Dohzono S Successful spinal | Clin Orthop | 467 3206-3212 | 2009
Imai Y fusion by E. | Relat Res.
Nakamura H coli—derived
Wakitani S BMP-2-adsorbed
Takaoka K porous beta—TCP
granules: a  pilot
study. Successful
spinal fusion by E.
coli-derived
BMP-2-adsorbed
porous beta—TCP
granules: a  pilot
study.
Hoshino M Factors affecting | Eur Spine J. 18(9) 1279-1286 | 2009
Nakamura H neurological deficits
Terai H and intractable back
Tsujio T pain in patients with
Nabeta M insufficient bone
Namikawa T union following
Matsumura A osteoporotic
Suzuki A vertebral fracture.
Takayama K
Takaoka K
Suzuki A Recovery  Process | Spine 34(26) 2874-2879 | 2009
Misawa H Following  Cervical
Simogata M Laminoplasty
Tsutsumimoto T inPatients With
Takaokak, Cervical
Nakamura H. Compression
Myelopathy
RAARSEHE, BRI | FHENREE T R | AEBRES 83(12) 1022-1027 | 2009
. R, HE | OBR
ek, AHEFE—, | 2008 42 1 A~12 A
HBRIER ., LIRS | F 0 56 17 K T #F
o, R pE, P E- AUV T U MR
Mg, KRS | EEEHER.
W, FEREAR, B
R, FHZEA
PSS, Bk
BE, JkKHRAE
AR, 8ART | [EHEFIRICK T | BEARIx |53 55-62 2009
05, 2R, ZH | 2EHILE LW | /MREFER
% . Najibullah | TR] BEHEEMRE | ¥ —T
Shafag, FFH1ESE | B3 ¥ 5 BMAEE
BT A A R
B JE i 14 1 4 B Al
EHigEoREERT
fifi

38




KRR, S
G, EHEATH, M
WrE., MEFE
&, B, &
H &R, A4
I, mEFAR, F
FHEzE.

MDCT % FwWiz A
TR B & B Ha ki 4%
@ DVT,PE OFAER
DS

4 m
4h
>

28(2)

213-217

2009

RS, R
He, SFHHE, 2
BRAE, BEE
g, WARTFE, G
EEF mETR

B M BRRE M HE R R
rowmm BHER
JiE PR A 1 o7 % B
HiRAEOTRERT

Osteoporosis
Japan

17 (2)

177-181

2009

AT ST, LR
i, FHFE, B
BPHERR ., mREITR

BFHRIEETHEE
#r 2. TRROK
AiER] BORLERAEPEHE
B 15 B & 3 A
OFHIK-F

HHERRE Y
¥—7T N

22(3)

240-246

2009

39




IV. BFERCROTITY - BRI



u mck
2 referenc

Eﬂ%ﬁﬁﬁﬁ%}ﬁlzaﬁ?%
(K{88Evertebroplasty

BiaxsrEsmemniy  FBRER
BAAsErBErsbsesn  RBEEN
BAxswansmrmzs BEER

FHROWE

KR OB F SRR H B, BHTIHEL - B EROELIIZL TV A,
R

(DRI EBEB0% LA £ ORIKEBR

QIEBH, RERIER TRVEES
RIS

(Dalligator mouthZd

@&

AR B RE L RO BEL B, BHBRMIINA FOx 787
4 7uyZ (LT, HAZ7O Y PVEFETAMATH D, T2, BEXA IRV EEA
WmaEa—R N ER2D, REREHTOFHEEARLC, FEREAR MR SR 1
LABENERIEVEDOTEELHNTH S,

-

ﬁiuﬁiﬂgﬁi%7 Ve AR BB E T 5. ZOR, 1$1J_b~i%“?ﬁ®§?§%ﬁ
370, REEEpRLE T2 @1,

‘ ‘%@é@,jg}f EES feeeee et en et n e s e AR n e sn oA AR RS 1A 2aes s m e re s
ﬁfﬁ*ﬂétﬁ%ﬁﬁ IERDTIAEMN DD, DT IO XERBER TICUNIUEE
E’ﬂfégéhéo

2NOCEREXSBERDTERDORERRA Y hTCHD. XIBERIEAL—XITF
e TERBETE, POBREORICEMULVNCEDUETHD. MEHALLBEROM
BLEBHOT, HTHEESDRE  BRINETHD, 48, XRBEROESEE
BN ICFEMEOIHDMIBIF TRME T2 (E2).

P R R T



BRI IRIICH Y BIERBvertcbroplasty

g1 I £ BBROBEET SO,
BRI RIS T .

MEER/TU—LE

BOEBIET D, i |

E2 xiER

|
|

RBRUFRICBR
SHEVESICT .

C7—LIEEEICHTIC
BETCEDRIILT D,

42




-2 mEB ]
FzfE A 62~ ScmyHE (ARSI #2emME MR E 2 5 (B3) . A% %630 THE
PEL, SAAIETEI LS N A THICHICOY, ESRIGET 2 (E4),

E3 Rt

B L D 2~3cm (24855) S

FifiE M-
Tl - [CH2emDFHIBEEMR B

e —
,/ \

GelpiBERE
B4 #SR~O7IO—F 1

RSN TERE
E LICRUIBET B

THTHBERA~
SIRNITEY B,

43



w;ﬂ]:ﬁ

1R EHRBIICHT S E&ERvertebroplasty

_ 3 FORALOfFH |

=g VAL ) 2 E AR BARICRERTH 5. XBERTICA YV, To—

N3
SN

{
7%5%%%%@%9—%ﬂﬁﬂﬁﬁﬁﬂﬁ$cC@%,ﬁ%¢%ﬁ@ﬁﬁﬁﬁéoﬁ4

wigz4, 5, omnmfE L EXIEHA LCHRELZILART 5.

O OEMOTY, EEE e O —
HA REOBEADRTHXEEE TICIREL, HEPROD13FTET 2 (E6).

PesErerectTRIeNaRRBAT S T Is RS IEY e dateeresvEatrat s eesetIERTIETISOOIIIRIATY

E5 FEAOMR

XERTICA DN, 70
— TR ETRBADA S~
FLEERT B

Eg HATZOvIDEA

HATOw o DiEALHE
KRRCFES DA
—TBEED, RElEHE
FRI/BETET B,

BWETCO(CEL, 5B
RIS 1/3THATOY S
EEATHE, HiEE - {8
BRERDEEEDED.

P e

P

- e A ww mm e an wm e e e e W

44




4 £, 8

-4 BifREOBE - BROER o] =
REFHITH-00BELRERNIOR, MEMAIZ) I(EED(2ILTHL,

FORHIE, HEREFPOPROBREEZHHICTVRAVIZER S ¥, HAEmTIHE

BEOELD(HOVEETHL (BT).

HAPREROSET LA~ SORMARIC, HENESSUNEEESHEVTEOR |
LEBTHB. ZORHICE, XBERTROND TRTOBRERICERTNICER |
BTENVETED. HARREEET 51 X—ITHTIDESL (6, 7).

- 5 Havovoors ,

MAEEB IO LAR— Y THERSALTEANR-A, HA7R v 7 2 FRET 5, 1
v — & — 1), QTS THARRIBOFRSICES, HAPRIIFTET LM A -V THAY
Uy s 2EAT A (B6). FFHICABRREITHAT Oy 7 A REL, HIEHLD L
Aot b Ny T—TA Y= —ORFHEINTHEAT 5 (@8), ki, 3~57
—RHAT U v 2% FHEL726, 4 /82§ —THATO v 2 % Lo YiT5AL (E8b),
COBRERBYEL, HARELDHIenFR I CHRBIN OIS, TETHER
HAZ T v 7 O BE25~40(FH30) F —ALETH b,

B7 BiRSORE

MUYV TN~ T
HEREL, HEERETS,

NHEBELES ETBE, B
EEWET DTN G DD,
- REFMERRIBETE LIIE
Stikl, MEEREENES
BETBONIYTHS,

45



BRI FHERYTIC Y SERRvertcbroplasty.

gsrmﬁawamﬁﬁ

Aot —5-—F, EE&
THEFRR1/BOREI

BE, MERRICTET b
BAA—YTHATOY
TEEAT .

BENICABREETHATD Y
orFEL, ERERUDSEDS
e [CHIEBNIR—=TA Y-
F—-OREENVTEATS.

A VNG F—-TERT D
KBHAT Oy IZML,

EHCe~sT—ZAHA A VIRGE—THLIEILKD,
JOwoEENT 3. HADOWH TESICRESIND.

46




B9 «9—5—0RfH

NUR—TA Y —5—AFEML
BE, SE—@BCasBalLe
Wk3, LohbAEERFET D.

i ;mw !‘ s i&ﬁ T P T T T T TR T PP PR PRPRPPIRYY
=N H

A VIO H—DREEMVTHAT Oy I ZFET 28, ABZELODDREL, 54
BeNEE—REICITEATEVC & (E9). :

HAZOw 2D ENREH LI !
X$RB R CHBEULIE 5T CIORBRAIDFBAZHRILEL, FHNHATOY IZBAT S,

................................................................................................................................

-0 BRI OB ,

HA7 O v 7 O#BIRILY b 0BER k00, HATS 7 CHEL, MAIT 2. FEN
DFVF—VRARETH 5,

47



Repair of Large Osteochondral Defects in Rabbits Using Porous
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ABSTRACT: Articular cartilage has a limited capacity for self-renewal. This article reports the development of a porous hydroxyapatite/
collagen (HAp/Col) scaffold as a bone void filler and a vehicle for drug administration. The scaffold consists of HAp nanocrystals and type I
atelocollagen. The purpose of this study was to investigate the efficacy of porous HAp/Col impregnated with FGF-2 to repair large
osteochondral defects in a rabbit model. Ninety-six cylindrical osteochondral defects 5 mm in diameter and 5 mm in depth were created in the
femoral trochlear groove of the right knee. Animals were assigned to one of four treatment groups: porous HAp/Col impregnated with 50 pul of
FGF-2 at a concentration of 10 or 100 pg/ml (FGF10 or FGF100 group); porous HAp/Col with 50 pl of PBS (HAp/Col group); and no
implantation (defect group). The defect areas were examined grossly and histologically. Subchondral bone regeneration was quantified 3, 6,
12, and 24 weeks after surgery. Abundant bone formation was observed in the HAp/Col implanted groups as compared to the defect group.
The FGF10 group displayed not only the most abundant bone regeneration but also the most satisfactory cartilage regeneration, with
cartilage presenting a hyaline-like appearance. These findings suggest that porous HAp/Col with FGF-2 augments the cartilage repair
process. © 2009 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res

Keywords: osteochondral repair; porous hydroxyapatite/collagen; fibroblast growth factor-2; scaffold; tissue engineering

Articular cartilage defects display a poor capacity for  growth factor (HGF)® have also been applied to articular
repair after injury because the tissue is avascular with cartilage defects to promote repair. FGF-2 has received
a low level of mitotic cellular activity. Thus, damaged  considerable attention because of its potential for clinical
lesions in articular cartilage result in progressive applications. FGF-2 is known as a chondrocyte mitogen
deterioration and eventual osteoarthritis.! Several 10 that is found in normal cartilage;!! it can stimulate
factors affect the healing process of these lesions. First, chondrocytes to synthesize cartilaginous matrix.'%!?
partial thickness defects that do not injure the sub-  Although several studies have documented the utility
chondral bone display minimal healing. In contrast, of FGF-2 for cartilage repair,'®¢ disagreements exist
full-thickness defects that penetrate the subchondral regarding the effective doses for large osteochondral
bone receive an abundant source of pluripotent marrow- defect repair and FGF-2 carrier materials.
derived mesenchymal cells for cartilage repair.? Second, In our previous work, we developed a porous hydroxy-
fibrous or fibrocartilaginous tissues generally fill the apatite/collagen (HAp/Col) scaffold consisting of hydroxy-
defect site, and a limited amount of hyaline cartilage is  apatite nanocrystals and type I atelocollagen.'”'® The
found. porous HAp/Col has the distinctive characteristics of
In recent years, several clinical methods have been  bioabsorbability, elasticity, and excellent handling, and
used to repair cartilage lesions, including stimulation  has been demonstrated to be a suitable material for use
of the marrow by microfracture, mosaicplasty, and  as a bone void filler and as a carrier of BMPs.'%~2! We
cell-based therapies. However, these methods have not  hypothesized that porous HAp/Col with FGF-2 would
always provided satisfactory results and have presented  accelerate subchondral bone repair when used to repair
problems in clinical practice because the regenerated  osteochondral defects, and that the local delivery of
cartilage is morphologically, biochemically, and biome-  FGF-2 would promote cartilage repair compared to
chanically inferior to the original cartilage.? defects without treatment or defects treated with porous
Various growth factors, including fibroblast growth HAp/Col alone,
factor-2 (FGF-2), bone morphogenetic protein (BMP),>~"
transforming growth factor-p (TGF-p)® and hepatocyte MATERIALS AND METHODS
Preparation of Porous HAp/Col
Correspondence to: Shinichi Sotome (T: +81-3-5803-5272, F: +81- HAp/Col nanocomposite fibers were synthesized from atelo-
3-5803-5272; E-mail: sotome.orth@tmd.ac.jp) collagen derived from porcine skin, Ca(OH); and H3PO,4 using
© 2009 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. a coprecipitation method, according to a previous report by
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Kikuchi et al.l” In brief, a Ca(OH), suspension and a HzPO,
solution containing type I atelocollagen (Nitta Gelatin Co.,
Osaka, Japan) were added to distilled water at 40°C,
maintained at a pH of 9.0. The HAp/Col weight ratio was
80:20. The nanocomposite suspension was washed with
distilled water and lyophilized.

Lyophilized composites (1 g) were homogenized with 6.5 ml
of phosphate-buffered saline (PBS) and alkalized with 50 pl of
1 M sodium hydroxide solution. The solution was mixed with
1.5ml of 0.6% collagen solution dissolved in phosphoric acid (pH
2.0). The resulting mixture was adjusted to pH 7.0 and infused
into a mold. To initiate gelation of the collagen as a binder, the
mold containing the mixture was incubated at 37°C for 2 h. The
gelated HAp/Col was then frozen at —60°C. Freezing resulted in
the growth of ice crystals, which were converted to pores by
subsequent lyophilization. The lyophilized porous HAp/Col
composite was cross-linked by thermal dehydration at 140°C
for 12 h under vacuum and then cut into cylinders 5 mm in
diameter and 8 mm in height (Fig. 1B). The porous HAp/Col
composites were sterilized by gamma irradiation.

Surgical Procedures

All animal experiments were conducted according to the
guidelines provided by the animal committee of the Tokyo
Medical and Dental University. Ninety-six skeletally mature

A

HApI/Col

Figure 1. Surgical procedures: (A) Macroscopic observation of an
osteochondral defect (§ mm in diameter and 5 mm in depth) in the
patellar groove of the right distal femur; (B) cylindrical porous HAp/
Col (6 mm in diameter and 3 mm in height) with or without FGF-2
was placed at the subchondral bone level; (C) illustration of the
method used for transplantation.
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male Japanese white rabbits weighing 2.7-3.5 kg were used.
The animals were anesthetized by intramuscular administra-
tion of medetomidine hydrochloride (0.5 mg/kg) and ketamine
hydrochloride (25 mg/kg). Anesthesia was maintained by
intramuscular injection at 30-min intervals of half doses of
the above solution. The right knee was operated on under
sterile conditions. After a medial parapatellar skin incision,
the patella was dislocated laterally. One full-thickness
cylindrical osteochondral defect, 5 mm in diameter and 5 mm
deep, was created in the center of the trochlear groove of the
femur using a trephine and a drill-bit with continuous saline
irrigation (Fig. 1A). After all debris was removed by flushing
with saline, the implants were transplanted. The implants
were prepared as follows: Porous HAp/Col was impregnated
with 50 pl of recombinant human FGF-2 solution (Kaken
Pharmaceutical Co., Ltd.,, Tokyo, Japan) by pipette at a
concentration of 10 or 100 pg/ml and incubated at 4°C for
24 h (FGF10 or FGF100 group); alternatively, porous HAp/Col
was impregnated with 50 pl of PBS (HAp/Col group). The doses
were determined according to previous reports.!*® All
implants were placed at the subchondral bone level 2 mm
beneath the surface of the adjacent cartilage to permit a good
connection between the bone marrow and the cartilage defect
(Fig. 1C). Defects without implants comprised the control
group (defect group). The joint capsule, the fascial layer, and
the skin were closed. After the operation, all rabbits were
allowed to move freely in the cages, without any splints.
Animals were sacrificed with an overdose of sodium pentobar-
bital at 3, 6, 12, or 24 weeks after the operation (n =6 in each

group).

Macroscopic Examination

The harvested knee joints were macroscopically assessed for
adhesions, osteoarthritic changes, and synovitis. The appear-
ance of the restored cartilage in terms of color, integrity,
and smoothness was also examined. The distal femurs were
resected and photographed.

Micro-Computed Tomography Images

To compare the subchondral bone regeneration in each group,
the harvested tissues were evaluated with a micro-computed
tomography (micro-CT) scanner (ScanXamte-E090, Comscan-
tecno Co. Ltd., Tokyo, Japan). After scanning and reconstruc-
tion, each image was displayed in a sagittal view. Regenerated
subchondral bone was quantitatively analyzed using bone
analysis software (TRI/3D-BON, Ratoc System Engineering
Co. Ltd., Tokyo, Japan). The volume of regenerated bone in the
defect was quantified as a percentage of the total tissue volume
of the defect.

Histological Examination

After fixation with 4% paraformaldehyde solution, the speci-
mens were decalcified in 20% ethylenediaminetetraacetic acid
solution and embedded in paraffin. Sections of 5 um thickness
were cut sagittally through the center of the defect site and
were stained with either hematoxylin and eosin or with
toluidine blue, or else were used for immunohistochemical
examination.

Immunohistochemical Examination

Sections were stripped of paraffin using xylene and then
dehydrated through graded alcohols. For antigen retrieval,
the sections were pretreated with 0.4 mg/ml proteinase K
(DAKO, Carpinteria, CA) in Tris-HCI for 15 min at room



temperature. Sections were then treated with 8% HyO; for
15 min to quench endogenous peroxidase activity and
incubated in PBS containing 10% normal horse serum at room
temperature for 20 min to block nonspecific staining. Sections
were then incubated with primary antibodies (mouse anti-
human anti-type I and type II collagen; Daiichi Fine Chemical,
Toyama, Japan) at room temperature for 1 h. The sections
were treated with a secondary biotinylated horse anti-mouse
IgG antibody (Vector Laboratories, Burlingame, CA) at room
temperature for 30 min and immunostained with VECTAS-
TAIN ABC reagent (Vector Laboratories) and diaminobenzi-
dine. The slides were counterstained with Mayer’s
hematoxylin.

Histological Scoring

For semiquantitative analysis of the repaired tissue,
histological sections were scored blindly by three expert
observers according to a modified version of the histological
grading scale, as described by Wakitani et al. 22 The scale
consists of six categories (cell morphology, matrix staining,
surface regularity, thickness of cartilage, regenerated sub-
chondral bone, and integration with adjacent cartilage) scored
on a scale from 0 to 16 points, where 16 denotes completely
normal tissue (Table 1).

Table 1. Histological Scoring System

Category Point

Cell morphology
Hyaline cartilage
Mostly hyaline cartilage
Mostly fibrocartilage
Mostly non-cartilage
Non-cartilage only
Matrix-staining (metachromasia)
Normal
Slightly reduced
Markedly reduced
No metachromatic staining
Surface regularity®
Smooth
Moderate
Irregular
Severely irregular
Thickness of cartilage (%)°
121-150
81-120
51-80
0-50
Regenerated subchondral bone
Good
Moderate
Poor
Integration with adjacent cartilage
Both edges integrated
One edge integrated
Neither edge integrated
Total maximum 1

O - DN = O =N W O~ N W O = DN W

(==l )

DO DN

%Total smooth area of the reparative cartilage compared with the
entire area of the cartilage defect.

bAverage thickness of the reparative cartilage compared with that
of the surrounding cartilage.
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Statistical Analyses

Histological scoring data and bone volume were analyzed
using two-factor ANOVA followed by a multiple comparison
test using the Tukey HSD test. Differences were considered
statistically significant when the p-value was <0.05.

RESULTS

Macroscopic Observation

No joint contracture, infection, osteoarthritic change, or
obvious synovitis was found in any rabbits.

At 3 weeks following injury (Fig. 2A), the regenerated
defects in the HAp/Col and FGF10 groups began to
fill with whitish opaque tissue from peripheral areas,
although the regenerative areas were clearly distin-
guishable from the normal cartilage. In contrast, the
defects in the defect and FGF100 groups remained
almost empty, and the bottoms of the defects were
covered with reddish granulated tissue.

At 6 weeks (Fig. 2A), larger portions of the defects in
the FGF10 group were covered with white regenerated
tissue extending from peripheral areas to the central
portion. Cartilage regeneration in the FGF100 group
was almost equal to that in the HAp/Col group, but was
inferior to that in the FGF10 group. The defects in the
defect group showed regeneration in the peripheral
areas, but the reparative tissue surface was irregular
and concave.

At 12 weeks (Fig. 2A), the newly formed tissue in the
FGF10 group appeared glossy, smooth, and similar to
neighboring normal cartilage. No obvious margins could
be distinguished. The defectsin the other groups were for
the most part filled with whitish rough tissues or were
sometimes concave.

At 24 weeks (Fig. 2A), the reparative tissue surface
was glistening and smooth (similar to normal cartilage)
in the FGF10 group, while it appeared white, opaque,
and irregular in the other groups.

Micro-Computed Tomography Images

The regenerated subchondral bone was evaluated using
micro-CT images in sagittal planes that passed through
the center of the defect (Fig. 2A). Bone formation
in the defect group was very poor up to 6 weeks after
the operation. Even at 12 or 24 weeks, subchondral bone
regeneration in the defect group was incomplete. The
defect centers often remained unrepaired.

The subchondral bone defects in the groups that
received HAp/Col implants began to exhibit signs of
restoration at 3 weeks. Although the bone restoration in
the HAp/Col and FGF100 groups were moderate there-
after, the regenerated subchondral bone in the FGF10
group grew in thick and flat. This tissue integrated
with adjacent normal bone tissue in a time-dependent
fashion.

Quantitative analysis of regenerated subchondral
bone (Fig. 2B) showed that, in comparison to the defect
group, significantly more subchondral bone was formed
in the three groups that were implanted with HAp/Col
(Fig. 2C). In particular, the bone volume in the FGF10
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group was greater than the volume in the other three
groups, and this finding was statistically significant.

Histological Observations

At 3 weeks (Fig. 3), the defects in the defect group were
filled with fibrous tissue, no new bone formation was
identified, and the cartilaginous extracellular matrix
was very poorly developed. Restoration of the defects in
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b1

i Defect

 HAp/Col

aFGF10 Figure 2. Representative  macroscopic
observation and micro-CT images of osteo-

u FGF100 chondral defects: (A) Gross appearance and

sagittally reconstructed micro-CT images of
a representative specimen from each group at
3, 6, 12, and 24 weeks postoperatively; (B)
reconstructed micro-CT images that were used
to analyze bone volume defects (green areas of
each plane); (C) ratios of regenerated bone
volume (BV) to the tissue volume (TV) of the
defects. The graph indicates mean values and
standard deviations; p-values of overall data
across all time points between each group are
shown in the panel under the graph.

animals implanted with HAp/Col with or without FGF-2
was more advanced than that of those in the defect
group; notably, most of the implants persisted. The
subchondral areas of the defects that were treated with
HAp/Col were regenerated with new bone from the
periphery of the implant. Superficial layers were also
regenerated with cartilage-like tissue from the periph-
eral areas of the defects. Most importantly, the defects
in the FGF10 group were filled with abundant new bone



FGF10
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HAp/Col
FGF100
Figure 3. Histological observa-

and cartilage matrix from the deep and peripheral
areas.

At 6 weeks, the defects in each group improved as
compared with those observed at 3 weeks. In comparison
with other groups, the defects in the FGF10 group
appeared to be satisfactorily regenerated. The tissue
from the FGF10 group was primarily composed of round
chondrocytes, and the matrix was more distinctly
stained with toluidine blue, although fissures or con-
cavities were sometimes observed.

At 12 weeks (Fig. 4), the repaired tissues in the defect,
HAp/Col, and FGF100 groups were mainly fibrocartila-
ginous or fibrous with surface irregularities, and fissures
or concave areas were frequently observed. In the FGF10
group, the defects were mostly filled with hyaline-like
cartilage with a regular surface that was well-integrated
with the native cartilage. An abundance of cartilage
matrix could be identified by toluidine blue staining;
immunostaining revealed the presence of type II, but not
type I collagen. Continuous subchondral bone was well-
formed, and the border between regenerated cartilage
and subchondral bone was clear.

52

tion at 3 weeks: Sagittal sections
stained with toluidine blue taken
from the defect group (A), HAp/Col
group (B), FGF10 group (C), or
FGF100 group (D). Panels (E) and
(F) show the framed areas in panel
(C) at higher magnification. In panel
(E), the arrowhead indicates the
remaining HAp/Col and the star
indicates the newly formed bone.
Scale bars represent 1 mm for (A—
D), 300 pm for (E), and 125 pm for (F).

At 24 weeks (Fig. 5), the regenerated cartilage in
the FGF10 group was densely stained by toluidine
blue and by the anti-type II collagen antibody, but not
by the anti-type I collagen antibody. The regenerated
cartilage displayed a hyaline-like appearance with
surface regularity and integration with the normal
cartilage, whereas the defects in other groups still had
not healed.

Histological Scores

The repaired tissue was assessed in a blinded manner
by three observers using a modified version of Wakita-
ni’s grading scale. There were no significant differences
in the scores obtained by the three observers (Fleiss’
kappa score of total scores by the observers was 0.674).
The histological scores of the FGF10 group improved
continuously throughout the 24 weeks of the study, and
the overall score of the FGF10 group across all time
points was higher than those of all other groups (for
each, p < 0.05; Fig. 6). Scoring rates in each category are
shown in Table 2.
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12w

Defect

FGF100

DISCUSSION
This study investigated the effect of porous HAp/Col
impregnated with FGF-2 on the restoration of large
osteochondral defects in the rabbit model. Our results
demonstrated the ability of porous HAp/Col in combi-
nation with a low dose of FGF-2 to repair osteochondral
defects.

Regeneration of full-thickness cartilage defects is
related to the size of the defect.?®?* Smaller cylindrical
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Figure 4. Histological observation at
12 weeks: Sagittal sections stained with
toluidine blue taken from the defect
group (A), HAp/Col group (B), FGF10
group (C), or FGF100 group (D). Panels
(E) and (F) show the framed areas in
panels (A) and (C) at higher magnifica-
tion. The arrow in panel (F) indicates the
boundary between newly formed carti-
lage and the surrounding native carti-
lage. Immunochistochemistry for type I
(G) and type II (H) collagen in the
regenerated tissue of the FGF10 group.
Scalebarsrepresent 1 mm for (A-D), ()
and (H), and 125 pm for (E) and (F).

full-thickness defects (3 mm) spontaneously regenerate
articular cartilage. In contrast, larger defects (5 mm)
result in the formation of fibrous scar tissue. This
study established a new method for implanting porous
HAp/Col impregnated with FGF-2 to repair the defect
observed in a large (6 mm diameter) cylindrical full-
thickness defect model.

Porous HAp/Col is a bone void filler that has
high osteoconductivity, bioabsorbability, elasticity, and



Defect

excellent handling. The material is highly porous
(porosity: 95%), and the pore size (100-500 pm) is
appropriate for bone formation. Due to these distinctive
properties, we attempted to transplant the material into
the subchondral bone level of the defect in order to
promote bone repair. Bone formation was denser in the
implanted HAp/Col groups than in the control group. The
most abundant bone regeneration and the most satisfac-
tory cartilage regeneration were obtained in the FGF10
group. According to previous reports®®® and, in accord

HAp/Col

FGF100

b4
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Figure 5. Histological observation at
24 weeks: Sagittal sections stained with
toluidine blue taken from the defect
group (A), HAp/Col group (B), FGF10
group (C), or FGF100 group (D). Panel
(E) shows the framed area in panel (C)
at higher magnification. The arrow
in panel (E) indicates the boundary
between newly formed cartilage and
the surrounding native cartilage.
Immunohistochemistry for type I (F)
and type II (G) collagen in the repaired
tissue of the FGF10 group. Scale bars
represent 1 mm for (A-D), (F) and (G),
and 125 pum for (E).

with the correlation between cartilage repair and
subchondral bone formation observed in our study,
activation of the subchondral bone repair process
probably enhanced the direct effects of FGF-2 on
articular cartilage regeneration. Subchondral bone for-
mation may have resulted from subchondral bone repair
induced by the osteoconductive property of porous
HAp/Col. Actively regenerating subchondral bone is
likely to recruit additional pluripotent progenitor cells
to the defect, demonstrating the concept of marrow
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stimulation.?®2” Alternately, factors secreted by actively
regenerating cells in subchondral bone may exert para-
crine effects on cartilage regeneration.

FGF-2 facilitates the synthesis of cartilaginous
matrix by chondrocytes.’®!® In the present study,
although the basic HAp/Col transplant did not success-
fully result in full cartilage repair, HAp/Col impregnated
with a low dose of FGF-2 promoted subchondral bone
and cartilage regeneration. However, with a high-dose
FGF-2, the regeneration of cartilage and its underlying
subchondral area was poor. Biphasic dose-dependent
responses are commonly observed in the context of

Table 2. Scoring Rates in Each Category

1 Def

D HAp/Col
B FGF10
m FGF100

Figure 6. Histological scoring of
the repaired tissue; histological find-
ings were quantified using a scoring
system (Table 1) where the score for
normal cartilage was 16 points. The
graph indicates mean values and
standard deviations; p-values of
overall scores across all time points
between each group are shown in the

24w panel included in the graph.

growth factor biology.?®?° High doses of FGF-2 may
downregulate FGF receptors, reducing the growth
factor’s specific action. The FGF-2 doses used in this
study were chosen based on previous reports.’*~*¢ There
are some reports of successful osteochondral defect
regeneration with a lower dose of FGF-2 than that used
in our study.?’3! The low-dose FGF-2 in our study
demonstrated a superior improvement of osteochondral
defect regeneration compared to the high-dose FGF-2.
Lower-dose FGF-2 combined with porous HAp/Col,
therefore, may be more effective for osteochondral
regeneration.

Scoring Rate (%) (SD)

Regenerated Integration
Time Cell Matrix Surface Thickness Subchondral with Adjacent
(Weeks) Morphology Staining Regularity of Cartilage Bone Cartilage

Defect 3 15.3 (12.3) 18.5 (16.7) 22.2(17.2) 0.0 (0.0) 0.0 (0.0 8.3 (20.4)
HAp/Col 30.6 (10.1) 37.0 9.1) 42.6 (27.6) 13.9 (19.5) 47.2 (26.7) 47.2 (22.2)
FGF10 30.6 (10.1) 38.9 (13.6) 50.0 (18.3) 30.6 (24.5) 50.0 (0.0) 58.3 (20.4)
FGF100 30.6 (15.8) 25.0 (20.4) 38.9 (23.0) 8.3 (20.4) 52.8 (28.7) 30.6 (35.6)
Defect 6 33.3 (12.9) 33.3 (0.0) 51.9 (16.7) 16.7 (23.6) 13.9 (19.5) 44.4 (13.6)
HAp/Col 37.56(13.7) 33.3 (21.1) 33.3 (29.8) 33.3 (25.8) 27.8 (25.1) 61.1 (25.1)
FGF10 50.0 (15.8) 50.0 (27.9) 44.4 (27.2)  50.0 (31.6) 66.7 (27.9) 63.9 (22.2)
FGF100 37.5 (18.7) 33.3 (21.1) 33.3(29.8) 27.8 (25.1) 33.3 (40.8) 66.7 (25.8)
Defect 12 51.4 (16.2) 51.9 (16.7) 46.3 (16.4) 58.3 (18.6) 25.0 (23.0) 58.3 (20.4)
HAp/Col 43.3 (13.7) 40.0 (14.9) 60.0 (27.9) 50.0 (35.4) 56.7 (19.0) 76.7 (25.3)
FGF10 62.5 (20.9) 61.1 (25.1) 72.2 (32.8) 80.6 (24.5) 75.0 (27.4) 83.3 (25.8)
FGF100 48.3 (23.1) 44.4 (15.7) 33.3 (23.6) 43.3 (38.4) 30.0 (27.4) 60.0 (22.4)
Defect 24 31.7(17.1) 33.3 (20.8) 33.3 (33.3) 30.0 (27.4) 30.0 (27.4) 36.7 (21.7)
HAp/Col 48.6 (14.4) 44.4 (17.2) 37.0 (21.8) 33.3 (40.8) 47.2 (26.7) 66.7 (38.0)
FGF10 65.0 (13.7) 60.0 (27.9) 71.1 (25.6) 70.0 (27.4) 90.0 (22.4) 80.0 (27.4)
FGF100 51.4 (12.3) 46.3 (16.4) 40.7 (19.5) 41.7 (20.4) 41.7 (34.6) 58.3 (20.4)
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Our results also demonstrated the effectiveness of
porous HAp/Col as an FGF-2 carrier. FGF 10 and 100
without HAp/Col groups were also tested although only
three weeks post operatively. They did not show any
improvement compared to the control at three weeks
after the surgery. The release profile of FGF-2 from
porous HAp/Col was also assessed. Although a precise
release profile was not elucidated owing to rapid
degeneration of FGF-2 dissolved in PBS, the assessment
indicated that degeneration of FGF-2 adsorbed on HAp/
Col was reduced compared to FGF-2 dissolved in PBS
(data not shown) HAp/Col exhibits sponge-like hydro-
philia, which are advantageous in a vehicle for drug
delivery. Furthermore, because the HAp crystals con-
tained in HAp/Col are on the nanoscale, porous HAp/Col
has a high surface area, effectively promoting the
absorption of molecules with an affinity for HAp, such
as BMPs and TGF-B. Previous reports have demon-
strated the usefulness of HAp/Col implants.?*3%3% Some
BMPs are known to facilitate cartilage regeneration,”~"
preserve cartilage,3*3® and promote chondrogenic differ-
entiation of bone marrow stem cells.?® Consequently,
porous HAp/Col combined with BMPs in addition to
FGF-2 may provide a means to repair osteochondral
defects more successfully.

Prior to clinical application, further studies, including
evaluation of the mechanical properties of regenerated
cartilage, will be required to determine the optimal dose
of FGF-2, the advisability of combination with other
drugs, the particularities of various defect sizes, and the
responses of different animals. Depending on the results
of these studies, it may be possible to develop acellular
treatments for chondral and osteochondral defects by
using the porous HAp/Col as a scaffold and as a carrier
for drug delivery.

In conclusion, we have successfully induced repair
of large full-thickness osteochondral defects in a
rabbit model using porous HAp/Col as a scaffold and a
carrier for FGF-2, although further study is required to
determine the optimal dose of FGF-2.
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