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A B S T R A C T

Pain due to osteoarthritis (OA) often occurs during locomotion in the vertical direction when joints are subjected
to high mechanical load, e.g. during standing up from a chair or using stairs. To investigate joint pain in OA rat
models, dynamic weight-bearing or gait analysis is traditionally conducted during horizontal walking on a flat
surface. However, in chronic models of OA, which are of particular translational relevance for the disease, dif-
ferences in the readouts between OA and control rats are often weak and of high variability leading to an
insufficient assay window for drug profiling. To measure pain-related symptoms more sensitively, we conducted a
dynamic weight-bearing test in the moment of a strong voluntary mechanical load. For that, we permanently
housed rats in a four-story rat colony cage (RCC) and determined hind paw forces during voluntary jumping from
one level to the next. This outcome measure was named jump incapacitance. After inducing OA by destabilizing
the medial meniscus (DMM), we found that during jumps the average ipsilateral over contralateral hind paw
forces were significantly reduced compared with healthy controls (jump incapacitance) from early- (day 7) to late-
stage disease (day 90). An intra-articular injection of Zilretta (triamcinolone acetonide extended-release injectable
suspension) attenuated OA-induced jump incapacitance after 8 days compared with DMM rats receiving vehicle (p
¼ 0.069). In contrast, a CatWalk test for gait disturbance failed to detect any significant alterations in the chronic
course of the DMM model. In conclusion, the dynamic weight-bearing test during jumping represents a novel
method to characterize joint pain symptoms even in a slowly progressive OA rat model. It is sensitive, observer
independent, relates to clinically relevant endpoints and demonstrates backtranslation of a drug that is approved
for the treatment of OA knee pain.
1. Introduction

Osteoarthritis (OA) is a leading cause of disability worldwide and was
ranked second in recent estimate of global years lived with a disability
[1]. The life-time risk of symptomatic knee OA is 40% for men and 47%
for women [2]. The majority of OA patients suffer from frequent joint
pain symptoms and pain relief is a major goal for novel drugs. In early
disease, joint pain most often arises during motion activities (such as
walking up or down stairs or standing up from a chair) as joints receive a
certain degree of mechanical burden. In clinical trials, pain severity is
scored in the context of these activities by the Western Ontario and
McMaster Universities Osteoarthritis Index (WOMAC) questionnaire, the
Visual Analog Scale for Pain (VAS), or the Intermittent and Constant
Osteoarthritis Pain Index (ICOAP) [3, 4].

Experimentally in rats, OA can be induced by surgical destabilization
of the medial meniscus (DMM), causing joint instability with abnormal
com (C. Brenneis).
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load on the medial tibial condyle, leading to subchondral bone defects
and site-specific cartilage degeneration [5]. In this model, pain-related
behavior is not always present despite significant damage to the medial
tibial plateau cartilage and synovitis [6]. An objective quantification of
pain-related OA symptoms in these models can be achieved by measuring
the incapacitance of relative ground reaction forces between the ipsi-
lateral and contralateral hind limbs [7]. During a static incapacitance
test, rats are assessed when standing upright after being offered a food
reward, presupposing a direct interaction with the experimenter and the
necessity of confining the rat to a small chamber [8]. In dynamic inca-
pacitance tests, rats are assessed when moving voluntarily on four legs
across a platform [9]. In contrast to the static test, the rat can be inves-
tigated independently of the observer. However, apart from spontaneous
rearing, the body weight is mostly borne via all four legs and, therefore,
the hind limb joints are subject to less mechanical load. Another estab-
lished and common test, the CatWalk test, investigates gait disturbance
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since joint pain can result in limping during walking. In this test, tem-
poral and spatial gait parameters are conveyed from paw prints recorded
during movement along a walkway [10]. However, there are limitations
due to intraindividual variances from spontaneous exploratory behavior
and weight distribution across four legs. Finally, other strategies, such as
a pressure application measure after directly pinching the knee joint or
determining secondary hyperalgesia by using the classical von Frey test,
were used to investigate evoked pain [11]. These tests are limited by the
lack of observer independence and their poor relation to the clinical
situation [12].

To rely on clinical endpoints, such as those assessed during WOMAC,
symptomatic investigations should be sensitive, observer independent
and mimic relevant motions, including walking along a flat surface,
standing up from a chair or using stairs, as closely as possible [3].

In slowly progressing OA models such as DMM, which exhibits many
relevant features of structural changes seen in OA patients, the above-
mentioned weight-bearing test rarely delivers robust results even with
a reasonable number of animals per group. To circumvent this problem,
OA symptoms are often characterized in separate, additional models with
more transient but stronger pain symptoms by, for example, intra-
articular (IA) injection of Mono Iodo Acetate (MIA) or Complete
Freund's Adjuvant (CFA) [13]. However, these models exhibit no rele-
vant OA etiology and thereby have a rather limited utility for the char-
acterization of drugs targeting the disease (disease-modifying
osteoarthritis drugs [DMOADs]) instead of symptoms only.

To overcome the problem of a pain phenotyping within slowly pro-
gressing models, such as after DMM, one strategy could be to exaggerate
pain transiently by spontaneous locomotion activities that challenge the
moderately diseased joint by transient mechanical burden. Instead of
measuring pain during standing, sitting static or vertical walking on a flat
surface, as per the CatWalk or dynamic weight-bearing tests, we aimed to
determine incapacitance during spontaneous jumping. With regular
housing conditions in type IV cages, rats do not have the opportunity to
jump. We developed the rat colony cage (RCC) in which up to 48 rats can
be housed over 4 levels with different functionalities in one socially
connected community [14]. The levels are connected by jump holes or a
staircase. In this large and complex habitat with a social environment,
rats show a much higher level of spontaneous activity compared with
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regular type IV cages [15, 16]. While the rats live in the cage for 4 weeks,
they learn to frequently jump a vertical distance of 40 cm to the next
level, allowing us to determine incapacitance at a moment of very high
hind paw ground reaction forces. Here we describe the validation of this
novel method, which has been named jump incapacitance, in the DMM
model of chronic OA and reference treatment with Zilretta, a slow release
formulation of triamcinolone, approved for the treatment of OA knee
pain.

2. Methods

2.1. Animals and housing conditions

Ninety-five female Sprague Dawley rats aged 9–10 weeks were pur-
chased from Envigo RMS GmbH (Rossdorf, Germany), and 47/95 were
used in the present study (see section 2.2). The mean � standard devi-
ation body weight was 176 � 5.5 g. On arrival, rats were directly
transferred to the RCC, which is a modified ferret cage (Tecniplast, Cat.
No. 4P02B700RAT) with four levels interconnected by jump holes and a
staircase (Figure 1A). The cage can home a social group of up to 48 rats
and automatically track level changes of each individual rat by radio
frequency identification (RF-ID) technology. The temperature of the
housing room was 22 �C � 2 �C, with 45–65% humidity, and a 12/12
day–night rhythm was inverted with red light from 6 am to 6 pm.

Rats lived in the RCC for at least 4 weeks before surgery. Technical
details and the general effects on rats, such as stress reduction, have been
described previously [14]. All procedures were approved by the animal
protection authorities of the local district government (Approval ANZ
DA4_1009, Regional Authorities of Hessen, Darmstadt, Germany).

2.2. Groups and cage allocation

The 95 rats were allocated to two RCCs (47 and 48 rats, respectively).
Fifteen of the 95 rats, seven and eight per RCC, did not receive surgery
but had a single IA injection of vehicle (healthy and vehicle group). The
remaining 80 rats (40 per cage) underwent DMM surgery. At day 6 after
surgery, a CatWalk test was performed and, based on the results, the rats
were allocated to five groups of 16 rats (eight per cage) with an almost
Figure 1. Rat colony cage (RCC) with installation of
the jump incapacitance recording system. (A) Scheme
of RCC. Forty-eight female Sprague Dawley rats were
housed in RCCs for 4 weeks of habituation and 13
weeks' experiment. (B) Assembled jump incapacitance
unit with shelter (left), cover around jump hole
(middle) and USB sensor mat (white arrow). The red
line indicates the direction the rat is moving to reach
the next level. C) Integration of assembled jump
incapacitance recording unit into level 3. TP ¼
Tracking point; JP ¼ Jump Hole; BW ¼ Body weighing
station.
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equal degree of gait disturbance in each group. Here we report the
findings from three groups: healthy and vehicle (n ¼ 15); DMM and
vehicle (n ¼ 16); and DMM and Zilretta (n ¼ 16). The remaining 48 rats
(24/RCC), which were part of the two social communities in the RCCs,
received a novel test item, the results of which will be reported
elsewhere.

2.3. Surgery

Approximately 30 minutes before surgery, each rat received bupre-
norphine (0.06mg/kg subcutaneous [SC]; Temgesic, RB Pharmaceuticals
Limited, Berkshire, United Kingdom). During surgery, rats were anes-
thetized with 1.5–2.5% isoflurane (Baxter, Unterschleissheim, Germany)
in 0.5 L/min carbogen (95% oxygen and 5% carbon dioxide). To induce
DMM, a skin incision was made from the distal patella proximal to the
tibial plateau (of the right joint). The muscle layer was opened at the
knee flexion with a scalpel and the medial meniscus tendon, which was
ligated with scissors, was exposed. The joint capsule, associated muscles
and connective tissue were sutured in layers. For post-surgical analgesia,
rats received meloxicam (0.5 mg/kg SC; Metacam injection solution,
Boehringer Ingelheim, Biberach, Germany). See Brenneis et al., 2017 for
more details on surgery [14].

2.4. Drug application

Seven days following DMM surgery, rats received one IA injection (30
μL) of either 192 μg Zilretta (National Drug Code: 70801-003-01, Flexion
Therapeutics, Burlington, MA, USA) or standard suspension vehicle
(0.5% Methocel and 0.25% Tween 20 in water).

2.5. Jump incapacitance

2.5.1. Habituation with voluntary training
When the rats arrived from the breeder, where they had been housed

in regular small cages (e.g. type IV), they did not easily jump through the
jump holes in the RCC, so they needed habituation and training.
Following arrival, they were socialized in a group of 48 rats in the RCC.
To train the rats to jump, for the first five days a platform was placed
under the lower jump hole (jump hole 1) to support first jumps.

2.5.2. Recording system
The jump incapacitance recording system consists of a custom made

shelter that directs the rat to the jumping area, a cover that fits the top of
the jump hole (both form Hugo Wohnig, Muster-und Modellbau, Nie-
dernhausen, Germany) and the K-Scan™ sensor mat (Map#5101 from
Savecomp Megascan GmbH, Hannover, Germany) with 1936 single
sensor cells (15.5 cells/cm2) (Figure 1B). The sensor mat was connected
to a laptop via a USB device (K-Scan™ Evolution Handle). Prior to data
3

acquisition, the sensor mat was calibrated by three weights (5606.99 g,
25606 g, 45606 g).

2.5.3. Data acquisition
To habituate the rats to the system, the shelter and cover were both

installed in the RCC between levels three and four from the beginning of
the experiment (Figure 1A, C). For data acquisition, all animals were
transferred from the RCC to type IV cages and the sensor mat was
installed. Next, single rats were placed into the shelter from which they
spontaneously walked below the jump hole, stepped onto the sensor mat
and jumped to the upper level (Figure 2A and supplementary video 1).
Each animal was introduced to the shelter multiple times until three
jumps per animal and time points were recorded. Using the I-Scan™
software (Version 7.60–18I), a single jump was recorded with a scanning
speed of 100Hz. Each image gives information on the position, area and
pressure of footprints (Figure 2B). The recording was started manually by
the observer just before the animal was ready to jump and it was stopped
manually when the rat reached the upper level. Data acquisition at all
timepoints was carried out with the same sensor mat calibrated before
the experiment.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.heliyon.2021.e07906

2.5.4. Data evaluation
In order to recognize the exact moment of the jump, each recording

was analyzed in a force versus time graph. When an animal jumped
upwards, the recording ended with a high peak. To connect the peaks to
the respective right and left hind paws, peaks were immediately aligned
with the rat's actual position on the mat during the jump. Next, the value
of the maximal force applied on each hind paw was transferred from I-
Scan™ (Version 7.60–18I) software to Excel. Here, the maximum force of
the right leg was calculated as a percentage of the left leg.

2.6. Gait analysis

On days 6, 34, 62 and 90 after surgery, the CatWalk test (CatWalk XT
10.0 system, Noldus, Wageningen, Netherlands) was performed to
investigate gait characteristics according to time and surface parameters
of paw prints (Figure 3A). To adapt rats to the test system, they were
trained twice with raspberry syrup placed in the target cage behind the
CatWalk walkway. During testing, the paw prints of rats were visualized
by boundary surface optics while walking completely voluntarily. Three
runs per time point and rat were acquired between 7 am and 3 pm. Only
runs with a minimum of three sequential steps without stopping were
taken for the analysis. For an estimation of gait disturbance, the relative
print length of the ipsilateral hind paw over the contralateral hind paw
was calculated and expressed as percent of contralateral. Within the
multiple gait parameters calculated by the CatWalk XT system, the print
Figure 2. Recording and analysis of peak
forces. (A) Image of a rat on the sensor mat
immediately before jumping to the next
level. (B) Activated units on sensor mat at a
certain time point. Forces are conveyed at
both hind paws and shown with the resolu-
tion of single detectors (blue squares). The
region of interest of the ipsilateral and
contralateral paw is allocated manually (see
large red and green rectangle). (C) Dynamic
forces detected at both hind paws over the
past 4 seconds before jumping. Arrows indi-
cate the maximum force directly before the
rat is leaving the sensor mat when jumping
to the next level. The value of the max. force
at the very end of the trace is used for further
analysis (% of contralateral).

https://doi.org/10.1016/j.heliyon.2021.e07906
https://doi.org/10.1016/j.heliyon.2021.e07906


Figure 3. Chronic rat model of osteoarthritis. (A)
Overview of the experimental design: Joint instability
has been induced surgically by destabilization of the
medial meniscus (DMM). Zilretta or vehicle has been
injected intra-articularly (IA) at day 7. Various pa-
rameters were measured longitudinally as indicated.
(B) Joint broadening over time. Knee joint diameter
was determined with caliper. Shown is the SEM of the
ipsilateral minus the contralateral joint diameter of n
¼ 15–16 rats/group. ****p < 0.0001 with two-way
ANOVA (mixed model) and Tukey post hoc test.
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length parameter has been identified to best discriminate (lowest p
value) between healthy and surgery-induced OA rats [15].
2.7. Quantification of the joint diameter

Anesthetized (isoflurane 3%–4.5%) rats were placed in a sideway
position and the investigated leg was slightly stretched. While the leg was
fixed by hand, an electronic caliper (Quick Mini, Mitutoyo, Neuss, Ger-
many) was placed from the ventral to the middle of the joint space (at the
widest location between the lateral and medial femoral condyles) and
closed. The leg was then released and moved up and down. The joint
diameter was read when it was stable (�0.1 mm), and the measurement
was repeated once. The joint diameter was determined at both knee
joints in weeks 0, 1, 5, 10 and 13 (Figure 3A).
2.8. Statistical analysis

The joint diameter, CatWalk and jump incapacitance data were
analyzed by a two-way ANOVA (mixed model for repeated time points)
with a Tukey post hoc test using GraphPad Prism (Version 8.2.0).

3. Results

3.1. Joint broadening after OA induction by DMM surgery

At 1-week post-surgery the ipsilateral minus contralateral knee joint
diameter had increased by approximately 0.9 mm (Figure 3B). With some
decrease over time, this DMM-induced joint broadening remained until
week 13 after surgery. Compared with DMM rats who received vehicle,
Zilretta-treated rats showed a significantly (p < 0.0001) reduced joint
broadening at week 5 after surgery. However, this treatment effect had
disappeared at the next time point investigated (week 10).
3.2. Jump performance

After 5 days in the RCC, the platforms that supported first voluntary
jumps through the jump holes during the training phase were removed as
more rats started to jump without it. Before baseline jump incapacitance
recordings were taken at day 21 after arrival in the RCC, all rats had
frequently performed voluntary jumps through the jump holes between
4

all levels of the cage. This was confirmed by the RF-ID-based tracking
system (data not shown).

3.3. Jump incapacitance before and during DMM-induced OA

Baseline jump incapacitance values were generated after 3 weeks of
habituation and 6 days before DMM surgery by calculating the ratio of
the maximum forces measured during jumps for the ipsilateral versus the
contralateral hind paw (Figure 4A). There were no significant differences
of the mean baseline values among the three groups, although the
healthy rats showed some trend for putting slightly more weight on the
right hind paw throughout the study.

At day 7 after DMM (measured before IA injection), the mean � SEM
weight-bearing ratio dropped from 102� 4.2% to 66� 4.1% in the DMM
and vehicle group and from 97 � 3.3% to 66 � 2.4% in the DMM and
Zilretta group. The weight-bearing ratio for both groups on day 7 was
significantly different to the healthy control group (p < 0.0001).
Importantly, DMM-induced jump incapacitance in the vehicle-treated
group remained significantly different from the healthy control group
during the chronic OA phase (day 15 ¼ 81 � 4.9% [p < 0.01], day 35 ¼
83 � 7.2% [p < 0.001] and day 90 ¼ 92 � 3.4% [p < 0.05]).

In rats that received IA Zilretta on day 7, jump incapacitance on day
15 (8 days after injection) was almost normal (96 � 5.7%) and, in
contrast to the DMM and vehicle group, was not statistically different (p
¼ 0.45) to healthy controls (103 � 6.7%) and almost significantly
different the DMM and vehicle group (p ¼ 0.069). At later time points,
the weight-bearing ratio of the DMM and Zilretta group declined and
became statistically different to healthy controls (day 35 ¼ 91.5 � 6.6%,
p < 0.05; day 90 ¼ 84.5 � 3.1%, p < 0.001).

3.4. Gait disturbance before and during DMM-induced OA

Baseline values for the CatWalk gait analysis were measured 4 days
before DMM surgery by calculating the ratio of ipsilateral over the
contralateral paw print length (Figure 4B). Mean values of all three
groups were close to 100 without any significant differences. At day 6
after DMM surgery (1 day before IA injection), the mean � SEM paw
print length ratio was 94.4 � 1.1% in the DMM and vehicle group, and
94.5 � 1.3% in the DMM and Zilretta group. Both were significantly
lower compared with the healthy control group (p < 0.01). However,
during weeks 5, 9 and 13, there were no significant differences in ratios



Figure 4. Comparison of jump incapacitance and
CatWalk gait analysis after DMM. (A) Jump incapa-
citance over time. The % of the ipsilateral over the
contralateral hind paw max is shown. Force detected
during jumps. Mean � SEM of n ¼ 15–16 rats. *p <

0.05; ***p < 0.001; ****p < 0.0001 with two-way
ANOVA (mixed model) and Tukey post hoc test
compared with the healthy and vehicle group. (B)
CatWalk gait analysis over time. Shown is the % of the
ipsilateral over the contralateral hind paw max. Force
detected during walking along the walkway. **p <

0.01 with two-way ANOVA (mixed model) and Tukey
post hoc test compared with the healthy and vehicle
group.
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between both DMM groups and the healthy control group, i.e. no gait
disturbance was detectable.

4. Discussion

We hypothesized that during chronic OA in rats, pain symptoms may
be more sensitively monitored when high load onto knee joints is tran-
siently induced. With the novel jump incapacitance outcome measure,
we demonstrated a significant difference in weight bearing in the chronic
and slowly progressive DMM model compared with healthy controls
from an early (day 7) to a very late point (day 63) after surgical induction
of joint instability.

During the development of potential DMOADs, preclinical proof of
concept needs to be demonstrated, for which rodent models are typically
used [17]. Ideally, both structural damage and relevant pain-like symp-
toms should be measurable in a rodent OA model, in order to support
dose selection and dosing regimens for a drug candidate with efficacy in
both dimensions, i.e. cartilage structure and pain symptoms. However, it
has been shown by us and other groups that the detection of relevant
pain-related behavior in chronic models of OA is challenging [13,15]. To
achieve a therapeutic window and demonstrate structural improvement,
for example with a drug candidate that exhibits an anti-catabolic mode of
action, OA disease should be slowly progressing. This is the case for the
DMM model. Due to its relatively mild joint instability, less cartilage
damage is observed until a much later phase (week 20) in OA progression
than the anterior cruciate ligament transection plus medial meniscus
transection (ACLTþtMx) or medial meniscal tear (MMT) models [15,
18]. Although it has been shown that DMM induces significant changes in
medial tibial plateau cartilage and synovitis [6, 19], it is uncertain
whether there are constant periods of measurable pain. Using a dynamic
weight-bearing test, no pain-related behavior could be detected, until a
very late phase (week 13) [6].
5

In the present study, a typical joint broadening symptom was
observed after DMM surgery that peaked during week 1, persisted until
the end of the study, and was sensitive to anti-inflammatory Zilretta
treatment. Joint broadening can potentially be a consequence of surgery,
synovitis, bone remodeling or another pathology [16, 20]. The effect has
been shown to be exaggerated when rats are housed in RCCs compared
with type IV cages [15]. Over the complete time course of this model, we
determined weight bearing-related gait parameters using the CatWalk
test and compared the outcome with the novel jump incapacitance
measure obtained in the dynamic weight-bearing test during jumping.
During the CatWalk test a significant assay window was present in the
early post-surgical phase on day 7; however, no difference to healthy
animals could be detected at later time points. This is in accordance with
Ferland et al., who reported that after anterior cruciate ligament tran-
section with partial medial meniscectomy (ACLTþpMMx) only a minor
and probably insufficient assay window was measurable using the
CatWalk test [13]. These results suggest that in certain joint instability
models, gait analysis during horizontal walking is probably not sensitive
enough and, therefore, does not detect pain behavior at most of the
investigated time points. In contrast, gait analysis revealed a robust assay
window during the sub-acute OA-pain phase after IA MIA injection (data
on file and [21]), indicating that, in general, the CatWalk method is
reliable in detecting joint pain, although it appears that a pronounced
level of symptomatic severity in the model is needed.

Using the novel jump incapacitance outcome measure in the slowly
progressing DMM model, we demonstrated a significant and large assay
window to compare healthy and diseased animals from the first time
point (day 7) until the last time point (day 63) measured following sur-
gery. Weight bearing is quantified during walking in the CatWalk test, in
contrast to the dynamic weight-bearing test in which weight bearing is
quantified during jumping. We suggest that this difference is essential for
the ability to detect an assay window using jump incapacitance. One
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further confounding variable in the comparison between the CatWalk
test and our jump incapacitance measure is that different units are used
for measurement; paw print intensity (pixel number and intensity) is
used in the CatWalk test and weight (force) is used in jump incapacitance.
Therefore, a direct comparison of the jump incapacitance measure with
the dynamic weight-bearing test, which uses weight forces during hori-
zontal movements with weight forces during vertical movements, in the
DMM model would further strengthen this hypothesis.

From the perspective of the principles of the 3Rs (Replacement,
Reduction and Refinement), the improved assay window can be expected
to reduce the group size necessary to detect significant changes with
certain power and, therefore, will reduce animal numbers [22]. In
addition, the use of RCCs refines animal housing by reducing stress due to
social interactions and a more complex, enriched environment, which is
closer to the natural habitat of rats.

Traditional methods, measuring transiently evoked pain by, for
example, von Frey filaments, also produce a robust assay window during
DMM-induced OA [23]. This suggests that, by artificially amplifying the
force towards the thresholds of nociceptors, these tests exhibit enough
sensitivity todetect chronicOApain.However, since thefine tuningof pain
stimulation depends on the experimenter and also the test subjects (e.g.
rats), they can be influenced by the experimenter in a variable manner and
a standardized comparison between experiments and labs may be limited
[12, 24]. In contrast, automated recording during a spontaneous behavior
in jump incapacitate tests enables observer-independent results [12].

Another strength of measuring jump incapacitance is that the inves-
tigated behavior relates to clinically relevant movement evoked pain,
such as standing up from a chair or using stairs. Both are important real-
life situations that were reflected in the WOMAC questionnaire, which is
often used in clinical OA trials [25]. The most important analogy is that
rat jumping is predominantly a movement in a vertical direction that is
exclusively borne by the hind paws. Consequently, more force has to be
captured by the joint. In patients, during using stairs and standing up
from a chair, to a large extent the movement goes in the vertical direction
and this causes pain due to more mechanical pressure on the condyles,
which have sensitized nerve endings and low protection due to cartilage
erosion. Finally, Zilretta is approved to treat pain in knee OA and here we
have demonstrated that there is a clear trend for a therapeutic benefit of
Zilretta in the rat DMM model of OA. We have, therefore, demonstrated
backtranslation in a preclinical model, which validates the novel jump
incapacitance method [26]. The strongest benefit was seen 8 days
following injection (day 15 post-surgery). At the next investigated time
point, day 28 post-injection or day 35 post-surgery, the benefit was
reduced and no significant incapacitance compared with the healthy and
vehicle control group was observed. This could be due to a washout of
Zilretta from the knee joint leading to very low local exposure at the
relevant tissue. Interestingly, at the very late time point of 83 days after
injection (day 90 after surgery), there was a trend for a worse outcome in
the Zilretta group compared with the DMM and vehicle group. Here, the
beneficial anti-inflammatory effect had most likely been washed out
completely while disease progression may have been accelerated. To
finally confirm that Zilretta worsens disease progression, further histo-
pathological investigations would be necessary. Finally, it could not be
excluded that Zilretta had a negative impact on healthy joints. However,
since the focus of this study was on transient symptomatic improvement
after DMM, an additional group of healthy rats receiving Zilretta could
not be justified considering animal welfare.

The described advantages of the jump incapacitance readout may not
be restricted to the DMM OA model. All rat models in which pain is
induced unilaterally at the hind limb that do not lead to an avoidance of
voluntary jumping by any functional impairment or severe pain are of
relevance, including joint disease models (e.g. ACLTþtMx, MMT, IA MIA
or collagen-induced arthritis), inflammatory pain models (e.g. intra-
plantar CFA, Zymosan or Carrageenan), and even mild neuropathic pain
models with low motoric deficits (such as the chronic constrictive injury
model), all of which exhibit pain at one hind paw.
6

5. Conclusion

In summary, the jump incapacitance test represents a novel behav-
ioral assessment tool to assess pain symptoms in various rat models with
unilateral pain in the hind extremities. It is sensitive, observer indepen-
dent, relates to clinically relevant endpoints and was validated using a
drug that is approved for the treatment of OA knee pain.
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