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Changes in joint components after knee immobilization
associated with hindlimb unweighting in rats.

Taro Matsuzaki, Shinya Yoshida', Ami Ikeda?, Masahiro Hoso

Abstract
The purpose of this study was to establish a method of knee immobilization associated
with hindlimb unloading, and to investigate the histopathological changes of the knee joint
components after immobilization and unloading.
Forty male Wistar rats were randomly divided into four groups: control group, unweighting
group, knee immobilization group, and unweighting + joint immobilization group. The
knee immobilization was performed using external fixation. For the hindlimb unweighting,
a Kirschner wire was inserted at the rat’s caudal vertebra and a stainless steel wire was
attached to the Kirschner wire to allow hindlimb suspension by the tail.
After two weeks of intervention, the body weight and knee range of motion were
measured, and the histopathological changes in the articular cavity and joint capsule were
examined. There was no significant difference between the body weight and the range of
joint motion among the 4 groups before the intervention. After the experimental period,
the average body weight was no statistically significant between them.
The knee range of joint motion was no significant different between unweighting group
and control group, however, immobilized groups had significant decrease in comparison
with non-immobilized groups. In unweighting groups, the cartilage was directly exposed
to the articular cavity, and the surface of the articular cartilage was smooth. Conversely,
invasion and adhesion of the granulation-like tissue into the joint cavity were observed
in joint immobilization groups. Joint capsule of control groups and unweighting groups
was typically composed of coarse and relatively loose fibrous connective tissues. The
immobilized groups presented dense collagen bundles with narrow interstitial spaces
and congested blood vessels in all cases. In the knee immobilization associated with
unweighting group, the increase in collagen fiber density was less obvious in comparison
with that observed in animals of immobilized group.
Although the Kirschner wire insertion is an invasive intervention, the animals in our
study showed increasing body weight compared to the baseline weight. In addition, no
suspension failing episodes were observed across the study, thus there was no need to re-
suspend or drop-out animals. Therefore, the tail suspension technique using Kirschner wire
reported in this study, could be safer and a less stressful technique of hindlimb suspension
compared to other conventional techniques.
We also concluded the method described in this study does not allow weight bearing
during joint immobilization resulting in better simulation of the joint contracture
observation in clinical practice.
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Introduction

The mechanical causes of joint range of motion
limitation can be due to decreased elasticity of muscle
and skin and by changes of joint components", such as
joint limitation caused by shortening and adhesion of
joint capsules and ligaments.

In orthopedics, mechanical joint limitation caused
by tissues localized external to the joint components
is defined as contracture, and when the limitation
origin is localized inside the joint components, the
joint limitation is defined as ankylosis. On the other
hand, in rehabilitation medicine, independently to
the mechanical origin, joint limitation is defined as
contracture.

Once the joint contracture develops, it causes major
inconveniences in daily activities and the range of
movement limitation is usually not the only issue,
pains often occur during joint movement, which
leads to decrease in movement, less activities and the
deterioration of quality of life. Therefore, in Orthopedic
and Physical therapy area, joint contracture is an
important issue to be treated and prevented.

Numerous studies using various animal models have
been performed for the purpose of clarifying changes
in joint components after joint immobilization®'?,
These studies performed the joint immobilization using
internal / external fixation or cast immobilization.

The majority of those animal studies using, including

11-16 .1s . .
) utilized invasive

studies reported by our group
procedures to perform joint immobilization and with
most of them allowing weight bearing on the joint
during the immobilized period. However, in clinical
practice, most of the joint contractures that needs
clinical treatments are caused by immobilization due to
bone or joint diseases and reduction of joint movement
caused by long-term bed resting. In clinical practice,
when lower limb joints are immobilized as part of
treatment, weight bearing on the joints is usually not
allowed. In addition, in cases of long-term bed resting
joints cannot bear body weight due to the incapacity of
patients to stand. Therefore, animal models conducted
so far to assess the impact of prolonged immobilization
on joint structure have not considered the effects of
joint compression on joint components caused by
weight bearing during immobilization and therefore

the reported changes of the joint components in joint

limitation may not reflect the changes that are observed
in clinical practice.

The purpose of this study was to establish a method
of knee immobilization associated with hindlimb
unloading, and to investigate the histopathological
changes of the joint components after immobilization

and unloading.

Material and Methods

Ethical issues

The protocols for these experiments were approved
by the Animal Care Committee and Institutional Ethics
Committee of Kanazawa University (AP-122480), and
all procedures for animal care and treatment were
performed in accordance with the Guidelines for the
Care and Use of Laboratory Animals at Kanazawa

University.

Intervention

Forty male Wistar rats (weighing 240-270g) were
purchased from Sankyo Labo Service Corporation (Toyama,
Japan) and kept under regular conditions for one week
before the start of the experiments. They were housed, 1
per cage, in a room maintained under a 12-hour light-dark
cycle. Food and water were given ad libitum as previously
described™. After getting used to the rearing environment
for one week, the rats were randomly divided into 4
groups, with 10 animals per group.

Group 1 was the control group with normal rearing
and none intervention. Group 2 was subjected to
hindlimb unweighting using tail suspension method.
Group 3 had right knee immobilization intervention
using external fixation. Group 4 had both interventions,
hindlimb unweighting and right knee immobilization as
described in Group 2 and 3.

Initially, all rats were anaesthetized using
intraperitoneal pentobarbital sodium injection, (dose:
40 mg/kg) and operated for knee external fixation or
sham operation under sterile conditions. Prior to the
surgery, weight and passive knee range of motion were
measured.

In this study, the Knee Range of Motion was
determined as the measure of the extension limitation
angle when hind limb was pulled in the caudal direction
with 1 N force applied by a manual force gauge. The

knee angles were measured using a stainless steel finger
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Figure 1: Using the external fixation, the rat hind limb knee joint
was immobilized at flexion position.

goniometer as described in previous study'®.

Group 3 and Group 4 rats were immobilized at 120
degrees of knee flexion using external fixation for right
knee (Fig.1).

The animals of Group 2 and Group 4 had a
Kirschner wire inserted at the rat’s caudal vertebra. The
wire was inserted approximately 2 ~ 3 cm from the
tail base avoiding the intervertebral discs (Fig 2, 3). A
stainless steel wire was attached to the Kirschner wire
to allow hindlimb suspension by the tail. The length
of the stainless steel wire was adjusted to suspend the
hindlimb certifying that they would not touch the cage
floor, however not too high to allow free movement
and free access to food and water in the cage using
the front limbs. The hindlimb suspension were
kept throughout the experiment and no suspension

failure occurred during the experimental period. The

Figure2 © A Kirschner wire was pierced into the rat coccyx and
a stainless steel wire was inserted. At this time, took
care to avoid the intervertebral disc.

Figure3 : X-ray findings of the rat's tail.

experimental period was 2 weeks for all groups. All
animals had free movement and free access to food and

water during the experimental period.

Specimen preparation

After the experimental period, body weight and
passive joint range of motion of rats in all groups were
measured under anesthesia. Thereafter, the animals
were euthanized with overdose of sodium pentobarbital
intraperitoneal injection. Immediately after euthanasia,
their right hindlimbs were disarticulated and dissected
out from the hip joint for histopathological analysis. The
area of the caudal vertebra where the Kirschner wire
had been inserted, was also dissected for Group 2 and
Group 4 rats. The dissected right hindlimbs and tails
were fixed in 10% buffered formalin and decalcified.
After decalcification, the knees were cut over the
sagittal plane at the level of the anterior and posterior
cruciate ligament and the tails divided at the level
of Kirschner insertion. Following neutralization with
5% sodium sulfate solution. The specimen’s fixation,
decalcification, and neutralization were kept at 4°C for
72 hours. The specimens were embedded in paraffin,
sectioned at 3 um, and mounted on microscope slides.
All sections were stained with hematoxylin and eosin
stains and used for observation in a histopathological
examination. Histopathological analysis was performed

to the articular cavity, and the posterior joint capsule.

Statistical Analysis
The statistical analysis was performed using IBM
SPSS Statistics for Windows (version 19.0.1, IBM Corp.,
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Table 1: Changes in bodyweight and range of motion (*: p<0.05).

Before intervention

After intervention

Body weight Range of motion Body weight Range of motion
Groupl 293.7+16.7 28.4+3.4 321.1+28.5 31.8+3.8 _| n.s.
Group2 287.6+27.8 26.6+3.1 307.5+20.0 326438
Group3 280.6+18.6 26.2+4.0 314.4+15.7 65.8£5.6 T«
Group4 284.9+19.1 30.0+2.3 293.8+38.9 58.6+3.1

Armonk, NY, USA). Knee range of motion angles were
analyzed using one-factor analysis of variance (ANOVA)
with Bonferroni post-hoc multiple comparisons. A value
of p<0.05 was accepted as statistically significant. All
results are reported as mean £ SD.

Result

All animals survived the experimental period. Rat
knees and caudal vertebra showed no visible swelling at
the end of the intervention.

There was no significant difference between the
body weight and the range of joint motion among the
4 groups before the intervention (Table 1). After the
experimental period, the average body weight was 321.1
+ 285 g, 3075 £ 20.0 g, 321.1 £ 285 g, 293.8 = 38.9
g for Group 1 to 4, respectively, and no statistically
significant difference was observed between them.

The mean of the range of joint motion was 31.8
+ 3.8, 32.6 = 3.8, 65.8 £ 5.6, 58.6 £ 3.1 degree for
Group 1 to 4, respectively. There was no significant
difference between Group 1 and Group 2, however,
immobilized groups (3 and 4) had significant decrease
in the mean of the range of motion in comparison with
non-immobilized groups (1 and 2). There was also a
significant decrease difference between Group 3 and
Group 4 (p = 0.001).

Histopathological changes in the joint cavity and
posterior joint capsule.

In Control Group (Group 1), the cartilage was
directly exposed to the articular cavity, and the surface
of the articular cartilage was smooth (Fig. 4a). In
Group 2 where hindlimb suspension was performed,
there was no considerable changes in the joint cavity,
compared to the Group 1 (Fig. 4b). Conversely, in
Group 3 (joint immobilization), invasion and adhesion
of the granulation-like tissue into the joint cavity

was observed in all animals (Fig. 4c). In Group 4,

o o
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Figure4: Control Group (Group 1), the cartilage was directly
exposed to the articular cavity (Fig.4a). In Group 2,
there was no considerable changes in the joint cavity,
compared to the Group 1 (Fig.4b). In Group3, invasion
and adhesion of the granulation-like tissue into the
joint cavity was observed in all animals (Fig.4c).
In Group 4, localized membrane-like structure of
cartilage surface layer was observed (Fig.4d).

F: femur, T: tibia, M: meniscus, Scale bar =1mm

(joint immobilization + hindlimb unloading), localized
membrane-like structure of cartilage surface layer was
observed (Fig. 4d), and adherence between granulation-
like tissue and articular cartilage was found in 5 out of
10 animals (Table 2).

In addition, in group 1, the joint capsule was typically
composed of coarse and relatively loose fibrous
connective tissues (Fig. 5a). In Group 2, as in Group 1,
gaps were observed between the collagen fibers, which
was relatively loose (Fig. 5b). The immobilized groups
(Group 3) presented dense collagen bundles with
narrow interstitial spaces and congested blood vessels
was observed in all cases (Fig. 5¢).

However, in the joint immobilization and unweighting
group (Group 4), the increase in collagen fiber density
was less obvious in comparison with the observed in
animals in Group 3 (Fig. 5d). Although no visual signs

of inflammation were observed on the caudal vertebra
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Table 2: Histopathological changes in the joint cavity

Invasion of
granulation-like tissue
into the joint cavity

membrane-like structure
of cartilage surface layer

Adhesion of granulation-like
tissue to articular cartilage

Groupl 0 0
Group2 0 0
Group3 10 10 10
Group4 4 7 5

The numerals represent the number of individuals.

where the Kirschner wire was inserted, histologically a
mild neutrophil infiltration could be observed (Fig 6).

Discussion

Several joint immobilization methods that cause
changes in joint components have been reported so far,
however, in those studies only immobilized the joints
was performed, allowing the weight bearing on the
limb. The allowance of weight bearing probably results
in pressure applied to the immobilized joint during limb
movement with floor contact.

In addition, various hindlimb unweighting animal
models to study disuse muscle atrophy has been

reported!””

, however, few studies have reported the
body weight change. Yamauchi and colleagues ' reported
that rat’s tail suspension for 3 weeks significantly
decreased body weight in 4 month-old rats, however
this decrease was not observed in 20 month-old rats.
In another study that utilized pierced Kirschner wire
into the rat’s caudal vertebra to suspend the hindlimbs
reported a significant weight loss in the suspension
group'”, which contrasts with the observed in the
present study with no statistical difference in body
weight among all groups after the experimental period.
This can be due to the hindlimb suspension height,
which was set to be as minimum as possible, just the
enough to avoid the hindlimb contact to the cage floor.
This method also allows free trunk movement and less
constrain maintaining animals closer to the normal
physiological conditions and consequently resulting in
less stress and less weight loss. As a result, although the
Kirschner wire penetration is an invasive intervention,
animals utilized in our study showed increase body
weight compared to the baseline weight. In addition, no
suspension failing episodes were observed across the
study, thus there was no need to re-suspend or drop-out

animals. Therefore, the tail suspension technique using

Figure5: In Group 1, the joint capsule was typically composed
of coarse and relatively loose fibrous connective
tissues (Fig 5a). In Group 2, gaps were observed
between the collagen fibers (Fig 5b). The immobilized
groups (Group 3) presented dense collagen bundles
with narrow interstitial spaces and congested blood
vessels was observed in all cases (Fig.5¢). In the joint
immobilization and unloading group (Group 4), the
increase in collagen fiber density was less obvious in
comparison with the observed in animals in Group 3
(Fig.5d).

AAA : vessel, AAA : adipocytes, 117 : Gap between
collagen fibers (Typical examples), Scale bar =200 um

Figure6: There were no visual signs of inflammation
were observed on the caudal vertebra
where the Kirschner wire was inserted.
Scale bar=2mm



Taro Matsuzaki, et al.

Kirschner wire reported here, could be safer and a less
stressful technique of hindlimb suspension compared to
other conventional techniques.

In a previous study using immobilize by internal
fixation, the cartilage matrix disappeared at the
contact surface, and no change was observed on the
matrix of the noncontact surface, but some fibrosis
was observed in the surface layer”. In another study
that used external fixation of rabbit hindlimbs for the
purpose of increasing pressure on articular cartilage,
articular cavity lost, thin cartilage on load surface,
and decreased staining of chondrocyte nucleus were
observed®. In our previous study, casting and unloading
induce d invasion of the granulation-like tissue into the
cartilage'®. In the present study, load and pressure were
applied to the joints during the immobilization. Similar
findings such as joint articular cavity lost and cartilage
matrix lost were found in the Group 3 (immobilization
and no hindlimb suspension). Thaxter reported that
joint immobilization using internal fixation resulted on
soft tissue proliferation and adhesion, bone necrosis
or ulceration, however when immobilization was
associated with unweighting, bone necrosis or ulceration
was not observed and those joint histological images
were similar to the initial changes observed in joint
immobilization *. These findings can be considered
similar to findings observed in our experiments (Group
4 findings). The articular cartilage does not contain
blood vessels and nerves and the nutrition is considered
to rely on diffusion of synovial fluid which flow is
assisted by joint movement™. Therefore, nutrition
supply to cartilage and disposal of metabolites requires
intermittent load and regular joint movement. This
nutritional and metabolic characteristics can explain
the absence of change in articular cartilage in Group 2
which had no joint immobilization intervention in spite
of unweighting. On the other hand, after pressuring
the joint and cartilage, decrease in the staining
property of cartilage nucleus and cartilage matrix,
and cartilage fibrosis were observed in Trias study®.
Our results suggest that the unweighting state despite
joint immobility (Group 4), the changes in the joint
components are mild and localized, and the sustained
load on the cartilage affects greater causing cartilage
major changes (Group 3). Those results lead to the

need to reanalyze the conventional methods that have

not been considering the weight bearing effects during
joint immobilization once it could be an important
factor influencing the greater changes of articular
cartilage.

In the posterior joint capsule, findings of fibrous
densification and blood congestion were observed after
joint immobilization (Group 3). Same findings were

W1 However, in the

found in our previous studies
unweighting associated group (Group 4), the changes
in the joint capsule were too mild and no noticeable
differences such as the articular cartilage changes were
observed compared to the free loading group (Group 3).
These facts suggest that induced changes in articular
cartilage and joint capsule after joint immobility may
have different causes and mechanisms.

Considering that the conventional research methods
to study the effects of immobilization allow weight
bearing during the experimental intervention, the
method described here does not allow weight bearing
during joint immobilization and resulted in better
simulation of the joint contracture seen in clinical
practice. We believe the findings reported here can

contribute to further understanding in joint contractures.

Limitation

In this experiment, Kirschner wire was inserted into
the rat’s tail and it was able to suspend the hindlimbs
for 2 weeks, but we do not confirm how long it can
last in place. This is important because the increased
body weight can result in overloading the tail during
suspension, which may result in inflammation. It is also
necessary to keep in mind the importance of infection
prevention and others potential complications that can

develop in longer periods of tail suspension.
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FWETDT v MREREE OREIC L HEIEBRFDZEL

PRIRAER, HHE D, fEER Y, MHERE

= 8

SEOEBROENIZ, 7y MEBZIEMEL LI $MBE T2 HETHILTZZE, B
JOTHEOHEI BRI X 2BHBRAEOENICED I IITHET L0 EHET S
ZETH D,

40 PS> Wistar REEMEZ v b REA L. BIERIC 4 BT T2s ZRZIRIIERE, FERT
ERE, BIEIREIRE, REYLIEME S LT, BIEARENIAISNEE 2 Vv CR BRI % i
i 120 BECARBML L 720 FERMTEMIX T v F DREIC Kirschner $ifiR2HIL, ATV A7
A ¥ ERAWCREZBREL, BESEHL WX ST,

AD 2 B, KE L BEETEIE 2 HE U 7t B & BETRT5 O B % R B
FEIZBEE LT,

FEBRBOEREIZIIZBICER RN L o Tz, BB SRR S & CIERERIZK
UARBIEE, BIEARE) L EMERCERICEA LT W, 7. RE)EJEMERE & B L T
M ARBEECIIE R LB O 234 6 iz, B CII I IREE, BEIINE1E
BRI IC B L Qe ps, BAETAREIRE, B & IEM EEE CIXREFRER O BEIEEN 0 F
A, BASTECE RS O AR & OfiE s EIE S, REY & JEM ERE CIIE RE o Ak
FHAR I IRR I TH o 7o BIETOIOTIREE, JEMEEECIZa 7 — 7 VMR IR Z R o,
FEBSRIBME T H o 7228, BFIARBIREClda 7 — 7 VAR IZ 0 0HRE L L, FRMESIX A3
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