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to cells or virus-infected cells to uninfected cells. Moscona et
al. demonstrated that desialylated cells are unable to fuse with
parainfluenza virus-infected cells [23]. Another sialic acid-
related fusion mechanism occurs in sperm—egg fusion. Egg
surface sialic acid has a role in triggering the sperm acrosome
reaction, an exocytotic event required for membrane fusion of
the gametes in sperm—egg fusion [9]. To our knowledge,
however, there are no reports of the involvement of cell
surface sialic acid in osteoclast fusion.

Sialic acid is also called neuraminic acid, which represents a
family of derivatives of C9 sugar that include carboxylic acid,
and are components of glycoproteins and glycolipids. In mouse,
there are mainly two kinds of sialic acid, N-acetylneuraminic
acid and N-glycolylneuraminic acid. Humans have only N-
acetylneuraminic acid. Sialylated glycoconjugates are present
on many mammalian cell membranes and are implicated in
many biologic processes, such as intercellular adhesive
reactions, hematopoietic cell differentiation, and virus—cell
fusion [4,14,29,31]. The structural diversity, peripheral position
of sialic acid on oligosaccharide chains of glycoconjugates, and
regulated expression of sialylglycoconjugates appear to corre-
late with their functions [36]. The surfaces of monocyte/
macrophage lineage cells contain sialylated glycoproteins and
glycolipids and the functional capacity of these cells changes
after the removal of sialic acid from the cell surface
glycoconjugates [29]. Because osteoclasts are of the mono-
cyte/macrophage lineage and a lectin-histochemical study of
pathologic bone tissue demonstrated the membranous and
intracytoplasmic distribution of sialic acids in osteoclasts and
osteoclast precursor cells [10], we hypothesized that the sialic
acid of cell surface glycoconjugates is involved in osteoclast
fusion.

In the present study, we first investigated the change in
glycoconjugate sialylation during osteoclast differentiation, and
then examined the effect of desialylation of osteoclast
precursors on the differentiation of osteoclasts, especially in
the cell—cell fusion process.

Materials and methods

Animals and reagents

Male ddY mice (6-9 weeks old) were purchased from Sankyo Laboratories
(Tokyo, Japan). The studies using mice were approved by the institutional
animal review board. Recombinant human macrophage-colony stimulating
factor (thM-CSF) was purchased from Wako Pure Chemical Industry Co., Ltd.
(Osaka, Japan). Soluble recombinant human receptor activator of nuclear factor-
B ligand (sSRANKL) was purchased from PeproTech EC, Ltd. (London, UK.).
Sialidase (SAase; provided as neuraminidase from Arthrobacter Ureafaciens)
was purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Fluorescein
isothiocyanate (FITC)-labeled lectin Arachis hypogaca (PNA), Maackia
amurensis (MAA), and Sambucus nigra (SNA-I) were purchased from EY
Laboratories (San Mateo, CA). All the antibodies used in this study were
purchased from Cell Signaling (Beverly, MA).

Osteoclastogenesis assay
Osteoclast differentiation from bone marrow cells was achieved as

previously described with slight modification [34]. Briefly, femurs and tibias
of adult mice were aseptically removed and dissected free of adhering tissues.

The bone ends were cut off with scissors and the marrow cavity was flushed with
o-minimum essential medium (a-MEM). The marrow cells were collected,
washed with «-MEM, and red blood cells were removed by treatment with
0.727% NH4C10.017% Tris—Cl (pH7.2)-phosphate-buffered saline (PBS)
solution. Afier washing, cells were cultured in a-MEM containing 10% fetal
bovine serum (FBS), 100 TU/ml penicillin G (Meiji Seika, Tokyo, Japan),
100 pg/ml streptomycin (Meiji Seika), and rhM-CSF (30 ng/ml) at 5 x 10° cells
in a 10-cm suspension culture dish (Coming Costar Inc., Coming, NY). After 3-
day culture, cells were washed vigorously with PBS twice to remove
nonadherent cells and bone marrow macrophage cells (BMMs) were harvested
by pipetting with 0.02% EDTA in PBS. BMMs were resuspended in the a-MEM
containing 10% FBS, 30 ng/ml rhM-CSF, and 100 ng/ml sSRANKL, and cultured
on 48-well plates (1 x 10° cells/well). Cells were incubated for 3 days at 37 °Cin
a 5% humidified CO, incubator.

The osteoclastogenic differentiation of the murine monocyte/macrophage
cell line RAW264.7 was achieved by sceding the cells at a density of 1x10*
cells/well in 48-well plates and culturing for 5 days with 50 ng/ml sSRANKL in
Dulbecco’s MEM (DMEM) containing 10% FBS.

Lectin histochemical analysis

Cells were cultured on glass coverslips and fixed for 5 min with 4%
paraformaldehyde and then treated with 0.1% Triton X-100 to permeate the cell
membrane. After blocking with 1% bovine serum albumin, cells were incubated
with FITC-labeled MAA lectin or FITC-labeled SNA-I lectin, and reacted with
4’ 6-diamidino-2-phenylindole, dihydrochloride (Dojindo Laboratories, Japan),
and phalloidin-tetramethyl isothiocyanate (Sigma Chemical Co., 8t. Louis, MO,
P1951) to identify nuclei and F-actin. MAA binds to alpha (2,3)-linked-sialic
acid and SNA-I binds to alpha (2,6)-linked-sialic acid, respectively. Cells were
then mounted on glass slides and examined with a confocal laser-scanning
microscope (Fluoview FV300, Olympus).

Treatment of osteoclast precursor cells with exogenous SAase

To evaluate the role of cell surface sialic acid in the osteoclast
differentiation process, cell surface glycoconjugates were desialylated by
exogenous SAase. In an osteoclastogenesis assay, cells were exposed to either
SAase (100 mU/ml, 10 mU/ml, 1 mU/ml, or 0 mU/ml). or heat-inactivated
SAase (100 mU/ml).

Removal of sialic acid from the plasma membrane was ascertained as
described by Stamatos et al. [29]. Cells were desialylated with 100 mU/ml
SAase for 3 h in a moist chamber, and then treated with FITC-labeled lectin
PNA and analyzed by fluorescent microscopy and flow cytometry. PNA binds to
the galactose moiety that is exposed on cell surface glycoconjugates after
removal of the terminal sialic acid. For flow-cytometry, mock- and SAase-
treated cells (2x 10°) were suspended in 0.1 mi PBS, pH 7.4, containing 2%
FBS, and incubated with 10 pg/ml FITC-labeled PNA or left unstained. Cells
were incubated with PNA for 45 min at 4 °C before unbound lectin was removed
by washing the cells at 4 °C with 2 ml PBS, pH 7.4, containing 2% bovine serum
albumin, Cells were fixed in 1% paraformaldehyde and analyzed by flow
cytometry using a Becton Dickinson FACS Caliber (Becton Dickinson, Franklin
Lakes, NJ). Data were analyzed using CELL Quest data analysis software
(Becton Dickinson).

Kinetics of sialic acid expression on plasma membranes during
osteoclastogenesis '

To analyze the kinetics of sialic acid expression on plasma membranes
during osteoclastogenesis with or without SAase treatment, we quantitatively’
investigated the alpha (2,3)-linked-sialic acid and alpha (2,6)-linked-sialic acid
content by flow cytometry. We prepared four different conditioned RAW 264.7
cells cultured with DMEM and 10% FBS: (1) no treatment, (2) desialylated with
100 mU/ml SAase for 3 h, (3) cultured with sSRANKL (50 ng/ml) for 4 days, and
(4) desialylated with 100 mU/ml SAase and cultured with sSRANKL (50 ng/ml)
for 4 days. These cells were treated with FITC-labeled lectin MAA (50 pg/ml) or
FITC-labeled lectin SNA-I (50 pg/ml) and analyzed by flow cytometry as
described above.
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Tartrate-resistant acid phosphatase (TRAP) staining and TRAP
activity measurement

Osteoclast generation was confirmed by TRAP staining. After aspiration of
medium, celis were fixed with 1% glutaraldehyde in PBS for 5 min at room
temperature and stained for TRAP using a histochemical kit (Hokudo, Co, Ltd.
Japan) according to the manufacturer’s instructions. Mature osteoclasts were
identified microscopically as TRAP-positive cells with at least three nuclei and
the number of cells was quantified for each well.

TRAP activity of the cell culture supernatant was measured using a TRAP
activity assay kit according to the manufacturer’s protocol (Hokudo, Co, Ltd.).
Briefly, 30 pl of cell culture supernatant was retrieved and mixed with TRAP
staining solution in 96-well plates. The plates were incubated in a moist chamber
at 37 °C for 3 h and the absorbance of the solution was measured at 540 nm.

Resorption pit assay

Osteoclasts were further characterized by assessing their ability to form
resorption pits on dentin slices. Dentin slices were purchased from Hokudo, Co.,
Ltd. The slices were placed in 48-well plates and BMM cells were seeded into
each well with a-MEM containing 10% FBS, 30 ng/ml thM-CSF, and 100 ng/ml
sRANKL. After 10-day culture with or without SAase treatment, dentin slices

were sonicated in 1 M ammonia solution to remove the cells and stained with

hematoxylin. The area of resorption lacunae (pits). on each slice was measured
and analyzed with Image J software (http:/rsb.info.nih.gov/nih-image/).

Real-time polymerase chain reaction (PCR) quantification of gene
expression

Total RNA from cultured cells was isolated using the Qiagen RNeasy
Mini Kit according to the manufacturer’s instructions (Qiagen, Valencia, CA).
cDNA were synthesized from 1 pg total RNA using reverse transcriptase and
oligo-dT primers in a volume of 10 pl, and the reaction mixture was adjusted
to 50 pl with TE buffer (10 mM Tris—1 mM EDTA, pH 8.0) for PCR
analysis. PCR was performed and monitored using the DNA Engine Opticon
2 System (MJ Research, Hercules, CA). The 2x SYBR Green Mastermix
(DyNAmo™ HS SYBR Green gPCR Kit) was based on a hot start version of
a modified Thermus brockianus DNA polymerase (Finnzymes Oy, Finland).
c¢DNA samples (5 pl for a total volume of 20 ul per reaction) were analyzed
for both the genes of interest and the reference genes (glyceraldehyde-3-
phosphate dehydrogenase; GAPDH). Primer sequences used for mouse beta
galactoside alpha (2,3) sialyltransferase-I, -II, -ITI, -IV, V (ST3Gal-l, II, I,
IV, V), and beta galactoside alpha (2,6) sialyltransferase-], -II (ST6Gal-1, -II),
calcitonin receptor, cathepsin K, integrin 33, nuclear factor of activated T
cells cl (NF-ATcl), and GAPDH are shown in Table 1. Cycle threshold (Ct)
values were obtained graphically. Relative expression was calculated using
the comparative Ct method. Samples were normalized for the expression of
GAPDH by calculating the ACt (Ct gene of interest—Ct GAPDH);
subsequently, the AACt values were calculated by ACt sample—ACt

Table 1
Sequence of primers used in quantitative RT-PCR

calibrator, where the calibrator is the control sample (unstimulated BMMs).
Relative expression of the different genes is expressed as 2—(ACt).

Small interfering RNA (SiRNA)

Three duplexed Stealth™ siRNAs designed against the ST6Gal-I (accession no.
NM_145933) were purchased from Invitrogen (Carlsbad, CA): MSS237905, sense
5'-AUAAUGAUGAUACCCAGCAUGCCGG-3’, antisense 5’-CCGGCAUG-
CUGGGUAUCAUCAUUAU-3’; MSS237906, sense 5'-UUAUCAAUCUCUC
GACCCAGCUGGG-3', antisense 5'-CCCAGCUGGGUCGAGAGAUU-
GAUAA-3'; MS237907, sense 5'-AAGACACGACGGCACACUUAUGCCA-3/,
antisense 5'-UGGCAUAAGUGUGCCGUCGUGUCUU-3'. Transfection efficacy
was analyzed using 50 sM BLOCK-iT™ Alexa Fluor® Red Fluorescent Oligo
(Invitrogen). Preliminary experiments indicated that siRNA MS237907 most
efficiently downregulated the ST3Gal-1 mRNA expression in RANKL-stinmlated
RAW 264.7 cells.

To investigate the role of ST6Gal-] in osteoclast differentiation, RANKL-
stimulated RAW 264.7 cells in 48-well plates were transfected using either
50 nM siRNA control (Stealth RNAi negative control, Invitrogen) or siRNA
MS209002 combined with 0.8 pul Lipofectamine RNAiMax (Invitrogen) in
Opti-MEM media supplemented with SRANKL on day 1 of differentiation.
Media were replaced every 2 days after RANKL stimulation by DMEM with
10% FBS and sRANKL. No antibiotics were used. The cells were incubated for
4 days (72 h after transfection) at 37 °C in a CO2 incubator, after which they
were fixed in 1% glutaraldehyde in PBS. TRAP staining was performed to
confirm the presence of TRAP-positive multinuclear cells (MNCs).

Statistical analysis

Results are shown as the mean+ SD of at least three experiments. Data were
statistically analyzed using one factor analysis of variance followed by
Bonferroni/Dunn test as a post hoc analysis for the osteoclast formation assay.
For the bone resorption assay and siRNA knock down assay, statistical analysis
was performed using Student’s rtest. A P value of less than 0.05 was
considered to be statistically significant.

Results

Expression of sialic acid in osteoclast precursor cells and
osteoclasts

First, we confirmed the existence of alpha (2,3)-linked-sialic
acid stained with MAA lectin and alpha (2,6)-linked-sialic acid
stained with SNA-I lectin in osteoclast precursors by lectin
histochemical study (Fig. 1). In BMMs,; both alpha (2,3)-linked-
sialic acid and alpha (2,6)-linked-sialic acid were distributed in
the paranuclear area and cytoplasm. After 3-day culture in the

Gene Forward primers (5'-3') Reverse primers (5'-3') Amplicon (bp) Accession number
ST3Gal-1 CCA ACA ACC TGA GCG ACA TCC TAC AAC TGC ACA GCG TC 110 NM_009177
ST3Gal-I AAG TGC TCT CTT CGG GTG TG GCT GTG GTG CGA GTA GGT G 87 BC066064
ST3Gal-I1 AGC CAC CAA GTA CGC AAACT CCT AGC CCA CTT GCG AAA G 136 NM_009176
ST3Gal-IV CGA CGT GGT CAT CAG ATT GA GGG CCG ACT CAG GAT AGA AG 98 NM_009178
ST3Gal-V GTG GAC CCT GAC CGG ATA AA CAT AGC CGT CTT CGC GTA CC 90 NM_011375
ST6Gal-1 CTG GGC CTT GGC ATA AGT G AAA CCT CAG GAC CGC ATC AT 101 NM_145933
ST6Gal-1I GGA GAC ATC ATG GCG ATC A CAT GTC GCT GTC ATA GGC TT 97 NM_172829
CTR TGG CTG TGT TTA CCG ACG AG CGA GTG ATG GCG TGG ATA AT 146 NM_007588
Cathepsin K TGGATGAAATCTCTCGGCGT TCATGTCTCCCAAGTGGTTC 123 NM_007802
Int 83 TGACTCGGACTGGACTGGCTA CACTCAGGCTCTTCCACCACA 414 NM_016780
NF-ATcl CCT GGA GAT CCC GTT GC GGT GTT CTT CCT CCC GAT GT 135 AF239169
GAPDH ACTTTGTCAAGCTCATTTCC TGCAGCGAACTTTATTGATG 269 BC098095
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Fig. 1. Immunchistochemical study of the alpha (2,3)-linked sialic acid (alpha (2,3) SA) stained with MAA lectin and alpha (2,6)-linked-sialic acid (alpha (2,6)-SA)
stained with SNA-I lectin in BMM and osteoclasts. Nuclei were stained with DAPI and actin was stained with phalloidin-TRITC. (A, C) Alpha (2,3)-SA is expressed in
BMM, and after 3-day culture in the presence of thM-CSF and sSRANKL, atpha (2,3)-SA accumulated on the plasma membrane in pre-fusion mononuclear cells. Alpha
(2,3)-SA s also expressed in the paranuclear area and the area consistent with the actin ring in polykaryocytes. (B, D) Alpha (2,6)-SA is expressed in BMMs, and
accumulates on the cell surface of pre-fusion mononuclear cells, whereas it is markedly decreased in the cells in which cell fusion was complete with actin ring formation.

presence of thM-CSF and sSRANKL, mononuclear cells under-
going cell fusion accumulated both alpha (2,3)-linked-sialic
acid and alpha (2,6)-linked-sialic acid on the plasma membrane.
In multinuclear giant cells with actin ring formation, alpha
(2,3)-linked-sialic acid was still expressed in the paranuclear
area and along the actin ring, whereas the expression of alpha
(2,6)-linked-sialic acid was degraded in polykaryocytes.

To gain insight into the mechanisms underlying changes in
the expression of alpha (2,3)-linked and alpha (2,6)-linked sialic
acids during osteoclastogenesis, we investigated the alterations
in mRNA expression of the known cloned sialyltransferases
(ST3Gal-L, I, I, IV, V, and ST6Gal-I, IT) before and after
RANKL stimulation (Fig. 2). Of those sialyltransferases, the
results of real-time RT-PCR analysis showed that all five beta
galactoside alpha (2,3)-sialyltransferases were expressed in
BMMs, whereas only ST6Gal-1 was expressed in two of the
beta galactoside alpha (2,6)-sialyltransferases. mRNA expres-
sion of ST3Gal-l and ST3Gal-V changed significantly after
RANKL stimulation.

Most of the potential sialylation sites of accessible
glycoconjugates on the osteoclast precursor surface are
sialylated

BMMs stimulated with thM-CSF and sRANKL for 1 day
were desialylated with exogenous SAase and removal of sialic
acid from cell surface glycoconjugates was confirned by PNA
lectin staining that bound specifically to the exposed penulti-
mate galactose residue of desialylated cell surface glycoconju-
gates (Figs. 3A—D). FITC-labeled PNA bound to the surface of
mock-treated BMM, yielding a mean channel fluorescence of
18 (Fig. 3E, dotted line), which was approximately 4-fold
greater than the fluorescence of unstained mock-treated cells
(Fig. 3E, black area). After BMMs were treated with 100 mU/
ml SAase for 3 h, there was a greater than 31-fold increase in the
amount of PNA that bound to the cell surface (mean channel
fluorescence, 123; Fig. 3E, gray area). Thus, at least 88% of

potential sialylation sites on cell surface glycoconjugates that
were accessible to exogenous SAase were sialylated in BMMs.

Desialylation of osteoclast precursor cells inhibits
RANKL-induced MNC formation during osteoclastogenesis

SAase treatment inhibited rhM-CSF and RANKL-induced
osteoclast differentiation from BMMs to TRAP-positive multi-
nuclear osteoclasts in a dose-dependent manner (Figs. 4A-I).
SAase concentrations of 10 mU/ml more significantly reduced
the formation of multinuclear mature osteoclasts compared to
mock-treated cells. Morphologically, BMMs that were spindle-
shaped on the culture dish at Day 1 became small round
mononuclear cells at Day 2. During this 2-day period, there was
no apparent difference between mock-treated cells and SAase
treated cells. After 3-day culture, TRAP-positive MNCs were
formed in mock-treated and heat-inactivated SAase-treated
cells, whereas there was a small number of TRAP-positive
MNCs in SAase-treated cell cultures. In SAase-treated cell
culture, there were TRAP-positive mononuclear cells. TRAP
activity of the cell culture supernatant increased after hM-CSF
and sRANKL stimulation, and the TRAP activity value was
significantly lower in SAase-treated cells compared to mock-
treated cells (Fig. 47).

To investigate the bone resorbing ability of osteoclasts
differentiated from desialylated BMMs, the resorption pit areas
of dentin slices were measured after 10-day culture with or
without SAase treatment (Fig. 4L). The resorption pit area in
100 mU/ml SAase-treated cells was 8.7+2.9%, significantly
smaller than the area of 42.9+7.9% in mock-treated cells. The
resorption pit size was comparatively small with no continuity
in 100 mU/ml SAase-treated cells.

A similar inhibitory effect of SAase treatment on osteoclast
differentiation was observed in SRANKL-induced osteoclasto-
genesis of RAW 264.7 cells (Figs. 4M, N). The number of
TRAP-positive MNCs in 100 mU/ml SAase-treated cells
decreased significantly. There was no significant difference
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Fig. 2. Quantitative real-time RT-PCR analysis. mRNA expression of
sialyltransferases during osteoclastogenesis. BMMs were cultured in the
presence of thM-CSF (30 ng/ml) and sSRANKL (100 ng/ml). The mean and
SD of three examinations are shown. ST3Gal-1, II, III, IV, V (mouse beta
galactoside alpha 2,3 sialyltransferase-1, -IL, -IIL, -IV, -V), and ST6Gal-I, -II (beta
galactoside alpha 2,6 sialyltransferase-L, -IT).

between mock-treated and 1 to 10-mU/ml SAase-treated cells in
the number of TRAP-positive MNCs, but the size of the cells and
the number of nuclei in the osteoclasts in the mock-treated group
were obviously larger than those in the SAase-treated cells.

Effects of desialylation of cell surface glycoconjugates on
osteoclast-related gene expression

To gain insight into the effect of desialylation of osteoclast
precursor cells on osteoclast differentiation, mRNA expression

levels of osteoclast-related genes induced during osteoclastogen-
esis were investigated by quantitative real-time RT-PCR (Fig. 4K).
The calcitonin receptor, cathepsin K, integrin 3, and NF-ATcl
genes were induced during the first 2 day with a similar trend in
both mock-treated and SAase-treated cells. SAase treatment
blocked mRNA expression of the calcitonin receptor and
NFATc] at day 3, but did not affect the expression of cathepsin
K and integrin 33 throughout the entire differentiation period.

Kinetics of sialic acid expression on plasma membranes during
osteoclastogenesis

Flow cytometric analysis of surface lectin staining showed the
change in cell surface sialic acid content during osteoclastogen-
esis (Fig. 5). Alpha (2,3)-linked sialic acid was highly expressed
on the surface of these osteoclast precursor cells, and was still
expressed at day 4 after SRANKL stimulation. Alpha (2,6)-

linked-sialic acid was also detected in the osteoclast precursor

cells, whereas its expression markedly decreased in half of the .
cells at day 4 after SRANKL stimulation (Fig. 5G). At day 4 after -
RANKL stimulation, there were cells in various stages, including
pre-fusion osteoclasts and cells that had completed cell fusion.
This means that only the alpha (2,6)-linked-sialic acid content
was significantly reduced with osteoclast differentiation.

We also investigated the change in sialic acid content before
and after SAase digestion (Figs. 5B, D, F, H). The exogenous
SAase slightly changed the alpha (2,3)-linked-sialic acid
content, whereas it effectively removed alpha (2,6)-linked-sialic
acid. These findings indicate that SAase can easily access alpha
(2,6)-linked-sialic acid, but cannot access alpha (2,3)-linked-
sialic acid on the surface of osteoclast precursor cells.

Knockdown of ST6Gal-I with siRNA

Because the inhibitory effects of SAase treatment on osteoclast
differentiation are considered to derive from the removal of alpha
(2,6)-linked-sialic acid, we further characterized the role of alpha
(2,6)-linked-sialic acid in osteoclast differentiation using ST6Gal-I
knockdown cells. Preliminary studies showed that the mean
transfection efficiency was 70% to 80% of the total cells at 48 h
after transfection, based on the uptake of a fluorescent double-
stranded oligomer. Among the three siRNAs against targets in
ST6Gal-I, siRNA MS237907 most effectively downregulated
ST6Gal-I mRNA expression (Fig. 6).

In the osteoclastogenesis assay, cells were transfected with
MS237907 or control siRNAs at 1 day after sSRANKL
stimulation and examined 72 h after transfection. Cells
transfected with control siRNA showed TRAP-positive multi-
nuclear giant cell formation (Fig. 6B). In contrast, TRAP-
positive multinuclear giant cells were rarely observed in
ST6Gal-I knockdown cells.

Discussion
The results of the present study suggest that sialylation of

cell surface glycoconjugates has an important role in osteoclast
differentiation. Sialic acid is expressed in osteoclast precursors,
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I Unstained mock-treated BMMs
-- PNA lectin stained mock-treated BMMs
PNA lectin stained SAase-treated BMMs

Fig. 3. PNA lectin staining of osteoclast precursor cells with or without SAase treatment. PNA binds to the galactose moiety that is exposed on cell surface
glycoconjugates after the removal of the terminal siatic acid. (A, C) Mock-treated BMMs. (B, D) SAase-treated BMMs. (C, D) FITC-PNA lectin staining. (E) FACs

analysis of BMMs.

and subsequently accumulates on the cell surface after RANKL
stimulation. Interestingly, removal of sialic acid from cell
surface glycoconjugates appeared to strongly inhibit osteoclast
differentiation, suggesting that cell surface sialic acid is
involved in osteoclast differentiation. Furthermore, the findings
that desialylated osteoclast precursor cells formed TRAP-
positive mononuclear cells, but MNC formation in both
BMMs and RAW 264.7 cell lines was inhibited, indicate that
sialic acid is involved in the osteoclast fusion process.
Considering the fact that sialic acid is implicated in cell—cell
adhesive reactions, especially in hematopoietic cells
[4,27,8,13], both in ligand-promoting interactions in virus—
cell fusion and in selectin-mediated cell-cell adhesion, it is
reasonable to suppose that the sialic acid of osteoclast precursor
cells mediates cell—cell fusion during osteoclast differentiation.

Among several structurally diverse sialylated glycoconju-
gates, the results of this study suggest that alpha (2,6) linked-
sialic acid is probably the most important for osteoclast cell—cell
fusion. As an interesting result of the sialic acid study, alpha
(2,6)-linked-sialic acid, which is expressed on the surface of
pre-fusion mononuclear cells, markedly decreased once the
cells completed fusion to polykaryocytes, suggesting that alpha
(2,6)-linked-sialic acid might be involved in the cell—cell fusion
process. Because our flow cytometric analysis of surface lectin
staining demonstrated that the exogenous SAase effectively
removed alpha (2,6)-linked-sialic acid but only slightly changed
the alpha (2,3)-linked-sialic acid content, the inhibitory effect of
SAase treatment on osteoclast differentiation is considered to
derive from the deficiency of alpha (2,6)-linked-sialic acid. The
reason for the discrepancy in the efficacy of SAase to remove
structurally diverse sialylated glycoconjugates might be that
most of the alpha (2,6)-linked-sialic acid is accessible to the
exogenous SAase, but alpha (2,3)-linked-sialic acid is not
accessible to it because of the conformational structure of
sialylglycoconjugates. Furthermore, the fact that ST6Gal-1
knockdown cells markedly reduced the ability to form TRAP-
positive MNC, supports the idea that alpha (2,6)-linked-sialic

~acid on the- osteoclast precursor cells might be responsible for

osteoclast maturation, possibly via its role in the cell—cell fusion
process. )

Although the mechanism by which sialic acid mediates
osteoclast cell-cell fusion remains unclear, there are some
candidate molecules or mechanisms based on previous stdies
of sialic acid. One is a lectin-associated protein such as the
macrophage-restricted plasma membrane receptor known as
sialoadhesin. Sialoadhesin is a prototypic member of the Siglec
family of sialic acid binding immunoglobulin-like lectins that is
expressed in subpopulations of macrophages, including bone
marrow and inflammatory macrophages [27,8]; however, this
molecule mediates cell—cell adhesion via recognition of a
particular alpha (2,3)-linked-sialic acid and its expression is
decreased with osteoclast differentiation (data not shown).
Sialylation of integrin also affects the binding capacity of
integrin. In the differentiation of myeloid cells along the
monocyte/macrophage lineage, B; integrin is hyposialylated
with the downregulation of ST6Gal-1 expression, leading to
enhanced adhesion to fibronectin [28]. Consequently, sialyla-
tion of integrins or other adhesive molecules that are expressed
in osteoclast precursors, might modulate the function of these
adhesive molecules. A negatively charged compound of sialic
acid or an acidic condition generated by the sialylation of cell
surface glycoconjugates might also affect cell-cell fusion
because pH changes modulate osteoclast differentiation and
activity {19].

Another possible mechanism of inhibition of osteoclast
differentiation by SAase treatment is the interference of thM-
CSF or RANKL signaling because sugar chains of membranous
receptor proteins sometimes affect the function of signal
transmission {3,14,20]. Membrane lipid rafts, which are mainly
composed of gangliosides that contain sialic acid, have a crucial
role in receptor activation of nuclear factor-«B and Akt
signaling in osteoclast differentiation {7,12]. Also, sialylation
of cell surface glycoconjugates influences the function of the
tissue necrosis factor receptor [14,31]. RANK expressed on
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Fig. 5. Flow cytometric analyses of surface MAA lectin staining for alpha (2,3)-linked-sialic acid (A, B, E, F) and SNA-I lectin staining for alpha (2,6)-linked-sialic

acid (C, D, G, H) during osteoclastogenesis with or without SAase treatment. (A—D) Upper panels show RAW264.7 cells as osteoclast precursors; (E- -H) Lower pauels "

show RAW 264.7 cells stimulated with sRANKL (50 ng/ml) after 4 days. (A, E, C, G) Mock-treated cells. (B, F, D, H) 100 mU/ml SAase-treated cells.

osteoclast precursor cells is a member of the tissue necrosis
factor receptor family that encodes a 625-amino acid residue
type 1 transmembrane protein with two potential N-linked
glycosylation sites. Therefore, sialylation of RANK glycocon-
jugates might affect the RANKL/RANK signaling function {1].
RANKL-induced mRNA expression of osteoclast marker
genes, however, was normal and TRAP-positive mononuclear
cellswere formed from SAase-treated cells. Consequently, we
concluded that the removal of sialic acid from cell surface
glycoconjugates does not affect M-CSF or RANKL signaling in
osteoclast differentiation. '

It is worth mentioning that another sugar chain is involved in
osteoclast cell-cell fusion. High-mannose type oligosaccharide
and mannose receptors are both expressed on the cell surface of
osteoclast precursors and mediate osteoclast cell-cell fusion
[16,22]). The sialic acid mediated cell-cell fusion mechanism
uncovered in this study is not involved in this high-mannose
type oligosaccharide mediated cell-cell fusion mechanism.-
High-mannose type oligosaccharide does not contain sialic acid.
Furthermore, Morishima et al. also reported that mannosidase I

inhibitor, which inhibits the formation of complex type and
hybrid type N-linked oligosaccharides that contain sialic acid,
increases the formation of TRAP-positive MNCs in an
osteoclastogenesis assay.

The results of this study suggested that quantitative and
linkage-specific differences in sialylation of cell surface
glycoconjugates regulate osteoclastic differentiation; however,
there is currently little available information regarding the
mechanism underlying regulation of the sialic acid content in
osteoclasts or osteoclast precursors. Sialyltransferases, which
reside in the Golgi apparatus, add cytidine monophosphate-
activated sialic acid residues to specific terminal nonreducing
positions on oligosaccharide chains of protein and lipids, but
mRNA expression of ST6Gal-I showed no significant change
despite the decrease of alpha (2,6)-linked-sialic acid during
osteoclastgenesis. This means that there is a mechanism that
degrades alpha (2,6)-linked-sialic acid during osteoclast

- differentiation. One possible mechanism is that endogenous

SAases, which comprise four distinct forms with a preédomi-
nant cellular localization (lysosomal, cytosolic, or plasma

0008
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0.005 & 700
0.004 T E 600
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0.003 S o
0.002 * * £ .
ool Ml § T
o000 £ 100 [
siRNA siRNA siRNA siRNA
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237907 237906 237905
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Fig. 6. Knock-down of ST6Gal-I in osteoclast precursors using siRNA and its effect on osteoclast differentiation. (A) mRNA expression level of ST6Gal-I in
RAW264.7 cells at 72 h after siRNA transfection. (B) TRAP staining of RAW cells transfected with siRNA control and stimulated with SRANKL for 4 days. (C) TRAP
staining of RAW cells transfected with siRNA MSS-237907 and stimulated with sRANKL for 4 days. (D) Differentiation efficiency of RAW cells into TRAP-positive
MNCs is shown. Data are expressed as the mean and SD of the three experiments. (*, statistically different from siRNA control-treated cells, P<0.05).
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membrane-associated), cleave sialic acid from glycoconju-
gates [21]. In monocyte/macrophage lineage cells, Stomatos et
al. demonstrated the differential expression of endogenous
SAases of human monocytes during cellular differentiation
into macrophages [30]. However, in the differentiation process
of osteoclast, there was no significant change in mRNA
expression of mouse SAases (data not shown). Therefore, we
speculate that alpha (2,6)-linked-sialic acid decreases as a
result of the degradation or change in localization of cell
surface glycoproteins or glycolipids that contains alpha (2,6)-
linked-sialic acid during osteoclastgenesis. To elucidate the
molecular mechanisms of alpha (2,6)-linked-sialic acid for
osteoclast differentiation, further study of the regulation
mechanism of the sialic acid content including identification
of cell surface glycoproteins or glycolipids that contains alpha
(2,6)-linked-sialic acid is necessary.

Overall, our findings demonstrate for the first time an
essential role for sialic acid of cell surface glycoconjugates in

the osteoclast différentiation process. " Although the mechanism.

by which sialic acid mediates osteoclast differentiation remains
unclear, alpha (2,6) linked-sialic acid is considered to be
important for osteoclast cell-cell fusion. The results of this
study will contribute to the future development of treatment
options for bone diseases such as osteoporosis and rheumatoid
arthritis.
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Abstract We investigated the characteristics of the wrist
joint motion in patients with rheumatoid arthritis (RA),
using a biaxial flexible goniometer. Wrist joint range of
motion and velocity were measured on the dominant hand
in RA patients (n = 22) and normal individuals (n = 5): We
investigated flexion-extension (FE) task, radial-ulnar devi-
ation (RUD) task, and functional motion tasks, such as
writing letters or unscrewing the lid of a jar. In normal
individuals, there was cooperative coupling of FE and RUD
during wrist movement, and this coupling motion was essen-
tial for normal wrist movements. On the other hand, in RA
patients, wrist joint range of motion was restricted at various
degrees, with reduced joint motion velocity that was severe
on RUD. Functional wrist motion tasks indicated circum-
ductive movement with both FE and RUD in normal indi-
viduals, whereas the direction of movement was limited in
RA patients, and results revealed failure of cooperative
coupling of FE and RUD. Our results indicate that dis-
turbed coupling of FE and RUD results in difficulties in the
cooperative movements and have great influence on the
daily activities in RA wrist joint.

Key words Biomechanics - Motion analysis - Rheumatoid
arthritis - Wrist joint

Introduction

The wrist joint is involved in rheumatoid arthritis (RA)
especially in patients with advanced disease. In daily clinical
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practice, it is essential to assess the anatomical conditions
and impairment of the rheumatoid wrist joint followed by
appropriate medical and physical therapies to maintain the
patient’s daily activities. It is obviously important to treat
pain and its associated joint movement limitations, includ-
ing the selection of appropriate treatment option.

The available surgical treatments for rheumatic wrist
joints include synovectomy, resection arthroplasty, and
arthrodesis, with suitability of each dependent upon the
patient."” These surgical procedures may be performed on
the basis of destructive conditions of the wrist joints, with
a particular goal of increasing joint motion and elimination
of motion pain. Various resection arthroplasty procedures
and their modifications have been described, but each
carries both advantages and disadvantages. Total joint
arthroplasty is useful for the replacement of joints in
destructive disease involving the hip or knee joints, both in
terms of pain control and preservation of range of motion.
However, in the wrist joint, prostheses lacks longevity and
histocompatibility.>* Total wrist arthroplasty has also been
found to be unsuitable for severe joint malformation,
chronic subluxion, and collapse of the carpal bone.’ It is
clear that optimum treatments are required for each stage
of RA joint destruction.

The purpose of this study was to describe the two-dimen-
sional in vivo behavior of rheumatic wrist joints using a
biaxial goniometer. This analysis and assessment of the
dynamic function of the wrist joint may be useful for
allowing the RA patient appropriate joint motion in daily
activities.

Materials and methods
Subjects

We conducted a motion analysis of the wrist joint in 22 RA
patients who complained of pain and swelling. Patients
were 2 men and 20 women, with an average age of 60.1
years (range, 29-74 years) at the time of the current analy-
sis. All subjects satisfied the American College of Rheuma-
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tology 1987 revised criteria for RA,’ and had no history of
trauma, surgical treatment for the wrist joint, or neuropathy
in the upper extremity. With regard to Larsen’s radiographic
classification, five patients had grade II conditions, six grade
ITI, nine grade IV, and two grade V. Control subjects were
five women of an average age of 25.2 years (range, 22-27
years) who had no destructive joint changes. The study
protocol strictly followed the Ethics Review Committee
Guidelines of our University Hospital, and written informed
consent was obtained from all patients and control
volunteers.

Experimental procedures

Wrist joint range of motion and velocity were measured on
the patient’s dominant hand (all subjects were right handed)
using a biaxial goniometer (M100; Penny & Giles Black-
wood, Gwent, UK). Markers were attached to the skin with
adhesive tapes. The distal goniometry marker was placed

along the third metacarpal bone, and the proximal maker. |
was placed on the dorsal surface of the forearm along the

radius® After the attachment of the markers, the subject
was seated with their humerus positioned at 0° abduction
in the frontal plane and 0° flexion in the sagittal plane. The
elbow joint was held at 90° of flexion and the forearms
positioned at 0° of pronation (Fig. 1). During the flexion—
extension (FE) task, the patient performed maximal flexion
and extension at one cycle per second, paced by a metro-
nome. The radial-ulnar deviation (RUD) task was similar
to the FE task, except that the motion was in the radial-
" ulnar direction. Patients performed functional motion tasks,
such as writing letters and unscrewing the lid of a jar, at
their own speed.

Data processing and analysis

A neutral wrist position is defined as the 0° FE and 0° RUD
when the axis of forearm and middle finger are in parallel.

Fig. 2. Representative motion

for angle-angle plots and their
regression lines during fiexion-
extension (FE) (a) and radial- a

The FE and RUD tasks were performed at a sampling
frequency of 200Hz, and the motion angle and motion
angle speed for the 6th to the 15th cycle of a total of 20
cycles were used for analysis. Subsequent analyses were
conducted with a 2-channel analogue amplifier (AD Instru-
ments Japan, Tokyo, Japan) and a Power Lab system (AD
Instruments Japan). Mann-Whitney U-test and analysis of
variance were used to analyze the results. The level of
significance was P < 0.05.

Results

Flexion-extension task

Figure 2a shows a representative case of a 38-year-old
woman who presented Larsen’s radiographic classification

Fig. 1. Goniometry markers were placed on the forearm and hand.
The subject was seated with the humerus positioned at 0° abduction
and 0° flexion. The elbow joint was held at 90° of flexion and the fore-
arms positioned at 0° of pronation

== Normal
== RA

ulnar deviation (RUD) (b) flexion
trials. Rheumatoid arthritis (RA)

flexion

patients (38 year-old woman, 80
Larsen grade III) showed

limited range of motion, and
cooperative FE and RUD

motion compared with normal
individuals (22-year-old woman)

radial
deviation

ulnar
; deviation|

radial
deviation

ulnar
deviation

20

20 720

4
¥

2]

4
L

[3,]

extension

extension

—129—



Fig. 3. Range of motion (a)
and velocity (b) during FE D Normal l RA
tasks. There were significant - a b
differences in the range of
motion on extension, radial- (degree) (degree/sec)
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grade IIL During the FE task, RA patients showed limited
range of motion and cooperative FE and RUD motion of
the wrist joint compared with normal individuals. Patients
with RA exhibited a restricted wrist movement, especially
for extension, radial deviation, and ulnar deviation (Fig.
3a). In addition, reduced performance in the FE task
increased with the progression of joint destruction. Analysis
of joint velocity showed marked impairment of directed
radial-ulnar movement. The velocity of radial deviation was
15.8°/s in RA patients and 76.4°/s in normal individuals,
while ulnar deviation was 16.7°/s in RA patients and 61.1°/s
in normal individuals (Fig. 3b).

Radial-ulnar deviation task

During the RUD task, the control subject demonstrated a
coupling of FE and RUD, which was reduced in the RA
patient, similar to the findings in the FE task (Fig. 2b).
Figure 4 shows the results of analysis of variance for RUD
(Fig. 4a, range of motion; Fig. 4b, velocity). The average
range of motion for radial deviation was 9.5° in RA patients
and 31.5° in normal individuals, and radial deviation was
5.8° in RA patients and 36.4° in normal individuals. The
velocity of RUD was reduced in all directions, though there
were no significant differences between RA patients and
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Fig. 5. Example of functional
motion (a: unscrewing the lid
of a jar; b: writing) in normal
(22-year-old woman) and a
rheumatoid arthritis (RA) wrist
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control individuals. The range of motion and velocity tended
to be reduced in proportion to the degree of joint destruc-
tion, and the relationship between Larsen’s radiographic
classification and RUD task parameters was insignificant.

Functional motion (unscrewing lid of a jar or
writing letters)

In normal individuals, the wrist joint presented the bound-
ary of motion in all directions, that the third metacarpal
bone roundly moved to the axis of radius with circum-
duction cycles, when they unscrewed the lid of a jar.
Figure 5a shows representative data of unscrewing from a
42-year-old woman with Larsen grade IV. The range of
motion and velocity of wrist movement were severely
limited in the study patients, and the wrist circumduction
cycle was small. The RA patient tended to undergo a
decrease of circumduction cycles to the extent of joint
destruction. During writing, the normal wrist showed cir-

cumduction, with extension being the dominant direction .

of movement. Rheumatoid arthritis patients kept their
wrist joint in a neutral or slightly flexed position, and
writing was carried out by radial-ulnar deviation with an
ulnar drift. The magnitude of the circumduction cycle was
- small or zero, as shown in the representative result illus-
trated in Fig. 5b.

Discussion

The wrist joint is a biaxial joint with two degrees of direc-
tion: a flexion-extension motion and a radial-ulnar devia-
tion. The present study showed that cooperative coupling
of FE and RUD was important for normal wrist move-
ment.>™® Although a small amount of axial rotation may
exist in FE and RUD, this motion has little effect and does
not generally occur at the level of the wrist complex.'™? In

our study, the primary FE motion necessitated comparable
secondary motion in RUD, and the primary RUD also
necessitated secondary motion in FE, as indicated by the
slope of the regression line during FE or RUD tasks in the
control wrist. These movements corresponding to extension
with radial deviation and flexion with ulnar deviation
(similar to the motion of a dart thrower) support a plane
oblique to the anatomical planes and facilitate wrist mobil-
ity and agility. This coupling of FE and RUD has a large
impact on the ability of patients to perform many activities
of daily living, involved in many functional tasks such
as hair combing, washcloth wringing, shoelace tying, and
can-opening.”

The main factors that limit and affect wrist motion pat-
terns include irregularity of articular carpal bone surfaces,
constraints of carpal ligaments, and muscle contraction pat-
terns.”>"® Rheumatoid arthritis patients in the present study
had a severely reduced range of motion and velocity of
movement in the direction of radial-ulnar deviation during
the FE task, and a restricted range of motion in radial

‘deviation and ulnar deviation during the RUD task. These

results indicate that the restriction of movement in the
direction of radial-ulnar deviation caused by RA joint
destruction may lead to imbalance of cooperative coupling
of FE with RUD, and these imbalances are associated with
difficulties in achieving smooth movement of the wrist
joint.

The circumductive wrist motion, which was induced by
cooperative FE and RUD coupling, also plays an important
role in the capacity for daily activities. We presume that the
velocity presented in this study may reflect the natural wrist
motion of circumduction. Evans et al.'® reported that the
motion of the hand segment relative to the forearm segment
during FE and RUD was of smaller magnitude in RA
patients than in normal individuals. In our study, RA
patients showed severely limited velocity in all directions of
wrist motion and exhibited little wrist circumduction on
writing or unscrewing of a jar. In addition, ulnar drift defor-
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mity may also influence these motion impairments, because
the wrist has the greatest range at the anatomically neutral
position on circumduction.” These results indicate that
appropriate stability of the radial-ulnar deviation is particu-
larly important in the functional outcome of RA wrist joint
movement. However, surgical stabilization of the radial-
ulnar deviation may limit the range of wrist movement.
Palmer et al.”? showed that the range of wrist joint move-
ment required for activities of daily living was 30° of dorsal
flexion and 5° of palmar flexion. We consider that stabiliza-
tion of radial-ulnar deviation is more important in recon-
struction of the RA wrist joint than maximization of the
flexion-extension range.

There are a number of limitations to this study. The wrist
joint range of motion and velocity tended to be limited, and
the wrist circumduction cycle was reduced in proportion to
the degree of joint destruction in patients with RA. Because
our study group was small, and pain and/or soft tissue
imbalance may have affected wrist joint mobility, we could
not assess the relationship between wrist joint function/
kinematics and the stage of progression of destructive RA.
Knowledge of the relationship between the grade of joint
destruction and wrist kinematics is necessary for the deter-
mination of appropriate treatment. Further evaluation of
the functional and dynamic motion of the wrist joint is
needed.

In conclusion, the coupling motion of FE and RUD is
important for natural wrist movement. There is a preferable
wrist motion pattern that combines extension with radial
deviation and flexion with ulnar deviation during daily
tasks. Wrist joint destruction in RA severely affects the
range of motion and velocity for RUD. We postulate that
these imbalances of FE and RUD coupling motion greatly
influence daily activities in RA wrist joint.
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Donor Site Evaluation After Autologous
Osteochondral Mosaicplasty for
Cartilaginous Lesions of the Elbow Joint
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Background: One significant disadvantage of autologous osteochondral mosaicplasty (mosaicplasty) is the harvesting of osteo-
chondral grafts from the normal articular area of the knee joint. However, the effect of harvesting grafts on knee function remains ’
unclear.

Purpose: To clarify the functional effects on the donor knee of harvesting osteochondral grafts and to perform magnetic reso-
nance imaging evaluation of donor site repair after mosaicplasty for capitellar osteochondritis dissecans in young athletes.

Study Design: Case series; Level of evidence, 4.

Methods: Eleven male competitive athletes with advanced lesions of capitellar osteochondritis dissecans underwent mosaic-
plasties. The surgical technique involves obtaining small-sized cylindrical osteochondral grafts from the lateral periphery of the
femoral condyle at the level of the patellofemoral joint and transplanting them to osteochondral defects in the capitellum.
Assessment at a mean follow-up of 26 months included local findings of the donor knees, a Lysholm knee scoring scale,
International Knee Documentation Committee standard evaluation form, and magnetic resonance imaging evaluation.

Results: All patients returned to a competitive level of their previous sports without any donor site disturbances. Based on the
Lysholm knee score and International Knee Documentation Committee evaluation form, all knees were graded as excellent and
normal, respectively. The magnetic resonance imaging showed 50% to 100% defect fill in 6 of 9 patients and normal or nearly
normal signals in 4 patients at the donor sites.

Conclusion: No adverse effects of osteochondral graft harvest on donor knee function were found after mosaicplasty for capitel-
lar osteochondritis dissecans in young athletes. However, magnetic resonance imaging indicates that the donor site is resurfaced
with fibrous tissue.

Keywords: mosaicplasty; donor site; osteochondritis dissecans (OCD); elbow joint; knee joint

Because of the limited capacity for self-repair of articular
cartilage, treatment of articular defects has been challeng-
ing. Autologous osteochondral mosaicplasty (mosaicplasty)
is an innovative technique to transplant multiple cylindri-
cal osteochondral grafts harvested from a less weightbear-
ing area of the knee joint into the chondral defects. 531
Previous studies®™! %! reported the successful treatment

*Address correspondence to Norimasa iwasaki, MD, PhD, Department
of Orthopaedic Surgery, Hokkaido University School of Medicine, Kita 15,
Nishi 7, Sapporo 060-8638, Japan (e-mail: niwasaki@med.hokudai.ac.jp).

No potential conflict of interest declared.

The American Journal of Sports Medicine; Vol. 35, No. 12

DOI: 10.1177/0363546507306465
© 2007 American Orthopaedic Society for Sports Medicine

loaded from http://ajs.sagepub.com at HOI

of osteochondral defects in knee and ankle joints with this
surgical technique.

Recent studies'®®® have reported the application of
mosaicplasty to osteochondritis dissecans of the humeral
capitellum (capitellar OCD). Iwasaki et al'® have shown that
mosaicplasty for advanced capitellar OCD with displaced and
detached fragments in teenage baseball players can provide
excellent clinical and radiographic results. Although mosaic-
plasty is effective for capitellar OCD as well as osteochondral
defects in the knee joint, surgeons must consider the possible
adverse effect on the donor sites in performing this proce-
dure, especially for young athletes.

To date, only a few studies®”**7 have reported on the
morbidity at the graft harvest sites in doing mosaicplasty
for knee cartilaginous lesions. Therefore, the effect on knee
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function after osteochondral graft harvest is still contro-
versial. The objectives of this study were to clarify the
functional effects of osteochondral graft harvest on the
donor knee and to perform MRI evaluation of donor site
repair after mosaicplasty for advanced lesions of capitellar
OCD in young athletes. When compared with previous
studies, the results obtained here will provide surgeons
more accurate information on the morbidity that ensues at
the graft donor harvest sites because the donor and dis-
eased joint are completely separated.

MATERIALS AND METHODS
Subjects

A retrospective chart review at the senior author’s institu-
tion identified 13 male patients (13 elbows) with advanced
lesions of capitellar OCD who underwent mosaicplasty
between March 1993 and October 2005. All patients,
except for 2 who had not been followed up for a minimum

of 12 months, were included in this study. All 11 remaining"

patients were competitive athletes (baseball, 8 patients;
rugby, 1; American football, 1; soccer, 1) at the time of oper-
ation. Their mean age at the time of surgery was 14 years
(range, 11-22 years). No patients had any history of severe
trauma or symptoms in the donor knee.

Operative Technique

All operations were performed under general anesthesia by
the senior authors according to the surgical technique
described previously.'® After the capitellar OCD lesion was
exposed, the fragment was raised using a chisel, and the sub-
chondral fibrous tissue was curetted. By tapping a drill guide
down to viable subchondral bone, optimal filling of the defect
could be projected. The mean surface area of the defect was
145.4 mm? (range, 49-270 mm®). To harvest cylindrical grafts,
the surgeon performed a lateral parapatellar mini-arthrotomy
of the contralateral knee to the operated elbow. With a prop-
erly sized tubular chisel, small (2.7-6.0 mm in diameter, 10-
15 mm in length) cylindrical grafts were obtained from the

lateral periphery of the femoral condyle at the level of the -

patellofemoral joint (Figure 1). The mean total surface area
of grafts was 33.7 mm’ (range, 15.3-56.5 mm?). The har-
vested grafts were transplanted to prepared osteochondral
defects in the capitellum. In 3 patients, 5 grafts were har-
vested for reconstruction; in 2 patients, 4 grafts;in 2 patients,
3 grafts; and in 4 patients, 2 grafts. Each donor site was
packed with bone wax to prevent postoperative bleeding, and
a drain was inserted. Postoperatively, the drain was removed
at 24 or 48 hours. The patients were instructed in a less
weightbearing gait at 2 days and allowed to walk freely at 7
days postoperatively. We did not direct the patients to do any
specific rehabilitation for the knee.

Postoperative Evaluation

All patients were subjected to a standardized history and
physical examination by the senior author at follow-up.

D from : com at HOKKAL
© 2007 American Orthopaedic Society for Sports Medicine. Al rig

hts

Autologous Osteochondral Mosaicplasty

Pl AT i
Figure 1. Small cylindrical osteochondral plugs (A) are har-
vested from the lateral less weightbearing periphery of the
femoral condyle at the level of the patellofemoral joint (B).

Follow-up assessment included local findings of the donor
knee, a Lysholm knee scoring sca\le,21 an International Knee

.Documentation Committee (IKDC) standard -evaluation:
“form (objective),’ completion of a questionnaire regarding the

athlete’s return to sports, and MRI evaluation. The range of
extension and flexion of the knee as well as the thigh and calf
girth were measured and expressed as a percentage of the
contralateral side. The points according to the Lysholm score
(0-100 points) were graded as excellent (>94 points), good
(84-94 points), fair (60-83 points), or poor (<60 points). Based
on the IKDC standard evaluation form, knees were graded
as normal (A), nearly normal (B), abnormal (C), or severely
abnormal (D). The quality of the donor site repair was semi-
quantitatively assessed from MRI findings according to the
scoring system of Henderson et al’ (Table 1). The MRI
sequences according to the report by Roberts et al'® were
undertaken using a Siemens Vision 1.5-T scanner (Siemens,
Erlangen, Germany) with a gradient strength of 25 mT/m
and VB33A software. The score was based on a review by a
musculoskeletal radiologist. The radiologist was masked to
clinical results.
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TABLE 1
The Magnetic Resonance Imaging Scoring System of Henderson et al’
MRI Score, point
Feature 1 2 3 4
Fill of the repair site Complete >50% of the defect <50% of the defect Full-thickness defect
Signal at the repair site Normal (identical to Nearly normal (slight areas = Abnormal (large areas  Absent
adjacent articular cartilage) of hyperintensity) of hyperintensity)
Bone marrow edema Absent Mild Moderate Severe
Effusion Absent Mild Moderate Severe
TABLE 2
Patient Descriptions and Postoperative Clinical Results of Donor Knee After Graft Harvest
International Knee

Patient Size, mm X No. of Lysholm Knee Documentation Committee
Number Age,y Sport Graft (diameter x no.) Follow-up, mo Score, points Evaluation Form

1 14 Baseball 45x%x2;27x1 65 100 Normal

2 16 Rugby 35x1;27x1 55 100 Normal

3 15 Baseball 6x2 25 100 Normal

4 11 Baseball 35x3 28 100 Normal

5 13 Baseball 3.5x2 26 100 Normal

6 14 Baseball 35x1;27x4 22 100 Normal

7 22 American football 35%x3;27x1 17 100 Normal

8 12 Soccer 35x3;27x1 14 100 Normal

9 15 Baseball 35x2 13 96 Normal
10 14 Baseball 35x4;27Tx1 12 100 Normal
11 12 Baseball 3.5x5 12 100 Normal
Statistical Analysis TABLE 3

Statistical comparisons were performed using paired ¢
tests. The level of significance was set at a probability
value less than .05.

RESULTS

Postoperative results, along with i)at_:ient data, are summa-

rized in Table 2. Mean total amount of bleeding from the -

operated knee joint was 17.4 ml, (range, 8-43 mL). In 8
patients (73%), the joint effusion persisted for a mean of 3
weeks (range, 1-5 weeks) after operation. At a mean follow-
up of 26 months (range, 12-65 months), no patients except 1
had any symptoms or local findings of the knee. The remain-
ing 1 patient had slight knee pain with stair climbing, In all
patients, the percentage of range of extension and flexion of
the knee was 100%. The thigh girth, at 5 and 10 cm proximal
to the superior edge of the patella, and calf girth compared
with the opposite limb were 99.7% (range, 96.8%-102.7%),
99.7% (range, 97.2%-101.2%), and 100.3% (range, 96.9%-
101.5%), respectively. All patients returned to the competi-
tive level of their previous sports without any donor site
disturbances. The Lysholm knee score was 99.6 points
(range, 96-100 points), and all patients were graded as excel-
lent. According to the IKDC evaluation form, all knees were
characterized as normal (A). Based on the rating system of
Timmerman and Andrews,22 the mean clinical score of the
operated elbow significantly improved from 132.3 points

Postoperative Magnetic Resonance Imaging
Scores of Each Patient®

Point

Fill of Signal at Bone

the Repair the Repair Marrow Overall

Patient No. Site Site Edema Effusion Score

1 1 2 1 1 5

2 2 2 1 1 6

3 2 3 1 i 7

4 2 3 1 1 7

6 2 2 1 1 6

8 1 1 1 1 4

9 3 3 1 1 8
10 3 3 1 2 9
11 3 3 1 1 8
Mean 2.1 24 1 11 6.7

°Patient number is the same as the patient number in Table 2.

(range, 75-155 points) to 185.9 points (range, 145-200 points)
postoperatively (P < .001). Overall evaluation results were
excellent in 9 patients, good in 1 patient, and fair in 1 patient.

Magnetic resonance imaging scans were available for 9 of
11 patients at follow-up (Table 3). The MRI findings showed
50% to 100% defect fill in 6 patients (67%) and normal or
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Figure 2. Sagittal MRI scan of patient 8 at 14 months post-
operatively shows 50% to 100% defect fill with normal or
nearly normal signals at the donor harvest site (white arrow).

Figure 3. Sagittal MRI scan of patient 4 at 28 months post-
operatively demonstrates 50% to 100% defect fill and large
area of abnormal signals at the donor harvest site (white
arrow).

nearly normal signals in 4 patients (44%) at the donor harvest
sites (Figures 2 and 3). All patients except 1 showed no joint
effusion. No subchondral bone marrow edema and hyper-
trophic changes at the donor sites were found in any patients.
The overall MRI score was 6.7 points (range, 4-9 points).

DISCUSSION

In the standard technique of mosaicplasty, small cylindri-
cal osteochondral grafts for cartilaginous lesions are har-
vested from a less weightbearing area of the knee joint,
including the periphery of the lateral femur at the
patellofemoral joint and the femoral intercondylar notch.
Therefore, one of the most considerable limitations in per-
forming this procedure is the adverse effect on donor sites.
Especially in transplanting grafts from a normal knee into
another joint, surgeons must prevent donor site complica-
tions. The current study showed that all patients except 1

Autologous Osteochondral Mosaicplasty

achieved a maximum clinical and functional score of the
donor knee at follow-up. In addition, all patients returned to
their previous sport activities without any donor site distur-
bances. These results indicate no unfavorable effect of graft
harvest on the donor knee in young athletes with capitellar
OCD treated with mosaicplasty. To date, only a few
authors®”**!” have reported donor site morbidity after
mosaicplasty. Hangody et al® reported that the symptoms in
the donor knee were resolved at 1 year in 98% of patients
with a talar cartilaginous lesion. Although the current
results agree with their data, their results were based on
only dlinical symptoms. To elucidate the effect of graft har-
vests on donor knees, subjective and objective assessments
must be performed for patients with other joint lesions, such
as the elbow or ankle joint. It is from this point of view that
we emphasize the significance of our study. On the other
hand, Reddy et al'’ indicated that osteochondral harvest
from asymptomatic knees for the treatment of talar osteo-
chondral lesions leads to a decline in knee function.
Compared with their data, the age of patients and the size of
osteochondral grafts in our study are younger and smaller,
respectively. It is likely that these factors resulted in our
favorable outcomes compared with those of Reddy et al. 17

Regarding the intrinsic healing response at the osteochon-
dral graft donor harvest site in mosaicplasty, a clinical report
by Ahmad et al' showed that a donor site 8 mm in diameter
at the intercondylar notch was filled with fibrous tissue with
inferior material properties, compared with those of normal
cartilage. Barber and Chow* arthroscopically demonstrated
that the donor sites in the superior lateral intercondylar
notch were covered with fibrocartilaginous scar tissue. The
data obtained from a canine model also support these clini-
cal results.’ The current MRI evaluation suggested that 89%
of donor sites had alteration in signal intensity, compared
with that of adjacent cartilage. Henderson et al” stated that
the MRI signal is a useful visual indicator of maturity of
reparative cartilage, especially in comparison with the signal
of adjacent normal articular cartilage. Based on these previ-
ous clinical and experimental results, the signal changes in
our MRI evaluation indicate that the empty graft harvest
sites are covered with fibrous or fibrocartilaginous tissue.
In general, the edema of the underlying bone marrow indi-
cates abnormal bone loading secondary to an immature
cartilage cover.” In the current study, no subchondral bone
edema was found in any donor sites. As mentioned above,
osteochondral grafts were harvested from the superolat-
eral periphery of the femoral condyle at the level of the
patellofemoral joint. Simonian et al,®® using cadaveric
specimens, demonstrated significant contact pressure on
this area. Our result regarding the bone edema suggests
that no abnormal force distribution on the donor site may
occur at follow-up. However, the significant contact pres-
sure at the graft harvest sites covered with fibrous tissue
might result in further degenerative changes or other
problems in the donor knee. Long-term follow-up with a
greater number of subjects after performing mosaicplasty
will confirm this point.

An important technical consideration in harvesting
osteochondral plugs is to prevent excessive bleeding from
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the donor harvest sites. Bleeding in the early postoperative
period seems to be a comphcatlon of such graft harvests.
Hangody and Fiiles’ reported that 34 of 652 patients
treated with mosaicplasty had painful hemarthroses after
surgery, and 4 of them resulted in further deep infections.
In our cases, each donor tunnel was carefully packed with
bone wax to prevent postoperative bleeding, and a drain
was inserted. The mean total amount of bleeding from the
knee joints was less than 20 mL, and effusion persisted for
only a mean of 3 weeks postoperatively. We think that this
manner can reduce apparent complications resulting from
excessive bleeding from the donor sites. i

There are some considerations in this study. First, the
results were obtained from young patients with a mean age of
14 years. Second, the size of donor sites for graft harvest was
relatively small. Third, the effects of bone wax on the cartilage
regeneration process remain unclear. Although nonresorbable
bone wax has been considered to inhibit osteogenesis,>'6%%
no laboratory studies have clarified the effects of this material
on cartilage repair. This reparative process is initiated by
recruiting bone marrow stromal cells. Therefore, cartilage
repair might be obstructed by packing a donor tunnel with
bone wax. Further laboratory and clinical studies will be per-
formed to elucidate this point. Finally, the minimum follow-up
period of this study was relatively short. These factors might
minimize the adverse effects of graft harvests on donor sites.

In conclusion, no adverse effects of osteochondral graft
harvests on donor knee function were found after mosaic-
plasty for capitellar OCD in young athletes. On the other
hand, MRI findings indicated that the empty site after har-
vesting osteochondral grafts was resurfaced with fibrous or
fibrocartilaginous tissue. A careful assessment of the local-

ization, size, and number of grafts for autologous osteochon-:

dral transfers must be made, along with long-term follow-up
of these donor sites, to prevent the occurrence of donor site
morbidity.
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Abstract:

To establish medical use of tissue engineering technology for ligament and tendon

injuries, a scaffold was developed which has sufficient ability for cell growth, cell differentiation,
and mechanical properties. The scaffold made from chitosan and 0.1 per cent hyaluronic acid
has adequate biodegradability and biocompatibility. An animal experiment showed that the
scaffold has less toxicity and less inflammation induction. Furthermore, in-vivo animal experi-
ments showed that the mechanical properties of the engineered ligament or tendon had the
possibility to stabilize the joint. 1t was shown that newly developed hybrid-polymer fibre
scaffold has feasibility for joint tissue engineering.

Keywords: chitosan, hyaluronan, scaffold, tissue engineering, ligament, tendon

1 INTRODUCTION

Severe ligament and tendon injuries are frequently
treated with autograft reconstruction [1, 2]. On the
other hand, the use of autograft will result in donor
site morbidity. Tissue engineering is an emerging
scientific approach that attempts to develop biological
substitutes made from isolated cells and three-
dimensional polymeric scaffolds {3]. The principal role
of three-dimensional scaffolds "in musculoskeletal
tissue engineering is to provide a temporary template
with the biomechanical characteristics of the native
extracellular matrix (ECM) during the process of
in-vivo tissue regeneration. Additionally, in living
tissues, the authentic substrate for most cells is the
ECM. The ECM adheres to cells via integrins, which
are membrane-spanning heterodimeric receptors.
Through cell-ECM adhesion, the ECM transduces
physiological signals regulating cell growth, cell pro-
liferation, cell differentiation, and matrix remodelling
to the cells [4]. The ECM not only binds embedded
cells together but also affects their survival, develop-
ment, shape, polarity, and behaviour. Therefore,
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the ECM plays an important role in living tissue
development and regeneration. For these reasons, it
is believed that the ideal scaffold material should be
one that mimics the natural environment in the ECM.

Some materials, including collagen gels, collagen
sponges, and collagen constructs, have been used
as scaffolds in ligament tissue engineering [5-9].
These materials, however, do not structurally mimic
ligament-specific ECM. Furthermore, collagen fibre

“scaffolds suffer from batch-to-batch variability,

making consistent reproduction of these constructs

" difficult [10]. The major limitation is that collagen

scaffold has an immunogenic reaction [10]. Other
scaffolds have limited applications, such as poly-
glycolic acid [8], because of its mechanical brittle-
ness and the lack of functional groups for signalling
molecules [11]. Consequently, in the living body,
they do not provide sufficient mechanical support
for the regenerated ligament or transduce mechano-
physiological signals that significantly enhance
ligament regeneration and remodelling processes
to the embedded cells. Given the importance of
glycosaminoglycans (GAGS) in stimulating various
in-vitro tissue regenerative processes, the use of GAGs
or GAG-like materials as components of a scaffold
should be a reasonable approach for ligament tissue
engineering.
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