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Alteration of cartilage surface collagen fibers differs
locally after immobilization of knee joints in rats
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Abstract

The purpose of this study was to examine the ultrastructural changes of surface cartilage collagen fibers, which
differ by region and the length of the experimental period in an immobilization model of rat. Male Wistar rats
were randomly divided into histological or macroscopic and ultrastructural assessment groups. The left knees of
all the animals were surgically immobilized by external fixation for 1, 2, 4, 8 or 16 weeks (n = 5/time point).
Sagittal histological sections of the medial mid-condylar region of the knee were obtained and assessed in four
specific regions (contact and peripheral regions of the femur and tibia) and two zones (superficial and deep).
To semi-quantify the staining intensity of the collagen fibers in the cartilage, picrosirius red staining was used.
The cartilage surface changes of all the assessed regions were investigated by scanning electron microscopy
(SEM). From histological and SEM observations, the fibrillation and irregular changes of the cartilage surface
were more severe in the peripheral region than in the contact region. Interestingly, at 16 weeks post-
immobilization, we observed non-fibrous structures at both the contact and peripheral regions. The collagen
fiber staining intensity decreased in the contact region compared with the peripheral region. In conclusion, the
alteration of surface collagen fiber ultrastructure and collagen staining intensity differed by the specific
cartilage regions after immobilization. These results demonstrate that the progressive degeneration of cartilage
is region specific, and depends on the length of the immobilization period.
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is primarily composed of type Il collagen and the proteogly-
can (PG) aggrecan (Schachar et al. 1999; Moger et al. 2009;
Leong et al. 2010). Additionally, collagen fibers are impor-

Introduction

Joint immobilization has various influences on joint struc-

ture, articular cartilage degeneration as disuse atrophy
(Jurvelin et al. 1985; Setton et al. 1997), and concomitant
alterations in other joint disorders such as pain or limitation
in the range of motion (Vanwanseele et al. 2002; Hagiwara
et al. 2009). Understanding the degeneration or atrophy of
articular cartilage is necessary to develop strategies to pre-
vent and treat joint disease, such as osteoarthritis or second-
ary degeneration after contracture (Moriyama et al. 2008;
Hagiwara et al. 2009).

The articular cartilage consists of chondrocytes embedded
in a substantial amount of extracellular matrix (ECM), which
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tant for the cartilage skeleton (Vanwanseele et al. 2002; Mo-
ger et al. 2009). Previous reports have shown that joint
immobilization increases collagen synthesis, maintains or ele-
vates collagen content (Tammi et al. 1983, 1988; Saamanen
et al. 1987), decreases type Il collagen (Hagiwara et al. 2010)
as well as PG content (Haapala et al. 1996, 1999), and upre-
gulates the expression of matrix metalloproteinases (Ando
et al. 2009; Leong et al. 2010), which have been considered
the main enzymes responsible for the degeneration of colla-
gens in articular cartilage (Nagase & Kashiwagi, 2003). The
effect of immobilization can alter collagen fibers and the
matrix by differences in the method of immobilization, the
loading conditions, the duration of immobilization and the
assessment region (Jurvelin et al. 1986; Moriyama et al.
2008). Previous reports (Jortikka et al. 1997; Haapala et al.
1999) showed that the characterization of cartilage PG was
well-described zonally and regionally in a canine immobiliza-
tion model, but there are few comparable reports in rats.
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The differences in cartilage change according to the assess-
ment region, which has been demonstrated histologically in
a rat immobilization model. The assessment regions were
mainly divided into two regions as follows: non-contact and
contact regions (O'Connor, 1997; Trudel et al. 2005; Moriy-
ama et al. 2008). The contact region is located where the
articular cartilages of two bones are in contact with one
another, and previous reports showed similar findings such
as the degeneration of chondrocytes and cartilage thinning
in this region (Trudel et al. 2005; Hagiwara et al. 2009). Addi-
tionally, some reports evaluated histological and elasticity
alterations with additional regions, including the peripheral
to the contact region (the peripheral region) along with the
above-mentioned two regions after immobilization (Ando
et al. 2009; Hagiwara et al. 2009, 2010). In addition, Hagiw-
ara et al. (2009) reported that immobilization leads to the
deterioration of histological scoring and softening of the car-
tilage in both the contact and peripheral regions. However,
the ultrastructural changes of cartilage dissimilarity among
these assessment regions remain unclear. Macroscopic and
microscopic examinations of the articular cartilage after
immobilization revealed surface irregularities and softening
(Jurvelin et al. 1985; Trudel et al. 2003; Hagiwara et al. 2009).
The cartilage surface, which directly faces the joint cavity, is
at risk for cartilage and chondrocyte degeneration when the
cartilage is cleaved off from the surface by horizontal fissur-
ing (Clark & Simonian, 1997). Previous reports showed that
ultrastructural degenerative alterations of the cartilage sur-
face after immobilization occurred in the cartilage of various
bones of the knee joint, including the femur (Jozsa et al.
1987; Clark, 1990), tibia (Helminen et al. 1983; Clark, 1990)
and patella (Jurvelin et al. 1983, 1985; Clark, 1990; Hong &
Henderson, 1996; Clark & Simonian, 1997). These reports
examined the entire articular surface of one bone but not
the separate regions. Consequently, little is known about the
ultrastructural alterations of specific cartilage regions, includ-
ing the contact and peripheral regions.

The purpose of this study was to examine the ultrastructur-
al changes of cartilage collagen fibers, which differ by region.
Therefore, we focused on the contact and peripheral regions,
which differ based on the length of the experimental period
(i.e. short- or long-term) in an immobilization rat model to
identify differences in specific cartilage regions.

Materials and methods

Sample preparation 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 50 male Wistar rats, 8 weeks old, weighing
178-217 g that were randomly allocated in groups of 25 for the his-
tology analysis and 25 for the macroscopic observation and scanning
electron microscopy (SEM) analysis at 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 external
fixator consisting of wire and resin (immobilized). Under sodium
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 ° by the previously
described method (Nagai et al. 2014). The right knee joint was sub-
jected to sham surgery and was freely movable postoperatively (con-
trol). All the experimental animals had their left knee joint
immobilized, which did not damage the joint. All the animals were
housed in groups of two or three in plastic cages in an environmen-
tally controlled room, and fed food and water ad libitum.

Histological observations

At the end of the immobilization period, the animals were killed
under anesthesia with sodium Nembutal by exsanguination. After
the wire and resin were removed from the joint, a microscopic
analysis was performed. The knees were removed, fixed with 4%
paraformaldehyde at 4 °C overnight, and thereafter decalcified in
10% ethylene diamimine-tetetraacetic acid at 4 °C. The decalcified
samples were embedded in paraffin. Using standard procedures, 6-
pum sections were stained with hematoxylin-eosin (H-E) to observe
surface and cell changes; they were also stained with picrosirius red
to observe the cartilage collagen fibers. The samples from all the
time points and the controls were stained with picrosirius red simul-
taneously. The sections were observed under a microscope.

Assessment regions

After immobilization, the medial side is more affected by degenera-
tion and thickness of the cartilage than the lateral compartment
(Haapala et al. 1999, 2000) or in osteoarthritis (Ledingham et al.
1993). Therefore, we only assessed the medial side of the knee joint.
We observed histological alterations at the medial mid-condylar
region of the knee in the sagittal plane of the articular cartilage.
Four regions were evaluated (Fig. 1). The femur contact region (FC;
Fig. 1A) is the dominant weight-bearing region of the femur and is
located at apposed regions when the knee is flexed to 140 ° (consis-
tent with the angle of immobilization). The tibia contact region
(TG Fig. 1B) is the weight-bearing surface of the tibia that is distrib-
uted across the surface of the tibia when the knee is flexed to 140 °.
The peripheral region includes both the femur peripheral region
(FP; Fig. 1C) and the tibia peripheral region (TP; Fig. 1D), which are
0.6+ 0.1 mm away from the center of each respective contact
region. The peripheral regions were defined by measuring the dis-
tance from the center of the contact regions to the area at which a
convex shape formed around the center of the FC or TC regions.

Measurement of picrosirius red staining

To semi-quantify the collagen content in the cartilage, one way to
visualize collagen fibers in histological sections is by staining with pic-
rosirius red (Beesley et al. 1992; Schmitz et al. 2010). The staining
intensity of picrosirius red at each of the four regions was measured
separately in the superficial and deep zones of cartilage. Rectangles
that were 50 um deep and 400 um long were superimposed over the
histological sections. The superficial zone of cartilage was defined as
the region from the cartilage surface down to a depth of 50 um. The
deep zone of cartilage was defined as the region from the tidemark
up to a depth of 50 um. The images from each sample were mea-
sured using the ImageJ program (US National Institutes of Health).
TIFF images were taken at a magnification of x200 under microscopy
using the standard protocols; then, the TIFF images were converted
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Fig. 1 Assessment regions in the histological imaging of a standard
sagittal section of the knee (stained with H-E at 8 weeks post-immobi-
lization). (A) Femur contact region; FC. (B) Tibia contact region; TC.
(C) Femur peripheral region; FP. (D) Tibia peripheral region; TP. Scale
bar: 500 pm.

to eight-bit gray scale images, followed by inverting black and white
values and subtracting the background. The average intensity of each
zone was calculated. The intensity ranged from 0 to 255 and repre-
sented the intensity of collagen fibers from low to high.

Macroscopic observations

After the rats were killed under anesthesia, the specimens for the
macroscopic and SEM observations were fixed in 2% glutaralde-
hyde in 4% paraformaldehyde at 4 °C overnight. Based on our mac-
roscopic observations, we extracted the femur and tibia from the
fixed knee joints. These procedures were performed to prevent
dehydration and damage from affecting the cartilage surface. The
extracted femur and tibia were observed frontally and laterally
using a Keyence VB-7010 camera (Keyence, Osaka, Japan).

SEM

After the macroscopic observations, the specimens were cleaved
with a scalpel and washed in 0.1 m phosphate buffer, and a second
fixation step was performed with 1% osmic acid. The specimens
were dehydrated in a graded series of ethanol, transferred into
tert-butyl alcohol, and freeze-dried at —20 °C. The dried specimens
were mounted on stages, coated with platinum/palladium and
observed using a HITACHI S-4700 electron microscope (Hitachi High
Technologies, Tokyo, Japan). We observed the alterations of the
cartilage surface collagen in the FC, TC, FP and TP regions.

Statistical analysis

All the data are shown as the mean + standard deviation (SD). The
software program JMP 11 (SAS Institute, Cary, NC, USA) was used
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for the statistical analysis. Differences in the staining intensity
between the immobilized and control rats at each time point were
assessed using the Mann-Whitney's U-test. In all cases, P<0.05 was
considered significant.

Results

Macroscopic observations

There was no apparent macroscopic degeneration of the
cartilage in any of the specimens of the control group
throughout the experimental period (Fig. 2A,D). However,
in the immobilized group, the surfaces of the contact
regions in the femur and tibia were concave and encircled
by protruding cartilage that was convex in shape (Fig. 2B,C,
E,F; arrowheads show the edge of the convex shape). The
surface color of the convex shape in the femur changed
from red to white (Fig. 2B,C). These color and shape
changes became more severe throughout the experimental
period, and were the most severe in the immobilized group
at 16 weeks (Fig. 2C,F).

Histological observations

The histological changes in the cartilage surface were simi-
lar to the changes in the femur and tibia throughout the
experimental period. The H-E staining showed no apparent
histological degeneration in any of the control group speci-
mens throughout the experimental period (Fig. 3A,G). In
the immobilized group, at the contact region, hypertrophic
chondrocytes were observed throughout the experimental
period, and degenerative changes of the chondrocytes par-
ticularly in the chondrocytic lacunae with pyknotic or
absent nuclei were observed predominantly at 8 and 16
weeks (Fig. 3B-F). However, the fibrillation and irregular
changes of the cartilage surface were more severe in the
peripheral region than in the contact region at the same
time point (Fig. 3H-L, black arrowheads). The remarkable
fibrillation that was identified at 2-4 weeks post-immobili-
zation was not observed at 8 and 16 weeks, but the changes
in the densely stained surface were observed (Fig. 3K,L,
white arrowheads). Moreover, hypertrophic chondrocytes
were observed in the peripheral region throughout the
experimental period (Fig. 3H-L). The results were uniform
for all the specimens that belonged to the same group.

Measurement of picrosirius red staining

Contact region

The intensity of the picrosirius red staining of the control
group remained constant throughout the experimental per-
iod (Fig. 4A,G). However, in the immobilized group, the
intensity significantly decreased at the superficial zone in
the femur at 4 and 8 weeks (Figs 4D,E and 5A: *P<0.05,
*#P<0.01), and in the tibia at 2, 8 and 16 weeks (Figs 41,K,L
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Fig. 2 Macroscopic images of the femur and tibia. (A, D) In the control group, an intact cartilage surface can be observed at 16 weeks post-oper-
ation. The images show (A-C) the femur and (D-F) the tibia. In the immobilized group (B, E), the 1-week post-immobilization images show that
the surface of the contact region was concave in shape and encircled by protruding cartilage that formed a convex shape (arrowheads show the
edge of the convex shape). The surface of the convex shape changed in color from red to white. (C, F) At 16 weeks post-immobilization, more
severe alterations than that of the previous experimental periods can be observed. The macrographs have the same magnification: x25; scale bar:

3.00 mm.

and 5C: *P<0.05, **P<0.01) compared with that of the
control. There were no significant differences in the femurs,
although the intensity was decreased at 8 and 16 weeks
compared with 2 and 4 weeks post-immobilization (Fig. 4E,
F). In the deep zone, the staining intensity showed signifi-
cant decreases in the femurs at 4 and 16 weeks, and in the
tibias at 16 weeks compared with that of the control
(Figs 4D,F,L and 5B,D: *P < 0.05).

Peripheral region

The intensity of the picrosirius red staining of the control
groups remained constant throughout the experimental
period (Fig. 6A,G). However, in the immobilized group, the
staining intensity of the peripheral region differed from
that of the contact region. The intensity was almost con-
stant throughout the experimental period. However, at the
superficial zone, the intensity was significantly decreased in
the femur at 1 and 16 weeks (Figs 6B,F and 7A: *P<0.05),
and in the tibia at 8 weeks (Figs 6K and 7C: *P < 0.05) com-
pared with that of the control. At the deep zone, the inten-
sity significantly decreased at only 8 weeks in the tibia
(Figs 6K and 7B,D: *P < 0.05).

SEM

The collagen fiber changes in the cartilage surface were
similar in the femur and tibia throughout the entire experi-
mental period. In the contact region, the surface was even

and smooth, and collagen fibrillar structures were observed
in the control group throughout the experimental period
(Fig. 8K). However, in the contact region, a mashed fiber
network and cross-linking were observed after 1-4 weeks in
the immobilized group (Fig. 8A-C). Furthermore, slightly
uneven but not leafy and knobby surfaces were observed at
8 weeks (Fig. 8D), and hillocky surfaces comprised of non-
fibrous structures were observed at 16 weeks (Fig. 8E). In
the peripheral region, the even and smooth surface was
comprised of collagen fibrillar structures, which was similar
to the contact region; this was observed in the control
group throughout the experimental period. However, in
the immobilized group, uneven and slightly rough surfaces
were observed at 1week (Fig. 8F). The leafy and slightly
split surfaces were observed at 2 weeks (Fig. 8G). The leafy
surfaces were larger than those at 2 weeks; moreover, split-
ting of the surface beneath the collagen fiber was observed
at 4 and 8 weeks (Fig. 8H,1). The rough and knobby surfaces
were comprised of non-fibrous structures that covered this
region at 16 weeks. Furthermore, we did not observe a
leafy split, which can see fiber structure beneath the split
(Fig. 8J). The results were uniform for all the specimens that
belonged to the same group.

Discussion

We investigated the ultrastructural changes of the carti-
lage surface that differ by specific region (i.e. contact or
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Peripheral

Fig. 3 Histological images of the superficial zone of the contact and peripheral regions in the femur were stained with H-E. (A, G) In the control
group, no apparent histological degeneration of the cartilage and surface was observed at 8 weeks. In the immobilized groups, the images show
(B, H) 1 week, (C, I) 2 weeks, (D, J) 4 weeks, (E, K) 8 weeks and (F, L) 16 weeks post-immobilization. (B—F) The contact region in the immobilized
groups does not show remarkable fibrillation of the cartilage surface. Hypertrophied cells and degenerative changes of the chondrocytes were
observed, particularly at 8 and 16 weeks post-immobilization. (H-L) The peripheral region in the immobilized group shows changes in fibrillation
and irregularity (black arrowheads) and alterations in the staining density (white arrowheads) of the cartilage surface. Hypertrophy of the chondro-
cytes was observed throughout the experimental period. The micrographs have the same magnification: x400; scale bar: 100 um.

peripheral regions). To the best of our knowledge, this is
the first report addressing the differences between
regions with regard to ultrastructural changes of surface
collagen fibers after immobilization over a long-term
experimental period.

Previous studies showed that significant alterations of col-
lagen fibers in the entire cartilage surface of one bone were
observed within 1 week post-immobilization, and the leafy,
knobby or split structure of the cartilage surface was
observed throughout 8 weeks immobilized period in a rab-
bit patella by SEM (Jurvelin et al. 1983, 1985). Moreover,
one report showed that surface irregularities appeared
across the entire cartilage surface after 2 weeks of immobili-
zation and rapidly progressed after 8 weeks, which was
determined by evaluating histological images of the
tibia (Trudel et al. 2003). The present study revealed the

fibrillation and irregular changes of the cartilage surface in
the immobilized group throughout the experimental per-
iod by histological and ultrastructural observations (Figs 3
and 8). Our 1-8-week post-immobilization results were con-
sistent with previously reported results. In addition, at 16
weeks post-immobilization, non-fibrous structures were
observed at both the contact and peripheral regions
(Fig. 8E,J). Many reports have shown the alteration of sur-
face cartilage after long-term immobilization in the patella
(Jurvelin et al. 1983, 1985; Hong & Henderson, 1996). How-
ever, in the tibia and femur, previous reports only reported
a period of up to 8 weeks post-immobilization (Helminen
et al. 1983; Jozsa et al. 1987). Thus, this is the first report of
the ultrastructural alterations of collagen fiber in the sur-
face of the femur and tibia cartilage after a long-term
experimental period (i.e. 16 weeks post-immobilization).
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Ctrl (8 week)

Femur

Tibia

Fig. 4 Histological imaging of the contact regions at the femur and tibia cartilage, which were stained with picrosirius red converted to gray scale.
(A, G) In the control group, high staining intensity can be observed at 8 weeks post-operation. In the immobilized groups, the images show (B, H)
1 week, (C, 1) 2 weeks, (D, J) 4 weeks, (E, K) 8 weeks and (F, L) 16 weeks post-immobilization. (B-F) The femur in the immobilized group has a

reduced staining intensity with the prolongation of the experimental period.

(H-L) The tibia in the immobilized group has a reduced staining inten-

sity after 2 weeks post-immobilization, except for the image at 4 weeks. The micrographs have the same magnification: x200; scale bar: 100 um.
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Fig. 5 Collagen fibers intensity staining at the contact region of the femur and tibia. (A) The superficial zone of the femur in the immobilized
knees showed a significant decrease in intensity at 4 and 8 weeks post-immobilization. (B) The deep zone of the femur in the immobilized knees
showed a significant decrease at 4 and 16 weeks post-immobilization. (C) The superficial zone of the tibia in the immobilized knees showed a sig-
nificant decrease in intensity at 2, 8 and 16 weeks post-immobilization. (D) The deep zone of the tibia in the immobilized knees showed a signifi-
cant decrease in intensity at 16 weeks post-immobilization. Values are presented as mean =+ SD; control vs. immobilized at the same time point

(*P<0.05, **P<0.01).

Our results show that the alterations of collagen fibers in
the cartilage surface differed by specific cartilage region
(i.e. contact or peripheral regions). The surface at the
contact region was concave in shape (Fig. 2B,C,E,F) and

consisted of a cross-linking fiber network (Fig. 8A-C). How-
ever, the surface of the peripheral region was convex in
shape (Fig. 2B,C,E,F), and the leafy surface, which was more
fibrillated than that of the contact region, was determined
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4 week 8 week 16 week

Fig. 6 Histological imaging of the peripheral regions at the femur and tibia cartilage, which were stained with picrosirius red converted to gray
scale. (A, G) In the control group, high staining intensity was observed at 8 weeks post-operation. In the immobilized groups, the images show
(B, H) 1 week, (C, I) 2 weeks, (D, J) 4 weeks, (E, K) 8 weeks and (F, L) 16 weeks post-immobilization. (B-F) The femur and (H-L) tibia in the
immobilized group retained their staining intensity throughout the experimental period, except in both the superficial and deep zones in the tibia
at 8 weeks post-immobilization. The micrographs have the same magnification: x200; scale bar: 100 um.
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Fig. 7 Collagen fibers intensity staining at the peripheral region of the femur and tibia. (A) The superficial zone showed a significant decrease in
intensity at 1 and 16 weeks post-immobilization. (B) The deep zone of the femur in the immobilized knees showed no significant differences in

intensity throughout the experimental period. (C) The superficial zone and (D) the deep zone of the tibia in the immobilized knees: there were no
significant differences throughout the experimental period except at 8 weeks post-immobilization. Values are presented as mean =+ SD; control vs.

immobilized at the same time point (*P < 0.05).

by histology (Fig. 3H-L) and ultrastructure (Fig. 8F-J). Based
on the SEM observations, the leafy and split surfaces were
observed at the peripheral region in the immobilized
groups and became heavier throughout the immobilized
period (Fig. 8F-J). Regarding the differences between the

regions, we suggested that there was a difference in
mechanical stress. At the contact region, where the articular
cartilage of two bones is in direct contact, compressive
stress was loaded (Trudel et al. 2005). However, at the
peripheral region, the articular cartilage may contact the
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Fig. 8 SEM images of the surface at the contact and peripheral regions of the femur. The images show (A, F) 1 week, (B, G) 2 weeks, (C, H) 4
weeks, (D, 1) 8 weeks and (E, J) 16 weeks post-immobilization. (K) The contact region in the control group at 8 weeks post-operation shows colla-
gen fibrous structures on the cartilage surface, and these structures were observed in all the assessment regions throughout the experimental per-
iod in the control group. (A-C) At the contact region in the immobilized group, the mashed fiber network was observed at 1, 2 and 4 weeks
post-immobilization. (D) A slightly uneven but not leafy and knobby surface was observed at 8 weeks post-immobilization. (E) A hillocky surface
comprised of non-fibrous structures was observed at 16 weeks post-immobilization. (F, G) At the peripheral region in the immobilized groups, an
uneven, leafy and split surface was observed at 1 and 2 weeks post-immobilization. (H, 1) The larger leafy surface and split was observed at 4 and

8 weeks post-immobilization. (J) The slightly rough and knobby surface comprised of non-fibrous structures was observed at 16 weeks post-immo-
bilization. The SEMs have the same magnification: x 1500; scale bar: 20 um.
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meniscus. We could consider that not only compressive
stress but also shear stress was loaded at the peripheral
region because other structures of the joint, such as the
meniscus or joint capsule, were not fixed whereas the bones
were fixed. The type of load on the cartilage (i.e. compres-
sive or shear stress) influenced chondrocyte metabolism
(Smith et al. 2004; Ko et al. 2013). Cyclic compression causes
cartilage degeneration (Milentijevic et al. 2003; Ko et al.
2013), and the application of shear stress increases the
release of proinflammatory mediators and decreases aggre-
can and type Il collagen expression (Smith et al. 2004).
Under mechanical loads, the water content is forced out of
the matrix (Milentijevic et al. 2003), which facilitates the
deformation of collagen in the upper zone of the cartilage
(Kaab et al. 1998, 2000). The differences in the alterations
of the surface cartilage by region may be affected by the
differences in mechanical stress.

In this study, non-fibrous structures were observed by
SEM at both the contact and peripheral regions 16 weeks
post-immobilization, which could be caused by the effect of
the synovial fluid on the cartilage surface. After immobiliza-
tion, previous reports showed that a decreased amount of
fluid (Enneking & Horowitz, 1972; Michelsson & Hunney-
ball, 1984) and decreased levels of TIMP (tissue inhibitors of
metalloproteinase) were present in the synovial fluid (Haa-
pala et al. 2001). The breakdown of homeostasis in the joint
space led to fibril changes on the surface. However, because
we did not investigate synovial fluid, we cannot confirm
this possibility. The present results show that the alterations
of the cartilage surface occurred at both the contact and
peripheral regions, and the alteration pattern differed by
specific region, indicating that further alterations of the car-
tilage surface that differ by specific regions may occur with
a prolonged immobilization period or other new stresses
such as re-load or re-joint movements.

The present study revealed that the alteration of collagen
fiber intensity was different between the contact and
peripheral regions. When we considered the changes for
both superficial and deep zones, at the contact regions, the
collagen fiber staining intensity significantly decreased
compared with that of the control at the early phases of
post-immobilization: after 2 weeks post-immobilization in
the tibia, except for the deep zone; and after 4 weeks post-
immobilization in the femur (Figs 4 and 5). At the periph-
eral regions, the specific fluctuation of intensity confirmed
which contact regions were not observed in both superficial
and deep zones throughout the experimental period (Figs 6
and 7). The superficial zone of cartilage comprises 10-20%
of the cartilage thickness and has the ability to maintain
fluid load support for compressive loading (Vanwanseele
et al. 2002; Moger et al. 2009). The decreased collagen
staining intensity at the superficial zone of the TC region
was observed at an earlier phase in the immobilized period
compared with that of the femur (Fig. 5A,C). The deep
zone of cartilage is defined as the area above the calcified
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cartilage, which comprises 30% of the cartilage thickness,
and it consists of radially oriented fiber bundles that enter
the calcified zone to form an interlocking network that
anchors the tissue to the bony substrate (Vanwanseele et al.
2002). The deceased collagen staining intensity at the deep
zone of the FC region was observed at an earlier phase in
the immobilized period compared with that of the tibia
(Fig. 5B,D).

A depression in the collagen staining intensity indicates a
change in the collagen diameter and packing density (Bees-
ley et al. 1992; Schmitz et al. 2010). Our results on the alter-
ations of collagen staining intensity showed a change in
the collagen fiber structure after immobilization. Based on
the SEM observations, we assessed the alteration of colla-
gen fibers in detail using cross-sections of the TC region,
which was where the collagen fiber stainability changed
the most, to compare the different regions (Fig. S1). We
confirmed the ultrastructural changes of collagen fibers at
an early phase of the immobilization period. The collagen
fibers appeared to be sparse at the transitional zone, and
the fiber orientation was random, not vertical, at the radial
zone. These results suggested that changes in the collagen
fibers occurred ultrastructually in both the superficial and
deep zones at an early phase of the immobilization period.

Although the exact origin is not known, two hypothetical
mechanisms might explain the ultrastructural collagen
changes in articular cartilage after immobilization. The first
hypothesis pertains to the effect of the degeneration of
chondrocytes to collagen fiber and cartilage matrix. Many
reports have shown that chondrocyte degeneration or
apoptosis occur at the contact region in cartilage after rigid
immobilization (Haapala et al. 1999; Trudel et al. 2005;
Hagiwara et al. 2009). Immobilization causes reduced PG
content (Haapala et al. 1996, 1999), decreased collagen
cross-linking, decreased tissue content of uronic acid (Haa-
pala et al. 1996) and suppression of PG synthesis (Palmoski
et al. 1980; Behrens et al. 1989). Knee cartilage atrophy,
which occurs after immobilization, is accompanied by these
changes in the chondrocytes surrounding the ECM. To our
knowledge, the decreased collagen fiber staining intensity
indicates alterations in the ECM content of the cartilage
after immobilization. The second hypothesis pertains to the
effect of mechanical properties. Previous biomechanical
studies have shown that mechanical loading can either
stimulate or inhibit biosynthetic activity (Sah et al. 1989;
Kaab et al. 1998), and can influence the arrangement and
orientation of collagen fibers (Moger et al. 2009). Previous
reports also showed that excessive compression causes carti-
lage degeneration, and the structure of articular cartilage
collagen exhibits zone-specific deformation that is depen-
dent on the type of load, such as cyclic or static (Kaab et al.
1998, 2000). These alterations of chondrocytes and the ECM
may reflect the staining intensities of the collagen fibers
that were observed in this study. Furthermore, Ando et al.
(2011) reported hypertrophy of the chondrocytes in the
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contact and peripheral regions through increased mechani-
cal stress by rigid immobilization that was irreversible after
remobilization. Alterations of surface cartilage collagen
fibers and the collagen staining intensity, which was
observed in this report, may indicate a similar irreversible
alteration as that observed by Ando et al. (2011).

However, this study has several potential limitations. First,
we used immature, 8-week-old rats. Previous reports
showed that collagen content doubles (Williamson et al.
2001) and growth affects the collagen structure (Julkunen
et al. 2010) during the maturation process. In this study, it is
possible that the results were affected by the inhibition of
normal cartilage fiber growth. Second, we only focused on
collagen fiber in the cartilage. Therefore, alterations of
other components, such as large aggregating and non-
aggregating PGs that are also components of the articular
cartilage matrix, are unknown. Third, the assessment area
was the medial side of the knee joint; thus, changes of the
lateral side of the knee joint remain unexplained. Fourth,
we used a small sample size for the statistical analysis of the
staining intensity. A higher number of samples at the each
time point is desirable to have more power for the statisti-
cal analysis.

Concluding remarks

The ultrastructure of surface collagen fibers changed
remarkably at the peripheral region compared with the
contact region with prolongation of the immobilized per-
iod of knee joint articular cartilage. Additionally, the colla-
gen fiber staining intensity significantly decreased at the
contact region compared with the peripheral region after
immobilization. Cartilage degeneration was shown to be
region specific (i.e. contact region or peripheral region). We
suggest that the progressive degeneration of cartilage in
specific regions occurs with prolongation of the immobiliza-
tion period.
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