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Abstract

Objective—The major complaint of Osteoarthritis (OA) patients is pain. However, due to the
nature of clinical studies and the limitation of animal studies, few studies have linked function
impairment and behavioral changes in OA animal models to cartilage loss and histopathology. Our
objective was to study surrogate markers of functional impairment in relation to cartilage loss and
pathological changes in a post-traumatic mouse model of OA.

Method—We performed a battery of functional analyses in a mouse model of OA generated by
cruciate ligament transection (CLT). The changes in functional analyses were linked to
histological changes graded by OARSI standards, histological grading of synovitis, and volumetric
changes of the articular cartilage and osteophytes quantified by phase contrast micro-CT.

Results—OA generated by CLT led to decreased time on rotarod, delayed response on hotplate
analysis, and altered gait starting from 4 weeks after surgery. Activity in open field analysis did
not change at 4, 8, or 12 weeks after CLT. The magnitude of behavioral changes was directly
correlated with higher OARSI histological scores of OA, synovitis in the knee joints, cartilage
volume loss, and osteophyte formation.
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Conclusion—Our findings link functional analyses to histological grading, synovitis,
comprehensive 3-dimensional assessment of cartilage volume and osteophyte formation. This
serves as a reference for a mouse model in predicting outcomes of OA treatment.
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INTRODUCTION

Osteoarthritis (OA) is a joint disease characterized by articular cartilage loss, synovitis,
subchondral bone remodeling and osteophyte formation®. Chronic disability imposes motor
limitations on about 80% of OA patients and prevents about 25% from performing major
activities of daily living2. The functional disability endured by patients with OA of the knee
is among the highest, and comparable to heart disease, stroke, and depression3. The major
complaint of OA patients is pain, which significantly affects motor function. Clinically, a
diagnosis of OA is convincing when pain with joint movement correlates with pathology.
However, many patients with pathologic and radiographic evidence of disease may not
exhibit pain symptoms?. Mouse models of OA have recapitulated human joint pathology,
but methods to assess function changes have not been well characterized.

Various OA mouse models are used to study disease mechanisms, test therapeutics, and
implement behavior assays. Genetics, chemical, and surgical models are the main techniques
used. The surgical model corresponds with the development of OA in humans after
ligamentous knee injury, which makes it the most clinically relevant. The surgical
destabilization of the medical meniscus (DMM) is a commonly used surgical model of OAS.
Disruption of the medical meniscus leads to aberrant biomechanical loading patterns and a
subsequent mild form of knee OA in mice. However, cartilage degeneration is
predominantly on the medial condyle of the articular joint. In humans, although cartilage
degradation is most apparent in the medial compartment, many combinations of
compartments involvement are also present®. The location of disease is unpredictable due to
differences in mechanism of injury and individual joint variation. For these reasons,
cartilage changes occur in both the medial and lateral compartments’-€. Thus we chose to
investigate an alternative cruciate ligament transection (CLT) model as described
previously®19. This model produces cartilage degradation that exhibits characteristics of
human OA and disease progression on the microscopic level is well characterized.

Histopathology of the joint is commonly used to assess mouse OA modelsl. However, this
method requires expertise and is prone to variability due to inter-observer subjectivity. More
importantly, pain, motor dysfunction, and radiographic changes, and not histopathology, are
used to clinically evaluate and diagnose OA in patients. Recently, we applied novel
methodology to image and quantify mouse articular cartilage using phase contrast, ultra-
high resolution micro-computed tomography (wCT)?, which combined the sensitivity to
visualize the soft tissue of magnetic resonance imaging (MRI) with the resolution required
to analyze small rodent models. While this method provided unparalleled quantification of
mouse articular cartilage, it could not assess functional impairment.

Functional behavioral tests are frequently used in the neurological field12.13, They provide
information about animal activity, learning, memory, sensitivity, pain, and motor
function14-22, Here, we use a series of behavioral tests combined with histological and
radiologic analysis to assess OA in a CLT mouse model. We show motor dysfunction,
hyperalgesia, and altered gait using behavioral tests in a mouse model of OA induced by
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CLT. When compared to cartilage loss and pathological changes directly, these models
would help unveil details about the clinical correlations between OA symptoms and
radiographic disease. Taken together, pain, motor function, and imaging findings that are
corroborated with histopathology would provide a comprehensive approach to study OA.

MATERIAL AND METHODS

Animals

FVB/N mice were purchased from Jackson Laboratories (Bar Harbor, ME). All studies were
performed with approval from the Baylor College of Medicine Institutional Animal Care
and Use Committee (IACUC). All mice were housed under pathogen-free conditions. To
avoid anxiety and possible behavior changes, every cage contained 4-5 mice. Mice had free
access to feed and water. To avoid the effect of potential post-menopausal subchondral bone
loss and possible differences in weight and activity, we used male mice in all our
experiments. To avoid differences between different litters, we tested littermates in all
experiments. And mice in different experimental groups are housed together.

Cruciate ligament transection

Transection procedures are as previously described®. 8-week old male FVB/N mice were
anesthetized and aseptically prepared for surgery. In the CLT group (N=17-23 for each time
point, 3 time points), the transection of the anterior and posterior cruciate ligament was
made bilaterally instead of unilaterally as previously described. We chose to transect the
limbs bilaterally because of 2 reasons: 1) From a local injury standpoint, the development of
OA in a joint is similar regardless of a bilateral or unilateral transection and 2) it would be
easier to interpret a functional change when mice were transected bilaterally. The success of
the transection could be tested by valgus and varus laxity of the knee. In the sham group
(N=17-23 for each time point, 3 time points), no transection was made to either knee. Mice
were allowed free cage activity immediately following recovery from surgery. Sutures were
removed 2 weeks after surgery. Animals were randomly chosen from each group to perform
the analyses.

Histology—Mice were euthanized and whole knee joints were fixed with 4%
paraformaldehyde (Sigma-Aldrich) overnight in 4 °C on a shaker. Whole knee joints were
decalcified in 14% EDTA for 5 days in 4 °C on a shaker. After dehydration by gradient
alcohol and infiltration by xylene and paraffin, samples were embedded in paraffin.
Paraffin-embedded joints were sectioned at 6.m on a sagittal plane. Samples were stained
with safranin O and fast green using standard protocols. N=8 in each group.

Phase contrast uCT—Samples were prepared and analyzed as previously described®.
Whole joint knees were dissected and fixed with ruthenium hexamine tricholoride,
glutaraldehyde, cacodylic acid, and osmium tetroxide based fixative buffers. The samples
were then dehydrated and embedded in paraffin. Samples were scanned by Xradia (Xradia,
California, US) microxCT. Data reconstruction was performed using Xradia software and
articular cartilage and osteophytes were analyzed using TriBON software (RATOC, Tokyo,
Japan). N=5-6 in each group.

Hotplate Nociception Analysis—Muice were transferred to the room of analysis at least
30 minutes before experiment. Then, mouse was placed on the hotplate at 55°C one at a time
(Columbus Instruments, Columbus, OH) (Fig. 1a). The latency period for hind limb
response (e.g. shaking, jumping, or licking) was recorded as response time. Each trial has a
maximum time of 45 seconds. The mouse was removed from the hotplate immediately after
a response was observed. N=12-14 in each group.
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Open field analysis—Open field activity was measured by the VersaMax Animal
Activity Monitoring System (AccuScan Instruments, Columbus, OH). Mice were placed into
the center of a clear chamber of 40cmx40cmx30cm to allow free exploration. Mice were
under 800 Im of illumination and 55dB of white noise. The experiments were performed for
30 minutes on each of the 2 consecutive days. Disturbance was avoided during the
experiment. Total travel distance, total travel time, total rest time, rearing time and center
distance: total distance ratio was calculated. N=10 in each group.

Rotarod Analysis—Mice were placed onto an accelerating rotarod (UGO Basile, Varese,
Italy). The first failure to stay atop the rod was referred to as first ride-around time. To rule
out differences in learning skills between the two groups of mice, each group was assessed
over three trials per day for 2 consecutive days (trials 1 to 6) before surgery. Then, mice
were randomly assigned into different groups. Another 6 trials were performed using the
same condition at different time points after the surgery. Mice were given a 30 minutes
inter-trial rest interval. Each trial had a maximum time of 5 minutes. N=17-23 in each group.

Wire-hang analysis and reverse—Mice were placed on the wire bars (10x18cm area
1mm in diameter and spaced 1 cm apart) and turned upside down. The latency to fall was
measured. Each trial had a maximum time of 60 seconds. N=10 in each group.

Gait analysis—The paws of the mice were brushed with ink by an examiner blinded to the
surgical procedures. Front paws and hind paws were colored with ink of different color.
Immediately after ink was applied, the mice were allowed to run on a 60cm long, 6¢cm wide
Plexiglas track with white paper on the bottom. A dark chamber was present in the end of
the track to entice the mice. Upon completion of the test, paper was scanned at 300dpi. The
distance of the same paw between two steps were defined as stride. And the horizontal
distance between the left and right paw were defined as base?3. The areas of third to the fifth
set of footsteps were quantified by image J. N=17-19 in each group

Timeline of experiments—We performed a pilot experiment on a small batch of animals
to determine which analyses to use. In the final experiment from which we collected data,
the behavioral and functional analyses were performed in the order of least stress (least
likely to affect activity on the following day) to most stress (most likely to affect activity on
the following day) for the animals. To account for habituation formation, all mice were
tested 2 times: before and after surgery at specific time points. The scheme of the study is
illustrated in Fig. 1.

Statistical Analysis—Statistical significance comparing two groups with parametric data
was assessed by Student's t test. Statistical analysis comparing multiple groups with
parametric data was performed by one-way ANOVA followed by tukey's post-hoc. Rotarod
analysis was tested by one-way ANOVA with repeated measures followed by tukey's post-
hoc. Histological grades were compared by Wilcoxon rank sum test. Correlation analyses
were performed by nonparametric correlation (Spearman) test between OARSI score and
functional changes with pooled time points and experimental groups. All assumptions were
fulfilled for the statistical tests used. All analyses were performed by Sigma Plot software. A
P value of <0.05 was considered statistically significant.

CLT mice showed increased response time on hotplate analysis

Multiple studies have reported changes in pain sensitivity in OA patients?425, Therefore, we
evaluated sensitivity in mice using hotplate nociception analysis (Fig. 2a). The hotplate
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analysis mainly provides an assessment of sensitivity and reaction to pain stimulus.
Importantly, surgical transection of both hind limbs did not alter body weight compared to
sham-operated mice as this may confound subsequent behavioral assessments
(Supplementary Fig. 1a). Mice in the CLT group responded slower compared to mice in
the sham group (Fig. 2b). We normalized the performance of an individual mouse after the
surgery to its own performance before the surgery by calculating performance change
(performance change = (response time after surgery-response time before surgery)*100%/
response time before surgery) to account for possible variation between mice neurological
function. After normalization, the CLT group showed delayed responses on hotplate after
surgery, while the sham group responded faster (Fig. 2c). Since hotplate also indirectly
assesses the mobility and gait of the animal, the significant change in response time on the
hotplate prompted us to further investigate its cause.

CLT mice showed no change in open field analysis and wire hang test

To test the general parameters of mice activity with minimal pressure and stress on the knee
joint, we performed the open field analysis (Fig. 3a). Sensors in the open field arena detect
movement and record the position of the mice. In the 30 minutes when mice were observed,
no differences were detected between the sham group and the CLT group in movement and
position of the mice, suggesting that CLT did not alter moving patterns and thigmotaxis
(Fig. 3b-f). Because the surgery to induce OA was performed on the hind limbs of the mice,
we further focused on the activity dominated by hind limbs by including rearing movement
number and average rearing time. Neither of the two parameters changed between the CLT
group and the sham group (Fig. 3e,f). In addition, all the mice tested performed at maximum
performance in the wire hang analysis designed to test the gripping ability of the mice
(Supplementary Fig. 1b). These observations suggested that provided the lab environment,
the daily activity of the OA mice including feeding and grooming would not be
compromised by CLT.

CLT mice showed motor dysfunction in rotarod analysis

Rotarod analysis provides assessment of motor function with pressure and stress on the knee
joint as well as learning and memory skills (Fig. 4a). Because of the effects of learning and
memory, we expected the performance of animals to improve in all groups longitudinally.
Post-surgery sham groups demonstrated greater improvement than the CLT groups,
supporting a motor impairment in the CLT groups (Fig. 4b-d). Similar to hotplate analysis,
we calculated performance change of the mice due to the possible neurological variation
between individuals by normalizing the average first ride around time of an individual in
trial 7-12 to the average first ride around time of itself in trial 1-6. We found that mice in the
CLT group showed less improvement compared to mice in the sham group (Fig. 4€).

CLT mice showed altered gait

During the hotplate analysis, we observed that the CLT mice had altered gait. Instead of
standing on their feet, mice after CLT tended to stand on their toes only. To test whether
delayed response in hotplate was partially caused by altered gait, we performed gait analysis
(Fig 5a). While no significant differences in stride and base were detected between the
groups (Fig. 5b-d), the CLT group had a smaller hind foot print area compared to the
control group (Fig. 5¢f).

Cartilage loss and pathological changes in CLT

To correlate these functional changes at different time points after CLT to cartilage loss and
histopathology, we performed microCT analysis and histology grading of the knee joints of
the same mice within 24 hours after the functional analysis. Loss of cartilage surface area,
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volume and bone area covered by cartilage were around 10% at 4 weeks after CLT and
progressed to 30% at 12 weeks after surgery (Fig. 6a-c). Ten percent cartilage loss was
significant to change joint function under pressure. Very few osteophytes were detected 4
weeks after surgery and increased with the progression of cartilage loss (Fig. 6d,e). To
evaluate the pathological changes in cartilage and subchondral bone, we graded the knee
joint using OARSI grading system!! (Fig. 6f). As expected, 4 weeks after CLT, most joints
showed mild synovitis as well as loss of proteoglycan and matrix. Erosion started 8 weeks
after CLT. At 12 weeks after CLT, most of the remaining cartilage was denuded and
undergoing remodeling, compromising its original function and severe synovitis was
detected. Since synovitis was suggested to be a cause of pain in OA, we evaluated synovitis
in CLT mice using histopathological assessment published by Lewis et al.2” (Fig. 6g-i). We
observed increasing severity of synovitis as OA progressed. To test whether correlation exist
between microscopic observations and functional changes, we performed bivariate
correlation analyses between OARSI score and rotarod analysis, hotplate analysis and hind
limb foot print area. We pooled all experimental groups and time points. The histological
changes correlate with performance changes on rotarod analysis (Spearman rho = —0.6024,
p<0.0001), hotplate analysis (Spearman rho = 0.3585, p<0.05) and the hind limb foot print
area (Spearman rho = —-0.4586, p<0.05) (Fig. 6j-I).

DISCUSSION

Our findings show that hyperalgesia, motor dysfunction, and altered gait in OA can be
assessed using hotplate, rotarod and gait analysis respectively in a CLT mouse model. The
open field analysis and wire hang test did not reveal statistically significant differences.
However, this variability of motor dysfunction and pain parallels what is observed in
patients, where the extent of joint damage may or may not correlate with knee pain®.
Nevertheless, our positive findings offer clinical correlation to existing histology and
radiographic techniques. Together, these functional changes in OA can be linked with the
underlying pathological changes to gain a better understanding of the disease process.

Hyperalgesia to stimuli is a common finding in knee OA patients?8:29, We found the CLT
group had significantly slower response times to nociception compared to sham. On the
contrary, a study in a rat model of MIA-induced OA found decreased response times in the
OA group compared to sham30, However, the MIA-induced OA model is generally a pain
model and the presence of hyperalgesia may be exaggerated'®31-33, Qur findings of a
delayed response in the CLT model of OA suggests decreased pain sensitivity and/or a
motor dysfunction component. Alternatively, motor disability may be delaying or hindering
a response by the animal. Clinically, knee OA patients lose about 18% of knee flexion,
which appears to be consistent with the motor dysfunction we observed34. As observed by
our gait analysis, mice placed less pressure on the hind foot and more on the toes. This
stance creates decreased contact area between the hind foot and hotplate, which could also
explain the increased response times. Interestingly, our sham group showed a reduction in
latency to response after sham surgery, while the CLT group was increased. This
phenomenon of decreased latencies after repeated testing has been reported before3°. The
abolition of this reduced latency after a second testing post-surgery in the CLT group
indicates a true delayed response.

In rotarod analysis, the sham group had greater improvement on rotarod riding time
compared to the CLT group, indicating that the CLT group had more motor dysfunction
compared to the sham group. Similar findings were observed in another study, though
differences were found only at 14 days in a monosodium iodoacetate (MIA) OA model36.
We showed that this motor dysfunction remained at 4, 8, and 12 weeks post-surgery, much
like what is observed in OA patients. Further, our CLT model closely followed the post-
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traumatic OA seen in patients, while the MIA model has been questioned for its inability to
reproduce OA-like progression and a significant inflammatory component3”. Other studies
applied the rotarod to assess affected limb use during forced ambulation on the rod419,
However, this technique involves subjective observation of limb use and does not
necessarily measure motor function.

Many studies have evaluated gait biomechanics and kinematics in OA patients to understand
compensatory changes, target rehabilitation, and assess the efficacy of treatments. We
assessed gait in our model using paw print analysis. Interestingly, differences in hind and
front limb stride or base length were not different between the CLT and sham groups. These
results are consistent with previous findings of no change in stride length in rats26. Base
length is shown to be increased in OA patients, but we did not see a difference38. We did
find a significantly lower footprint area in the CLT group compared to sham. These findings
of joint load shifting are reported in rats and in humans with unilateral OAZ6:39, This is a
similar phenomenon observed in larger animal models, suggesting that mice with CLT
placed less pressure on the hind feet and more pressure on the toes or on the forelimbs26,
Taken together, the data suggest that CLT established a clinically relevant OA model in
mice using standard histological and mouse behavioral assessments.

Our findings provided a comprehensive method to evaluate OA in mouse model by
combining functional analysis, quantitative evaluation of articular cartilage and osteophytes
by wCT and traditional joint and synovial pathology®. These can be applied the study of
genetic mouse models, disease-modifying drugs and gene therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Experiment scheme of functional change evaluation
We performed functional evaluation when the mice were 7 months old. This was followed
by cruciate ligament transection and sham surgery. In different batches of mice, we waited
4, 8 or 12 weeks before another functional assessment. We performed postmortem
assessment after the second and final functional analysis.
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Fig. 2. Pain sensitivity and mobility measured by hotplate analysis

(a) Experiment setup and device of hotplate analysis; (b) Response time of the mice before
and at different time points after surgery; (c) Performance change on hotplate normalized to
individual mice. Performance change = [(time after — time pefore)/ tiMe pefore] * 100%.
N=12-14. All error bars represent s.e.m. *p<0.05, **p<0.01.
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Fig. 3. Movement of mice measured by open field analysis (OFA)

(a) Arena of the open field analysis; (b) Total distance travelled (during testing period); (c)
Average walking speed of the mice in the open field (speed=total distance travelled/total
moving time); (d) Total rest time; (€) Number of rearing movement; (f) Average time of
each rearing event. N=10. All error bars represent s.e.m.
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Fig. 4. Motor function of mice measured by Rotarod analysis

(a) Experiment setup of Rotarod analysis; (b-d) First ride around time of the mice before the
procedure (trials 1-6) and 4 weeks (b, n=20-23), 8 weeks (¢, n=19-20) and 12 weeks (d,
n-17-18) after either sham or CLT; (e) Performance change of average Rotarod first ride
around time of trials performed before and after surgery. Performance change = [(time after —
time pefore)/ tiMe pefore] % 100%. All error bars represent s.e.m. *p<0.05, **p<0.01.
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Fig. 5. Gait change of mice with osteoarthritisinduced by CLT

(a) Experiment setup of gait analysis; (b-d) Stride and base of the mice 4 weeks (b), 8 weeks
(c) and 12 weeks (d) after surgery; (e) Representative hind limb foot prints of Sham and
CLT mice on gait analysis; (f) Quantification of hind limb foot print area at different time
points after surgery. N=17-19. All error bars represent s.e.m. All the significant comparisons
are labeled, *p<0.05, **p<0.01.
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Fig. 6. Longitudinal evaluation of cartilage loss and pathological changesin CLT mice

(a) Cartilage surface area, (b) Cartilage volume (c) subchondral bone area covered by
cartilage (d) osteophyte number and (e) osteophyte volume in whole hind limb knee joint in
mice at different time points after surgery, N=5-6; (f) Maximum OARSI score on sham and
CLT whole hind limb joints in mice at different time points after surgery, N=8. (g-i)
Synovitis score at 4 weeks (g), 8 weeks (h) and 12 weeks (i) post surgery at medial femur
(MF), medial tibia (MT), lateral femur (LF) and lateral tibia (LT), N=5. (j-) Bivariate
correlation between OARSI score and performance changes in rotarod analysis (Spearman
rho=-0.6024, p<0.0001, n=39) (j), hotplate analysis (Spearman rho =0.3585, p<0.05, n=34)
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(k) and hind limb foot print area (Spearman rho=-0.4586, p<0.05, n=29) (I) All error bars
represent s.e.m. *p<0.05, **p<0.01.
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