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Abstract S100A8 and S100A9 are calcium-binding pro-
teins expressed in myeloid cells and are markers of
numerous inflammatory diseases in humans. S100A9 has
been associated with dystrophic calcification in human
atherosclerosis. Here we demonstrate SI00A8 and S100A9
expression in murine and human bone and cartilage cells.
Only S100A8 was seen in preosteogenic cells whereas
osteoblasts had variable, but generally weak expression of
both proteins. In keeping with their reported high-mRNA
expression, SI00A8 and S100A9 were prominent in oste-
oclasts. SI00A8 was expressed in alkaline phosphatase-
positive hypertrophic chondrocytes, but not in proliferating
chondrocytes within the growth plate where the cartilagi-
nous matrix was calcifying. SI00A9 was only evident in
the invading vascular osteogenic tissue penetrating the
degenerating chondrocytic zone adjacent to the primary
spongiosa, where S100A8 was also expressed. Whilst,
S100AS8 has been shown to be associated with osteoblast
differentiation, both SI00A8 and S100A9 may contribute
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to calcification of the cartilage matrix and its replacement
with trabecular bone, and to regulation of redox in bone
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Introduction

S100 proteins belong to the superfamily of calcium-binding
proteins that regulate key cellular pathways, many involv-
ing calcium as a second messenger. They are recently
evolved and structurally related to calmodulin (Ravasi et al.
2004). Human S100s include 21 highly conserved mem-
bers, 17 of which are located within the 1g21.3 gene cluster.
S100 protein expression has strong associations with human
disease (McNutt et al. 1998; Donato et al. 2001). Intracel-
lular functions include regulation of growth, apoptosis
(Makino et al. 2004), suppression of tumor progression
(Al-Rasheed et al. 2003; Helfman et al. 2005), regulation of
intracellular redox (Kerkhoff et al. 2005) and embryogen-
esis (Passey et al. 1999a, b). Some have extracellular,
cytokine-like activities involving regulation of the cyto-
skeleton (Vogl et al. 2004), effects on cell migration
(Cornish et al. 1996) and adhesion, and in host and oxida-
tive defence (Engelkamp et al. 1993; Raftery et al. 2001;
Yang et al. 2001; Harrison et al. 1999). The receptor for
advanced glycosylation end products (RAGE) is a putative
S100 receptor (Hofmann et al. 1999), although additional
receptors, as yet uncharacterized, are proposed (Sorci et al.
2003, 2004).

The myeloid-associated “calgranulins” S100A8 (A8,
MRP-8) and S100A9 (A9, MRP14) are abundant constit-
utive cytoplasmic proteins in neutrophils and to a lesser
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extent, in monocytes (reviewed in Roth et al. 2003). The
expression of the two genes is a marker for the onset of
myelopoiesis in the liver of the developing mouse.
Although both genes are commonly expressed together, A8
alone is expressed in the ectoplacental cone shortly after
implantation and, in keeping with a function for A8 at this
location, mutation in the A8 gene is embryonic lethal due
to failure of implantation (Hobbs et al. 2003; Passey et al.
1999a, b). In contrast, mice with a null mutation in A9 are
born with expected Mendelian frequency, and are viable
and fertile. Neutrophils from A9 null mice also lack A8
protein (but not mRNA), yet despite the loss of two of the
most abundant proteins in the cell, only marginal changes
in function were described and there is no apparent com-
pensatory expression of other calcium-binding proteins
(Hobbs et al. 2003; Manitz et al. 2003). A8 and A9 can
form a hetero-complex known as calprotectin that is a
clinical laboratory marker of inflammation (Foell et al.
2004; McNutt 1998).

Given the apparent redundancy of A8 and A9 in myeloid
cells, we were interested in exploring other sites of
expression where the function might be indispensable. The
presence of S100 proteins in cartilage and bone was re-
ported previously (Balmain et al. 2003; Duarte et al. 2003)
but the specificities of the antibodies used (to SI00A1/B)
are unclear and their cross-reactivity with other S100
proteins undefined. More recently, another S100 family
member, SI00A4, also expressed in myeloid cells (Ravasi
et al. 2004), was found in differentiating osteoblasts and
was shown to diminish bone matrix mineralization (Duarte
et al. 2003). S100A2 was detected in chondrocytes within
calcifying areas of epiphyseal cartilage suggesting its
involvement in cartilage calcification (Balmain et al.
2003). Here we explore the expression of A8 and A9 in
mouse and human cartilage and bone using immunohisto-
chemistry with specific antibodies, and found them in key
cells involved in bone turnover. The two proteins were
expressed at high levels in cartilage and bone, but in dis-
tinct locations, and could contribute to regulation of car-
tilage and bone development.

Materials and methods
Mice and human samples

Experimentation was in compliance with guidelines from
the National Health & Medical Research Council of Aus-
tralia and the New South Wales University Animal Care
and Ethics Committee (No 00/66). Outbred CD1 mice
maintained under specific pathogen-free conditions and fed
normal chow ad libitum, were used at 2, 4, and 8 weeks
old. Permission to use discarded human tissue was granted
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by the Human Ethics Committee of the University of New
South Wales (No. 97043). A small amount of cartilagenous
tissue was available from a 2-year-old boy undergoing
corrective surgery.

Tissue preparation

Samples were fixed immediately after sacrifice in either 4%
w/v paraformaldehyde or cold 95% alcohol for paraffin or
resin embedding, respectively. After fixation, tissue for
paraffin embedding was decalcified at 4°C in 15% ethy-
lenediaminetetra-acetic acid di-sodium salt (EDTA)/0.5%
paraformaldehyde/phosphate-buffered saline (PBS) at pH
8.0, while slowly rotated; decalcifying solution was chan-
ged daily over 7 days. Decalcified samples were dehydrated
in ascending solutions of ethanol and embedded in paraffin.

Resin (hydroxyethylmethacrylate)-embedded and fixed
tissues were treated with an intermediate infiltrating solu-
tion, 95% Historesin (Leica kit, Heidelberg, BRD, Ger-
many), followed by total infiltration through two changes
of cold 100% Historesin as described (Laboux 2003).
Tissue was then embedded in HistoMold and polymeriza-
tion completed at room temperature.

Paraffin and resin sections (4 um) were cut with a
microtome (Leitz 121, Baden-Wurttemberg, Germany) or a
heavy-duty microtome (Reichert-Jung, Leica, Germany),
respectively, collected on chrome alum-gelatin-coated
glass slides and air-dried at room temperature.

Immunohistochemistry

Immunostaining was carried out with rabbit polyclonal IgG
purified on Protein A-Sepharose and raised against mouse
or human recombinant A8 and A9 as described (lismaa
et al. 1994). The antibodies (Abs) to A8 did not cross-react
with A9 and vice versa; the Abs did not cross-react with
human S100A12, S100B or S100A1. Controls included
replacement of primary Abs with Hanks balanced salt
solution (HBSS; Life Technologies, Gaithersburg, MD,
USA) and non-immune rabbit IgG used at the same con-
centration.

De-paraffinized and resin-embedded etched sections
(incubated in acetone for 20 min) were blocked with 2%
bovine serum albumin (BSA) in HBSS for 1 h before pri-
mary Abs were applied at the appropriate concentrations
(pre-determined by serial dilution), and sections were
incubated overnight in a humidified chamber at 4°C. Sec-
tions were then washed three times with Tris-buffered
saline 1 (TBS1, 0.1 M Tris HCI, 0.5 M NaCl, pH 7.3)
containing 0.05% Triton X —100 and incubated with sec-
ondary biotin-labeled antibody (Multi Link, swine anti-
immunoglobulins, Dako E0453, Denmark; 1:200v/v) for
2 h at room temperature. After three washes in TBS 1 and
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TBS 2 (0.1 M Tris HCI, 0.1 M NaCl, pH 9.4), detection
was performed with streptavidin alkaline phosphatase
(ALP) (DAKO, Glostrup, Denmark) and reactivity visual-
ized using the naphthol AS-MX phosphate/fast red TR salt
capture method (Zreiqat et al. 1996).

Levamizole (5 mM) was added to inhibit endogenous
ALP activity. Sections were counterstained with Harris’s
hematoxylin for 10 s and mounted directly with Crystal/
Mount (Biomedia, Foster City, CA, USA).

Histochemistry

Alkaline phosphatase was detected at pH 9.2 using the
naphthol phosphate method (Chayen and Bitensky 1981)
with fast red violet LB base as coupler. Resin-embedded
sections were stained in Von-Kossa solution (1% AgNO;/
H,0) and incubated under UV light for 5-10 min before
air-drying. Sections were mounted in Eukitt (Zeis, BRD).

Cell culture preparation

Bone marrow stromal stem cells (BMSSC) from human
donors were prepared as previously described (Gronthos
et al. 2003). Briefly, primary BMSSC cultures were
established from STRO-1" MACS-isolated bone marrow
mononuclear cells in «-MEM supplemented with 20% fetal
calf serum (FCS), 100 uM L-ascorbate-2-phosphate, 2 mM
L-glutamine, 50 U/ml penicillin and 50 pg/ml streptomy-
cin (JRH Biosciences, Lenexa, KS, USA). Cultured
BMSSC (passages two and four) were used for flow cy-
tometric analysis and Reverse transcripatse-polymerase
chain reaction (RT-PCR).

Fluorescence-activated cell sorting (FACS)

Single cell suspensions were generated from secondary
BMSSC cultures following trypsin/EDTA digestion. The
cells were incubated with anti-STRO-1 (mouse IgM anti-
human stromal stem cells (Gronthos et al. 2003) and ALP
(B4-78, mouse IgG anti-human ALP; Developmental
Studies Hybridoma Bank, University of Iowa, Iowa) or
isotype control antibodies [1A6.12, (IgM) and 3D3 kindly
provided by Prof. L. K. Ashman, University of Newcastle,
Australia], for 60 min on ice (isotype matched antibodies,
STRO-1 and B4-78 tissue culture supernatants were used at
a dilution of 1:2). After washing, the cells were incubated
with goat anti-mouse IgG conjugated with FITC and goat
anti-mouse IgM conjugated with PE (1/50; Southern Bio-
technology Associates, Birmingham, AL, USA) for an
additional 30 min on ice. Cells were double sorted for
purity using a FACStar”™ " flow cytometer (Becton
Dickinson, Sunnyvale, CA, USA) into four populations:
STRO-17/B4787, STRO-17/B478", STRO-17/B478" and

STRO-17/B478" as previously described (Gronthos et al.
1999, JBMR paper). For single color flow cytometric
analysis, cells were first fixed with 1% paraformaldehyde
then washed with 0.1% saponin solution before incubating
with the rabbit anti-S100A8 IgG or control rabbit Ig
(Caltag Laboratories, San Francisco, CA, USA) at 10 pg/
ml for 1 h at room temperature. After washing, cells were
incubated with PE-conjugated goat anti-rabbit Ig for
30 min at RT. Cells were analyzed as described above.

Reverse transcriptase polymerase chain reaction
(RT-PCR) analysis

Total cellular RNA was prepared from unsorted BMSSC,
and from STRO-1%/B478*, STRO-17/B478~, STRO-1*/
B478%, STRO-17/B478*, sorted cells using RNAzolB
extraction (Biotecx Lab. Inc., Houston, TX, USA),
according to the manufacturer’s recommendations. Total
RNA from each population was used as a template for
cDNA synthesis, prepared using a First-strand cDNA
synthesis kit (Pharmacia Biotech, Uppsala, Sweden). The
expression of various transcripts was assessed by PCR
amplification, using a standard protocol as described pre-
viously (Gronthos et al. 2003). Primer sets:

S100A8 Fwd GGGATGACCTGAAGAAATTGCTA;
S100A8 Rev TGTTGATATCCAACTCTTTGAACCA;
S100A9 Fwd GTGCGAAAAGATCTGCAAAATTT;
S100A9 Rev GGTCCTCCATGATGTGTTCTATGA;
p-actin Fwd AGCCATGTACGTTGCTA;

p actin Rev AGTCCGCCTAGAAGCA-3.

Following amplification, each reaction mixture was
analyzed by 1.5% agarose gel electrophoresis, and visual-
ized by ethidium bromide staining. RNA integrity was
assessed by the expression of f-actin.

Results

A8 and A9 expression in murine osteoblasts and
osteoclasts

The presence of A8 and A9 was first examined in tibias and
femurs collected from 2, 4, and 8-week old mice. In addi-
tion to their expected strong immunoreactivity in neu-
trophils within the bone marrow of all tissues (Fig. 1), these
proteins were differentially present in bone (Figs. 1, 3) and
cartilage cells (Figs. 2, 3, 4). A8 was found in pre-osteo-
blasts (osteogenic cells) in the endosteal zone of femurs and
tibias at 2 (results not shown), 4 (Fig. la) and 8 weeks
(Fig. 1c). In marked contrast, no significant A9 reactivity
was detected in any osteogenic cells in these areas at 2
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Fig. 1 Sections from a 4 and 8
weeks old mouse stained with
anti-A8 and anti-A9. Positive
A8 reactivity was obvious in the
osteogenic layer (A) whereas no
anti-A9 (B) reactivity was seen.
A8 (A) and A9-positive (B)
neutrophils were present in the
bone marrow (BM). Sections
from mice at 8 weeks contained
A8-positive (C) but A9-negative
(D) osteoblasts. Neutrophils in
the bone marrow were strongly
positive for both proteins.
Control sections from mice at 8
weeks (E), non-immune IgG
produced no background
staining. Positively-stained cells
(red). Counterstained with
haematoxylin, bright field
microscopy; magnification 400x

(results not shown), 4 (Fig. 1b) or 8 (Fig. 1d) weeks. Non-
immune IgG produced no background staining (Fig. le).

Osteoblasts in the central portion of the primary
spongiosa in bone from mice at 2 (Fig. 2a {A8}), 4
(Fig. 2b {A8}) and 8 weeks (results not shown) stained
strongly for A8 but weakly for A9 at 4 (Fig. 2d) and
8 weeks (results not shown). Immunoreactivity for A8 and
A9 was also clearly evident within multinucleated osteo-
clasts at 2 (Fig. 2a {A8}), 4 (results not shown) and 8
(Fig. 2c {A9}) weeks. Strong A8 immunoreactivity oc-
curred in osteoblasts and chondrocytes at the growth plate
within the metaphyseal diaphyseal remodeling zone, par-
ticularly near the perichondrium. A representative figure
from a 2-week old mouse is shown (Fig. 2e). In contrast,
osteoblasts in these areas only stained weakly for A9
(Fig. 2f) and low reactivity of anti-A8 (Fig. 2g) and anti-
A9 (Fig. 2h) was evident in the peripheral epiphyseal
remodeling zones, as shown in the representative figure of
bone harvested at 2 weeks.
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The high levels of apparent A8 and A9 immunoreac-
tivity in osteoclasts were consistent with mRNA expression
data. We published a comparative affymetrix array profile
of mouse primary calvarial osteoblasts, culture-derived
osteoclasts and macrophages at http://symatlas.gnf.org.
Under conditions where there was no detectable expression
of A8 or A9 mRNA in macrophages or osteoblasts,
osteoclast expression was at least 4 orders of magnitude
above the detection threshold. In the same datasets, A8 and
A9 mRNA expression in a wide range of mouse tissues is
4-5 orders of magnitude higher in bone than in spleen,
which has a substantial myeloid cell population (data not
shown).

Expression of A8 and A9 in human bone cells
Expression array profiling (symatlas.gnf.org) confirms high

A8 and A9 mRNA expression in human bone, but the
samples used would have included other cell populations
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Fig. 2 Immunohistochemistry
of sections from tibias from 2, 4,
and 8 week old mice; A8 (A)
was expressed in osteoclasts
(OC) and osteoblasts (OB) from
2 week old mice. Neutrophils in
bone marrow stained strongly
for A8 (arrows with round
ends). At 4 weeks (B), the
primary spongiosa displaying
cartilaginous matrix contained
A8-positive osteoblasts
(arrows). (C) shows
metaphyseal bone containing
A9-positive osteoclasts, but not
osteoblasts in bone from an 8
week old mouse whereas the
primary spongiosa from mice at
4 weeks (D) contained A9-
positive osteoblasts (arrows).
(E) The junction of the growth
plate (GP)/metaphyseal (Met)
remodeling zone from a 2 week
old mouse is shown; PC:
proliferating chondrocytes.
Hypertrophic chondrocytes in
the epiphysis and growth plate
(small arrow heads) were highly
A8-positive and osteogenic cells
(O) strongly expressed A8. In
contrast, hypertrophic
chondrocytes in the epiphysis
and growth plate (arrow heads)
were A9-negative (F);
osteogenic cells were strongly
A9 positive. In the peripheral
osteogenic region of the
epiphysis of the distal femur and
upper tibia from mice at 2
weeks, A8-positive (G) and
weakly A9-positive osteoblasts
(H) were obvious. A8 and A9-
positive neutrophils (arrow
heads) are indicated throughout.
Positively-stained cells (red).
Counterstained with
haematoxylin, bright field
microscopy; magnification 400x

such as myeloid cells. To compare with expression patterns
found in the mouse, and to confirm that A8 is expressed in
human bone, we obtained samples from sites undergoing
rapid remodeling. Figure 3a shows active remodeling
adjacent to an aseptic loosened prosthesis, with A8-positive
osteoblasts (Fig. 3a) and osteoprogenitor cells (Fig. 3b).
A8 was seen in large hypertrophic chondrocytes (HC)
within the calcaneal cartilage from a 2-year old boy
(Fig. 3c) and in osteoclasts (results not shown).

Expression of A8 and A9 in human bone marrow
stromal stem cells

To confirm expression indicated by staining of human cells
and tissue, cultured human BMSSC were used. RT-PCR
analysis detected A8 transcripts in these cells whereas no
A9 mRNA was evident (Fig. 4a). Single-color flow cyto-
metric analysis confirmed low levels of cytoplasmic A8 in
these cells (Fig. 4b). Dual-color FACS was used to partition
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Fig. 3 Periprosthetic tissue of
adult human bone taken from
patient with an aseptically S

loosened prosthesis harvested a '
few millimeters from the
interfacial pathology where the
bone appeared to be reactive. ek ¥
A8-positive osteoblasts were \ ‘4
evident (A), within the \
Harvasian Canal (HV) and in
osteoprogenitor cells (B). In
femoral bone from a two year 8 4
old boy (C), A8 expression was L 4
seen in large chondrocytes
within the calcaneal cartilage, in
which there were areas of
degenerative hypertrophic ’
chondrocytes (arrows).

Positively-stained cells (red).

Counterstained with

haematoxylin, bright field

microscopy; original ‘
magnification A and C, 400x; B,

200x

different BMSSC STRO-1/B4-78 subfractions. STRO-1
identifies stromal precursor cells and B4-78 reacts with the
osteoblast associated marker, ALP, as shown in Fig. 4c,
represented in regions R1-R4 (Gronthos et al. 1999; Stew-
art et al. 1999). The different STRO-1/B4-78 BMSSC
subpopulations demonstrated a heterogeneous but highly
reproducible pattern of A8 expression detected using
semiquantative RT-PCR (Fig. 4d). The most immature pre-
osteogenic stromal population STRO-17/B4-78 (R1, os-
teoprogenitors) expressed high levels of A8 in contrast to
the lower amounts in the more committed pre-osteoblastic
cell fraction (R2, STRO-1+/ B4-78+). Furthermore, a larger
proportion of the stromal population consisting of the most
mature cell populations STRO-17/ B4-78" (R4, osteoblasts)
and STRO-17/B4-78" (R3, osteocytes and bone lining cells)
had lower detectable A8 mRNA levels (Fig. 4c, d).

Hypertrophic chondrocytes express A8 and A9

Chondrocytes of the resting and proliferating zones of
growth plates did not express A8 or A9 in bones from 2, 4
or 8-week old mice. In contrast, A8 immunoreactivity was
detected throughout the zones of maturing and degenerat-
ing HC of the growth plate as shown in the representative
figure from a 2-week old mouse (Fig. 5a, b). A9 was only
evident in the invading vascular-osteogenic tissue pene-
trating the degenerating chondrocytic zone adjacent to the
primary spongiosa (Fig. 5d).
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Association of A8 and A9 with sites of calcification

Sections from undecalcified bone from 2, 4, and 8-week
old mice were processed by embedding in hydroxyl ethyl
methacrylate (HEMA). These showed similar positive
patterns of A8 expression (shown in the representative
figure of bone harvested from 2-week old mice; Fig. 6a),
although reactivity in HC was less intense than that seen in
paraffin sections (see Fig. 5). The calcified cartilaginous
matrix of the HC and articular cartilage zones stained
strongly for A8 (arrow) where cellular ALP activity
(Fig. 6¢) and matrix calcification were apparent (Fig. 6b,
e). The immunoreactivity pattern of A9 in this area was not
different. The central zone of the epiphysis is replaced by
bone in a process referred to as secondary osteogenesis. A9
was detected in the in-growing vascular penetration from
the zone of osteogenesis (not shown). HC and their inter-
territorial matrix of the proximal tibial epiphysis from
2-week old mice, expressed A8 (arrows) (Fig. 6d). Positive
Von Kossa staining (arrow) confirmed calcification in the
HC zone (Fig. 6e).

Discussion
In this study, A8 and A9 were both detected in bone and

cartilage cells, but their precise location, and hence their
inferred function, was discordant. Only A8 was seen in
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Fig. 4 Expression of SI00A8 by bone marrow stromal stem cells
(BMSSC). (A) RT-PCR analysis for SI00A8, SI00A9 and beta-actin
transcripts in cultured BMSSC. (B) Singlecolour flow cytometric
analysis demonstrating low cytoplasmic expression of S1I00A8 by
human cultured BMSSC (open histogram) and isotype control
antibody (shaded histogram). (C) Dual-colour FACS was employed
to isolate different BMSSC subfractions following separation based
on their expression of the stromal precursor cell marker STRO-1 and
the osteoblastic marker ALP (B4-78) according to regions R1- R4.

preosteogenic cells whereas osteoblasts had variable, but
generally weak expression of both proteins. Only A8 was
detected in the BMSSC population. BMSSC subpopula-
tions exhibited a heterogeneous but highly reproducible
pattern of A8 mRNA expression in vitro while no A9
expression was found. The data showed that immature pre-
osteogenic stromal cells expressed high levels of A8 that
decreased in the more committed pre-osteoblastic cells,
suggesting that A9 maybe switched on only at the differ-
entiation stage. Therefore, the observed differential
expression of A8 and the lack of A9 expression in these
stromal subpopulations suggest a possible role for A8
during osteoblast differentiation.

Hypertrophic chondrocytes and primary ossification
centers

In the femurs and tibias from 2, 4, and 8-week old mice,
within this developmental pathway A8, but not A9, was

5.7%
10° 10" 10% 10? 10*
S100A8-PE
16 =

(D) The different STRO-1/ALP BMSSC subpopulations demon-
strated a heterogeneous but highly reproducible pattern of A8
expression using semiquantative RT-PCR analysis. The most
immature preosteogenic stromal population (R1) expressed high
levels of A8 in contrast to the more committed preosteoblastic cell
fraction (R2). A larger proportion of the stromal population consisting
of mature osteoblasts (R4), osteocytes and bone lining cells (R3) had
lower detectable levels of A8 mRNA

expressed in the HC zones of the growth plates, but not in
their proliferating zones. Both proteins were expressed in the
extracellular cartilage matrix, only within calcifying areas
(as indicated by von Kossa staining and ALP-positive cells)
of the epiphyseal cartilage. A9 has strong affinity for heparin
and binds A8, thus allowing their localization within the
matrix (Harrison et al. 1999) and, together with the presence
of A9 in calcifying microvesicles isolated from calcifying
atherosclerotic lesions (McCormick et al. 2005), we propose
that these proteins are involved in regulation of calcification
that occurs in the HC zone and its replacement with tra-
becular bone matrix. Most terminally differentiated chon-
drocytes in the fetal growth plate undergo apoptotic cell
death and changes in the cartilage matrix of the hypertrophic
zone allow invasion by capillaries, degradation of the cal-
cified cartilage matrix and its replacement with trabecular
bone matrix secreted by invading osteoblasts.

There is significant differential gene expression between
proliferating and HC (Wang et al. 2004). For example,
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Fig. 5 Immunohistochemistry
of sections from the proximal
end of the tibia from a 2 week
old mouse (A) including
epiphysis (Ep) , growth plate
(Gp) and spongiosa (Sp). (B)
Positive reactivity with anti-A9
was obvious in the invading
osteogenic cells of the primary
sponsiosa (arrows) and the
hypertrophic chondrocytes
(HC); proliferating
chondrocytes (PC) did not stain
with anti-A9. (C) Strong
staining was found with anti-A8
in the hypertrophic chondrocyte
(HC) and osteoblasts (arrows) at
the junction of the growth plate
and sponsiosa (high power of
Fig 4A). (D) The junction of the
growth plate and spongiosa
contained A9-positive
osteoblasts (arrows).
Counterstained with
haematoxylin, bright field
microscopy, original
magnification is A, 200x; B, C
and D 400x

immature (proliferating) chondrocytes secrete angiogenic
inhibitors (Alini et al. 1996; Engsig et al. 2000), whereas
HC produce factors (Moses et al. 1999; Shukunami et al.
1999) that could promote angiogenesis (Alini et al. 1996;
Engsig et al. 2000). A8 and A9 were both evident in iso-
lated regions at junctions of the growth plate cartilage and
the primary spongiosa. In particular, A9 was confined to
preosteogenic invading vascular sprouts and both proteins
were prominently colocalized in regions of intense vascular
remodeling, where A8 was also present. At the cartilage-
bone interface, only a thin layer of cartilage matrix sepa-
rates HC from invading capillaries. This layer, known as
the last transverse septa (Lee et al. 1996), actively under-
goes matrix remodeling and trabecular bone is laid down
on remnants of calcified cartilage (Stickens et al. 2004). In
these isolated regions, invading vascularized mesenchymal
tissue is preceded by chondroclasts. It is difficult at a light
microscopic level to ascertain whether only vascularized
mesenchymal cells, or portions of chondroclasts are pres-
ent. The dual localization of A8 and A9 in the zone at the
last transverse septum suggests their co-expression in a
particular cell type referred to as “septoclasts” (Lee et al.
1995) in this area.

A8 and A9 are expressed by activated microvascular
endothelial cells in vitro (Yen et al. 1997) and in micro-
vessels in areas of inflammatory neovascularization
(McCormick et al. 2005). The A8/A9 complex can bind the
endothelium and up-regulates a number of pro-inflamma-
tory genes and adhesion receptors and influences expres-
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sion of surface receptors involved in endothelial growth
and differentiation and monolayer integrity (Viemann et al.
2004), processes important in vascular neogenesis.

The role of A8 and A9 in osteoclasts: an observation

Immunohistochemistry of murine and human bone sec-
tions confirmed published mRNA data (http:/symat-
las.gnf.org) indicating very high A8 and A9 expression in
osteoclasts. Given the chemotactic activity of A8, and its
essential role in implantation, it is possible that it acts as
a signaling molecule coupling osteoclast and osteoblast
activity to provide calcium homeostasis, or to provide a
matrix for recalcification following resorption. One or
both proteins could also participate directly in regulating
bone resorption. Given these observations, the apparent
immunoreactivity of osteoblasts must be considered with
some caution, since they may have bound S100 protein
derived from osteoclasts or other cells associated with
bone surfaces.

Some processes important in bone remodeling are reg-
ulated by reactive oxygen intermediates (ROI). For
example, low concentrations of H,O, or O3 accelerate
resorption by osteoclasts and HOCI and hydroxyl radicals
can degrade proteoglycans and fragment collagen. HOCI
can also alter matrix metalloproteinase (MMP) activity by
inactivating tissue inhibitors of MMP and activating certain
MMPs (reviewed in Hadjigogos 2003). Moreover, oxidants
stimulate osteoclastic differentiation and anti-oxidant
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Fig. 6 Expression of A8 (A, D) alkaline phosphates (C) and staining
for Von Kossa (B, E) in the hypertrophic chondrocyte zone of the
growth plate from the upper tibia of 2 a week old mouse. Although
the hypertrophic chondrocytes (HC) only reacted weakly with anti-
A8, compared to the paraffin section (see Fig 4), (A) the calcified
cartilaginous matrix was strongly A8 positive (arrow). (B) Positive
Von Kossa staining in the calcified matrix of bone and cartilage at the
junction of the growth plate and primary sponsiosa is indicated
(arrows). No calcification was evident in the primary sponsiosa
(double arrow). (C) Alkaline phosphatase, assessed by enzyme

proteins regulate this process and H,O, inhibits osteoblast
differentiation in BMSSC which can be negated by
induction of the anti-oxidant protein, metallothionein (Liu
et al. 2004). Some S100 proteins can regulate oxidative
processes. An important function of A8, and possibly A9,
is their ability to scavenge oxidants such as H,O, and
HOCI (Harrison et al. 1999; Raftery et al. 2001) and a
protective function for these proteins in acute inflammation
and in atherogenesis (Rahimi et al. 2005) is proposed.
Thus, A8 and/or A9 may contribute to regulation of the
oxidative balance necessary for bone remodeling.

histochemistry was onvious in hypertrophic chondrocytes (HC,
arrows), early calcified bone (CB, arrows) and osteoblasts (OB,
arrows). (D) Joint space (JS), the articular cartilage (AC), ephiphysis
and the metaphysis (MET) from the proximal end of the tibia where
hypertrophic chondrocytes expressed A8 (arrows). (E) Von Kossa
stain (arrow) indicates areas of calcification in the hypertrophic
chondrocytic zone. Tissue embedded in hydroxy ethyl methacrylate.
Immunohistochemistry staining, Positive stained cells (red), Count-
erstained with methylene green, bright field microscopy, magnifica-
tion, 400x

Conclusion

The observational data from mice, human provide evidence
that A8 and A9 may be involved in processes of osteoblast
and chondrocytic maturation and matriceal calcification.
Furthermore these proteins may also play a role in florid
osteogenesis in the primary spongiosa. These data provide
the rationale for more detailed studies of the bone pheno-
type and calcium turnover in A9-null animals, and possible
generation of a bone-specific A8 knockout to discern their
true functions.
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