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Background: Osteoarthritis (OA) is a degenerative joint disease characterized by progressive
cartilage degeneration, subchondral bone changes, osteophyte formation, and synovitis. A major
symptom is pain that is triggered by peripheral and central changes within the pain pathways.
Some surgery-induced joint instability rat models of OA were described to mimic traumatic
OA.. Several behavioral tests were developed to access OA-induced pain. However, follow-up in
most studies usually only occurred for about 4 weeks. Since traumatic OA is a chronic disease
which gradually develops after trauma, the pattern of pain might differ between early and late
stages after the trauma.

Purpose: To observe the time-dependent development of hypersensitivity after traumatic OA
and to determine the best timing and methods to investigate traumatic OA-induced pain.
Methods: Anterior cruciate ligament transection plus medial meniscectomy was used to induce
traumatic OA in Sprague-Dawley rats. Traumatic OA-induced pain was evaluated using four
different behavioral tests for 15 weeks.

Results: A significant difference in mechanical hypersensitivity developed throughout the
observational period. It was worst in the first 3 weeks after the operation, then became less
significant after 5 weeks but persisted. There were no differences in thermal hyperalgesia or
motor coordination.

Conclusion: Traumatic OA induced mechanical hyperalgesia but did not cause thermal hyperal-
gesia or influence motor coordination. Furthermore, to investigate chronic pain induced by OA,
the observational period should be at least 5 weeks after the intervention. These findings may help
in further research and improve our understanding of traumatic OA-induced pain mechanisms.
Keywords: traumatic osteoarthritis, acute and chronic pain, mechanical hyperalgesia, thermal

hyperalgesia, motor coordination

Introduction

Osteoarthritis (OA) is characterized by the progressive loss of articular cartilage,
subchondral bone lesions, and synovitis.! It causes disability in elderly people and
also young adults. In the last decade, the incidence of total knee replacement (TKR)
in younger patients has rapidly increased. This might be associated with previous
trauma. Performing TKR in young patients is still controversial. Although TKRs
seem a promising procedure in patients aged <45 years, long-term septic and aseptic
loosening rates are high.? In cases of traumatic OA, despite complicated variances of
clinical phenomena, chronic pain is the most prominent and disabling symptom.* If
OA pain can be eased or eliminated, TKR could be delayed and thus might provide
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some benefits in lowering rates of revisions due to aseptic
loosening or infection over a patient’s lifetime.

OA-induced pain is thought to develop as the joint
structure changes after a previous trauma. Therefore, TKR,
which reconstructs the joint, could theoretically terminate
OA-induced pain. However, there has been increasing evi-
dence demonstrating that spinal and supraspinal neurological
adaptations (central sensitization) essentially contribute to the
spread and facilitation of pain sensations in OA patients.*”
This could explain why some patients still suffer from joint
pain after TKR. Currently, understanding the mechanisms
that drive this chronic pain state remains challenging, which
largely hampers the optimistic management of chronic pain
in OA patients. Animal models could provide some help in
elaborating the mechanisms underlying OA-induced pain and
proposing potential therapeutic strategies.

Many studies used a monoiodoacetate (MIA) model to
induce OA pain.” In studies using MIA models, observa-
tional period was usually <4 weeks, since significant changes
in pain behaviors, histology, and radiologic images are seen
in a short time.'*!! Pajak et al further proved that the MIA
model showed a biphasic progressive pattern of pain-like
behaviors over 4 weeks.® In their study, an initial enormously
increased weight-bearing deficit on day 2 after the MIA injec-
tion was followed by an alleviation of symptoms on days
6—12. On days 14-28, a second phase of chronic, progres-
sive pain was observed. This two-stage development of OA
pain in 4 weeks corresponded to the expression of selected
matrix metalloproteinases. However, using a surgical OA rat
model would be more reasonable for observing traumatic
OA-induced pain.'*™ Since this kind of model can mimic
articular joint destruction after a trauma, we could observe
the development of behavioral hypersensitivity in chronic
posttraumatic OA (PTOA)-induced pain. PTOA is more likely
a chronic disease that gradually progresses after the initial
injury. Although pain can develop immediately after a trauma,
itis usually alleviated after the acute inflammatory phase and
then results in a chronic persistent or progressive pain state
thereafter. Taking the MIA model for instance, during the
first week, pain is mainly induced by inflammation after the
iodoacetate injection, but afterward inflammation plays only
a minor role in pain.’® A traumatic OA model might exhibit
a similar biphasic pain profile but has a longer time course
of pain development than the MIA model. Previous studies
used the traumatic model to evaluate OA-induced pain in
the acute phase.'®!'” Even though some studies conducted the
same animal experiments for 4-20 weeks, they also focused
on the acute phase of OA-induced pain.'>!*!3° However, the
study period was not long enough, so differences in pain

behaviors might be due to acute alterations after trauma
rather than chronic OA-induced pain. Therefore, this study
attempted to identify pain in OA and observe the time course
of pain behaviors following surgery in a rat model of PTOA
to determine a suggested observational period.

Furthermore, the time course of pain development and
also characteristics of pain profiles might differ between
chemical- and surgery-induced OA models. There are numer-
ous tests for evaluating pain behaviors which can represent
different mechanisms of pain, such as von Frey tests for
mechanical allodynia and plantar tests for thermal hyper-
algesia.?0?! Both mechanical and thermal hyperalgesia can
be observed in the MIA model.'' However, previous studies
using the surgery-induced OA model usually used mechanical
allodynia or weight-bearing asymmetry to quantify the pain
severity rather than thermal hyperalgesia.”** We hypoth-
esized that PTOA, unlike the MIA model, might induce pain
by a different mechanism which would not lead to thermal
hyperalgesia. In the present study, four different kinds of
tests were performed to determine which tests are suitable
for pain evaluation in a traumatic OA model.

Materials and methods
Establishment of a traumatic OA-induced

pain model

Male Sprague-Dawley (SD) rats (250 £ 20 g) purchased from
BioLASCO (Taipei, Taiwan) were housed under standard
diurnal light/dark conditions, fed a standard commercial
diet, and allowed access to tap water ad libitum. All proce-
dures were performed according to the National Institutes of
Health Guidelines for the Use of Laboratory Animals and
were approved by the Institutional Animal Care and Use
Committee of Taipei Medical University - Wan Fang Hospi-
tal (Taipei, Taiwan). After acclimation for 1 week, animals
were randomly allocated into three groups: a naive control,
a sham operation, and an operation group. All surgical pro-
cedures were performed under sterile conditions and general
anesthesia, which involved inhalation of 1%—-2% isoflurane.
The traumatic OA-induced pain model was established as
described previously.'® Clinically, anterior cruciate ligament
(ACL) injury is usually accompanied with meniscus tear.*
Concomitant meniscal tears occurred in 40%—82% of patients
with sustained ACL injuries. Therefore, a combination of
ACL transection (ACLT) and medial meniscectomy (MMXx)
was performed in this study to mimic the clinical conditions.
In the operation group, the right knee was exposed using
an 8-10 mm medial parapatellar approach with the patella
laterally dislocated before the ACL was transected, and the
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medial meniscus (MM) was completely resected (ACLT/
MMXx) in a manner that did not injure the articular cartilage
(Figure 1A and B). The skin was then closed in layers. In the
sham-operated group, the right knee was exposed using the
same approach, but the ACL and MM were not destroyed. The
control group received anesthesia only. All rats were allowed
to move, eat, and drink freely after surgery.

Evaluation of mechanical hyperalgesia
During OA development, the pain parameters were assessed
weekly from the day before the ACLT/MMx surgery to
postoperative week 15. Experiments were performed in a
sound-attenuated and air-conditioned (20°C) laboratory.
Mechanical nociception and hyperalgesia were assessed by
a modified von Frey test.?® The paw withdrawal threshold
in response to mechanical stimuli was measured with an
electronic von Frey anesthesiometer (IITC Life Science,
Woodland Hills, CA, USA) (Figure 1C). One hour before
testing, rats were transported to the experimental room to
minimize any environmental stimuli (visual or auditory)
or stress related to handling. Animals were then placed in
a clear chamber with a metal grid floor that gave access to
the underside of their paws. After acclimatization to the test
apparatus for 30 min, measurements were conducted on both
hind paws. The paw withdrawal threshold of the contralateral
limb (unaffected) served as an intra-animal control. A clean
plastic tip on the force transducer was applied to the mid-
plantar surface of the hind paw (at the center of the footpad).
Slight pressure was given and gradually increased until the
rat withdrew its hind paw. The maximal strength (threshold)
was automatically measured. A minimum of three measure-
ments were taken for each rat. Steps were repeated until three
close withdrawal thresholds were observed (<10% difference)
and recorded. Stimulation of the same hind paw occurred at
least 3—5 min apart. A measurement was excluded if the rat
moved during the stimulation. The data are expressed as the
withdrawal threshold in grams.

Evaluation of motor coordination

Motor coordination and balance were evaluated by a rotarod
performance test.”” The time to fall was measured using an
accelerating rotarod performance test (model MK-630B;
Muromachi, Tokyo, Japan) (Figure 1D). Each rat received a
300 s training course at a constant speed of 4 rpm. The first
trial began at least 30 min after training. A rat was placed
on the rod, and the rotarod speed was increased from 4 to 40
rpm over a 300 s period (with a 4 rpm increase every 30 s).
Each trial was completed when the animal fell off the rotarod.

Animals were then repeatedly tested weekly for their endur-
ance performance on the accelerating rotarod (the longest
time spent on the rotarod, with a cutoff time of 300 s). Data
are expressed as the time to fall in seconds.

Evaluation of thermal hyperalgesia by a
hot plate test

Thermal hyperalgesia was also tested using a modified hot
plate test.”® Time to paw licking was measured by the hot
plate test using a hot plate analgesia meter T (model 1-39;
IITC Life Science) (Figure 1E). After acclimatization for
10—15 min prior to testing, a rat was placed on the platform
which was heated at 50 °C. The heat source was maintained
at a constant intensity. Exposure to heat continued until a
nocifensive reaction of either hind paw occurred, and the
time necessary for a response to occur to the painful stimulus
was manually recorded. The maximum exposure time on
the hot surface was 30 s to prevent tissue damage. Animals
were tested in only one series of measurements, and typical
responses were hind paw shaking and/or lifting. Data are
expressed as the time to paw licking in seconds. Hyperalgesia
to heat was defined as a decrease in the withdrawal latency.

Evaluation of thermal hyperalgesia with a

plantar test

Thermal nociception was evaluated using a plantar test
as described previously.? The paw withdrawal latency in
response to radiant heat stimuli was assessed using a plantar
stimulator analgesia meter (model 390G; IITC Life Science)
(Figure 1F). An animal was placed in a clear apparatus
consisting of individual boxes on an elevated, temperature-
regulated glass platform maintained at 29 °C. After accli-
mating to the environment for 10—15 min prior to testing, a
radiant heat source was located under the table and focused
on the midplantar surface of the hind paw. This focused
thermal heat stimulus was delivered from a fixed distance to
the plantar surface of the hind paw for up to 30 s to prevent
burning injury. The paw withdrawal latency was defined as
the time taken by the rat to remove its hind paw from the
heat source. A full leg raise specifically at the site at which
the heat stimulus was directed was considered a reaction
to the thermal stimulus. At each test exposure, the left and
right paws were tested 1 min apart in random order. Three
determinations of the withdrawal latency for each paw were
separated by 5 min. Presumably, this demonstrated secondary
hyperalgesia because the testing was done on the hindpaw
remote from the joint inflammation site. Data are expressed
as the withdrawal latency in seconds.
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Figure | Establishment of a traumatic osteoarthritis-induced pain model. Male Sprague-Dawley rats were not subjected to any operation as the control group, or subjected
to a sham or ACLT and MMx operation. In the sham group, the knee ACL and medial meniscus were exposed without further injury; a white arrowhead indicates the ACL
(A). In the ACLT/MMx group, the knee ACL and medial meniscus were transected to destruct the integrity of the joint structure; a white triangle indicates the medial
meniscus (B). Mechanical hyperalgesia was determined by quantifying the paw withdrawal threshold values using a von Frey test (C). Motor coordination and balance were
determined by counting the time to falling on a rotarod test (D). Additionally, thermal hyperalgesia was determined by measuring the time to paw licking using a hot plate
test (E) and the paw withdrawal latency using a plantar test (F).

Abbreviations: ACL, anterior cruciate ligament; ACLT, anterior cruciate ligament transection; MMx, medial meniscectomy.
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Statistical analysis

Data are expressed as mean * standard error of the mean
and were analyzed with IBM SPSS Statistics 18.0 software
(IBM, Armonk, NY, USA). Statistical analysis for behavioral
experiments was carried out on raw data using a one-way
analysis of variance and a multiple paired Student’s #-test.
Statistical significance was corrected for multiple compari-
sons using Bonferroni’s post hoc test and the Holm—Sidak
method. p < 0.05 was set as the level of statistical signifi-
cance. Fitted curves of behavioral parameters were analyzed
by a fifth-order polynomial nonlinear regression performed
using GraphPad Prism version 6.00 (GraphPad Software,
La Jolla, CA, USA).

Results
Induction of traumatic OA did not cause

significant alterations in general behaviors
SD rats were subjected to ACLT/MMx and then evaluated at
1,5, 10, and 15 weeks, and their body weights and food intake
were recorded (Table 1). Compared to the control and sham
groups, body weights of animals subjected to ACLT/MMx
were not found to be influenced at 1, 5, 10, and 15 weeks
(Table 1). Although food intake was significantly lower in the
ACLT/MMx group compared to the control group 1 week
after surgery, there was no significant difference afterward
(Table 1). The general health of the animals was good, with
no signs of spontaneous nociceptive behavior, impaired
locomotion, or distress thereafter.

Table | Effects of ACLT and MMx on body weights and food
intake

Control Sham ACLT/MMx

Body weights (g)

0 weeks 3065 309+3 304£3

| weeks 334+ 6 321 +4 309+3

5 weeks 413+ 12 416 £ 15 396 +£9
10 weeks 472t 16 495+ 23 479 £ 11
15 weeks 505+ 23 543 £ 36 525+ 18
Food intake (mg)

0 weeks 200+ 5 212+ | 196 +2

| weeks 234+ 10 207 £ | 194 + |*#
5 weeks 212+ 10 218+ 6 206 £2
10 weeks 206+ 9 2216 216 +3
15 weeks 179+£8 200 £ | 187 +2

Notes: Male Sprague-Dawley rats were subjected to a sham operation or ACLT
and MMx. Control animals were not subjected to any operation. The body weights
and food intake were measured weekly. Each value represents the mean = standard
error of the mean for n = 3. The symbols * and # indicate that values significantly (p <
0.05) differed from the control and sham groups, respectively.

Abbreviations: ACLT, anterior cruciate ligament transection; MMx, medial
meniscectomy.

Traumatic OA-induced persistent

mechanical hyperalgesia

After ACLT/MMx, mechanical hyperalgesia was determined
weekly by measuring the paw withdrawal threshold (Figures 2
and 3). The values at 0, 1, 3, 5, 10, and 15 weeks were listed

A Effects of ACLT/MMx on the paw withdrawal threshold

Time (weeks) Control (g) Sham (g) ACLT/MMx (g)

0 61+1 59 +2 57+3
1 63+4 36 £ 5* 28 + 4*
5 49+3 47 £ 7* 24 + 4*#
10 53+4 46+5 36 + 5
15 42+ 4 50+2 30 £ 2%#
B Control Sham ACLT/MMXx
S 80
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Figure 2 Effects of traumatic osteoarthritis on induction of mechanical hyperalgesia.
Male Sprague-Dawley rats were subjected to a sham operation or ACLT and MMx
and then examined weekly. Control animals were not subjected to any operation.
Mechanical hyperalgesia was determined weekly by measuring the paw withdrawal
threshold values with a von Frey test. Means of the paw withdrawal threshold are
shown (A). Time-dependent effects are revealed with representative curves of the
paw withdrawal threshold in the control (black line), sham (green line), and ACLT/
MMx (red line) groups (B). Trends of mechanical hyperalgesia changes between
nontreated (dotted line) and treated (solid line) knees are highlighted in C. The
fitting curves were analyzed by a fifth-order polynomial nonlinear regression. Each
value represents the mean = standard error of the mean for n = 3. The symbols *
and # indicate that the values significantly (p < 0.05) differed from the control and
sham groups, respectively.

Abbreviations: ACLT, anterior cruciate ligament transection; MMx, medial
meniscectomy.
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Figure 3 Mechanical hyperalgesia developed in | week and persisted to 15 weeks after traumatic osteoarthritis. Male Sprague-Dawley rats were subjected to a sham
operation or ACLT and MMx and then examined for 1-15 weeks. Control animals were not subjected to any operation. Mechanical hyperalgesia was determined weekly by
measuring paw withdrawal threshold values with a von Frey test. The early (A) and late (B) phases were respectively defined as 1-5 and 6—12 weeks after the operation.
Differences among the control, sham, and ACLT/MMx groups during the early and late phases were compared. Each value represents the mean * standard error of the

mean for n = 3. The symbols * and # indicate that the values significantly (p < 0.05)
significantly (p < 0.05) differed from the control groups.

differed from control and sham groups, respectively. The symbol & indicates that values

Abbreviations: ACLT, anterior cruciate ligament transection; MMx, medial meniscectomy.

(Figure 2A). In the sham group, values of the paw withdrawal
threshold were reduced by 43% compared to control animals
at 1 week after surgery (Figure 2A). However, the reduction
in the paw withdrawal threshold between the control and
sham group recovered at 5, 10, and 15 weeks after surgery.
In contrast, 1 week after ACLT/MMXx, a significant 56%
decrease in the paw withdrawal threshold was seen com-
pared to the control group (Figure 2A). Three, 5, 10, and 15
weeks later, paw withdrawal threshold values significantly
decreased by 56%, 51%, 32%, and 28% in the ACLT/MMx
group compared to control animals. Compared to the sham
group, ACLT/MMx group showed 47%, 49%, 22%, and 40%
reduction in paw withdrawal threshold values at 3, 5, 10, and
15 weeks, respectively (Figure 2A).

The fitting curve showing the time-dependent effects
of the sham operation and ACLT/MMx on paw withdrawal
thresholds was further analyzed (Figure 2B). Our results
revealed that mechanical hyperalgesia in the ACLT/MMx
group reached a maximum at week 3, with a mean paw with-
drawal threshold value of 23 + 2 g, and this was maintained
for the duration of the study. In addition, a significant dif-
ference was observed between the bilateral paws during the
entire observational period following ACLT/MMx (Figure

2C). During the entire observational period, the contralateral
(nonoperated side) paws of the controls, and sham-operated
and operated animals did not statistically differ from each
other. No mechanical hyperalgesia was observed in the con-
trols or the sham-operated group (data not shown).

In the ACLT/MMx group, only mechanical hyperalgesia
developed on the treated side after the operation (Figure 3A
and B). Although slight improvement was noted after
5 weeks, mechanical hyperalgesia remained significantly
different from the control group for the entire observational
period. However, no mechanical hyperalgesia was observed
in the control or sham group after 1 week (Figure 3A and B).

Traumatic OA did not trigger thermal
hyperalgesia

After the ACLT/MMx surgery, thermal hyperalgesia was
determined by measuring the paw withdrawal latency and
the time to paw licking (Figure 4). A comparison of thermal
hyperalgesia measured by the plantar test and hot plate test
revealed no significant difference among the three groups
at any time points following ACLT/MMx (Figure 4A).
Although the baseline paw withdrawal latency was signifi-
cantly higher in the control group, there was no difference
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A Effects of ACLT/MMx on the paw withdrawal latency
Time (weeks) Control (s) Sham (s) ACLT/MMx (s)

0 17 £2 910 M1
1 13+£2 10+0 10+1
5 101 7+0 9+1
10 8+1 8+0 9+1
15 10+£2 91 10 £1

Effects of ACLT/MMx on paw licking
Time (weeks) Control (s) Sham (s) ACLT/MMx (s)

0 18+ 1 131 17 +4
1 102 8+1 11+£2
5 70 71 50
10 5+1 4+0 6+1
15 60 7+1 61
C Control Sham ACLT/MMXx

®» 20

>

2

$ 15

kS

§10

o

©

£ 5

2

)

o 0 5 10 15

Postoperation (weeks)

Figure 4 Effects of traumatic osteoarthritis on induction of thermal hyperalgesia.
Male Sprague-Dawley rats were subjected to a sham operation or ACLT and MMx,
and then observed weekly. Control animals were not subjected to any operation.
Thermal hyperalgesia was determined by measuring the paw withdrawal latency
using a plantar test (A) and the time to paw licking using a hot plate test (B).
The fitting curves for the paw withdrawal latency were analyzed by a fifth-order
polynomial nonlinear regression (C). Each value represents the mean + standard
error of the mean for n = 3. The symbol * indicates that the values significantly (p <
0.05) differed from the control group.

Abbreviations: ACLT, anterior cruciate ligament transection; MMx, medial
meniscectomy.

among the groups postoperatively. The times to paw licking
in the hot plate test were similar among the groups during the
study period (Figure 4B). However, the times to paw licking
declined from 13—18 to 67 s as time went by in all groups.
Figure 4C shows the fitting cure analyzed by the fifth-order
polynomial nonlinear regression, which revealed similar
patterns among the groups.

Traumatic OA did not change motor
coordination or balance

Motor coordination and balance were determined by count-
ing the time to fall using a rotarod test (Table 2). There was
no abnormal coordination noted in any of the three groups

Table 2 Effects of ACLT and MMx on motor coordination and
balance

Time (weeks) Control (s) Sham (s) ACLT/MMx (s)
0 45+ 10 52+5 61 +8

| 76 £ 13 657 66 +7

5 6719 7311 135+ 17

10 60+ 9 45+ 11 129 + 32*

15 89 + 31 59+ 16 112+ 23

Notes: Male Sprague-Dawley rats were subjected to a sham operation or ACLT
and MMx. The control group was not subjected to any operation. The rotarod
performance test was conducted weekly, and the time of animals staying on the rod
was recorded in seconds. Each value represents the mean + standard error of the
mean for n = 3. The symbol * indicates that the value significantly (p < 0.05) differed
from the sham group.

Abbreviations: ACLT, anterior cruciate ligament transection; MMx, medial
meniscectomy.

(Table 2). In contrast, times on rod even increased after
weekly training and tests, especially in the ACLT/MMx
group. The time on rod increased from 45 to 89 s in the con-
trol group, while it increased from 61 to 112 s in the ACLT/
MMx group. Although the time on the rod greatly increased
in the ACLT/MMXx group, a significant difference was only
found in postoperative week 10 compared to the sham group.

Discussion
PTOA-induced pain in the early and late

phases

The hallmark symptom of knee OA is pain, which is a
very complex phenomenon. Two different patterns of pain
were described according to the disease stage.® In the early
phase, pain is linked to activity. In the late stage, it becomes
unpredictable “background pain”. It is critical to know the
reasons explaining why this occurs with precise timing in the
progression of joint disease.>**! Anderson et al demonstrated
that acute joint trauma causes three overlapping phases of
cartilage injury: early, intermediate, and late phases. At
1-2 weeks after the trauma, the early phase is characterized
by apoptosis and inflammation, including augmentations
in levels of proinflammatory cytokines, caspases, reactive
oxygen species, basic fibroblast growth factor, metallo-
proteinases, and aggrecanases. An intermediate phase then
follows, in which catabolic responses become subsided, and
anabolic responses are initiated. Finally, a late phase with
limited repair/remodeling/matrix formation occurs.* In the
MIA model, Pajak et al found a biphasic progression pattern
of pain-like behavior which was compatible with the stages
after trauma.? This biphasic pattern of pain progression was
also observed in our PTOA model. Mechanical hyperalgesia
worsened after traumatic insults, and then slightly improved
but persisted thereafter. The pain in the first 5 weeks might be
correlated with early-phase inflammation due to trauma rather
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than chronic OA-induced pain. If one wants to study chronic
pain in OA, one should focus on the late phase. According
to our results, mechanical hyperalgesia became steady after
5 weeks and was more likely the chronic pain that developed
in traumatic OA, while hyperalgesia in the early phase might
only represent the pain due to the acute trauma.

Mechanical rather than thermal
hyperalgesia developed in PTOA

There are several experimental models for OA-induced
pain, including the MIA model and the ACLT/MMx model.
An intra-articular injection of MIA causes inflammation
followed by joint destruction,’**3* while ACLT/MMx leads
to direct joint destruction and subsequent inflammation.
Both models can mimic clinical OA. However, they might
induce OA and pain through different mechanisms. Meller
et al demonstrated that thermal and mechanical hyperalgesia
depend on activation of two different cascades in the spinal
cord.”® Thermal hyperalgesia relies mainly on activation
of spinal N-methyl-D-aspartate receptors, translocation of
protein kinase C, and the production of nitric oxide and
cyclic guanosine monophosphate. Mechanical hyperalgesia
depends on activation of spinal o-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid receptors, metabotropic
glutamate receptors, and phospholipase A, and production of
cyclooxygenase products.® Since the mechanism involved in
OA-induced pain might differ between the MIA and ACLT/
MMx models, behavioral changes might also differ. There-
fore, different behavioral tests might be suitable for different
conditioned models. Although both mechanical hyperalgesia
evaluated by the von Frey test and thermal hyperalgesia
evaluated by the plantar test or hot plate test can be used to
quantify pain in the MIA model, no difference in thermal
hyperalgesia was observed with the surgery-induced OA
model in our study. This might have been due to different
pathways for conducting thermal and mechanical stimuli.
While Kelly et al reported spontaneous firing of C-fibers
and increased mechanical sensitivity in A-fibers of knee joint
mechanoreceptive neurons in the MIA model,*® Wu et al
demonstrated that AB-fiber low-threshold mechanorecep-
tors but not C- or Ad-fiber nociceptors underwent changes
in electrophysiological properties in a surgery-induced OA
model.*” This supports the primary sensory neurons involved
in the pathogenesis of OA pain possibly differing in different
OA models. The surgery-induced OA model causes changes
in AB-fibers and thus leads to mechanical hypersensitivity.
Since the surgery-induced OA model causes no changes in
C fibers, which are known to be associated with thermal

nociception, this could explain why we observed no ther-
mal hyperalgesia in our ACLT/MMx model. In contrast, the
MIA model, as a chemical-induced OA model, might lead
to changes in both AB- and C-fibers, and thus could cause
both mechanical and thermal hyperalgesia. In this study in
which the ACLT/MMx model was used to mimic traumatic
OA, the von Frey test used for evaluating paw withdrawal
threshold was the best and the only test that could be used
to observe PTOA-induced pain.

Young male rat model for evaluating
PTOA

Experimental models tend to use genetically homogeneous
groups of young rodents in restricted and unvarying environ-
ments, and might not closely mimic natural conditions.***
Thus, animal models might not adequately reflect clinical
pain phenomena pertinent to human patients. For example,
experimental models usually use young adult rats, which
may not reflect OA in older humans who have long lived in
a complex environment. However, PTOA develops second-
ary to joint injury, and the injury can occur at a young age,
and a surgery-induced OA model in young adult rats can
still be used to observe PTOA-induced pain.* With a similar
pathophysiology, the ACLT/MMXx rat model can still present
generalizable findings and improve the translation potential
for humans.

Improved motor coordination and
shortened hot plate latency after

repeated tests

As shown in Table 2, the time to licking in the hot plate
test homogeneously became shorter in all groups. Com-
pared to results of the plantar test, another test for thermal
hyperalgesia, the shortened time to a response was unlikely
due to increasing pain. Contrarily, it may have been due to
constrained learning after the weekly tests. The decrease
in the hot plate latency after repeated testing was reported
before.** This decrease occurs when animals are tested once
a day or once a week, regardless of whether rats are exposed
to a hot or a room-temperature plate. Therefore, it is unlikely
caused by learning but probably due to habituation to stimuli
associated with the test apparatus.* Otherwise, motor coordi-
nation seemed to gradually improve among all groups. This
cannot be explained as decreased pain intensity, but indicates
that all rats had learned and become skillful in running on
the rod after the weekly tests. Buitrago et al demonstrated
that rats developed a motor strategy by modifying their gait
patterns during training.* Improvement on the rotarod was
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not a result of reduced pain or enhanced general locomotor
ability, but due to changes in the motor strategy to master
the task after repeated training on the rod. Indeed, intolerable
pain may lead to a shorter time on the rod;*® however, a longer
time on rod does not always mean less pain. Motor coordina-
tion involves the balance, grip strength, and motor planning.
Pain might impair the motor performance; however, it might
also be altered or compensated for by other mechanisms. Our
results indicated that OA-induced pain did not worsen the
motor coordination in the ACLT/MMx model. Contrarily,
motor coordination improved after repeated training. The
rotarod performance test might not be suitable for measuring
chronic OA-induced pain.

Conclusion

In a PTOA rat model, mechanical hyperalgesia is more suit-
able for detecting the development of hypersensitivity than
thermal hyperalgesia or motor coordination. Since OA is a
chronic disease and induces pain as the disease progresses,
the observational period for investigating traumatic OA-
induced pain should be longer than 5 weeks. According to the
trend of changes in mechanical hypersensitivity, it worsened
in the first 3 weeks after the operation, and then became less
significant after 5 weeks but persisted. The pain intensity
remained in a relatively steady state thereafter, which was
more like chronic pain rather than acute or subacute pain
caused by traumatic damage. There were no differences in
thermal hyperalgesia or motor coordination. These findings
may help in further research and improve our understanding
of mechanisms of traumatic OA-induced pain.
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