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Abstract

To evaluate changes in matrix molecules of the joint capsule, the right knees of 24 skeletally
mature female NZW rabbits were immobilized while the contralateral limb served as an
unoperated control. The immobilization was discontinued at 8 weeks and the rabbits were divided
among four groups (77 = 6) based on the number of weeks the right knees were remobilized: 0, 8,
16, or 32. Three rabbits (six knees) that did not have operations provided normal control joint
capsules. The mRNA levels for collagen types I, Il, and 111, and MMP-1 and -13 were significantly
increased in the joint capsules of the contracture knees in all groups when compared to normal and
contralateral limb joint capsules. In contrast, the mRNA levels for TIMP-1, -2, and -3 were
decreased in the joint capsules of the contracture knees in all groups when compared to normal
and contralateral limb joint capsules. The mRNA levels for lumican and decorin were increased in
the joint capsules of the contracture knees in all groups when compared to normal capsules. Many
of the changes observed in this animal model are similar to those observed in human joint capsules
from posttraumatic elbow contractures, supporting the value of this rabbit model.
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INTRODUCTION

Joint contractures, characterized clinically by loss of joint range of motion, are features of
many pathologic conditions including arthritis, posttraumatic contractures, and spinal cord
injuries. In posttraumatic elbow contractures, operative treatments, whether open or
arthroscopic, focus on excising or dividing the joint capsule surrounding the elbow to
improve joint motion.1=3 To study the changes in the joint capsule, our laboratory has
recently described a posttraumatic joint contracture animal model where permanent loss of
joint motion was produced in rabbit knees that mimics the posttraumatic contractures seen in
human joints.# Using this model, it was determined that myofibroblasts, fibroblasts
expressing the contractile smooth muscle protein a-smooth muscle actin, were elevated in
the capsules of the knee joints with contractures in chronic stages of the process.* These
animal model results regarding myofibroblasts and a.-smooth muscle actin are similar to
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what we have described in human elbow joint capsules obtained from patients with chronic
posttraumatic contractures.*® Recent work in our laboratory on human elbow joint anterior
capsules has shown altered expression of collagen, small leucine-rich proteoglycans, matrix
metalloproteinases (MMPS), and tissue inhibitors of metalloproteinases (TIMPS) in patients
with chronic posttraumatic contractures.?

The objectives of the current study were to evaluate collagen, MMP, TIMP, and small
leucine-rich proteoglycan mRNA levels in knee joint capsules of the rabbit model of
posttraumatic joint contractures in subacute and chronic stages of the process, and to
compare the results to findings in joint capsules from chronic human elbow posttraumatic
contractures.*>7 Based on our work on human elbow joint capsule, the hypotheses were that
collagen, MMP, and small leucine-rich proteoglycan mRNA levels are increased, and TIMP
mMRNA levels are decreased, in the joint capsule of the contracture knees at each period of
remobilization when compared to contralateral knee joint capsules and normal knee joint
capsules of unoperated rabbits.® The final hypothesis was that there is a time effect on
mMRNA levels, with levels decreasing in the contracture knees over time for all molecules
considered.

MATERIALS AND METHODS

Skeletally mature New Zealand White female rabbits (12-18 months old, 5.5 + 0.5 kg) were
used (Reimans Furrier, St. Agatha, ON). Institutional Animal Review Committee approval
was obtained prior to the animal experiments. Twenty-four rabbits were equally divided into
four groups based on the time of remobilization: 0, 8, 16, or 32 weeks (Table 1). All rabbits
had the right knee immobilized for 8 weeks prior to remobilization. The left knee served as
an unoperated control. The biomechanical description of the joint contracture severity over
time for these animals has been published previously.# Three age- and gender-matched
rabbits were the source of normal knee joint capsules (7= 6).

Surgical Interventions

Under inhalational general anesthesia (halothane 3-5%), incisions over the lateral thigh and
anterior aspect of the mid-tibia were made.*" Cortical windows (5 mm?2) were removed
from the nonarticular cartilage portion of the medial and lateral femoral condyles, taking
care not to damage the collateral ligaments. The intrasynovial cortical windows have been
validated as a model of fracture healing and produced a hemarthrosis.8 The knee joint was
then immobilized with a smooth 1.6 mm-diameter Kirschner wire (K-wire; Zimmer,
Mississauga, ON, Canada). The lateral thigh incision was used to expose the femur. The
tibial incision allowed the drilling of the K-wire through the tibia; the K-wire was passed
posterior (extraarticular) to the knee joint and bent around the femur. The knee was placed at
150° of flexion and then the tibial portion of the wire was bent and cut below the skin.* The
patellofemoral joint was checked to ensure it was reduced. The arthrotomies were not
closed. All skin incisions were closed with 3-0 Ethilon (Ethicon, Johnson & Johnson,
Peterborough, ON, Canada). The rabbits were allowed free cage activity (0.1 m3) following
all operations. The left knees were never surgically manipulated.
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Eight weeks after the original procedure, a second inhalational general anesthetic (halothane
3-5%) was administered to cut the K-wires for the 8-, 16-, and 32-week groups. The tibial
portion of the K-wires was removed and the rabbits were returned to free cage activity. The
0-week remobilization group was Killed after 8 weeks of immobilization with an overdose
(1.5 mL) of Euthanyl (MTC, Cambridge, ON, Canada) while the other three groups were
killed (Euthanyl overdose) after the prescribed number of weeks of remobilization.
Biomechanical measures of knee motion were performed the same day as sacrifice.”
Immediately following joint angle measurements the posterior joint capsule was harvested
and frozen using liquid nitrogen.

RNA Isolation and Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

The protocol followed methods described previously.>® Ribonucleic acid isolation (TRIspin
method) began by reducing the frozen tissue to a powder at liquid N, temperatures. TRIzol
reagent (Life Technologies, Gaithersburg, MD) was added (1 mL TRIzol/50 mg tissue) and
the mixture then was warmed to room temperature. Chloroform was added, and the samples
were centrifuged. The upper aqueous phase containing the RNA then was removed, and 1
volume of 70% ethanol was added. Total RNA was extracted and the RNA was purified
using an RNeasy Total RNA kit (Qiagen, Chatsworth, CA). The RNA yield was quantified
fluorometrically (Perkin-Elmer, Branchburg, NJ) using Sybr Green Il (FMC BioProducts,
Rockland, MN), and was compared with standards obtained with calf liver ribosomal RNA.

Semiquantitative RT-PCR for mRNA analysis was performed on all samples at the same
time to avoid any potential variation in efficiency of the procedures. Reverse transcription
was performed using 1-ug total RNA aliquots and the Qiagen Omniscript RT kit (Qiagen,
GmbH, Hilden, Germany). Random primers (0.5 umol/L) were added to the RNA and first-
strand cDNA was synthesized by adding x10 first-strand buffer, RNase block ribonuclease
inhibitor, d-nucleoside triphosphates, and Maloney murine leukemia virus reverse
transcriptase. Reactions were incubated at 37°C for 1 h; this was followed by a 5-min
incubation at 93°C and subsequent cooling on ice for 5 min. Aliquots of cDNA were
amplified in a total volume of 50 uL containing x10 polymerase chain reaction buffer, 10
mmol/L d-nucleoside triphosphate mixture, 50 mmol/L MgCl,, 0.5 umol/L of each primer,
and 1.25 U of Tag DNA polymerase (Rose Scientific Ltd, Edmonton, AB, Canada). Rabbit
specific primers were used as indicated in Table 2.10:11 Primer sets were optimized for PCR
cycles, and linear amplification curves were plotted. The optimal cycle number was selected
to be in the linear part of the amplification curve. All no-RT controls were negative, ensuring
that no detectable genomic DNA was present in the RNA samples. All samples used in this
study were reverse-transcribed at least twice, and all PCR experiments were performed at
least twice with results indistinguishable from those reported here.

Polymerase chain reaction products were separated by electrophoresis of 20 pl of each PCR
product using a 2% agarose gel at 100 VV/cm in 1x TAE buffer. After electrophoresis, the
gels were stained with ethidium bromide, destained in distilled water, and photographed
using Polaroid number 55 film (Technicare Inc., Calgary, AB, Canada). Comparison with the
standard 1-kb DNA Ladder (Life Technologies) ensured that the PCR products were the
proper size. Relative band intensities were quantified by densitometric scanning of negatives
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(Masterscan Interpretive Densitometer; CSPI, Billerica, MA). The mRNA levels of the

various collagen, proteoglycan, MMP, and TIMP molecules were normalized to the mRNA

levels of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Statistical Analysis

RESULTS

Data are presented as mean + standard deviation. Statistical analysis consisted of a paired &
test to evaluate experimental and contralateral control knees for each group. To evaluate
changes over time, an analysis of variance (ANOVA) with post hoc Tukey tests was used.
The normal knee joint capsules were included as one group in the ANOVA. Significance
levels were set at p< 0.05.

The range of motion measures describing the knee joint contractures over time in the four
groups has been published previously.* Briefly, all K-wires remained intact for the 8 weeks
of immobilization and contractures developed in the immobilized knees. The severity of the
contractures decreased when comparing the 0-, 8-, and 16-week remobilized groups (means
38°, 33°, and 19°, respectively). Joint motion loss stabilized when considering the 16- and
32-week remobilized groups (means 19° and 18°, respectively), indicating that the joint
contractures had reached a plateau. The control contralateral knees had a mean flexion
contracture of 8°. The contralateral knee motion is similar to normal knee joint motion

measured from skeletally mature NZW female rabbits with our biomechanical methodology.
7

The mRNA levels for GAPDH were not significantly different between the contracture and
control knees for all four experimental groups, and the right and left knees of the normal
rabbits (data not shown). The relative mRNA levels of all capsular matrix molecules and
enzymes assessed were not significantly different when comparing right and left knees from
the normal rabbits. Thus, the mRNA values of the joint capsules from the right and left
knees were pooled for the normal rabbits giving a total of six samples.

Collagen mRNA levels were significantly elevated in the posterior joint capsules of the
contracture knees in all groups and the levels tended to decrease with time (Fig. 1). For
collagen types 1, I1, and I, relative mRNA levels for the contracture knee joint capsule were
significantly elevated when compared to the control knees for all four groups and when
compared to the normal knees (Fig. 1). When considering the effect of time on collagen
mMRNA levels in the capsules of the contracture knees, the general trend was for a decrease
in mRNA levels postremobilization (Fig. 1). The statistically significant differences in
collagen I levels were such that the values for the 32-week group were significantly less than
the other three time groups (Fig. 1a). For collagen Ill, statistical analysis showed that mMRNA
levels in the 0-week group were significantly greater than those in the 32-week group (Fig.
1c). The pattern of the collagen Il mMRNA levels was somewhat different from those for
collagens | and 11 in that the values peaked in the 8-week group and these values were
significantly greater than those of the other three time groups (Fig. 1b). Furthermore, the
collagen 1l mRNA levels in the contracture knee capsules of the 0-week group were
significantly greater than the 16- and 32-week groups (Fig. 1b).
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The mRNA levels for MMP-1 and -13 were increased in the posterior joint capsules of the
contracture knees and levels tended to decrease with time postremobilization (Fig. 2). For
MMP-1, the values of the contracture knees for the 0- and 8-week remobilization groups
were significantly greater than their respective contralateral knees, and also the normal knees
(Fig. 2a). For MMP-13, the contracture knees had significantly increased mRNA levels
when compared to the control knees in all groups and when compared to the normal knees
(Fig. 2b). When considering the effect of time postremobilization, the trend was for a
decrease in mRNA expression in the contracture knees, but the only statistically significant
difference was the mRNA levels for MMP-13 of the 8-week group compared with the 16-
week group.

TIMP mRNA levels were selectively modified in the joint capsules, but in an opposite
direction to those of the MMPs, as well as collagen (Fig. 3). The relative mRNA levels in the
contracture knees were significantly less than the values in the contralateral control knees at
all time periods for TIMP-1, -2, and -3. For all three TIMP molecules assessed, the values
for the contractures knees were significantly less than the normal knees for all time periods.
The trend for TIMP molecule expression with time postremobilization in the contracture
knees was an increase in expression. The only statistically significant differences were the
TIMP-3 values; the 32-week group values were significantly greater than the 0- and 8-week
values and the 16-week values were significantly greater than the 0-week values (Fig. 3c).

The small leucine-rich proteoglycans displayed unique patterns of mRNA levels (Fig. 4).
Decorin and lumican did not exhibit any significant differences between the contracture and
control knees for any group (Fig. 4a and b). The capsules from the contracture knees at all
time periods had mRNA levels that were significantly greater than the values of the normal
knees. There was no effect of time post remobilization. Bigylcan mRNA levels did not
exhibit a consistent pattern (Fig. 4c). There were significant differences detected between
contracture and control knees in all four groups; expression in the contracture group was
significantly less than the control groups at 0 and 8 weeks, but then the contracture group
biglycan mRNA levels were significantly greater than the control group values at 16 and 32
weeks. When considering the effect of time postremobilization, there was a bimodal
expression pattern for biglycan in the contracture groups with the 8- and 32-week groups
having significantly greater expression than the 0-and 16-week groups and the normal knees.

DISCUSSION

The results presented in this report indicate that the metabolism of the joint capsule is
specifically altered and the alterations persist long after the motion loss changes have
stabilized. This rabbit knee model of posttraumatic joint contractures evaluates outcomes 8
to 40 weeks after the injury, representing subacute and more chronic stages of the process.*
As published previously, the initial severity of the contracture decreases with time post
remobilization, but then it stabilizes and does not change further. In the current study,
evaluation of the posterior knee joint capsules from the rabbits reported in the range of
motion study showed an alteration in matrix molecule and enzyme mRNA levels. With a few
exceptions (MMP-1 at 16 and 32 weeks), the mRNA levels of collagen types I, I, and 11
and MMP-1 and -13 were significantly greater, and the mRNA levels of TIMP-1, -2, and -3
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were significantly less, in the contracture knee capsules when compared with similar tissues
from the contralateral unoperated knees or normal rabbit knees that did not have operations
at all time periods evaluated. The small leucine-rich proteoglycans decorin and lumican did
not display any statistically significant differences in mRNA levels between contracture and
contralateral control knees at any time point, although the contracture knees tissue had
significantly greater values than the normal knees at all time points. Biglycan mRNA levels
exhibited a biphasic pattern with values in the contracture knee capsules significantly less
than the contralateral control knee tissues in the 0- and 8-week groups, while mMRNA levels
in the contracture knees was significantly greater than in the contralateral control knees in
the 16- and 32-week groups. The mRNA levels in the capsules of the contracture knees in
the 8- and 32-week groups were significantly greater than for the normal knee joint capsules.
Thus, the stabilization of the loss of range of motion in the chronic stages of the contracture
does not correlate with the establishment of a new metabolic set point in the tissue, but
rather an environment that can be considered hypermetabolic compared to normal age and
gender matched tissues.

The effect of time postremobilization on MRNA level profiles in the contracture knee joint
capsules manifested themselves in four patterns. For collagen types I, 11, and 11, and
MMP-1 and 13, the trend was for levels to decrease with time but still be elevated compared
to control values (Figs. 1 and 2). Except for MMP-1, statistical analysis determined that
MRNA levels in those groups at the shorter times postremobilization had significantly
greater values than the 32-week group. The trend for TIMP-1, -2, and -3 mRNA levels was
to increase over time (Fig. 3). Statistical analysis revealed significant differences only for
TIMP-3, where 0- and 8- week postremobilization values were significantly lower than
values at 32 weeks postremobilization. Decorin and lumican mMRNA expression in the
contracture joint capsules did not show any time effect (Fig. 4a and b). Biglycan mRNA
expression displayed a bimodal distribution with the 8- and 32-week groups having
significantly greater values than the 0- and 16-week groups (Fig. 4c). Thus, mRNA levels for
matrix molecules and enzymes in joint capsules appear to be specifically modulated.

The changes in matrix molecule and enzyme mRNA levels in the posterior joint capsules of
this rabbit knee model are similar to findings in the anterior joint capsule of humans with
chronic posttraumatic elbow joint contractures.® The human joint capsules expressed
significantly increased collagen, MMP, and biglycan mRNA levels and significantly
decreased TIMP mRNA levels in contracture patients when compared to age-matched organ
donors free of contractures. Thus, chronic stages of the rabbit model reflect the alterations
detected for matrix molecules and enzymes observed in the human process.® Our laboratory
has also reported that this animal model parallels the motion loss characteristics and
myofibroblast increases observed in chronic human posttraumatic elbow contractures.#:> The
evidence from the present study further strengthens the parallels between the human
condition of post-traumatic contractures and the animal model of posttraumatic contractures.
A state with chronically altered mMRNA levels occurs even though motion changes have
stabilized in both the human condition and the animal model of posttraumatic contractures.

Previous work by other authors immobilizing normal rabbit knees have shown alterations in
collagen and collagenase expression.12:13 Akeson et al. reported an increased collagen
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turnover in joint capsules of rabbit knees with contractures 9 weeks after immobilization
was instituted to produce the contractures.12 Harper reported that immobilization of a
normal rabbit knee for 4 weeks led to decreased collagenase activity in ligaments, but did
not report on joint capsule changes. The decreased collagenase reported by Harper et al. is in
contrast to the increases in MMP-1 and -13 mRNA detected in the present study. Several
differences may potentially explain the discrepancy. The tissues evaluated were different;
capsule versus ligament. Harper et al. immobilized normal knees in contrast to the injury
plus immobilization in this model. Harper et al. evaluated the measures earlier in the process
(4 weeks) in contrast to the later stages (8 weeks +) evaluated in the present study. Finally,
Harper et al. measured active enzyme, while MMP mRNA was assessed in the present study.
As active enzyme does not account for proenzyme, enzyme—inhibitor complexes, or
posttranscriptional controls, finding some differences due to different methodologies may
not be unexpected. However, the findings of the present study do indicate alterations of cell
metabolism in this rabbit model.

It should be noted that in many instances the mRNA levels in the contralateral control knees
were significantly different from the normal control knees. This is true especially for the
MMPs, TIMPs, and the small leucine-rich proteoglycans (Figs. 2, 3, and 4). Whether using
the contralateral knee or the normal knee as the control, the statistical comparison showed
significantly different values from the contracture knee for the collagens, MMPs, and
TIMPs, and the difference was consistently increased or decreased levels with either control.
Thus, the interpretation of the significance of the results in the contracture knee capsules in
relation to control capsules was not affected for these molecules. In contrast, the issue of
which control that is used can alter the interpretation of the findings for the small leucine-
rich proteoglycans. Lumican and decorin mRNA levels in the contracture knees were
significantly greater than the normal knee capsular values but not significantly greater than
the contralateral knees. Biglycan levels were even more variable. Evaluation of the mRNA
levels of all molecules in this study in the capsules of the normal right and left knees did not
reveal any significant differences, suggesting that there is no side-to-side effect in normal
rabbit knees. However, a contralateral effect has been described in injury models of the
rabbit medial collateral ligament (MCL).14 The authors reported that in rabbits with a
unilateral MCL injury, the contralateral unoperated MCL had altered biomechanical
properties when compared biomechanical properties of MCLs obtained from age-, gender-,
and activity-matched control rabbits. The source of the contralateral effect is unknown, but
may include altered biomechanical loading of the contralateral limb, a systemic response
due to blood borne mediators, altered neurologic input to the contralateral limb or other
unknown factors. The bottom line is that the choice of control is important and may alter the
interpretation of the results.

In our model of posttraumatic joint contractures, immobilization is required to produce
contractures. Preliminary work in our model with the femoral condyle injury only did not
produce contractures.” Most authors have used various forms of immobilization to produce
joint motion loss or contractures.12:15-25 Only a few have reported on what happens to the
motion loss after the immobilization is discontinued.?2:26 Interestingly, these authors did not
combine joint injury with the immobilization and the motion losses disappeared after
remobilization of a period equal to the time of immobilization. Our model is unique in that
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we have combined joint injury with immobilization, followed by remobilization up to four
times longer than the immobilization time. Motion loss is permanent in the long-term in our
model, suggesting we are studying joint contractures and not the effect of joint
immobilization. Future work is required to determine the roles of the injury, hemarthrosis,
immobilization, and remobilization in our animal model of joint contractures.

A potential mechanism to explain the clinically observed “thickened” joint capsule in
posttraumatic contractures is tissue accumulation. Two processes that can contribute to
tissue accumulation are excess tissue production or insufficient degradation in the repair and
remodelling processes. The collagen mRNA findings would support an excess of production.
However, the MMP and TIMP results could be interpreted to support excessive, or
ineffective, degradation depending on the comparison. Excessive degradation would be
supported by the contracture and control (contralateral and normal) knee comparisons where
MMP mRNA levels were significantly increased, and TIMP mRNA levels were significantly
decreased in the contracture knees. Ineffective degradation would be supported by
considering the MMP and TIMP expression in the contracture knees with time
postremobilization. MMP expression decreases while TIMP expression increases in the
contracture knees in this comparison, which implies a decreasing MMP:TIMP ratio. A
decreasing MMP:TIMP ratio would support ineffective degradation, and is consistent with a
report regarding contracture phenomena and synthetic MMP inhibitors. Hutchinson et al.2’
indicated that frozen shoulder and Dupuytren’s contracture of the hand developed in 6 of 12
patients with inoperable gastric carcinoma who were given a synthetic MMP inhibitor for
greater than 1 month. The inhibitor treatment would be expected to lead to a reduction in the
MMP:TIMP ratio. Caution must be heeded with this observation of the MMP:TIMP ratio. In
the present study protein levels of the MMPs and TIMPs were not measured. In addition,
Hutchinson et al.2” did not confirm decreased MMP:TIMP ratios (MRNA or protein) in the
pathologic tissue. Further work is required to understand which mechanisms may be active.
Studies in the immediate and early phases of the contracture process, when the knees are
immobilized in this model, will give us further insight into the MMP and TIMP expression.
Work is also required to evaluate protein levels for the molecules and enzymes evaluated by
mMRNA techniques.

In summary, mMRNA levels for a subset of matrix molecules and enzymes are specifically
altered in joint capsules of this rabbit model of posttraumatic contractures. The alterations in
MRNA levels are similar to changes reported in joint capsules of patients with chronic
posttraumatic contractures, validating this animal model.8 With this information we can now
focus future research on questions related to why the changes occur and persist, as well as
how they can be influenced. Such baseline information is critical to evaluate the effects of
current treatments (e.g., early motion) on joint capsule properties or to develop new methods
of treatment or intervention that must be vetted in animal models prior to progressing to
patients.
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Figure 1.

Histograms of the mRNA expression of collagen types I (a), Il (b), and 111 (¢) normalized to
GAPDH mRNA expression are shown.
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Histograms of the mRNA expression of MMP-1 (a) and MMP-13 (b) normalized to GAPDH

MRNA expression are shown.
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Figure 3.
Histograms of the mRNA expression of TIMP-1 (a), -2 (b), and TIMP-3 (c) to GAPDH

MRNA expression are shown.
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Histograms of the mRNA expression of decorin (a), lumican (b), and biglycan (c)

normalized to GAPDH mRNA expression are shown.
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Table 1
Rabbit Distribution

Group Immobilization (Weeks) Remobilization (Weeks)

0-week 8 0
8-week 8 8
16-week 8 16
32-week 8 32

N =6 per group.
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