745993
http://dx.doi.org/10.1136/ard.2005.045971
http://dx.doi.org/10.1002/art.23034
http://dx.doi.org/10.1186/s13075-020-02295-9
http://dx.doi.org/10.1016/j.joca.2004.03.003
http://dx.doi.org/10.1016/j.pneurobio.2009.04.003
http://dx.doi.org/10.7717/peerj.15482


Cai KC, Mil SVan, Murray E, Mallet J-F, Matar C, Ismail N. 2016. Age and sex differ-
ences in immune response following LPS treatment in mice. Brain, Behavior, and
Immunity 58:327–337 DOI 10.1016/j.bbi.2016.08.002.

Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL. 1994. Quantitative assessment
of tactile allodynia in the rat paw. Journal of Neuroscience Methods 53:55–63
DOI 10.1016/0165-0270(94)90144-9.

ChoHJ, Chang CB, Yoo JH, Kim SJ, Kim TK. 2010. Gender differences in the
correlation between symptom and radiographic severity in patients with knee
osteoarthritis. Clinical Orthopaedics and Related Research 468:1749–1758
DOI 10.1007/s11999-010-1282-z.

Conaghan PG, D’AgostinoMA, Le Bars M, Baron G, Schmidely N,Wakefield R,
Ravaud P, Grassi W, Martin-Mola E, So A, BackhausM,Malaise M, Emery P,
Dougados M. 2010. Clinical and ultrasonographic predictors of joint replacement
for knee osteoarthritis: results from a large, 3-year, prospective EULAR study. Annals
of the Rheumatic Diseases 69:644–647 DOI 10.1136/ard.2008.099564.

Contartese D, TschonM, DeMattei M, Fini M. 2020. Sex specific determinants in
osteoarthritis: a systematic review of preclinical studies. International Journal of
Molecular Sciences 21(10):3696 DOI 10.3390/ijms21103696.

Cook AD, Pobjoy J, Steidl S, Dürr M, Braine EL, Turner AL, Lacey DC, Hamilton
JA. 2012. Granulocyte-macrophage colony-stimulating factor is a key mediator
in experimental osteoarthritis pain and disease development. Arthritis Research &
Therapy 14:R199 DOI 10.1186/ar4037.

Coulthard P, Pleuvry BJ, Brewster M,Wilson KL, Macfarlane TV. 2002. Gait analysis
as an objective measure in a chronic pain model. Journal of Neuroscience Methods
116:197–213 DOI 10.1016/S0165-0270(02)00042-0.

Coulthard P, Simjee SU, Pleuvry BJ. 2003. Gait analysis as a correlate of pain induced
by carrageenan intraplantar injection. Journal of Neuroscience Methods 128:95–102
DOI 10.1016/s0165-0270(03)00154-7.

D’AgostinoMA, Conaghan P, Bars MLe, Baron G, Grassi W, Martin-Mola E,Wakefield
R, Brasseur JL, So A, BackhausM,Malaise M, Burmester G, Schmidely N, Ravaud
P, Dougados M, Emery P. 2005. EULAR report on the use of ultrasonography in
painful knee osteoarthritis. Part 1: Prevalence of inflammation in osteoarthritis.
Annals of the Rheumatic Diseases 64:1703–1709 DOI 10.1136/ard.2005.037994.

Deveza LA, Loeser RF. 2018. Is osteoarthritis one disease or a collection of many?
Rheumatology 57:iv34–iv42 DOI 10.1093/rheumatology/kex417.

DixonWJ. 1991. Staircase bioassay: the up-and-down method. Neuroscience & Biobehav-
ioral Reviews 15:47–50 DOI 10.1016/S0149-7634(05)80090-9.

Driban JB, Sitler MR, BarbeMF, Balasubramanian E. 2010. Is osteoarthritis a heteroge-
neous disease that can be stratified into subsets? Clinical Rheumatology 29:123–131
DOI 10.1007/s10067-009-1301-1.

Fu K, Robbins SR, McDougall JJ. 2018. Osteoarthritis: the genesis of pain. Rheumatology
57:iv43–iv50 DOI 10.1093/rheumatology/kex419.

Valdrighi et al. (2023), PeerJ, DOI 10.7717/peerj.15482 23/27

https://peerj.com
http://dx.doi.org/10.1016/j.bbi.2016.08.002
http://dx.doi.org/10.1016/0165-0270(94)90144-9
http://dx.doi.org/10.1007/s11999-010-1282-z
http://dx.doi.org/10.1136/ard.2008.099564
http://dx.doi.org/10.3390/ijms21103696
http://dx.doi.org/10.1186/ar4037
http://dx.doi.org/10.1016/S0165-0270(02)00042-0
http://dx.doi.org/10.1016/s0165-0270(03)00154-7
http://dx.doi.org/10.1136/ard.2005.037994
http://dx.doi.org/10.1093/rheumatology/kex417
http://dx.doi.org/10.1016/S0149-7634(05)80090-9
http://dx.doi.org/10.1007/s10067-009-1301-1
http://dx.doi.org/10.1093/rheumatology/kex419
http://dx.doi.org/10.7717/peerj.15482


Glass N, Segal NA, Sluka KA, Torner JC, Nevitt MC, Felson DT, Bradley LA, Neogi
T, Lewis CE, Frey-Law LA. 2014. Examining sex differences in knee pain:
the multicenter osteoarthritis study. Osteoarthritis Cartilage 22:1100–1106
DOI 10.1016/j.joca.2014.06.030.

Glasson SS, Chambers MG, BergWBVanDen, Little CB. 2010. The OARSI histopathol-
ogy initiative—recommendations for histological assessments of osteoarthritis in the
mouse. Osteoarthritis Cartilage 18:S17–S23 DOI 10.1016/j.joca.2010.05.025.

Goldey KL, Van Anders SM. 2015. Sexual modulation of testosterone: insights for
humans from across species. Adaptive Human Behavior and Physiology 1:93–123
DOI 10.1007/s40750-014-0005-1.

Guermazi A, Hayashi D, Roemer FW, Zhu Y, Niu J, CremaMD, JavaidMK,Marra
MD, Lynch JA, El-Khoury GY, Zhang Y, Nevitt MC, Felson DT. 2014. Synovitis
in knee osteoarthritis assessed by contrast-enhanced magnetic resonance imaging
(MRI) is associated with radiographic tibiofemoral osteoarthritis and MRI-detected
widespread cartilage damage: the MOST study. The Journal of Rheumatology
41:501–508 DOI 10.3899/jrheum.130541.

HughbanksML, Rodriguez-Fontan F, Kleck CJ, Burger-Van derWalt E. 2021. Estrogen
receptor Alpha in human knee articular cartilage of healthy and osteoarthritic
females. Journal of Orthopaedics 27:1–8 DOI 10.1016/j.jor.2021.08.005.

Hunter DJ, March L, ChewM. 2020. Osteoarthritis in 2020 and beyond: a Lancet
Commission. Lancet 396:1711–1712 DOI 10.1016/s0140-6736(20)32230-3.

Hunter DJ, McDougall JJ, Keefe FJ. 2008. The symptoms of osteoarthritis and
the genesis of pain. Rheumatic Disease Clinics of North America 34:623–643
DOI 10.1016/j.rdc.2008.05.004.

Hwang HS, Park IY, Hong JI, Kim JR, KimHA. 2021. Comparison of joint degeneration
and pain in male and female mice in DMMmodel of osteoarthritis. Osteoarthritis
Cartilage 29:728–738 DOI 10.1016/j.joca.2021.02.007.

Jones JM, Jørgensen TN. 2020. Androgen-Mediated Anti-inflammatory Cellular
Processes as Therapeutic Targets in Lupus. Frontiers in Immunology 11:1271
DOI 10.3389/fimmu.2020.01271.

Kontio T, Viikari-Juntura E, Solovieva S. 2020. Effect of osteoarthritis on work par-
ticipation and loss of working life-years. The Journal of Rheumatology 47:597–604
DOI 10.3899/jrheum.181284.

Lee KMC, Prasad V, Achuthan A, Fleetwood AJ, Hamilton JA, Cook AD. 2020.
Targeting GM-CSF for collagenase-induced osteoarthritis pain and disease in mice.
Osteoarthritis Cartilage 28:486–491 DOI 10.1016/j.joca.2020.01.012.

LeeM-C, Saleh R, Achuthan A, Fleetwood AJ, Förster I, Hamilton JA, Cook AD. 2018.
CCL17 blockade as a therapy for osteoarthritis pain and disease. Arthritis Research &
Therapy 20:62 DOI 10.1186/s13075-018-1560-9.

Murray CJL, Vos T, Lozano R, Naghavi M, Flaxman AD,Michaud C, Ezzati M, Shibuya
K, Salomon JA, Abdalla S, Aboyans V, Abraham J, Ackerman I, Aggarwal R, Ahn
SY, Ali MK, AlMazroaMA, AlvaradoM, Anderson HR, Anderson LM, Andrews
KG, Atkinson C, Baddour LM, Bahalim AN, Barker-Collo S, Barrero LH, Bartels

Valdrighi et al. (2023), PeerJ, DOI 10.7717/peerj.15482 24/27

https://peerj.com
http://dx.doi.org/10.1016/j.joca.2014.06.030
http://dx.doi.org/10.1016/j.joca.2010.05.025
http://dx.doi.org/10.1007/s40750-014-0005-1
http://dx.doi.org/10.3899/jrheum.130541
http://dx.doi.org/10.1016/j.jor.2021.08.005
http://dx.doi.org/10.1016/s0140-6736(20)32230-3
http://dx.doi.org/10.1016/j.rdc.2008.05.004
http://dx.doi.org/10.1016/j.joca.2021.02.007
http://dx.doi.org/10.3389/fimmu.2020.01271
http://dx.doi.org/10.3899/jrheum.181284
http://dx.doi.org/10.1016/j.joca.2020.01.012
http://dx.doi.org/10.1186/s13075-018-1560-9
http://dx.doi.org/10.7717/peerj.15482


DH, BasáñezM-G, Baxter A, Bell ML, Benjamin EJ, Bennett D, Bernabé E, Bhalla
K, Bhandari B, Bikbov B, Abdulhak AB, Birbeck G, Black JA, Blencowe H, Blore
JD, Blyth F, Bolliger I, Bonaventure A, Boufous S, Bourne R, BoussinesqM,
Braithwaite T, Brayne C, Bridgett L, Brooker S, Brooks P, Brugha TS, Bryan-
Hancock C, Bucello C, Buchbinder R, Buckle G, Budke CM, BurchM, Burney P,
Burstein R, Calabria B, Campbell B, Canter CE, Carabin H, Carapetis J, Carmona
L, Cella C, Charlson F, Chen H, Cheng AT-A, Chou D, Chugh SS, Coffeng LE,
Colan SD, Colquhoun S, Colson KE, Condon J, ConnorMD, Cooper LT, Corriere
M, Cortinovis M, De Vaccaro KC, CouserW, Cowie BC, Criqui MH, Cross M,
Dabhadkar KC, Dahiya M, Dahodwala N, Damsere-Derry J, Danaei G, Davis
A, Leo DD, Degenhardt L, Dellavalle R, Delossantos A, Denenberg J, Derrett S,
Des Jarlais DC, Dharmaratne SD, Dherani M, Diaz-Torne C, Dolk H, Dorsey ER,
Driscoll T, Duber H, Ebel B, Edmond K, Elbaz A, Ali SE, Erskine H, Erwin PJ,
Espindola P, Ewoigbokhan SE, Farzadfar F, Feigin V, Felson DT, Ferrari A, Ferri
CP, Fèvre EM, FinucaneMM, Flaxman S, Flood L, Foreman K, Forouzanfar MH,
Fowkes FGR, FransenM, FreemanMK, Gabbe BJ, Gabriel SE, Gakidou E, Ganatra
HA, Garcia B, Gaspari F, Gillum RF, Gmel G, Gonzalez-Medina D, Gosselin R,
Grainger R, Grant B, Groeger J, Guillemin F, Gunnell D, Gupta R, Haagsma J,
Hagan H, Halasa YA, Hall W, Haring D, Haro JM, Harrison JE, Havmoeller R, Hay
RJ, Higashi H, Hill C, Hoen B, Hoffman H, Hotez PJ, Hoy D, Huang JJ, Ibeanusi
SE, Jacobsen KH, James SL, Jarvis D, Jasrasaria R, Jayaraman S, Johns N, Jonas
JB, Karthikeyan G, KassebaumN, Kawakami N, Keren A, Khoo J-P, King CH,
Knowlton LM, Kobusingye O, Koranteng A, Krishnamurthi R, Laden F, Lalloo R,
Laslett LL, Lathlean T, Leasher JL, Lee YY, Leigh J, Levinson D, Lim SS, Limb E, Lin
JK, LipnickM, Lipshultz SE, LiuW, LoaneM, Ohno SL, Lyons R, Mabweijano J,
MacIntyre MF, Malekzadeh R, Mallinger L, Manivannan S, MarcenesW,March
L, Margolis DJ, Marks GB, Marks R, Matsumori A, Matzopoulos R, Mayosi BM,
McAnulty JH. 2012. Disability-adjusted life years (DALYs) for 291 diseases and
injuries in 21 regions, 1990–2010: a systematic analysis for the Global Burden of Dis-
ease Study 2010. The Lancet 380:2197–2223 DOI 10.1016/S0140-6736(12)61689-4.

Neogi T. 2013. The epidemiology and impact of pain in osteoarthritis. Osteoarthritis
Cartilage 21:1145–1153 DOI 10.1016/j.joca.2013.03.018.

Neogi T, Guermazi A, Roemer F, Nevitt MC, Scholz J, Arendt-Nielsen L,Woolf C, Niu
J, Bradley LA, Quinn E, Law LF. 2016. Association of joint inflammation with pain
sensitization in knee osteoarthritis: the multicenter osteoarthritis study. Arthritis &
Rheumatology 68:654–661 DOI 10.1002/art.39488.

Packiasabapathy S, Sadhasivam S. 2018. Gender, genetics, and analgesia: understanding
the differences in response to pain relief. Journal of Pain Research 11:2729–2739
DOI 10.2147/jpr.S94650.

Raja SN, Carr DB, CohenM, Finnerup NB, Flor H, Gibson S, Keefe FJ, Mogil JS,
RingkampM, Sluka KA, Song X-J, Stevens B, SullivanMD, Tutelman PR, Ushida
T, Vader K. 2020. The revised international association for the study of pain

Valdrighi et al. (2023), PeerJ, DOI 10.7717/peerj.15482 25/27

https://peerj.com
http://dx.doi.org/10.1016/S0140-6736(12)61689-4
http://dx.doi.org/10.1016/j.joca.2013.03.018
http://dx.doi.org/10.1002/art.39488
http://dx.doi.org/10.2147/jpr.S94650
http://dx.doi.org/10.7717/peerj.15482


definition of pain: concepts, challenges, and compromises. Pain 161(9):1976–1982
DOI 10.1097/j.pain.0000000000001939.

Remst DF, Blaney Davidson EN, Van der Kraan PM. 2015. Unravelling osteoarthritis-
related synovial fibrosis: a step closer to solving joint stiffness. Rheumatology
54:1954–1963 DOI 10.1093/rheumatology/kev228.

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S,
Rueden C, Saalfeld S, Schmid B, Tinevez J-Y, White DJ, Hartenstein V, Eliceiri K,
Tomancak P, Cardona A. 2012. Fiji: an open-source platform for biological-image
analysis. Nature Methods 9:676–682 DOI 10.1038/nmeth.2019.

Seifarth JE, McGowan CL, Milne KJ. 2012. Sex and life expectancy. Gender Medicine
9:390–401 DOI 10.1016/j.genm.2012.10.001.

Sellam J, Rat AC, Fellahi S, Bastard JP, SimeWNgueyon, Ea HK, Chevalier X, Richette
P, Capeau J, Guillemin F, Berenbaum F. 2021. Pain in women with knee and/or hip
osteoarthritis is related to systemic inflammation and to adipose tissue dysfunction:
Cross-sectional results of the KHOALA cohort. Seminars in Arthritis and Rheuma-
tism 51:129–136 DOI 10.1016/j.semarthrit.2020.10.004.

Sorge RE, LaCroix-FralishML, Tuttle AH, Sotocinal SG, Austin JS, Ritchie J, Chanda
ML, Graham AC, Topham L, Beggs S, Salter MW,Mogil JS. 2011. Spinal cord
Toll-like receptor 4 mediates inflammatory and neuropathic hypersensitivity
in male but not female mice. The Journal of Neuroscience 31:15450–15454
DOI 10.1523/jneurosci.3859-11.2011.

Sorge RE, Mapplebeck JC, Rosen S, Beggs S, Taves S, Alexander JK, Martin LJ, Austin
JS, Sotocinal SG, Chen D, YangM, Shi XQ, Huang H, Pillon NJ, Bilan PJ, Tu Y,
Klip A, Ji RR, Zhang J, Salter MW,Mogil JS. 2015. Different immune cells mediate
mechanical pain hypersensitivity in male and female mice. Nature Neuroscience
18:1081–1083 DOI 10.1038/nn.4053.

Srikanth VK, Fryer JL, Zhai G,Winzenberg TM, Hosmer D, Jones G. 2005. A meta-
analysis of sex differences prevalence, incidence and severity of osteoarthritis.
Osteoarthritis Cartilage 13:769–781 DOI 10.1016/j.joca.2005.04.014.

TannenbaumC, Ellis RP, Eyssel F, Zou J, Schiebinger L. 2019. Sex and gender analysis
improves science and engineering. Nature 575:137–146
DOI 10.1038/s41586-019-1657-6.

Temp J, Labuz D, Negrete R, Sunkara V, Machelska H. 2020. Pain and knee damage
in male and female mice in the medial meniscal transection-induced osteoarthritis.
Osteoarthritis Cartilage 28:475–485 DOI 10.1016/j.joca.2019.11.003.

Ter HuurneM, Schelbergen R, Blattes R, Blom A, DeMunterW, Grevers LC, Jeanson
J, Noël D, Casteilla L, Jorgensen C, BergWVanden, Van Lent PLEM. 2012.
Antiinflammatory and chondroprotective effects of intraarticular injection of
adipose-derived stem cells in experimental osteoarthritis. Arthritis & Rheumatism
64:3604–3613 DOI 10.1002/art.34626.

Valdrighi N, Vago JP, Blom AB, Van de Loo FAJ, Blaney Davidson EN. 2022. Innate im-
munity at the core of sex differences in osteoarthritic pain? Frontiers in Pharmacology
13:881500 DOI 10.3389/fphar.2022.881500.

Valdrighi et al. (2023), PeerJ, DOI 10.7717/peerj.15482 26/27

https://peerj.com
http://dx.doi.org/10.1097/j.pain.0000000000001939
http://dx.doi.org/10.1093/rheumatology/kev228
http://dx.doi.org/10.1038/nmeth.2019
http://dx.doi.org/10.1016/j.genm.2012.10.001
http://dx.doi.org/10.1016/j.semarthrit.2020.10.004
http://dx.doi.org/10.1523/jneurosci.3859-11.2011
http://dx.doi.org/10.1038/nn.4053
http://dx.doi.org/10.1016/j.joca.2005.04.014
http://dx.doi.org/10.1038/s41586-019-1657-6
http://dx.doi.org/10.1016/j.joca.2019.11.003
http://dx.doi.org/10.1002/art.34626
http://dx.doi.org/10.3389/fphar.2022.881500
http://dx.doi.org/10.7717/peerj.15482


Van der Kraan PM, Vitters EL, Van Beuningen HM, Van de Putte LB, Van den Berg
WB. 1990. Degenerative knee joint lesions in mice after a single intra-articular
collagenase injection. A new model of osteoarthritis. International Journal of Clinical
and Experimental Pathology 71:19–31.

Van Osch GJVM, Van der Kraan PM, Vitters EL, Blankevoort L, Van den Berg
WB. 1993. Induction of osteoarthritis by intra-articular injection of collagenase
in mice. Strain and sex related differences. Osteoarthritis Cartilage 1:171–177
DOI 10.1016/S1063-4584(05)80088-3.

Von Loga IS, Batchelor V, Driscoll C, Burleigh A, Chia SL, Stott B, Miotla-Zarebska
J, Riley D, Dell’Accio F, Vincent TL. 2020. Does pain at an earlier stage of chon-
dropathy protect female mice against structural progression after surgically induced
osteoarthritis? Arthritis & Rheumatology 72:2083–2093 DOI 10.1002/art.41421.

Vrinten DH, Hamers FF. 2003. ‘CatWalk’ automated quantitative gait analysis as a
novel method to assess mechanical allodynia in the rat; a comparison with Von Frey
testing. Pain 102:203–209 DOI 10.1016/s0304-3959(02)00382-2.

Wallen K, Zehr JL. 2004.Hormones and history: the evolution and development of
primate female sexuality. Journal of Sex Research 41:101–112
DOI 10.1080/00224490409552218.

Wang X, Hunter DJ, Jin X, Ding C. 2018. The importance of synovial inflammation
in osteoarthritis: current evidence from imaging assessments and clinical trials.
Osteoarthritis Cartilage 26:165–174 DOI 10.1016/j.joca.2017.11.015.

Woitowich NC, Beery A,Woodruff T. 2020. A 10-year follow-up study of sex inclusion
in the biological sciences. Elife 9:e56344 DOI 10.7554/eLife.56344.

Xu Y, Tian NX, Bai QY, Chen Q, Sun XH,Wang Y. 2019. Gait assessment of pain and
analgesics: comparison of the DigiGait™ and CatWalk™ Gait imaging systems.
Neuroscience Bulletin 35:401–418 DOI 10.1007/s12264-018-00331-y.

Valdrighi et al. (2023), PeerJ, DOI 10.7717/peerj.15482 27/27

https://peerj.com
http://dx.doi.org/10.1016/S1063-4584(05)80088-3
http://dx.doi.org/10.1002/art.41421
http://dx.doi.org/10.1016/s0304-3959(02)00382-2
http://dx.doi.org/10.1080/00224490409552218
http://dx.doi.org/10.1016/j.joca.2017.11.015
http://dx.doi.org/10.7554/eLife.56344
http://dx.doi.org/10.1007/s12264-018-00331-y
http://dx.doi.org/10.7717/peerj.15482

