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Abstract

Purpose The aim of this study was to evaluate whether

the microfracture combined with osteochondral paste

implantation could promote the quality of the regenerated

tissue in the knee joints of rabbits.

Methods Sixty-six New Zealand white rabbits were used.

Bilateral knee joints from the same rabbit were randomly

divided into experimental group and microfracture group.

An articular cartilage defect was established in the femoral

trochlear groove. In the experimental group, the defect was

microfractured and covered with osteochondral paste har-

vested from the intercondylar notch. The regenerated tis-

sues were harvested for gross morphology, histology,

biochemistry and gene expression analysis at 4, 8 and

12 weeks postoperatively.

Results The regenerated tissue had a slowly mature pro-

cess in both groups. At 12 weeks, the regenerated tissue in

the experimental group appeared much more thicker and

white with higher percentages of defect filling macro-

scopically. In histology, the experimental group found a

majority of hyaline-like regenerate tissue with intense

Safranin-O and collagen type II staining, while fibrocarti-

lage-like tissue was mostly seen in the microfracture group

with poor Safranin-O and collagen type II staining. The

experimental group had higher Wakitani scores and nar-

rower acellular zones than those in the microfracture group

(P \ 0.05). For biochemical analysis, both the GAG con-

tent and the DNA-normalized GAG content saw a time-

dependent increase with a much higher value found in the

experimental group at 8 and 12 weeks (P \ 0.05). On the

contrary, the total DNA content decreased with time in

both groups, and the difference between the two groups

was only found at 4 and 8 weeks (P \ 0.05). For gene

expression analysis, the experimental group had much

higher expression levels than the microfracture group as for

collagen type II and aggrecan, but not for collagen type I.

Conclusion Microfracture combined with paste implan-

tation can result in improved quality of the reparative tissue

and may have a positive effect on the integration to the

surrounding cartilage in the rabbit model. The technique

offers a promising treatment option for cartilage defects

and improves the regeneration of articular cartilage for

patients with painful chondral lesions.

Keywords Osteochondral paste � Microfractue �
Integrative repair � Cartilage repair

Introduction

Microfracture technique, performed through arthroscopy as

described by Steadman et al. [8], is a simple, cost-effective,

popular treatment option for cartilage defects. The bio-

logical rationale of microfracture technique is to establish a

super clot to provide a suitable environment for a viable

population of mesenchymal stem cells from the marrow to

differentiate into stable tissues within the lesion [9].

However, it does not allow the regeneration of normal

hyaline cartilage in several clinical and animal studies,
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perhaps because of the lack of sufficient mesenchymal

stem cells (MSCs) or poor cellular differentiation [3, 4, 7].

Quantity of the MSCs or cellular differentiation and

proliferation appears crucial for cartilage repair. In 1997,

Stone et al. [10] described a surgical technique of autog-

enous osteochondral paste grafting. It relied on allowing

the pluripotent stem cells from surrounding tissue into the

lesion. This technique was based on the microfracture

technique. It involved harvesting the osteochondral tissue

from the intercondylar notch, then manually crushing it

into a paste and impacting it into the lesion. The combi-

nation of cartilage and pluripotent stem cells in cancellous

bone was hypothesized to be able to provide a suitable

environment for stimulation of hyaline or hyaline-like

cartilage growth. Although this technique demonstrated

excellent clinical results [11], there is no control group, and

no experimental evidence has been reported in the litera-

ture. Thus, this study was designed to study whether the

use of osteochondral paste could improve the repair fol-

lowing microfracture.

Materials and methods

Sixty-six mature male New Zealand white rabbits

(3 months old) weighing 2–3 kg (average 2.5 kg) were

used. All animal experiments were conducted according to

the guidelines provided by the animal committee of the

local government. Bilateral knee joints from the same

rabbit were randomly divided into the experimental side

and the microfracture side.

Surgical procedure

The animals were anaesthetized by auricular vein admin-

istration of 1 % sodium pentobarbital (35 mg/kg). Both

knees were operated on under sterile condition. After a

medial para-patellar skin incision was made, the patella

was dislocated laterally. One full-thickness cartilage

defect, 6 mm in diameter, was created in the centre of the

trochlear groove of the femur. In the microfracture group,

multiple miniholes (1 mm in diameter and 1 mm apart)

were established in the bed of the lesion with an awl until

bleeding occurred. In the experimental group, an osteo-

chondral cylinder, approximately 10 mm in length, was

harvested from the intercondylar notch by use of a 4.5-mm-

width trephine. Then it was manually smashed into a paste

by a sharp knife and a mortar grinder using the technique as

described by Stone [10]. The osteochondral paste was

carefully delivered and impacted into the microfractured

bed of the lesion under thumb pressure for about 3 min

until the graft adhered to the bleeding bed. The knee joint

was passively flexed and extended ten times to be sure that

the osteochondral paste was tightly fixed. Finally, the joint

capsule, fascial tissue and the skin were routinely closed

with silk sutures. After the operation, a modified Schroe-

der–Thomas splint was used to immobilize the knee joint

for 10 days. The rabbits were maintained in a small cage

for 2 weeks and thereafter were allowed to move freely.

Macroscopic examination

At 4, 8 and 12 weeks after the operation, the rabbits were

killed by injection of an overdose of sodium pentobarbital

intravenously. The knee joints were harvested and macro-

scopically assessed for surface regularity, the area and

colour of the regenerated tissue.

Biochemical assay

Glycosaminoglycan (GAG) content was quantified by

Blyscan 1, 9-dimethylmethylene blue (DMMB) assay kit

(Biocolor, UK) using the manufacturer’s suggested proto-

col. Briefly, cartilage samples (20–50 mg) were digested by

papain (0.8 %) in 1 ml of a 2 lM sodium phosphate buffer.

The digest (100 ll) was then added to 1 mL of the Blyscan

assay dye agent and manually mixed for 5 min. The mixture

was then centrifuged for 10 min at 12,000 rpm to isolate the

precipitated GAG–dye complex. After removing the

supernatant, the precipitate was resuspended in 0.5 mL of

Blyscan dissociation solution. 200 ll of samples were

transferred into individual wells of a 96-micro-well plate.

Sample absorbance was measured at 656 nm using a

microplate reader (Bio-Rad, USA). Results were expressed

as lg GAG/mg wet tissue. Total DNA content was deter-

mined by the Hoechst 33,258 dye method [5]. The papain-

digested solution was reacted with the Hoechst dye

(0.2 lL/mL) for 30 min in the dark. The intensity of fluo-

rescence was measured at 458 nm using a microplate reader

(Bio-Rad, USA), and the DNA content of each specimen at

4, 8 and 12 weeks was determined using a standard curve of

mouse thymus DNA (Takara, Japan). Then, the total GAG

content was normalized to the total DNA content.

Histology

At 12 weeks after the operation, the harvested knee joints

were fixed in 10 % phosphate-buffered formalin for at least

24 h at room temperature. After fixation, the specimen was

dehydrated in a graded ethanol series and infiltrated with

amyl acetate. They were embedded in paraffin and sec-

tioned at a thickness of 4 lm. Safranin-O and haematox-

ylin–eosin (HE) staining were performed. For quantitative

evaluation of the regenerated tissue, histological sections

were scored blindly by three independent observers

according to a modified version of the histological grading
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scale, as described by Wakitani et al. [13]. Acellular zone

was universally found at the margin of the host cartilage,

and the width of it was calculated using ImageJ software

(NIH). The sections were also used for immunohisto-

chemical staining of collagen type II. Briefly, the samples

were immersed in PBS containing 3 % hydrogen peroxide

at 25 �C for 15 min to block non-specific reactions. They

were then reacted with proteinase K to increase tissue

permeability. Subsequently, the sections were incubated in

anti-collagen type II antibody (Acris, Germany)at 1:200

dilution at 4 �C for 1 h and then at 37 �C for 25 min with

anti-mouse antibody (DAKO, CA). Finally, the samples

were incubated in 3,30-diaminobenzidine tetrahydrochlo-

ride (DAB) solution (0.5 mg/mL, with 0.01 % hydrogen

peroxide and Tris–HCl buffer solution as solvent, pH 7.6).

Immunostaining for collagen type II was evaluated by three

observers in a blinded manner using an established semi-

quantitative score as follows: 0, undetectable staining; 1,

low staining (average optical density (AOD) = 0.156 ±

2.77 9 10-4); 2, moderate staining (AOD = 0.285 ±

5.63 9 10-3); 3, strong staining (AOD = 0.407 ± 7.53 9

10-3) [14].

Gene expression analysis by quantitative reverse

transcription-polymerase chain reaction (qRT-PCR)

The knee joints (n = 10 per group) were collected at

12 weeks, and the total RNA from the regenerated tissue

was isolated using Trizol (Invitrogen, Grand Island, NY)

according to the manufacturer’s protocol. The primer

sequences specific for the target gene and the internal

control gene [glyceraldehyde-3-phosphate dehydrogenase

(GAPDH)] used for qRT-PCR are listed in Table 1.

Briefly, the mRNA was converted to cDNA, and the real-

time PCR was performed in an ABI 7500 (Applied Bio-

systems) with One Step SYBR� PrimeScript� RT-PCR Kit

(TaKaRa, Japan) under respective conditions, and the

fluorescence intensity was recorded for 40 cycles. The

expression of collagen type I, collagen type II and aggrecan

target gene was analysed. All assays were run in triplicate,

and the specificity of amplification was controlled by no

template and melting curve analysis. The comparative

2-DDCn method was used to calculate the relative expres-

sion of each target gene.

Statistical analysis

To determine the difference between the experimental

group and the microfracture group, a paired Student’s t test

was utilized for analysis, and the difference was considered

significant when the P value \0.05.

Result

Macroscopic observation

At 4 weeks, the lesion in the experimental group began to

be filled with uneven whitish tissue originated from the

peripheral area, but an irregular gap appeared at the central

part of the lesion (Fig. 1f). In the microfracture group, the

lesion was partially filled with a thin layer of undistin-

guishable yellowish tissue, and the subchondral bone was

still exposed in some areas (Fig. 1b). At 8 weeks, the

regenerated tissue in the experimental group became

smoother and white, and the gap shrinked, but still

remained (Fig. 1g). In the microfracture group, the regen-

erated tissue became thicker and turned a little bit white,

but a larger portion still remained yellow(Fig. 1c). At

12 weeks, the lesion in the microfracture group was filled

with yellow and white overlapping tissue that was thinner

and more fragile than the surrounding cartilage (Fig. 1d),

while the lesion in the experimental group was totally filled

with smooth and white cartilaginous tissue that was similar

to the surrounding cartilage in appearance (Fig. 1h).

Biochemical assay for the regenerated tissue

The GAG content increased with time in both groups;

the amount of GAG was 29.04 ± 12.74, 56.51 ± 8.90

and 80.25 ± 11.13 lg/mg in the microfractue group

(wet weight) and 73.63 ± 15.66, 137.09 ± 7.79 and

Table 1 Nucleotide primers

used for qRT-PCR
Genes Oligonucleotide sequence (50-30) Product size (bp)

COL II Forward: 50-CAGGCAGAGGCAGGAAACTAAC-30

Reverse: 30-CAGAGGTGTTTGACACGGAGTAG-50
123

GAPDH Forward: 50-TCGTCCTCCTCTGGTGCTCT-30

Reverse: 30-CCACTTTGTGAAGCTCATTTCCT-50
140

ACAN Forward: 50-ATGGCTTCCACCAGTGCG-30

Reverse: 30-CGGATGCCGTAGGTTCTCA-50
127

COL I Forward: 50-GCGGTGGTTACGACTTTGGTT-30

Reverse: 30-AGTGAGGAGGGTCTCAATCTG-50
139
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154.70 ± 24.23 lg/mg in the experimental group at the 4,

8 and 12 weeks, respectively (n = 18 at 4 and 8 weeks;

n = 12 at 12 weeks) (Fig. 2a). The GAG content in the

experimental group reached 68.6 % of the native cartilage

at 12 weeks. On the contrary, the total DNA content

decreased with time in both groups, and the difference

between the two groups was only found at 4 and 8 weeks.

The DNA-normalized GAG content also saw a time-

dependent increase with a much higher value found in the

experimental group at 8 and 12 weeks (Fig. 2c).

Histological evaluation

In the microfracture group, the repair tissue consisted of a

layer of cartilaginous tissue that was to some extent thinner

than the surrounding cartilage. Some clusters of rounded

cells resembling chondrocytes embedded in a fibrous and

poorly organized extracellular matrix with poor Safranin-O

staining (Figs. 3a, 4a). In the experimental group, the

repair tissue contained a great amount of rounded cells, and

its thickness was similar to that of healthy surrounding

cartilage. An intense Safranin-O staining of extracellular

matrix was observed (Figs. 3b, 4b). Although collagen type

II staining in the paste-treated specimen was much more

intense than that in the mircofracture-treated specimen, it

was still poor when compared with normal cartilage

(Fig. 3e, f). In addition, the width of the acellular zone was

significantly reduced when the osteochondral paste was

added (Fig. 3c). At 12 weeks, an average score of

9.6 ± 3.4 was achieved in the experimental group with a

Fig. 1 Gross observation of each group after 4, 8 and 12 weeks postoperatively

Fig. 2 Biochemical analysis of the regenerated tissue. * Indicated a significant difference (P \ 0.05)
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highest score of 14.0 (as shown in Figs. 3b, 4b) and a

lowest score of 4.0. Although the experimental group had

much more higher scores than the microfracture group, the

microfracture group still got an average score of 4.7 ± 2.8

with a highest score of 10.0 (as shown in Figs. 3a, 4a) and a

lowest score of 2.0.

Analysis of gene expression

The level of collagen type II and aggrecan genes of the

experimental group was significantly higher than that of the

microfracture group. In the experimental group, the

expression level of aggrecan was almost as much as that of

the normal cartilage, while that of collagen type II was

about twofold of the normal cartilage. In the microfracture

group, collagen type II was almost as much as that of the

normal cartilage, while collagen type I and aggrecan were

about half of the normal cartilage. The paste-treated sample

increased the expression of collagen type I; however, this

effect was minimal and did not reach statistical significance

(Fig. 5).

Discussion

The principal findings of the present study support micro-

fracture combined with paste implantation as a feasible

technique for cartilage regeneration through a triad of

Fig. 3 Histological evaluation. a Some rounded cells irregularly

distributed in the poorly organized extracellular matrix, the interface

was composed of fibrous tissue and wider (HE staining); b the repair

tissue contained a great amount of rounded cells and its thickness was

similar to that of healthy surrounding cartilage, the interface was

narrow (HE staining); c the width of the acellular zone in the

experimental group was smaller than that in the microfracture group;

d collagen type II staining of the regenerated tissue in the

microfracture group; e collagen type II staining of the regenerated

tissue in the experimental group; f collagen type II staining of normal

cartilage; g collagen type II staining of the regenerated tissue in the

experimental group was larger than that in the microfractue group in

terms of an arbitrary score. Scale Bar, 100 lm. NC, normal cartilage;

IF, interface; RC, regenerated cartilage; CB, cancellous bone.

* Denoted P \ 0.05

Fig. 4 Safranin-O staining observation. a Mircofracture group; b experimental group. Bar, 100 lm
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macroscopic, histological and biochemical assessments.

Paste grafting appears to improve the quality of the

reparative tissue by offering more quantity of pluripotential

cells, cartilage matrix and viable chondrocytes. Further-

more, the interaction between them seems to have syner-

gistic effect on neocartilage formation with higher collagen

type II and aggrecan accumulation when compared with

microfracture alone. The short-term experimental result

was encouraging, but the long-term result needs to be

further explored. In 2006, Stone et al. [11] reported a long-

term study with up to 2–12 years of follow-up, showing

that 85.6 % of the patients treated with morselized autog-

enous osteochondral paste improved compared to the pre-

operative situation. In addition, this technique is especially

suitable in repairing any odd-shaped lesions or incongruent

surface.

Although microfracture is considered as a valuable

option in arthroscopic cartilage repair, its long-term follow-

up showed unstable and inconsistent results, and the

regenerated tissue, mostly fibrocartilage, often degenerated

rapidly with symptoms return [6]. Likely reasons for failure

can be summarized as insufficient cellularity, insufficient

proliferation and insufficient stimulation of differentiation.

As revealed at 4 weeks of follow-up, the DNA content was

sharply increased by adding the osteochondral paste. The

osteochondral paste contained viable chondrocytes and

MSCs located in the cancellous bone, thus bringing more

repair cells compared to microfracture alone. Importantly,

the co-presence of chondrocytes and MSCc seemed to have

a positive effect on cell proliferation as shown by increased

DNA content in the experimental group. Interestingly, cell

proliferation mostly occurred at the initial stage with

highest DNA content at 4 weeks, then declined gradually.

Because chondrocyte and MSC not only can produce cel-

lular matrix but also have autocrine and paracrine activity

through secreting anabolic factors, the interaction between

them has been well studied. Tsuchiya co-cultured human

chondrocytes and MSCs in micromass cultures and repor-

ted significant stimulation of chondrocytic differentiation

[2]. Vavken did a further study by putting the co-culture

system on a collagenous biomaterial and concluded that

biomaterial-augmented microfracture was a viable option

in cartilage repair from a biological perspective, because

adult MSC had a strong capacity to differentiate into

chondrocyte, which was further enhanced by the sur-

rounding cartilage [12]. Our experimental study got similar

results with higher GAG/DNA values and more intense

staining of collagen type II and aggrecan found in the

paste-treated samples. In contrast to cell proliferation, cell

differentiation increased with time as the regenerated tissue

slowly became matured. Our results support the role of

chondrocyte and cartilaginous tissue in the enhancement

of MSC chondrogenic differentiation by the expression of

collagen type II. It is surprising that collagen type I syn-

thesis had not been affected, as both groups had similar

expressions. The reasons behind this phenomenon need to

be further studied.

Acellular zone was extensively reported in the literature,

although the reason behind it had not been thoroughly

clarified. Our experimental study seemed to support the

fact that osteochondral paste addition could reduce the

width of acellular zone when compared with microfracture

alone. The so-called mechanism of chondrocytic chon-

drolysis may give us some clues to explain this finding.

Chondrocytes are the major regulators for the anabolic–

catabolic balance required for matrix maintenance and

tissue function. They will display abnormalities under the

severe changes in the extracellular matrix such as inap-

propriate alteration of cell number and by-products of

matrix destruction. These changes can lead to an

Fig. 5 Gene expression profiles of regenerated tissues after transplantation on 12th week by qRT-PCR. The gene expression level was

normalized to the housekeeping gene GAPDH. All values are mean ± SD of three experiments. * Denotes P \ 0.05
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unstructured/stochastic cellular response pattern that may

be detrimental to the cartilage tissue [1]. Manually crush-

ing cartilage into paste resulted in severe changes to the

chondrocytes and their surrounding environment, which

provoked the chondrocytic chondrolysis that contributed to

the formation of acellular zone.

Because the paste contains both chondrocytes and

osteocytes, it is reasonable to speculate that ectopic ossi-

fication would occur in the joint. But in reality, no ectopic

ossification had been found both in our results and in the

clinical report by Stone. The degradation of osseous tissue

in the paste maybe activated by chondrocytic chondroly-

sis, and the osteocytes might migrate into the cancellous

bone through the holes created during microfracture

according to a homing mechanism, because the joint

cavity was not suitable for their growth. The joint cavity

and the surrounding cartilage themselves provided a most

suitable environment for chondrocytes and MSCs towards

chondrogenic differentiation rather than osteogenic

differentiation.

Our study had some limitations. First of all, the follow-

up time was a little short. Therefore, the durability of the

regenerated tissue could not be well explored. Secondary,

biomechanical test has not been done by us, so we could

not learn the mechanical properties of the repair tissues.

Third, osteochondral paste falling from the lesion, we

think, has not well been solved by us, although multiple

measures, including intraoperative pressure holding and

repeat checking under movement combined with postop-

erative immobilization, had been taken. But fortunately,

osteochondral paste falling was a rare occurrence. Only a

case of bad repairing in the experimental group was found

by us with a little lesion filling that was highly suspected to

be caused by paste falling. Although we could not predict

the probability of paste falling preoperatively and observe

how and to what extent the past did fall into the joint

cavity, it was certain that paste falling appeared not

harmful, as no ossification or loose bodies had been found

during 12 weeks of follow-up. The results indicated that

application of the osteochondral paste in treatment of

cartilage defects yields a stable, highly cellular tissue for

patients with painful chondral lesions in both arthritic and

traumatically injured knees.

Conclusions

Autologous osteochondral paste implant treatment may

promote the quality of the repair tissue with increased

content of GAG and collagen gene expression. It may have

a positive effect on the integration to the surrounding

cartilage and may stimulate mesenchymal stem cell dif-

ferentiation. Our findings suggest that the acellular zone

can be limited to some extent by the paste.
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