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ABSTRACT. We investigated the histopathological and immunohistochemical effects of loading on carti-
lage repair in rat full-thickness articular cartilage defects. A total of 40 male 9-week-old Wistar rats were
studied. Full-thickness articular cartilage defects were created over the capsule at the loading portion in
the medial condyle of the femur. Twenty rats were randomly allocated into each of the 2 groups: a load-
ing group and a unloading group. Twenty rats from these 2 groups were later randomly allocated to each
of the 2 groups for evaluation at 1 and 2 weeks after surgery. At the end of each period, knee joints were
examined histopathologically and immunohistochemically. In both groups at 1 and 2 weeks, the defects
were filled with a mixture of granulation tissue and some remnants of hyaline cartilage. The repair tissue
was not stained with toluidine blue in both groups. Strong staining of type I collagen was observed in the
repair tissue of both groups. The area stained with type I collagen was smaller in the unloading group
than in the loading groups, and the stained area was smaller at 2 weeks than at 1 week. In the staining
for type II collagen, apparent staining of type II collagen was observed in the repair tissue of both groups
at 1 week. At 2 weeks, there was a tendency toward a higher degree of apparent staining in the loading
group than in the unloading group. Accordingly, these results indicated that loading and unloading in the

early phase of cartilage repair have both merits and demerits.
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Articular cartilage functions as a nearly frictionless bear-
ing surface while uniformly transferring loads on underly-
ing bone and preventing high stress concentrations. The
articular cartilage consists of 1 cell type, chondrocytes,
which are embedded in an extracellular matrix of mainly
type II collagen and proteoglycans®. The articular cartilage
contains no blood supply, neural network, or lymphatic
drainage?®. Furthermore, the nutrition supplied to the car-
tilage depends on the compression and restoration of the
articular cartilage by intermittent loading and synovial fluid
circulation. Therefore, the articular cartilage is exquisitely
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sensitive to the mechanical environment, and mechanical
loading may be the most important external factor regu-
lating the development and long-term maintenance of the
cartilage®. Moderate mechanical loading maintains the in-
tegrity of the articular cartilage'¥. Moderate loading of the
articular cartilage generates mechanical signals that increase
the synthetic activities of chondrocytes while suppressing
their catabolic actions®”. Although joints maintain homeo-
stasis within a physiological range of mechanical loading,
both reduced loading and overloading have catabolic ef-
fects, particularly for cartilaginous components'?. Studies
show that excessive mechanical stress can directly damage
the cartilage extracellular matrix and shift the balance in
chondrocytes to favor catabolic activity over anabolism® 1%,
Consistent with these results, high strain rates were report-
ed to result in significant matrix fluid pressurization and
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impact-like surface cracking with cell death near the su-
perficial zone in bovine osteochondral explants'”. Reduced
joint loading also creates catabolic responses within the ar-
ticular cartilage. Animal models of reduced loading report
that a decrease in mechanical stimuli leads to atrophy of
the cartilage and ultimately erosion of the articular carti-
lage' 19,

When the articular cartilage is damaged because of
injury or disease, it has a limited capacity to heal. Full-
thickness articular cartilage defects that penetrate through
cartilage undergo regenerative repair of the hyaline carti-
lage under restricted conditions. Furthermore, the repara-
tive tissue is not identical to the original tissue, and there
is no integration of repair tissue. Consequently, surgical
treatment, such as microfracture, mosaicplasty, and autolo-
gous chondrocyte implantation, has become popular!”. The
rehabilitation protocols after surgery are classified accord-
ing to the position and size of injury, and there is general
agreement among many researchers about the period and
intensity of muscle strengthening exercise and range of
motion'® 2, For patients with microfractures, if the chon-
dral defect is located in the medial or lateral compartment
of the knee, the patient is only allowed to undertake touch-
down weight bearing for the first 6 weeks after surgery'?.
Full-weight bearing is allowed subsequently'?. The reason
for this practice is to protect immature reparative tissue and
promote differentiation into cartilaginous tissue'2®. How-
ever, there is some evidence on graduated weight bearing,
and one research has found no differences in treatment out-
comes between unloading and loading groups immediately
after surgery?”. Marder et a/.*¥ found that in 50 patients,
there were no differences in results between 2 rehabilitative
regimens that differed by weight-bearing status and use of
continuous passive motion (CPM) for small full-thickness
chondral defects treated by microfracture. To the best of
our knowledge, only a few in vivo studies have investi-
gated time-sequential changes in articular cartilage regen-
eration under different mechanical conditions. Harada et
al.® reported that dynamic compressive strain stimulated
regeneration of joint surface structure. Harada et al.* also
suggested that the contact condition of the defect with sur-
face cartilage may have an important role in the hyaline
cartilage repair. However, effects of loading for cartilage
repair and the underlying mechanism have not been fully
clarified. The purpose of the present study was to histo-
pathologically and immunohistochemically evaluate the
influence of mechanical loading on the healing process of
full-thickness articular cartilage defects in rat knee joints.

Methods

Forty 9-week-old male Wistar rats were evaluated in
the present study. The animals were kept under normal con-
ditions for 1 week before the start of the experiments to

Fig. 1. Position of the full-thickness articular
cartilage defect over the capsule
The created defect is in the inside posi-
tion of the inner margin of the tendon
at the height of the center of the patella
tendon (circle). Scale bar = 10 mm.

acclimatize them to the environment. They were housed,
1 or 2 per cage, in a room maintained under a 12-h light—
dark cycle, and food and water were given ad libitum.
This investigation was approved by the Animal Research
Committee of the Kanazawa University Graduate School
of Medicine, Kanazawa, Japan (approval No. 112206). 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.

In our previous study, we reported a low-invasive
method used to create full-thickness articular cartilage de-
fects of femoral condyles in a rat model*®. Consequently,
measurements of the defects showed that the full-thickness
articular cartilage defects were created at the identical po-
sition with a high degree of accuracy and reliability. These
results suggested that the low-invasive method designed in
that study was useful for creating full-thickness articular
cartilage defects. In the present study, full-thickness articu-
lar cartilage defects were created as described previously?®.
The rats were anesthetized by an intraperitoneal injection
of sodium pentobarbital at a dose of 40 mg/kg. After shav-
ing the left knees, they were disinfected, and a parapatellar
incision was performed to expose the knee joint. In maxi-
mum flexion of the knee, full-thickness defects (0.8-mm
diameter, 2.0-mm depth) of the articular cartilage were cre-
ated over the capsule by using a Kirschner wire (0.8-mm in
diameter) in the medial condyle (Fig. 1). At the height of
the center of the patella tendon, the defect was created at the
medial position of the inner margin of the tendon (half the
tendon width in length). The wire was marked at a position
2.0 mm from the tip to ensure invasive depth uniformity.
After creation of the defect, the skin was sutured. Immobi-
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Fig. 2. Histopathological and immunohistochemical staining of normal articular cartilage
Hematoxylin and eosin staining (A), toluidine blue staining (B), and immuno-
histochemical staining for type I collagen (C) and type II collagen (D). Scale

bar =200 ym.

lization of the left knee and intervention in the right knee
were not performed in any of the rats. After the surgery, the
rats were randomly assigned to 2 groups: a loading group
(n =20) and an unloading group (n = 20). Twenty rats from
these 2 groups were later randomly allocated to each of
the 2 groups for evaluation at 1 and 2 weeks after surgery.
The loading group was allowed to walk immediately after
regaining consciousness following anesthesia. The unload-
ing group was subjected to hindlimb suspension for each
experimental term; therefore, their knee joints were under
a unloading condition. Hindlimb suspension in the pres-
ent study was performed using the modified Andries Fer-
reira’s tail-suspended method?”. This modified method was
low-invasive and consisted of the application of a Kirchner
wire. The hindlimb was suspended so that it did not touch
the floor, and both knee joints bore no weight. During sus-
pension, the rats could move their forelimbs freely for in-
take of food and water.

At 1 and 2 weeks after surgery, the rats were sacrificed
by an intraperitoneal injection of a lethal dose of sodium
pentobarbital. Immediately after death, their left hind limbs
were disarticulated at the hip joint. All left knees were fixed
in 10% neutral-buffered formalin for 72 h and decalcified
with Decalcifying Solution A (Plank—Rychlo Method, Wako
Pure Chemical Industries, Ltd., Osaka, Japan) for 72 h. The
knees were excised, deacidified in 5% sodium sulfate solu-
tion for 72 h, dehydrated in ethanol after washing with wa-
ter, and embedded in paraffin wax. Sagittal sections (3 um)
were stained with hematoxylin and eosin and with toluidine
blue, respectively. A light microscope and a digital camera

were used to image and examine the sections (BX-51 and
DP-50; Olympus Corporation, Tokyo, Japan).

The presence of type I and type Il collagen in the re-
pair tissue were examined immunohistochemically using
human monoclonal antibodies against mouse type I and
type II collagen that specifically cross-reacted with mouse
and rat type I and type II collagen, respectively. The par-
affin sections were deparaffinized and hydrated through
graded alcohols. The sections were digested with protei-
nase K (S3020; Dako Japan, Tokyo, Japan) for 5 min, and
endogenous peroxidase was inactivated by the addition of
3% H,0, for 20 min. Protein Block Serum-Free (X0909;
Dako Japan, Tokyo, Japan) was used to block nonspecif-
ic bindings of immunoglobulins for 15 min. The sections
were incubated with the antibody against type I collagen
(ab34710; Abcam, Tokyo, Japan; dilution 1:500) or with
the antibody against type II collagen (F-57; Cosmobio, To-
kyo, Japan; dilution 1:500) overnight at room temperature.
After washing with phosphate-buffered saline (PBS), the
slides were incubated with a horseradish peroxidase conju-
gated goat anti-mouse immunoglobulin antibody (K4000;
Dako Japan, Tokyo, Japan) for 60 min and then rinsed in
PBS. Antibody binding was visualized using Liquid DAB
Substrate Chromogen System (K3468; Dako Japan, Tokyo,
Japan) for 3 min at room temperature. The sections were
counterstained with hematoxylin.

Normal articular cartilage samples that were histo-
pathologically and immunohistochemically stained are
shown in Fig. 2. In the toluidine blue and immunohis-
tochemical stainings, the degree of staining was evaluated
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Table 1. The original semiquantitative scale for histopathological and immunohistochemical staining

Scale bar = 500 ym
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I: No or little staining in the repair tissue; II: Partial staining of the repair tissue; III: Complete

or almost complete staining of the repair tissue.

semiquantitatively by classifying the stains into 3 grades
according to the original scale in Table 1.

Tissue types were distinguished according to the modi-
fied criteria from a previous work for cell and matrix ap-
pearance and the presence of toluidine blue staining and
staining for type I and II collagen®®. Samples were judged
to be hyaline if they had a homogeneous matrix, abundant
toluidine blue staining, abundant type II collagen immuno-
histochemical staining, little or no type I collagen immu-
nohistochemical staining, and round cells in the lacunae.
Fibrocartilage was defined as a cartilage with distinct fibers
in the matrix, round or elliptical cells with or without la-
cunae, abundant or mildly reduced toluidine blue staining,
and both type I and type II collagen immunohistochemi-
cal staining. Fibrous tissue was defined as tissue having a
fibrous matrix with small, irregularly-shaped cells, little
or no toluidine blue staining, little or no type II collagen
immunohistochemical staining, and abundant type I colla-
gen immunohistochemical staining. Granulation tissue was
defined as fibrous tissue with spindle-shaped cells, blood
vessels, no type II collagen immunohistochemical stain-
ing, and abundant type I collagen immunohistochemical
staining.

Results

All animals were conscious and started to move within

several hours after the surgery. No rat showed signs of knee
infection or swelling or died during the experimental pe-
riod. Thus, the inflammation was macroscopically and mi-
croscopically well controlled.

In hematoxylin and eosin staining of the histological
examination in both groups at 1 week, the defects were
filled with a mixture of granulation tissue and some rem-
nants of hyaline cartilage (Fig. 3-A, C). Aseptic necrosis
was observed in the remnants. Invasion of blood vessels
and the presence of fibroblasts were observed in the repair
tissue (Fig. 3-A, C). In both groups at 2 weeks, similar re-
sults were obtained (Fig. 4-A, C).

The results from the evaluation of the degree of stain-
ing are shown in Table 2. In toluidine blue staining, both
groups tended to show no or little staining at 1 week (Fig.
3-B, D). In both groups at 2 weeks, similar results were ob-
tained (Fig. 4-B, D). In the immunohistochemical staining
for type I collagen, strong staining was observed in repair
tissue in both groups at 1 week (Fig. 5-A, C). At 2 weeks,
there was a tendency toward a smaller stained area in the
unloading group than in the loading group (Fig. 6-A, C)
and a smaller stained area at 2 weeks than at 1 week (Fig.
5-A, C; Fig. 6-A, C). In the staining for type II collagen,
partial, almost complete, and complete staining of type II
collagen was observed in the repair tissue of both groups
at 1 week (Fig. 5-B, D). At 2 weeks, there was a tendency
toward a higher degree of apparent staining in the loading
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Fig. 3. Histopathological staining of the repair tissue at 1 week after surgery

Sagittal sections of full-thickness articular cartilage defects in the loading group (A, B)
and unloading group (C, D). The articular cartilage defect is located in the center of the
femur. The sections are stained with hematoxylin and eosin (A, C) and toluidine blue (B,
D). In the hematoxylin eosin staining, the defects are filled with a mixture of granulation
tissue and some remnants of the hyaline cartilage. The invasion of blood vessels and the
presence of fibroblasts are observed in the repair tissue. In the toluidine blue staining,
both groups tend to show no or little staining. Scale bar = 500 ym.

Fig. 4. Histopathological staining of the repair tissue at 2 weeks after surgery

Sagittal sections of full-thickness articular cartilage defects in the loading group (A, B)
and unloading group (C, D). The articular cartilage defect is located in the center of the
femur. The sections are stained with hematoxylin and eosin (A, C) and with toluidine
blue (B, D). In the hematoxylin and eosin staining, the defects are filled with a mixture
of granulation tissue and some remnants of the hyaline cartilage. The invasion of blood
vessels and the presence of fibroblasts are observed in the repair tissue. In the toluidine
blue staining, both groups tend to show no or little staining. Scale bar = 500 ym.



EFFECTS OF LOADING ON CARTILAGE REPAIR IN RATS 27

Table 2. Original semiquantitative scale results of histopathological and immunohistochemical staining

Toluidine blue Type I collagen Type II collagen
I I 1 I I I I 11 111
. 1 week 8 1 1 1 7 2 1 1 8
Loading group

2 week 9 1 0 0 6 4 0 3 7

. 1 week 4 6 0 1 3 6 3 3 4
Unloading group

2 week 9 1 0 0 3 7 7 0 3

The numerals represent the number of individuals.

group than in the unloading group (Table 2; Fig. 6-B, D).

Discussion

In general, full-thickness articular cartilage defects
induce fibrin clot formation in the area of the chondral
defect**?, This clot contains pluripotent marrow-derived
mesenchymal stem cells**?%. By 2 to 3 weeks after the in-
jury, type I collagen was the primary collagen®”, and ex-
pression of type II collagen started at 4—6 weeks?>9. These
cells are able to differentiate into fibrocytes and chondro-
cytes, which results in hyaline cartilage or fibrocartilage
repair with varying amounts of type I, II, and X collagen
content>*-9. Five genetically distinct collagen types are
known to exist in adult cartilage®D. Type II collagen is a ma-
jor structural protein in the cartilage and is also essentially
unique to cartilaginous tissues®?. Through its high tensile
strength, type II collagen provides structural integrity and
resiliency to the articular cartilage’”. Collagen fibrils are
stabilized by covalent cross-links formed between adjacent
collagen chains and adjacent collagen molecules®). The
tensile strength of the collagen fibers is dependent on for-
mation of intramolecular cross-links*". The results of the
immunohistochemical staining in the present study showed
that the presence of type II collagen tended to be observed
more in the loading group than in the unloading group at 2
weeks after surgery.

It has been reported that mechanical stress-like loading
is essential for cartilage metabolism®*3>, Many researchers
have reported the influence of loading on cartilage metabo-
lism and shown that mechanical stress that is quantitatively
appropriate stimulated cartilage metabolism®?***. The ap-
propriate mechanical stress applied to the articular cartilage
stimulates expression of transforming growth factor-f1,
which promotes matrix metabolism, and Sox 9, which pro-
motes differentiation of mesenchymal stem cells into chon-
dral cells and increases production-type collagen and ag-
grecan®?¥, In addition, previous studies have reported the
effects and responses of unloading'*'#363%_ Reduced joint
loading also creates catabolic responses within the articular
cartilage'* 18338 Animal models of reduced loading have
been used to show that a decrease in mechanical stimuli
leads to atrophy of the articular cartilage and ultimately to

erosion of the articular cartilage’*'®. Tomiya et al’® re-
ported that insufficient stresses decreased metabolism and
led to full-thickness articular cartilage defects, thinning of
articular cartilage, and expansion of subchondral ossifica-
tion. Kitade et al.*” reported histopathological changes in
rat knee-joint components after spinal cord injury. Mori-
yama et al.®® reported that spinal cord injuries decreased
the number of chondrocytes and cartilage thickness.

However, many researchers also have reported the risk
of weight bearing in the early phase after surgery?>?33%40),
In a previous study, we reported on the risk of weight bear-
ing in the early phase after articular cartilage defects®”.
The results of that study indicated that weight bearing in
the early phase may make the surface of the repair tissue
irregular and discontinuous®. Gill et al.*® suggested that
weight bearing or joint loading delays healing and that up
to 2 months of no weight bearing may be required to pro-
mote early fibrous tissue maturation. Williams et al.?® re-
ported that weight bearing, particularly in the first 6 weeks
after surgery, can cause potential propagation or collapse
of the subchondral bone and that shear stress or excessive
pressure in this early phase can flatten the repair cartilage
or displace the mesenchymal cells and clot from the defect.
Kuroki et al.*® also reported that the acoustic stiffness of
implanted cartilage after autologous osteochondral trans-
plantation decreased up to 12 weeks after surgery. More-
over, in the present study, the results of staining of type |
collagen showed that the repair process was advanced in
the unloading group and that tissue injury was delayed in
the loading group. We presumed that the effects of weight
bearing on the articular cartilage defects in the early repair
process may have prolonged inflammation and caused de-
layed tissue repair in the loading group and that nonweight
bearing in the early phase of the articular cartilage defects
may have helped promote good tissue repair. Accordingly,
these results indicated that loading and unloading in the
early phase have both merits and demerits for cartilage re-
pair.

In the present study, we have to consider the influ-
ence of not only loading but also joint motion on carti-
lage repair**?. The beneficial effect of joint motion on
the healing of the articular cartilage injuries has been well
documented*'#?. Salter et al.*'*» reported more rapid and
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Fig. 5. Immunohistochemical staining of the repair tissue at 1 week after surgery

Sagittal sections of full-thickness articular cartilage defects in the loading group (A, B)
and unloading group (C, D). The articular cartilage defect is located in the center of the
femur. The sections are immunohistochemically stained for type I collagen (A, C) and
type II collagen (B, D). In the staining for type I collagen, strong staining is observed
in the repair tissue of both groups. In the staining for type II collagen, partial, almost
complete, and complete staining of type II collagen is observed in the repair tissue of
both groups. Scale bar = 500 ym.

Fig. 6. Immunohistochemical staining of the repair tissue at 2 weeks after surgery

Sagittal sections of full-thickness articular cartilage defects in the loading group (A, B)
and unloading group (C, D). The articular cartilage defect is located in the center of the
femur. The sections are immunohistochemically stained for type I collagen (A, C) and
type II collagen (B, D). In the staining for type I collagen, there are tendencies toward
smaller stained areas at 2 weeks than at 1 week and smaller stained areas in the unloading
group than in the loading group. In the staining for type II collagen, the degree of apparent
staining is greater in the loading group than in the unloading group. Scale bar = 500 gm.
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complete metaplasia of healing tissue in articular cartilage
defects exposed to CPM. The use of CPM enhances nutri-
tion and metabolic activity of the articular cartilage*'*?. In
addition, CPM may stimulate differentiation of pluripoten-
tial mesenchymal cells into articular cartilage**?. Conse-
quently, CPM may accelerate healing of both the articular
cartilage and periarticular cartilage*'*?. In the present study,
the intervention of immobilization was not performed in ei-
ther group; therefore, the effects of cartilage repair by joint
motion were the same in both groups.

The timing of expression of type II collagen in the pres-
ent study was earlier than that observed in previous studies.
It has been known that cartilage repair is influenced by spe-
cies and age and by the position, depth, and size of the de-
fect?. In addition, the defects were filled with a mixture of
granulation tissue and some remnants of hyaline cartilage
in both groups at 1 and 2 weeks, and aseptic necrosis was
observed in the remnants in the present study. We consid-
ered them to be the remnants of original articular cartilage
that were produced secondarily by the low-invasive method
used in the present study®®. The remnants of hyaline carti-
lage may promote expression of type II collagen.

The results of this basic study suggest that clinically, in
the field of physical therapy and rehabilitation, it is impor-
tant to determine the appropriate loading quantity required
for optimal cartilage repair and to be aware that the appro-
priate loading quantity has to increase. Appropriate loading
and sufficient joint motion can promote cartilage repair of a
defect and prevent deterioration of the cartilage adjacent to
the defect. Further studies involving immobilization groups
and exercise groups using treadmills are needed to evaluate
the appropriate loading quantity and to clarify the influence
of mechanical stress on cartilage repair.
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