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Abstract We have recently discovered that spontaneous

hyaline cartilage regeneration can be induced in an osteo-

chondral defect in the rabbit, when we implant a novel

double-network (DN) gel plug at the bottom of the defect.

To clarify whether joint immobilization inhibits the spon-

taneous hyaline cartilage regeneration, we conducted this

study with 20 rabbits. At 4 or 12 weeks after surgery, the

defect in the mobile knees was filled with a sufficient

volume of the hyaline cartilage tissue rich in proteoglycan

and type-2 collagen, while no cartilage tissues were

observed in the defect in the immobilized knees. Type-2

collagen, Aggrecan, and SOX9 mRNAs were expressed

only in the mobile knees at each period. This study dem-

onstrated that joint immobilization significantly inhibits the

spontaneous hyaline cartilage regeneration induced by

the DN gel implantation. This fact suggested that the

mechanical environment is one of the significant factors to

induce this phenomenon.

1 Introduction

Articular cartilage defect is a significant health care con-

cern. It has been a commonly established concept that the

articular cartilage tissue cannot spontaneously regenerate

in vivo [1, 2]. Recently, however, we have found that,

when we implant a novel PAMPS/PDMAAm double-net-

work (DN) gel plug [3], which is composed of poly-(2-

Acrylamido-2-methylpropanesulfonic acid) (PAMPS) and

poly-(N,N0-Dimetyl acrylamide) (PDMAAm), at the bot-

tom of a large osteochondral defect created in the rabbit

patellofemoral joint so that a 1.5 to 3.5-mm deep vacant

space is intentionally left in the defect, spontaneous hyaline

cartilage regeneration can be induced in vivo in the vacant

space within 4 weeks [4]. This fact has given a major

modification to the above-described commonly established

concept. However, the mechanism of this phenomenon has

not been clarified as of yet. Therefore, we have recently

conducted a few ex vivo and in vivo studies to elucidate a

part of the mechanism [4–6]. Concerning biological aspects

of the mechanism, our ex vivo studies showed that the

PAMPS/PDMAAm DN gel surface can enhance differen-

tiation of chondrogenic ATDC5 cells into chondrocytes in

the ex vivo condition [4], and that the PAMPS network

with a sulphonic acid base plays an important role in the

enhancement of chondrogenic differentiation [5]. In addi-

tion, our in vivo study indicated that the PAMPS gel, which

is negatively charged, plays a significant role in the in vivo

spontaneous hyaline cartilage regeneration [6]. However,

no studies have been conducted to clarify biomechanical

aspects of the mechanism of the spontaneous hyaline car-

tilage regeneration.

In the actual in vivo treatment of the spontaneous hya-

line cartilage regeneration, we have allowed the rabbits to

move the knee without any restraints after the DN gel
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implantation surgery. It is well known that continuous joint

motion is an important factor for the cartilage regeneration

[7]. During knee motion, compression forces are repeti-

tively loaded on the joint surface. Previous studies have

reported that repetitive compressive loading significantly

enhances chondrocyte proliferation as well as aggrecan and

collagen synthesis in chondrocytes [8–11]. Recently, it is

also reported that repetitive compression loading enhances

chondrogenic differentiation [12–14]. Therefore, we have

considered that allowing free joint motion may be one of

the most significant factors to induce the spontaneous

hyaline cartilage regeneration phenomenon using the

PAMPS/PDMAAm DN gel. To verify this consideration,

we have made a specific hypothesis that joint immobili-

zation may significantly inhibit the spontaneous hyaline

cartilage regeneration induced by the PAMPS/PDMAAm

DN gel implantation treatment. The effect of joint immo-

bilization on the native articular cartilage has been one of

the important foci in the field of biomechanics. However,

no studies to clarify the in vivo effect of joint immobili-

zation on cartilage regeneration have been reported as of

yet. The purpose of this in vivo study is to test this

hypothesis, using a rabbit model.

2 Materials and methods

2.1 Materials

The PAMPS/PDMAAm DN gel is a kind of interpene-

trating network hydrogel, but with an asymmetric structure.

In this DN gel, the two independently cross-linked polymer

networks are physically entangled with each other. The first

network, which is rigid and brittle, is composed of densely

cross-linked polyelectrolyte, and the second network,

which is soft and ductile, consists of loosely or even non-

crosslinked neutral polymers. Furthermore, the molar

composition of the second network is more than 10 times

greater than that of the first network. Although the fracture

energy G of the first component is about 1 J/m2 and the

second one is about 10 J/m2, G of the DN gels becomes

anomalously high to about 1000 J/m2 at its maximum,

which is 100–1000 times higher than the primary gels [15].

The PAMPS/PDMAAm DN gel has the elastic modulus

of 0.20 MPa and the compressive fracture strength of

3.1 MPa [16, 17].

The PAMPS/PDMAAm DN gel was synthesized using

the previously reported two-step sequential polymerization

method [3]. Briefly, PAMPS gel was obtained by radical

polymerization using N,N0-methylenebisacrylamide as a

cross-linker and 2-oxoglutaric acid as an initiator. The

monomer concentration was 1 mol/l for PAMPS, 4 mol%

for the cross-linker, and 0.1 mol% for the initiator.

Aqueous solution containing a monomer, cross-linker, and

the initiator was bubbled with nitrogen for 30 min, and

then injected into a cell consisting of a pair of glass plates

separated by a silicon rubber. The cell was irradiated with

an UV lamp (wave length 365 nm) for about 6 h. The DN

hydrogel was synthesized by the sequential network for-

mation technique (two-step method). The PAMPS gel (1st

network) was immersed in an aqueous solution of 3 M

DMAAm, containing 0.1 mol% MBAA, and 0.1 mol%

potassium persulfate for 1 day until reaching equilibrium.

The 2nd network (PDMAAm) was subsequently polymer-

ized in the presence of the PAMPS gel at 60�C for 6 h

between two plates of glasses. After polymerization, the

PAMPS-PDMAAm DN gel was immersed in pure water

for 1 week and the water was changed 2 times every day to

remove any un-reacted materials. From the PAMPS/

PDMAAm DN gel, we created cylindrical plugs having a

4.5-mm diameter and a 8-mm length.

2.2 Study design and animal experimentation

A total of 20 mature female rabbits, weighing

3.5 ± 0.3 kg, were used in this study. Animal experi-

mentation was carried out in the Institute of Animal

Experimentation, Hokkaido University School of Medicine

under the Rules and Regulation of the Animal Care and

Use Committee, Hokkaido University School of Medicine.

An operation for each animal was performed under

intravenous anesthesia (pentobarbital, 25 mg/kg) under

sterile conditions. In 16 out of the 20 rabbits, an osteo-

chondral defect having a 4.3-mm diameter was created in

the bilateral femoral grooves of the patellofemoral joint,

and a cylindrical DN gel plug was implanted into the

bottom of each defect so that a 2-mm deep vacant space

remained between the gel and joint surface (Fig. 1). The

depth of 2 mm was chosen because this depth was the most

effective to induce the spontaneous cartilage regeneration

in our previous preliminary study [4]. The actual defect

depth was precisely measured in the histological sections

after sacrifice. After implantation of the gels, only the right

knee was immobilized (defined as ‘‘immobilized knee’’)

with a previously validated method [18]: Briefly, the knee

was fixed with a 1.6-mm stainless-steel wire extra-articu-

larly passed through the tibia and femur at approximately

150–160� of flexion (Fig. 2). In the immobilized joint, the

patella was located slightly distal to the osteochondral

defect, as shown in Fig. 2. Therefore, the patella did not

seal the defect, and synovial fluid could penetrate into the

tissues regenerated in the defect. The quadriceps tendon

applied compression forces to the tissues regenerated in the

defect. On the other hand, the left knee was left mobile

without any additional treatment (defined as ‘‘mobile

knee’’). The incised joint capsule and the skin wound were
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closed in layers with 3–0 nylon sutures, and an antiseptic

spray dressing was applied. Postoperatively, each animal

was allowed unrestricted activity in a cage (310 9 550 9

320 mm). Eight rabbits were sacrificed at 4 and 12 weeks

after surgery, respectively. At each period, 5 out of the 8

rabbits were used for quantitative gross observations and

histological examinations, and the remaining 3 rabbits were

used for real-time PCR analyses.

Additionally, in the remaining 4 out of the 20 rabbits,

osteochondral defects were created in the same manner, but

the DN gel implantation or the joint immobilization treat-

ment was not applied to obtain the untreated control data.

These animals were used to clarify if we really used the

osteochondral defect model in which hyaline cartilage

regeneration never spontaneously occurred. Two rabbits

were sacrificed at 4 and 12 weeks after surgery, respectively.

Those rabbits were used for histological and immunohisto-

chemical examinations after gross observations.

2.3 Evaluation methods

2.3.1 Gross observation for regenerated tissues

Immediately after sacrifice, the tissue regenerated in the

osteochondral defect was quantitatively evaluated with the

grading scale reported by Wayne et al. [19]. Gross

appearance of each defect on the femoral condyle was

graded for coverage ([75% fill, 4 points; 50–75% fill, 3;

25–50% fill, 2; \25% fill, 1; no fill, 0), tissue color (nor-

mal, 4 points; 25% yellow/brown, 3; 50% yellow/brown, 2;

75% yellow/brown, 1; 100% yellow/brown, 0), defect

margins (invisible, 4 points; 25% circumference visible, 3;

50% circumference visible, 2; 75% circumference visible,

1; entire circumference visible, 0), and surface (smooth/

level with normal, 4 points; smooth but raised, 3; irregular

25–50%, 2; irregular 50–75%, 1; irregular[75%, 0). Thus,

the maximum total score was 16 points.

2.3.2 Histological and immunohistochemical examinations

A distal portion of the resected femur was fixed in a 10%

neutral buffered formalin solution for 3 days, decalcified

with 50 mM EDTA for a period of 3–4 weeks, and then

cast in a paraffin block. The femur was sectioned perpen-

dicular to the longitudinal axis, and stained with hema-

toxylin-eosin and Safranin-O. For immunohistochemical

evaluations, monoclonal antibody (anti-hCL (II), purified

IgG, Fuji Chemical Industries Ltd, Toyama, Japan) was

used as primary antibodies. Immunostaining was carried

out according to the manufacturer’s instructions using the

Envision immunostaining system (DAKO Japan, Kyoto,

Japan). Finally, the sections were counterstained with

hematoxylin.

Histology was evaluated with a scoring system reported

by Wayne et al. [19], which was composed of matrix points

(hyaline-like cartilage, 4 points; mostly hyaline-like, 3

points; hyaline and fibrocartilage, 2 points; fibrocartilage, 1

point; nonchondrocytic cells, 0 point), cell distribution

points (columnar, 3 points; mixed/columnar clusters, 2;

clusters, 1; individual cells/disorganized, 0), smoothness

points of the surface (smooth/level with normal, 4 points;

smooth 3; irregular, 2; clefts, 1; clefts to bone, 0), safranin

O stain points (normal, 4; slight reduction, 3; moderate

reduction, 2: severe reduction, 1; no stain, 0), safranin

O-stained area points (75–100%, 4 points; 50–75%, 3;

Fig. 1 How to induce cartilage regeneration. a We created a

cylindrical osteochondral defect having a 4.3-mm diameter in the

femoral groove of the patellofemoral joint. Then, we implanted a

double network (DN) gel plug into a bottom of the defect. b A

schematic cross-section of the osteochondral defect into which the

plug was implanted. Note that a defect having a few millimeter depth

from the cartilage surface remained after surgery

Fig. 2 How to immobilize the knee joint. Using a previously

validated method [18], the knee was fixed with a 1.6-mm stainless-

steel wire extra-articularly passed through the tibia and femur at

approximately 150–160� of flexion. Note that the patella was located

slightly distal to the osteochondral defect (shown with black arrows)

in the immobilized joint
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25–50%, 2; 0–25%, 1; no stain, 0). Subsequently, the

maximum total score was 19 points.

2.3.3 Real time PCR analysis

Total RNA was extracted from the tissues regenerated in the

defect, using the RNeasy mini kit (Qiagen Inc., Valencia, CA).

RNA quality from each sample was assured by the A260/280

absorbance ratio. The RNA (100 ng) was reverse-transcribed

into single strand cDNA using PrimeScript� RT reagent Kit

(TakaraBio, Ohtsu, Japan). The RT reaction was carried out

for 15 min at 37�C and then for 5 s at 85�C. All oligonu-

cleotide primer sets were designed based upon the published

mRNA sequence. The expected amplicon lengths ranged from

93 to 189 bp. The sequences of primers used in real time PCR

analyses for rabbit regenerative tissues were as follows: type-2

collagen forward GACCATCAATGGCGGCTTC; reverse

CACGCTGTTCTTGCAGTGGTAG. Aggrecan forward GC

TACGACGCCATCTGCTAC; reverse GTCTGGACCGTG

ATGTCCTC. SOX9 forward AACGCCGAGCTCAGCA

AGA; reverse TGGTACTTGTAGTCCGGGTGGTC. GAP

DH forward CCCTCAATGACCACTTTGTGAA; reverse

AGGCCATGTGGACCATGAG. The real time PCR was

performed in Thermal Cycler Dice� TP800 (TakaraBio,

Ohtsu, Japan) by using SYBR� Premix Ex TaqTM (Taka-

raBio, Ohtsu, Japan). cDNA template (5 ng) was used for real

time PCR in a final volume of 25 microlitter. cDNA was

amplified according to the following condition: 95�C for 5 s

and 60�C for 30 s at 40 amplification cycles. Fluorescence

changes were monitored with SYBR Green after every cycle.

A dissociation curve analysis was performed (0.5�C/s increase

from 60 to 95�C with continuous fluorescence readings) at the

end of cycles to ensure that single PCR products were

obtained. The amplicon size and reaction specificity were

confirmed by 2.5% agarose gel electrophoresis. The results

were evaluated using the Thermal Cycler Dice� Real Time

System software program (TakaraBio, Ohtsu, Japan).

Glyceroaldehyde-3-phosphate dehydrogenase (GAPDH)

primers were used to normalize samples.

2.4 Statistical analysis

Statistical analysis was performed using commercially

available software (StatView 5.0, SAS Institute Inc., Cary,

NC, USA). All data were described as the mean and

standard deviation values. The paired t test was used to

assess the differences in the gross appearance, histology,

and total scores between the mobile and the immobile

knees to test the above-described hypothesis. The signifi-

cance limit was set at P = 0.05.

3 Results

In gross observation of the joint surface, the defect in the

mobile knees was mostly filled with a white opaque tissue

Fig. 3 Gross observations.

The defect in the mobile knees

was mostly filled with a white

opaque tissue at 4 and 12 weeks

(a, b). The defect in the

immobilized knees was filled

with an irregular surface reddish

tissue at 4 weeks (c). Fibrous

adhesion was observed between

the defect site and the opposite

cartilage surface at 12 weeks

(d). In the control knees, the

untreated defect was filled with

white or reddish, opaque,

patchy, stiff tissues (e, f)
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at 4 and 12 weeks (Fig. 3a, b). The defect in the immobi-

lized knees was insufficiently filled with a reddish stiff

tissue at 4 weeks (Fig. 3c), and showed fibrous adhesion

between the defect portion and the opposite cartilage sur-

face at 12 weeks (Fig. 3d). The Wayne’s gross appearance

score of the immobilized knees was significantly lower

than that of the mobile knees at 4 and 12 weeks (P =

0.0093 and P = 0.0004, respectively) (Table 1). The

untreated defect in the control knee showed white or red-

dish, opaque, patchy, stiff tissues, independent of the depth

(Fig. 3e, f).

In histological observations, the defect in the mobile

knees was filled with a sufficient volume of the proteo-

glycan-rich tissue stained with Safranin-O at 4 weeks

(Fig. 4a). Immunohistochemical staining showed that type-

2 collagen was richly expressed in this tissue (Fig. 4b).

Beneath this hyaline cartilage tissue, the bone tissue

resembling the normal subchondral bone was regenerated

(Fig. 4a). In the matrix, fairly large round cells rich in

cytoplasm were scattered singly or as an isogenous group

at 4 weeks (Fig. 5a). At 12 weeks, the defect in the mobile

knees was filled with the same tissue as found at 4 weeks

(Figs. 4c, d and 5b), although the amount of the tissue

stained with Safranin-O appeared to vary in a few knees. In

contrast, the defect in the immobilized knees was insuffi-

ciently filled with bone and fibrous tissues at 4 weeks

(Figs. 4e and 5c), and the loose fibrous tissue was seen

between the regenerated bone tissue and the opposite joint

surface at 12 weeks (Fig. 4g). These tissues were not

positively stained by Safranin-O or type-2 collagen stain-

ing (Fig. 4f, h). In the control knee, the defect was filled

with the fibrous and bone tissues at 4 and 12 weeks

(Fig. 4i–l).

The Wayne’s histology score of the immobilized knees

was significantly less than that of the mobile knees at 4 and

12 weeks (P = 0.0327 and P = 0.0488, respectively)

(Table 1). In addition, the Wayne’s total score of

the immobilized knees was significantly lower than that of

the mobile knees at 4 and 12 weeks (P = 0.0201 and

P = 0.0039, respectively) (Table 1). Real time PCR

Table 1 Quantitative evaluations of gross appearance and histology

at 4 and 12 weeks using the grading scale reported by Wayne et al.

[21]

Gross score Histology score Total score

4 weeks

Mobile 10.2 ± 2.5 8.2 ± 4.8 18.4 ± 7.2

Immobilized 5.6 ± 0.9 2.0 ± 1.2 7.6 ± 2.1

(P = 0.0093*) (P = 0.0327*) (P = 0.0201*)

12 weeks

Mobile 11.8 ± 2.2 7.6 ± 5.0 19.4 ± 6.8

Immobilized 6.6 ± 2.5 2.8 ± 1.8 9.4 ± 3.5

(P = 0.0004*) (P = 0.0488*) (P = 0.0039*)

Concerning each score (mean ± standard deviation), the immobilized

knees (Immobilized) was significantly less than the mobile knees

(Mobile)

* P value shows the results of statistical comparison between the

mobile and immobilized knees

Fig. 4 Histological observations. The defect in the mobile knees was

filled with the proteoglycan-rich tissue stained with Safranin-O at

4 weeks (a). Type-2 collagen was richly expressed in this tissue (b).

The proteoglycan-rich tissue was observed at 12 weeks (c, d). In

contrast, all defects in the immobilized knees were insufficiently filled

with bone and fibrous tissues at 4 weeks (e), and the loose fibrous

tissue was formed on the defect surface at 12 weeks (g). These tissues

were not positively stained by Safranin-O staining or type-2 collagen

staining (f, h). In the control knee, the defect was filled with the

fibrous and bone tissues at 4 and 12 weeks (i–l)
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analyses showed great differences (Fig. 6): In the mobile

knees, type-2 collagen, Aggrecan, and SOX9 mRNAs were

obviously expressed not only at 4 weeks but also at

12 weeks. In the immobilized knees, however, these

mRNAs were rarely expressed at each period.

4 Discussion

In the present study, we implanted a PAMPS/PDMAAm

DN gel plug at the bottom of a large osteochondral defect

so that a 2-mm deep vacant space, which was the most

effective depth to induce the cartilage regeneration

according to the foregoing study [4], was left in the defect.

In the results, it was noted that any cartilage tissues did not

regenerate in the immobilized knees at the 4- or 12-week

periods. In contrast, in the mobile knees, a sufficient

amount of the hyaline cartilage regenerated at 4 and

12 weeks. The quantitative comparisons using the Wayne’s

scoring system clearly demonstrated that joint immobili-

zation significantly inhibits the spontaneous hyaline carti-

lage regeneration induced by the PAMPS/PDMAAm DN

gel implantation treatment. This fact strongly suggested

that joint motion is one of the most significant factors to

induce the spontaneous hyaline cartilage regeneration

using the PAMPS/PDMAAm DN gel.

Joint immobilization can leave the joint cartilage in an

unphysiological mechanical environment where a static

compression force is continuously loaded on the cartilage

surface. It is well known that functions of chondrocytes in

the joint cartilage are extremely affected by mechanical

environments. Previous in vivo studies have shown that

immobilization reduces the cartilage thickness [20, 21] and

changes cartilage metabolism, resulting in a decrease of

proteoglycan synthesis [21–24]. Previous ex vivo studies

have reported that glucosaminoglycan synthesis in chon-

drocytes is significantly inhibited in the mechanical con-

dition in which a static compression force is continuously

loaded [8, 25, 26]. In the present study, we found that

relative expression level of type-2 collagen, Aggrecan, and

SOX9 mRNAs in condrocytes in the regenerated tissues

was rarely found in the immobilized knees at 4 or

12 weeks. Therefore, we speculate that the unphysiological

mechanical condition created by joint immobilization may

inhibit chondrogenic differentiation of stem cells that

generated in the osteochondral defect or may provide det-

rimental effects to the metabolism of the chondrocytes

differentiated from the stem cells.

Concerning the positive effect of joint motion or

repetitive compression loading on chondrocyte function

and metabolism, many studies have been recently reported

as introduced in the Introduction section of this paper

[8–14]. Therefore, we believe that the repetitive compres-

sion loading on differentiated chondrocytes is one of the

significant factors to induce the in vivo spontaneous hya-

line cartilage regeneration phenomenon by means of

Fig. 5 High magnification histology (hematoxylin-eosin staining) of

the tissues regenerated in the defect. Black scale bars show a length of

20.0 micrometers. In the mobile knee, fairly large round cells rich in

cytoplasm were scattered singly or as an isogenous group in the

matrix at 4 weeks (a) and 12 weeks (b). In the immobilized knee,

bone and fibrous tissues with numerous inflammatory cells were

observed at 4 weeks (c)
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implanting the PAMPS/PDMAAm DN gel. In addition, we

have also paid close attention to the effect of the

mechanical microenvironment created by the DN gel

implantation on chondrogenic deferentiation of the stem

cells. For example, in autologous chondrocyte transplan-

tation, quality of the tissue located just beneath the trans-

planted cells significantly affects quality of the regenerated

cartilage [27–29]. It is also known that mechanical

microenvironment significantly affects cartilage differen-

tiation of bone-marrow derived stem cells [13, 30].

Recently, Engler et al. [31] reported that elasticity of the

material on which cultured cells attach directs stem cell

differentiation. For example, elastic materials induce dif-

ferentiation to the cartilage tissue, and stiff materials

induce differentiation to the bone tissue. The PAMPS/

PDMAAm DN gel is an elastic, having the elastic modulus

of 0.20 MPa [16, 17]. Thus, we speculate that the

mechanical environment generated by a combination of the

above-discussed physiological joint motion and the elastic

DN gel located at the bottom of the defect may be the most

significant biomechanical factor in the in vivo spontaneous

cartilage regeneration.

There are some limitations in this study. The first limi-

tation is that we did not perform long-term observation of

the regenerated cartilage. However, the purpose of the

present study was to clarify the effect of joint immobili-

zation on the hyaline cartilage regeneration effect induced

by the PAMPS/PDMAAm DN gel implantation treatment,

and the results in our short-term observation clearly

showed the effect of joint immobilization. Therefore, we

can say that we could achieve the study purpose. The

second limitation is that we did not examine the properties

of the hydrogel plug implanted in the bone tissue after

implantation. In our previous study [16], however, the

mechanical properties of this DN gel implanted in the

subcutaneous tissue did not deteriorate at 6 weeks after

implantation. Therefore, we speculate that the mechanical

properties of the hydrogel plug implanted in the bone tissue

may not significantly change at 4 weeks after implantation.

The third limitation is that we did not perform biome-

chanical evaluations of the regenerated cartilage. However,

we believe that the biological evaluations are the most

essential to evaluate the cartilage regeneration, and the

most fundamental to demonstrate the effect of joint

immobilization on the hyaline cartilage regeneration effect

induced by the PAMPS/PDMAAm DN gel implantation

treatment. The fourth limitation is that we could not

completely clarify the mechanism of the in vivo cartilage

tissue induction with the DN gel. Further in vitro and in

vivo studies should be made to clarify the mechanisms in

the future. However, this limitation did not affect the

results or the conclusion observed in the present study.

As for clinical relevance, this study suggested that it is

one of the significant factors to allow free joint motion after

surgery in order to lead the spontaneous articular cartilage

regeneration treatment to success. In addition, the present

study first reported that the hyaline cartilage tissue that

regenerated in an osteochondral defect at 4 weeks by

Fig. 6 Real time PCR analysis.

Relative expression level of

type-2 collagen, Aggrecan,

and SOX9 mRNAs in the

regenerated tissues was

obviously less in the

immobilized knees than in the

mobile knees not only at

4 weeks but also at 12 weeks
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means of the above-described treatment with the DN gel

can continue to exist even at 12 weeks after surgery. The

results have prompted us to develop a potential innovative

strategy to repair an osteochondral defect in the field of

joint surgery, namely, induction of the spontaneous carti-

lage regeneration in a vacant defect without any cultured

cells or scaffolds. We should note that this strategy is

completely different in the concept from the currently

prevalent strategies that completely fill the defected space

with the tissue-engineered cartilage tissue, cell-seeded

scaffold material implantation, or acellular polymer scaf-

folds with signaling molecules [19, 32–34]. Concerning

management of autologous cells and mammalian-derived

molecules, various realistic problems including serious

disease transmission, donor site morbidity, 2 times of

surgeries, a long period until weight bearing, an enormous

amount of money to establish a therapeutic system, and

etc., have recently been pointed out [4]. We believe that the

spontaneous cartilage regeneration strategy has great

potential to solve almost all of the above-described current

problems. Therefore, the spontaneous regeneration strategy

should be studied as a realistic research focus in greater

detail in the near future. However, we have not completed

to establish the clinical safety of the PAMPS/PDMAAm

DN gel as an implant, although any harmful effects due to

the PAMPS/PDMAAm DN gel were not detected at

6 weeks in our implantation tests into the muscle and

subcutaneous tissue [35]. Further studies are needed to

establish the safety of this hydrogel as an implant in the

near future.

Acknowledgments This work was financially supported by grants

from the Ministry of Education, Culture, Sports, Science and

Technology, Japan, and from Takeda Science Foundation, Japan.

Conflict of interest The authors declared that they had no conflicts

of interests in their authorship and publication of the contribution.

References

1. Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O,

Peterson L. Treatment of deep cartilage defects in the knee with

autologous chondrocyte transplantation. N Engl J Med. 1994;

331:889–95.

2. Buckwalter JA. Articular cartilage injuries. Clin Orthop Relat

Res. 2002;402:21–37.

3. Gong JP, Katsuyama Y, Kurokawa T, Osada Y. Double-network

hydrogels with extremely high mechanical strength. Adv Mater.

2003;15:1155–8.

4. Yasuda K, Kitamura N, Gong JP, Arakaki K, Kwon HJ, Onodera

S, Chen YM, Kurokawa T, Kanaya F, Ohmiya Y, Osada Y.

A novel double-network hydrogel induces spontaneous articular

cartilage regeneration in vivo in a large osteochondral defect.

Macromol Biosci. 2009;9:307–16.

5. Kwon HJ, Yasuda K, Ohmiya Y, Honma K, Chen YM, Gong JP.

In vitro differentiation of chondrogenic ATDC5 cells is enhanced

by culturing on synthetic hydrogels with various charge densities.

Acta Biomater. 2010;6:494–501.

6. Ogawa M, Kitamura N, Arakaki K, Onodera S, Kurokawa T,

Gong JP, Tanaka Y, Takakura Y, Yasuda K. A negatively

charged PAMPS gel component plays a significant role in the in

vivo spontaneous cartilage regeneration induced by implantation

of PAMPS/PDMAAm double-network gel. In: Proceedings of

56th annual meeting of the Orthopaedic Research Society. 2010;

New Orleans, USA

7. Salter RB, Simmonds DF, Malcolm BW, Rumble EJ,

MacMichael D, Clements ND. The biological effect of continu-

ous passive motion on the healing of full-thickness defects in

articular cartilage. An experimental investigation in the rabbit.

J Bone Joint Surg. [American volume]. 1980;62A:1232–51.

8. Ragan PM, Chin VI, Hung HH, Masuda K, Thonar EJ, Arner EC,

Grodzinsky AJ, Sandy JD. Chondrocyte extracellular matrix

synthesis and turnover are influenced by static compression in a

new alginate disk culture system. Arch Biochem Biophys.

2000;383:256–64.

9. Smith RL, Carter DR, Schurman DJ. Pressure and shear differ-

entially alter human articular chondrocyte metabolism: a review.

Clin Orthop Relat Res. 2004;427 Suppl:S89–95. Review.

10. Kurz B, Jin M, Patwari P, Cheng DM, Lark MW, Grodzinsky AJ.

Biosynthetic response and mechanical properties of articular car-

tilage after injurious compression. J Orthop Res. 2001;19:1140–6.

11. Buschmann MD, Gluzband YA, Grodzinsky AJ, Hunziker EB.

Mechanical compression modulates matrix biosynthesis in

chondrocyte/agarose culture. J Cell Sci. 1995;108:1497–508.

12. Nakajima M, Wakitani S, Harada Y, Tanigami A, Tomita N. In

vivo mechanical condition plays an important role for appearance

of cartilage tissue in ES cell transplanted joint. J Orthop Res.

2008;26:10–7.

13. Huang CY, Hagar KL, Frost LE, Sun Y, Cheung HS. Effects of

cyclic compressive loading on chondrogenesis of rabbit bone-

marrow derived mesenchymal stem cells. Stem Cells. 2004;

22:313–23.

14. Elder SH, Goldstein SA, Kimura JH, Soslowsky LJ, Spengler

DM. Chondrocyte differentiation is modulated by frequency and

duration of cyclic compressive loading. Ann Biomed Eng.

2001;29:476–82.

15. Huang M, Furukawa H, Tanaka Y, Nakajima T, Osada Y, Gong

JP. Importance of entanglement between first and second com-

ponents in high-strength double network gels. Macromolecules.

2007;40:6658–64.

16. Azuma C, Yasuda K, Tanabe Y, Taniguro H, Kanaya F,

Nakayama A, Chen YM, Gong JP, Osada Y. Biodegradation of

high-toughness double network hydrogels as potential materials

for artificial cartilage. J Biomed Mater Res A. 2007;81:373–80.

17. Yasuda K, Gong JP, Katsuyama Y, Nakayama A, Tanabe Y,

Kondo E, Ueno M, Osada Y. Biomechanical properties of high-

toughness double network hydrogels. Biomaterials. 2005;26:

4468–75.

18. Bray RC, Shrive NG, Frank CB, Chimich DD. The early effects

of joint immobilization on medial collateral ligament healing in

an ACL-deficient knee: a gross anatomic and biomechanical

investigation in the adult rabbit model. J Orthop Res. 1992;

10:157–66.

19. Wayne JS, McDowell CL, Shields KJ, Tuan RS. In vivo response

of polylactic acid-alginate scaffolds and bone marrow-derived

cells for cartilage tissue engineering. Tissue Eng. 2005;11:

953–63.

20. Jurvelin J, Kiviranta I, Tammi M, Helminen JH. Softening of

canine articular cartilage after immobilization of the knee joint.

Clin Orthop Relat Res. 1986;207:246–52.

21. Haapala J, Arokoski JP, Hyttinen MM, Lammi M, Tammi M,

Kovanen V, Helminen HJ, Kiviranta I. Remobilization does not

424 J Mater Sci: Mater Med (2011) 22:417–425

123



fully restore immobilization induced articular cartilage atrophy.

Clin Orthop Relat Res. 1999;362:218–29.

22. Haapala J, Lammi MJ, Inkinen R, Parkkinen JJ, Agren UM,

Arokoski J, Kiviranta I, Helminen HJ, Tammi MI. Coordinated

regulation of hyaluronan and aggrecan content in the articular

cartilage of immobilized and exercised dogs. J Rheumatol.

1996;23:1586–93.

23. Behrens F, Kraft EL, TRJr Oegema. Biochemical changes in

articular cartilage after joint immobilization by casting or exter-

nal fixation. J Orthop Res. 1989;7:335–43.

24. Müller FJ, Setton LA, Manicourt DH, Mow VC, Howell DS, Pita

JC. Centrifugal and biochemical comparison of proteoglycan

aggregates from articular cartilage in experimental joint disuse

and joint instability. J Orthop Res. 1994;12:498–508.

25. Plumb MS, Aspden RM. The response of elderly human articular

cartilage to mechanical stimuli in vitro. Osteoarthr Cartil. 2005;

13:1084–91.

26. Leipzig ND, Athanasiou KA. Static compression of single

chondrocytes catabolically modifies single-cell gene expression.

Biophys J. 2008;94:2412–22.

27. Ahsan T, Sah RL. Biomechanics of integrative cartilage repair.

Osteoarthr Cartil. 1999;7:29–40.

28. Qiu YS, Shahgaldi BF, Revell WJ, Heatley FW. Observations of

subchondral plate advancement during osteochondral repair: a

histomorphometric and mechanical study in the rabbit femoral

condyle. Osteoarthr Cartil. 2003;11:810–20.

29. Shapiro F, Koide S, Glimcher MJ. Cell origin and differentiation

in the repair of full-thickness defects of articular cartilage. J Bone

Joint Surg Am. 1993;75:532–53.

30. Angele P, Yoo JU, Smith C, Mansour J, Jepsen KJ, Nerlich M,

Johnstone B. Cyclic hydrostatic pressure enhances the chondro-

genic phenotype of human mesenchymal progenitor cells differ-

entiated in vitro. J Orthop Res. 2003;21:451–7.

31. Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity

directs stem cell lineage specification. Cell. 2006;126:677–89.

32. Holland TA, Bodde EW, Baggett LS, Tabata Y, Mikos AG,

Jansen JA. Osteochondral repair in the rabbit model utilizing

bilayered, degradable oligo (poly(ethylene glycol) fumarate)

hydrogel scaffolds. J Biomed Mater Res A. 2005;75:156–67.

33. Gotterbarm T, Richter W, Jung M, Berardi VS, Mainil-Varlet P,

Yamashita T, Breusch SJ. An in vivo study of a growth-factor

enhanced, cell free, two-layered collagen-tricalcium phosphate in

deep osteochondral defects. Biomaterials. 2006;27:3387–95.

34. Fukuda A, Kato K, Hasegawa M, Hirata H, Sudo A, Okazaki K,

Tsuta K, Shikinami Y, Uchida A. Enhanced repair of large

osteochondral defects using a combination of artificial cartilage

and basic fibroblast growth factor. Biomaterials. 2005;26:4301–8.

35. Tanabe Y, Yasuda K, Azuma C, Taniguro H, Onodera S, Suzuki

A, Chen YM, Gong JP, Osada Y. Biological responses of novel

high-toughness double network hydrogels in muscle and the

subcutaneous tissues. J Mater Sci Mater Med. 2008;19:1379–87.

J Mater Sci: Mater Med (2011) 22:417–425 425

123


	Joint immobilization inhibits spontaneous hyaline cartilage regeneration induced by a novel double-network gel implantation
	Abstract
	Introduction
	Materials and methods
	Materials
	Study design and animal experimentation
	Evaluation methods
	Gross observation for regenerated tissues
	Histological and immunohistochemical examinations
	Real time PCR analysis

	Statistical analysis

	Results
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


