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Table 1 Clinical and radiological findings in lic dysplasi:
Kantaputra type

Ref. Reported
Characteristic findings 145  Rel [3] Ref, (2] patient
Shon stature Y Y Y Y
Craniofacial dysmorphism N N N N
Delayed milestones N N N N
Normal karyotype L ¥ Y ¥
224-932 linkage Y N N
Bilateral symmelric skeletal Y ¥ Y Y

invohament

Wide distal humeral

£
-

epiphysis
Short bowed broad radius

Y Y Y Y
Short broad ulna Y Y Y b |
Ulna shorter than radius Y Y ¥ Y
Hand in ulnar deviation Y \ ¥ Y
Carpal synosloses b il N h | 7
Carpal deficits e N Y 1
Defects of metacarpals N N Y N
or phalanges
Phalangeal joint Y Y Y Y
contractures
Shorening of tibia and Y Y Y Y
fibula
Proximal fibular hypoplasia Y Y Y
Prominance on distal fibula Y N ¥ N
Tarsal synostoses L N ¥ Y
Tarsal deficits N Y T
Maliormation of talus/ ¥ iy ¥ 6 )
calcaneus
Bifid calcaneus At early
age
Defects of metatarsals/ N N ¥ hafiux valgus N
Pes equinovarus Y Y ¥ or pes cavus/ Y
planus
Tiptoe gait Y N-early surgical corection ki
Delayed ossification i | Y
Other skeletal involvement N N Scoliosis N
Extraskaletal involvement N N One sensori- N
neural hearing
foss.
*Not all pationts.
*Bafore surgical cormecion,

7 Not determined because of young age.

More profound differential diagnosis is however necessary
in distinguishing Kantapurra from Nievergelt and Langer
type. Langer type is a homozygous state of a less severe
pseudoautosomal dominant Leri-Weill dyschondrosteosis
[8] (a progressive Madelung deformity of the forearms
and a mild-to-moderate short stature [7]). In Langer
mesomelia, bilateral short and bowed radius, short
hypoplastic ulna, and ulnarly deviated hand closely
resemble that of Kanrtaputra. Moreover, there are
rudimentary fibula, short tibia with talipes equinovarus,
tiptoe gait, and delay in development of sccondary
ossification centers, primarily in ulna, fibula, and radius,
Nevertheless, Kantaputra arises in a family as a new
incident, whereas all parents of Langer syndrome-
affected patients display rhe above-described symptoms
of dyschondrosteosis. Neither ankle nor carpo-tarsal
coalitions are present in Langer type. Conversely, carpal
and tarsal synostoses are recognized in Nievergelt

mesomelic dysplasia [12]. Characteristic of this disease,
the massive carpo-tarsal coalitions may extend to
metacarpals/metatarsals and phalanges. In conjunction
with clubfoot deformity, these symptoms to some extent
may resemble Kanraputra mesomelia. Bilateral elbow
dysplasia, forearm shortening, brachy and clinocamprylo-
dactylia may be subject to incomplete phenotypic
expression. The lower leg dysplasia ranges from mere
involvement through moderate tibial and fibular dysplasia
with exostoses to severely deficient, rudimentary rhom-
boid ribia accompanied by cutaneous dimples. The ankle
synostoses have not been reported. Thus, a very careful
radiological assessment should allow for differentiation of
these seemingly alike diseases.

Carpo-tarsal synostoses may be inconstant findings for
Kantaputra type; however, often they are simply over-
looked on plain radiographs because of bone maturation
delay and their chondrodesmotic character. Similar
reasoning applics to diagnosis of conceivable carpo-tarsal
deficiencies. Bone deficiency is accredited to a radi-
ological appearance of delayed ossification, and conver-
sely, at a later age, to muluple bony fusions and
misshaping. In our patient neither carpal synostoses nor
deficits have been diagnosed, but it cannot be excluded
that they will gradually become apparent. Similarly, lower
leg synostoses were primary not distinguishable with
plain radiography. Magnetic resonance imaging of tarsi
revealed fibulo-calcancar and  tibio-talar incomplete
synostoses addirionally fused at talo-calcanear level and
accompanied by an accessory bone within the talo-
calcanear joint. A complete, bony fusion is evident on
radiographs of adult patients with Kantaputra type [1,2].
Magnetic resonance is an effective imaging modality that
allows an explanation of the nature of incomplete
synostosis encountered in children [14). Owing to a
nonfibrous but cartilaginous character of the coalition,
this s a primary formation. It develops intrauterinally,
rather as a defect of differentiation of cartilaginous tarsals
into separate clements, not as a secondary fusion of
already well-delineated units. Lack of fusion lines in
ankle coalitions of previously reported adulr patients also
confirms this hypothesis [1]. Although tarsal synostoses
may not appear in all affected patients, fibulo-calcanear
fusion is a constant finding in Kantaputra type. Morcover,
to the best of our knowledge, there have been no reports
in the English literature on congenirtal ankle synostosis,
neither as an idiopathic finding nor as a composite of any
syndrome. Thus, primary fibulo-calcaneal synostosis
appears to be a pathognomonic sign for Kantaputra type.

An interesting finding in our patient was an accessory
calcaneal ossification center. The small posterior nucleus
became fused to the main calcaneus at 2 years of age. The
calcaneus begins ossification at the end of the second
trimester of feral life. Contrary to the majority of tarsal
bones, it is already evident on radiographs at birth. Hardly
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Table 2 Differentiation between mesomelic dysplasias
Acral
Robinow Kozlowski- e
L dy K [1-81 Leri-Wail [7] Langer (8] AD/AR [B] Savarrayan [10] Reardon [11]  Nievergeh 13] a3l
Symptoms
OoMIM 156232 127300 248700 180700/ 605274 249710 163400 800383
268310
Inharitance AD Psaudo-AD Peaudo-AR ADIAR sp AR AD AD
Short stature Y Ny Y Y ¥ Y ¥
Craniofacial N N N ¥ YN Y ] g
dysmorphism
Delayed milestones N N N NAY Y N YIN Y
Lower inteligence N rarely N N Y N N N
Normal karyotype Y Xy ¥ ¥ G 4 Y ¥
Mutation 2q24.q32 Pssudoautos. 9922 ROR2 Ditfarant sxpression of the
tegon Xp22, SHOX same autosoma mutation
of forearms Y Y : 4 Y Y YIN
Elbow i Y ¥ X Y ¥ ¥
Radial head dslocation ¥ Y Y ) § Y 14
Ulna shorter than radius : | ¥ Y Y N Y
Ulnar hand dislocation Y Y N Y
Hand uinar deviation ¥ Y X ¥ N Y
Carpal synostoses Ye Y N Y
Defects of malscarpals YIN ¥ N Y YiN Y
or phalanges
Phalangeal joint YiN N YIN
contractures
Shorlening of lower legs Y NAY Y Y Y
Deformation/shortaning ¥ YIN ¥ ¥ ¥ Y ¥ ¥
of tibia
Deformation/shortening Y YIN ¥ Y ¥ Y YiN Y
of fibula
Tiptoa gait Y ¥ ¥
Pes squinus/aquinovarus Y- N : Y Y YiIN
Tarsal synostoses YIN N N ¥
Ankle synostoses Y/N N N 4
Talus/calcaneus Y N Y Y
malformation
Delects of metatarsals N N N ¥ Y
o phalanges
Hip dysplasia N N ¥ YIN
Cutaneous malformations N N Y Y
aver hmbs
Spine i ¥ Y
Extraskeletal involvement N N Y ) 4 N i | g
Others Prevalence in Parents affected
fernales, muscular with Leri-Waill
in males
Autosom., autosomal; OMIM, enfine Mendelian inhari in man; p d

*Not all patients.

ever does the ossification center reveal a split [15]. An
autonomous existence of bifid calcaneus is extremely
rare. More often it has been reported as a component of
congenital diseases such as Down syndrome, Larsen
syndrome, or mucolipidoses [16]. Coexistence with
various inheritable syndromes and a bilateral involvement
suggest it is not coincidental in our patient. Although the
accessory calcaneal ossification center has not been
reported earlier, it may be an integral element of
Kantaputra mesomelia.

The nosologic classification of genetic skeletal disorders
is undergoing constant fluctuation, with a variety of
syndromes overlapping, changing categories, or under-
going group fusions, with some cases not classified yet.
The clinical evaluation is demanding. It may be difficult

to distinguish and uniformly catalog certain dysplasias.
Systematic and careful assessment of clinical symptoms
supported by plain radiography, combined with a
profound MRI analysis, especially of ankle involvement,
allows adequate diagnosis in detecting Kantaputra type -
the ankle, carpal, rarsal synostoses mesomelic dysplasia,
even at a YDI.II'Ig age.
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The effect of the platelet concentration in
platelet-rich plasma gel on the regeneration

of bone

The aim of our study was to investigate the effect of platelet-rich plasma on the proliferation
and differentiation of rat bone-mamow cells and to determine an optimal platelet
concentration in plasma for osseous tissue engineering. Rat bone-marmow cells embedded
in different concentrations of platelet-rich plasma gel were cultured for six days. Their
potential for proliferation and osteogenic differentiation was analysed, Using a rat limb-
lengthening model, the cultured rat bone-marrow cells with platelet-rich plasma of variable
concentrations were transplanted into the distraction gap and the quality of the regenerate

bone was evaluated radiologically.

Cellular proliferation was enhanced in all the platelet-rich plasma groups in a dose-
dependent manner. Although no significant differences in the production and mRNA
expression of alkaline phosphatase were detected among these groups, mature bone
regenerates were more prevalent in the group with the highest concentration of platelets.

Our results indicate that a high platelet concentration in the platelet-rich plasma in
combination with osteoblastic cells could accelerate the formation of new bone during

limb-lengthening procedures.

There is currently an increased interest in the
use of platelet-rich plasma for bone regenera-
tion and healing. It contains osteo-inductive
growth factors including plarteler-derived
growth factors, vascular endothelial growth
factor, insulin-like growth factor and trans-
forming growth factors.'* These cause the
proliferation and differentiation of local osteo-
progenitor cells into bone-forming cells, lead-
ing to mincralisation and the formation of
bone matrix.®” It has been shown, however,
that variations in the concentration of platelets
in the platelet-rich plasma have diverse effects
on the proliferation and differentiations of the
osteoblasts.*'* Choi et al® reported that the
viability and proliferation of alveolar bone
cells were suppressed by a high, and stimulated
by a low concentration of platelets in the
platelet-rich plasma, Uggeri et al'* found that
proteins released from platelet gel stimulated
the proliferation of osteoblasts in a dose-
dependent manner, In order to provide clear
evidence for the clinical use of platelet-rich
plasma, it is necessary to determine its direct
effect on osteogenic cells at the cellular and
molecular level.

Platelet-rich plasma is an autologous prepa-
ration and there are therefore no concerns
about the transmission of disease or an

immunogenic reaction. There have been
several clinical trials using a combination of
platelet-rich plasma and bone graft or osteo-
progenitor cells which have aimed at increas-
ing the rate of osteogenesis and the
enhancement of the formation of bone.*'?

We have established a new technique of
transplantation using culture-expanded bone-
marrow cells and platelet-rich plasma in distrac-
tion osteogenesis of the long bones and demon-
strated a satisfactory clinical outcome by
accelerating the formation of new bone,'" To
improve our combined bone-marrow cells and
platelet-rich plasma cell therapy further, it was
necessary to determine the optimal platelet con-
centration of the plasma for bone regeneration.

Our aim therefore was to evaluate the osteo-
genic differentiation of rat bone-marrow cells
embedded in platelet-rich plasma gels with dif-
ferent platelet concentrations. Using a rat
model of limb lengthening, the rat bone-
marrow cells and platelet-rich plasma gels were
then transplanted into the lengthened femur
and bone formation in vivo was analysed.

Materials and Methods

Preparation of platelet-rich plasma gels with
different platelet concentrations, Under gen-
eral anaesthesia whole blood was withdrawn
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by cardiac puncture from 20 14-week-old male Sprague-
Dawley rats (Japan SLC Inc., Shizuoka, Japan). For one
series, 40 ml of anticoagulated whole blood was initially
centrifuged ar 1100 g for ten minutes to precipitate the red
blood-cell fraction. The supernatant was again centrifuged
to produce precipitation of platelets. The platelet-rich
plasma was then divided into three groups (low concen-
trate; medium; and high concentrate) according to the
amount of supernatant which had been removed. We used
platelet concentrations as suggested by Marx.! The super-
natant alone was used as platelet-poor plasma. The number
of platelets in the high, medium, low concentrate, platelet-
poor plasma and whole blood was counted using a Sysmex
XE 2100 haematology analyser (Sysmex, Kobe, Japan).
Bone-marrow cells culture. Specially-prepared  minimum
essential medium alpha (Gibco-BRL, Carlsbad, California),
supplemented with 10% fetal bovine serum (Dainippon
Pharmaceutical, Osaka, Japan), 100 pl/ml of penicillin-
streptomycin (Gibco-BRL, Life Technologies, Grand Island,
New York), 0.2 mM ascorbic acid (Sigma, St Louis, Missouri)
10 mM  Na-b-glycerophosphate  (Sigma), and 10°M
dexamethasone (Sigma), was used as a growth medium in all
the cell-culture experiments.

Rat bone-marrow cells were isolated from 60 four-week-
old, male Sprague-Dawley rats weighing between 90 g and
110 g using the technique described by Takamine et al.?®
The harvested cells were cultured with 8 ml of growth
medium. The adherent cells were expanded as monolayer
cultures in a 5% CO,/95% air atmosphere at 37°C with
medium changes every three days. When the cultures
became nearly confluent, the cells were dissociated with
0.25% trypsin/ethylenediaminetetraacetic acid (EDTA)
(Gibco BRL) and re-seeded at a density of 3 x 10° cells/dish.
Cells passaged twice (P2) were used for all three-
dimensional (3-D) cultures.

3-D gel-embedded culture of rat bone-marrow cells. A sus-
pension of 8:x 10* rat bone-marrow cells in 150 pl of each
platelet derivative was mixed with 50 pl of a thrombin/
CaCl, solution to obtain platelet gel. The rat bone-marrow
cells were also mixed with bovine-dermal-pepsin-solubi-
lised type-1 collagen (Koken Co., Ltd, Tokyo, Japan) in gel
form at 37°C. The rat bone-marrow cells embedded in gel
at a density of 4 x 10° cells/m] were cultured for six days
and were then divided into five groups (group P, embedded
in the platelet-poor plasma gel; group L, embedded in the
low concentration gel; group M, embedded in the medium
concentration gel; group H, embedded in the high concen-
tration gel; and group C, embedded in the collagen gel).

In vitro cell proliferation. The WST-1 cell proliferation
reagent (Roche Diagnostics GmbH, Mannheim, Germany)
was used for counting the cells,'"#! The WST-1 test meas-
ures the mitochondrial activity which corresponds to the
number of viable cells. After incubation for one hour at
37°C, the absorption of the medium containing the WST-1
reagent was measured by an enzyme-linked immuno-
absorbent assay (ELISA) Reader (Thermo Fisher Scientific
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Graph showing the number of viable rat bone cells

with platelet-rich plasma gels with different concentrations of platelets

and collagen gel. Cell proliferation was significantly enhanced in group

H. (P, platelet-poor plasma; L, low rich M,
d ation platelet-rich plasma; H, high concentration

platelet-rich plasma; C, collagen gel; *, statistically significant, p < 0.05).

Inc., Waltham, Massachsetts) at 440 nm with a reference
wavelength > 600 nm. The WST-1 assay was carried out at
intervals of two days after the initiation of the 3-D cultures.
Each experiment was repeated twice with 20 samples for
each group, resulting in a total of 40 samples per group.

In vitro osteogenic differentiation. The cultures were washed
in phosphate-buffered saline and the cells were lysed using
a UPSOH ultrasonic processor (Hielscher Ultrasonics
GmbH, Teltow, Germany). Using the alkaline phospha-B-
test (Wako, Osaka, Japan), the activity of alkaline phos-
phatase in the cell lysates was measured every two days
after embedding of the cells.

After the gels had been dissolved by urokinase (Uronase;
Mochida, Tokyo, Japan) and collagenase (Sigma-Aldrich,
Tokyo, Japan), the total RNA was isolated every two days
using the RNeasy Mini Kit (QIAGEN KK, Tokyo, Japan).
For reverse transcription into circular DNA (cDNA)
(reverse transcription system; Perkin Elmer, Waltham, Mas-
sachusetts), one pug of RNA was used as a template. cDNA
was amplified by the polymerase chain reaction with oligo-
nucleotide primers for alkaline phosphatase and glyceralde-
hyde-3-phosphate dehydrogenase as housekeeping genes.*
Quantitative real-time was carried out using a Light Cycler
480 Real-Time System (Roche Diagnostics Corporation,
Indianapolis, Indiana) and a Light Cycler Fast Start DNA
Master SYBR Green I (Roche Diagnostics Corporation).
Rat model of limb lengthening. All the animal experiments
were carried out in compliance with the laws and guidelines
for the experimental use and care of animals. Application
of an external fixation device to the femora of 91 nine-
week-old male Sprague-Dawley rats weighing between



68

M. EAWASUMI, H. KTTOH, K., A, SIWICKA, N, ISHIGURO

::: 140 op .
°
E 120 (EL
= g sl EM
3 i HH "
£ g
@ o WC
n @
3 <
] =
= €
& E
£
a
£
=2
< 2 4 8 2 4 6
Day of culture Day of culture
Fig. 2a Fig. 2b

howing a) the of alkali in the cell ly and b) alkaline-phosph P d by
mANA in rat bcne- marrow cells cultured with platelet-rich plasma gels of dlﬁumﬂt ations and nel Tha Ikalina phos-
phatase activity was significantly increased in group C on day six and there was lim liul‘liﬂc«lﬂu\! h d exp of 1 phos-

ation pl M, medi ation platelet-rich

phatase mRNA in this group. (R platelet-poor plasma; L, low

plasma; H, high concentration platelet-rich p C, collag

320 g and 380 g was followed by an osteotomy at the level
of the diaphysis.”® Weight-bearing as tolerated was allowed
immediately after the operation. Seven days after operation
lengthening was initiated at a rate of 0.375 mm twice daily
for ten days (7.5 cm of total distraction). Immediately after
the completion of lengthening, 150 pl of each type of gel
containing rat bone-marrow cells at a density of 1 x 107
cells/ml were injected into the distraction callus under
fluoroscopic guidance. The rats were divided into five
groups, according to the type of injected gel as follows:
group P (n = 16), group L (n = 20), group M (n = 20), group
H (n = 20), and group C (n = 15).

Radiological evaluation. This was performed using a soft
radiograph apparatus (Softex ES/M; Softex Co, Tokyo,
Japan). Lateral radiographs were taken at one, two, and
four weeks after injection of gel. They were evaluated using
image-analysis software (Scion Image for Windows, Scion
Co, Frederick, Maryland). The distraction gap was outlined
as a quadrilateral region of interest from the outside corners
of the rwo proximal and the two distal cortices. Mineralised
new bone was defined as any region with a density equiva-
lent to or greater than the adjacent medullary bone.

In vivo micro-CT. Representative specimens of distracted
femora (six rats in each group, 30 in total) were examined
using a high-resolution micro-CT imaging system (ScanX-
mate-A100S; Comscantecno Co. Ltd, Kanagawa, Japan)
four weeks after injection of bone-marrow cells.
Volumetric measurements of mineralised new bone were
made using 3-D image analysis software (TR1/3D-BON;
Ratoc System Engineering Co. Ltd, Tokyo, Japan). The vol-
ume of the distraction gap was also recorded and ir repre-
sented the volume of interest which was mineralised.

ligmﬁum. p < 0.05).

Statistical analysis. Equality of variances was verified using
the Bartlett test (Stat View for Windows version 5.0; SAS
Institute Japan Ltd, Tokyo, Japan). One-way analysis of
variance was used for comparison of groups, supported by
the Bonferroni-type multiple comparison. Statistical signif-
icance was set at a p-value £ 0.05. All the results are
expressed as the mean and SEM (<),

Results

Properties of platelet-rich pl and platelet-poor plasma
The mean concentration of platelets (platelets/pl) was
4358 + 265 % 107 in high concentration, 1453 = 88 x 107 in
medium concentration, 48 = 29 x 10% in low concentration,
8 + 2 x 10% in platelet-poor plasma and 413 = 54 % 10° in
whole blood. The mean concentration of platelets in the
low, medium and high concentration groups was 117%
(76% to 146%), 352% (263% to 441%) and 1055%
(695% to 1233%) of that in whole blood, respectively.
There was a ninefold difference in the mean platelet con-
centration between the low and high concentration groups.
There was no significant difference in the concentration of
fibrinogen among the groups.

In vitro cell proliferation. Group H showed a significant
increase in the proliferation of rat bone-marrow cells com-
pared with the remaining groups on days 2, 4 and 6 (analysis
of variance (ANOVA), p < 0.05). By contrast, groups Land M
did not show increased cell proliferation, compared with
group P (Fig. 1).

In vitro osteogenic differentiation. On day 6, the alkaline
phosphatase activity was significantly increased in group C
(ANOVA, p < 0.05), compared with the other groups (Fig.
2a). Group P L, M and H showed no significant increase in
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Fig. 3

Plain radiographs of lengthened femora of rats after injection of rat bone-marrow cells embedded in
platelet-rich plasma gel with different platelet concentrations or collagen gel into the distraction group
Radiographs were taken at one, two, and four weaks after transplantation. Complete bridging of the gap
was observed in group H @t four weeks (P, platelet-poor plasma; L, low concentration platelet-rich
plasma; M, medium concentration platelet-rich plasma; H, high concentration platelet-rich plasma; C, col-

lagen gel).

alkaline phosphatase activity. Similarly, the expression of Radiological evaluation. The formation of callus was
enhanced in a platelet dose-dependent manner among the
scaffolds. At four weeks after completion of distraction,
radiological union was evident in group H only. In the

alkaline phosphatase mRNA was significantly increased in
group C (ANOVA, p < 0.05) while there was no significant

differences in the other groups (Fig. 2b).
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Bone area (mm?)

Weeks
Fig. 4

Graph showing the quantification of mineralised bone area in the dis-
traction callus, Significantly enhanced bone formation was observed in

group H (ANOVA, p < 0.05) (P, platelet-poor pl L, low a-
tion rich p M. medi ation pl. ich plasma;
H, high latalat-rich pl C, collagen gel).

remaining groups, the central radiolucent area (fibrous
zone) was still present (Fig. 3). In group H, satisfactory for-
mation of callus was seen soon after the injection of the rat
bone-marrow cells, resulting in an early bridging of the dis-
traction gap.

Significantly larger areas of mineralised bone were found

in group H than in the other groups at four weeks after
injection of the rat bone-marrow cells (ANOVA, p < 0.05).
There were no significant differences in bone formation
among groups P, L, M, and C (Fig. 4).
Micro €T, Favourable bone formation was observed in
groups H and C (Fig. 5). Quantitative 3-D CT showed that
the volume of the distraction gap was largest in group H,
although there were no statistically significant differences
among any group (Fig. 6).

Discussion

We have previously shown a satisfactory outcome in fem-
oral lengthening enhanced by transplantation of culture-
expanded bone-marrow cells and platelet-rich plasma into
the callus."® However, the beneficial effect of cell therapy on
osteogenesis was less pronounced at the anteromedial aspect
of the tibia.'®!'7 To improve our bone-marrow cells and pla-
tet-rich plasma cell therapy, it was necessary to determine
the concentration of platelets in the plasma gel which would
give the optimal proliferation and differentiation capability
of the bone-marrow cells. In our study, the 3-D culture sys-
tem was used to analyse the proliferation and differentiation
of rat bone-marrow cells in platelet-rich plasma gels con-
taining variable concentrations of platelets. In addition, the
effect of transplantation of bone-marrow cells on distrac-
tion osteogenesis was evaluated in vivo in the rar limb-
lengthening model. To the best of our knowledge, this is the

first report which has investigated the quality of regenerate
bone during distraction osteogenesis after transplantation
of rat bone-marrow cells combined with variable concentra-
tions of platelets in platelet-rich plasma gel.

Platelet-rich plasma with a higher platelet concentration
significantly enhanced the proliferation of rar bone-
marrow cells, although the rate of differentiation of osteo-
blasts was not accelerated. However, the effect of platelet-
rich plasma on the proliferation and differentiation of
osteoblastic cells is still controversial. Choi et al,* using
canine platelet-rich plasma and alveolar bone cells, showed
that the viability and proliferation of the latter were sup-
pressed by high, but were stimulated by low concentrations
of platelet-rich plasma. Kanno et al*® noted that human
platelet-rich plasma inhibited activity in the osteoblastic
cell line during the growth phase, but stimulated it when
the cells attained confluence. Graziani et al® showed that
moderate plateler concentrations in human platelet-rich
plasma stimulated the differentiation of human osteoblasts.
Lucarelli et al'® stated that 10% platelet-rich plasma pro-
moted the proliferation of stromal stem cells derived from
human bone marrow. The results of previous studies may
differ from our findings because of the different origins of
platelet-rich plasma used or cell types examined. The
amount of platelet-rich-plasma-derived growth factors var-
ied depending on the animal species,®* and the cellular
response to these growth factors may also depend on the
phenotype of the cells tested. However, similar results were
reported by Arpornmaceklong et al'! and Ogino et al,'* who
analysed the effect of platelet concentrations in rat platelet-
rich plasma on the proliferation and differentiation of rat
bone-marrow cells. Arpornmacklong et al'' noted that
platelet-rich plasma caused a dose-dependent stimulation
of cell proliferation while reducing alkaline phosphatase
activity and calcium deposition in the 3-D culture, Ogino et
al'? showed that platelet-rich plasma stimulated the prolif-
eration but suppressed the differentiation in the monolayer
culture system. These studies suggested that platelet-rich
plasma could have a beneficial effect on the proliferation of
bone-marrow cells, without promoting osteoblastic differ-
entiation.

The quality of the regencrated bone was significantly
improved after transplantation of rat bone-marrow cells
with a plasma with a higher platelet concentration,
although these cells showed no increase in alkaline phos-
phatase activity in the in vitro 3-D culture, compared with
gels with a lower concentration of platelets. We have previ-
ously observed elevated levels of alkaline phosphatase
activity in rat P2 cells cultured with differentiation medium
containing dexamethasone.”* In the present study, the
embedded rat P2 bone-marrow cells used for transplanta-
tion could have differentiated into an osteoblastic pheno-
type during the monolayer culture before transplantation
into the callus. The positive effect on osteogenesis in group
H may have resulted from the increased potential for prolif-
eration of the osteoblastic cells within the gels.

THE JOURNAL OF BONE AND JOINT SURGERY
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Fig. 5

Micra-CT scans of the distraction gap st four weeks sfter cell transplantation, Satisfactory bone formation was demonstrated in groups H and C (F,
platelet-poor plasme; L, low concentration platelet-rich plasma; M, medium concentration platelet-rich plasma; H, high concentration platalet-rich

plasma; C, collagen gel).
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Fig.6

Graph showing quantitative volumetric analysis of bone regenerates.
The largest bone volume was observed in group H (P, platelet-poor
plasma; L, low concentration platelet-rich plasma; M, medium concen-
tration platalet-rich plasma; H, high concentration plateiet-rich plasma;
C, collagen gel)

Rart bone-marrow cells embedded in collagen gels showed
the most favourable effect on osteogenic differentiation in
vitro, and they also resulted in good bone formation in vivo.
Type-1 collagen, as a carrier, is considered to maintain the
phenotype of osteoblasts, and the combination of cultured
osteoblasts and type-I collagen is commonly-used in tissue
engineering, 252
culture-expanded bone-marrow cells mixed with collagen
gel accelerated the matur:

We have previously demonstrated that

n of regenerate bone and short-

ened the consolidation period during distraction osteo-

VOL 90.B, No. 7, JULY 2008

genesis in rats.®® Type-l collagen is, however, typically
obtained from bovine hides and has the associated risks of
immune reaction and disease transmission. On the other
hand, autologous platelet-rich plasma is non-toxic and non-
immunoreactive and appears to be safe for clinical use. Bone-
marrow cells with a high concentration of platelet-rich
plasma showed lower alkaline phosphatase activity and
mRNA expression compared with those with collagen gels,
but transplantation of bone-marrow cells and high concen-
tration platelet-rich plasma significantly improved the radio-
logical appearance of regenerate bone. Quantitative micro-
CT showed the largest bone volume within the distraction
gap of group H, but the small sample sizes precluded the
determination of any statistically significant difference
berween groups C and H. Therefore, a platelet-rich plasma
with a higher concentration of platelet could be a safe substi-
tute for collagen scaffolds for bone-marrow cell therapy in
distraction osteogenesis.

In conclusion, a higher concentration of platelets in the
platelet-rich plasma gel stimulated the proliferation of rat
bone-marrow cells, but did not promote osteoblastic differ-
entiations. Rat bone-marrow cells with a higher concentra-
tion of platelets in the platelet-rich plasma had the most
favourable effect on osteogenesis in the rat limb-lengthening
model. OQur results indicate that in clinical practice platelet-
rich plasma with a high concentration of platelets may be a
useful adjunct for bone regeneration during distraction
OSLCOEEnesis.

No benefits in any form have been recelved or will be received from a commer-
cial party related directly or indirectly to the subject of this article
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A Histological and Ultrastructural Study of the lliac Crest
Apophysis in Legg-Calve-Perthes Disease

Hiroshi Kitoh, MD, Takahiko Kitakoji, MD, Motoaki Kawasumi, MD, and Naoki Ishiguro, MD

Background: Legg-Calve-Perthes discase (LCPD) 15 a common hip
disorder n children charactenzed by avascular necrosis of the
proximal capital femoral epiphysis. The underlying etiology of the
vascular disturbance 15 still unknown, but it is suggested that LCPD
may be a part of a generalized constitutional disorder associated with
growth disturbance of bone and cartilage tissue. In this study, the
biopsy specimens of the ihac crest apophysis from LCPD patients
were examined histologically and ultrastructurally to determine
preexisting generalized abnormalities of endochondral ossification.
Methods: lliac crest apophysis cartilage was taken during Salter
innominate osteotomy from 11 children (8 boys and 3 girls) with
LCPD at an average age of 7.8 years. As controls, the samples were
also obtamed from 10 children (2 boys and & girls) at an average age
of 6.3 years undergoing Salter osteotomy due to residual acetabular
dysplasia afler reduction of developmental dysplasia of the hip. Each
iliac crest apophysis specimen was examined histologically (Tolui-
dine blue staining and Sudan 111 staining) and ultrastructurally.
Results: Although there were no obvious differences in Tolwidine
blue-stained sections of the iliac crest cartilage between LCPD and
control patients, the Sudan [Tl-positive chondrocytes in the resting
cartilage were more prominent in the LCPD specimens than in the
contral specimens. These sudanophilic granules were confirmed to be
lipid droplets by electron microscopic examinations. Ultrastructural
examinations of the resting chondrocytes from 3 LCPD paricnts
demonstrated numerous cytoplasmic inclusion bodies with electron
dense materials, which were similar to those seen in some of the
mucopolysaccharidoses,

Conclusions: Increased lipid droplets and numerous cytoplasmic
inclusions filled with fibrillar matenals were suggestive of the initial
metabolic changes of the chondrocytes, which may have a pivotal role
in degenerating matrix and lead to vulnerability of the cartilage tissue.
Our results indicated that generalized insufficiency in growth
cartilage metabolism may be related to the onset of the disease in
some LCPD pauents.

Key Words: Legg-Calve-Perthes disease, 1hac crest apophysis,
ultrastructure, lipid inclusions, chondrocyte metabolism
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Legg-Calve~l’enhes disease (LCPD) is a form of avascular
necrosis of the proximal capital femoral epiphysis in
children. Vanous genetic, epidemiological, biochemical, and
other factors associated with this condition have been studied,
but the etiology remains obscure. Affected children generally
have shorter stature than average and delayed skeletal
maturation at the onset of the disease.'” The authors
demonstrated that ossification of the capital femoral epiphysis
is also delayed in LCPD.* Guerado and Garces® reported that 7
of 16 patients with a previous history of LCPD had some
radiological abnormalities of the spine. The authors also
showed abnormal sagittal spinal alignment probably due to
growth disturbance of the vertebral bodies in patients with
LCPD* These clinical and radiological observations have
suggested that this disease is a manifestation of a generahized
condition associated with growth disturbance of bone and
cartilage tissues and abnormalities of proportionate growth in
various regions of the body. In this study, the iliac crest growth
cartilage of LCPD patients was examined histologically and
ultrastructurally to determine preexisting generalized abnorm-
alities of endochondral ossification.

METHODS

After informed consent was obtained from all indivi-
duals before the surgery, iliac crest apophysis cartilage was
taken during Salter innominate osteotomy from 11 children
(8 boys and 3 girls) with LCPD at an average age of 7.8 years
(6.2-10.5 years), The diagnosis of LCPD was based on the
children's history, results of physical examinations, and
radiographs of the hip that showed typical changes within
the capital femoral epiphysis and proximal femoral metaphy-
sis. Exclusion criteria included a history of major steroid use,
epiphyseal dysplasia, hormonal abnormality, metabolic bone
disease, and other known causes of osteonecrosis. As controls,
the samples were also obtained, under informed consent, from
10 children (2 boys and 8 girls) at an average age of 6.3 years
(5.7-7.5 years) undergoing Salter osteotomy due to residual
acetabular dysplasia after reduction of developmental dyspla-
sia of the hip. Each iliac crest apophysis specimen was cut into
3 pieces for histological and ultrastructural examinations.

One of the 3 pieces from each specimen was fixed
overnight in 10% neutral-buffered formalin, embedded in
paraffin, and cut into sections 6 wm thick, Sections were then
stained with Toluidine blue for 30 minutes 1o estimate the
proteoglycan content. The other piece was stored in liquid
nitrogen until sectioned and stained. Before sectioning, the
samples that had been placed in 10% neutral-buffered formalin
were quenched so that they can be sectioned in a cryostat
microtome. Serial 10-pm frozen sections were cut from each
sample with a cryostat microtome. The slices were washed
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FIGURE 1. Histol

rphologic

with phosphate-buffered saline and washed briefly with 50%
alcohol to give them high affinity for the Sudan 111 solution.
T'hey were then stained in Sudan 111 for 60 minutes at 37°C and
counterstained for 5 munutes with Mayer hematoxylin
Finally, they were rinsed with phosphate-buffered saline for
10 minutes, washed with distilled water, and mounted with
glycerol gelatin,

For electron microscopy. the remaining small specimen
was fixed in 2% glutaraldehyde in 0.1 mol sodium cacodylate
buffer for 3 hours at ice bath and rinsed thoroughly in 0.1 mol
cacodylate buffer overnight. The specimens were then
postfixed in 2% osmium tetroxide for 3 hours and rapidly
dehydrated in increasing concentrations of ethanol from 70%
to 100%, cleared in propylene oxide, and embedded in epon.
Once appropriate regions for ultrastructural assessment were
identified, the blocks were trimmed, sectioned at 70 to 80 nm,
stained with lead citrate and uranyl acetate, and examined on a
JEOL JEM-2000EX (JEOL Ltd, Japan) transmission electron

microscope

RESULTS

Toluidine Blue Staining

lhe iliac crest apophysis
histological appearance involving
cartilage layer. The resting
cartilage elsewhere with ovoid chondrocytes and a clear,
evenly staining matrix. The chondro-osseous junction showed
chondrocyte clusters with normal hypertrophic cell morphol-
¢ and well-organized column formation. Histological
sections from LCPD pauents were of normal appearance,
and there were no obvious differences Toluidine blue-
stained sections of the iliac crest cartilage between LCPD and
control patients (Fig. 1A, B)

has clearly delineated
resting and a growth

Sudan Il Staining

We performed a staining with Sudan 111 to examine the
lipid accumulation. This dye is specific for the detection of
neutral lipids and fatty acids. Although the Sudan [1l-positive
granules of varnable number and size were present in the
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cartilage was characteristic of

ctions of the iliac crest growth cartilage from patients L-8 (A) and C-4 (B) demonstrating normal
appearance (Toluidine stained; original magnification x100)

chondrocytes throughout the depth of the specimens, the
inclusions of the chondrocytes were prominent in the chondro-
osseous junction compared with the resting cartilage in both
groups. No obvious difference in sudanophilia was demon-
strated in the chondro-osseous region of the specimens
between LCPD and control patients. In the resting L.irht.,i]_c
however, the number of the Sudan lI-positive chondrocy
was diverse within the specimens. The individual specimens
were then classified into 3 groups according to the percentage
of the sudanophilic chondrocytes in the resting cartilage
(abundant, Sudan IlI-positive cells exceeded 50% of the

TABLE 1. Histological and Ultrastructural Findings of the lliac
Crest Apophysis from 11 LCPD Patients and 10 Controls

Age, Sudan I11 Enlarged
Sex ¥ Staining Vacuoles
LCPD patients

L-1 Male 6.2 Shight t
-2 Female 6.6 Muoderate

L-3 Male 6.7 Shight

L-4 Male 7.1 Shight

L-5 Female 73 Shght

L-6 Male 74 Abundant

L-] Male 83 Slight

L-8 Male B4 Moderate

L-9 Male B.6 Moderate

L-10 Female B.8 Abundant

L-11 Male 10.5 Moderate +

Control patients

C-1 Female 5.7 shight

C-2 Female 5.8 Shight

C-3 Female 58 Slight

C-4 Male 59 Shight

C-5 Female 59 Shight

C-6 Female 6.2 Shght

C-7 Female 6.4 Moderate

C-8 Female 6.8 Slight

C-9 Female 7 Shighe

C-10 Male S Shght

0 2008 Lippincou Williams & Wilkins
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chondroeytes in a plane of section; moderate, sudanophilic
chondrocytes in 10%-—-50%; slight, sudanophilic chondrocytes
less than 10%). The LCPD specimens (abundant, 2; moderate,
4, slight, 5) demonstrated relative sudanophilia compared with
the control specimens (moderate, 1; slight, 9; Table 1).
Numerous Sudan Ill-positive granules were especially
observed throughout the resting chondrocytes in the LCPD
specimens from a 7.4-year-old boy (L-6) and an 8.8-year-old
girl (L-10; Fig. 2).

Transmission Electron Microscopy

Ultrastructural studies confirmed that some chondro-
cytes in the resting cartilage had round or oval bodies with
high electron density within the cytoplasm, suggesting lipid
droplets (Fig. 3). In some chondrocytes, the bodies were very
large and numerous. The pericellular matrix of the chondro-
cytes with these lipid droplets, however, was similar to that
adjacent to chondrocytes free of morphological lesions. It
seemed that collagen fibrils and proteoglycan components
were normal in both specimens from LCPD and controls,
although no detailed evaluation of these extracellular matrix
structures was included in this study. Some of the chondro-
cytes from 3 LCPD patients (L-1, L-9, and L-11) contained
characteristic numerous and enlarged vacuoles within the
cytoplasm. Vacuoles occupied most of the cross-sectional area
of the cell and contained electron-dense fine fibrillar materials
(Fig. 4A). Cell organelles and a nucleus of these cells with
numerous vacuoles were disorganized, suggesting ultrastruc-
tural evidence of cell death (Fig. 4B).

DISCUSSION
We examined the iliac crest apophysis growth cartilage,
which can be easy in biopsy during Salter innominate
osteotomy for LCPD containment therapy and for develop-
mental dysplasia of the hip acetabuloplasty, to determine
preexisting generalized abnormalities of cartilage metabolism.
By histochemical staining and ultrastructural examinations of

Ot t .
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FIGURE 2. A histological section of the iliac crest resting

cartilage from patient L-6 showing numerous Sudan |ll-positive
chondrocytes (Sudan Il stained; original magnification x 200).

© 2008 Lippincon Williams & Wilkins
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FIGURE 3. A transmission electron micrograph of the iliac
crest chondrocyte from patient L-6 demonstrating large round
and oval body with high electron density, suggestive of a
lipid droplet within the cytoplasm (original magpnification
%5000).

the chondrocytes of the iliac crest cartilage, the present study
illustrated an increase in the localization of intracellular lipids
and characteristic vacuolated inclusions in LCPD chondro-
cytes. To our knowledge, this is the first report delineating
morphological abnormalities of the chondrocytes of the iliac
crest cartilage in LCPD.

Although intracellular lipids have been reported as a
constant inclusion in the chondrocytes of hyaline cartilage,
lipid accumulation has been observed to be one of the most
frequent chan;ges found in degenerating chondrocytes.®’
Stanescu et al” have described a possible hereditary disorder
that produces an accumulation of complex lipids in articular
chondrocytes along with precocious arthrosis. Bonner et al®
showed a progressive intracellular lipid accumulation with age
in articular chondrocytes and suggested a possible role for
lipid in the initiation of chondrocyte degeneration. Excessive
lipid within viable chondrocytes represented the most
consistent cellular evidence of proximity to an area of
chondronecrosis. Although the biologic significance of lipids
in chondrocytes is unknown, it has been postulated that lipids
may play a certain role in the metabolism of chondrocytes.
Kincaid et al'® examined the shoulder joint of dogs with
osteochondritis dissecans and reported that the lipid inclusions
were prominent in pathologic samples. The increase in
magnitude of lipids in the pathological cartilage was
considered to result from a metabolic response of the
chondrocytes to an altered microenvironment, Carlson et al''
hypothesized that intracellular lipid accumulation resulted
from hypoxia/anoxia and may precede matrix degeneration,
which precedes cell death. Increased intracellular lipid
accumulation may play an important role in the pathogenesis
of LCPD, although additional research is needed to determine
the role of lipids in the function, metabolism, and homeostasis
of cartilage.

It has been suggested that thrombophilia and hypofibri-
nolysis may be the cause of osteonecrosis. Several investigators
have reported that inherited thrombophilic disorders such as
deficiencies of protein C, protein S, and mutations of factor V
Leiden may be one of the etiologic factors in some cases of
LCPD.'2-'S Balasa et al'® reported that not only the factor V
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FIGURE 4. Transmission electron micrographs of the iliac crest chondrocyte from patients L11 (A) and L-9 (B) showing
numerous enlarged inclusion bodies filled with fine fibrillar materials within the cytoplasm. Cell organelles and a nucleus of
these cells were severely disorganized, suggestive of chondronecrosis (original magnification »5000).

Leiden mutation but also acquired anticardiolipin antibodies,
which are believed to cause the thrombosis by inhibiting the
action of activated protein C, were associated with the
occurrence of LCPD. Abnormalities of protein C, protein §,
and factor V Leiden may result in hyperlipidemia, which has
been linked to hypercoagulable states and leads to a tendency
to thrombosis.'” Anticardiolipin antibodies may influence lipid
metabolism and blood coagulation pathways. These data
supported the hypothesis that hypercoagulability and abnorm-
alities of lipid metabolism can contribute to avascular
necrosis, although the precise mechanism remains obscure
Increased lipid accumulation in the LCPD chondrocytes
suggested an association between the lipid metabolism and the
pathogenesis of LCPD. However, we have not examined
inherited (protein C, protein S, and factor V Leiden) or
acquired (anticardiolipin antibodies) thrombophilic states for
the patients with lipid mclusions. Further studies are needed to
determine an association between coagulation and lipid
disturbances and LCPD,

The vacuolated cells observed in 3 LCPD patients
demonstrated characteristic morphology. Ultrastructurally, the
content of the enlarged inclusions was mostly fine fibrillar
material, and these cells are extremely similar to those
observed in some of the mucopolysaccharidoses (MPSs). In
MPSs, the appearance of these vacuoles is consistent with that
of altered lysosomes. Mucopolysaccharidoses are caused by
deficient activity of lysosomal hydrolases that participate in
the degradation of glycosaminoglycans; thus, various cell
types, including dermal fibroblasts, are affected.'®!” To
examine the existence of systemic diseases such as MPSs, a
skin biopsy was performed, under informed consent, from 2
LCPD patients (L-1 and L-9) with numerous cytoplasmic
inclusions within chondrocytes dunng the second surgery for
removal of the pins. Transmission electron microscopic
examinations of the skin fibroblasts demonstrated that the
cell organelles were well orgamzed, and morphological
appedrance was normal without vacuolated inclusions (Fig. 5).

Legg-Calve-Perthes disease-like hip changes are com-
monly observed in a few hereditary skeletal dysplasias such as
multiple epiphyseal dysplasia (MED) and tnchorhinophalan-
geal syndrome.**?" Intracellular inclusions in the chondro-
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cytes have been observed in several chondrodysplasias.
Nishimura et al’? reported cases of spondyloepiphyseal
dysplasia with accumulation of periodic acid-Schiff
stain—positive inclusion bodies in the chondrocytes. Enlarged
rough endoplasmic reticulum inclusion bodies were commonly
seen in several skeletal dysplasias, including pseudoachon-
droplasia, FGFR3 disorders, and type II collagenopathies. ™ *
The aberrant inclusions due to intracellular retention of mutant
molecules may play an important role for pathogenesis of these
disorders. In the present study, cytoplasmic inclusion bodies
within the chondrocytes of the iliac crest cartilage were
observed in some LCPD patients, although accumulated
substances have not been fully identified. Legg-Calve-Perthes
disease has not been considered to be a skeletal dysplasia, but
mild form of some skeletal dysplasias shows minimal skeletal
changes indistinguishable to common diseases. The authors
previously demonstrated a COL947 mutation in a family with
MED.*® The patients were of normal height with minimal
complaints, and the phenotypes of the patients were milder
than those of typical MED patients, which were indistinguish-
able to common idiopathic osteoarthritis. Recently, the authors
demonstrated a recurrent mutation in COL2A/ gene in a

FIGURE 5. A transmission electron micrograph of the skin
fibroblast from patient L-9 demonstrating a normal nucleus
and cell organelles without vacuolated inclusions (original
magpnification = 3000).

© 2008 Lippincont Williams & Wilkins
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Japanese family with LCPD.?” Despite harboring the COL2A!
mutation, affected family members showed normal stature and
minimal radiographic abnormalities except the hip joint.
Morphological abnormalities of the iliac crest chondrocytes
suggested generalized constitutional disturbance of osteochon-
drogenesis in LCPD.

There are some limutations in this study. First, a
statistical analysis of the differences in sudanophilia between
LCPD and control patients has not been performed due to
small sample size, and studies on lipid functions and
metabolism in patients with increased lipid accumulation
have not been carried out. Therefore, it could not be
determined if these histological changes are etiologic in
LCPD. Second, the possibility of lysosomal changes was
speculated in 3 LCPD patients with vacuolated inclusions, but
additional stains specific for lysosomes have not been
attempted for further investigations.

Several studies have suggested that the vulnerable
capital femoral epiphysis can bc related to the collapse and
necrosis of the femoral head.*? Chondmcytcs with increased
intracellular inclusion bodies were suggestive of the initial
metabolic changes, which may have a pivotal role in
degenerating matrix and lead to vulnerability of the cartilage
tissue. The vulnerability of the capital femoral epiphysis due to
impairment of chondrocyte metabolism may be related to the
onset of LCPD in some patients.
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Regional Differences in Chondrocyte Metabolism in
Osteoarthritis

A Detailed Analysis by Laser Capture Microdissection
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Objective. To determine the chang
activity of chondrocytes in osteoarthritic (OA) cartilage,
considering regional difference and degree of cartilage
degeneration.

Methods., OA cartilage was obtained from knee
joints with end-stage OA, at both macroscopically intact
areas and areas with various degrees of cartilage degen-
eration. Control cartilage was obtained from age-
matched donors, Using laser capture microdissection,
cartilage samples were separated into superficial, mid-
dle, and deep zones, and gene expression was compared
quantitatively in the respective zones between OA and
control cartilage.

Results. In OA cartilage, gene expression changed
markedly with the site. The expression of cartilage
matrix genes was highly enhanced in macroscopically
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intact areas, but the enhancement was less obvious in
the degenerated areas, especially in the upper regions.
In contrast, in those regions, the expression of type I11
collagen and fibronectin was most enhanced, suggesting
that chondrocytes underwent a phenotypic change
there. Within OA cartilage, the expression of cartilage
matrix genes was significantly correlated with SOX9
expression, but not with SOX5 or SOX6 expression. In
OA cartilage, the strongest correlation was observed
hetween the expression of type 111 collagen and fibronec-
tin, suggesting the presence of a certain link(s) between
their expression,

Conclusion. The results of this study revealed a
comprehensive view of the metabolic change of the
chondrocytes in OA cartilage. The change of gene ex-
pression profile was most obvious in the npper region of
the degenerated cartilage. The altered gene expression
at that region may be responsible for the loss of
cartilage matrix associated with OA,

Osteoarthritis (OA) is a disease characterized by
a progressive loss of cartilage matrix that often extends
over a decade. During the long course of the disease,
chondrocytes undergo obvious metabolic changes. A
variety of changes are known to occur that have 2
distinctive aspects. First, the anabolic activity of chon-
drocytes is strongly enhanced in OA. Following the
initial reports more than 4 decades ago (1), an increasing
number of studies have shown that the expression of
virtually all cartilage components is up-regulated in OA
cartilage (2-13). The increased anabolism may be a
repair response of the chondrocytes that counteracts the
loss of cartilage matrix (2-4). Second, in OA, chondro-
cytes undergo phenotypic changes. Because of this,
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chondrocytes in OA cartilage express matrix genes that
are not expressed in normal cartilage, such as type I and
type 111 collagens (5-10). Since the induction of these
genes also occurs during the dedifferentiation of chon-
drocytes in vitro, the phenotypic changes in OA have an
aspect resembling that of the dedifferentiation process
(9). The phenotypic changes also show a characteristic
of developmental reversal, since the expression of type
[IA procollagen, a prechondrogenic splicing variant of
the type II collagen gene, is observed in OA (11,12). In
contrast, the presence of type X collagen in OA cartilage
has persuaded investigators that chondrocytes are un-
dergoing hypertrophic changes there (13,14).

Becausce of the diversity in gene expression, it is
currently difficult to obtain a comprehensive idea of the
metabolic changes in OA. This diversity may stem from
a lopographic variation of the pathology. Since cartilage
pathology differs obviously from site to site within OA
cartilage, it is likely that the metabolic changes in the
chondrocytes also differ by areas related to that pathol-
ogy (4,9,10,15). The regional differences of chondrocyte
metabolism may be important to our understanding of
the mechanism of disease progression. For example, a
focal decline of the matrix synthesis in OA cartilage may
play a critical role in the loss of cartilage matrix (3,4,9).

Conventionally, the regional differences of cellu-
lar metabolism in OA have been evaluated primarily by
histologic methods, so the comparison among the areas
has not been quantitative. Laser capture microdissection
(LCM) is an innovative technology that enables the
isolation of a specific area of tissue by its histologic
features (16). Coupled with real-time polymerase chain
reaction (PCR), the use of LCM allowed us to perform
a quantitative evaluation of the multiple genes expressed
in specific regions of OA cartilage. Thus, this study has
revealed, for the first time, a comprehensive view of the
changes in metabolic activity of chondrocytes in OA
cartilage.

MATERIALS AND METHODS

Tissue procurement. This study was performed with
the approval of the Human Ethics Review Committees of the
participating institutions. For material collection, informed
consent was obtained in writing from each subject or family of
the donor. OA cartilage samples were obtained from 32
end-stage OA knee joints of 30 patients (mean age 70.3 years
[range 56-88 years]) within 4 hours after surgery. The diagno-
sis of OA was based on the criteria for knee OA of the
American College of Rheumatology (17). Control cartilage
samples were obtained from 18 nonarthritic knee joints from
16 donors (mean age 82.3 years [range 67-89 years]) within 24
hours after death. The donors had no known history of joint
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discase or serious trauma, and the normality of the joint was
confirmed macroscopically at the time samples were obtained.
Knee cartilage in aged donors usually undergoes some degen-
cration, even though the donors did not have any problems
with the joints, Therefore, we obtained control cartilage sam-
ples from the knees even when the cartilage showed some signs
of degeneration, as long as the degeneration was superficial
and limited to small areas (<20% of total cartilage area),
Control ligaments, bone tissues, and menisci were also har-
vested from these joints,

Laser capture microdissection. In each OA joint,
cartilage tissues were harvested from 2-5 sites in femoral
condyles showing various degrees of cartilage degeneration, In
each control join, cartilage samples were harvested from 2-4
sites in the weight-bearing areas of the femoral condyles. The
cartilage samples were cut above the calcified zone, which was
confirmed under @ microscope at the time of laser microdis-
section. Immediately after harvest, the cartilage samples were
embedded in OCT compound (Sakura Finetechnical, Tokyo,
Japan), snap-frozen in liqud nmitrogen, and then stored at
—=B0°C until used.

In preparation for LCM, 20-40-pm-thick frozen sec-
tions were cut from the cartilage tissues along a plane vertical
to the joint surface. The sections were first treated with 0.5M
EDTA (pH 8.0) for 3 minutes, dehydrated with graded con-
centrations of ethanol, and clarified with xylene. All reagents
were prepared RNase-free, and the entire process was com-
pleted within 30 minutes to minimize RNA degradation.

Under an LCM device (PixCell Ile; Arcturus, Moun-
tain View, CA), each frozen section was divided into cartilage
zones based on its histologic features (18,19). Cartilage sam-
ples from preserved areas contained 3 zones (superficial,
middle, and deep) and were separated into these respective
zones. For the cartilage from degenerated areas, the number of
zones in the section differed from 3 to 1, depending on the
severity of the cartilage pathology. A section containing all 3
zones was separated into the 3 respective zones. When a
superficial zone was lost to the disease, the section was divided
into 2 zones, the middle and deep zones (Figure 1). If a section
contained only a deep zone, it was used directly for RNA
extraction without microdissection. At each tissue procure-
ment, the appropriateness of zone isolation was confirmed
under a microscope.

Analysis of gene expression, Immediately after LCM,
RNA was extracted from the tissues using an RNeasy Micro kit
(Qiagen, Hilden, Germany) with routine use of DNase |
(Qiagen). Complementary DNA (cDNA) was synthesized
using Sensiscript reverse transcriptase (Qiagen). Gene expres-
sion was evaluated quantitatively by real-time PCR on a
LightCycler (Roche Diagnostics, Basel, Switzerland). Gene-
specific primers and probes were prepared (a list of primer and
probe sequences is available at http://www.hosp.go.jp/
~sagami/rinken/cre/index.html), and the process of PCR was
monitored by either SYBR Green or hybridization probes.
LightCycler FastStart DNA Master SYBR Green I (Roche
Diagnostics) or LightCycler FastStart DNA Master Hybridiza-
tion Probe (Roche Diagnostics) was used for PCR. The PCR
protocol was as follows: 95°C for 10 minutes to activate Tag
polymerase, then 40 cycles of 95°C for 10 seconds, melting
temperature for the individual gene for 15 seconds (a list of
melting temperatures for the individual genes is available at
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Figure 1. Scparation and acquisition of cartilage zone by laser capture microdissection (LCM). A, A ussue section was sel on an LCM device, and
4 transparent plastic film was placed on the section. Cartilage zones were identified through the film. B, The zone of interest was fixed to the film
by shooting with a laser. The area was shot multiple times until the entire zone was anchored to the film. Arrays of spots indicated by yellow
arrowheads arc the laser shot marks. C, After laser shooting, any unnecessary area of the section was removed, and only the zone of interest that
had adhered to the film was obtained. Acquisition of a middle cartilage zone from a section containing middle and deep zones is shown. The
superficial zone of this section was already lost to disease. Single and double asterisks indicate the top and bottom of the section, respectively,
Transparent and bold black arcs indicated by blue arrowheads are the marks on the plastic film. (Original magnification x 2,)

Statistical analysis. Pearson’s correlation and paired

http://www.hosp.go.jp/~sagami/rinken/crc/index.html), and
t-tests were calculated with the SAS software package (SAS

72°C for 6 seconds.

The amount of specific cDNA was quantified with a
standard curve based on the known amounts of PCR product.
When SYBR Green I was used for monitoring, melting curves
were routinely recorded to verify singularity of the product. A
previous study showed that GAPDH is expressed at similar
levels in chondrocytes in normal and OA cartilage (8). Con-
sistently, the result of our preliminary experiment indicated
that the expression of GAPDH and ACTB (a gene coding

Institute, Cary, NC). For some data, statistical differences
were determined by an analysis of variance followed by a
Scheffe’s post hoc test. P values less than 0,05 were considered
significant.

RESULTS

Up-regulated expression of cartilage matrix mol-

B-actin) was highly correlated in cartilage samples from OA
and control knees. Thus, in this study, GAPDH was used as the
internal standard for gene expression, and ¢cDNA levels were
expressed as the ratio of gene expression:GAPDH expression.

ecules at different regional intensities in OA cartilage.
In each OA joint, cartilage was harvested from femoral
condyles, both from macroscopically intact areas and
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Figure 2. Expression of cartilage matrix genes in osteoarthritic (OA) and nonarthritic (control) cartilage. Cartilage samples obtained from
nonarthritic knee jonts and knee joints with end-stage OA were divided into superficial (S), middle (M), and deep (D) zones by laser capture
microdissection, and expression of cartilage matrix genes was evaluated in the respective zones. In OA joints, cantilage samples were harvested [rom
macroscopically intact areas (preserved) and areas with various degrees of cartilage degeneration (degenerated). The latter samples were divided
into 3 groups (5-M-D, M-D, and D) according to the zones retained at the site. Expression of the genes coding type 11 collagen (COL241) (A),
aggrecan (AGCU) (B), and link protein (HAPLN1) (C) is shown as ratios of the expression of GAPDH. Each bar represents the results from at least
16 samples. Values are the mean and 3D, » = P < (.05; =» = P < 001, versus the corrésponding zone in control cartilage.
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Figure 3. Expression of minor cartilaginous genes in OA and control cartilage. A and B, Expression of COLIAI (A) and COLIA2 (B) in control
and OA cartilage is shown as ratios of the expression of GAPDH, as described in Figure 2. C, The expression ratios of COLIAZ2 to COLIAL were
obtained in the superficial zone in preserved areas and in the deep zone in degenerated areas where the zone was directly exposed to the joint cavily,
and were compared with those obtained in bone, ligaments, and menisci harvested from control joints. Ratios are shown in logarithmic values. D-F,
Expression of genes coding type 111 collagen (COL3AT) (D), fibronectin (FNT) (E), and type X collagen (COL10AL) (F) is shown as ratios of the
expression of GAPDH. G and H, Expression of exon 2 of COL2A1 pene is shown as ratios of the expression of GAPDH (G) and by ratio to the total
expression of COL241 (H). S-M-D, M-D, and D under the respective graups of bars indicate the zone(s) retained in the samples, Each bar
represents the results from at least 11 samples. Values are the mean = 8D, » = P < 0,05; ++ = P < 0,01, versus the carresponding zone in control
cartilage. See Figure 2 for defimtions.

from areas showing macroscopic signs of degeneration.
In this study, such areas were designated “preserved”
and “degenerated” areas, respectively. OA and control
carlilage samples were separated into 3 cartilage zones
by LCM, and gene expression was evaluated in the
respective cartilage zones by real-time PCR, considering
the zonal difference and the severity of cartilage degener-
ation.

Compared with that in the control cartilage, the
expression of type 11 collagen was strongly up-regulated
in all areas in OA cartilage (Figure 2A). The up-
regulation was most apparent in the deep zone, where
the expression was ~20-fold that in the correspond-
ing zone of the control cartilage. In contrast, the level of
up-regulation was considerably reduced in the upper
part of the degenerated cartilage. Where the zones were
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| directly exposed to the joint cavity due to the loss of the
» - 14 ' upper zone(s) to the disease, the expression levels in the
middle and deep zones were almost half of those in the
preserved areas.
The expression of aggrecan was also enhanced in
OA cartilage (Figure 2B). Similar to type I collagen, the
increase was most obvious in the deep zone of the
preserved area but was less intense in the degenerated
E ; area. In this gene, the regional change of expression was
|, » [ . more obvious than that in type 11 collagen. Thus, in the
) middle and deep zones exposed to the joint cavity in
p degenerated areas, the expression was virtually unen-
4’; hanced, and the expression levels were similar to those
: 7 9’ in the control cartilage. The expression of link protein
S | d [ presented a regional change similar to that of aggrecan,
i = et bl although the decline in the degenerated area was less
) apparent (Figure 2C).
/ : Spatially distinctive patterns in OA cartilage
shown by expression of minor cartilaginous genes in-
14 duced by OA. In OA, there is enhanced expression of
:'7?'5 several genes that are not expressed at substantial levels
’é* in normal cartilage. Types I, 111, and X collagen and
— e Yo :”' = = fibronectin are among those genes (5,9,13,14,20-22),
which are termed minor cartilaginous genes in this
Figure 4. Comparison of gene expression between preserved (Pres) report. A change in alternative splicing also occurs in
and degenerated (Deg) arcas. In each osteoarthritic joint, the expres- OA, and there is induced expression of exon 2 of type 1
sion of 4 genes was compared in the respective cartilage zones between Rl i
the preserved and degenerated areas. For the middle and decp zones, collagen gene, which is not expressed in healthy adult
expression in the degenerated area was determined where the zones cartilage (11,12). Therefore, we evaluated the expression
were directly exposed 1o the joint cavity due to the loss of the upper of these genes and the exon in OA and control cartilage,
zone(s) to the discase. Expression of COL241 (A, E, and D). AGCI (B, haying special attention to regional differences.

F, and J). COL3A4l (C, G, and K), and FNI (D, H, and L) in the gy A, .
supericial, middle, and deep zones is shown. In these graphs, cach line In accordance with previous reports (6-8,23), the
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Figure 5. Expression of SOX genes in OA and control cartilage. Expression of SOX5 (A), SOX6 (B), and SOXY (C) in control and OA cartilage
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