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extract of sample A, respectively, in the presence of S9
mix. Although the values of MI indicated no cytotox-
icity, the ratio of live cells to total cells on the prepa-
ration was around 50% and 10%, respectively. Actu-
ally a few remaining live cells on the preparation of
40% extract of sample A were well and the chromo-
some morphology of the metaphase cells was fine.

Numerical chromosome aberrations consist of
polyploidy and aneuploidy. Aneuploidy has been im-
plicated in sterility, abortions, stillbirths, congenital
abnormalities, and carcixlogenesis.22'23 The in vitro CA
test is not routinely used to detect aneuploidy, al-
though it could be,** but polyploid induction suggests
the possibility of aneuploid induction. In the present
study, sample A, which had a high concentration of
MBT, induced a high frequency of polyploidy in the
presence of S9 mix. MBT alone at the same concentra-
tion also induced polyploidy, but with a lower fre-
quency and with accompanying endoreduplication.
Thus, the induction of polyploidy by sample A did not
seemed to be explained simply by the presence of
MBT.

Endoreduplication, which shows an characteristic
morphology (diplochromosomes), is an endomitotic
chromosome duplication that occurs without mitosis-
like events during interphase.” A typical endoredu-

- plication event is characterized by two periods of
DNA synthesis, S1 and 52, separated by a G period of
variable duration.?® Some chemicals, such as 4NQO,
acridine yellow, cytoxan, captan,” and rotenone,?® in-
duce endoreduplication without S9 mix. The fre-
quency of endoreduplication induced by those com-
pounds was similar to the frequency induced by MBT
in the present study.

The fact that sample A showed stronger cytotoxicity
and induced a higher frequency of polyploidy than
was predicted by MBT alone might have been due to
the presence of other leachables in the sample. This
suggests that sample A may be useful as a positive
control for the safety evaluation of biomaterials and
that the test might overcome the poor predictive value
of individual components of materials.

In the Japanese guidelines for basic biological tests
of medical materials and devices, the use of V79 cells
is preferred in the cytotoxicity test. In the test the
introduction of a metabolic activation system is not
required. On the other hand, genotoxicity tests require
the use of an exogenous metabolic activation system
and of their methods following Japanese guidelines
for drugs and chemicals, and OECD guidelines. CHL
cells are popular in the CA test in Japan. In the present
study each of the cytotoxicity test and the CA test
followed the corresponding guideline independently.
The difference in the cytotoxicty of sample A between
with and without 59 mix suggests that the discussion
of the introduction of an exogenous metabolic activa-
tion system into the cytotoxicity test may be needed.
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Abstract

The recycling of disused railway sleepers treated with wood preservatives such as creosote as exterior wood for use in
gardens has recently become popular in Japan. Creosote contains high quantities of polycyclic aromatic hydrocarbons
(PAHs), and can lead to skin irritation and disease. In this work we have determined the amount of PAHs and water-
extractable phencls in creosote and creosote-treated wood products such as railway sleepers and stakes for agricultural
use that are either made or are procurable in Japan. PAHs were extracted with dichloromethane and analyzed by gas
chromatography—-mass spectrometry. Among carcinogenic PAHs, benz(a)anthracene was detected in the highest con-
centration, varying between 228 and 6328 pg/g in creosotes. Benzo(b)fluoranthene, benzo(k)fluoranthene and benzo(a)-
pyrene (BaP) were found in the range of 67-3541 pg/g. Almost all creosotes contained more than 50 ug/g of BaP, which
is the upper limit level that is permitted in the European Union (EU). Creosote-impregnated wood products, such as
brand-new or secondhand railway sleepers and foundations, contained large amounts of BaP (58-749 pg/g) and
benz(a)anthracene (250-1282 pg/g). Concentrations of between 692 and 2489 pg/g of phenols were determined in the
water extracts from creosotes, but the level was considerably less than the EU control value (3% by mass), and there
was no correlation between the amount of water-extractable phenols and the amount of PAHs detected in each sample.
The situation that consumers are free to use the creosotes containing a high concentration of carcinogens such as BaP
may cause unacceptable damage to the health of persons handling these creosote products.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Creosote is a mid-heavy distillate of coal tar with a
boiling point of between 200 and 400 °C (Gevao and

" Corresponding author. Tel.: +81 3 3700 1141; fax: +81 3
3707 6950.
E-mail address: ikarashi@nihs.go.jp (Y. Ikarashi).

Jones, 1998). The annual production of creosote in
Japan is about 70 million tons. The majority of this is
used as raw material for carbon black, while much of
the rest has been used as a wood preservative (market re-
search of Journal of The Japan Aromatic Industry Asso-
ciation, Inc. and Japan Wood Preserving Association).
Wood treated with creosote was formerly used for rail-
way sleepers and poles for the transport of electricity.
These items are now commonly used in the foundations

0045-6535/% - see front matter © 2005 Elsevier Ltd. All riglits reserved.
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20x%, 100%, 500x and 1000x) was prepared. Two millili-
tres of each (diluted) extraction solution was spiked with
0.5 ml of the internal standard solution (e.g. acenaphth-
ene-d10 20 pg in dichloromethane) and the sample solu-
tion (1 pl) was injected into the GC-MS system. The
desorption time was 60 s in split-less mode. The GC col-
umn temperature was programmed as follows; it was
first maintained at 60 °C for 3 min and was then heated
at a rate of 10 °C/min up to 300 °C, after which it was
held at this temperature for 5 min. The injection temper-
ature was maintained at 280 °C. The GC-MS transfer
line temperature was 280 °C and the ion source teraper-
ature was 180 °C. The carrier gas was helium and col-
umn flow was maintained at 1.0 ml/min. The MS
electron impact ionization energy was 70 eV. Detection
was carried out using full scan (TIC, m/z = 45-500)
and selective ion monitoring (SIM). Compounds in the
sample solutions were identified from their retention
times and from agreement with the mass chromato-
grams of the PAH standard solutions using a Bench-
Top/PBM Mass Spectral Identification (Palisade Co.,
USA) with the Wiley Registry of Mass Spectral Data
(John Wiley & Somns. Inc., USA). The PAH standard
solutions (e.g. 0.5, 1, 2, 5 and 10 pg/ml) spiked with
0.5ml of the internal standard solution were injected
into the system and the calibration curves for the ratio
of the peak area of each PAH to the internal standard
for the respective mass of each ion was established. Each
PAH concentration (ug/ml) in an appropriate diluted
sample solution was derived from the calibration curves,
and then the contents of PAHs (ug) per 1 g of sample
were derived.

2.5. Analysis of water extractable phenols

2.5.1. Extraction

A creosote oil sample (0.1 ml) was shaken with 5 ml
of water for 30 min, and a water layer containing the
water-extractable phenols was obtained by centrifuging
at 3000 rpm for 5 min.

For wood products, the following extraction condi-
tions were used. Condition 1: About 1.0 g of the sample
was cut into small pieces (described above) and was
weighed into-a 50 ml glass bottle and 10 ml of water
was added. The bottle was stopped tightly and auto-
claved at 121 °C for 15 min. Condition 2: The sample
(1.0 g) and 10 mli of water were put into a glass bottle,
shaken at room temperature for 1 h and heated at
37°C for 24 h. The extract was obtained by filtration.

2.5.2. Determination

The content of the water-soluble phenols was deter-
mined by the 4-aminoantipyrin method (Pharmaceutical
Society of Japan, 2000). The extract was reacted with 4-
aminoantipyrin and potassium ferricyanide in boric acid
buffer, and the absorbance of the solution was measured
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at a wavelength of 510 nm. The phenol concentrations in

1 g of the samples were derived from the calibration
curve.

3. Results and discussion
3.1. PAH in creosote

Column chromatography is generally used to extract
PAHs from the various chemicals in creosote (Rotard
and Mailahn, 1987; Shu et al., 2003; Ou et al., 2004).
In this study, we separated the target PAHs by a solid
phase extraction approach using Sep-Pak Plus silica-car-
tridges. Creosote (0.1 ml) was loaded on a Sep-Pak silica
cartridge and eluted with 10 ml of dichloromethane. The
concentrations of the PAHs in each fraction were deter-
mined and compared with those in the original creosote
that had not been cleaned up. Each PAH was recovered
at high yield (97-133%, data not shown). After washing
with dichloromethane, a black-colored layer still re-
mained at the top of the cartridge that could have con-
taminated the GC column and MS detector. The main
object of the solid extraction was to remove these
contaminants.

The analysis results for the nine creosotes and the '
three oil-based wood preservative paints are shown in

Table 2. The limit of quantification (1.LOQ) of each

PAH in the sample (not determined, ND) was estimated
as about 40 pglg, which was calculated from the lowest
concentration (0.2 pg/ml) that can be determined in the ;
diluted sample solution injected into the GC-MS. :

Among the 16 PAHs that we monitored, naphthalene,

acenaphthene, fluorene, phenanthrene and anthracene
were detected in high concentrations in commercially- £
available creosote samples. Of the carcinogenic PAHs @

that were classified as cancer risk 2A or 2B (IARC,
1983), benz(a)anthracene was detected in the highest
concentration, varying between 228 and 6328 pg/g. Iso-
mers of benzofluoranthenes and BaP were detected at
similar levels in the range of 67-3541 pgfg. The amounts

of indeno(1,2,3-cd)pyrene, dibenz(a h)anthracene and :
benzo(ghi)perylene were ND-599 pglg, ND-122 pg/g ¢

and ND-620 pg/g, respectively. In contrast, the constit-

uents of the wood preservative paints (not creosote) |,

were completely different, and these did not contam5

four- to six-ring PAHS above the LOQ. The PAH pro- |
files (constituents and levels) of creosotes commer- |
cially-available in Japan were similar to those of the
old type of creosotes used in Europe (Woolgar and |
Jones, 1999; Kohler et al., 2000). Since 1994, improved}'

creosotes have been used for wooden railroad ties in !
Switzerland, and these contain BaP at levels below;
50 pg/g by fractionating lower boiling components to re-v

duce the amounts of carcinogenic four- to six-ring PAH31 ;

(Kohler et al., 2000). Among the creosote samples that
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PAH content in creosotes and non-creosote type wood preservative paints

Chemical PAH content (ug/g) Wood preservative
Creosote (non-creosote)
A B C D E F G H I NA NB NC

Naphthalene 21349 24648 42174 54866 29462 13777 58857 25333 22261 423 31856 52031
Acenaphthylene 4785 3186 1961 2261 1852 1895 7950 1480 2035 ND ND ND
Acenaphthene 30899 26737 55628 69622 50065 55360 84230 80764 55143 ND ND ND
Fluorene 30868 27547 17081 20627 25433 35433 83857 14462 30119 41 ND ND
Phenanthrene 27646 21059 55480 64249 90127 33830 13434 45240 113846 ND ND ND
Anthracene 9771 7168 18391 15110 15489 8905 4751 11954 14220 ND ND ND
Fluoranthene 9946 4292 23251 19766 28001 5221 589 25819 31856 ND ND ND
Pyrene 5429 2240 12695 10323 15787 3410 220 17964 16763 ND ND ND
Benz(e)anthracene 228 3637 2494 1706 3859 5616 ND 6328 4795 ND ND ND
Chrysene 170 3035 1875 1454 3299 4033 ND 7153 4067 ND ND ND
Benzo(b)fluoranthene 91 506 216 172 692 1183 ND 3541 664 ND ND ND
Benzo(k)finoranthene 79 358 165 132 468 876 ND 1532 449 ND ND ND
Benzo(a)pyrene 67 260 116 108 465 882 ND 2514 433 ND ND ND
Indeno(1,2,3-cd)pyrene ND ND ND ND 57 105 ND 599 ND ND ND ND
Dibenz(g, h)anthracene 51 ND ND ND ND ND ND 122 ND ND ND ND
Benzo(ghi)perylene ND ND ND ND ND 69 ND 620 ND ND ND ND
ND was < 40 pg/g.

we tested, only sample G contained BaP at less than
50 pg/g. According to the manufacturer, this sample
was produced for export to the EU. From these results,
it became clear that creosote containing a high concen-
tration of BaP is still sold and that the general public
is still free to use such creosote for wood preservation
in Japan. This situation may cause impermissible health
damage to persons treating wood with these creosote
products. The quality of creosote that may be used as
a wood preservative under the Japanese Industrial Stan-
dard (JIS, 2004) has been revised.

3.2. PAH in creosote-treated wood

Several solvents were used for the extraction of PAHs
from creosote-treated woods. In our limited experiment,
dichloromethane showed higher extraction efficiency
than hexane, ethanol and methanol (data not shown).
In addition, the dichloromethane-extract was loaded di-
rectly into the Sep-Pak silica cartridges and eluted with
the solvent to prepare the sample solutions. Therefore,
we found that dichloromethane was a suitable extraction
solvent for PAHs from creosote-treated wood.

We examined whether soak extraction using dichlo-
romethane could be used as an alternative to Soxhlet
extraction. In the soak extraction, 1 g of creosote-treated
wood was incubated in 10 ml of dichloromethane. In the
Soxhlet-exiraction method, 5.0 g of the sample was ex-~
tracted with 100 ml of dichloromethane at 50 °C for
24 h. The concentrations of the 13 PAHSs extracted from
samples of creosote-treated wood under both sets of
conditions are shown in Table 3. These show that similar

levels of PAHs can be released by both dichloromethane
soak extraction and by Soxhlet extraction. Although
Schwab et al. (1999) stated that Soxhlet extraction has
some potential for the loss of volatile compounds, such
decrease in naphthalene, el al. was not observed in this
study. However, the Soxhlet extraction technique re-
quires special apparatus and long extraction periods.
There was not a significant difference between soak
extraction at room temperature and at 37 °C over a
24 h period, but the total amounts extracted for 24 h
incubation were higher than those were achieved by
shake exiraction for 1h. Therefore, in this study, creo-
sote-treated wood was soaked in dichloromethane at
37°C for 24 h and the amount of PAH in the extract
was measured.

Sections taken approximately 3 cm in depth from the
surface of the wood samples (railway sleepers, founda-
tions, stakes) were extracted and the amount of PAHs
was determined (Table 4). The LOQ of PAH in wood
sample was about 4 pg/g, which was derived as described
above. In the brand-new creosote-treated products, the
foundation (sample 1) and the railway sleepers (samples
2 and 3), phenanthrene were found to have the highest
concentrations, and elevated amounts of acenaphthene,
fluorene, anthracene and fluoranthene were also de-
tected. The concentration of five- and six-ring PAHs in
the used railway sleeper (sample 5) was higher than
that in the new products. The level of BaP in founda-
tions and in railway sleepers was 58-749 ng/g, while
for benz(a)anthracene it was 2501282 pg/g. Only small
amounts of these compounds were detected in the
untreated railway sleepers (sample 6). These results
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Table 3

Effect of extraction condition on the recovery of PAH from creosote-treated wood samples

Chemical Found (ug/g) l
Shake (rt, 1 h) Stand (rt, 24 h) Stand (37 °C, 24 h) Soxhlet-extraction (50 °C, 24 h) :

Naphthalene 83 176 295 383

Acenaphthylene 85 114 173 158

Acenaphthene 2811 4388 4854 5740

Fluorene 3305 4178 4385 5090

Phenanthrene 11841 17020 17578 12620

Anthracene 4249 5150 4728 4790

Fluoranthene 4536 5900 6406 5590

Pyrene 3577 4360 4494 4740

Benz(a)anthracene 1013 - 1104 1019 989

Chrysene 987 1067 976 939

Benzo(b)fluoranthene 327 471 558 377

Benzo(k)fluoranthene 238 286 382 309

Benzo(a)pyrene 206 267 380 280

rt = room femperature. ;

Creosote-treated wood was cut in small pieces and 1.0 g was weighed into a tube. Dichloromethane 10 ml was added and the sample

was extracted using each of the conditions listed. In the Soxhlet-exiraction, 5.0 g of the sample was extracted with 100 mi of

dichloromethane at 50 °C for 24 h. The eluate was taken by filtration and 1 ml of the eluate was loaded on a Sep-Pak silica cartridge

and eluted with 10 ml dichloromethane. The eluate was adjusted to an appropriate volume with dichloromethane and injected into the -
GC-MS. The concentration of PAH in the sample was measured. i

Table 4
Content of PAHs in wood products

Chemical Amount (ng/g)
1 2 3 4 5 6 7 8

Naphthalene 374 1017 1064 439 338 7 303 6
Acenaphthylene 212 290 245 197 232 4 187 4 :
Acenaphthene 2000 4251 8043 2355 449 ND 266 4 i
Fluorene 1764 3131 2754 3207 390 ND 101 ND
Phenanthrene 6040 6069 1270 10619 7837 ND 105 ND :
Anthracene 1831 1026 915 2573 1124 4 33 5
Fluoranthene 2447 1144 843 6013 7966 ND 24 ND
Pyrene 1411 813 731 3702 7278 ND 14 ND
Benz(az)anthracene 787 250 336 1282 1058 ND ND ND
Chrysene 715 226 401 875 1094 ND ND ND
Benzo(b)fluoranthene 256 88 192 194 973 ND ND ND
Benzo(k)fluoranthene 157 62 94 154 601 ND ND ND
Benzo(e)pyrene 134 58 130 125 749 ND ND ND
Indeno(1,2,3-cd)pyrene 14 ND 58 13 323 ND ND ND
Dibenz(a,h)anthracene ND ND 7 ND 35 ND ND ND
Benzo(ghi)perylene 8 ND 54 9 288 ND ND ND

ND means < 4 pg/g.

suggested that the PAHs detected were derived from the
treatment with creosote. We guess that the difference in
the PAH content in the samples was caused by the differ-
ence in the manufacturing method of creosote and the
impregnation amount of creosote into the woods.
Kohler et al. (2000) reported that naphthalene and
acenaphthene in the top layer of railroad ties had lea-
ched into the environment with aging, and carcinogenic

compounds such as benz(a,h)anthracene and BaP etc. |
remained at the same level in the products over an ex-
tended time, so the relative concentrations of these
chemicals were significantly higher in the top layer than
in the inner layers. It suggested that the determination of
the PAH content in the outer layers is important for
assessing the risk to human health following skin con- :
tact with creosote-treated products. The creosote con-
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tent in the railway sleepers and foundations those are
creosote-impregnated wood products is not significantly
different between the outer layers and the center layers.
In contrast, the amount of PAHs in a stake sample
(No. 7) is small. Macroscopic studies of sections taken
1-2 mm from the surface showed a change in color, so
creosote does not penetrate into the center of the wood
but remains near to the surface. Accordingly, almost all
of a layer cut approximately 3 cm in depth from the
surface of a stake does not contain any creosote, and
the total creosote content was low when a test solution
was prepared. In a preliminary experiment, the dissipa-
tion pattern of PAHs in an extract prepared from a sec-
tion taken 2 mm in depth from the surface of a stake was
comparable to that observed in the extract from a rail-
way sleeper or from the liquid creosote used in this
study. It is believed that the creosote used to treat the
stake was not a special grade product with decreased
four- to six-ring PAH content. No significant occur-
rences of skin cancer have been reported in workers in
creosote-impregnation plants or in consumers, but
CSTEE (1999) warned of the cancer risk from creosote
containing 50 pg/g BaP and from wood treated with
such creosote.

3.3. Water-extractable phenols in creosote

The difference of phenols amount extracted from cre-
osote by increased shaking time from 10 min to 2 h was
small. In this study, a creosote sample was shaken with
water for 30 min at room temperature, and the water
layer was obtained by centrifuging. Table 5 presents
the content of water-extractable phenols in creosote

Table 5
Content of water-extractable phenols in creosotes and non-
creosote type wood preservatives

Sample ‘Water-extractable

phenols (1g/g)

1093
1415
692
782
2121
2155
1294
2359
2489
Wood preservative NA 378
(non creosote) NB 31
NC ND

The sample (0.1 g) was shaken with 5 ml water for 30 min and
the water layer was obtained by centrifuging at 3000 rpm for
Smin. The content of water-extractable phenols was deter-
mined by the 4-aminoantipyrin method.

Creosote

~mAMEDOE >

and wood preservative paints. Typical phenol concen-
trations of between 692 and 2489 pg/g were found in cre-
osotes. In contrast, lower concentrations of phenols
were found in non-creosote-type wood preservatives.
There was no correlation between the amount of water-
extractable phenols and the amount of PAHs in each
sample. The levels of phenols determined in these creo-
sotes were considerably lower than the maximum levels
permitted in the EU (3% by mass) and were similar to
the data (between 0.06% and 0.77%) reported by Kohler
et al. (2000). Creosotes that are commercially available
in Japan receive an alkaline treatment after distillation
(personal communication from a manufacturer), so the
content of phenols is believed to be low.

3.4. Water-extractable phenols in creosote-treated wood

There are a few reports on the investigation of water-
extractable phenols in creosote-treated wood samples. In
our preliminary examination, the detected phenol con-
tent increased with increasing extraction time and tem-
perature. This means that migration of water into the
sample for the extraction of phenols trapped inside the
wood took a long time, and the quantity of water-
extractable phenols detected varied with the extraction
temperature and the incubation period.

Samples were extracted by autoclaving or incubation
for 24 h at 37 °C, For all samples, the values obtained
with the autoclave extraction process were approxi-
mately two to three times as large as those determined
after the 24 h incubation process (Table 6). The phenol
content was almost the same for railway sleepers and
stakes that were treated or not treated with creosote
under both conditions. It was thought that almost all
of the water-extractable phenols determined in this
study did not originate from the creosote-treatment
but from phenol-structural compounds that were pri-
marily contained in the wood or by the generation of
oxidized compounds due to hydrolysis during the
extraction process. The amount of phenols in the

Table 6

Content of water-extractable phenols in creosote-treated wood
products

Sample  Creosote Water-extractable phenols (ng/g)
treatment A yioclave Incubation

(121°C, 10 min)  (37°C, 24 h)

1 Yes 706 319

2 Yes 363 181

3 Yes 392 176

4 Yes 533 50

5 Yes 360 74

6 No 425 113

7 Yes 324 158

8 No 529 193
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creosote is also relatively low (Table 5), and the release
of creosote from wood samples into water is minimal
(Becker et al., 2001). Therefore, it is not important to
measure water-extractable phenols in commercially-
available wood samples.

4. Conclusion

This study demonstrated that varying amounts of
PAHs and water-extractable phenols are present in cre-
osote and creosote-treated wood products such as rail-
way sleepers and stakes that are sold for agricultural
purposes. Among carcinogenic PAHs, benz(a)anthra-
cene was detected in the highest concentration, varying
between 228 and 6328 pg/g in creosotes. Benzo(b)fluo-
ranthene, benzo(k)fluoranthene and BaP were found in
the range of 67-3541 pg/g. Almost all creosotes con-
tained more than 50 pg/g of BaP, which is the upper
limit level that is permitted in the EU standard. Creo-
sote-impregnated wood products, such as brand-new
or secondhand railway sleepers and foundations, also
contained significant amounts of BaP (58-749 pg/g)
and benz(a)anthracene (250~1282 pg/g). The concentra-
tion of phenols was low in creosotes and creosote-trea-
ted wood, and was not related to PAHs content. The
effects of the water-extractable phenols on health might
to be negligible. In Japan, creosotes containing a high
concentration of BaP have been sold, and consumers
are free to use them for wood preservation. This situa-
tion may cause impermissible health damage to persons
handling creosotes and creosote-treated wood products,
and the government has scheduled a restriction of the
use of creosotes containing elevated amounts of carci-
nogenic PAHs.
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Enhancement action of sulfated hyaluronan on the ALPase activity of
rat calvarial osteoblasts

Misao Nagahata-Ishiguro™"?, Ryusuke Nakaoka*’, Toshie Tsuchiya*’,
Akira Teramoto*' and Koji Abe*'

" Department of Functional Polymer Science, Faculty of Textile Science and Technology,
’ Shinshu University, Ueda 386-8567, Japan
“ Division of Medical Devices, National Institute of Health Sciences, Tokyo 158-8501, Japan

Abstract : The purpose of this study was to clarify the effect of hyaluronan (Hya) and sulfated hyaluronan (SHya) on
rat calvarial osteoblast (rOB) cells proliferation and differentiation in vitro. rOB cells were cultured in the presence of
Hya with different molecular weighis (0.2, 2, 30, 90, 120 x 10" for 10days. Hya did not affect the proliferation of
tOB cells. However, SHya suppressed the profiferation of rOB cells. The alkaline phosphatase (ALPase) activity of
rOB cells cultared with SHya for 10 days was significantly enhanced in comparison with control (in the absence of
polysaccharides) and with Hya. Hya suppressed the ALPase activity of rOB cells, As a result, SHya can controt rOB
cells proliferation and differentiation. SHya suppressed the rOB cells proliferation in a few culture days and promoted

the differentiation. It was suggested that these effecis were based on the suifate groups of SHya. Therefore, it is

considered that SHya is useful for the biomedical material, which promotes the differentiation of rOB cells.
(Received 16 June, 2004; Accepted 20 December, 2004)
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LB TH BN 7 (Heparin; Hep) PN1T Y
fii (Heparan sulfate; HS) & heparin-binding growth
factors (HBGFs) L& 4ZBRAL, HENREERII
I5e, BOMCHBCFs 2L T, ADOEMEEELT
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E, Hya DLET&—L LT (D44 BERENTLEE, Hya
EHLUEEMENBEOTENBZEALLITDODATHLS
[12-14). Pilloni BHi&, BEEHEREORBRMM TH 5 M
FHARLE VT, DFBORLS ya OBEEREILTE
9 {15], Hya ZBEFNROARLE{RET 3 2#HELTY
5. UL, MiaosmEtt, si<—~h—i2 D0 ToH
MEREHET - Ty, 2O THEMR TR, BEER
HEORREEZBNE LT, £HEREOROSHEEEM
WTEEEBOBEERRS L. APRETR, T Vav@
LS EOoBEE e oRsFROMBRILSHE
el L, T PEEBEHRB MR (rat calvarial
osteoblast (rOB cells) 1DOWMABEDE—H—TH5

Alkaline phosphatase (ALPase) 1=i'd™ %8 DV TR
eI

2. REITH

2.1 HH

SHya WEMFc#E L ABic CamLEDe]l. L
et EEomgitE (0.5, 2 ERELE OgED
#) % Table 1 IR LT, Hyal(X RO FBEFRT)DGF
B]iX0.2, 2, 30, 90, 120 x 10' DEDEH Uz,
avFoAF e cype (Chs-C) , Hep id 0.5 ng/l @
BRI & ICEIcsR L, 0.22 po OILBRETS

Table1 Characteristics of polysaccharides

Number of sulfate
Polysaccharides groups per two MW (x10%)
saccharide tings
Hya [ 0.2-120
t.28Hya 1.2 55
2,18Hya 2.1 20
3.4SHya 34 5
Chs-C 1 0.5
Hep 2.5 1

Suifated hyaluronan (SHya)

Re=SO¢Na* or H*
Fig.l Structure of hyaluronan and sulfated hyaluronan

Filter CIREZR BT Lok,
Fig.1 ltmU7e.

Hya 34O SHya DELERE

Hya, SHya,

2.2 HfassE
1% 48 BERALLNO Y « A %—Z%7 » F (Charles River)
OIS, BERMILEEICE O r0B cells ZoHE L7
[17). #@%%, 10% fetal bovine serun (FBS, GIBCO)
Z&T5 Dulbecco’ s modified Bagle' s medium (DMEM,
Nissui-seiyakw) BHWT, MIR\BELEFT -4 3 HEK
B R U b 5 IRE OSSR, MR4-60
rOB cells ZsRERICfEA Lk,
2.3 fMiaiEna
AR L 10% FBS & Es DUEW RV THREY U 7= r0B cells
(1x10* cells/well, 24 multivell plate) ZHEREL, 5% CO,
T, CTHELE. HiERREEROMRSE, T
DEISTEBAEIL X > TERMLE. EBRZREL,
well % phosphate-buffered salines (PBS; pH7.6) T 3
EIYER Uzo 0.04% nonidet P-40 (NP-40, Nacalai tesque)
ZET 1nl PBS & well IKHRIGL, 37°CT 10 528~ %
2aN— b L. RBREESERRMEZ AW TREY Y
A ZL72%%, 1000rpm, 4°C, 5 RN EIT-/z. Ok
B 2T L LT, Bio-Rad protein assay (protein
assay, Bio-Rad Lab.) Hic XD, 595nm QUL BlA
READER 72f- TR v/ HERME L. ML *
RIVEBOBBEEERL, RBRICKLDBE VY
HENMOHREEREHNLE. REBROEREELTICR
§.0, 1, 5 10, 30x10° cells/ml WFA9Y L 7=fuRREeR
W& EE i AN, 1000rpm, 4°C, 5 AMEOETTo 1.
L8R EEREL, 0.04% NP-40 2FL5 inl PBS ZHABRE
KA, By ERERD, @RBERERIE
BoREREZER L.
2.4 Alkaline phosphatase (ALPase) #Hi&k
AlPase IE{EDRIEIEUT OIS ICLTiFo e, Hilly
IHFEDTUERICE S N MRS 0. In] & BEB0KIAW
0.4nl (18oM p-nitrophenylphosphate disodium salt
hexahydrate) ZEE&L T, 3098, 31CTA v Fa—
FUTe. 20, RIDEEILT 5, BEWRIZ0.2N
NaOH 7B 0. 5m FRAN L, 410nm DEYEE% 1A READER
EROTHELR. &30 8H Blo-Rad protein
assay {2 & > THIFE L, Albumin(Bovine Albumin Fraction
V) DigERH GEH Uk,

ZETOSREHNT, EHRE =6 & LTHERITY,
FOVfE%RRD T,

3. M B

FTFBRORIED Hya ZEM LTz r0B cells DTEdhH
2, Pig 2 ITRUTe, 87 QA E TR, Hya OHTEIC
BRI < rOB cells IR L, v 7oy MoEL K.
UL, BB I0HBIERS L, BOFED lya ZENL
7z r0B cells IZBWT, HFHMiESOEMMNRE N
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culture days

Fig.2 Effect of 0.5mg/ml hyaluronan on the
proliferation of rOB cells

B none O Hyad.2 A Hya2 < Hya30 V Hya90 [ Hyal20

— o 3] [ad
<o 1%, <D i

Cell numbers (X104 cells / well}

w

culture days

Fig.3 Effect of 0.5mg/ml sulfated polysaccharides
on the proliferation of YOB cells

# none O 1.2SHya A 2.1SHya < 34SHya V Chs-C 1 Hep
I
Flg. 3ic, BREB(LEE DR SHya ZEINL Iz r0B cells
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L., BUHSESEETSSHEETCH- TE Chs-C TRESE
AYEBERRONT, Hep CHLINHRIRIENE Doz,
Fig. 412, Hya ZERINL 7 rOB cells DTN R Y T4 X
7 7 & —E (ALPase) {EMEDRERZ(LZR LT, Hya 1357
FRICEFRRS, FFHNROMAME—A—-TH5
AlPase DIEHEIFEBMBITH R TEVWERRL .
Fig.5 &, WiRMLEDRLS Slya ZEMLI r0B cells
@ ALPase iGEER U/, Hya RIS 4D, Sya BERInL
72 r0B cells @ ALPase ¥E{HIZIFERMERICLENT LAMNEE
Hbhic, o, SRRILEICRSIE Y, ALPase iGiED

ALPase activity (U / protein)

culture days

Fig.d Effect of 0.5mg/ml hyaluronan on the
ALPase activity of rOB cells
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ALPase activity (U / protein)
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culture days

Fig.5 Effect of 0.5mg/ml sulfated polysaccharides
on the ALPase activity of tOB cells
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3 13
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Fig.6 Dose-dependence of 2.18Hya on the

proliferation and ALPase activity of
rOB cells after 10days
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B NT S 2. 1SHya DBRMBEORE2ZRE L
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ALPase &M E{BE X B e DICH L, EMEED SHya (37
ZRBHEL, AlPase IEMREIHRIZ R 2 C L HEH LN,
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ENLTE, WRENEZ3 IO TEESLRL
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Use of Bone Morphogenetic Protein 2 and
Diffusion Chambers to Engineer Cartilage Tissue for the
Repair of Defects in Articular Cartilage
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Objective. To examine the ability of cartilage-like
tissue, generated ectopically in a diffusion chamber
using recombinant human bone morphogenetic protein
2 (t!HuBMP-2), to repair cartilage defects in rats.

Methods. Muscle-derived mesenchymal cells were
prepared by dissecting thigh muscles of 19-day postco-
ital rat embryos. Cells were propagated in vitro in
monolayer culture for 10 days and packed within diffu-
sion chambers (10%/chamber) together with type I col-
lagen (CI) and 0, 1, or 10 ug rHuBMP-2, and implanted
into abdominal subfascial pockets of adult rats. Tissue
pellets were harvested from the diffusion chambers at 2
days to 6 weeks after implantation, and examined by
histology, by reverse transcription-polymerase chain
reaction (PCR) for aggrecan, CII, CIX, CX, and CXI,
MyoD1, and core binding factor al/runt-related gene 2,
and by real-time PCR for CII. Tissue pellets generated
in the chamber 5 weeks after implantation were trans-
planted into a full-thickness cartilage defect made in the
patellar groove of the same strain of adult rat.

Results. In the presence of 10 ug rHuBMP-2,
muscle-derived mesenchymal cells expressed CII mes-
senger RNA at 4 days after transplantation, and a
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mature cartilage mass was formed 5 weeks after trans-
plantation in the diffusion chamber. Cartilage was not
formed in the presence of 1 ug rHuBMP-2 or in the
absence of rHuBMP-2. Defects receiving cartilage engi-
neered with 10 pug rHuBMP-2 were repaired and re-
stored to normal morphologic condition within 6
months after transplantation.

Conclusion. This methoed of tissue engineering for
repair of articular defects may preclude the need to
harvest cartilage tissue prior to mesaic arthroplasty or
autologous chendrocyte implantation. Further studies
in large animals will be necessary to validate this
technique for application in clinical practice.

Regeneration of articular cartilage is a challeng-
ing subject for research on joint surgery (1), and several
methods have been devised and attempted in clinical
practice to repair focal defects in articular cartilage,
especially in young patients (2-5). Currently, mosaic
arthroplasty (6), a procedure in which pieces of autoge-
neic chondro-osseous mass are procured from peri-
pheral parts of the joint surface and transplanted into
the focal cartilage defects, is often used with success in
the knee joint (7). However, a number of limitations
persist, and these include the limited source of the
autogeneic osteochondral tissue mass and the potential
risk of progression to osteoarthritis due to the injury
caused by procurement of graft tissue from the normal
joint surface. In addition, the functional durability of the
repaired cartilage and the limited application of the
approach to small joints are further areas of concern.

Recently, technologies have been developed in
order to fabricate tissues for the repair of skeletal
defects. The transplantation of chondrocytes of auto- or
allogeneic origin has been demonstrated in both exper-
imental (8-11) and clinical (12) situations. In these
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cases, cells are dissociated from pieces of articular
cartilage, propagated (or left unpropagated) on dishes
in ex vivo conditions to expand the cell population, and
then transplanted with or without scaffolding carrier
materials into the cartilage defect of the recipient.
Although these methods can repair cartilage defects,
some difficulties persist. Allogeneic transplantation
has the inherent risks of disease transmission and rejec-
tion; autologous transplantation causes damage io the
donor site.

In an effort to address the limitations of existing
approaches, we attempted to generate carlilage lissue by
inducing the differentiation of muscle-derived cells into
the chondrocytic lineage in an in vivo environment with
recombinant human bone morphogenetic protein 2
(rHuBMP-2). Articular defects in rat joints that received
the induced cartilage-like tissue were repaired and re-
stored to normal condition. The present report provides
evidence to support this approach for the successtul
treatment of articular cartilage defects.

MATERIALS AND METHODS

Preparation of muscle-derived mesenchymal cells and
diffusion chambers. Mesenchymal cells were obtained from
the thigh muscles of 19-day, postcoital, F344 rat embryos
(purchased from Japan SLC, Hamamatsu, Japan). The muscle
tissues were minced with scissors and digested in 0.25% trypsin
with 1 mM EDTA-Na, (Invitrogen, Carlsbad, CA). The disso-
ciated cells were propagated on plastic culture dishes (10 cm in
diameter) in Dulbecco’s modified Eagle’s medium (Invitro-
gen) supplemented with 109% (volumefvolume) fetal calf serum
(Invitrogen) and antibiotics (mixture of 5 mg/ml penicillin G, 5
mg/mi streptomycin, 10 mg/ml neomycin; Invitrogen) and
passaged under routine culture conditions for 10 days. At the
end of this period, the cells were detached from the dishes with
0.25% trypsin with | mM EDTA-Na, and packed within
diffusion chambers (10° cells/chamber).

In order to construct a diffusion chamber for cell
lransplantation, a diffusion chamber kit (Millipore, Billerica,
MA), consisting of a plastic ring (14 mm in outer diameter and
10 mm in inner diameter), a membrane filier (comprising a
mixture of cellulose acetate and cellulose nitrate [0.45 pm in
pore size])., and adhesive sealant, was utilized. The inper
diameter of the ring was reduced to 5 mm by inserting another
plastic ring. Only one side of the larger plastic ring was initially
sealed with a membrane filter and adhesive sealant. For the
next step, 40 ul of 0.3% (weight/weight) pig type I collagen
(Celimatrix LA; Nitta Gelatin, Osaka, Japan) and 0, 1, or 10 pg
of rHuBMP-2 (Yamanouchi Pharmaceutical, Tokyo, Japan)
were introduced into the diffusion chamber. The chamber was
then freeze-dried and steritized with ethylene oxide gas.

After these processes were completed, 10° cells sus-
pended in 40 pl of serum-free culture mediam containing 0.3%
{wiw) pig type I collagen (Cellmatrix I-A; Nitta Gelatin) were
introduced into the diffusion chamber, and another open side

NAWATA ET AL

of the chamber was sealed with a filter and adhesive sealant.
Sixty-two chambers (42 for histologic examination, 8 for re-
verse transcription—polymerase chain reaction [RT-PCR] ana-
lysis, and 12 for real-time PCR analysis) with 10 pg of
rHuBMP-2 (group B10), 10 chambers (all {or histologic exam-
ination) with 1 ug of tHuBMP-2 (group B1), and 46 chambers
(26 for histologic examination, 8 for RT-PCR analysis, and 12
for real-time PCR analysis) without tHuBMP-2 (group B0)
were prepared for analysis and implantation.
Transplantation of the diffusion chamber into the
abdominal pocket of rats. Immediately after loading the cells
into the diffusion chambers, each chamber was surgically
inserted into a pocket in the abdominal muscles of 8-week-old
F344 rats under diethyl ether anesthesia. After surgery. the
rats were housed in cages and were given free access lo
standard chalk-like food and water. At 2, 4, 6, 8, 14, 21, 28, 35,
and 42 days after implantation, the animals were killed in due
order and the diffusion chambers were harvested (Table 1) for
histologic examination. For RT-PCR analysis, 2 chambers
were harvested at 2-, 4-, 7-, and 14-day intervals after implan-
tation. For real-time PCR analysis, 2 chambers were harvested
at 2-, 4-, 6-, 14-, 28-, and 42-day intervals after implantation.
Harvested tissue pellets within the chambers were
inspected for vascular invasion caused by seal failure or
breakage of the filter membranes. When vascular invasion was
noted, the tissue was excluded from the transplantation into
the cartilage defect and from PCR analysis. The tissue pellets
for histologic examination were radiographed and fixed in 20%
neutral buffered formalin solution, prior fo processing for
histologic examination. Some paits of the tissue pellet from the
S-week-old sample were used for transplantation into the
rat-knee defect. Tissue pellets for RT-PCR or real-time PCR
were frozen in liquid nitrogen immediately after harvesting.
Transplantation of tissue pellets from diffusion cham-
bers inte osteochondral defects of rats. Some portions of the
tissue pellet removed from the diffusion chambers at 5 weeks
after implantation were transplanted into cartilage defects
generated on the patellar grooves of the knee joints of 7 (4
from group B10, 3 from group BO) mature, same-strain rats (a
quarter tissue pellet/animal). The transplantation procedure
was performed with the rats under anesthesia, using an intra-
muscular injection of a mixture of ketamin (100 mg/ml, 0.6

Table 1. Cartilage formation in diffusion chamber®

rHuBMP-2 . )
Area of curtilage tissue
0 g I pg 10 pg In cross-scetion
2 days 072 - 02 -
4 days 02 ~ 072 -
6 days 072 - 072 -
8 days 0/2 - 072 -
14 days 0/2 - 02 -
21 days 0/4 - 4/6 1/4
28 days (/4 0/4 910 113
35 days 7 /6 LAY Almost all
42 days 0/4 ~ 6/6 Alinost all

* Except where indicated otherwise, vatues are the number of samples
with cartilage formation/number of experiments, rtHUBMP-2 = recom-
binant human bone morphogenetic protein 2.
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ml/kg body weight; Sankyo, Tokyo, Japan) and xylazine (20
mg/ml, 0.3 ml/kg body weight; Bayel, Osaka, Japan). Pellets
were transplanted into the left knees, and defects made on the
right knees did not receive the implants.

In order to generate an osteochondral defect on the
patellar groove of the distal femur of the rats, a longitudinal
skin incision was made in the midline of the knee and the
patellar groove was exposed by medial parapatetlar arthrotomy
and lateral dislocation of the patella. The osteochondral defect
was made by drilling in 2 mm in depth and 2 mm in diameter,
vertically to the patellar groove. The tissue pellet was detached
from the inner surface of the membrane filters of the diffusion
chamber and press-fitted into the defect. The knee joint was
then closed with sutures. After surgery, the rats were fed in
cages and killed at 24 weeks after surgery. The knee joints were
excised and processed for histologic examination.

Histologic examination. Diffusion chambers and distal
femurs with an articular cartilage defect were removed from
the animals at 24 weeks after implantation and fixed in 20%
buffered formalin. The harvested chambers were radiographed
with a soft x-ray apparatus (Sofron, Tokyo, Japan) and visual-
ized on radiographic films (Fuji Photo Film, Tokyo, Japan).
The harvested chambers with calcified tissue and the distal
ends of femurs with articular defects were decalcified in 4%
EDTA solution, and then dehydrated with a gradient ethanol
series, embedded in paraffin, sectioned in 5-pn thickness, and
stained with hematoxylin and eosin or toluidine blue. Results
of the histologic examination were evaluated using the scoring
system described by Wakitani et al (13) for histologic grading
of a carlilage defect (Wakitani's score; a lower score indicates
improvement).

RT-PCR analysis. In order to detect changes in the
expression of cartilage matrix-specific molecules in cells from
the harvested diffusion chambers, RT-PCR analyses for aggre-
can, types II, IX, X, and XI collagens, MyoDI, and core
binding factor al (Cbfal)/runt-related gene 2 (Runx2) were
performed with the tissue pellets from the B10 and B0 groups.
Frozen tissue pellets were ground down to powder with liquid
nitrogen in a mortar on dry ice, and total messenger RNA
(mRNA) was extracted from the tissue using TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions. Af-
ler treating samples with RNase-free deoxyribonuclease 1
(Takara Bio, Otsu, Japan), 500 ng of total mRNA from each
sample was reverse transcribed using SuperScript 11 (Invitro-
gen). The reaction time was 60 minutes at 42°C. Thereafter, 1
pul of each reaction product was amplified in a 15-u1 PCR
mixture containing 0.5 units TaKaRa EX Taq (Takara Bio)
and 10 pmoles of each primer to detect mRNA specific to each
molecule.

Amplifications were performed in a Program Temp
Control System (DNA Engine PTC-200; MJ Research,
Waltham, MA) for 35 cycles after an initial denaturation
step at 95°C for 3 minutes, denaturation at 95°C for 30 seconds,
annealing for 30 seconds at 60°C, and extension at 72°C for
30 seconds, with a final extension at 72°C for 3 minutes. The
PCR products (10 pul) were electrophoresed in a 3% agarose
gel and detected by ethidium bromide staining. The nucleotide
sequences of the primers for each of these genes are as
follows: for AGC1, ¥-TCCAAACCAACCCGACAAT-3
(forward) and §'-TTCTGCCCAAGGGTTCTG-3' (reverse);
for Col2A1, ¥-GCTCGAGGAGACACTGGTG-Y (forward)

and 5'-ACCTGGGGGACCATCAGA-3' (reverse); for
Col9Al, 5'-GGTCCTCCGGGGAAGCCT-3' (forward) and
5'-CCAACCTCTCCCGGCGGT-3' (reverse); for Coll0AL,
5"-CGAGGTCTITGTTGGCCCTAC-3 (forward) and 5'-CCT-
GGGTCTCTGTCCGCT-3" (reverse); for ColllAl, 5-ATT-
GCCACCAGTCAACTGCT-3' (forward) and 5'-TTGGA-
CTGTGCCTCCGTC-3' (reverse); for MyoDl1, 5'-ACTA-
CAGCGGCGACTCAGAC-3' (forward) and 5'-GTG-
GAGATGCGCTCCACTAT-¥ (reverse); and for Cbfal/Runx2,
5"-TGCTTCATTCGCCTCACAAAC-3' (forward) and 5'-
TAGAACTTIGTGCCCTCTGTITG-3' (reverse).

Real-time quantitative RT-PCR. Quantitative RT-
PCR assay for type II collagen was carried out with the use
of gene-specific expression-labeled fluorescent probes and
sets of specific primers in an ABI PRISM 7700 sequence
detection systemn (Applied Biosystems, Foster City, CA). On
the basis of the published sequence of rat type II collagen, spe-
cific primer pair and probe sets were designed with the aid
of Primer Express software, version 2.0 (Applied Biosystems).
The sequences of the primers were 5'-AGGCGCITCTG-
GTAACCCA-3' (forward) and 5'-GACCAGTTGCACCTT-
GAGGAC-3" (reverse), and the probe was 5'-TTCCCGG-
AGCCAAAGGATCTGCTG-3'. We used 6-carboxyfluorescein
for type Il collagen as the 5' fluorescent reporter for the probe,
while we added 6-carboxy-tetramethylrhodamine (Tamura Phar-
maceutical, Osaka, Japan) to the 3’ end as a quencher.

Standard curves were constructed with the use of
dilutions of accurately determined pCR2.1 plasmid vector
(Invitrogen) containing complementary DNA (¢DNA) prod-
ucts of type II collagen. A relative standard curve representing
10-fold dilutions of a rat type II collagen ¢cDNA ranging from
2 X 10 to 2 X 10° copies/ul was used for linear regression
analysis of the samples. PCR was carried out in 50 pl of
reaction mixture containing 3 ul of the RT reaction, 1X
Universal Master Mixture (Applied Biosystems), 500 nM of
each primer, and 200 nM of the Tagman probe purchased from
Applied Biosystems.

To compensate for the differences in cell number
and/or RNA recovery, the copy number of type II collagen
mRNA was determined relative to 18S ribosomal RNA
(rRNA) (Applied Biosystems), which was also analyzed quan-
titatively. Thus, a partial cDNA of 18S rRNA was amplified
from rat bone and cartilage samples using a specific primer set
for 185 rRNA, and then subcloned into pCR2.1 (Invitrogen).
Ten-fold dilutions of the resultant vector, pCR2.1-185 rRNA,
ranging from 2 X 10 to 2 X 10° copies/ul, were used to
construct a relative standard curve for 185 rRNA. The PCR
mixture was basically the same as that for type I collagen,
except for 200 nM of an 18S rRNA-specific Taqman probe set
carrying a 3'-VIC reporter label and 3'-TAMURA quencher
group, and 500 nM of the specific primer for 185 rRNA that
was purchased from Applied Biosystems. These samples were
placed in the ABI PRISM 7700 Sequence Analyzer and
preheated at 95°C for 10 minutes, then amplified for 50 cycles
of 95°C for 15 seconds, followed by 60°C for 1 minute. These
experimental protocols were in compliance with the guidelines
established by the Institutional Committee for Animal Care
and Experiments of Shinshu University.

Statistical analysis. The histologic score was statisti-
cally analyzed using the SPSS software package (SPSS Japan,
Tokyo, Japan). The Kruskal-Wallis H test followed by the




Mann-Whitney U test was wsed (o determine  differences
hetween the groups,

RESULTS

Cartilage induction in diffusion chambers by
sHuBMP.2, The tssue mass harvested [rom group B10
chambers (those receiving [0 pg rHuBMP-2) had a
selatinous appearance, with no histologic features char-
acieristic of cartilage until 2 weeks alter implantation. Al
3 and 4 weeks after implantation, the tssue had a pale,
apaque gelatinous appearance and revealed some earti-
laginous characteristics along the inner surface ol the
filter membranes ol the chamber on histologic examina-
ton (Figures 1A-H).

Al 5 and 6 weeks postimplantation (Figures
11-P), the cells of group BIO formed an clastic tissue
mass with opaque appearance and no evidence of calci-
lication on radiography (Figure 2B). Histologic exami-
nation ol the opague tissue mass in the chambers
indicated noimal features of cartifage, with round chon-
drocytic cells coclosed ina metachromatic matrix, as
revealed by toluidine blue staining {Figures 1L and P).
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Small amounts of osseous Hissue were found on the outer
or host-side surfaces of the membrane filter of those
samples In one chamber with an accidental “hole™ on
the membrane liher, containing S-week postimplanta-
fion tissue of group B0, the Ussue became @ hard mass
with a reddish appearance; on radiography, the tissue
was highly calcilied (Figure 20) and showed a normal
histologic appearance of bone with hematopoictic mar-
row (Figure 2A). In conirast, the tissue of groups BO
{Figure 1) and B (chambers without rHuBMP-2 or with
Iopg rHuBMP-2, qespectively) showed a gelatinous
appearance with no histologic evidence of cartilage
formation throughout the experimental period.

PUR findings. PCR analysis of the tissue in
the dilfusion chambers revealed a consistent expression
of types X and X1 collagen (Figure 3). Expression of
type X collagen gradually increased in group B
The expression of type 1T collagen wag detected at
fow devels 2 days aller implantation in group B
(Figure 3). After 4 days, the expression of type 1
collagen was clearly detected jn gronp BlO. The ex-
pression of Chlal/Runx2 was clearly detected wlter 96

o

Figure {. Cariilage formation in the diffusion chamber. Tissue pellets in diffusion chambers wewe
examined al 3 weeks CA-T3, 4 weeks (E-I1Y S weeks (=100 and 0 weeks (M-12) postimplantation,
v group B (without recombinant humas bone mogphogene tic pratein 2 {rlta3MP 20 (3 BUE, B
1o M, and Mo compared with group B0 (with 10 e JToBRME 2) 40, D, GUIL K, 1., O, and P,
{Statned with hematoxstin and cosin in 4, O F, G, BT 8 and O, with toluidine blue in B, D, ¥,

L N and Prariginal magaitication ¢ 40))
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Figure 2. Histologic and radiologic evaluations ol engineciod caii-
lage tssue. For the tissuc pellet i the diffusion chamber with an
accidental hole on the Tilter (at S wecks posttransplaniation: obiained
from group B10) the novmal istologic appaatance of bone s clearly
visible (stained with hematoxvlio and cosing original magndication
<20) (A1, and the soft radiographic view shows bone Labeculae (Ch
Anather soft radiographic view ol group BH) fissue (same sample asin
Figures 1K and 1y shows no caleilication 18)

hours in group B0 only (Figure 3) The cxpiesaion ol
BMyoD 1 was not detected in either group al any lime
point.

Real-time PCR revealed that the cxpression of
type 11 collegen increased markedly at 4 davs alter
implantation (Figure 43, A high level of agy

o0

gierdn Wus
seen in group BIO after 2 davs. Type X collngen was
weakly expressed nogreup BHY afier 4 days, but in-
creased signiticantly alter § week T ow expression lovels
of aggrecan and type Hocollngen were detected in all
groups at later ime points in the study
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Figure 3. Reverse banscription- polymerase chain reaction apalysis.
Expression of tvpes Xoand X1 collagen (COLIOAT and COT TTAL
respectively) was detected consistently in both groups (with 10 pg
recombinant human bone morphogenciic protein 2 {BMP 1 eroup
B and without [BMEP ) throughout the experimental period
Exprossion of tvpe IX collagen (COLOA D) was detecied alter 90 hous,
indicating that coffective cantilage matrix syothesis begins 2 or 4 days
abter fmplantation. Expression of tvpe 11 colligen (COT2AT) was
deteated at fow fevels alter 2 days in group BH only, and alter 4 davs,
it became more prominent Fhe expression of core binding factor aly
tuntachited gene 2 (CBEARUNX D) was clearly detected after 9o

howrs in group B anly, AGCT aggrecan,

Repair of cartilage delects by fransplantation of
the snpineered cartilape, The osteochondral defects that
received the carilaginous tissue mass, which was gener-
aled Tor 5 weeks e diflusion chambers containing tissue
from group BH), were restored to o normal appearsnce
al 24 weeks alter toosplantation, Upon examination,
the site of the defects had a smooth surface and no

Expression relative to 185 sRMNA
i
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Below d

Figure 4 Real-time polymerase chaim reaction analysis Tor type 11
collagen MRNAL Aler 3 days, eaprossion of type I collagen mRINA
wis ke diy increased in group B0 (with () pe rccombinant human
bone marphogenctic polein 2 HUBRMP 20 Group BO without
PHUBMP 200 REA S gibosomal RMA.
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Figure 5, Osteochondral defects of a rat knee repaired with fissue pellets gencrated in diffusion
chambers 24 weeks aficr transplaptation A and B, Defect with no implant C and 1, Defect
implanted with tissue pelict gepevited in the chamber of group BO without recombinant human
bone moiphogenctic potein 2 HuBMP 20 ¥ and ¥, Defect implanted wibh tissuce pellet
generated i the chamber of group 310 (10 pe 1 HuBMP-2). (Stained with hematoadin and cosin
in A, C, and 0 with toluidine blue in B, Dy and F:ooriging] magnification < 10

obvious border with the surrounding normal articular
cattifage (Figures SE and F). The defects were Titled
with a layer ol cartilage exhibiting subchondral cancel-
fous bone connecting o the original subchondral bone.
Although the architectuie of the repaired articular car-
tilage was simifar to that of normal cartifage with regard
o cell arrangement, differences were noted. A tidemark
wis visible at the base of the cartilage tayer adjacent to
the subchondral bone, and the thickness of the regencer-
ated cartilage was slightly less thun that of the neighbor-
ing normal articular cantitage.

In contrast, the defects transplanted with Ussue
mass lrom group BO were partially repaired, with a
depressed surface visible at the defect site (Figures 5C
and 1) Histologic assessment ol the defects that re-
ceived either the lissue from group BO or no implant
revealed a small amount of librocartlage, with slightiy
pasitive metachromaltic staining at the periphery o
the defects and dominant librous tssue in the defect
space.

Upon histologie evaluation of the knee cartilage
after repair, the average histologic score (Wakitani's
score) was 425 for group B0 16T for group BO, and
1400 for the defect-only group The score for group BILO
was signilicantly betier than that for group BO (P =
(.032) and the defect-only gioup (2 = 0002).

DIHCUSSION

The experimentad data presented herein indicate
the capacity of rHuBMP-2 1o induce the differentiation
of voung muscle-derived mesenchymal cells into chon-
droeytes within diffusion chambers in in vivo conditions.
The resultant heteratopic cartilage Tormation represents
asignificant volume ol induced lissue mass derived from
these cells.

In order to induce the cariifage tssue, the diffu-
sion chamber system was essenlial. When vascular imva-
sion o the chamber oceurred as o result of membrane
seal failure, new bone with hemitopoictic martow was
seen i the chambers harvested at § weeks alter trans-
plantation. Budenz and Bernard have veported similar
lindings (14). This bone was likely formed throvgh the
process of endochondral ossification, as deduced from
classic reports describing the actions of BMP (15) and
from comparison with the process of direct ossification
(16,17) In the process of BMP-induced endochondral
bone formation, cartilage is formed in the early phase of
the bone-forming process. The cartilage tissue is then
absorbed by invading vascular connective Lssue and
replaced by newly lormed bone, as scen in embryonic
osteogenesis (18) and in catlus in racture repair (1Y)
During the process ol cctopic bone [ormation elicited by



