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Fig. 2. Light micrographs of normal human osteoblasts (NHO:st) on various PEC films after a 2-

(Original magnification: x 100).

After 2-day incubation, the NHOst on PEC composed
of chitosan and either sulfated chitin (S-PEC) or
suifated hyaluronan (SHA-PEC) showed morphologies
simjlar to those on a normal culture plate. When cells
were cultured on PEC of chitosan and phosphated chitin
(P-PEC), some of them formed small aggregates, while
the rest showed morphologies similar to those on S-PEC
and SHA-PEC. On the other hand, NHOst cultured on
PEC from chitosan and either carboxymethyl chitin
(CM-PEC) or hyaluronan (HA-PEC) did not adhere
well and showed aggregation. Similar morphologies of
the cells on the PEC were observed after I day of
incubation (data not shown). Even after 1 week of
incubation, the morphologies and attachment of the
cells on the PEC films did not change (Fig. 2). Only celis
grown on calionic polysaccharide chitosan-coated cul-
ture dishes preserved morphology of very similar to
NHOst grown on collagen-coated cultured dishes,
indicating that these morphological differences are
ascribable to differences in the anionic polysaccharides
of which the PEC is composed.

It has been reported that cell attachment, morphol-
ogy, and response are influenced by physico-chemical
properties of the material surface [23,26]. To clarify
what properties of PEC control the attachment and
morphology of the cell, the contact angle and zeta

wORLT L

EC Chitosan

5141

day incubation: (a) and 1-wuek incubation, (b).

70
) (©)

e nlE
ol [] Lo =

Cortact angle
g2 8 3

pry
<
T

S-PEC CM-PEC P-PEC SHA-PEC HA-PEC Chitosan
Samples

Fig. 3. Contact angles of PEC films studied: (a) p<0.05 against §-
PEC, (b) p<0.01 agsinst S-PEC, (c) p=<0.01 again:t both CM-PEC
and P-PEC,

potential of PEC films were estimated. Although their
compositions are different, large differeaces in their
contact angles were not observed (Fig. 3). On the other .
hand, a measurement of zeta potentials of the PEC
showed interesting results (Table 1). The measurement
revealed that S-PEC and SHA-PEC have negative zeta
potentials, whereas PEC films made of polysaccharides
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Table 1
Zeta potentials of various PEC prepared on a culture dish
Cultore S-PEC CM-PEC P.PEC SHA-TEC HA-PEC
Zeta potential (mV) =587 ~28.0 249 -57 29.5
Table 2 )
The cell number and differentiation of NHOst cuitured on various PEC filins after 1 week
Samples The cell number {percent against controf) ALP pctivity . Ca amount .
The cell pumber U 210) The cell number (16/72110)
Collagen-coated dish 100.0417.0 1.00+0.15 34105
S-PEC 82.246.1 0084011 10.7+3.6
CM-PEC 6.042.6* 0.054+0.08* 27443.0*
P-PEC 130446.3 0.0240.01* 25408
SHA-PEC T1.4422.1 1354048 21110
HA-PEC 8.143.0* 0.52031 38.3432.3*
Chitosan 79.5425.0 0.9340.13 27420

*p<0.0] against collagen-coated dish.

with a carboxyl group, such as HA-PEC and CM-PEC,
showed positive zeta potentials. In addition, P-PEC
showed a positive potential less than that of HA-PEC.
These data indicate that attachment of NHQOst on
surfaces with positive zeta potentials is reduced,
suggesting the zeta potential of a PEC film partially
controls cell attachment and morphology. Although &ll
PEC were prepared by mixing enionic and cationic
polysaccharides to neutralize their charge, zeta potential
of each PEC film was ranged from —30 to 35mV as
shown in the table., This might indicate that not all
anjonic and cationic chemical groups were interacted 1o
make PEC and their main chain composition and type
of chemical groups may influence their side chain
mobility, resulting in different surface zeta potential of
each PEC. Details of surface properties of PEC films
and their relationship to cell attachment will be reported
in the near future.

After 1-week of incubation on various PEC films, ihe
differentiation level of NHOst was estimated by
measuring proliferation, alkaline phosphatase (ALP)
activity and the amounts of calcium deposiied. Table 2
shows the proliferation and ALP activity of NHOst
cultured on various PEC films as well as the amounts of
calcium deposited on the PEC, The proliferation of
NHOst on the PEC is expressed as a percentage of
proliferation of NHOst on a normal culture dish. The
ALP activity was also calculated as a percentage of the
control and normalized using the results of prolifera-
tion. In addition, the amount of caicium detected was
normalized vsing the proliferation results as well, After
a l-week incubation, many dark spots, presumably
calcium deposits, were observed on the collagen-coated
dish and other PEC films (Fig. 2). When NHOst were

cultured on CM-PEC or HA-PEC, it was observed that
the NHOst aggregates were covered by the calcium
deposits. It was reported that a surface with carboxyl
group could induce calcium deposition after its incuba-
tion in simulated body fluid [27). However, when the
PEC were incubated in the medium without NHOst, no
calcium deposition was detected. In addition, zela
potential estimation suggests less carboxyl groups are
appeared on a surface of the PEC. These indicate that
calejum deposition occurred only on aggregated NHOst
but not on surfaces lacking NHOst. Therefore, normal-
ization is necessary to estimate the capacity of PEC films
to induce NHOst differentiation, although the raw
values of deposited calcivm or ALP activity are low.
In fact, CM-PEC or HA-PEC films show a capacity to
induce NHOst differentiation comparable to the col-
lagen-coated dish and other PEC films, judging from the
normalized values of deposited calcium shown in the
table, even though the ratio of NHOst number on them
was only 6-8% of that on a collagen-coated dish, Their
ALP activities were, however, much lower than those on
the collagen-coated dish. Incubation of the PEC films
without NHOst for | week resulted in no calcium
deposition, irrespective of their composition, suggesting
that the PEC films themselves had no effect on caicium
deposition. Thus; enhancement of calcium deposition on
the PEC films may be ascribed to enhancement of
NHOst functions related to their’ differentiation even
though their ALP activity was suppressed. The reason
for this inconsistency observed between calcium deposi-
tion and ALP activity must be investigated further.
When sulfated polysaccharides were used o prepare
PEC films, proliferation of NHOst on the PEC films was
70-80% of that on a collagen-coated dish, and ALP
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activity was very similar fo that on the collagen-coated
dish. This suggests that suifated polysaccharide PEC
does not affect NHOst functions. Actually, there were
no statistical differences in the amounts of calcium
deposited between NHOst on the PEC and the coliagen-
coated dish although NHOst on 8-PEC showed higher
average calcium deposition. Thus, it is suggested that
the PEC films made from sulfated polysaccharides are
comparable substrates to a collagen-coated dish for cell
culture. When compared to a normal culture dish, it has
been reported that S-PEC can induce agpregation of
cultured human fibroblasts and enhance their DNA
synthesis in an earlier stage of cell culture by activation
of the ERK pathway [28). Since we used a collagen-
coated dish as a control in this study, it is expected that
the pathway of NHOst on the dish may be already
activated through integrin molecules on the NHOst
membrane. Therefore, the results in this study suggest
the PEC from sulfated polysaccharides have a potential
to proliferate and differentiate NHOst very similar to
that of collagen.

To assess the effects of PEC films on cell function, gap
junctional intercellular communication (GJIC), which is
an important function of cells for maintenance of
homeostasis [17], of NHOst on the films were measured,
As shown in Fig. 4, GJIC of NHOst on PEC films did
not show statistically significant differences compared to
those grown on a collagen-coated dish. Although the
GJIC of NHOst on CM-PEC showed 4 decrease after 1
day of incubation, it had recovered after 1 week. This
result suggests that most PEC films have the potential to
maintain homeostasis of attached cells although they
showed different influences on the number and the
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Fig. 4. Gap junctional intercellular communication activity of NHOst
on varions PEC films estimated by FRAP analysis technique, (*p<0.0)

against control).
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differentiation of NHOst. On the other hand, NHOst on
chitosan, which was used as the polycation for all PEC,
showed suppression of GJIC after I week. This suggests
that chitosan disturbs homeosiasis maintenance of
NHOst, but improve its biocompatibility by forming
PEC films with other anionic polysaccharides. There-
fore, PEC might be used as a biocompa tible material for
medical devices and tissue engineering scaffolds.

4. Conclusion

PEC films composed of various polysaccharides were .
prepared, and their effects on NHOQs! functions were
evaluated. Attachment, morphology, growth and differ-
entiation of NHOst were influenced by the composition
of the PEC on which they were grown. NHOst
attachment decreased and their aggrepates were ob-
served on PEC prepared from polysaccharides contain-
ing a carboxyl group (CM- and HA-PEC). ALP activity
of NHOst was suppressed on these PEC films although
calcium deposition was observed more frequently than
on other PEC films. In addition, these PEC films
strongly suppressed proliferation of NHOst. PEC
prepared from phosphated chitin and chitosan (P-
PEC) showed low ALP actijvity and calcium deposition,
although the number of NHOst was highest after l-week
incubation. These indicate unsuitability of these three
PEC for usage in tissue engineering. On the other hand,
NHOst adhered to and proliferated well on PEC films
when sulfated polysaccharides were used as the poly-
anion (S- and SHA-PEC)., Moreover, these PEC films
showed almost the same suitability as the collagen-
coated dish in all cell functions studied, indicating that
these PEC films, especially S-PEC can be used as a
scaffold for bone regeneration. Further studies, €spe-
ciaily in vivo studies, are needed to clarify the usefulness
of PEC filns for tissue engineering,
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Embryonic Stem Cells Form Articular Cartilage, not Teratomas,
in Osteochondral Defects of Rat Joints
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Embryonic stem (ES) cells are considered to be a potential tool for repairing articular cartilage defects, but
so far it has been impossible to cause these cells to differentiate into chondrocytes exclusively, either in vivo
or in vitro. To explore a potential new cell source of cell transplantation for articular cartilage defects, we
transplanted ES cells into articular cartilage defects in immunosuppressed rats. ES cells (AB2.2 or CCE
cells) were transplanted into articular cartilage defects in the patellar groove of immunosuppressed rats
treated with cyclosporine. The cells were histologically observed until 8 weeks after transplantation. To
determine whether the repair tissue in the defect in the AB2.2-transplanted group was derived from the
transplanted cells, the neomycin-resistant gene, which had been transfected into AB2.2 cells but does not
exist in rat cells, was used for detection. The cells produced cartilage, resulting in repair of the defects from
4 weeks until 8 weeks after the transplantation without forming any teratomas. The neomycin-resistant gene
- was detected in every sample, demonstrating that the repair tissue in the AB2.2-transplanted group was
derived from the wransplanted AB2.2 cells. The environment of osteochondral defects is chondrogenic for

ES cells. ES cells may thus be a potential tool for repairing articular cartilage defects.

Key words: Chondrogenic lineage; Hyaline cartilage; Regeneration; Local environment

INTRODUCTION

Articular cartilage covers the surface of moving joints,
and its main function is to reduce impact and friction.
Because defects of articular cartilage are not completely
restored, many attempts have been made to repair articu-
lar cartilage defects, but no widely accepted methods
have been developed (5).

Embryonic stem (ES) cells (7,17) are one of the most
promising tools for tissue repair, because of their unlim-
ited proliferative capacity and ability to differentiate into
any tissue or cell (1,2,9,10,13,16). ES cells are thus a
potential tool for repairing articular cartilage defects, but
so far it has been impossible to cause these cells to dif-
ferentiate into chondrocytes exclusively, either in vivo
orin vitro (12). Because the local environment is impor-
tant for differentiation into specific tissues or cells (14),
we first transplanted ES cells into the joints of immuno-
deficient mice, but the cells formed teratomas and subse-
quently destroyed the joints (20). In our next attempt,

reported here, we transplanted ES cells into ostecchon-
dral defects in the patellar groove of immumosuppressed
rats treated with cyclosporine.

MATERIALS AND METHODS

ES Cell Preparation

AB2.2 prime ES cell kits were purchased from Lexi-
con Genetics Inc. (Houston, TX). They were cultured ac-
cording to the manufacturer’s instructions on ESQ feeder
cells that were supplied with the kit.

CCE ES celis were kindly provided by Dr. Elizabeth
J. Robertson and cultured by us on feeder cells (RJ) in-
activated by mitomycin C.

Both ES cell lines were obtained from 129/Sv/Ev
mice. The ES cells were embedded in a ¢ollagen solu-
tion (type I collagen obtained from porcine Achilles ten-
don; Nitta Gelatin, Osaka, Japan) at 4°C at a density of
107 cells/ml, and were gelated in 15-p1 aliquots at 37°C.

Address correspondence to Dr. Shigeyuki Wakitani, Department of Orthopaedic Surgery, Shinshu University School of Medicine, Asahi 3-1-1,
Matsumoto 390-8621, Japan. Tel: 81-263-37-2659; Fax: 81-263-35-8844; E-mail: wakitani @hsp.md.shinshu-u.ac.jp
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Surgery

Twenty-four rats (F344/DuCrj, Charles River Japan
Inc., Yokohama, Japan) weighing about 330-350 g were
anesthetized by intraperitoneal injection of ketamin (10
mg/100 g, Sankyo Co., Ltd., Tokyo, Japan) and xylasine
(1 mg/100 g, Bayer Co., Ltd., Tokyo, Japan). A hole (2
mm in diameter and 2 mm in depth) was made in the
patetlar groove of the femur with a hand drill and 15 pl
of gel was inserted into the hole. The calculated volume
of the defect was 6.28 l. Because some of the gel pro-
truded from the hole, water was removed from the gel
with gauze to make sure it was confined to the hole.
Twelve rats received gel with CCE cells transplanted
into the right knees and gel without cells into the left
knees, while the other 12 rats received gel with AB2.2
cells in the right knees and gel without cells in the left
knees. ‘

Immediately after surgery, the recipient animals re-
ceived daily subcutaneous injections of cyclosporine (14
mg/kg, Novartis Pharma AG, Basel, Switzerland). -

We also transplanted the cells embedded in collagen
gels into the subcutaneous tissue of severe complex of
mmunodeficient mice (n=2 for AB2.2 cells and n=4
for CCE cells) and observed them for 8 weeks ta deter-
mine whether the ES cells formed teratomas.

Histological Evaluation

At 1, 2, 4, and 8 weeks after surgery, three rats from
the two groups transplanted with different ES cells were
sacrificed each time. The distal femurs were collected,
fixed in 10% buffered formalin, and the tissues decalci-
fied and sectioned. Staining was performed with hema-
toxylin/eosin and safranin-O. The digital images were
prepared with Photograb (Fujifilm Co., Tokyo, Japan)
and microscopy.

Each sample was graded according to the histological
scate described by Wakitani et al. (18). The scale con-
sisted of five categories: cell morphology, matrix staining,
surface regularity, thickness of cartilage, and integration
of donor with host cartilage. The scores ranged from O
(normal articular cartilage) to 14 (no cartitaginous tissue).

Two-way factorial ANOVA was used for statistical
comparative analysis of the overall scores for the four
time points between the cell-transplanted groups and the
cell-free group. Stat View software (SAS Institute Inc.,
Cary, NC) was used for analysis, and probability values
less than 0.05 were considered significant.

DNA Analysis

DNA was extracted with DEXPAD (T aKaRa, Kyoto,
Japan) from a small sample of the repair tissue obtained
at each time point. Samples with histologically optimal
repair were selected for each postoperative period. We
then amplified DNA by means of polymerase chain re-
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action to detect the neomycin-resistint gene that had
been transfected into AB2.2 cells. The primers for the
peomycin-resistant gene were neo p¢ (5-AGGATCTC
GTCGTGACCCATG-3") and neo int2 (5-TCAGAAG
AACTCGTCAAGAAGGC-3"), and the size of the reac-
tion product was 250 base pairs. To detect rat cells, we
used two other primers: M14103F (5-GTGGAATGAC
GTTCCTTGCT-3") and M14103R (2 " TGGTAACCAA
TGTTGAATTGC-3"). The size of the reaction product
was 180 base pairs. The primers for the glyceraldehyde
3-phosphate dehydrogenase (GAPD) gene were GAPD-
F (5’-AGAAATCCCCTGGAGC'I‘C1‘ATAGGG-3') and
GAPD-R (5’-CCGGAATGCCAT1‘C:CTG’I"I‘AGCI’I‘ C-
3%, and the size of the reaction product was 250 base
pairs.

This study was approved by our Iastitutional Review
Board.

RESULTS

Four weeks after transplantation, osteochondral de-
fects in the patellar groove of the femur were covered
by histologically hyaline-like cartilage in three out of
three rats transplanted with CCE cells and two out of
three transplanted with AB2.2 cells. 'This result was also
observed in two out ‘of three rats with CCE cells and in
one out of three rats with AB2.2 cells 8 weeks after the
transplantation, whereas rats without ES cell transplanta-
tion showed coverage by fibrous tissue or fibro-cartilage
(Figs. 1 and 2).

One week after transplantation, E:3 cells had collected
to form numerous small clumps, ccorresponding to em-
bryoid bodies, in the repair tissue. Two weeks after
transplantation, these clumps had cisappeared and the
cells were distributed more evenly. Cartilaginous tissue
was first observed at 4 weeks after transplantation; at
this time, thick cartilaginous tissue covered the defect.
The cells in the repair cartilage wers round and the ma-
trix showed strong metachromasia, indicating that this
was hyaline cartilage. Eight weeks after transplantation,
the repair tissue still resembled hyaline cartilage, and no
cell masses suggestive of teratoma were found in any
sample at any time of observation (Fig. 1).

As for the collagen gel withoat cell implantation
{control group), amorphous acellular material, assumed
to be the implanted collagen gel, was observed at 1
week. By 2 weeks after implantation, the defects were
filled with fibrous tissues, and 4 weeks after collagen
gel implantation, metachromasia was observed adjacent
to the joint spaces in the fibrous tissue filling the defects,
but the cellular morphology and imatrix staining indi-
cated that this was fibro-cartilage. Eight weeks after im-
plantation, the repair tissue was st1l fibro-cartilaginous
(Fig. 1).

Histological grading scores were determined and used




CARTILAGE REPAIR WITH EMBRYGNIC STEM CELLS

333

Figure 1. Photomicrographs of sagittal section of defects at 1 (a,€), 2 (b, ), 4 (c, g), and 8 weeks
(d, h) after transplantation of CCE cells (e—h) and cell-free controls (a~d). We selected histologi-
cally best repair at each postoperative period. The size of cartilage defects was almost 2 mm in
diameter. Safranin-Q staining, original magnification x20,

to compare the repair tissues (Table 1). The differences
in the overall scores for the four time points between
the cell-transplanted groups and the cell-free group were
analyzed with two-way factorial ANOVA. The scores of
the CCE cell-transplanted group were significantly bet-
ter than those of the cell-free control group (p = 0.0478),
whereas there was no significant difference between
those of the AB2.2 cell-transplanted and control groups
(»=0.0910).

The two types of cells were also transplanted into the
subcutaneous tissue of severe complex of immunodefi-
cient mice. After 8 weeks, we found teratomas in two

out of two mice transplanted with AB2.2 cells and three
out of four mice transplanted with CCE cells.

To determine whether the repair tissue in the defect
was in fact derived from the transplanted cells, we
checked the tissue for the presence of the neomycin-
resistant gene, which had been transfected into AB2.2
cells but does not exist in rat cells. The gene was de-
tected in every sample, demonstrating that the repair tis-
sue was derived from the transplanted AB2.2 cells (Fig.
3). We also tried to detect a gene that is present in rats,
but not in mice. This gene was detected in one sample,
in which the neomycin-resistant gene was also detected,
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Figure 2. Photomicrograph of sagittal section of defects at 4
weeks after transplantation of AB2.2 cells. The size of carti-
lage defects was almost 2 mm in diameter. Safranin-O stain-
ing, original magnification x30. The repair by AB2.2 cell
transplantation was inferior to that by CCE cell transplanta-
tion. ’

which meant that the tissue contained both transplanted
cells and host cells.

DISCUSSION

To the best of cur knowledge, this is the first report
of articular cartilage repair by ES cells. Interestingly,
no sign of tumor growth or nonchendrocyte tissue was
observed in the transplant recipients, and the defects
were repaired with hyaline-like cartilage. The repair car-
tilage was thicker than the adjacent normal cartilage at
4 and 8 weeks. The repair cartilage was thought to fill
all areas of the defect at first, and then be replaced by
the host bone over time, as reported previously (18). ES
cells transplanted into the osteochondral defects ap-
peared to differentiate exclusively into chondrocytes,
while those transplanted into subcutaneous tissue gener-
ated teratomas. Thus, the environment of the osteochon-
dral defect in knee joint was chondrogenic for ES cells.

We have previously reported that AB2.2 cells in-
jected into knee joint spaces of immunodeficient mice

formed teratomas (20), whereas in the study presented '

here they did not generate teratomas in osteochondral
defects in rats immunosuppressed with cyclosporine.

Table 1. Histologic Grading Scores for the Repair Tissues

1 Week 2 Weeks 4 Weeks 8 Weeks
CCE* i4, 14,14 14,14, 14 0,36 1,6, 14
Control 14, 14,14 12,14,14 12,12,14 1L 1], 14
AB22. 14,14,14 14,14, 14 4.7, 14 5,10, 10
Control - 14, 14,14 14,14,14 . 8,14,14 13,13, 14

Scores ranged from 0 = best to 14 = worst.
*Significantly better than the control group.
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Because different species of animals were used for the
two experiments, it was possible that ES cells would not
generate teratomas in immunosuppres:ed rats. However,
we confirmed that ES cells do produci: teratomas in im-
munosuppressed rats in another experiment (data not
shown). One reason may be that nutrition was different. -
Cells in joint spaces are fed by joint fluid not by blood,
whereas those in osteochondral defects are fed by both
joint fluid and blood in osteochondral defects. It is thus
conceivable that some growth factors are released from
bone marrow and promote the chondrogenesis of ES
cells. Another reason may be that the mechanical stress
was different. In osteochondral defects, cells are con-
fined to the defect and pressed down by the patella, so
that they cannot produce a large mass that grows out
of the defect, whereas cells in joint spaces can expand
substantially. Mechanical stress on tissue in the defect
may also play an important role in promoting chondro-
genesis.

The histological grading scores of the cell-transplanted
groups at 4 and 8 weeks differed, axd the reason for
these differences is thought to be due to technical diffs-
culties in transplantation surgery or differences in immu-
nological reaction of individual rats. We transplanted
two kinds of ES cells (AB2.2 and CCE) and both pro-
moted repair of the articular cartilage defect, although
that resulting from AB2.2 cell transplantation was not
significant, which was probably due to these differences.
To confirm the efficacy of ES cell transplantation for
cartilage repair, further experiments may be necessary.

The repair tissue in the defect in the AB2.2-trans-
planted group was proven to be derived from the trans-
planted cells because the neomycin-resistant gene, which
had been transfected into AB2.2 cells but does not exist
in rat cells, was detected in the repair tissue. We also
detected a gene that is present in rats Sut not in mice in
one of the four samples, in which neomycin-resistant
gene was also detected. We may have collected the un-
derlining host tissue in this case or it is possible that the
repair tissue consisted of both transplanted cells and host
cells. In the other three cases, we concluded that the
repair tissue was derived from the transplanted cells, not
from the host cells. The transplanted AB2.2 cells differ-
entiated into chondrocytes and formed repair cartilage.

It has been difficult to use ES cells for tissue repair
because we could not target the cells exclusively to dif-
ferentiate into a particular tissue in vitro or in vivo. To
obtain homogenous cell populations, it has been possible
to induce ES cells with differentiation factors [i.e., neu-
rons and skeletal muscles (4) and glial precursors (6)] :
or transfect them with vectors that make selective differ-
entiation into cardiomyocytes possible: (11), It has also
been reported that in vitro differentiation of ES cells into
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Figure 3. Gel electrophoresis of DNA amplified by the polymerase chain reaction. DNA was
extracted from repair tissue at 1, 2, 4, and 8 weeks after transplantation. Neomycin-resistant gene

was detected in each sample,

chondrocytes can be promoted by bone morphogenetic
protein-2 or -4, but the cell aggregates thus formed con-
lained a variety of cells and not only chondrocytes (12).
When ES cells are transplanted into cartilage defects,
the formation of cells other than chondrocytes may in-
terfere with the repair process. Although long-term stud-
ies will be necessary to comprehensively address the
safety of ES cell transplantation, the possibility of using
these cells for tissue repair has been expanded by the
results of our study. Further optimization of the donor
ES cells such as overexpression of factors promoting
differentiation may help to meet the challenges involved
in clinical application.

We used an immunosuppressive agent in this study
because ES cells are xenogeneic. In the case of human
application of ES cells, such cells will be allogeneic.
Further investigation is required to assess the immune
effects of ES cell transplantation on cartilage defects.
Various strategies, such as autologous nucleus transplan-
tation into ES cells or HLA-matched ES cell transplanta-
tion, may be required to render the clinical use of ES
cells feasible,

Recently, autologous cultured chondrocyte transplan-
tation (3,15) and mosaic plasty (autologous osteochon-
dral grafting) (8) have been proven to alleviate symp-
toms and achieve a certain degree of repair. However,
these methods involve the collection of autologous carti-
lage, which creates new cartilage defects in the periph-
eral areas. Thus, new cell sources have been investi-
gated, and stem cells, such as mesenchymal stem cells
(19) and ES cells, are thought to be among the most
promising sources for use in tissue repair because these
cells are capable of both proliferation and differentia-
tion,
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This study assessed the effectiveness of autologous bone marrow stromal cell transplantation for the repair
of full-thickness articular cartilage defects in the patellac of a 26-year-old female and a 44-year-old male,
These two patients presented in our clinic because their knee pain prevented them from walking normally.
After thorough examination, we concluded that the knee pain was due to the injured articular cartilage and
decided to repair the defect with bone marrow stromal cell transplantation. Three weeks before transplanta-
tion, bone marrow was aspirated from the iliac crest of each patient. After erythrocytes had been removed
by use of dextran, the remaining nucleated cells were placed in culture. When the attached cells reached
subconfluence, they were passaged to expand in culture. Adherent cells were subsequently collected, embed-
ded in a collagen gel, transplanted into the articular cartilage defect in the patellae, and covered with autolo-
gous periostenm, Six months after transplantation, climica! symptoms (pain and walking ability) had im-

proved significantly and the improvement has remained in effect (5 years and 9 months posttransplantation
in one case, and 4 years in the other), and both patients have been satisfied with the outcome. As early as 2
months after transplantation, the defects were covered with tissue that showed slight metachromatic staining,
Two years after the first and 1 year after the second transplantation, arthroscopy was performed and the
defects were repaired with fibrocartilage. Results indicate autologous bone marrow stromal cell transplanta-
tion is an effective approach in promoting the repair of articular cartilage defects.

Key words: Chondro-progenitor cell; Cartilage regeneration; Resurfacing; Fibrocartilage

INTRODUCTION

Articular cartilage defects have a weak potential for
self-repair because of the reduced mitotic capacity of
chondrocytes in vivo (2). Because some patients with
articular cartilage defects may progress to osteoarthritis
as described previously, such defects need to be repaired
even though their exact natural course remains obscure
{6,8,12).

Traditional methods for repair, such as multiple per-
forations (9), abrasion arthroplasty (3), and microfrac-
ture (4), have not produced consistent satisfactory long-
term clinical results, Studies using animal models showed
that the repair tissue produced with these methods is
mainly fibrocartilage, not hyaline cartilage, and is sub-
Ject to subsequent degradation (5,10,13). Exploration of
the feasibility of autologous chondrocyte implantations

has started recently (1), but some problems remain un-
solved. These include difficulties in obtaining sufficient
chondrocytes, defects associated with autologous carti-
lage tissue collection, and insufficient histological repair
(7). Multiple autologous osteochondral grafting (mosaic
plasty) can result in the repair of articular cartilage de-
fects through the formation of hyaline-like cartilage.
This procedure is also limited by defects in donor sites,
insufficient repair between the grafts, and technical dif-
ficulties in resurfacing the original curvature of the joint
surface (7,11).

We reported previously that transplantation of autolo-
gous bone marrow stromal cells (MSC) expanded in cul-
ture could result in the repair of articular cartilage de-
fects in human osteoarthritic knees (16). This method is
clinically straightforward to perform because autologous
cells can be readily harvested and expanded in culture
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without losing their capacity to differentiate into chon-
drocytes.

The purpose of this study was to evaluate the clinical
results obtained with autologous MSC expanded in cul-
ture for the treatment of full-thickness chondral defects
In human patellae.

CASE 1

The first case involved a 31-year-old female patient.
At 23 years of age, the articular cartilage in her left pa-
tella had been treated with arthroscopic shaving at an-
other institute because of chondromalacia in her patel-
lae. However, following this surgical procedure, her left
knee pain did not diminish and she had to walk with a
crutch. She came to our hospital when she was 25 years
old because the pain prevented her from walking nor-
mally. Physical examination established patello-femoral
crepitation and anterior knee pain. The range of motion
of the left knee was restricted to between 0° and 130°,
The X-ray findings demonstrated narrowing of the pa-
tello-femoral joint space and magnetic resonance imaging
deficiency of the patellar articular cartilage. After thor-
ough examination of her left knee, we concluded that
the other parts of the knee were normal and that the knee
pain was due to the injured articular cartilage of the pa-
tella. A few months of conservative treatment, such as
muscle training, thermotherapy, medication with pain-
killers, and intra-articular injection of hyaluronic acid,
did not result in improvement in the pain. We decided
to perform autologous transplantation of MSC expanded
in culture to repair the articular cartilage defect in the
patella with the informed consent of the patient.

Ten milliliters of heparinized bone marrow was aspi-
rated from the left iliac crest. After erythrocytes had been
removed with dextran, the remaining nucleated cells
were cultured in Dulbecco’s modified Eagle’s medium
{DMEM) supplemented with 15% fetal calf serum, After
3 days of culture, attachment of cells was observed and
when the medinm was changed, nonadherent cells were
removed with the medivm. After approximately 10 days,
the attached cells had achieved subconfluence and were
then passaged to expand in culture. After another 10
days, on the day before surgery, 1.8 x 10’ cells were col-
lected and embedded (5 x 10° celis/ml) in 0.25% type I
acid-soluble collagen from porcine tendon (Nitta Gelatin
Inc., Osaka, Japan) and gelated. This gel-cell composite
was then cultured overnight in DMEM supplemented
with 15% autologous serum.

The transplantation surgery took place on January 27,
1998. After a medial parapatellar approach, all of the
fibrous tissue covering the surface of the patella was
removed, the subchondral bone was exposed, and multi-
ple perforations using K-wire with a 1.5-mm diameter
were made to facilitate bleeding. The area of the full-
thickness cartilage defects in the left patella was about
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12.0 cm’. Because the volume of the collagen with cells
was about 3.6 ml, the gel-cell conposite was formed
with a thickness of 2 mm. The composite was then put
in place and covered with autologcus periosteum taken
from the anterior surface of the tibia with the cambium
layer facing the bone marrow. The flap was sutured to
the surrounding rim of the normal cirtilage or soft tissue
with interrupted absorbable sutures. Continuous passive
motion was started 3 days after surgery but otherwise
the knee was immobilized with a brace for 3 weeks.
Partial weight bearing was started 3 weeks and full
weight bearing 6 weeks after the operation. The pain in
the knee diminished and the patiert was able to walk
without crutches or a cane 6 months after the operation.
The knee range of motion remained somewhat limited
from 0° to 120°.

Arthroscopic surgery on March 17, 1998 (7 weeks
postoperatively) showed that the pztellar articular sur-
face was completely covered with tissue that exhibited
slight metachromatic staining upon histological exami-
nation.

Arthroscopic surgery on October 25, 2000 (2 years
postoperatively) showed that the patellar articular sur-
face was completely covered with cartilage-like tissue,
which appeared to have a smooth surface and a firm
consistency as established by probing. Histological ex-
amination of a tissue specimen takea from the surface
of the articular cartilage in the graft area demonstrated
the presence of a matrix with streng metachromatic
staining but with a fibrous appearaice, leading us to
conclude that this was fibrocartilaginous repair tissue.
At the time of writing this report (5 years and 9 months
after transplantation) the patient could. walk, run without
ambulatory support, do housework without knee pain,
and was satisfied with the outcome of the transplanta-
tion,

CASE 2

The second case involved a 48-year-old male patient.
The articular cartilage of his right patella had been in-
Jured in a traffic accident when he was: 44 years old, and
he came to our hospital 4 months after the injury. He
had been suffering from right knee pain that cavsed him
to limp and made stair climbing difficult. Physical ex-
amination showed neither patello-ferioral maltracking
nor ligamentous instability, but retropatellar crepitation
accompanied by pain. Computed tomography demon-
strated a partial depression in the patella, and arthros-
copy showed that the medial area of the patella’s articu-
lar cartilage was fibrillated.

A careful examination of the knee led to the conclu-
sion that the knee pain was due to the injured articular
cartilage of the patella. As for the first case, conservative
treatment was initiated but the pain alsc did not diminish
for this second patient. We therefore dacided on autolo-
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gous transplantation of MSC expanded in culture to re-
pair the articular cartilage defect in the patella with the
patient’s informed consent,

MSCs (1.4 x 10’} were prepared in the same manner
as for the Case 1 patient. They were embedded in colia-
gen solution with the same cell density (5 x 10° cells/ml),
but in this case they were put on a collagen sheet (Koken
Inc., Tokyo, Japan) and gelated. The collagen sheet con-
taining the cells was transplanted. The transplantation
surgery was performed on November 12, 1999. The me-
dial part of the articular cartilage was found to be dam-
aged (Fig. 1). The injured articular cartilage was re-
moved, the subchondral bone was exposed, and multiple
perforations were made to facilitate bleeding from the
bone marrow. The area of the full-thickness cartilage
defect in the right patella was about 4.5 em? Because
the sheet measured about 10 cm?, almost half of the cells
were used. The sheet was put in place and covered with
autologous periosteum with the cambium layer facing
the bone marrow (Fig. 1). The postoperative physiother-
apy program was the same as for the first case except
for the omission of immobilization.

Arthroscopic surgery on January 11, 2000 (2 months
postoperatively) revealed that the patellar articular sur-
face was completely covered with tissue that was softer
than the surrounding normal articular cartilage (Fig. 2).

Six months after the operation, the patient no longer
experienced his initial symptoms during daily activities,
although the knee range of motion was limited from 0°
to 130°.

One year after transplantation, arthroscopy and nee-
dle biopsy were performed. Arthroscopy showed that the
color and hardness in the graft area were similar to those
of the surrounding normal cartilage. Histological exami-
nation showed that the repair tissue was fibrocartilagi-
nous (Fig. 3). Fibroblastic cells with spindle-shaped nu-
clei and scattered chondrocytes with lacunae were also
observed. There was no evidence of inflammatory cells
or vascular proliferation.

At present (4 years after transplantation), the patient
can work without knee pain as a truck driver in the same
manner as before the injury and is satisfied with the out-
come of the transplantation.

This study was performed in accordance with the eth-
ical standards of the hospital committee on human ex-
perimentation and of the World Medical Association
Declaration of Helsinki.

DISCUSSION

This article describes autologous MSC expanded in
culture transplantation procedures used to treat two
patients with large patella articular cartilage defects.
Histological examination showed that the defects of the
patellar cartilage of both patients. were repaired with fi-
brocartilage and not with complete hyaline cartilage.
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However, the repair was much faster than natural repair
or repair with conventional marrow stimulation tech-
niques. As early as 2 months after transplantation, the
defects were covered with cartilaginous tissue. More im-
portantly, the clinical symptoms were reduced dramati-
cally and remained good for a long time, although both
patients continued to show slightly limited knee motion.

It is conceivable that the repair in these cases was to
some extent due to multiple perforations or the perios-
teal flap used simultaneously with the cell transplanta-
tion. However, we concluded that cell transplantation
was the key contributor to the repair seen in the two
cases reported here because of the following reasons.
Firstly, it is possible that periosteal transplantation after
skeletal maturity may not result in the repair of articular
cartilage defects because the chondrogenic potential of
periosteumn reportedly declines significantly with age
(14). Secondly, the clinical outcome has persisted for
almost 6 years, although tissues repaired with multiple
perforations are reported to result in tissue degradation
over time (5,9,10,13).

We previously reported that MSC transplantation for
the repair of articular cartilage defects was effective in
humans because the arthroscopic and histological repair
in the cell-transplanted group was superior te that in the
cell-free group (16). In that report, we transplanted
MSCs into the articular cartilage defects in the medial
femoral condyle of osteoarthritic knees in the same man-
ner used in the cases studies described in this article.
Tissue repair was judged to be of higher quality in our
precious studies, although the observation period was
shorter. Differences in the final location of transplanted
materials may also influence the outcome of this ap-
proach.,

Another procedure for cartilage repair by cell trans-
Plantation is autologous chondrocyte implantation,
which has been widely performed in the United States
and Europe. However, the outcome of repair by means
of cell transplantation remains controversial. With auto-
logous chondrocyte implantation, clinical symptoms im-
proved but histological examination showed that repair
is insufficient (1,7). Furthermore, it has been reported
that with this procedure, repair in the patella was sub-
stantially inferfor to that in the femoral condyle (1). It is
possible that repair by cell transplantation in the patella
is inferior to that in the femoral condyle because of cer-
tain mechanical properties or the small amount of bone
marrow in the patella. Therefore, we concluded that the
outcomes of our procedure are not inferior to those of
autologous chondrocyte implantation, although the re-
pair in our cases was accomplished with fibrocartilage,
not hyaline cartilage.

Moreover, autologous MSC transplantation is clini-
cally much easier to perform because there are no side
effects associated with cell collection, which can be per-
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Figure 1. Macroscopic appearances of the patella from the second patient. (A} Damaged articular cartilajre, (B) Following removal
of damage cartilage. (C) Following implantation of gel-cell composite. (D) Following suturing of autolcgous periosteum.

formed under partial aesthesia in the outpatient clinic.
This also means that surgery is required only once. Fur-
thermore, no bone or cartilage defects remain after col-
lection of autelogous cells, and MSCs can proliferate
without losing their cdpacity to differentiate (15).

Cells embedded in collagen gel can be firmly secured
in the defect. For the first patient, we used collagen gel

only, which was too soft and brittle. For the second pa-
tient, we used collagen gel together with a collagen sheet,
which was much easier to handle. However, the eventual
outcomes of these two patients were very similar.

For these reasons, -autologous MSC transplantation
can be considered to be a highly promising method for
the repair of articular cartilage defects.
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Figure 2. Arthroscopic appearance of the repair tissue 2 months after transplantation in the second
patient. The defect was completely covered with tissue that was softer than the surrounding carti-

lage.

Figure 3. Microscopic appearance of the repair tissue 1 year after transplantation in the second
patient. Toluidine blue staining (original magnification x100). Scale bar indicates 100 pm. Intracel-
lular matrix showed strong metachromatic staining but with a fibrous appearance. Fibroblastic cells
with spindle-shaped nuclei and scattered chondrocytes with lacunae were also observed.
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Summary

Objsctive: To investigate cartilage response to fibroblast growth factor-2 (FGF-2) with increasing age in vivo, we examined the effect of FGF-2
on partial thickness defects of Immature and mature rabbits,

Design: Sixty-ning Japanese white rabbits (34 Immature rabbits, 35 mature rabbits) were examined, We made experimental partial thicknass
defects in articular cartilage of the knees. Then, we Injected FGF-2 Into the knees eight times, immediately after surgery and every 2 days for 2
weeks. A single dose of FGF-2 was 10 ng/0.1 ml or 100 ng/0.1 ml. in the control group, 0.1 mt saline was injected on the same time schedule.
The rabbits were sacrificed at intervals following surgery that ranged from 2 to 48 weeks. The specimens were stained with toluldine blue and
examined microscopically. We used a modified semiquantitative scale for evaluating the histological appsarance of repair.

Results: inimmature rabbits, the cartilage repair in the FGF-2 {100 ng)-treated group was significantly better than that of the other groups. The
delects were almost completely repaired with chondrocytes that showed a round to polygonal morphology, and large amounts of extraceliular

matrix with intense metachromalic staining.
In mature rabbits, however, there was apparenlly no effect from FGF-2 in either group.

Conclusions: Application of FGF-2 facilitated cartilage repair in partial thickness defects in iImmature rabbits, but not in mature ones.
© 2004 OsteoArthritis Research Society Intemational. Published by Elsevier Lid. All rights reserved.

Key words: Age, Response, In vivo, Intra-articular injection.

Introduction applied 1o articular cartilage defects to potentially enhance
. , . . . ) cartilage reconstitution. FGF-2 is widely distributed In
Articular cartilage has a limited capacily for repair. Partial mesenchymal structures, mesoderm- and neuro-ectodem-
thickness defects, which do not injure the subchondral derived cells. It is a member of a multi-lineage family that
bones, do not heal spontaneously. A short-lived tissue binds 1o heparin. It acts as a potent mitogen in a wide variety
response has been reported, but It failed to provide sufficient of cell types derived from mesoderm and neuro-ectoderm
cells and matrix to repair even small defects. In contrast, full in vitro'5=1?, The importance of FGF-2 in cartilage repair is
thickness dsfects, which extend heyond the subchondral widely accepted.
bone,_ receive.an abundqnt source of mesenchymal cells for In partial thickness defects, Cuevas et al, reported that
affecting cartilage repafr through the subchondral bone’. FGF-2 stimulated the proliferation of chondrocytes in
However, the resulting repair tissue is predominantly of adolescent rabbits*, while Hunziker and Rosenberg did
a fibrous nature, containing variable numbers of chondro- not observe such effect in mature rabbits*®, This difference
Cytes, fibrocytes and an unorganized matrix. This fibrocar- is possibly due to the age of the rabbits they used. Guema
tilage does not resemble the original cartilage either et al. showed age-related decline in chondrocyle response
biochemically or biomechanically and it ultimately deterio- to FGF-2 in vitro'®. However, cartilage response to FGF-2
rates. ! in vivo with increasing age is unclear. The purpose of this
Sever;xlsgr?wth factors such as fibroblast growth factor-2 study is to examine cartilage response fo FGF-2 with
(FGF-2)>™, insulin-lke growth factor-l (IGF-1)”~9, hepato- increasing age in vivo, using partial thickness defacts in
cyte growth factor'®, bone morphogenetic protein-211:12, and immature and mature rabbits.

transforming growth factor-p213.14, have been exogenously

* Address comespondence and reprint requests to: Dr. Tetsuya Materlals and methods

Yamamoto, Department of Orthopaedic Surgery, Osaka-Minami . .

National Hospifaja' Kidohigashi pr Kawac,%nggﬂno 586-8521, Seventy-two Japanese white male rabbits (Japan Animals

Japan, Tel: B1-721-53-5761; Fax: B1-721-53-8904; E-mail: Co. Ltd, Osaka, Japan) were used (36 immature rabbits and

yamatetsu@ommec-hp.jp 36 adult rabbits). The average age of the immature rabbits
Recelved 7 July 2003; revision accepted 9 April 2004, was approximately 12 weeks, and that of the mature rabbits
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was approximately 24 weeks. The average weight of the
immature rabbits was approximately 2.3 kg, and that of the
mature rabbits was approximately 3.6 kg. The rabbits were
anesthetized by intramuscular injection of a mixture of
ketamine {100 mg/mi, 0.60-0,70 mikg body weight, SAN-
KYO Co. Ltd, Tokyo, Japan} and xylazine (20 mg/ml,
0.30 mikg body weight, BAYER Co. Ltd, Leverkusen,
Germany).

The skin around the knee was shaved anteriorly and
washed with 70% ethanol. A parapatellar medial approach
was used to expose the knee joint. The patella was
dislocated laterally. In principle, we made three longitudinal
partial thickness defacts in the articular cartilage of the mid-
trochlear region of the femur with a round-shaped chisel.
However, the area of the mid-trochlear region was so small
that we could not occasionally avoid making only two
longitudinal partiat thickness defects in some cases. Then,
the wound was closed. Partial thickness defects were made
in both knees. All rabbits were returned to their cages after
the operation and were allowed to move freely. No animalwas
observed to have an abnormal gait or impaired locomotion.

We injected human recombinant FGF-2 (KAKEN PHARM.
Co. Ltd, Tokyo, Japan) into the articular cavity of the knees
through the lateral side of the patella ligament at the level of
the joint space. FGF-2 was injected eight times, immediately
after surgery and every 2 days for 2 weeks. A single dose of
FGF-2 was 10 ng/0.1 ml of saline, which was administered
to the FGF-2 {10 ng)-treated group, or 100 ng/0.1 mi of
saline, which was administered to the FGF-2 (100 ng)-
treated group. In the control group, 0.1 m! saline was injected
using the same time schedule,

At2, 4,8, 12, 24 and 48 weeks after surgery, respectively,
six rabbits were scheduled for sacrifice. Two immature
rabbits and one mature rabbit died before sacrifice.
Therefore, five immature rabbits were sacrificed at 8 and
12 weeks, and five mature rabbits at 48 weeks. The rest of
the rabbits were sacrificed as indicated in the time schedule.
The distal part of the femur was fixed in 10% neutral-buffered
formalin (Wako Pure Chemicals Industries Co. Ltd, Osaka,
Japan) for 1 week, decalcified with 0.5 M ethylenediamine-
tetraacetic acid (SIGMA Co. Ltd, St. Louls, MO, USA)
containing 0.1 M epsilon-aminoc-n-caproic acid (SIGMA Co.
Ltd) and 0.005 M benzamidine (SIGMA Co. Lid), and
sectioned perpendicular to the defect. These sections were
obtained from the center of the defect. The specimens were
stained with toluidine blue and examined microscopically.

Partial thickness defects of articular cartilage are difficult
to create. Although we confirmed no breakage of the
subchondral bone in any histological sections, it is possible
that it happened in other planes. We had trained in creation
of partial thickness defects using a chisel, and no bleeding
was observed for any defect. If the subchondral bone had
been broken, the repair tissue in the defects would have
been macroscopically detected in the broken area. We did
not find such tissue in any sample at any time point.

Thesse sections were examined biindly and scored in-
dependently by two of the authors, without knowledge of the
group being examined, using a modified semiquantitative
scale for evaluating the histological appearance of repair
({Table 1)2°. The scale was composed of three categories with
a score range from 0 (best) to 9 (worst) points: filling of the
defect, matrix staining, and cell morphology. Whenever the
scores differed, the scorers discussed them and came to an
agresment.

The differences in the scores between the two FGF-
treated groups and the control group at various post
operative times were tosted using two-way factorial ANOVA,

Table |
The semiquantilative scale for grading the healing of articular
cartilage repair

(1) Filling of defect

A continuous 0
surface without depression

No or slight 1
depression, but a non-continuous surface

Depression of less 2
than 50% of the original defect

Depression of more 3
than 50% of the original defect

(2) Matrix staining

The same 0
as that of the adjacent tissue

Slightly decreased 1
Moderately decreased 2
No repair tissue 3
{3} Cell morphology

Chondrocytes of normal 1]
appearance and density

Chondrocytes that 1
appeared normal but were hypocellufar

Abnormal cells 2
An absence of cells 3

followed by the Mann—Whitney U test for comparison,
Probability values less than 0.05 were considared signifi-
cant, Stat View software (SAS Institute Inc., Cary, NC, USA)
was used for analysis.

Results
IMMATURE RABBITS
Histology

In the control group, cartilage repair was poorut 2, 4 and 8
weeks after surgery. Proliferation of chondroctes on the
injured sites was observed slightly, but it was not adequate
to provide sufficient cells and matrix to repair the defects.
At 12, 24 and 48 weeks, however, carlilage repair was
improved sequentially, In some cases, the repair tissue
showed some intense metachromatic staining, but defects
were filled only to half of the original depth in afl cases
(Fig. 1).

In the FGF-2 (10 ng)-treated group, regererative re-
sponse was poor at 2 weeks after surgery, At <, 8 and 12
weeks, cartilage repair was superior to that of the control
group. However, there was no advance in repalr at 24 and
48 weeks. At 48 weeks, the defects were filled with chon-
drocytes, but the center of the defect was concave and
metachromatic staining was less intense compared with the
surrounding cartilage (Fig. 2).

In the FGF-2 (100 ng)-treated group, cartilage repair was
poor at 2 weeks after surgery, similar fo that cf the other
groups. At 4 weeks, on the surface of the injured cartilage,
a few small masses of cells sumounded with intense
metachromatic matrix wers observed. Then, al 8, 12, 24
and 48 weeks, the repair was improved sequsantially. At
48 weeks, the defects were almost completely repaired
although the centers of the defects were slightt; concave.
The repair tissue consisted of clusters of chondrocytes
and large amounts of extraceliular matrix. The repair chon-
drocytes showed a round to polygonal morphology, Extra-
cellular matrix showed slightly less intense metiachromatic
staining than the normal surrounding cartilage (Fig. 3).
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Fig. 1. Microscopic appearance of a perpendicuiar section of the
articular cartilage defect of the control group of the immature
rabbits. Toluidine blue staining, original magnification X40. The
arrows Indicate the edges of the original defect. (A) The findings at
4 weeks; regenerative response rare, (B} The findings at 48 weeks;
the defect is filled with repair tissue, but the center of the defect is
concave and metachromatic staining is less intense compared with
that of the surrounding cartilage.

Histological score

The scores of the FGF-2 (100 ng)-treated group were
significantly better than those of the control (P = 0.002) and
FGF-2 (10 ng}-reated groups (P = 0.009).

At 2 weeks after surgery, the scores were poor in each
group. At 4, 8, 12 weeks, the scores of the two FGF-2-
treated groups were improved sequentially. The scores of
the FGF-2 {100 ng)-treated group were significantly better
than those of the control group at 8 weeks (P = 0.028), and
better than those of the FGF-2 (10 ng)-treated group at 24
weeks (P =0.025). Finally, the scores of the FGF-2
{100 ng)-treated group were significantly better than those
of the control (P = 0.018) and the FGF-2 (10 ng)-treated
groups (P = 0.019) at 48 weeks. However, there was no
significant difference between the FGF-2 (10 ng)-treated
group and the control group at each postoperative time
point (Table 11).

Fig. 2. Microscopic appearance of a perpendicular section of the
articular carlilage defect of the FGF-2 (10 ng)-treated group of the
immature rabbits. Toluidine blue staining, original magnification
X 40. The arrows indicate the edges of the original defect. (A) The
findings at 4 weeks; although a few small masses of cells
surrounded with intense metachromatic matrix are observed,
cartilage repair is poor. (B) The findings at 48 weeks; the defects
are filled with repair tissue, but the center of the defect is concave
and the articular surface is not continuous. Metachromatic staining
is less intense compared with that of surrounding cartilage.

MATURE RABBITS
Histology

In all groups, cartilage regeneration at the injured sites
was observed slightly, but regenerative response was ico
poor to repair defects at each postoperative time point.
Some cases in the two FGF-2-treated groups showed
& decrease in metachromatic staining in uninjured chon-
drocytes. Neither cartilage thickening nor osteophyte
formation was seen (Fig. 4).

Histological score

Each group showed a smaller improvement of repair
sequentially compared to that of the immature rabbits.
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Fig. 3. Microscopic appearance of a pemendicular section of the
articular cartilage defect of the FGF-2 (100 ng}-treated group of the
immature rabbits. Teluidine blue staining, original magnification
X 40. The arrows indicate the edges of the original defect. (A) The
findings at 4 weeks; although a few smalimasses of cells surrounded
with intense metachromatic matrix are observed, cartilage repair is
poor. (B) The findings at 48 weeks; although the center of the defect
is slightly concave, the defect Is almost completely repaired. The
repair tissue consists of clusters of chondrocytes and large amounts
of extracellular matrix. The repair chondrocytes show a round to
polygonal morphology. The extracellular matiix shows a slightly less
intense metachromatic staining than that of the normat surrounding
carilage.

However, there were no significant differences in the scores
between the two FGF-2-treated groups and the control
group at each postoperative time point (Table 1ll).

Discussion

The present study showed that the application of FGF-2
facilitated cartilage repair in partial thickness defects in
immature rabbits, but not in mature rabbits. In the FGF-2
(100 ng)-treated group of immature rabbits, cartilage repair
improved sequentially, and was significantly better than that
of the other groups at 48 weeks. The repair tissue consisted

Table I
Mean and standard deviation of the scores of the histological
grading of repair in immalure rabbis

Potoperative The score of tha “Tha score of tha The s20ra of the
periods (weeks)  contsol group FGF{10 ng}treaied FGF{'100 ng}-traated
group group
2 6041008  [TO0=047 5.80+0 %
{N=8) (NeB) (N=10)
4 TA8£1.22 6.50 +1.225 60D+122
(N=8) {N=t0) (N=11})
B 7401124 556174 401+1.93
{N=8), {v=8) . [(Ne6}
12 560+t1.71 5351088 4681127
(A5} {N=10) {N=10)
24 542 +1.51 5751121 4271142
(N=8) (N=12) | . | (M1
48 ' 542:£1.09 $.27:0.90 40011.28
(N=8), {N=11) (N=B)

e
| -

N, number of defects estimated, P <0.05.

of clusters of chondrocytes which showed a round to
polygonal morphology, and large amounts of extracellular
matrix which showed intense metachromatic staining. In the
mature rabbits, however, there were no sign ficant differ-
ences in cartilage repair between the two FIGF-2-treated
groups and the controf group. At 48 weeks, proliferation of
chondrocytes at the injured sites was toe poor to fill the
defects in any groups.

In partial thickness defects, Cuevas et al. administered
a large dose of FGF-2 o stimulate chondrocyte proliferation
in an adolescent rabbit mode!. At 20 days afier surgery, the
experimental group showed excellent cartlage repair
compared with the saline-freated group*. In contrast,
Hunziker and Rosenberg reporded that FGI=-2 did not
promote chondrocyte proliferation in mature rasbitse. This
difference is possibly due to the age of the rabbils they
used. It is generally accepted that, with incrzasing age,
chondrocytes synthesize smaller, less unifonn aggrecan
molecules and less functional link protein, their mitotic and
synthetic activity declines, and their response to anabolic
mechanical stimuli and growth factors decreasess. This was
supported by Martin and Buckwalter, who measured cell
senescence markers in human articular catilage?®', In
addition, they also reported age-related decline in chon-
drocyte response to IGF-l in vitro®. Conceming FGF-2,
Gueme et al. showed age-related decline in chondrocyte
response to FGF-2 in vitro'®, However, cartilage response
to FGF-2 in vivo with increasing age is unclear. We
demonstrated that, in immature rabbits, FGF-2 produced
significantly better repair than that produced by the same
treatment in mature rabbits. This result suggested that there
was a difference in the response of cartilage to FGF-2 with
age fn vivo. Although the mechanism is unknown at
present, we hypothesize that expression of FGF receptors
might be stronger in immature rabbits or that the intense
matrix around cells in mature rabbits might disturb the
proliferation of cells.

In full thickness defects, mesenchyma! cells, which are
considered to be progenitor cells for chondrocytes in bone
marrow, have an important role in cartilage repair'29. It has
been reported that FGF-2 stimulated cartilage 1epair in full
thickness defects of articular cartilage in mature rabbitsS6,
These results suggest that FGF-2 could influence not only
the chondrocytes themselves, but also the messenchymai
cells, in full thickness defects of mature rabbit¢. However,




