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Abstract The purpose of this study was to evaluate the

efficiency of using mesenchymal stem cells (MSC) in a

hyaluronan scaffold for repair of an osteochondral defect in

rabbit knee. Bone marrow was harvested from the posterior

iliac crest in 11 New Zealand White rabbits. MSC were

isolated and cultured in autologous serum for 28 days and

transferred to a hyaluronan scaffold 24 h prior to implan-

tation. A 4 mm diameter and 1.5 mm deep defect was

created in the medial femoral condyle of both knees and

the scaffold with MSC was implanted in one knee while an

empty scaffold was implanted in the contra-lateral knee.

After 24 weeks the rabbits were killed and histological

sections were subjected to semiquantitative and quantita-

tive evaluation by observers blinded regarding treatment

modality. High degree of filling was obtained, but there

was no statistically significant difference between the two

treatments. However, there was a tendency for a better

quality of repair in the MSC treated knees. No hypertrophy

was observed by either method. MSC in a hyaluronan

scaffold may be a promising treatment approach, but fur-

ther studies are needed to determine the best combination

of scaffold and cells.

Keywords Mesenchymal stem cells �
Autologous transplantation � Articular cartilage �
Hyaluronic acid � Tissue engineering � Surgery �
Knee � Rabbits

Introduction

Focal cartilage and osteochondral injuries are common [1]

and injured articular cartilage has limited capacity for

complete spontaneous healing. With the aim of increasing

the healing potential, autologous chondrocyte implantation

(ACI) was introduced, and the first clinical results using

this approach in treatment of human knees were published

in 1994 [5]. In this so-called first generation chondrocyte

implantation procedure, the defect is covered by a perios-

teum flap sutured to the rim of the defect and the

chondrocytes as a cell suspension are implanted under the

flap. The second generation chondrocyte implantation

procedure involves the use of autologous chondrocytes

implanted in scaffolds [4, 29]. With both first and second

generation approaches the chondrocytes are harvested from

the joint and then expanded in vitro. In this process the

cells dedifferentiate and lose their ability to produce
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S. Løken � A. Årøen � S. Heir

Institute of Surgical Research, University of Oslo,

Rikshospitalet Medical Centre, 0027 Oslo, Norway
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collagen type II, the major collagen component of normal

hyaline cartilage. Before implantation the cells are trans-

ferred to the scaffold which provides the cells with a three

dimensional framework for growth. In vitro studies have

shown that growth in such an environment allows the cells

to redifferentiate and resume synthesis of collagen type II

[13]. Different kinds of scaffolds have been developed, of

which one is based on hyaluronic acid [6, 30], a component

of normal cartilage. A commercially available scaffold

based on hyaluronan is HYAFF-11� (Fidia Advanced

Biopolymers, Abano Terme, Italy). Promising clinical

results have been published using chondrocytes added to

this polymer [23].

Mesenchymal stem cells (MSC) are multipotent

progenitor cells that may differentiate into several cell

lineages including chondrocytes. MSC have theoretical

advantages compared to chondrocytes when it comes to

potential for healing. Such cells have the ability to prolif-

erate without losing their ability to differentiate into mature

chondrocytes producing collagen II and aggrecan, or

osteoblasts producing osteoid. MSC thus may induce repair

of both bone and cartilage in an osteochondral defect. One

concern using ACI is a re-arthroscopy rate of 20–25%

during the first 1–2 years [16, 20] where in most cases

hypertrophy of the repair tissue is found. This is believed to

be a hypertrophy of the periosteum flap, although hyper-

trophy has also been reported with the use of a collagen

membrane [4]. This may be associated with pain and

catching symptoms and is trimmed down when detected

at arthroscopy. Another concern is donor site morbidity,

which is the term used when pain and functional impair-

ment is believed to be a result of the cartilage biopsy

procedure itself. Seven of ten patients treated with ACI in

the ankle, with cartilage harvest from an asymptomatic

knee, suffered sustained knee pain (reflected by a 15 point

reduction in Lysholm score) after 12 months [33]. With the

use of MSC, donor site morbidity from the joint for carti-

lage harvest will be avoided. MSC may be isolated in

humans from sources with little donor site morbidity, such

as bone marrow, adipose or synovial tissue [35].

The purpose of this study was to test the hypothesis that

expanded bone marrow derived MSC in a hyaluronan

scaffold will improve healing compared to the same scaf-

fold without cells in an established model of an

osteochondral injury in the rabbit knee.

Methods

Animal care

Twelve New Zealand White rabbits were initially included

in the study. One died during anaesthesia at the bone

marrow harvesting procedure. The remaining 11 rabbits

completed the study. Animal environment, diet, anaesthe-

sia, analgesia and the procedure of sacrifice were the same

as in previous studies [2, 3]. At the time of bone marrow

harvesting the rabbits weighed 3,087 (SD 140) g. At the

time of implantation of cells and biomaterials, at 24 weeks

of age, the mean weight was 3,333 (SD 191) g, and when

killed at 24 weeks post implantation the rabbits weighed

3,903 (SD 394) g. The animals were allowed to move

freely in their cages immediately after surgery, and most

animals were immediately able to bear weight on both

extremities. The experiment was performed according to

the guidelines for animal research at the University of Oslo

and approved by the Norwegian Government Committee

for Experimental Animal Care.

Obtaining bone marrow and serum

A 2 cm skin incision was made over the posterior iliac

crest under sterile conditions. A small piece of the cortical

bone from the posterior iliac crest was removed and 1 ml

bone marrow was aspirated. The skin was closed using

resorbable suture. Thirty millilitres of blood was drawn

from the ear-vein for the preparation of autologous serum

(AS) and repeated after 2 weeks to get a sufficient volume

of serum. The blood was drained into 10 ml Vacutainer

tubes without anti-coagulants (BD, Plymouth, UK) and

allowed to clot for 4 h at 4–8�C. Subsequently, the blood

was centrifuged at 1,8009g at 4�C for 15 min. Serum

was collected and filtered through a 0.2 lm membrane

(Sarstedt, Nümbrecht, Germany). Aliquots of sterile AS

were stored at -20�C.

Isolation and expansion of mesenchymal stem cells

The bone marrow was diluted immediately in 10 ml

DMEM/F12 medium (Gibco, Paisley, UK) containing

100 U/ml penicillin, 100 lg/ml streptomycin, 2.5 lg/ml

amphotericin B (Sigma, St Louis, MO) and stored for 1–

2 h at 4–88C. Diluted bone marrow was then supplemented

with 2.4 ml AS (20%), seeded in 25 cm2 flask (Nunc,

Roskilde, Denmark) and cultured at 378C with 5%

humidified CO2 for 24 h. At that time non-adherent cells

were discarded, adherent cells were washed with PBS

(Gibco) to isolate the MSC and subsequently cultured

in DMEM/F12 medium with antibiotics, amphotericin B,

and 20% AS. The culture medium was replaced every

3–4 days. At approximately 50% confluence the cells were

detached from plastic adherence using trypsin–EDTA

(Gibco) and replated at about 1,000 cells/cm2 in 75 cm3

flask (Nunc). After the first passage, amphotericin B was

removed and 10% instead of 20% AS was used for further

cell cultures.
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Biomaterial and preparation of implants

The hyaluronan biomaterial (HYAFF-11�, Fidia) was ster-

ilized by the provider using c-irradiation. Circular pieces of

the scaffold biomaterial were cut using a 5 mm biopsy punch

(Stiefel Laboratories Ltd., Ireland). The preparation of

scaffolds with MSC and empty scaffolds were carried out

according to Grigolo et al. [12]. Twenty-four hours prior to

seeding of cells in the scaffolds, the wells in 96-well culture

plates were pre-coated with a 1% w/v sterile PolyHEMA/

ethanol solution (Sigma) to avoid adherent growth. Forty-

eight hours prior to implantation cells were trypsinised and

counted. After 27 days of culture (three passages) and 48 h

prior to implantation 2 9 106 MSC were resuspended in

35 ll of cell culture medium and seeded into one piece of

biomaterial giving a cell density of 10 9 106 cm-2. Medium

was changed three times before implantation. Pieces of

HYAFF-11� for the control defects were immersed in cell

culture medium immediately prior to implantation because a

scaffold without cells disintegrates rapidly in medium.

Creation and repair of the osteochondral defects

Four weeks after bone marrow harvest the 11 rabbits (now

24 weeks old) underwent surgery in both knees under sterile

conditions. Through a medial parapatellar incision, a 4 mm

diameter and 1.5 mm deep defect was created on the load

bearing area of the medial femoral condyle so that the pos-

terior border was approximately 1 mm from the anterior

horn of the medial meniscus with the knee maximally flexed

(Fig. 1). A motorised drill with a 4 mm diameter bur with a

0.5 mm central tip was used. A sleeve around the bur secured

the depth of 1.5 mm. The hyaluronan scaffold containing

MSC was implanted in one knee (left and right side were

alternated) and scaffold without cells was implanted in the

opposite knee (Fig. 2). Thus, we treated 22 defects; 11

defects with scaffolds and cells and 11 defects with scaffold

alone. After implantation, 50 passive flexion/extension rep-

etitions of the knees were made. Subsequently we checked

that the implants were still in place. The joint capsule and

skin were closed in layers using resorbable suture. In three

knees a postoperative partial rupture of the skin suture

occurred with the joint capsule still closed. These were

resutured within the first postoperative days and no further

complications were seen. In two rabbits a luxation of the

patella in one of the knees was treated by closed reduction

after 6 and 9 days, and no further reluxations were seen.

Sacrifice of animals and evaluation of the cartilage

repair

Twenty-four weeks after implantation, the rabbits (now

48 weeks old) were killed. The femoral condyles were

dissected free, cut and immersed in phosphate-buffered 4%

formaldehyde solution for 1 week, and then decalcified

using a 20% formic acid solution for 3 weeks. The speci-

mens were then divided into two, through the centre of the

defect in random directions [14]. The specimens were

embedded in paraffin wax and stained with hematoxylin-

eosin. Two or three sections, 4–5 lm thick were made

from each of the two parts, parallel to and as close as

possible to, the edge facing the centre of the defect. Thus,

the sections were all close to the centre of the defect. The

sections from each of the halves judged to be technically

best were subjected to morphometry using point counting

[14] and, consequently, each defect was represented by two

sections. Each section selected for analysis was photo-

graphed at 409 magnification using a digital camera (Color

View III, Olympus Soft Imaging Solutions�, Münster,

Fig. 1 The hyaluronan scaffold ready to be implanted in a 4 mm

diameter and 1.5 mm deep defect created on the medial femoral

condyle

Fig. 2 The hyaluronan scaffold implanted in the defect on the medial

femoral condyle

898 Knee Surg Sports Traumatol Arthrosc (2008) 16:896–903

123



Germany). Using a computer program (Analysis Pro�,

Olympus Soft Imaging Solutions�, Münster, Germany), a

straight line was drawn between the tidemarks on either

side of the defect. Ideally, this line should have been

curved parallel to the original surface of the cartilage.

However, due to large variation in the curvature in dif-

ferent planes of the condyle, such a line was not possible

to reconstruct reproducibly. A rectangle of 1 mm height

below the line, and 0.6 mm height above the line was

drawn. As all sections were from near the centre of the

defect the width of the rectangles were close to 4 mm.

Using the computer program, a grid with 200 lm between

test lines was superimposed to the picture (Fig. 3). This

resulted in a total of approximately 160 test points (60

above and 100 below the tidemark line). Test points

overlaying cartilage, bone or no tissue, respectively, were

recorded. The analyses were performed by two indepen-

dent observers (AÅ and SL) blinded to the surgical

procedure. The two observers counted each specimen twice

and this was repeated after 3–4 weeks. The relative filling

was expressed as the number of test points overlaying

cartilage and bone, respectively relative to the total number

of test points, and was calculated for the area of the rect-

angle above and below the tidemark line, and for the total

area of the rectangle. The relative filling for each defect

was expressed as the average calculated from all countings

for each defect. Bone filling below our drawn tidemark line

was used as an estimate of the regeneration of the original

bony part of the osteochondral defect, while cartilage fill-

ing above the tidemark line was used as an estimate of the

regeneration of the original cartilaginous part. To charac-

terize the quality of the repair, selected parameters

(modified from the O’Driscoll score [24], Table 1) were

given a score of 0 (lowest score), 1 or 2 (highest score):

The scores were reported for each parameter separately,

without combining them to a total score. The evaluation

was performed by two observers (FPR and SL) together

and repeated at two occasions separated by 3 weeks.

Again, the observers were blinded to the type of surgery

performed. If there was a discrepancy in the scoring for one

parameter in a specimen, this parameter was re-evaluated

by the same observers and a final consensus was made.

Statistics

SPSS statistical package version 14 (Chicago, IL, USA,

2005) was used for statistical analysis. Pre-experimental

analysis using a power of 0.80 and a significance level of

0.05 and a standard deviation for the differences of less

than 24% indicated a need of nine animals. Due to the risk

of losing animals during the experiment, a decision to use

12 rabbits was made. Based on previous experimental

studies [3] a filling difference of more than 25% was

considered as a proper level to disregard the null hypoth-

esis of no difference in filling between the two treatments.

Each animal served as its own control, and thus a paired

Student’s t test could be used to compare degree of filling

of cartilage and bone. The mean differences and standard

deviation of the differences were used to assess the

agreement between the two observers and between mea-

surements at the two time points for each observer.

Fig. 3 A rectangle of 1 mm height below, and 0.6 mm height above

a line between the tidemarks on either side of the defect defined the

regions of interest. A grid with 200 lm between test lines was

superimposed to the picture and the amount of tissue inside each

frame was quantified by point counting

Table 1 Definition of the qualitative score (modified from O’Driscoll

[24])

Hyaline cartilage

[60% 2

40–60% 1

\40% 0

Surface regularity

Smooth and intact 2

Fissures 25–100% of the thickness 1

Severe disruption, including fibrillation 0

Necrosis

Normal cellularity 2

Moderate cell loss 1

Severe cell loss 0

Integration at borders

Bonded at both sides 2

Bonded at one side, or partially at both sides 1

Not bonded 0

Chondrocyte clustering

25–100% of the cells 2

25% of the cells 1

No clusters 0
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Wilcoxon rank test for non parametric paired samples was

used for comparison of the semiquantitative evaluation of

the repair.

Results

Macroscopically, no signs of hypertrophy of the repair

tissue, degenerative change or inflammation were observed

in any of the knees. Quantitative histological evaluation

showed a high degree of filling, but no significant differ-

ence in the degree of filling was observed between the two

treatment modalities. This was the findings both for carti-

lage and bone filling in the entire defect, and the parts of

the defect below and above tidemark (Table 2). The dif-

ferences in measured filling between each observer and

between measured filling at two separate time points were

small reflecting a satisfactory inter and intra observer

variability (Table 3). Semiquantitative data on the quality

of the repair are given in Table 4; there was a significantly

higher score for the degree of chondrocyte cluster forma-

tion (i.e. more clustering, p = 0.03) in the defects treated

with MSC-loaded scaffolds compared to empty scaffolds.

There were no significant difference in score for the

parameters hyaline like cartilage, integration to surround-

ing cartilage, amount of necrosis and surface integrity. No

traces of the biomaterial were seen. Selected histology

samples are shown in Fig. 4.

Discussion

We did not find any difference in the degree of filling when

using scaffolds with MSC compared to scaffolds without

cells as judged by morphometry. In the semi-quantitative

analysis there was an increased cluster formation in the

MSC treated defects, but no statistical difference in the

other parameters. Cluster formation is a sign of repair in

early osteoarthritis [8], and in cartilage repair, cluster for-

mation may be interpreted as a positive phenomenon as cell

proliferation is central to new tissue formation. Conse-

quently, cluster formation should be considered a positive

sign and indicating some additive effect of the MSCs in our

study. In addition there was a trend towards higher scores

for all parameters in the cell treated defects, and if com-

bined to a total score there is a significant higher sum

for the cell treated defects. However, the relevance of a

sum score may be questioned as the importance of each

parameter in relation to the others is unknown. Our

approach is also in line with the Histology Endpoint

Committee of the International Cartilage Repair Society

(ICRS) in their proposed scoring system for biopsies from

cartilage repair tissue in humans [22].

Thus, in this study there was a trend towards a positive

effect of added MSC in the repair of an osteochondral

defect in a rabbit knee, but this effect appears to be limited

with the current set up.

The reproducibility of semi-quantitative histological

scoring systems has been poor and, thus, the validity is

questionable [17]. We therefore, chose to let our conclu-

sions rest mainly on the results of a quantitative

measurement of filling [14] that turned out to be repro-

ducible with very good agreement between the observers

and between the two time-points.

Two previous studies have used hyaluronan scaffold

with and without MSC in rabbits [19, 25]. Radice et al. [25]

did not find any difference between the hyaluronan scaffold

with or without MSC after observation periods of 8 and

16 weeks. Kayakabe et al. [19] observed a better filling

compared to empty defects (with no scaffold) only when

fibroblast growth factor-2 (FGF-2) was added to the MSC-

loaded hyaluronan scaffold. The current study supports

previous findings with relatively small differences when

comparing hyaluronan scaffold with and without MSC in a

Table 2 Filling of the defects [mean (SD)] expressed as the proportion of filling of the superimposed rectangle for cartilage and bone

Cartilage filling

whole rectangle

Bone filling

whole rectangle

Cartilage filling, part

of rectangle above

tidemark

Cartilage filling, part

of rectangle below

tidemark

Bone filling, part

of rectangle below

tidemark

HYAFF–11� with MSC 0.36 (0.13) 0.45 (0.12) 0.49 (0.15) 0.28 (0.15) 0.70 (0.17)

Empty HYAFF-11� 0.31 (0.21) 0.47 (0.18) 0.43 (0.20) 0.24 (0.23) 0.72 (0.25)

p-value 0.45 0.73 0.47 0.53 0.80

95% Confidence interval [-0.08–0.18] [-0.10–0.08] [-0.13–0.26] [-0.08–0.14] [-0.15–0.11]

Student’s t test for paired samples

Table 3 Agreement between measurements of relative filling [mean

difference between observers and between two time points for each

observer (SD)]

Cartilage Bone

Observer 1 versus observer 2 0.002 (0.06) 0.01 (0.06)

Time 1 versus time 2 observer 1 0.007 (0.03) 0.008 (0.04)

Time 1 versus time 2 observer 2 0.0005 (0.05) 0.012 (0.04)
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slightly different model. Both Radice et al. [25] and

Kayabe et al. [19] studied trochlear defects, while we

studied medial femoral condyle defects. Cartilage stiffness

and thickness varies between different localizations in the

joint [26], and the course and outcome of a repair may vary

accordingly. We chose to study defects on the medial

femoral condyle as the majority of cartilage lesions in

humans are located there [1].

Our findings are also in accordance with a study by

Solchaga et al. [30] who compared different scaffolds

without cells in a similar rabbit model: 3 mm diameter

and 1.5 mm deep defects on the medial femoral condyle

were created and the scaffolds studied were HYAFF�-11,

auto cross-linked polysaccharide polymer (ACP) and two

different polyester-based scaffolds: Poly(DL-lactic-

co-glycolic acid) (PLGA) and poly(L-lactic acid) (PLLA).

The filling of cartilage and bone above and below tidemark

was measured in this study, and the degree of filling at

20 weeks seems to be in the same order of magnitude as in

the current study, although a slightly different calculation

method was used. They also found that rapidly resolving

scaffolds (ACP and PLGA) resulted in a bone regeneration

beyond the tidemark line, while the more slowly resolving

scaffolds (HYAFF�-11 and PLLA) resulted in an incom-

plete bone regeneration, but with an increased filling from

12 to 20 weeks. On the other hand HYAFF�-11 resulted in

more cartilage formation than the other implants. In the

present study, we observed that approximately two-thirds

of the bony part of the defect was filled with bone at

24 weeks. However, according to the development from 12

to 20 weeks in the study of Solchaga et al., there may be a

delayed bone filling due to a slowly resolving scaffold.

Thus, improved bone filling and reestablishment of the

original tidemark might have been obtained with a longer

observation period.

In an osteochondral lesion, cells from the bone marrow

adjacent to the lesion may contribute to the repair and

partly outweigh the effect of the added cells. Interestingly,

Table 4 Qualitative analysis of the cartilage repair [mean(SD)]

Hyaline cartilage Surface regularity Necrosis Integration at borders Cluster formation

HYAFF-11� with MSC 1.45 (0.47) 0.95 (0.52) 1.45 (0.56) 0.91 (0.66) 0.86 (0.51)

Empty HYAFF-11� 1.05 (0.47) 0.77 (0.34) 1.05 (0.52) 0.50 (0.63) 0.36 (0.39)

p value 0.06 0.34 0.09 0.16 0.03

A score of 0, 1 or 2 were given for each parameter (see Table 1)

Wilcoxon rank test for paired samples used for statistical comparison

Fig. 4 Selected histology

samples. a, b Medial femoral

condyle defects treated with

scaffold filled with MSC.

c, d Defects treated with empty

scaffold
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Gao et al. [11] found better healing of a 3 mm osteo-

chondral defect in the rabbit with hyaluronan scaffold

loaded with mesenchymal progenitor cells compared to

empty scaffolds in an experiment where the bony part of

the defects were first filled up with calcium phosphate.

Hyaluronan scaffold loaded with autologous chondrocytes

showed better healing than empty scaffold and empty

defects in the rabbit when 6 9 5 mm pure chondral defects

were created [12]. Thus, the effect of adding MSC or

chondrocytes may be more important when the access to

cells from the bone marrow is limited.

A considerable component of spontaneous healing of the

defects could explain the small differences in the current

study. A high degree of spontaneous healing is known to

occur with defect diameter up to 3 mm in a rabbit model

with less spontaneous healing in larger defects [28]. To

limit the impact of this confounding factor 4 mm defects

were chosen, as larger defects could possibly exceed the

width of the rabbit femoral condyle.

Other biomaterials have been loaded with or without

MSC in studies of rabbit knees. Some authors report

better filling or higher score with cells in a scaffold than

without, both for MSC [15, 32] and for chondrocytes [9,

34]. Hybrid scaffolds combining hyaluronan with other

components have shown promising results [7, 10]. An

injectable synthetic extracellular matrix composed of

chemically modified hyaluronic acid and collagen loaded

with MSC induced complete filling and superior integra-

tion in osteochondral defects in rabbits after 12 weeks [21].

According to the authors this matrix may be implanted

arthroscopically in patients.

Growth factors may promote chondrocyte differentia-

tion of MSC [18]. We did not supplement growth factors in

our study, and this may partly explain the limited effect of

the added MSC. However, in contrast to similar studies the

cells were cultured in AS known to contain several growth

factors [31]. Previous experiments from our group have

also shown that AS induces a more rapid proliferation and

a more stable gene expression of MSC compared to foetal

bovine serum [27].

The current animal model was chosen because the rabbit

knee is widely used in experimental cartilage repair stud-

ies, and the model has been used previously by our group in

experimental cartilage surgery [2]. The thickness of the

cartilage of the medial femoral condyle in these animals

varies from 0.3 to 0.4 mm [26] while the HYAFF-11� is

approximately 1 mm thick. To ensure the containment of

the implant in the defect we chose a depth of 1.5 mm of our

osteochondral defect. Radice et al. [25] have shown that

HYAFF-11� implanted in a trochlea defect 3 mm diameter

and 0.5 mm deep was still in place after 1 week.

In the present study MSC were seeded to the scaffold

48 h prior to implantation. In the commercial use of

Hyaff-11 with chondrocytes the cells are cultured 14 days

in the scaffold before implantation [23]. In experimental

studies with MSC in scaffolds the time from seeding to

implantation, when stated, is less than 48 h [15, 19, 21, 32].

A reason to choose a relatively short interval from seeding

to implant is that differentiation of MSC into chondrocytes

is probably facilitated by local factors in the joint and in the

cartilage.

Different time intervals have been used to study carti-

lage repair. In a clinical setting it is the long term results

that are of greatest interest. To obtain a sufficiently long

observation time, and to keep the number of animals nee-

ded to a reasonable level with maintained statistical power,

we opted for 24 weeks as the only time point.

MSC in a hyaluronan scaffold may be a promising

treatment approach, but further studies are needed to

establish the most suitable scaffold for MSC, to optimise

the handling of the cells before implantation and to

increase hyaline cartilage synthesis following implantation

of the cells. If the MSC under such optimised conditions

turn out to be superior to chondrocyte implantation in

experimental cartilage repair the procedure should be

introduced to clinical practice following well controlled

randomised clinical trials.
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