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Summary: 39 

 40 

The purpose of this study was to examine the ultrastructural changes of surface 41 

cartilage collagen fibers, which differ by region and the length of the experimental 42 

period in an immobilization model of rat. Male Wistar rats were randomly divided into 43 

histological or macroscopic and ultrastructural assessment groups. The left knees of all 44 

the animals were surgically immobilized by external fixation for 1, 2, 4, 8, or 16 weeks 45 

(n = 5/ time point). Sagittal histological sections of the medial mid-condylar region of 46 

the knee were obtained and assessed in 4 specific regions (contact and peripheral 47 

regions of the femur and tibia) and 2 zones (superficial and deep). To semi-quantify the 48 

staining intensity of the collagen fibers in the cartilage, picrosirius red staining was 49 

used. The cartilage surface changes of all the assessed regions were investigated by 50 

scanning electron microscopy (SEM). From histological and SEM observations, the 51 

fibrillation and irregular changes of the cartilage surface were more severe in the 52 

peripheral region than in the contact region. Interestingly, at 16 weeks post-53 

immobilization, we observed non-fibrous structures at both the contact and peripheral 54 

regions. The collagen fiber staining intensity decreased in the contact region compared 55 

to the peripheral region. In conclusion, the alteration of surface collagen fiber 56 

ultrastructure and collagen staining intensity differed by the specific cartilage regions 57 

after immobilization. These results demonstrate that the progressive degeneration of 58 

cartilage is region specific, and depends on the length of the immobilization period. 59 

 60 
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Introduction 65 

 66 

Joint immobilization has various influences on joint structure, articular cartilage 67 

degeneration as disuse atrophy (Jurvelin et al., 1985; Setton et al., 1997), and 68 

concomitant alterations in other joint disorders such as pain or limitation in the range 69 

of motion (Vanwanseele et al., 2002; Hagiwara et al., 2009). Understanding the 70 

degeneration or atrophy of articular cartilage is necessary to develop strategies to 71 

prevent and treat joint disease, such as osteoarthritis or secondary degeneration after 72 

contracture (Moriyama et al., 2008; Hagiwara et al., 2009). 73 

The articular cartilage consists of chondrocytes embedded in a substantial amount of 74 

extracellular matrix (ECM), which is primarily composed of type II collagen and the 75 

proteoglycan (PG) aggrecan (Schachar et al., 1999; Moger et al., 2009; Leong et al., 76 

2010). Additionally, collagen fibers are important for the cartilage skeleton 77 

(Vanwanseele et al., 2002; Moger et al., 2009). Previous reports have shown that joint 78 

immobilization increases collagen synthesis, maintains or elevates collagen content 79 

(Tammi et al., 1983, 1988; Saamanen et al., 1987), decreases type II collagen (Hagiwara 80 

et al., 2010) as well as PG content (Haapala et al., 1996, 1999), and upregulates the 81 

expression of matrix metalloproteinases (MMPs) (Ando et al., 2009; Leong et al., 2010), 82 

which have been considered the main enzymes responsible for the degeneration of 83 

collagens in articular cartilage (Nagase and Kashiwagi, 2003). The effect of 84 

immobilization can alter collagen fibers and the matrix by differences in the method of 85 

immobilization, the loading conditions, the duration of immobilization, and the 86 

assessment region (Jurvelin et al., 1986; Moriyama et al., 2008). Previous reports 87 

(Haapala et al., 1999; Jortikka et al., 1997) showed that the characterization of 88 

cartilage proteoglycan was well-described zonally and regionally in a canine 89 

immobilization model, but there are few comparable reports in rats.  90 
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The differences in cartilage change according to the assessment region, which has been 91 

demonstrated histologically in a rat immobilization model. The assessment regions 92 

were mainly divided into 2 regions as follows: non-contact and contact regions 93 

(O'Connor, 1997; Trudel et al., 2005; Moriyama et al., 2008). The contact region is 94 

located where the articular cartilages of 2 bones are in contact with one another, and 95 

previous reports showed similar findings such as the degeneration of chondrocytes and 96 

cartilage thinning in this region (Trudel et al., 2005; Hagiwara et al., 2009). Additionally, 97 

some reports evaluated histological and elasticity alterations with additional regions, 98 

including the peripheral to the contact region (the peripheral region) along with the 99 

above-mentioned 2 regions after immobilization (Hagiwara et al., 2009, 2010; Ando et 100 

al., 2009). In addition, Hagiwara et al. reported that immobilization leads to the 101 

deterioration of histological scoring and softening of the cartilage in both the contact 102 

and peripheral regions (Hagiwara et al., 2009). However, the ultrastructural changes 103 

of cartilage dissimilarity among these assessment regions remain unclear. Macroscopic 104 

and microscopic examinations of the articular cartilage after immobilization revealed 105 

surface irregularities and softening (Jurvelin et al., 1985; Trudel et al., 2003; Hagiwara 106 

et al., 2009). The cartilage surface, which directly faces the joint cavity, is at risk for 107 

cartilage and chondrocyte degeneration when the cartilage is cleaved off from the 108 

surface by horizontal fissuring (Clark and Simonian, 1997). Previous reports showed 109 

that ultrastructural degenerative alterations of the cartilage surface after 110 

immobilization occurred in the cartilage of various bones of the knee joint, including 111 

the femur (Jozsa et al., 1987; Clark, 1990), tibia (Helminen et al., 1983; Clark, 1990), 112 

and patella (Jurvelin et al., 1983, 1985; Hong and Henderson, 1996; Clark, 1990, 1997). 113 

These reports examined the entire articular surface of 1 bone but not the separate 114 

regions. Consequently, little is known about the ultrastructural alterations of specific 115 

cartilage regions, including the contact and peripheral regions. 116 
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The purpose of this study was to examine the ultrastructural changes of cartilage 117 

collagen fibers, which differ by region. Therefore, we focused on the contact and 118 

peripheral regions, which differ based on the length of the experimental period (i.e., 119 

short- or long-term) in an immobilization rat model to identify differences in specific 120 

cartilage regions. 121 

   122 

 123 

Materials and Methods 124 

 125 

Sample preparation and surgical procedure 126 

The experimental design for this study was approved by the College Animal Research 127 

Committee of Kyoto University (Permission number: 12597). We used a total of fifty 8-128 

week-old male Wistar rats weighing 178–217 g that were randomly allocated in groups 129 

of 25 for the histology analysis and 25 for the macroscopic observation and scanning 130 

electron microscopy (SEM) analysis at the following 5 time points: 1, 2, 4, 8, and 16 131 

weeks after surgical immobilization. The left hind limb of each experimental animal 132 

was immobilized with an external fixator consisting of wire and resin (; immobilized). 133 

Under sodium Nembutal anesthesia and sterile conditions, Kirschner wires were 134 

screwed into the femur and the tibia and fixed with wire and resin to a maintain knee 135 

flexion of approximately 140° ± 5° by the previously described method (Nagai et al., 136 

2014). The right knee joint was subjected to sham surgery and was freely movable 137 

postoperatively (; control). All the experimental animals had their left knee joint 138 

immobilized, which did not damage the joint. All the animals were housed in groups of 139 

2 or 3 in plastic cages in an environmentally controlled room and fed food and water ad 140 

libitum. 141 

 142 
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Histological observations 143 

At the end of the immobilization period, the animals were sacrificed under anesthesia 144 

with sodium Nembutal by exsanguination. After the wire and resin were removed from 145 

the joint, a microscopic analysis was performed. The knees were removed, fixed with 146 

4% paraformaldehyde at 4°C overnight, and thereafter decalcified in 10% ethylene 147 

diamimine-tetetraacetic acid at 4°C. The decalcified samples were embedded in paraffin. 148 

Using standard procedures, 6-μm sections were stained with hematoxylin-eosin (H-E) 149 

to observe surface and cell changes; they were also stained with picrosirius red to 150 

observe the cartilage collagen fibers. The samples from all the time points and the 151 

controls were stained with picrosirius red simultaneously. The sections were observed 152 

under a microscope. 153 

Assessment regions 154 

After immobilization, the medial side is more affected by degeneration and thickness of 155 

the cartilage than the lateral compartment (Haapala et al., 1999, 2000) or in 156 

osteoarthritis (Ledingham et al., 1993). Therefore, we only assessed the medial side of 157 

the knee joint. We observed histological alterations at the medial mid-condylar region 158 

of the knee in the sagittal plane of the articular cartilage. Four regions were evaluated 159 

(Fig. 1). The femur contact region (FC; Fig. 1 A) is the dominant weight-bearing region 160 

of the femur and is located at apposed regions when the knee is flexed to 140° 161 

(consistent with the angle of immobilization). The tibia contact region (TC; Fig. 1 B) is 162 

the weight-bearing surface of the tibia that is distributed across the surface of the tibia 163 

when the knee is flexed to 140°. The peripheral region includes both the femur 164 

peripheral region (FP; Fig. 1 C) and the tibia peripheral region (TP; Fig. 1 D), which 165 

are 0.6 ± 0.1 mm away from the center of each respective contact region. The peripheral 166 

regions were defined by measuring the distance from the center of the contact regions 167 

to the area at which a convex shape formed around the center of the FC or TC regions. 168 
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Measurement of picrosirius red staining 169 

To semi-quantify the collagen content in the cartilage, one way to visualize collagen 170 

fibers in histological sections is by staining with picrosirius red (Schmitz et al., 2010; 171 

Beesley et al., 1992). The staining intensity of picrosirius red at each of the 4 regions 172 

was measured separately in the superficial and deep zones of cartilage. Rectangles that 173 

were 50-μm deep and 400-μm long were superimposed over the histological sections. 174 

The superficial zone of cartilage was defined as the region from the cartilage surface 175 

down to a depth of 50 μm. The deep zone of cartilage was defined as the region from the 176 

tidemark up to a depth of 50 μm. The images from each sample were measured using 177 

the ImageJ program (U.S. National Institutes of Health). TIFF images were taken at a 178 

magnification of 200× under microscopy using the standard protocols; then, the TIFF 179 

images were converted to 8-bit gray scale images, followed by inverting black and white 180 

values and subtracting the background. The average intensity of each zone was 181 

calculated. The intensity ranged from 0 to 255 and represented the intensity of collagen 182 

fibers from low to high. 183 

 184 

Macroscopic observations 185 

After the rats were sacrificed under anesthesia, the specimens for the macroscopic and 186 

SEM observations were fixed in 2% glutaraldehyde in 4% paraformaldehyde at 4°C 187 

overnight. Based on our macroscopic observations, we extracted the femur and tibia 188 

from the fixed knee joints. These procedures were performed to prevent dehydration 189 

and damage from affecting the cartilage surface. The extracted femur and tibia were 190 

observed frontally and laterally using a Keyence VB-7010 camera (Keyence, Osaka, 191 

Japan). 192 

 193 

Scanning electron microscopy 194 
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After the macroscopic observations, the specimens were cleaved with a scalpel and 195 

washed in 0.1 M phosphate buffer, and a second fixation step was performed with 1% 196 

osmic acid. The specimens were dehydrated in a graded series of ethanol, transferred 197 

into tert-butyl alcohol, and freeze-dried at −20°C. The dried specimens were mounted 198 

on stages, coated with platinum/palladium, and observed using a HITACHI S-4700 199 

electron microscope (Hitachi High Technologies, Tokyo, Japan). We observed the 200 

alterations of the cartilage surface collagen in the FC, TC, FP, and TP regions. 201 

 202 

Statistical analysis 203 

All the data are shown as the mean ± standard deviation (SD). The software program 204 

JMP 11 (SAS Institute, Cary, NC, USA) was used for the statistical analysis. 205 

Differences in the staining intensity between the immobilized and control rats at each 206 

time point were assessed using the Mann-Whitney’s U test. In all cases, P < 0.05 was 207 

considered significant. 208 

 209 

 210 

Results 211 

 212 

Macroscopic observations 213 

There was no apparent macroscopic degeneration of the cartilage in any of the 214 

specimens of the control group throughout the experimental period (Fig. 2 A,D). 215 

However, in the immobilized group, the surfaces of the contact regions in the femur and 216 

tibia were concave and encircled by protruding cartilage that was convex in shape (Fig. 217 

2 B,C,E,F; arrowheads show the edge of the convex shape). The surface color of the 218 

convex shape in the femur changed from red to white (Fig. 2 B,C). These color and shape 219 

changes became more severe throughout the experimental period and were the most 220 
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severe in the immobilized group at 16 weeks (Fig. 2 C,F).  221 

 222 

Histological observations 223 

The histological changes in the cartilage surface were similar to the changes in the 224 

femur and tibia throughout the experimental period. The H-E staining showed no 225 

apparent histological degeneration in any of the control group specimens throughout 226 

the experimental period (Fig. 3 A,G). In the immobilized group, at the contact region, 227 

hypertrophic chondrocytes were observed throughout the experimental period, and 228 

degenerative changes of the chondrocytes particularly in the chondrocytic lacunae with 229 

pyknotic or absent nuclei, were observed predominantly at 8 and 16 weeks (Fig. 3 B–230 

F). However, the fibrillation and irregular changes of the cartilage surface were more 231 

severe in the peripheral region than in the contact region at same time point (Fig. 3 H–232 

L, black arrowheads). The remarkable fibrillation that was identified at 2 to 4 weeks 233 

post-immobilization was not observed at 8 and 16 weeks, but the changes in the densely 234 

stained surface were observed (Fig. 3 K,L, white arrowheads). Moreover, hypertrophic 235 

chondrocytes were observed in the peripheral region throughout the experimental 236 

period (Fig. 3 H–L). The results were uniform for all the specimens that belonged to the 237 

same group. 238 

 239 

Measurement of picrosirius red staining  240 

Contact region 241 

The intensity of the picrosirius red staining of the control group remained constant 242 

throughout the experimental period (Fig. 4 A,G). However, in the immobilized group, 243 

the intensity significantly decreased at the superficial zone in the femur at 4 and 8 244 

weeks (Fig. 4 D,E and 5 A: *P < 0.05, **P < 0.01) and in the tibia at 2, 8, and 16 weeks 245 

(Fig. 4 I,K,L and 5 C: *P < 0.05, **P < 0.01) compared to that of the control. There were 246 
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no significant differences in the femurs although the intensity was decreased at 8 and 247 

16 weeks compared to 2 and 4 weeks post-immobilization (Fig. 4 E,F). In the deep zone, 248 

the staining intensity showed significant decreases in the femurs at 4 and 16 weeks 249 

and in the tibias at 16 weeks compared to that of the control (Fig. 4 D,F,L and Fig. 5 250 

B,D: *P < 0.05).  251 

Peripheral region 252 

The intensity of the picrosirius red staining of the control groups remained constant 253 

throughout the experimental period (Fig. 6 A,G). However, in the immobilized group, 254 

the staining intensity of the peripheral region differed from that of the contact region. 255 

The intensity was almost constant throughout the experimental period. However, at 256 

the superficial zone, the intensity was significantly decreased in the femur at 1 and 16 257 

weeks (Fig. 6 B,F and 7 A: *P < 0.05) and in the tibia at 8 weeks (Fig. 6 K and 7 C: *P 258 

< 0.05) compared to that of the control. At the deep zone, the intensity significantly 259 

decreased at only 8 weeks in the tibia (Fig. 6 K and Fig. 7 B,D: *P < 0.05).  260 

 261 

SEM  262 

The collagen fiber changes in the cartilage surface were similar in the femur and tibia 263 

throughout the entire experimental period. In the contact region, the surface was even 264 

and smooth, and collagen fibrillar structures were observed in the control group 265 

throughout the experimental period (Fig. 8 K). However, in the contact region, a mashed 266 

fiber network and crosslinking were observed after 1 to 4 weeks in the immobilized 267 

group (Fig. 8 A–C). Furthermore, slightly uneven but not leafy and knobby surfaces 268 

were observed at 8 weeks (Fig. 8 D), and hillocky surfaces comprised of non-fibrous 269 

structures were observed at 16 weeks (Fig. 8 E). In the peripheral region, the even and 270 

smooth surface was comprised of collagen fibrillar structures, which was similar to the 271 

contact region; this was observed in the control group throughout the experimental 272 
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period. However, in the immobilized group, uneven and slightly rough surfaces were 273 

observed at 1 week (Fig. 8 F). The leafy and slightly split surfaces were observed at 2 274 

weeks (Fig. 8 G). The leafy surfaces were larger than those at 2 weeks; moreover, 275 

splitting of the surface beneath the collagen fiber was observed at 4 and 8 weeks (Fig. 276 

8 H,I). The rough and knobby surfaces were comprised of non-fibrous structures that 277 

covered this region at 16 weeks. Furthermore, we did not observe a leafy split, which 278 

can see fiber structure at beneath of the split (Fig. 8 J). The results were uniform for 279 

all the specimens that belonged to the same group.  280 

 281 

 282 

Discussion 283 

 284 

We investigated the ultrastructural changes of the cartilage surface that differ by 285 

specific region (i.e., contact or peripheral regions). To the best of our knowledge, this is 286 

the first report addressing the differences between regions with regard to 287 

ultrastructural changes of surface collagen fibers after immobilization over a long-term 288 

experimental period. 289 

Previous studies showed that significant alterations of collagen fibers in the entire 290 

cartilage surface of one bone were observed within 1 week post-immobilization, and the 291 

leafy, knobby, or split structure of the cartilage surface was observed throughout 8 292 

weeks immobilized period in a rabbit patella by SEM (Jurvelin et al., 1983, 1985). 293 

Moreover, one report showed that surface irregularities appeared across the entire 294 

cartilage surface after 2 weeks of immobilization and rapidly progressed after 8 weeks, 295 

which was determined by evaluating histological images of the tibia (Trudel et al., 2003). 296 

The present study revealed the fibrillation and irregular changes of the cartilage 297 

surface in the immobilized group throughout the experimental period by histological 298 
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and ultrastructural observations (Fig. 3,8). Our 1 to 8 week post-immobilization results 299 

were consistent with previously reported results. In addition, at 16 weeks post-300 

immobilization, non-fibrous structures were observed at both the contact and 301 

peripheral regions (Fig. 8 E,J). Many reports have shown the alteration of surface 302 

cartilage after long-term immobilization in the patella (Jurvelin et al., 1983, 1985, Hong 303 

and Henderson, 1996). However, in the tibia and femur, previous reports only reported 304 

a period of up to 8 weeks post-immobilization (Helminen et al., 1983; Jozsa et al., 1987). 305 

Thus, this is the first report of the ultrastructural alterations of collagen fiber in the 306 

surface of the femur and tibia cartilage after a long-term experimental period (i.e., 16 307 

weeks post-immobilization). 308 

Our results show that the alterations of collagen fibers in the cartilage surface differed 309 

by specific cartilage region (i.e., contact or peripheral regions). The surface at the 310 

contact region was concave in shape (Fig. 2 B,C,E,F) and consisted of a crosslinking 311 

fiber network (Fig. 8 A,C). However, the surface of the peripheral region was convex in 312 

shape (Fig. 2 B,C,E,F), and the leafy surface, which was more fibrillated than that of 313 

the contact region, was determined by histology (Fig. 3 H–L) and ultrastructure (Fig. 8 314 

F–J). Based on the SEM observations, the leafy and split surfaces were observed at the 315 

peripheral region in the immobilized groups and became heavier throughout the 316 

immobilized period (Fig. 8 F–J). Regarding the differences between the regions, we 317 

suggested that there was a difference in mechanical stress. At the contact region, where 318 

the articular cartilage of 2 bones is in direct contact, compressive stress was loaded 319 

(Trudel et al., 2005). However, at the peripheral region, the articular cartilage may 320 

contact the meniscus. We could consider that not only compressive stress but also shear 321 

stress was loaded at the peripheral region because other structures of the joint, such as 322 

the meniscus or joint capsule, were not fixed whereas the bones were fixed. The type of 323 

load on the cartilage, (i.e., compressive or shear stress) influenced chondrocyte 324 
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metabolism (Smith et al., 2004; Ko et al., 2013). Cyclic compression causes cartilage 325 

degeneration (Milentijevic et al., 2003; Ko et al., 2013), and the application of shear 326 

stress increases the release of proinflammatory mediators and decreases aggrecan and 327 

type II collagen expression (Smith et al., 2004). Under mechanical loads, the water 328 

content is forced out of the matrix (Milentijevic et al., 2003), which facilitates the 329 

deformation of collagen in the upper zone of the cartilage (Kaab et al., 1998, 2000). The 330 

differences in the alterations of the surface cartilage by region may be affected by the 331 

differences in mechanical stress.  332 

In this study, non-fibrous structures were observed by SEM at both the contact and 333 

peripheral regions 16 weeks post-immobilization, which could be caused by the effect of 334 

the synovial fluid on the cartilage surface. After immobilization, previous reports 335 

showed that a decreased amount of fluid (Enneking and Horowitz, 1972; Michelsson 336 

and Hunneyball, 1984), and decreased levels of tissue inhibitors of metalloproteinase 337 

(TIMP) were present in the synovial fluid (Haapala et al., 2001). These breakdown of 338 

homeostasis in the joint space led to fibril changes on the surface. However, because we 339 

did not investigate synovial fluid, we cannot confirm this possibility. The present results 340 

show that the alterations of the cartilage surface occurred at both the contact and 341 

peripheral regions, and the alteration pattern differed by specific region, indicating that 342 

further alterations of the cartilage surface that differ by specific regions may occur with 343 

a prolonged immobilization period or other new stresses such as re-load or re-joint 344 

movements. 345 

The present study revealed that the alteration of collagen fiber intensity was different 346 

between the contact and peripheral regions. When we considered the changes for both 347 

superficial and deep zones, at the contact regions, the collagen fiber staining intensity 348 

significantly decreased compared to that of the control at the early phases of post-349 

immobilization: after 2 weeks post-immobilization in the tibia, except for the deep zone, 350 
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and after 4 weeks post-immobilization in the femur (Fig. 4,5). At the peripheral regions, 351 

the specific fluctuation of intensity confirmed which contact regions were not observed 352 

in both superficial and deep zones throughout the experimental period (Fig. 6,7). The 353 

superficial zone of cartilage comprises 10–20% of the cartilage thickness and has the 354 

ability to maintain fluid load support for compressive loading (Vanwanseele et al., 2002; 355 

Moger et al., 2009). The decreased collagen staining intensity at the superficial zone of 356 

the contact region was observed at an earlier phase in the immobilized period compared 357 

to that of the femur (Fig. 5 A,C). The deep zone of cartilage is defined as the area above 358 

the calcified cartilage, which comprises 30% of the cartilage thickness, and it consists 359 

of radially oriented fiber bundles that enter the calcified zone to form an interlocking 360 

network that anchors the tissue to the bony substrate (Vanwanseele et al., 2002). The 361 

deceased collagen staining intensity at the deep zone of the FC region was observed at 362 

an earlier phase in the immobilized period compared to that of the tibia (Fig. 5 B,D). 363 

A depression in the collagen staining intensity indicates a change in the collagen 364 

diameter and packing density (Beesley et al., 1992; Schmitz et al., 2010). Our results 365 

on the alterations of collagen staining intensity showed a change in the collagen fiber 366 

structure after immobilization. Based on the SEM observations, we assessed the 367 

alteration of collagen fibers in detail using cross-sections of the TC region, which was 368 

where the collagen fiber stainability changed the most, to compare the different regions 369 

(supplemental data). We confirmed the ultrastructural changes of collagen fibers at an 370 

early phase of the immobilization period. The collagen fibers appeared to be sparse at 371 

the transitional zone, and the fiber orientation was random, not vertical, at the radial 372 

zone. These results suggested that changes in the collagen fibers occurred 373 

ultrastructually in both the superficial and deep zones at an early phase of the 374 

immobilization period. 375 

Although the exact origin is not known, two hypothetical mechanisms might explain 376 
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the ultrastructural collagen changes in articular cartilage after immobilization. The 377 

first hypothesis pertains to the effect of the degeneration of chondrocytes to collagen 378 

fiber and cartilage matrix. Many reports have shown that chondrocyte degeneration or 379 

apoptosis occur at the contact region in cartilage after rigid immobilization (Haapala et 380 

al., 1999; Trudel et al., 2005; Hagiwara et al., 2009). Immobilization causes reduced PG 381 

content (Haapala et al., 1996, 1999), decreased collagen crosslinking, decreased tissue 382 

content of uronic acid (Haapala et al., 1996), and suppression of PG synthesis (Palmoski 383 

et al., 1980; Behrens et al., 1989). Knee cartilage atrophy, which occurs after 384 

immobilization, is accompanied by these changes in the chondrocytes surrounding the 385 

ECM. To our knowledge, the decreased collagen fiber staining intensity indicates 386 

alterations in the ECM content of the cartilage after immobilization. The second 387 

hypothesis pertains to the effect of mechanical properties. Previous biomechanical 388 

studies have shown that mechanical loading can either stimulate or inhibit biosynthetic 389 

activity (Sah et al., 1989; Kaab et al., 1998) and can influence the arrangement and 390 

orientation of collagen fibers (Moger et al., 2009). Previous reports also showed that 391 

excessive compression causes cartilage degeneration, and the structure of articular 392 

cartilage collagen exhibits zone-specific deformation that is dependent on the type of 393 

load, such as cyclic or static (Kaab et al., 1998, 2000). These alterations of chondrocytes 394 

and the ECM may reflect the staining intensities of the collagen fibers that were 395 

observed in this study. Furthermore, Ando et al. reported hypertrophy of the 396 

chondrocytes in the contact and peripheral regions through increased mechanical stress 397 

by rigid immobilization that was irreversible after remobilization (Ando et al., 2011). 398 

Alterations of surface cartilage collagen fibers and the collagen staining intensity, 399 

which was observed in this report, may indicate a similar irreversible alteration as that 400 

observed by Ando et al. 401 

However, this study has several potential limitations. First, we used immature, 8-week-402 
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old rats. Previous reports showed that collagen content doubles (Williamson et al., 2001) 403 

and growth affects the collagen structure (Julkunen et al., 2010) during the maturation 404 

process. In this study, it is possibile that the results were affected by the inhibition of 405 

normal cartilage fiber growth. Second, we only focused on collagen fiber in the cartilage. 406 

Therefore, alterations of other components, such as large aggregating and non-407 

aggregating PGs that are also components of the articular cartilage matrix, are 408 

unknown. Third, the assessment area was the medial side of the knee joint; thus, 409 

changes of the lateral side of the knee joint remain unexplained. Forth, we used a small 410 

sample size for the statistical analysis of the staining intensity. A higher number of 411 

samples at the each time point is desirable to have more power for the statistical 412 

analysis. 413 

 414 

 415 

Concluding remarks: 416 

 417 

The ultrastructure of surface collagen fibers changed remarkably at the peripheral 418 

region compared to the contact region with prolongation of the immobilized period of 419 

knee joint articular cartilage. Additionally, the collagen fiber staining intensity 420 

significantly decreased at the contact region compared to the peripheral region after 421 

immobilization. Cartilage degeneration was shown to be region specific (i.e., contact 422 

region or peripheral region). We suggest that the progressive degeneration of cartilage 423 

in specific regions occurs with prolongation of the immobilization period. 424 

 425 
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Figure legends: 571 

 572 

Fig. 1 573 

Assessment regions in the histological imaging of a standard sagittal section of the knee 574 

(stained with hematoxylin-eosin at 8 weeks post-immobilization). (A) Femur contact 575 

region; FC, (B) Tibia contact region; TC, (C) Femur peripheral region; FP, (D) Tibia 576 

peripheral region; TP. Scale bar: 500 μm. 577 

 578 

Fig. 2 579 

Macroscopic images of the femur and tibia. (A, D) In the control group, an intact cartilage 580 

surface can be observed at 16 weeks post-operation. The images show the (A–C) femur and 581 

(D–F) tibia. In the immobilized group, (B, E) the 1 week post-immobilization images show 582 

that the surface of the contact region was concave in shape and encircled by protruding 583 

cartilage that formed a convex shape (arrowheads show the edge of the convex shape). The 584 

surface of the convex shape changed in color from red to white. (C, F) At 16 weeks post-585 

immobilization, more severe alterations than that of the previous experimental periods 586 

can be observed. The macrographs have the same magnification: 25×; scale bar: 3.00 mm. 587 

 588 

Fig. 3 589 

Histological images of the superficial zone of the contact and peripheral regions in the 590 

femur were stained with hematoxylin-eosin. (A, G) In the control group, no apparent 591 

histologic degeneration of the cartilage and surface was observed at 8 weeks. In the 592 

immobilized groups, the images show (B, H) 1 week, (C, I) 2 weeks, (D, J) 4 weeks, (E, K) 593 

8weeks, and (F, L) 16 weeks post-immobilization. (B–F) The contact region in the 594 

immobilized groups does not show remarkable fibrillation of the cartilage surface. 595 

Hypertrophied cells and degenerative changes of the chondrocytes were observed, 596 
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particularly at 8 and 16 weeks post-immobilization. (H–L) The peripheral region in the 597 

immobilized group shows changes in fibrillation and irregularity (black arrowheads) and 598 

alterations in the staining density (white arrowheads) of the cartilage surface. 599 

Hypertrophy of the chondrocytes was observed throughout the experimental period. The 600 

micrographs have the same magnification: 400×; scale bar: 100 μm. 601 

 602 

Fig. 4 603 

Histological imaging of the contact regions at the femur and tibia cartilage, which were 604 

stained with picrosirius red. (A, G) In the control group, well staining intensity can be 605 

observed at 8 weeks post-operation. In the immobilized groups, the images show (B, H) 1 606 

week, (C, I) 2 weeks, (D, J) 4 weeks, (E, K) 8 weeks, and (F, L) 16 weeks post-607 

immobilization. (B–F) The femur in the immobilized group has a reduced staining 608 

intensity with the prolongation of the experimental period. (H–L) The tibia in the 609 

immobilized group has a reduced staining intensity after 2 weeks post-immobilization, 610 

except for the image at 4 weeks. The micrographs have the same magnification: 200×; 611 

scale bar: 100 μm. 612 

 613 

Fig. 5 614 

Collagen fibers intensity staining at the contact region of the femur and tibia. (A) The 615 

superficial zone of the femur in the immobilized knees showed a significant decrease in 616 

intensity at 4 and 8 weeks post-immobilization. (B) The deep zone of the femur in the 617 

immobilized knees showed a significant decrease at 4 and 16 weeks post-immobilization. 618 

(C) The superficial zone of the tibia in the immobilized knees showed a significant decrease 619 

in intensity at 2, 8, and 16 weeks post-immobilization. (D) The deep zone of the tibia in 620 

the immobilized knees showed a significant decrease in intensity at 16 weeks post-621 

immobilization. Values are presented as mean ± SD; control vs immobilized at the same 622 
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time point (*P < 0.05, **P < 0.01). 623 

 624 

Fig. 6 625 

Histological imaging of the peripheral regions at the femur and tibia cartilage, which were 626 

stained with picrosirius red. (A, G) In the control group, well staining intensity was 627 

observed at 8 weeks post-operation. In the immobilized groups, the images show (B, H) 1 628 

week, (C, I) 2 weeks, (D, J) 4 weeks, (E, K) 8 weeks, and (F, L) 16 weeks post-629 

immobilization. (B–F) The femur and (H–L) tibia in the immobilized group retained their 630 

staining intensity throughout the experimental period except in both the superficial and 631 

deep zones in the tibia at 8 weeks post-immobilization. The micrographs have the same 632 

magnification: 200×; scale bar: 100 μm. 633 

 634 

Fig. 7 635 

Collagen fibers intensity staining at the peripheral region of the femur and tibia. (A) The 636 

superficial zone showed a significant decrease in intensity at 1 and 16 weeks post-637 

immobilization. (B) The deep zone of the femur in the immobilized knees showed no 638 

significant differences in intensity throughout the experimental period. (C) The superficial 639 

zone and (D) the deep zone of the tibia in the immobilized knees: there were no significant 640 

differences throughout the experimental period except at 8 weeks post-immobilization. 641 

Values are presented as mean ± SD; control vs immobilized at the same time point (*P < 642 

0.05). 643 

 644 

Fig. 8 645 

Scanning electron microscopy images of the surface at the contact and peripheral regions 646 

of the femur. The images show (A, F) 1 week, (B, G) 2 weeks, (C, H) 4 weeks, (D, I) 8 weeks, 647 

and (E, J) 16 weeks post-immobilization. (K) The contact region in the control group at 8 648 
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weeks post-operation shows collagen fibrous structures on the cartilage surface, and these 649 

structures were observed in all the assessment regions throughout the experimental 650 

period in the control group. (A–C) At the contact region in the immobilized group, the 651 

mashed fiber network was observed at 1, 2, and 4 weeks post-immobilization. (D) A slightly 652 

uneven but not leafy and knobby surface was observed at 8 weeks post-immobilization. (E) 653 

A hillocky surface comprised of non-fibrous structures was observed at 16 weeks post-654 

immobilization. (F, G) At the peripheral region in the immobilized groups, an uneven, 655 

leafy, and split surface was observed at 1 and 2 weeks post-immobilization. (H, I) The 656 

larger leafy surface and split was observed at 4 and 8 weeks post-immobilization. (J) The 657 

slightly rough and knobby surface comprised of non-fibrous structures was observed at 16 658 

weeks post-immobilization. The scanning electron micrographs have the same 659 

magnification: 1500×; scale bar: 20 μm. 660 

 661 

Supplementary material: 662 

 663 

Scanning electron microscopy images of cross-sections of the contact region of the tibia. 664 

In the tangential zone, (A) a fiber orientation parallel to the surface was observed in the 665 

control group. (B, C, D) The collagen fiber orientations in the immobilized group at 2, 4, 666 

and 16 weeks post-immobilization were similar to that of the control group. In the 667 

transitional zone, (E) no predominant orientation and highly dense fiber was observed in 668 

the control group. (F, G, H) The collagen fiber orientation was slightly random and 669 

appeared to be increasingly sparse in the immobilized groups at 2, 4, and 16 weeks post-670 

immobilization. In the radial zone, (I) vertically oriented fibers were observed in the 671 

control group. (J, K, L) The collagen fiber orientation was random, not vertical, in the 672 

immobilized groups at 2, 4, and 16 weeks post-immobilization. The scanning electron 673 

micrographs have the same magnification: 15000×; scale bar: 2.0 μm. 674 
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Figure. 1 675 
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Figure. 2 678 
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Figure. 3 681 
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Figure. 4 684 
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Figure. 5 687 
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Figure. 6 690 
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Figure. 7 693 
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