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TaBLE 3. LisT OF ADVERSE EVENTS

Type of event

No. of cases

Severe adverse event
Meniscal tear®
Nonsevere adverse event

Increase of creatine phosphokinase, increase of C-reactive protein 10

Anemia

Pain of hip joint, decrease of albumin, complication of postoperative wound

Decrease of total protein, postoperative wound pain
Fever

Back pain, astriction, increase of glutamate oxaloacetate transaminase
Pain around injection, pain of extremity, hyposthesia of lower extremity
Decrease of body weight, increase of aspartate aminotransferase, inflammation around continuous epidural

anesthesia catheter, cough, red patch around wound, insomnia, muscular pain, nausea, itching sensation,
increase of white blood cell, stiffness of muscle, nausea after injection, secretion around the drainage,

pharyngeal pain

Abdominal pain, itching around wound, rare around bandage, decrease of lactase dehydrogenase, increase 1
of lactase dehydrogenase, increase of potassium, increase of blood pressure, dehydration, contact
dermatitis, vertigo, difficulty of urination, headache, hypertension, increase of uric acid, keroid scar,
dullness, stiffness around the clavicle, musculoskeletal pain, nasopharyngitis, orthostatic hypotension,
fracture of the rib, dental pain, transient vocal cord paresis, increase of body weight, bleeding after
injection, dyschezia, itching around eye, electrolyte abnormality, vomiting after surgery, headache after

surgery

“Medial meniscus tear in the contralateral knee joint.

1988 to 1997 in the affiliated hospital. The proportion of
nonprogressed case in that series was 26/38 (68%), while
the proportion of nonprogressed case in the current series
was 7/9 (78%, 95% CI: 40-97%). Although it is clear that
the prospective randomized trial using enough number of
patients is necessary to draw any conclusion, the result in
this study suggested the feasibility of our method. Based on
the results in this study, we re-evaluate the risk—benefit
value of each step and will modify to improve the value in
the next trials.

Whether transplanted cells exert therapeutic effects
through direct differentiation to osteogenic cells remain to
be investigated. Most initial cell transplantation studies
were designed and performed with the aim of engrafting
transplanted cells to regenerate the tissue. However, recent
studies showed that this was not the case. Only a small
proportion of MSCs, locally or systemically administrated,
will actually be incorporated into injured tissues, which
indicates that the beneficial effects of tissue repair and
regeneration are more likely indirect and depend on the
paracrine activity of MSCs.***® This should be also con-
sidered in our case, although it is difficult to trace the fate
of transplanted cells in humans.

As a conclusion, we showed that our procedure was
performed safely, but the efficacy was still to be determined.
In addition to the increase in the sample number, future
modification should be considered to increase the efficacy,
such as the combination with suitable degradable artificial
components and growth factors. Information from the cur-
rent clinical trial may lead to the successful result for the
advanced stage of ION.
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Destabilization of the medial meniscus leads to subchondral bone
defects and site-specific cartilage degeneration in an experimental rat
model
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ARTICLE INFO SUMMARY

Article history: Objective: This study aimed to investigate subchondral bone changes using micro-computed tornography

Received 20 February 2014 (micro-CT) and regional differences in articular cartilage degeneration, focusing on changes of cartilage

Accepted 7 May 2014 covered by menisci, in the early phase using a destabilization of the medial meniscus (DMM) model.
Method: The DMM model was created as an experimental rat osteoarthritis (OA) model (12 weeks old;

KeyWD'ﬁ?~' . . . n = 24). At 1, 2, and 4 weeks after surgery, the rats were sacrificed, and knee joints were scanned using a

Destabilization of medial meniscus Micro-CT system. Histological sections of the medial tibial plateau, which was divided into inner, middle,

Subchondral bone defects
Cartilage degeneration
Cartilage covered by menisci

and outer regions, were prepared and scored using the modified OARSI scoring system. The cartilage
thickness was also calculated, and matrix metalloproteinase 13 (MMP13), Col2-3/4c, and vascular
endothelial growth factor (VEGF) expression was assessed immunohistochemically.
Results: Subchondral bone defects were observed in the middle region, in which the cartilage thickness
decreased over time after surgery, and these defects were filled with MMP13- and VEGF-expressing
fibrous tissue. The OARSI score increased over time in the middle region, and the score was signifi-
cantly higher in the middle region than in the inner and outer regions at 1, 2, and 4 weeks after surgery.
Col2-3/4c and MMP13 expression was observed primarily in the meniscus-covered outer region, in
which the cartilage thickness increased over time.
Conclusion: Loss of meniscal function caused cartilage degeneration and subchondral bone defects in the
early phase site-specifically in the middle region. Furthermore, our results might indicate cartilage
covered by menisci is easily degraded resulting in osmotic swelling of the cartilage in early OA.

© 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction and mechanical factors, including malalignment and abnormal
joint kinematics during ambulation>. Despite the multifactorial
Osteoarthritis (OA) is the most common form of arthritis and a nature of knee OA, the mechanical environment of the knee during
major cause of pain' and disability? in older adults. The common ambulation has a profound influence on the initiation and pro-
risk factors for knee OA include age, sex, obesity, prior joint injury, gression of knee OA®. The increased incidence of medial compart-
ment knee OA is therefore believed to result from higher

mechanical loading of the medial compartment.
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Recently, subchondral bone changes are determined to play an
important role in the pathogenesis of knee OA™, In human
studies, subchondral bone fracture frequently occurs after menis-
cectomy, worsening the patient's clinical condition'' "%, Addition-
ally, meniscal extrusion is associated to increase subchondral bone
cyst’. However, whether these subchondral bone changes occur in
early phase after loss of meniscal function are still unknown.
Therefore, understanding of the subchondral bone changes in the
early phase after loss of meniscal function is important for pre-
venting the initiation and progression of knee OA.

An experimental OA model of surgical destabilization of the
medial meniscus (DMM) has been used for common knee OA basic
research'®. Previous studies showed subchondral bone changes by
histological methods after DMM'"~"7. Recently, extensive micro-
computed tomography (micro-CT) studies which observed
morphological changes of subchondral bone in a rat OA model have
been conducted?'®. Also in DMM rat model, trabecular porosity was
increased in 4 weeks after surgery by micro-CT study'?, however
the time-course of subchondral bone changes in early phase after
DMM is still unknown.

DMM results in an elevation of peak local contact stress in the
medial compartment?®?! and even changes the distribution of
mechanical loading in menisci-covered and uncovered cartilage. In
recent ex vivo studies, cartilage covered by menisci differed from
uncovered cartilage in terms of histology®*?*, mechanical proper-
ties?>"%4 and metabolic activities?. These studies indicated carti-
lage covered by menisci is potentially susceptive to mechanical
loading than cartilage uncovered by menisci. Some animal studies
indicated that the kinetics of cartilage degeneration differ between
these two regions®*?%?7 and cartilage covered by menisci displays
greater degeneration after meniscectomy than uncovered carti-
lage?S. However the time-course change and regional change of
cartilage especially cartilage covered by menisci after loss of
meniscal function are still unclear.

The first purpose of this study was to investigate subchondral
bone changes over time after loss of meniscal function using micro-
CT and the second was to investigate regional differences in artic-
ular cartilage degeneration, focusing on changes of cartilage
covered by menisci, in the early phase using a DMM model.

Method
Experimental animals and surgical procedures

This study was approved by the animal research committee of
Kyoto University (approval number: 13602). An experimental OA
model was created via DMM™ in male Wistar rats (12 weeks old;
n = 24; mean body weight, 272.4 g). After the rats were anes-
thetized by 8.5 ml/kg somnopentyl, the right knee joint was
exposed following a medial capsular incision and gentle lateral
displacement of the knee extensor muscles without transection of
the patellar ligament. Then, the medial meniscotibial ligament
(MMTL) was transected, and the medial meniscus could be dis-
placed medially. After replacement of the extensor muscles, the
medial capsular incision was sutured, and the skin was closed. A
sham operation was performed on the left knee joint using the
same approach without MMTL transection. The animals were then
permitted unrestricted activity and provided free access to food and
water.

Micro-CT analysis of the subchondral bone
At 1, 2, and 4 weeks after surgery (n = 8 for each time point), the

rats were sacrificed, and knee joints were scanned using a Micro-CT
system (SMX-100CT, Shimadzu, Kyoto, Japan) at voxel size 21 pm

146

1037

resolution. After scanning, the knee joint was three-dimensionally
reconstructed using a software package (Amira5.4, Visage, Berlin,
Germany). Changes of the subchondral bone were observed in the
sagittal and frontal sections qualitatively.

Histological analysis

The knee joints were fixed in 4% paraformaldehyde overnight
and decalcified in 10% EDTA. The samples were dehydrated and
embedded in paraffin. Paraffin sections were prepared from the
medial tibial plateau in the frontal plane according to previously
described methods?® and alternately stained with hematoxylin-
eosin (H-E) and toluidine blue. The toluidine blue-stained sec-
tions were evaluated using the OARSI score established by Pritzker
et al.*®, which scores the product of six grades (depth of lesion) and
four stages (extent of involvement) on a scale of 0 (normal) to 24
(severe OA). To detect regional differences in cartilage, the method
was slightly modified such that the cartilage of the medial tibia was
divided into outer, middle, and inner regions, each comprising
approximately one-third of the total arc length®"*2. The cartilage in
the outer regions is covered by the meniscus, whereas the cartilage
in middle and inner region is not covered by the meniscus. To assess
cartilage thickness, the frontal sections were used for thickness
histomorphometric analysis, and digital images of each region
(x40) were captured. The cartilage thickness of each region was
defined as the mean value of three thickness measurements per-
formed at regular intervals perpendicular to the cartilage surface®>
in the photo image of histology using the Image-] software.

Immunohistochemistry

Immunohistochemical staining of vascular endothelial growth
factor (VEGF), matrix metalloproteinase 13 (MMP13), and Col2-3/4c
was performed. Col2-3/4C antibody was kindly donated by Dr A.R.
Pool (Shriners Hospitals for Children, Department of Surgery,
McGill University, Montreal). The Col2-3/4C antibody is a rabbit
polyclonal antibody directed against the COOH terminus of the
three-quarter fragment. It is generated specifically via cleavage of
native type Il collagen by mammalian collagenases. Deparaffinized
sections were treated with 0.3% hydrogen peroxide to reduce
endogenous peroxidase activity. Then, the sections were treated
with 1.25 (anti-VEGF) or 0.6% (anti-MMP13) hyaluronidase (Sig-
ma—Aldrich Co., St Louis, MO, USA) in PBS for 60 min at room
temperature and 1% hyaluronidase in PBS for 30 min at 37°C (Col2-
3/4c). Non-specific staining was blocked by incubation of the sec-
tions with 5 (anti-VEGF) or 10% (anti-MMP13, Col2-3/4c) normal
goat serum for 60 min.

Subsequently, the sections were treated with anti-VEGF (diluted
1:50), anti-MMP13 (diluted 1:1000), and Col2-3/4c (diluted 1:800)
and further incubated overnight at 4°C. Detection was performed
using the streptavidin-biotin-peroxidase complex technique with
an Elite ABC kit (diluted 1:100; Vector Laboratories, Burlingame,
CA, USA). Immunoreactivity was visualized by incubation with
diaminobenzidine solution (Vector Laboratories) followed by
counterstaining with hematoxylin. The primary antibody was not
added to negative controls.

Statistical analysis

The software program JMP 11 (SAS Institute, Cary, NC USA) was
used for the statistical analysis. Descriptive statistics were calcu-
lated as median and interquartile range for OARSI score and as
means and 95% confidence intervals (Cls) for cartilage thickness.
The Mann—Whitney U test was used for pair-wise differences of
OARSI score and the paired t-test was used for pair-wise differences



Fig. 1. Micro-CT images of the subchondral bone in 1 week (b, f), 2 weeks (¢, g), and 4 weeks (d, h) after DMM surgery. Subchondral bone defects were confirmed in the middle
region of the medial tibia in the frontal sections (b—d) and posterior regions of the sagittal sections (f-h) after DMM surgery. No subchondral bone defects were confirmed in 4
weeks after sham surgery (a, e).

Fig. 2. Histological findings of the subchondral bone defects on micro-CT image in 4 weeks after surgery. HE and toluidine blue staining in sham (a, ¢) and DMM cartilage (b, d).
Subchondral bone defects in DMM cartilage were filled with fibrous tissue (asterisk). Inmunohistochemical analysis of VEGF (e) and MMP13 (f) expression in DMM cartilage. VEGF-
positive and MMP13-positive cells were confirmed in the fibrous tissue (arrowhead). Magnification, x200. Scale bars = 200 pm.
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Fig. 3. Toluidine blue staining of the cartilage in the inner, middle, and outer regions of the medial tibia in 1 week (d—f), 2 weeks (g—i), and 4 weeks (j—1) after DMM surgery. In the
inner region, there were no pronounced change of the cartilage in experimental periods (d, g, j). In the middle region, matrix loss in the upper one-third of the cartilage and vertical
fissures were confirmed in 1 week (e). The matrix loss further progressed into the upper two-thirds of the cartilage in 2 and 4 weeks (h, k). In the outer region, chondrocyte
proliferation and clustering were confirmed (arrowhead) without cartilage degeneration in 1 week (f). Cartilage thickness was increased together with matrix production in 2 weeks
(i); however, chondrocyte numbers were decreased, and the surface was irregular in 4 weeks (1). No cartilage degeneration were confirmed in 4 weeks after sham surgery (a—c).

Magnification, x100. Scale bars = 100 pm.

of cartilage thickness. In all cases, P < 0.05 was considered
significant.

Results
Subchondral bone changes

Subchondral bone defects were observed in the middle region 1,
2, and 4 weeks after DMM surgery on micro-CT images (Fig. 1).
These defects were observed in the center of thickened sub-
chondral bone and the destruction were exacerbated over time.
According to the histological findings, these defects were filled with
fibrous tissue [Fig. 2(a and ¢)]. The immunohistochemical locali-
zation of VEGF and MMP13 was observed in the fibrous tissue
[Fig. 2(e and f)].

Histological findings

The most severe lesions were confined to the middle region of
the medial tibia in DMM cartilage [Fig. 3(e, h and k)]. Vertical fis-
sures with matrix loss in the upper third of the cartilage were
confirmed beginning 1 week after DMM surgery [Fig. 3(e)]. Matrix
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loss had worsened by 4 weeks after surgery, indicating depletion of
the matrix in the upper two third of the cartilage with chondrocyte
loss [Fig. 3(h and k)]. Meanwhile, chondrocyte proliferation and
matrix production were confirmed in the meniscus-covered outer
region, which did not display extensive cartilage degeneration
[Fig. 3(f, i and D)].

The result of OARSI score was shown in Fig. 4. The OARSI score was
increased locally in the middle region {Fig. 4(b)] of DMM over time
and significantly higher than sham at all periods (1 week: 7.5[2.3—8.0]
vs 0[0—10]; 2 weeks: 12.0[7.5—13.1] vs 0[0—0]; 4 weeks: 13.8
[12.4-16.0] vs 0[0—0]). In outer region [Fig. 4(c)], the OARSI score was
slightly increased over time and significantly higher than sham at all
periods though changes was not as high as in middle region (1 week:
3.0{2.0—3.0] vs 0[0—1.0]; 2 weeks: 3.0[3.0—3.8] vs 0[0—0]; 4 weeks:
4.0[3.3~6.0] vs 0[0—0]). There were no pronounced change of the
OARSI score in inner region [Fig. 4(a)] and significantly higher than
sham only in 4 weeks (1 week: 1.0[0.3—1.0] vs 0[0—0.8]; 2 weeks: 1.0
[1.0—1.8] vs 0.5[0—1.0]; 4 weeks: 1.0[1.0~5.5] vs 0[0—1.0]). The OARSI
in the middle region was significantly higher than in the inner and
outer regions at 1, 2, and 4 weeks after surgery (data not shown).

The cartilage thickness of DMM increased over time in the outer
region (1.5-fold in 4 weeks), whereas that of DMM decreased over
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Fig. 4. Time-course of changes in the OARSI score in inner (a), middle (b), and outer
region (c). OARSI scores increased, particularly in the middle region, over time after
DMM surgery, whereas slight increases in the OARSI score was noted in the outer
regions. Boxplots displaying median values and interquartile range (n = 8; *P < 0.05;
**P < 0.01 by Mann—Whitney U test).

time in the middle region (0.8-fold in 4 weeks) (Fig. 5). In inner
region, cartilage thickness of DMM and sham was slightly increased
in 2 weeks following slightly decreased in 4 weeks, however there
were no significantly differences between DMM and sham
[Fig. 5(a)]. Cartilage thickness of middle region was significantly
thinner than sham in 4 weeks [Fig. 5(b)] and that of outer region
was significantly thicker than sham in 1, 2, and 4 weeks [Fig. 5(c)].
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Type 1l collagen degradation in the inner, middle, and outer regions

Collagenase cleavage sites were present together with surface
fibrillation in the inner and middle regions at 4 weeks [Fig. 6(d and
e)]. Interestingly, in the outer region, collagenase cleavage sites
were present in all layers [Fig. 6(f)]. In sham cartilage, collagenase
cleavage sites were present only on the surface of the inner region
[Fig. 6(a—c)].

MMP13 was also present together with surface fibrillation in the
inner and middle regions after 4 weeks [Fig. 7(d and e)] and in all
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Fig. 5. Time-course of changes in the cartilage thickness in inner (a), middle (b), and
outer region (c). Cartilage thickness of middle region became thinner over time
whereas that of outer region became thicker over time. Bars show the mean + 95% Cls
(n = 8; "P < 0.05; *™*P < 0.01 by paired t-test).
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Fig. 6. Immunohistochemical staining of Col2-3/4c in sham (a--¢) and DMM cartilage (d—f) in 4 weeks after surgery. Inner (a, d), middle (b, e), and outer cartilage (c, ). In DMM
cartilage, Col2-3/4c staining was confirmed on the surface in the inner (d) and middle regions (e), in which fibrillation was observed. In the outer region of the OA cartilage, Col2-3/
4c staining was confirmed in most layers, whereas only slight fibrillation was observed (f). Only a part of the surface of the inner region was positively stained for Col2-3/4¢ in sham

cartilage (a). Magnification, x100. Scale bars = 100 pm.

layers of the outer region [Fig. 7(f)]. In sham cartilage, MMP13 was
present only on the surface in the inner region [Fig. 7(a—c)].

Discussion

In this study, subchondral bone defects were observed site-
specifically in middle region in micro-CI images, and these were
not repaired by 4 weeks after DMM surgery (Fig. 1). These findings
were consistent with previous studies using collagenase-injected
model** and ACLT model'®. Although we could not confirm what
caused subchondral bone cyst, Landells proposed the presence of a
breached subchondral bone plate was the source of subchondral
bone cyst formation®®. Degenerated cartilage lost the ability to
maintain fluid pressurization, resulting in the transmission of
excessive mechanical loading and exudation of pressurized fluid
into the breached underlying bone which might lead to subsequent
cyst expansiong'm‘ Furthermore, previous studies showed cystic

tissue in OA subchondral bone is capable of activating higher
numbers of osteoclasts’***%. These findings indicated sub-
chondral bone cyst might be the results of osteoclast activity dril-
ling holes towards the cartilage.

We also revealed that subchondral bone defects corresponded
with cartilage degeneration and cartilage thinning at the site of
greatest disease severity, which agrees with previous findings in
humans®># and animal models®. Cartilage thinning in the middle
region results in extreme mechanical loading under the sub-
chondral bone plate of the middle region during ambulation.
Chronic abnormal mechanical loading after meniscal extrusion
might cause repetitive microtraumas in the trabeculae, leading to
angiogenesis, subchondral bone remodeling and stress-induced
bone resorption.

Defects in subchondral bone were filled with fibrous tissue,
which expressed MMP13 and communicated with cartilage in the
osteochondral junction [Fig. 2(f)]. MMP13 degrades type 1l collagen

Fig. 7. Immunochistochemical staining of MMP13 in sham (a—c) and DMM cartilage (d—f) in 4 weeks after surgery. Inner (a, d), middle (b, e), and outer cartilage (c, f). In DMM
cartilage, MMP13 expression was confirmed on the surface in the inner (d) and middle regions (), in which fibrillation was observed. Similar to Col2-3/4c staining in the outer
region, MMP13 expression was confirmed in nearly all layers (f). Only a part of the surface of the inner region in the sham cartilage displayed positive MMP13 staining (a).

Magnification, x100. Scale bars = 100 pm.
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specifically, and it is associated with the progression of knee 0OA%!.

As activated osteoblasts in subchondral bone cysts expressed
MMP1%°, MMPs might contribute to absorb both the bone and
articular matrix.

The increased cartilage thickness in the meniscus-covered outer
region is similar to the findings of previous studies®!>, Peripheral
thickening might be an adaptive or compensatory mechanism to
increase the articular cartilage area of contact*. From our findings,
however, the cartilage of the outer region might have failed to
adapt to mechanical loading because MMP13 expression and type II
collagen cleavage were confirmed in all layers (Figs. 6 and 7),
resulting in other pathologic changes in cartilage, such as cyst
formation (Supplementary Figure)**. Cartilage covered by menisci
receives mechanical loading via menisci under normal conditions,
and it has less cartilage matrix than uncovered cartilage®>?,
Therefore, the outer region displayed destructive changes in
response to direct mechanical loading after the loss of meniscal
function which easily resulting in osmotic swelling of the cartilage
(Fig. 3).

The limitations of the study should be mentioned. First, it re-
mains unclear whether subchondral bone defects were first initi-
ated by the loss of cartilage integrity or because of a subchondral
bone failure. Second, the experimental period was only 1, 2, and 4
weeks after surgery; therefore, the long-term changes in cartilage
and subchondral bone are unknown. Third, we use an experiment
model of rats, and thus, our findings might not translate directly to
humans, as anatomical differences between rats and humans may
affect the extent of cartilage degeneration.

In conclusion, the loss of meniscal function resulted in cartilage
degeneration and subchondral bone defects in the early phase site-
specifically in the middle region. Additionally, fibrous tissue in
areas of subchondral bone defects expressed MMP13, indicating
osteochondral changes in early OA. Collagenase cleavage sites and
MMP13 were most commonly present in the outer region covered
by menisci, which thickened over time after surgery. Our results
might indicate cartilage covered by menisci is easily degraded
resulting in osmotic swelling of the cartilage in early OA.
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Abstract

Background: Muscle atrophy caused by immobilization in the shortened position is characterized by a decrease in
the size or cross-sectional area (CSA) of myofibers and decreased muscle length. Few studies have addressed the
relationship between limitation of the range of motion (ROM) and the changes in CSA specifically in biarticular
muscles after atrophy because of immobilization. We aimed to determine the contribution of 2 distinct muscle
groups, the biarticular muscles of the post thigh (PT) and those of the post leg (PL), to the limitation of ROM as well
as changes in the myofiber CSAs after joint immobilization surgery.

Methods: Male Wistar rats (n = 40) were randomly divided into experimental and control groups. In the experimental
group, the left knee was surgically immobilized by external fixation for 1, 2, 4, 8, or 16 weeks (n =5 each) and sham
surgery was performed on the right knee. The rats in the control groups (n =3 per time point) did not undergo
surgery. After the indicated immobilization periods, myotomy of the PT or PL biarticular muscles was performed
and the ROM was measured. The hamstrings and gastrocnemius muscles from the animals operated for 1 or

16 weeks were subjected to morphological analysis.

Results: In immobilized knees, the relative contribution of the PT biarticular myogenic components to the total
restriction reached 80% throughout the first 4 weeks and decreased thereafter. The relative contribution of the PL
biarticular myogenic components remained <20% throughout the immobilization period. The ratio of the myofiber
CSA of the immobilized to that of the sham-operated knees was significantly lower at 16 weeks after surgery than at

1 week after surgery only in the hamstrings.

Conclusions: The relative contribution of the PT and PL components to myogenic contracture did not significantly
change during the experimental period. However, the ratio of hamstrings CSAs to the sham side was larger than the
ratio of medial gastrocnemius CSAs to the sham side after complete atrophy because of immobilization.

Keywords: Contracture, External fixators, Muscles, Range of motion, Rats

Background

The normal range of joint motion (ROM) is maintained
by repeated daily movements. The normal ROM is diffi-
cult to restore once lost [1], and immobilization is a
major cause of joint contracture. Physical therapy and
surgical release are used to prevent and treat joint
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contracture [2-4]. Knee flexion contracture can be surgi-
cally treated by posterior soft tissue release such as ham-
string lengthening, proximal gastrocnemius release, and
posterior capsule release [2]. Studies on animal muscles
have shown that passive extensibility depends on the size
and length of the muscle fibers and the amount and ar-
rangement of connective tissue in the muscle belly [5-7].

Contracture can occur when a muscle undergoes dis-
use, as in the case of limb immobilization [8]. The tech-
nique of fixation of muscles at abnormally short lengths
can be used to study muscle atrophy [7,9,10]. In a

© 2014 Nagai et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,
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previous study, the components of joint contracture
after immobilization were classified into arthrogenic and
myogenic components [11]. However, to the best of our
knowledge, no study has investigated the influence of
myogenic components in detail. The low activity of
immobilized muscles leads to muscle atrophy [9,12].
Muscle atrophy is caused by loss of tissue protein be-
cause of decreased synthesis and increased degradation
[9,13], an increase in the amount of intramuscular con-
nective tissue [14,15], and the arrangement of collagen
fibrils in the endomysium [14,16,17]. Muscle atrophy
from immobilization in shortened position is character-
ized by loss of muscle mass [18] and decrease in the size
or cross-sectional area (CSA) of myofibers [19,20] and
muscle length [5]. Few studies have addressed the rela-
tionship between muscle limitation of ROM and the
changes in CSA specifically in biarticular muscles after
atrophy because of immobilization.

The lower limb has three joints: the hip, knee, and
ankle. The lower limb has many sites of muscle attach-
ment. Biarticular muscles, in particular, are structurally
coupled to the joints [21] and contribute strongly to
myogenic restriction of ROM [22]. In the clinical situ-
ation, the hamstrings and gastrocnemius are often ma-
nipulated to prevent the progressive contracture or
muscle atrophy when joint ROM is restricted [2,22-24].
The major focus of previous reports related to muscle CSAs
and immobilization have been on monoarticular muscle
[12,15,25]. However, the effect of joint immobilization
on the myostatic properties and CSAs changes of biar-
ticular muscles in the rat has not been extensively
studied.

Our objective in this study was twofold: (1) to identify
the relationship between biarticular muscles of the post
thigh (PT; those muscles that cross the hip and knee
joints) and those of the post leg (PL; those muscles that
cross the knee and ankle joints) with the limitation of
knee ROM after surgical immobilization and (2) to iden-
tify the relationship between the limitation of ROM at
each phase of the contracture process and the changes
in the CSA early (partial atrophy) and late (complete at-
rophy) after surgical immobilization.

Methods

Sample and surgical procedure

The experimental design for this study was approved
by the College Animal Research Committee of Kyoto
University (permission number: 12597). We used a total
of forty 8-week-old male Wistar rats weighing 178-213 g
randomly allocated in groups of 5 experimental and 3
control to the following five time points: 1, 2, 4, 8 and
16 weeks after surgical immobilization. The left hind limb
of each experimental animal was immobilized with an ex-
ternal fixator consisting of wire and resin. Under sodium
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Nembutal anesthesia and sterile conditions, Kirschner
wires were screwed into the femur and the tibia and
fixed with wire and resin to maintain knee flexion of
approximately 140° + 5° (Figure 1). The flexed knee was
thus rendered immobile. The right knee joint was sub-
jected to sham surgery and was freely movable postopera-
tively. The control groups were included to control for the
effect of age. The animals in each 1- and 16-weeks post-
surgical experimental and control groups were used for
morphological analysis. A high-resolution micro-CT scan-
ner (SMX-100CT, Shimazu, Japan) was used to check the
insertion site of the wires and view the immobilized leg.
The leg was scanned from the ankle joint to the hip joint
at the end of immobilization, i.e., when myotomy was per-
formed. A bone and wire image was generated from the
3D image data sets by using a software (Amira 5.4, Visage,
Germany).

All animals were housed in groups of 2 or 3 in plastic
cages in an environmentally controlled room and fed rat
food and water ad libitum.

Figure 1 Rat knee joint immobilized by external flexion with
wire and resin. () Photograph of the lateral view. (1) Micro-
computed tomography analysis of the bone and wires from the
¥(ll-a) lateral and (li-b) front.
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Figure 2 The myogenic and arthrogenic contractures in immobilized knee joints over time. (I) Results in degrees. As the duration of

8
weeks after surgery

immobilization increased, the myogenic contracture decreased and the arthrogenic contracture increased. Values are presented as mean  SD.
xSigniﬁcant difference in the restriction of extension ROM between the immobilized and sham knees. P < 0.05. (Il) Results as presented as the
percent contributions of the biarticular muscles to the total restriction: (Il-a) results for the PT, PT components shown in gray; results for other

components shown in black; (li-b) results for the PL, PL components shown in gray; results for other components shown in black. The PT
contribution peaked after the first week and decreased thereafter. The peak contribution of the PL was significantly less than that of the PT.

ROM analysis

At the end of the immobilization period, the animals
were sacrificed under anesthesia with Nembutal and ex-
sanguination. The wire and resin were removed from
the joint and ROM analysis was performed. The macro-
scopic images were photographed with a digital camera
(EX-V7, Casio, Japan) from the upper side. Thereafter

the ROM was calculated using the Image ] software’

package (National Institutes of Health, USA). The meas-
urement method used was adopted from a previous
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study [25] and was slightly modified. We used a force
gauge (DS2 series, Imada, Japan) to ensure that the dir-
ection and tension applied were the same as those in
the original method. The ROM was defined as the angle
(0° to 180°) between a straight line connecting the
greater trochanter and the caput fibulae to a line con-
necting the caput fibulae and lateral malleolus with the
hip joint at 90° of flexion. The maximum knee extension
was defined as an extension of 180°. As the knee joint
was extended passively for measurement, the trunk and
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Table 1 Arthrogenic and myogenic contracture contributions to the total limitation of extension ROM

After immobilization 1 week 2 weeks 4 weeks 8 weeks 16 weeks
Total contracture 300%4.1" 380+ 90" 445 £ 55! 614475 755+148'
Myogenic contracture 159456 147 465 210422 -16+82° 75415°
Arthrogenic contracture 374105 157 %19 250+4.1 579476 715+122°

Values are given as mean = SD. All data are presented in (°).

TIndicates significant difference was found when the given data were compared with sham data in the same time point.
*Indicate significant difference was found when the given data were compared with the myogenic and arthrogenic contracture in the same time point.

pelvis were held manually to prevent the animal’s body
from sliding forward. As previously described [26], the
probe of the force gauges used to measure the ROM
was fitted to the distal part of the ankle and then the
strings were pulled with a tension of 0.49 N in the direc-
tion perpendicular to the trunk to extend the knee joint.
The maximum knee extension was measured three
times: (1) when the limb was intact, (2) after removal of
the skin and PT from the hind limb, and (3) after re-
moval of the PL from the lower leg. The muscles were
removed beginning with their distal attachments. Distal
incisions of PT that broadly attached to the front of the
tibia were made from the tibia to their origins (proximal
attachments) at the ischial tuberosity. Distal incisions of
the PL were made from the distal Achilles tendon,
which adhered to the calcaneus, to their origins (prox-
imal attachments) on the femur. The incisions were
made with caution to avoid damage to any additional
muscles.

Calculation of the arthrogenic and the PT and PL

biarticular myogenic components of contracture

We evaluated myogenic contracture caused by the biarticu-
lar muscles of the leg, including their tendons and fascia,
and arthrogenic contracture caused by the articular struc-
tures (bone, cartilage, synovium/subsynovium, capsule, and
ligaments); myogenic and arthrogenic contractures were
calculated with the use of the ROM measurements in the
methods prescribed by Trudel et al [11]. The total contrac-
tures were independently calculated by the use of the ROM
of experimental groups compared with those of sham-
operated at each measurement time point to normalize.

Myogenic contractures were further classified as those
caused by PT or PL components. PT components were
those crossing the hip and knee joints and PL components
were those crossing the knee and ankle joints. The each of
PT or PL components of myogenic contracture obtained
after muscle detachment was used to estimate the each of
biarticular muscles myogenic contracture. The each of PT
or PL components of myogenic contracture were calculated
by compared with the same sample.

The formulas used were as follows: (1) PT compo-
nents = (ROM after biarticular myotomy at post thigh
[immobilized group] ~ ROM before biarticular myot-
omy at post thigh [immobilized group]); (2) PL compo-
nents = (ROM after biarticular myotomy at post limb
[immobilized group] - ROM before biarticular myotomy
at post limb [immobilized group]).

Morphological analysis

After myotomy of the biarticular muscles, we macro-
scopically confirmed the difference between the PT and
PL. In the control group, the macroscopic images were
photographed with a digital camera from the upper side.
Serial cross sections of 10 um were made using a cryo-
stat (at -15°C); the portions from the middle part of the
muscle belly of the bilateral hamstring and medial
gastrocnemius muscles (CM1900, Leica, Germany) were
stained with hematoxylin and eosin (H-E) for histo-
logical observation. Photographs (magnification: x100)
were taken of each section with a microscopy camera
(ECLIPSE 80i, Nikon, Japan). A measuring field was de-
fined over the entire muscle cross-section. The CSAs of
at least 100 randomly selected muscle fibers were

Table 2 PT and PL of myogenic components in total extension ROM after knee joint immobilization

After immobilization 1 week 2 weeks 4 weeks 8 weeks 16 weeks
Total contracture (°) 300£41 380+90 445+£55 614+75 755%£148
PT components (°) ratio of total (%) 256+27 283+75 351+4.7 123452 100+19
824£156 702 +200 665+ 117 209+106 139+46"
PL components (°) ratio of total (%) 39+39 70+53 56+3.1 53+39 21+09
125£135 180+ 148 127+£72 86+68 27£13

Values are given as mean =+ SD.

TIndicates significant difference was found when the given data were compared with the data for 1, 2 and 4 weeks after surgery.
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Figure 3 The percent contributions of the PT and PL to myogenic
contracture. PL components shown in black; PT components
shown in gray. The relative contributions of the PT and PL to
myogenic contracture did not change throughout the
experimental period.

measured using the Image ] software program. There-
after the mean fiber size of each muscle CSAs were cal-
culated. Representative sections data are shown.

Statistical analysis
All data are shown as mean + standard deviation (SD).
The software program SPSS Statistics (IBM, USA) was
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used for statistical analysis. Differences in the ROM be-
tween the experimental and sham or control groups at
each time point and differences in the CSAs of the ham-
string and gastrocnemius muscles between the experi-
mental periods were assessed using Student’s ¢-test. The
significant difference between the experimental and the
sham or control groups at the same time point was
measured at 95% CI not overlapping zero. One-way ana-
lysis of variance (ANOVA) and the Tukey-Kramer test
were performed to examine differences in ROM among
the time points.

Results

All of the rats survived, gained weight, and remained active
throughout the experimental period. Neither prolonged
edema nor acute inflammation was observed in any animal.

ROM analysis and relationship between the myogenic
and arthrogenic components of contracture

The loss of extensional ROM was fairly similar between
sham-operated and control knees except at the 4-week
time point. Four week after surgery, the extensional ROM
in the sham knees was smaller than that in the control an-
imals (P =0.04, data not shown). Knee extension was sig-
nificantly restricted in all experimentally immobilized knee

1week

16week

1week

sham knees at both time points.

sham
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Figure 4 Morphological analysis and myofiber CSAs measurements (um?) of the hamstring muscle. () The CSA of the hamstring muscles
of control, sham-operated, and immobilized knees after 1 and 16 weeks. (A, D) Control group. (B, E) Sham-operated knees. (C, F) Immobilized
knees. Scale bars represent 100 um (microscope magnification: x400). (Il-a, b) Measurement of the CSA (um?) of the hamstring muscles (only
one displayed). Values are presented as mean + SD; P < 0.05; P < 0.001. The CSA in the immobilized knees was lower than that in the control or
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joints as compared with that in sham-operated knee joints,
at the same time point (P < 0.05; Figure 2 I; Table 1). The
myogenic contracture peaked 4 weeks after surgery and de-
creased thereafter. The arthrogenic contracture progressed
especially rapidly between postoperative weeks 4 and 8.
The myogenic contracture in the immobilized knees was
significantly lower than the arthrogenic contracture at the
8- and 16-week time points (P < 0.01; Table 1).

PT and PL components involved in the limitation of
extension angular displacement

In the immobilized knees, the relative contribution of
the PT components to the total restriction reached 82.4 +
15.6% after the first postoperative week but decreased
thereafter and was significantly low 8 and 16 weeks after
surgery (P<0.01; Figure 2 II-a, Table 2). The relative
contribution of the PL components reached 18 + 14.8%
after 2 weeks and throughout the remainder of the
immobilization period (Figure 2 II-b, Table 2). However,
the ratio of the PT and PL contributions to the myogenic
contracture did not change throughout the experimental
period (R* = 0.006; Figure 3). In the sham-operated knees,
the relative contribution of the PT components to the
myogenic contracture was >76% and almost plateaued
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throughout the experimental period similar to the
immobilized knees.

Morphological appearance and CSAs of the muscle fibers
In the control group, myofiber CSAs of the hamstring
and medial gastrocnemius muscles were larger after
16 weeks than 1 week after surgery (Figure 4 I-A, D;
Figure 5 I-A, D). In macroscopic observation, the muscle
length of hamstrings was longer than that of gastrocne-
mius in control group (Figure 6).

The CSAs of hamstring muscle fiber

After 1 and 16 postoperative weeks, the CSAs of the
hamstring of the immobilized knees were found to be
significantly smaller than those of the sham-operated or
the control group (P <0.05; Figure 4 Il-a, ~ P <0.001;
Figure 4 II-a,b). These trends were similar to all
samples.

The CSAs of medial gastrocnemius muscle fiber

After 1 and 16 postoperative weeks, the CSAs of the
medial gastrocnemius muscles of the immobilized knees
were significantly smaller than those of the sham-
operated or control group. One week after surgery, the

I control
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Figure 5 Morphological analysis and myofiber CSA measurements (um?) of the medial gastrocnemius muscle. {I) The CSAs of the medial
gastrocnemius muscle from the control, sham-operated, and immobilized knees after 1 and 16 weeks. (A, D) Control group. (B, E) Sham-

operated knees. (C, F) Immobilized knees. Scale bars represent 100 ym (microscope magnification: x400). (Il-a, b) Measurement of the CSA (um?)
of the medial gastrocnemius muscle (only one displayed). Values are presented as mean + SD; “P < 0.001. The CSA in the immobilized knees was
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Figure 6 Macroscopic observation of PT and PL of the control
group after 1 and 16 weeks. (a) PT at the 1-week, (b) PL at 1 week,
(c) PT at 16 weeks, (d) PL at 16 weeks. The dotted line shows the
medial side. The muscle length of PT (including the hamstrings)
were longer than that of PL (including the gastrocnemius).

CSAs of the medial gastrocnemius muscles of the sham-
operated knees were significantly smaller than those of
the control group ("P<0.001; Figure 5 Il-a,b). These
trends were similar to all samples.

Comparison of the hamstring and gastrocnemius CSAs

In histologically, the myofiber CSAs of the hamstring
were larger than those of the gastrocnemius muscles at
each time point in the sham and immobilized knees
(Figures 4, 5 I). The CSAs of the hamstring were signifi-
cantly larger than those of the medial gastrocnemius
muscles at each time point in the all groups (P <0.01;
Figure 7-a,b,c), except for at 1 week in the control
group (Figure 7-a). The CSAs of each muscles at
16 weeks were significantly larger than those at 1 week
in the all groups (P<0.01), except for those of the
gastrocnemius in the control group (P <0.05). The ratio of
the hamstring CSAs of the immobilized knee to those of
the sham-operated knee significantly decreased between
postoperative weeks 1 and 16 (P <0.05; Figure 7-d); how-
ever, the ratio for the gastrocnemius did not significantly
change.
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Discussion

In the present study, the myogenic contracture in the
immobilized knee have significantly deceased than arthro-
genic contracture after 8 week time point. However, the
relative contribution of the PT and PL components to
the myogenic contracture did not significantly change
throughout the experimental period. This results sug-
gested that the PT components had a greater impact
than the PL components on the muscle contracture
through the experimental period. Immobilization in a
shortened position produced the most extreme muscle
atrophy due to significant shortening of the fibers and
reduction in the CSA [18-20]. It suggested that both of
PT and PL muscles have got atrophy and they lead
muscle ROM limitation.

In the immobilized knees, the relative contributions of
the PT and PL to the total contracture and the myogenic
contracture exhibited different tendencies between the
early and late of experimental period. The ratio of the
CSAs of the hamstring of the immobilized knees to
those of the sham side was significantly smaller after
16 weeks than after 1 week of immobilization. However,
the CSAs of the gastrocnemius did not change remark-
ably at both of the early and late time point. In the
present study, immature rats were treated. Muscle fiber
diameter increases dramatically during early growth ani-
mals. The peak change in the increased diameter and
fiber number differs for each of muscle [14]. Owing to
aging, the compensatory hypertrophy of some fibers
brought about by the normal increase in body weight re-
sulted in increased load on the muscle [27]. The path-
ways that contribute to the increase in apoptosis
observed in acutely atrophying muscle differ strikingly
according to the age [28] and muscle type [4,14,20].

In this study, the myofiber CSAs were larger in the
hamstrings than in the gastrocnemius muscle in all
groups. We confirmed that the muscle length of ham-
strings was longer than that of gastrocnemius in the
control group. The muscle mass was calculated by
multiplying the CSA and the muscle length [29]. A pre-
vious study on the muscle architecture of the rat hind
limb, showed that the muscle fiber length of the ham-
strings was larger than that of the gastrocnemius [30];
this holds true for humans too [31]. Muscle mass can
influence the self-inertia of a joint [32]. Passive extensi-
bility is influenced by the size (mass) and length of
muscle fibers [5,33] and the amount and arrangement
of the connective tissues of the muscle belly [5]. This
means that the muscle length and CSAs of the PT
(including the hamstrings) were larger than those of the
PL (including the gastrocnemius), suggesting that PT
was more effective than PL in restricting the muscle
extensibility because of increased collagen fibers in its
connective tissues.
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Figure 7 Changes in the CSAs and comparison of hamstring and gastrocnemius cross sectional areas during the experimental periods.
Cross-sectional area (um?) of the control group (a), sham-operated group (b), and immobilized group (c). The ratio of the immobilized side CSA
to the sham side CSA (%) (d). Values are presented as mean + SD; **, hamstring vs gastrocnemnius at the same time point (P < 0.01); §, 1 week vs
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the hamstring but not for the gastrocnemius. The myofiber CSAs of the hamstring were larger than those of the gastrocnernius at each time
point in all groups, except for at 1 week in control group.

In addition, one potential explanation is that the differ-
ence in the contributions of the PT and PL could also be
attributed to the difference in their lever arms, i.e., the dis-
tance between the point at which a force is applied and
the axis. Notably, the lever arm of a muscle depends on
the distance between its attachment points. According to
one study on the muscles of the frog legs, the relationship
between the moment arm and sarcomere length related to
each proximal and distal joint angle [6]. However the
length of the moment arm of the biarticular muscle is not
always equal to the one located distal or proximal to it
[34]. The PL components in this study originated very
close to the axes of rotation of the knee and ankle, their ef-
fective lever arms very small. However, the PT distally and
broadly extended on the front of the tibia, so their lever
arms were larger than those of the PL, a result suggesting
that the PT lengthens more than the PL during extension.
Passive stretch and isometric tension are suggested to
stimulate protein synthesis [9] and thus increase extensi-
bility [22,32]. In this study, the PT components con-
tributed more than the PL components to myogenic
contracture, suggesting that knee joint immobilization
restricted the extension of the PT more than it did of the
PL, thereby promoting pronounced PT atrophy.

This relationship and other changes in the biarticular
muscles of the legs after immobilization are worthwhile
topics for future research.

Limitations

In this study, we measured the ROM of the knee joint
adjacent to a freely mobile ankle joint. The traction
string was attached to the calcaneus, but the influence
of the ankle joint may not have been fully evaluated.
Passive plantar flexion of the talocrural joint would have
allowed us to better evaluate the collective contribution
of the PL to the myogenic contracture. There were tech-
nical limitations associated with the arthrometer. For
quantitative evaluation, we used a force gauge with the
moment arm manually held, but manually applied
power generates an inaccurate torque. Nevertheless, the
loss of angle and the gradual increase in arthrogenic
contracture after 4, 8, and 16 weeks in our study were
similar to those mentioned in a previous report [11],
suggesting that our method was reasonably accurate.
With regard to study design, it is advisable to use a large
sample size and to choose sample by randomly detaching
each biarticular muscle.
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Conclusions

This report showed that the relative contribution of the PT
and PL components to myogenic contracture did not sig-
nificantly change during the experimental period. However,
the ratio of hamstring CSAs to the sham side was larger
than the ratio of medial gastrocnemius CSAs to the sham
side after complete atrophy because of immobilization. In
conclusion, our findings suggest that the contribution of
the biarticular muscles to the limitation in the knee exten-
sion ROM after knee joint immobilization was predomin-
antly caused by PT rather than PL.
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