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Fig. 6. Rate of mean change in monthly aphthae count score in
patients with an aphthae pain score >28 at 1 month before treat-
ment. Data are means * standard error (SE) [total monthly
counts). * p < 0.01 rebamipide vs placebo. Figures in brackets
are the numbers of dala, and numbers indicate the rates of
change.
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Fig. 7. Rate of mean change in monthly aphthae pain score in
patients with an aphthae pain score >28 at 1 month before treat-
ment. Data are means t standard error {SE) [tatal monthly
counts]. * p < 0.01 rebamipide vs placebo. Figures in brackets
are the numbers of data, and numbers indicate the rates of
change.

tus. There were no serious adverse events that
caused concern with long-term use of rebamipide.

Discussion

The results of this randomised, double-blind,
placebo-controlled study demonstrate that rebam-
ipide improves aphthae count and pain score in BD
patients. It should be pointed out that the placebo
group in this study was not strictly a placebo group,
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in that subjects were allowed to continue their
usual treatment. It would thus be more accurate to
say that ‘usual therapy + placebo’ was compared
with ‘usual therapy + rebamipide’. However, the
results were not affected by concomitant use of col-
chicine, the basic treatment drug for BD, or by cor-
ticosteroid-containing ointments and patches, the
treatment drugs for aphthae. Of the 11 patients in
whom rebamipide was effective, 10 had had
aphthae for 10 years or more. The study population
was an appropriate sample size for a pilot study.
Although the pretreatment observation period was
comparatively short at only 4 weeks, comparison
of the onset of recurrent oral aphthous ulceration
with skin, genital and ocular lesions in these
patients indicated that the incidence of aphthae was
stable. Thus, the short observation period chosen
for this study was not considered to be a problem.

Monthly aphthae count is defined as the total
number of aphthae detected daily over 1 month.
This count takes into account the duration of in-
dividual aphthae. For example, if one aphthae is
detected continuously for 5 days, the monthly
aphthae count score is 5. The duration of onset of
individua! aphthae was not observed in this study.
However, taking patients’ impressions into consid-
eration, a shortened duration between the onset and
disappearance of individual aphthae may have con-
tributed to the reduction in monthly aphthae count
seen in rebamipide-treated patients. In addition, the
improvement in monthly pain score may have re-
sulted from a reduction in the number of aphthae
onsets and shortening of the duration of individual
aphthae. We suggest that tissue repair mechanisms
in rebamipide-treated patients occurred before le-
sions reached deep tissue areas, which, together
with the shortening of the duration of aphthae, pre-
vented the occurrence of severe pain.

Although localised treatments such as cortico-
steroid-containing ointments and patches and local
anaesthetic-containing jellies are currently being
used in BD patients, difficulty in applying these
treatments in the oral environment is often experi-
enced, thus making their long-term use difficult.
No significant adverse events were noted during 6
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months of rebamipide treatment. Rebamipide is
administered orally, thus the application complica-
tions that are encountered with topical treatments
could be avoided.

Other BD symptoms, such as uveitis, skin le-
sions and genital ulcers were not the main evalua-
tion parameters in this study. The three remaining
major symptoms were secondary evaluation para-
meters that were monitored along with the aphthae.,
The stable incidence that could be seen with
aphthae was not seen with the other three main
symptoms; therefore, a longer period of admini-
stration of 12 months or more would be necessary
to assess the efficacy against these symptoms.
There was no restriction in drug therapy for the
other three main symptoms. There was almost no
frequent occurrence of any of these symptoms (0-2
days during 28 days of the pretreatment observa-
tion period) . However, if oral administration was
found to be effective against aphthae, the drug may
be effective against other symptoms too. The dif-
ference in the degree of inflammation of each
symptom was suggested as the reason for the
differences in efficacy. Future studies should ad-
dress the effects of rebamipide on these symptoms.
Furthermore, dose titration and clarification of the
mechanism of action of rebamipide on aphthae of
BD should be investigated.

Rebamipide showed a mucoprotective action
and acceleration of gastric ulcer healing, resulting
from an increase in prostaglandins in gastric
mucosa via upregulation of cyclo-oxygenase-2
(COX-2) protein!!316] and endothelial growth
factor (EGF) and EGF receptors.l!”) EGF and
prostaglandin E; are present in biological fluids,
including saliva, and play a role in maintenance of
the epithelial barrier and in healing of damaged
mucosa. Wu-Wang et al.['®] suggested that a de-
crease in EGF and prostaglandin E; in the saliva
might be associated with ulcer formation in
patients with recurrent aphthous stomatitis. In ad-
dition to its effect on COX-2 and EGFE rebamipide
has a variety of other effects on the gastric mucosa
such as the stimulation of mucus secretion,[19:20]
inactivation of neutrophils,!?!' and scavenging of
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free radicals.1213.221 Accordingly, these factors
and/or other unknown targets cannot be ruled
out as potential mechanisms for the healing effect
of rebamipide.

The effective concentration of rebamipide was
shown to be in the range of 1-1000uM from the
results of several in vitro studies,[?3) and differs
according to cell and mechanism. The effective
concentration in gastric mucosa for the treatment
of in vivo gastric ulcer and gastritis was shown to
be within this concentration range for both animals
and humans.!?#251 On the other hand, the effective
concentration in the blood was decreased approxi-
mately one-tenth or more compared with the con-
centration in the gastric mucosa.l?4251 However,
for example, the oral dose of rebamipide that
shows antiulcer action in the rat has been reported
to be effective in the rat model of acetic acid-
induced buccal mucosal ulcers,?] and hepatic
injury,?’! and the same dose was effective even in
human pharyngeal granuloma.!?8] From these ob-
servations, it was assumed that the action of
rebamipide depends on the concentration in the
blood and target organs. Further studies are neces-
sary to confirm the mechanism of action of
rebamipide.

The treatment of oral aphthae in BD is frustrated
by alack of effective drugs because local treatment
only is not satisfactory. Although this was a small
pilot study, it provides information on another treat-
ment strategy for mucosal ulceration in BD.

Conclusion

Oral administratton of rebamipide 300 mg/day
for 12-24 weeks was expected to have an anti-
inflammatory effect. Thus the efficacy of the drug
in the treatment of recurrent aphthae, which is a
major symptom of BD disease, was investigated in
a placebo-controlled, double-blind comparative
study. When drug efficacy against aphthae count
and pain score were evaluated, the rate for moder-
ate or greater improvement was 36% (5/14 sub-
jects) and 65% (11/17 subjects) for the placebo and
rebamipide groups, respectively .
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Rebamipide reduced oral aphthosis pain and the
number of aphthae in BD disease. No serious ad-
verse events that would be problematic during
long-term administration were observed. Further
studies of long-term administration in a higher
number of subjects are needed to follow up on this
preliminary study.
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Bone Morphogenetic Protein Signals Are Required for
Cartilage Formation and Differently Regulate Joint
Development During Skeletogenesis

NORIYUKI TSUMAKI,!* TAKANOBU NAKASE,2 TAKAHIRO MIYAJL,> MASAAKI KAKIUCHI,!
TOMOATSU KIMURA,? TAKAHIRO OCHI,? and HIDEKI YOSHIKAWA?

ABSTRACT

The bone morphogenetic protein (BMP) family consists of a large number of members and has diverse
biological activities during development. Various tissues express pleural BMP family members, which seem to
cooperatively regulate developmental events. Here, multiple BMP signals were inactivated in chondrocytes to
clarify the function of BMPs during skeletogenesis. To obtain tissue-specific inactivation, Noggin gene (Nog)
was overexpressed in cartilage under the control of a2(XX) collagen gene (Collla2) promoter/enhancer
sequences, The resultant transgenic mice lacked most of their cartilaginous components, suggesting that
cartilage does not develop without BMP signals. These effects seem to be mediated through down-regulation
of Sox9 expression. Conversely, specific BMP signals were activated in the skeleton by targeted expression of
Bmp4 in cartilage and the resultant phenotype was compared with that of transgenic mice expressing growth
and differentiation factor-5 (GDF-5), another BMP family member. Overactivity of Bmp4 in the skeleton
caused an increase of cartilage production and enhanced chondrocyte differentiation, as GDF5 expression did,
but it did not disturb joint formation as GDF5 did. During skeletogenesis, unique roles of each BMP may
reside in the regulation of joint development. Together with the common effect on the cartilage overproduction
by Bmp4 and GDF5 overactivation, loss of cartilage by inactivation of multiple BMPs in Noggin transgenic
mice indicates that signals for cartilage production are reinforced by multiple BMPs exclusively. These
conclusions may account for the reason why multiple BMPs are coexpressed in cartilage. (J Bone Miner Res
2002;17:898-906)

Key words: bone morphogenetic protein, Noggin, cartilage, joint formation, transgenic mice

INTRODUCTION cytes. As a final step in endochondral bone formation, the

hypertrophic cartilage is invaded by blood vessels and os:

ARTILAGE SERVES as the template for the development of  teoprogenitor cells, and the calcified cartilage is subse
skeletal components. Formation of the skeleton is ini- quently replaced by bone.

tiated by mesenchymal cell condensation, forming primor- Bone morphogenetic proteins (BMPs) were originally

dial cartilage followed by endochondral ossification. This  identified as secreted signaling molecules that could induct

process includes proliferative and hypertrophic chondro-  endochondral bone formation.!” Subsequent molecula

cloning studies™ have revealed that the BMP family con

The authors have no conflict of interest. sists of various molecules, including members of the growt!
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and differentiation factor (GDF) subfamily. BMP family
members have diverse biological activities during the de-
velopment & various ofgans and tissues, as well as during
embryonic axis determination.” Expression analysis of
BMP family members has revealed that each protein has
a unique tissue distribution, with several BMPs being
coexpressed in the same tissues. Bmp2, Bmp4, Bmp7, and
GdfS are expressed in perichondrium and are believed to
regulate cartilage formation and development.“~® It has
been reported that mice lacking Noggin, an antagonist for
BMPs, showed oversized cartilage and impairment of
joint development.” In Noggin-deficient mice, multiple
BMPs, including BMP-2, BMP-4, BMP-7, and GDF-5,
seem to be overactivated in cartilage, indicating that
these BMPs as a group expand cartilage. However, the
unique role of each BMP during skeletogenesis still
remains obscure,

To unravel the in vivo function of each BMP, knockout
mice have been created and analyzed. Bmp2 and Bmp4
show early expression in postimplantation embryos, and
inactivation of these genes results in death at an early stage
of gestation, before the onset of chondrogenesis.*® Em-
bryonic mice lacking BMP receptor type IA (BMPRIA)!'®
or type II (BMPRII)*'" also fail to form the mesoderm and
die by 9.5 days postcoitus (d.p.c.). before the onset of
skeletogenesis, probably caused by impairment of the BMP
signal transduction. In contrast, homozygous loss-of-
function mutants for BmpS5,'® Bmp6,"'> Bmp7,4%'* and
Gdf5 (also known as Cdmpl and Binp14)"'® are viable and
exhibit limited malformation of skeletal components. Mice
with inactivated BMP receptor type IB gene (BmpriB) are
viable and exhibit defects that are largely restricted to the
appendicular skeleton.”'” The relatively minor nature of
these developmental defects suggests that other coexpressed
BMP family members or their receptors may functionally
compensate for the absence of a protein normally expressed
in the same tissue. This concept is supported by the early
embryonic death of Bmp5; Bmp7 double-knockout mice.!®)
Therefore, function of BMPs during mammalian skeleto-
genesis is not well understood.

To examine the physiological role of BMPs during skel-
etogenesis in vivo, we inactivated multiple BMP signals in
the skeleton by targeted expression of Noggin, a BMP
antagonist, in cartitage. The resultant transgenic mice
lacked most of their skeletal components, suggesting that
BMP signaling is required for cartilage formation. Con-
versely, we activated specific BMP signals in skeleton by
targeted expression of BMP-4 in mouse cartilage and com-
pared the phenotype with that of transgenic mice expressing
GDF-5,'% another BMP family member. Excess BMP-4
activity in the skeleton caused an increase of cartilage and
enhanced chondrocyte differentiation as GDF-5 overactiva-
tion did, but did not disturb joint formation as GDF-5 did.
This difference indicates that each BMP has a unique role
in joint formation during skeletogenesis. We conclude that
formation of cartilage is mainly dependent on BMPs and
that each BMP has a unique role, possibly explaining
the known existence of multiple BMP expression in
cartilage.

899

MATERIALS AND METHODS

Construction of transgenes

The Collla2-based expression vector, Collla2-LacZ, is
identical with the 742lac’ZInt that have been described pre-
viously.®® Collla2-LacZ contains the Collla2 promoter
(=742 bp to +380 bp), an SV40 RNA splice site, the
B-galactosidase reporter gene, and the SV4Q polyadenyla-
tion signal, as well as 2.3 kilobases (kb) of the first intron
sequence of Collla2 as an enhancer (Fig. 1A).

A 0.7-kb DNA fragment covering the entire coding region
of the mouse Nog complementary (c)DNA®" was generated
by polymerase chain reaction (PCR) using a forward primer
tagged with Nofl site (ATAAGAAGCGGCCGCTAGAGT-
CATTCAGCGGCTGGTCAGAGGATGGAGCGCTGC-
CCCAGCCTG) and a reverse primer with Notl site
{ATAGTTTGCGGCCGCGAGTTCTAGCAGGAACACT-
TACACTC). A 1.2-kb DNA fragment covering the entire
coding region of the mouse Bmp4 cDNA“® was also gener-
ated by PCR using a forward primer tagged with Nofl site
{(ATAAGAAGCGGCCGCTAGAGTCATTCAGCGGCTG-
GTCAGAGGATGATTCCTGGTAACCGAATGCTG) and a
reverse primer with Notd site (ATAGTTIGCGGCCGCT-
CAGCGGCATCCACACCCCTCTAC). After digestion with
Notl, these PCR fragments were cloned into the Notl site of
Collla2-LacZ by replacing the f-galactosidase gene to
create Noggin-expression vector, Collla2-Nog, and Bmp4-
expression vector, Coll 1a2-Bmp4, respectively (Fig. 1A).

The previously reported GDF5 (CDMPI) expression vec-
tor, 742-CDMPI-Int,*® was designated as Collla2-GDFS,
containing complete human GDF5 cDNA coding sequences
ligated to the promoter and enhancer sequences of the
Collla2 and SV40 RNA splice site, which are identical
with those of Collla2-LacZ, Collla2-Nog, and ColllaZ2-
Bmp4 (Fig. 1A).

Generation of transgenic mice

The plasmids containing transgene constructs were di-
gested with restriction emzymes to release the inserts from
their vector sequences. Transgenic mice were produced by
microinjecting each of the inserts into the pronuclet of
fertilized eggs from F1 hybrid mice (C57BL/6 X C3H} as
described previously.?® Transgenic embryos were identi-
fied by PCR or Southern assays of genomic DNA extracted
from the placenta or skin. Previously reported transgenic
embryos bearing Collla2-GDF5 (742-CDMPI-Int)*?
were reproduced for comparison of phenotype.

Staining of skeleton and histology

Cartilage and bones of embryos and newborn mice were
stained as previously described.®® After skin and internal
organs were removed, samples were fixed in 96% ethanol
for 2 days followed by staining with alcian blue (Sigma-
Aldrich, St. Louis, MO, USA) solution (80 m! 96% ethanol,
20 ml acetic acid, and 15 mg alcian blue) for 2 days. The
samples were dehydrated in 100% ethanol for 5 days and
immersed in 1% KOH for 2 days. The samples were stained
with 0.001% alizarin red S (Sigma-Aldrich) solution in 1%
KOH for 2 days, dehydrated in graded solutions of glycerin,
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and stored in 100% glycerin. For histological analysis,
embryos were dissected with a stereomicroscope, fixed in
4% paraformaldehyde, processed, and embedded in paraf-
fin. Serial sections were prepared and stained with hema-
toxylin and eosin, safranin O-fast green-iron hematoxylin
(Sigma-Aldrich).

In situ hybridization and probes

Digoxigenin-11-UTP-labeled single-strand RNA probes
were prepared using a DIG RNA labeling kit (Boehringer
Mannheim, Indianapolis, IN, USA) according to the man-
ufacturer’s instructions. cDNAs described below were used
to ‘generate antisense and sense probes. Hybridization was
performed as described previously.®* Briefly, after depar-
affinization, the sections were treated with 10 pg/ml of
proteinase K for 15 minutes at room temperature and sub-
jected to 0.2N HCI to inactivate endogenous alkaline phos-
phatase. Hybridization was performed at 50°C in 50% for-
mamide, and washes were carried out at a stringency of 2X
S8C containing 50% formamide at 55°C. The slides were
subjected to 10 pg/ml of RNAse A in TNE (10 mM Tris-
HCI [pH 8.0], 500 mM NaCl, and 1 mM EDTA) at 37°C for
30 minutes for digestion of nonhybridized transcripts and

Colt1a2-Bmp4

FIG. 1. The structure of each transgene,
cartilage-specific expression of the transgenes
and the skeletal abnormalities in Collla2-Nog
and Collla2-Bmp4 transgenic mice. (A) For
preparation of the transgenes, a 742-bp promoter
sequence and 2.3-kb intron enhancer sequence
from the type XI collagen o2 chain gene
(ColllaZ) were ligated to the LacZ gene, Nog
cDNA, Bmp4 cDNA, and GDF5 ¢DNA respec-
tively. Brackets show the $V40 intron cassatte.
(B) Transgenic mice bearing Collla2-LacZ
were stained with X-gal to detect LacZ activity
at 13.5 d.p.c. Transgene expression directed by
the Collla2 promoter/enhancer sequences was
restricted to the primordial cartilage of the long
bones of the limbs and to that of the ribs, Whole
skeletons from (C) normal, (D) Collla2-Nog,
and (E) Collla2-Bmp4 transgenic mice at
16.5 d.p.c. were stained with aleian blue (for
cartilage) and alizarin red (for bone). Only traces
of cartilage were recognizable in Collla2-Nog
transgenic mice, whereas cartilage was ex-
panded in Collla2-Bmpd transgenic mice. The
Tth ribs shown are. from (F) normal, (G)
Collla2-Nog, and (H) Collla2-Bmp4 trans-
genic mice. Scale bars, 2 mm,

washed. A Gehius Detection System (Boehringer Manheim)
was used to detect signals according to the manufacturer's
instructions.

Col2al and rat Sox9 ¢DNAs were obtained from Y.
Yamada (National Institute of Health, Bethesda, MD,
USA).®> Mouse type IIA procollagen cDNA (exon 2) was
from L.J. Sandell (Washington University, St. Louis, MO,
USA).? Mouse Coll0al cDNA (pRK26) was provided by
K.S.E. Cheah (University of Hong Kong, Hong Kong).®"

RESULTS

Targeted expression of transgene and transgenic mice
expressing Noggin in cartilage

Four DNA constructs were prepared to generate trans-
genic mice (Fig. 1A). We first expressed B-galactosidase
reporter gene {LacZ) under the control of the promoter and
first intron enhancer sequences derived from a2(X1) colla-
gen gene (Collla2). As reported,®® the Coll a2 promoter/
enhancer sequences started to direct expression to mesen-
chymal condensation in limbs at 12.5 d.p.c. At 13.5 d.p.c.,
the transgenic mice showed clear X-gal staining specifically
in the primordial cartilage of the long bones of the limbs and
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TasLE 1. PropucTioN FREQUENCY OF TRANSGENIC MICE
Number of Mice with Mice with Joint fusion®
Number of transgenic hypoplastic expanded

pups obtained mice* cartilage' cartilage’ Complete Partial None
Collla2-Nog 62 I 7 0 0 0 7
Collla2-Bmpd 92 15 0 12 0 2 10
Collla2-GDFS 63 12 0 9 7 2 0

* Genotype was analyzed by PCR and/or Southern assays of gencmic DNA extracted from the placenta or skin.

¥ Number of mice with phenotypes are shown.

¥ Number of mice with completely fused and partially fused joints and number of mice with well-formed joints are shown.

MNormal

Col11a2-Bmp4

{

Col11a2-GDF5

T TR TSI L T ) T

FIG. 2. Hindlimb skeletons of Collla2-Nog, Collla2-Bmp4, and Colll42-GDF5 wansgenic mice. Hindlimb skeletons from (A) normal, (B)
Collla2-Nog, (C) Coll 1a2-Bmpd, and (D) Coll 1a2-GDFS5 transgenic mice at 16.5 d.p.c. were stained with alcian blue (for cartilage) and alizarin
red (for bone). (B) Only traces of cartilage were recognizable in Collla2-Nog transgenic mice. (C) Coll fa2-Bmp4 transgenic mice showed
well-formed joints, whereas (D) Coll1a2-GDFS5 transgenic mice exhibited skeleton with completely fused joints. Scale bar, 1 mm.

ribs (Fig. 1B), when cells in mesenchymal condensation
differentiated into chondrocytes. Cranial components un-
dergoing membranous ossification did not show X-gal stain-
ing.

We next tried to inactivate BMP signals in a tissue-
specific manner to study the role of BMPs in skeletal
development. For this purpose, we expressed Nog in carti-
lage to effectively block multiple BMP signals under the
control of the promoter and first intron enhancer sequences
derived from Collla2. Noggin has been reported to antag-
onize the activities of BMP-2, BMP-4, BMP-7, and GDF-5
by binding to these proteins and preventing interaction with
their receptors.®'*® The transgene construct, Coll Ia2-Nog,
was introduced into the pronuclei of fertilized eggs to gen-
erate transgenic mice. The Collla2-Nog transgenic mice
were stillborn due to respiratory failure; therefore, we ana-
Iyzed pleural generation zero (Gg) embryos (Table 1). We
obtained seven mice with abnormal appearances. Average
size of crown-rump length of the mice was 10% smaller
than that of normal littermates. These mice showed striking
skeletal defects, whereas other tissues (including the vis-
cera, muscle, and skin) were histologically normal because
transgene expression was restricted to the skeletal tissues
(not shown). Alcian blue staining of cartilage showed that
all the cartilage components of Collla2-Nog transgenic
mice were severely hypoplastic compared with those of
normal mice (Figs. 1C and 1D). Collla2-Nog transgenic
mice only showed traces of rib cartilage, unlike the rodlike
‘normal rib cartilage (Figs. 1F and 1G). Primordial cartilage

of long bones of limbs was very hypoplastic in Collla2-
Nog transgenic mice compared with that of normal mice
(Figs. 2A and 2B). Alizarin red staining of skeleton showed
that the rib bones and the long bones of the limbs were
severely hypoplastic in Collla2-Nog transgenic mice com-
pared with those of normal mice. To our analysis, every
skeletal components expressing transgene was affected and
minimally formed. Alizarin red staining of bone showed
that skull was nearly normal, probably because the trans-
gene was not expressed in bone undergoing membrancus
ossification.

Transgenic mice expressing Bmp4d and GDF3 in
cartilage :

We next attempted to activate single BMP signals in
cartilage to characterize the action of each BMP ligand
during skeletal development. We generated transgenic mice
expressing Bmp4 in cartilage under the control of the
Collla2 promoterfenhancer sequences. The Coll Ia2-Bmp4
transgenic mice were dead at birth due to respiratory failure;
therefore, pleural G, embryos were analyzed. Activation of
BMP-4 signals in cartilage led to an increase of cartilage,
Alcian blue staining showed that the entire cartilaginous
skeleton was enlarged and thickened when compared with
normal mice (Figs. 1C and 1E). The rib cartilage of these
Collla2-Bmp4 transgenic embryos was three times thicker
in diameter on average than normal rib cartilage (Figs. 1F
and IH), resulting in loss of the intercostal spaces in the

—436—



o
£
c
£
]
/]

transgenic mice {Fig. 1E). We obtained 12 G, transgenic
embryos with such changes in their cartilage. Ten of the 12
embryos showed well-formed joints (Fig. 2C), while 2
embryos exhibited partially fused joints (Table 1}. To elu-
cidate functional difference between each BMPs, we gen-
erated mice expressing GDF5 under the control of the
identical Coilla2 promoter/fenhancer sequences as report-
ed!'” and compared their phenotype with Collla2-Bmp4
transgenic mice. The skeletal phenotype of the Collla2-
Bmp4 transgenic mice was very similar to Collla2-GDFS
transgenic mice. Both transgenic mice had a very similar
chodrodysplasia-like skeletal phenotype with kyphosis and
expansion of cartilage (Fig. 1E).\'? However, joint forma-
tion was different between these two types of transgenic
mice. For Collla2-GDFS5 transgenic mice, we obtained
nine G, embryos with expanded skeleton, and seven of them
showed completely fused joints (Table 1, Fig. 2D). These
results suggest that BMP-4 and GDF-5 have similar roles in
cartilage formation and different functions in joint forma-
tion during development.

Cartilage formation and BMP signals

Considering that the final target of BMP signaling in
cartilage should be the genes encoding cartilage matrix
components, we examined gene expression in the limb
cartilage of transgenic mice using in situ hybridization.
Transcriptional factor Sox9 binds to the regulatory se-
quences of the type II collagen gene (Col2al) and Collla2
gene to activate their expression.®>2%39 Therefore, we an-
alyzed expression of Sox9 in cartilage. The number of
Sox9-positive cells in Collla2-Nog transgenic mice was
dramatically decreased compared with normal mice (Figs.
3D and 3E). In accordance with depletion of Sax%-positive
cells, expression of Col2al was also decreased in Coll [a2-
Nog transgenic mice compared with normal mice (Figs. 4D
and 4E). In addition, histological analysis showed that the
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FIG. 3. Expression of Sox9 and type ITA col-
lagen mRNA in developing cartilage. Sections
of the distal phalanges from (A) normal, (B)
Collla2-Nog, and (C) Collla2-Bmp4 trans-
genic mice at 16,5 d.p.c. were stained with sa-
franin O to detect the extracellular matrix of
cartilage (red). Semiserial sections were used to
assess (D-F) Sox9 expression and (G-T) type I1A
collagen mRNA expression by in situ hybridiza-
tion. Sox9 is believed to regulate the transcrip-
tion of genes encoding various extracellular ma-
trix components of cartilage, including types II
and XI collagen. The number of cells expressing
Sox9 was decreased in (E) Collla2-Nog trans-
genic mice and was increased in (F) Collla2-
Bimp4 wansgenic mice when compared with (D)
normal mice. (I) Expression of type IIA mRNA
(TypellA), the longer form of type II collagen
mRNA generated by alternative splicing, was
increased in cells around the primordial cartilage
of Collla2-Bmp4 transgenic mice, indicating
the enhanced commitrment of mesenchymal cells
to the chondrocytic lineage. Scale bar, 100 pm.

staining intensity of cartilage with safranin O was dramat-
ically reduced in Collla2-Nog transgenic mice (Figs. 3A,
3B, 4A, and 4B), suggesting low content of glycosamino-
glycan, 2 component of proteoglycan in cartilage.

Conversely, there was a marked increase of cells express-
ing Sox9 in Collla2-Bmp4 transgenic mice compared with
normal mice (Fig. 3, D and F). Primordial carttlage of
Collla2-Bmp4 transgenic mice was wider than that of
normal mice (Figs. 3A, 3C, 4A, and 4C) and filled with
chondrocytes expressing Cof2al intensely at epiphyseal re-
gions (Fig. 4F). Widening of primordial cartilage in Collla2-
Bmp4 transgenic mice may be attributed to increased num-
ber of chondroprogenitor cells around cartilage. This idea
was tested by expression analysis of type II collagen
mRNA. In the early stage of chondrocyte development, two
forms of type II procollagen are generated by alternative
splicing of the exon 2 sequence.”" The longer form (type
1IA) containing the exon 2 sequence is predominantly ex-
pressed by immature chondroprogenitor cells.®® Expres-
sion of type IIA mRNA was greater in the cells around
Collla2-Bmp4 transgenic cartilage than in cells in wild-
type cartilage (Figs. 3G and 3I), suggesting the increased
number of chondroprogenitor cells in BMP-4 transgenic
cartilage.

Chondrocyte differentiation in transgenic mice

After commitment of mesenchymal cell to chondrocytic
lineage, proliferating chondrocytes produce the short form
of type II collagen™ (Fig. 4D) and build an extracellular
matrix for cartilage that contains abundant glycosaminogly-
cans, which can be stained with safranin O (Fig. 4A). Along
with differentiation to mature hypertrophic chondrocytes,
the expression of Col2al ceases, and the cells begin to
express type X collagen gene (CollOal; Fig. 4G), so that
the matrix architecture becomes suitable for subsequent
bone formation. Compared with normal mice, Coll a2-Nog
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| FIG. 4.

Coll1a2-Nog
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Coil1a2-Bmp4

Influence of the modification of BMP signaling on chondrocyte differentiation. Sections of metacarpals from (A) normal, (B)

" Collla2-Nog, and (C) Coll la2-Bmp4 transgenic mice at 16.5 d.p.c. were stained with safranin O to detect the extracellular matrix of cartilage
. {p, proliferating chondrocytes; h, hypertrophic chondrocytes). Semiserial sections were used to assess (D-F) type I collagen gene (Cof2al) and
5 (G-1) type X collagen gene (Coll0al) expression by in situ hybridization. In wild-type metacarpals, both ends of each skeletal component

3 % consisted of proliferating chondrocytes marked by (D) Col2al expression and the cartilage had (A) abundant extracellular matrix. Differentiation

* proceeds from the central part of each skeletal component, with chondrocytes becoming (A) hypertrophic and changing from production of ()

;:ftypc Il collagen to (G} type X collagen. In Collla2-Neg transgenic mice, (B} the primordial cartilage was hypoplastic and contained little

&.extracellular matrix with (E) weak Col2al expression. The cartilage only contained Col2al-positive cells and expression of (H) the Coli0al was

- not detected, suggesting impairment of the differentiation process. On the other hand, the primordial cartilage was expanded in Collla2-Bmp4

;. transgenic mice and contained (C) abundant matrix with (F) Col2ai-positive cells at both ends of cach skeletal component. At the central part

.-of each component, (C) the zone of hypertrophic chondrocytes was markedly wider than normal and {I) expression of the Co!I0al was prominent

J’indicating the acceleration of chondrocyte differentiation. Scale bar, 100 um.

- transgenic mice had hypoplastic cartilage with weak safra-
“nin O staining (Figs. 4A and 4B). In situ hybridization
:showed that the cartilage of these mice contained cells
expressing the Col2al gene (Fig. 4E) but lacked Coll0al-
.positive cells (Fig. 4H). In addition, type IIA mRNA, a
: marker of immature chondroprogenitor cells, was not only
~expressed by peripheral cells but also by cells at the center
» of the primordial cartilage (Fig. 3H). These findings suggest
“that Collla2-Nog transgenic cartilage was composed of
;_.rclatively immature chondrocytes.

..On the other hand, Ceollla2-Bmp4 transgenic mice
showed expansion of cartilage, with an increase in the
“thickness of the zone of hypertrophic chondrocytes (Flg

=4C). The number of Coll0al-positive cells was also in-
‘creased in Collla2-Bmp4 transgenic mice compared with
<n0rmal mice (Figs. 4G and 41).

DISCUSSION

.~ To examine the physiological function of BMPs during
.skeletogenesis in vivo, we generated transgenic mice ex-

pressing Noggin or BMPs under the control of the same
cartilage-specific promoter/enhancer sequences derived
from Collla2. The resultant transgenic mice showed dis-
tinct skeletal abnormalities, although their other tissues de-
veloped normally because of the high tissue specificity of
the promoter/enhancer sequences. These results provide
convincing evidence that BMPs play an important role in
mammalian skeletogenesis.

BMPs are required for cartilage formation

A striking feature of the Collla2-Nog transgenic mice
was the absence of nearly all cartilage. In these mice,
Noggin was overexpressed in the mesenchymal condensa-
tion at 12.5 d.p.c. and subsequently was overexpressed in
the proliferating chondrocytes of all primordial cartilage.
Noggin has been reported to antagonize the activities of
BMP-2, BMP-4, BMP-7, and GDF-5 by binding to these
proteins and preventing interaction with their recep-
tors.?'*® Therefore, an excess amount of Noggin might
have dramatically depressed the activities of these BMPs in
the cartilage of Ceollla2-Nog transgenic mice.
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ItMas been shown that overactivity of BMPs causes
expansion of the cartilage in Noggin knockout mice!” and
GDF-5 transgenic mice."'”" In addition to these findings, a
definitive assessment of the importance of BMP in normal
skeletogenesis might be achieved by loss-of-function stud-
ies. Inactivation of Bmp7 causes fused ribs and polydactyly
of the hindlimbs,!'*'* whereas the loss of GDF-5 activity
results in shortening of the appendicular skeleton in brachy-
pod {bp) mice."'® In these mice, cartilage is generally
formed despite morphological changes to limited parts of
the skeleton. Such relatively minor changes of the cartilage
raise the possibility that other coexpressed BMP family
members can compensate functionally for the absence of a
protein in these mice. Our results also support this possibil-
ity. Expansion of cartilage in Collla2-Bmp4 transgenic
mice indicates that BMP-4 has a potent cartilage-forming
effect. A study in Collla2-GDF5 transgenic mice has
shown that GDF-5 also has a potent cartilage-forming ac-
tivity."'? Therefore, the signals for formation of cartilage
scem to be reinforced by multiple BMPs. Conversely, the
absence of most cartilage in Coll [a2-Nog transgenic mice
clearly indicates the importance of BMPs for cartilage for-
mation, because very little cartilage developed without
BMPs. From these results, we speculate that multiple BMPs
may be expressed in cartilage to ensure its formation during
development, because of a highly important role of BMPs in
cartilage formation.

Regarding bone formation in ColllaZ-Nog transgenic
mice, the calvarium appeared to be normal because the
transgene was not expressed throughout the process of
membranous ossification. On the other hand, the ribs and
the long bones of the limbs were severely hypoplastic in
these mice, with the limb bones being more severely af-
fected (Fig. 1D). During endochondral ossification, Collfa2
promoter/enhancer sequences are reported to direct expres-
sion in proliferating chondrocytes and weakly in hypertro-
phic chondrocytes, but not in bone.”® Therefore, hypopla-
sia of the limb bones and ribs in the transgenic mice was a
consequence of hypoplastic primordial cartilage.

BMP-4 and GDF-5 have distinct roles in joint
Jformation

The general skeletal phenotype of Collla2-Bmp4 trans-
genic mice was very similar to that of transgenic mice
expressing GDFS under the control of the same Collla2
promoter/enhancer  sequences. Collla2-Bmp4  and
Collla2-GDF5 transgenic mice both had a very similar
chodrohysplasia-like skeletal phenotype with kyphosis and
expansion of the cartilage (Fig. 1E).'” These similar gross
skeletal abnormalities confirmed that the pattern and level
of transgene expression did not differ between Collia2-
Bmpd4 and Coll ]a2-GDFS5 transgenic mice. However, joint
formation showed differences between these two types of
mice. Collla2-Bmp4 transgenic mice usually had well-
formed joints, whereas Collla2-GDFS5 transgenic mice
usually showed fusion of the joints. This difference may
suggest the existence of unique signaling pathways in car-
tilage for each of these BMP family members. Various
receptors for BMPs (BMPRs) have been identified so far,
and it is known that the affinity for these receptors differs
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between BMPs.** Experiments using retroviral vectors to
deliver activated BMPRs in chicks have demonstrated that
BMPRIA and BMPRIB regulate distinct processes in the
formation and differentiation of cartilage.”™ In addition,
various Smads and other molecules may transduce intracel-
lular signals from BMPs. It remains to be determined how
each BMP activates specific signals and exerts its unique
effect during skeletogenesis.

It has been reported that Noggin-deficient mice showe
excess cartilage formation and impaired joint developmeni
due to BMP overactivity.” As shown in this study, activa-
tion of BMP-4 or GDF-5 also caused the expansion of
cartilage, but joint formation was much less disturbed in
Collla2-Bmp4 transgenic mice (Fig. 2C) than in Coll la2-
GDFS5 transgenic mice (Fig. 2D). Therefore, the cartilage
changes in Noggin knockout mice seem to arise from a
combination of abnormalities caused by the enhanced sig-
naling of several BMPs, including GDF-5 and BMP-4,
Comparison of the phenotype of Noggin knockout mice
with transgenic mice expressing each Bmp in cartilage may
help to elucidate the mechanism by which multiple BMPs
cooperate in the regulation of skeletal development, We
speculate that the joint fusion seen in mice with inactivation
of the Noggin gene may be caused by GDF-5 among the
various BMPs expressed in cartilage.

Recently, it was proposed that Wnt-14 plays a critical role in
the initiation of joint development and in the spacing of the
Joints. ®* Wnt-14 expressed in the developing joint interzone
may induce expression of Gdf5, which could act on neighbor-
ing cartilage elements to prevent the induction of a new inter-
zone. This action seems to be modulated by BMPs that are
produced by cells surrounding cartilage elements.®* BMP-2
and BMP-4 are expressed in perichondrium.®® Our results
support this mechanism for the spacing of the joints. Fused
Joints in Coll1a2-GDFYS transgenic mice indicated that GDF-5
may inhibit joint formation, whereas well-formed joints in
Collla2-Bmp4 tranisgenic mice suggest that BMP-4 may pro-
mote joint formation. BMP-4 and GDF-5 may play opposing
mles during the process of joint formation in the downstremm
of Wnt-14 signals.

Mechanism for regulation of cartilage
Sformation by BMPs

Cartilage is composed of chondrocytes embeddad in an
abundant extracellular matrix. Histological examination of
transgenic mice showed that cartilage formation accurred
through production of matrix and an increase in the number
of chondrocytes. First, we analyzed the expression of the
Col2al and Sox9 genes to examine how BMPs controlled
the production of cartilage matrix components. Sox9 en-
codes a transcriptional factor that regulates the expres:ion
of cartilage-specific collagen genes, including Col2a! and
Coll1a25¥3 In Col] 1a2-Nog transgenic mice (in which
BMP activity might be depressed), expression of Sox9 was
decreased, probably resulting in a decrease of Col2a/ cx-
pression. This observation is consistent with the effect; of
Noggin on the limbs of chicks when delivered willi a
retroviral vector.™ On the other hand, overactivation of
BMP-4 in Collla2-Bmp4 transgenic mice might cause an
increase of Sox9 expression, leading to high levels of
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Col2al expression. It has been reported that inactivation of
Sox9 results gn the abolitjon of cartilage formation, because
there is no cartilage in teratomas derived from Sox9™'"
embryonic stem cells.*” The severe cartilage hypoplasia in
Collla2-Nog transgenic mice seems to be a similar result to
the effect of inactivating Sox9 in embryonic stem cells.
These observations suggest that BMPs may control cartilage
formation by regulating the expression of the Sox9 gene. In
this context, it has also been reported that application of
BMP-2 to chick limbs** and mesenchymal cells™ results
in the upregulation of Sox9.

Next, we examined the mechanism of chondrocyte prolifer-
ation. In the early stage of chondrocyte development, two
forms of type I procollagen are generated by alternative splic-
ing of exon 2.5" The longer form (type ITA) containing the
exon 2 sequence is predominantly expressed by immature
chondroprogenitor cells.”® Expression of type IIA collagen
mRNA was greater in the cells around Collla2-Bmp4 trans-
genic cartilage than in cells in wild-type cartilage (Figs. 3G and
3D). An increase of type ILA mRNA expression is also observed
in the cartilage of transgenic mice with overexpression of
GDF5."% In these mice, the activation of BMP signaling in
cartilage might enhance the commitment of mesenchymal cells
to the chondrocytic lineage, contributing to expansion of the
primordial cartilage.

BMP signaling and chondrocyte differentiation

A striking feature in the cartilage of Coll Ja2-Bmp4 trans-
genic mice was the increased thickness of the hypertrophic
zone accompanied by a reduced thickness of the proliferat-
ing chondrocyte zones. Similar findings were also observed
in the cartilage of Cofl la2-GdfS transgenic mice.!'® Endo-
chondral bone formation is initiated when chondrocytes in
the center of the primordial cartilage proliferate and differ-
entiate into hypertrophic chondrocytes. Hypertrophic chon-
drocytes are eventually replaced by osteoblasts in the pro-
cess of bone formation. This change radiates outward with
formation of the growth plates at both ends of the primordial
cartilage and these events are represented histologically by
zones of proliferative and hypertrophic chondrocytes.*”
The reduction in the height of the proliferating zone in
Collla2-Bmp4 transgenic mice seems to be caused by
accelerated differentiation into hypertrophic chondrocytes.
[t is conceivable that enhanced differentiation of these cells
into hypertrophic chondrocytes caused the increased height
of the zone of hypertrophy in the transgenic mice. In situ
hybridization with Coll0al, a marker for hypertrophic
chondrocytes, showed enlargement of the hypertrophic
zone. Conversely, Collla2-Nog transgenic mice had hypo-
plastic cartilage that lacked signals for Coll0al (Fig. 4H).
In addition, type IIA collagen mRNA, a marker of immature
chondroprogenitor cells, was expressed by most of the
chondrocytes in primordial cartilage (Fig. 3H), suggesting
that Noggin may inhibit differentiation and maintain chon-
drocytes in an immature state. Taken together with the
absence of mature hypertrophic chondrocytes in CollJa2-
Nug transgenic mice, the increase of hypertrophic cells in
Collla2-Bmp4 (Fig. 4C) and Collla2-GdfS transgenic
mice™"? indicates that activation of BMP-4 or GDF-5 results
in the acceleration of chondrocyte differentiation.
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Role of BMPs in cartilage development

By overexpressing Nog in chondrocytes, we created mice
that lacked cartilage. thus showing that BMP signaling is
essential for cartilage development. In addition, we charac-
terized the influence of BMP-4 on cartilage by assessing the
response to its overactivation in mouse chondrocytes. Ac-
tivation of BMP-4 resulted in cartilage expansion and pro-
moted chondrocyte differentiation, as did activation of
GDF-5. These observations indicate that the signals for
cartilage production and chondrocyte differentiation are re-
inforced by multiple BMPs. In addition, the lack of cartilage
in Collla2-Nog transgenic mice suggests that the loss of
BMP signals could not be compensated by other growth
factors such as fibroblast growth factors (FGFs) or hepato-
cyte growth factor (HGF), despite possible interactions of
the intracellular signaling pathways for these factors.®"
Comparison of skeletal differences between Collla2-Bmp4
and Coll Ia2-GDFS5 transgenic mice suggested the possible
existence of unique signaling pathways in the cartilage for
each BMP family member. These unique intracellular sig-
naling pathways are subjects for further investigation.

ACKNOWLEDGMENTS

We are grateful to Richard M. Harland for the mouse
Noggin cDNA plasmid and Y. Yamada, L. Sandell, and
K.S.E. Cheah for probes. We thank K. Itoh, K. Takacka, A.
Nifuji, and F.P. Luyten for advice. Financial support was
partly provided by the Japan Spina Bifida and Hydroceph-
alus Research Foundation and the Japanese Ministry of
Education (13470309).

REFERENCES

I. Sampath TK, Reddi AH 1981 Dissociative extraction and recon-
stitution of extracellular matrix components involved in local
bone differentiation. Proc Natl Acad Sci USA 78:7599-7603.

2. Wozney JM, Rosen V, Celeste AJ, Mitsock LM, Whitters MJ,
Kriz RW, Hewick RM, Wang EA 1988 Novel regulators of
bone formation: Molecular clones and activities. Science 242:
1528 -1534.

3. Hogan BL 1996 Bone morphogenetic proteins: Multifunc-
tional regulators of vertebrate development. Genes Dev 10:
1580-1594.

4, Macias D, Ganan Y, Sampath TK, Piedra ME, Ros MA, Hurle
JM 1997 Role of BMP-2 and OP-1 (BMP-7) in programmed
cell death and skeletogenesis during chick limb development.
Development 124:1109-1117.

5. Zou H, Wieser R, Massague J, Niswander L 1997 Distinct roles
of type I bone morphogenetic protein receptors in the formation
and differentiation of cartilage. Genes Dev 11:2191-2203.

G. Francis West PH, Abdelfattah A, Chen P, Allen C, Parish J,
Ladher R, Allen S, MacPherson S, Luyten FP, Archer CW
1999 Mechanisms of GDF-3 action during skeletal develop-
ment. Development 126:1305-1315.

7. Brunet LI, McMahon JA, McMahon AP, Harland RM 1998
Noggin, cartilage morphogenesis, and joint formation in the
mammalian skeleton. Science 280:1455-1457,

8. Zhang H, Bradley A 1996 Mice deficient for BMP2 are non-
viable and have defects in amnion/chorion and cardiac devel-
apment, Development 122:2977-2986.

—440—



906

9.

10.

20.

21.

22

23.

25.

Wihnier G, Blessing M, Labosky PA, Hogan BL 1995 Bone
morphogenetic protein-4 is required for mesoderm formation
and patterning in the mouse, Genes Dev 9:2105-2116.
Mishina Y, Suzuki A, Ueno N. Behringer RR 1995 BMPR
encodes a type I bone morphogenetic protein receptor that is
essential for gastrulation during mouse embryogenesis. Genes
Dev 9:3027-3037.

. Beppu H, Kawabata M, Hamamoto T, Chytil A, Minowa Q,

Noda T, Miyazono K 2000 BMP type II receptor is required
for gastrulation and early development of mouse embryos. Dev
Biol 221;249-258.

. Kingsley DM, Bland AE, Grubber JM, Marker PC, Russell

LB, Copeland NG, Jenkins NA 1992 The mouse short ear
skeletal morphogenesis locus is associated with defects in a
bone morphogenetic member of the TGF beta superfamily.
Cell 71:399-410.

. Solloway MJ, Dudley AT, Bikoff EK, Lyons KM, Hogan BL,

Robertson EJ 1998 Mice lacking BMP6 function. Dev Genet
22:321-339.

. Luo G, Hofmann C, Bronckers AL, Sohocki M, Bradley A,

Karsenty G 1995 BMP-7 is an inducer of nephrogenesis, and
is also required for eye development and skeletal patterning.
Genes Dev 9:2808-2820.

. Jena N, Martin Seisdedos C, McCue P, Croce CM 1997 BMP?

null mutation in mice: Developmental defects in skeleton,
kidney, and eye. Exp Cell Res 230:28 -37.

. Storm EE, Huynh TV, Copeland NG, Jenkins NA, Kingsley

DM, Lee §J 1994 Limb alterations in brachypodism mice due
to mutations in a new member of the TGF beta-superfamily.
Nature 368:639-643.

- Yi SE, Daluiski A, Pederson R, Rosen V, Lyons KM 2000 The

type T BMP receptor BMPRIB is required for chondrogenesis
in the mouse limb. Development 127:621-630.

- Solloway MJ, Robertson EJ 1999 Early embiyonic lethality in

Bmp5;Bmp7 double mutant mice suggests functional redundancy
within the 60A subgroup. Development 126:1753-1768.

. Tsumaki N, Tanaka K, Arikawa Hirasawa E, Nakase T,

Kimura T, Thomas JT, Ochi T, Luyten FP, Yamada Y 199%
Role of CDMP-1 in skeletal morphogenesis: Promotion of
mesenchymal cell recruitment and chondroceyte differentiation.
I Cell Biol 144:161-173.

Tsumaki N, Kimura T, Matsui Y, Nakata K, Ochi T 1996
Separable cis-regulatory elements that contribute to tissue- and
site-specific alpha 2(XI) collagen gene expression in the em-
bryonic mouse cartilage. J Cell Biol 134:1573-1582.
Zirnmerman LB, De Jesus Escobar JM, Harland RM 1996 The
Spemann organizer signal noggin binds and inactivates bone
morphogenetic protein 4. Cell 86:599-606.

Takaoka K, Yoshikawa H, Hasimoto J, Masuhara K, Miy-
amoto S, Suzuki 5, Ono K, Matsui M, Qikawa S, Tsuruoka N,
Tawaragi Y, Inuzuka C, Katayama T, Sugiyama M, Tsujimoto
M, Nakanishi T, Nakazato H 1993 Gene cloning and expres-
sion of a bone morphogenetic protein derived from a murine
osteosarcoma. Clin Ovthop 294:344-352.

Peters PW 1978 Double staining of fetal skeletons for cartilage
and bone. In: Neubert D (ed.) Methods in Prenatal Toxicology,
Gerge Thieme Verlag, Stuttgart, Germany, pp. 153-154.

24, Hirota §, Ito A, Morii E, Wanaka A, Tohyama M, Kitamura Y,

Nomura 3 1992 Localization of mRNA for ¢-kit receptor and
its ligand in the brain of adult rats: An analysis using in situ
hybridization histechemistry. Mol Brain Res 15:47-54,

Liu Y, Li H, Tanaka K, Tsumaki N, Yamada Y 2000 Identi-
fication of an enhancer sequence within the first intron re-
quired for cartilage-specific transcription of the alpha2(XI)
collagen gene. J Biol Chem 275:12712-12718.

26.

29.

30.

3L

3.

3.

k%3

35.

36.

37.

38

39.

40

41.

TSUMAKI ET AL.

Sandlell LI, Nalin AM, Reife RA 1994 Alternative splice form
of type II procollagen mRNA (l1A) is predominant in skeletal
precursors and non-cartilaginous tissues during early mouse
development, Dev Dyn 199:129- (40,

. Kong RY, Kwan KM, Laut ET, Thomas JT, Boot Handford RP,

Grant ME, Cheah KS 1993 Intron-exon structure, alternative
use of promoter and expression of the mouse collagen X gene,
CollQa-1. Eur J Biochem 213:59-111.

. Merino R, Macias D, Ganan Y, Economides AN, Wang X, Wu

Q. Stahl N, Sampath KT, Varona P, Hurle JM 1999 Expression
and function of Gdf-5 during digit skeletogenesis in the em-
bryonic chick leg bud. Dev Biol 206:33-45.

Lefebvre ¥V, Huang W, Harley VR, Goodfellow PN, de Crom-
brugghe B 1997 SOX9 is a potent activator of the chondrocyte-
specific enhancer of the pro alphal(Il) collagen gene. Mol Cell
Biol 17:2336-2346.

Bell DM, Leung KK, Wheatley SC, Ng LJ, Zhou S, Ling KW,
Sham MH, Koopman P, Tam PP, Cheah KS 1997 SOX9 directly
regulates the type-TI collagen gene. Nat Genet 16:174-178.
Ryan MC, Sandell LJ 1990 Differential expression of a
cysteine-rich domain in the amino-terminal propeptide of type
I {(cartilage) procollagen by alternative splicing of mRNA.
J Biol Chem 265:10334-10339.

Nishitoh H, Ichijo H, Kimura M, Matsumoto T, Makishima F,
Yamaguchi A, Yamashita H, Enomoto §, Miyazono K 1996
Identification of type I and type II serine/threonine kinase
receptors for growth/differentiation factor-5. J Biol Chem 271;
21345-21352.

Hartmann C, Tabin CJ 2001 Wnt-14 plays a pivotal role in
inducing synovial joint formation in the developing appendic-
ular skeleton. Cell 104:34]-35].

Spitz F, Duboule D 2001 Development. The art of making a
Jjoint. Science 291:1713-1714.

Francis West PH, Parish J, Lee K, Archer CW 1999 BMP/
GDF-signalling interactions during synovial joint develop-
ment. Cell Tissue Res 296:111-119,

Pizette 8, Niswander L 2000 BMPs are required at two steps of
limb chondrogenesis: Formation of prechondrogenic conden-
sations and their differentiation into chondrocytes. Dev Biol
219:237-249.

Bi W, Deng JM, Zhang Z, Behringer RR, de Crombrugghe B
1999 Sox9 is required for cartilage formation. Nat Genat
22:85-86.

Healy C, Uwanogho D, Sharpe PT 1999 Regulation and role of
Sox9 in cartilage formation. Dev Dyn 215:69-78.

Zehentner BK, Dony C, Burtscher H 1999 The transcription
factor Sox9 is involved in BMP-2 signaling. J Bone Miner Res
14:1734-1741.

Horton WA 1993 Morphology of connective tissue; Cartilage. I
Royce BSPM (ed.) Connective Tissue and Its Heritable Disor-
ders, Wiley-Liss, Inc., New York, NY, USA, pp. 73-84.
Kistzschmar M, Doody J, Massague J 1997 Opposing BM#
and EGF signalling pathways converge on the TGF-beta fam-
ily mediator Smad |. Nature 389:618-622.

Address reprint requests io:
Noriyuki Tsumaki, M.D., Ph.D.
Department of Orthopaedic Surgery
Osaka Police Hospital

10-31, Kirayamacho, Tennoji-ku
Osaka 543-0035, Jupun

Received in criginal form July 9, 2001; accepted October 22, 2001.

—44]1—



J Neurosurg (Spine 1) 97:82-87, 2002

Distribution of genes for parathyroid hormone (PTH)-related
peptide, Indian hedgehog, PTH receptor and patched
in the process of experimental spondylosis in mice

TAKANOBU NAKASE, M.D., Pi.D., KENTA ARIGA, M.D., PH.D., WENXIANG MENG, M.D., PH.D.,
Motoxa Iwasaki, M.D., PH.D., TETsuYA Tomrta, M.D., PH.D,, AKira Myoul, M.D., Pr.D,,
Kazuo YONENOBU, M.D., Pu.D., AND HiDEKI YOSHIKAWA, M.D., Pi.D.

Department of Orthopaedic Surgery, Osaka University Medical School, Suita; Department of
Orthopaedic Surgery, Osaka Rousai Hospital, Sakai; and Department of Orthopaedic Surgery,
Osaka-Minami National Hospital, Kawachinagano, Japan

Object. Little is known about the molecular mechanisms underlying the process of spondylosis, The authors determined
the extent of genetic localization of major regulators of chondrogenesis such as Indian hedgehog (Thh) and parathyroid hor-
mone (PTH)—related peptide (PTHrP) and their receptors during the development of spondylosis in their previously estab-
lished experimental mouse model.

Methods. Experimental spondylosis was induced in 5-week-old [CR mice. The cervical spines were chronologically
harvested, and histological sections were prepared. Messenger (m) RNA for PTHrP, Thh, PTH receptor (PTHR; a recep-
tor for PTHrP), patched (Ptc; a receptor for Ihh), bone morphogenetic protein (BMP)-6, and collagen type X (COLI0, a
marker for mature chondrocyte) was localized in the tissue sections by performing in situ hybridization.

In the early stage, mRNA for COL10, Thh, and BMP-6 was absent; however, mRNA for PTHIP, PTHR, and Ptc was
detected in the anterior margin of the cervical discs. In the late stage, evidence of COL10 mRNA began to be detected, and
transcripts for Ihh, PTHrP, and BMP-6 were localized in hypertrophic chondrocytes adjacent to the bone-forming area in
osteophyte. Messenger RNA for Ptc and PTHR continued to localize at this stage. In control mice, expression of these

genes was absent.

Conclusions. The localization of PTHrP, Thh, BMP-6, and the receptors PTHR and Ptc demonstrated in the present
experimental model indicates the possible involvement of molecular signaling by PTHrP (through the PTHR), Ihh (through
the Ptc), and BMP-6 in the regulation of chondrocyte maturation leading to endochondral ossification in spondylosis.

KeEy WorDps + spondylosis ¢ parathyroid hormone-related peptide ¢ Indian hedgehog -«
in situ hybridization < gene expression ¢ experimental model

teophyte formation in spondylosis remains in-

completely elucidated. Standard histological
examination has shown that the formation of an osteo-
phyte is a novel form of osteochondrogenesis, a process
resembling that of endochondral ossification,'*'* which is
observed in bone and cartilage formation during fracture
repair? and fetal development.?

We previously reported the involvement of the molecu-
lar signaling of BMP families, one of the major osteoin-
ductive agents, in a mouse spondylosis model.'” We clari-
fied the involvement of molecular signaling of several
BMP members and receptors in the chondrogenesis ob-
served in spondylosis."” In our previous publication, how-

M OLECULAR signaling regulating the process of os-

Abbreviations used in this paper: ALC = anulus-ligament com-
plex; BMP = bone morphogenetic protein; COL10A1 = alpha 1
chain of collagen type X; Ihh = Indian hedgehog; mRNA = mes-
senger RNA; Ptc = patched; PTHrP = parathyroid hormone-related
peptide; PTHR = parathyroid hormone receptor.
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ever, we were unable to address the molecules regulating
endochondral ossification in spondylosis.

Recently, two molecules, PTHrP and Thh, have been
identified as major regulators of endochondral ossifica-
tion.*1?* The transition of chondrocytes from a state of
proliferation to maturation is a critical step in endochon-
dral ossification.? Reportedly PTHrP promotes prolifera-
tion and inhibits maturation of chondrocytes.'#!*1¢ It has
also been reported that Ihh upregulates PTHrP expres-
sion,®® and in turn, PTHrP downregulates Ihh expression
to form a negative-feedback loop.” In such a manner,
PTHIP and Thh reportedly control endochondral ossifica-
tion.*!'?* Furthermore, BMP-6 has been recently implicat-
ed in the regulation endochondral essification in a coordi-
nated manner (Fig. 1).

These PTHIP, Ihh, and BMP-6 molecules are reportedly
localized in chondrocytes in fetal growth cartilage and at
sites of fracture healing ®"#3? and we recently reported on
BMP-6 gene localization in an experimental spondylosis
model in mice.'* Our cbservations led us to hypothesize
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that PTHrP, BMP-6, and Ihh signaling is involved in spon-
dylosis, possibly occurring specifically at the area of osteo-
phyte formation believed to mimic endochondral ossifica-
tion. To the best of our knowledge, no authors have
published work on the involvement of PTHrP/BMP-6/Thh
signaling in spondylotic processes or osteophyte formation.

The purpose of this study was to extend the findings of
our previous study by further analyzing the molecular
mechanisms of spondylosis that mimic endochondral ossi-
fication. We investigated the signaling-related localization
patterns of PTHrP, BMP6, and Thh in spondylosis by in-
vestigating expression of these molecules. Distributions of
genes for PTHrP and Ihh together with PTH receptors
(PTHR, a receptor for PTHrP, and Ptc, a receptor for
Ihh)* were examined using in situ hybridization. Messen-
ger RN A for the COL10A1, a marker for maturated chon-
drocyte,” was also examined in this study.

Materials and Methods

Murine Spondylosis Model

We used 27 5-week-old male ICR mice weighing 22 = 2 g (=
standard deviation) as previously described.” In 12 mice the spi-
nous processes and related ligaments were resected as previously
described.'®* Anesthesia was induced, and the cervical spinal sec-
tions we'e removed at 1,2, 4, and 6 months postoperatively (E1, E2,
EA4, and E6 [three mice each at each time point]). Age-matched con-
trols underwent the same procedure except that no surgery (no skin
incision. was performed (C1, C2, C4, and C6 [three mice each at
¢ach time point]), as did three 5-week-old mice (E0). All procedures
were conducted in accordance with the guidelines published in the
National Institutes of Health Guide for the Care and Use of Lab-
oratory Animals.

Preparation of Tissue Sections

Tissue samples were prepared as previously described.” Briefly,
they were fixed in 4% paraformaldehyde (pH 7.4), decalcified in
20% eth.ylenediaminetetraacetic acid, dehydrated in graded ethanol
series, and embedded in paraffin. Sections 4 wm thick were pre-
pared using a microtome for in situ hybridization. Sections were
also prepared for safranin-O-fast preen staining to distinguish the
cartilag-nous matrix.

Preparation of Probes

Digoxigenin-labeled single-strand RNA probes were prepared
using a specific kit (DIG RNA Labeling Kit; Boehringer Mannheim
GmbH Biochermica, Mannheim, Germany) as described previously.®
Complementary RINA probes used in this study are as follows: mur-
ine COL10A1" (a gift from Dr. K. 5. E. Cheah, University of Hong
Kong, China), murine [hh* murine BMP-6* (a gift from Dr. S. E.
Gitelman, University of California, San Francisco, CA), murine Ptc?
(a gift from Dr, M. P. Scott, Stanford University School of Medicine,
CA), rat FTHR (PTH1 receptor),'? and rat PTHrP" (rat PTHR and rat
PTH:P were gifts from Dr. G. N. Segre, Massachusetts General
Hospital, Boston, MA, and Dr. T. Koike, Osaka City University
School of Medicine, Osaka, Japan).

In Situ Hybridization

Hybridization was performed as previously described.® Briefly,
paraffin-embedded sections were dewaxed, fixed with 4%
paraformaldehyde, and treated with 0.2 N HCI for 10 minutes to
inactivate endogenous alkaline phosphatase; hybridization was per-
formed at 50°C for 16 hours. After hybridization, the slides were
washed as previously described.*® Hybridized probes were detect-
ed using a nucleic acid detection kit (Boehringer Mannheim GmbH
Biochemica) according to the manufacturer’s instructions. Controls
included 1) hybridization with the sense (nRNA) probes, 2) ribonu-
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—» [PTHrP [PTHrPR |—— Chondrocyte
Proliferation
) )
Chondrocyte
BMP-6 Maturation

I
Ihh Ptc
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Fic. 1. Diagram showing the negative-feedback loop produced
by PTHtP, BMP-6, and Thh based on previous findings. The
PTHIP is a potent promoter of chondrocyte proliferation and
tnhibits chondrocyte maturation. The BMP-6 is an autocrine stim-
ulator for chondrocyte maturation. Both Ihh and BMP-6 are posi-
tive stimulators of PTHIP expression. The PTHIP suppresses
BMP-6 and subsequently suppresses Thh expression. Thus, PTHtP
downregulates its own positive stimulators to create a negative-
feedback loop.

clease A treatment (20 pg/ml) before hybridization, and 3) use of
neither antisense nor antidigoxigenin antibody, No positive signals
were demonstrated in the control specimens. The number of posi-
tive cells in each in situ hybridization analysis was based on the cell
counts. The total number of positive cells in the anterior one-third
portion from cranial to caudal discovertebral junction was counted
at X 200 magnification by using a microscope.™!®

Results
Histological Findings

Details of the histological findings in this model have
been described in our recent report.'?

Preoperative Stage. Histological examination of the
spines in the three mice that did not undergo surgery (E0)
showed normal morphological features; the nucleus pulpo-
sus was surrounded by many layers of annulus fibrosus, and
cells in the annulus fibrosus were spindle shaped (Fig. 2A).

Postoperative Stage. Histological events occurring in the
postoperative stage were most clearly observed in the
anterior portion of the spines. In the carly phase (E1 and
E2 mice were categorized into this group; representative,
photomicrographs of spinal specimens obtained in E2
mice are shown in Fig. 2B), sormne of the cells in the outer
layer of the annulus fibrosus showed round chondrocyte-
like cell morphological features. No prominent osteophyte
formation was observed, In the age-matched control mur-
ine groups, such metaplasia of the cells in the outer layer
of the annulus was not observed.” In the late phase (B4
and E6 mice were categorized into this group; representa-
tive, photomicrographs of spinal specimens obtained in
E6 mice are shown in Fig. 2C), the lamellar structure of
the annulus was severely disorganized. An osteophyte con-
taining new bone and cartilage formation was observed
in the anterior margin of intervertebral space. Spindle-
shaped cells in the annulus were lost and replaced by round
chondrocyte-like cells. In the age-matched control murine
groups, spindle-shaped cells remained, and there was no
evidence of cartilage and osteophyte formation.'?
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FiG. 2. Photomicrographs showing a sagittal C4-5 section
obtainied in EO (A), E2 (B), and E6 (C) mice. The left side indicates
anterior; right side, the posterior; upper, the cranial; and lower indi-
cates caudal directions.  A: Lamellar structure of annulus fibrosus
{An) surrounding nucleus pulposus (Nu) is apparent. B: Part of
the annulus shows disorganization, and cells in ALC show round
chondrocyte-like morphological features (arrow). The osteophyte
15 not apparent. C: The lamellar structure of the annulus is se-
verely disorganized. Prominent osteophyte formation is observed
in the anterior margin of discovertebral junction {arrow). Safranin-
O-fast green staining; cartilaginous matrix is indicated as dark
area; bar = 50 pm.

In Situ Hybridization

The photomicrograph in Fig. 3A shows representa-
tive histological features of the anterior margin of cervi-
cal spine in early-phase spondylosis. In the early phase,
COL10A1 mRNA was absent (Fig. 3B). We found PTHrP
mRNA in chondrocyte-like cells in the ALC in the anteri-
or margin of the disc (Fig. 3C) together with PTHR
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- FiG. 3. Photomicro
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graphs showing the histological (A) and dis-
tribution patterns of mRNA for COL10A1 (B), PTH:P (C), PTHR
(D), Ihh (B), and Ptc (F) in the anterior margin of cervical spine in
early-stage experimental spondylosis. All photormicrographs are
representative of sagittal C4-5 sections obtained in an E2 mouse.
A: Higher magnification of square area shown in Fig. 2B. Meta-
plasia of spindle-shaped cells to chendrocyte-like cells in the ante-
rior ALC (arrows) is apparent. The cell in the inner layer shows
spindle-shaped morphology (arrowheads). B-F: Transcripts for
COL10A1 (B) and Ihh (E) were not detected, whereas those for
PTH:P (C) and PTHR (D)) were detected in chondrocyte-like cells
in the anterior ALC (arrows). Messenger RNA for Ptc was detect-
ed in chondrocyte-like cells in the ALC and the outer layer of annu-

lus farrows). Safranin-O—fast green staining; bar = 20 pm.

mRNA (Fig. 3D), whereas neither Ihh (Fig. 3E) nor BMP-
6 mRNA (data not shown) was detected in this early stage.
Transcripts for Ptc (Fig. 3F) were localized in chondro-
cyte-like cells in the ALC and the outer layer of annulus
fibrosus in the anterior margin of the disc.

The photomicrograph in Fig. 4A shows representative
histological features of the anterior margin of cervical spine
in late-phase spondylosis, In the late phase, COLI0A1
mRNA began to be detected in round chondrocytes in the
area of newly formed ostcophyte in the anterior margin
(Fig. 4B), and PTHrP mRNA was localized (Fig. 4C) in
hypertrophic chondrocytes in the same arca. The PTHR
mRNA continued to be expressed in chondrocytes (Fig.
4D). The Ihh mRNA began to be detected (Fig. 4E} in
hypertrophic chondrocytes, and Ptc mRINA continued to be

J. Neurosurg: Spine / Volume 97 / July, 2002

—444—



Genetic expression of PTHrP, Ihh, PTHR, and Ptc in spondylosis

... FG. 4. Photomicrographs
. showing the histological (A)
3> and distribution patterns of

%,y - mRNA for COLIOAl (B),

i - PTHIP (C), PTHR (D), Ihh (E),

. v Pwe (F), and BMP-6 (G) in the
* anterior margin of cervical spine

- . - in late-stage experimental spon-

Py s < %3 dylosis. All photomicrographs

:BMP-6 - T » are representative of sagittal

R : © " (C4-5 sections obtained in an E6

mouse. A: Higher magnification of square area in Fig. 2C.

Lamellar structure of the anulus is lost and no spindle-shaped cells

are observed. Numerous chondrocyte-like cells are apparent in the

outer layer of the anulus. Prominent osteophyte formation contain-

ing newly formed bone is visible. NB = newly formed bone. B-G:

COL10A1 (B), PTHIP (C), Ihh (E), and BMP-6 (G) mRNAs are

detected in round, hypertrophic chondrocytes (arrows) adjacent to

the newly formed bone osteophyte. Both PTHR (D) and Ptc (F)

mRNA was detected not only in hypertrophic chondrocytes

{arrows) but also in other proliferating chondrocytes (arrowheads).

Safranin-O-fast green; bar = 20 pm.

expressed in chondrocytes (Fig. 4F). We found evidence
of BMP-6 mRNA expression (Fig. 4G). Localization of
COL10AL1, Ihh, PTHrP, and BMP-6 mRNAs was mainly
observed in hypertrophic round chondrocyte-like cells
adjacent to newly formed bone. In contrast, mRNA for Ptc
and PTHR showed wider distribution.

Messenger RNAs for COL10A1, Ihh, Pic, PTH/P,
PTHR, and BMP-6 were not detected in cells in the inter-
vertebral region of the young control specimens (EQ) or of
the age-matched control specimens (C1, C2, C4, and C6)
(data not shown), The cell count assessment (Table 1)

J. Neurosurg: Spine / Volume 97 / July, 2002

demonstrated that the number of cells positive for Thh and
BMP-6 mRNA was significantly higher in the late stage
than in the early stage. Although PTHrP mRNA was ex-
pressed both in the early and late stage, its expression was
higher in the late stage. Messenger RNAs for Ptc and
PTHR were expressed throughout the spondylosis pro-
cess. These patterns of gene distribution were most clear
in the C4-5 and C5-6 regions. Similar trends were also
observed in the other sites (C2—4 and C6-7).

Piscussion

To the best of our knowledge, this is the first description
implicating the involvement of the molecular signaling
by PTHrP and Ihh and their receptors in the process of
spondylosis. Both PTHrP and Ihh showed specific local-
ization in osteophytic tissue, particularly in the late stage
of spondylosis, The present findings of the cellular local-
ization of PTHtP, Thh, and their receptors do not conflict
with those previously published in which endochondral
ossification in fracture callus was studied.?* In our most
recent study, we reported the pattern of BMP-6 transcript
localization in the process of experimental spondylosis.’®
In the age-matched (nonsurgery) groups, genetic expres-
sion of COGLIQ, PTHrP, Ihh, PTHR, and Ptc was absent,
indicating that resection of posterior spinal elements in
this model may enhance the maturation of chondrocytes
and the molecular activation of PTH:P, Ihh, and their
receptors.

Early-Stage Spondylosis

Becanse COL10 is believed to be a marker for chon-
drocyte hypertrophy leading to endochondral ossifica-
tion,'® the absence of COLI0A1 mRNA in early-stage
spondylosis indicates that chondrocytes were still imma-
ture and endochondral ossification had not yet begun.
Messenger RNAs for PTHrP and its receptor (PTHR)
were detected in chondrocyte-like cells in the ALC. In
light of the reported potent effect of PTHrP on chondro-
cytes,'*! these findings suggest that PTHrP may promote
the proliferation of chondrocytes during early-phase spon-
dylosis. Also at this stage, mRNA expression for the Thh
receptor (Ptc) was localized in the anterior margin of the
disc, whereas mRNA for Thh was not detected in any
region. This finding raises the possibility that other lig-
ands for Ptc, such as sonic hedgehog,’ may be upregulat-
ed at this stage, a notion that could not be addressed in the
present study.

Late-Stage Spondylosis

In the late stage, the COL10A1 mRNA began to be lo-
calized in the area adjacent to newly formed bone in the
osteophyte. This observation indicates that round chon-
drocyte-like cells appearing in late-stage spondylosis have
a mature chondrocyte phenotype (hypertrophic chon-
drocyte). Interestingly, we detected focal localization of
mRNAs for PTHrP, Ihh, and BMP-6 in hypertrophic
chondrocytes in proximity to the bone-forming area at this
stage, suggesting that they play a contributory role in the
process of osteophyte formation. Messenger RNA for
FTHrP and Ptc continued to be localized even in this late
stage. These findings suggest that PTHrP and Jhh act
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TABLE 1

Distribution of mRNA for PTHrF, Ihh, BMP-6, PTHR, and Pic in the anterior margin of C4-5
throughout experimental spondylosis*

Ligands (%) Receptors (%)
Murine Group PTH(P Thh BMP-6 PTHR Ptc
preop (EQ) 0 0 0 o 0
early stage (E1 & E2) T77+16 0 0 293+ 42 211+ 25
late stage (E4 & E6) 220 * 64 257 +x22 320 £36 404 * 9.8 358 +38

* All values are presented as the means £ standard deviations.

through PTHR and Ptc, respectively. The colocalization of
PTHIP and Ihh ligands and their corresponding receptors
(PTHR and Ptc) suggests the possible involvement of lo-
cal paracrine signalings of PTHrP-PTHR and Ihh-Ptc in
late-stage spondylosis.

Contribution of Ihh, BMP-6 and PTHrP Signaling to the
Process of Late Spondylosis

Other investigators have recently reported that PTHrP,
Ihh, and BMP-6 regulate the pace of endochondral ossi-
fication by controlling the rate of chondrocyte matura-
tion'#&11.131625 (Fig 1), We recently reported upregulation
of the BMP-6 gene in late-phase spondylosis,' and find-
ings in the present study have expanded this knowledge

Early Phase

Y,

€O+ KA

PTHrP PTHR
Eariy
Chondrocyte
Proliferation

by implicating the colocalization of PTHrP, BMP-6, and
Thh in late-phase spondylosis. Analysis of our findings
suggests the existence of a molecular loop involving these
three molecules in spondylosis-related osteophyte forma-
tion. Whether such a loop is active or how it works, how-
ever, remains to be elucidated. Furthermore, whether the
same mechanisms are involved in the human is an impor-
tant issue for future research,

Finally, we have proposed a molecular mechanism of
endochondral ossification in spondylosis (Fig. 5). In the
early phase, PTHrP may promote early chondrocyte pro-
liferation through PTHR in the ALC in the anterior mar-
gin of the disc. In the late phase, at the very least, PTHIP,
BMP-6, and Ihh, together with their receptors PTHR
and Pte, are involved in the process of osteophyte forma-

Late Phase

PTHiP PTHR
— ¢ >+IKH

&

BvrPs & —

Chondrocyte
Proliferation

Chondrocyte
Maturation

— ¢© +K2
lhh Pt

Regulation of
Endochondral Ossification

FiG. 5. Proposed model for molecular progress of chondrocyte maturation leading to endochondral ossification in
experimental spondylosis. In the early phase, PTHP may stimulate the early chondrocyte proliferation through the
PTHR. In the late phase, PTHrP mRNA was synthesized in the mature chondrocytes adjacent to the osteophyte in the
anterior portion of disc and vertebral junction. The PTHIP promotes proliferation of chondrocytes located in proximity

10 mature chondrocytes through the PTHR. The BMP-6

promotes chondrocyte maturation. Thus, PTH:P is a negative

and BMP-6 a positive regulator of chondrocyte maturation. Through its receptor PTHR, PTHIP regulates BMP-6 expres-
sion; BMP-6 regulates Thh expression, and Ihh (through its receptor Ptc) regulates PTHIP expression. In this manner,
PTHP, BMP-6, and Thh regulate endochondral ossification in late-stage spondylosis. An = anulus fibrosus; Vb = verte-
bral body; Lig = ligament. Arrows indicate the regulation of gene expression.
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tion. Chondrocyte maturation may be regulated by PTHrP,
BMP-6, and Ihh, leading to endochondral ossification
through PTHR and Ptc.

Conclusions

The present data indicate that, postoperatively, tran-
scripts for PTHrP, Thh, BMP-6, PTHR, and Pic are focally
colocalized in chondrocytes adjacent to newly formed bone
in the osteophyte in the murine spondylosis model. These
findings suggest the involvement of PTHrP/PTHR signal-
ing in early-stage spondylosis, as well as the activation of
signalings by PTHrP (through PTHR), Ihh (through Ptc),
and BMP-6 in late-stage experimental spondylosis. We
believe the present findings will provide further insight into
the molecular mechanisms of spinal disease, such as regu-
lation of the pace and synchrony of chondrocyte maturation
leading to osteophyte formation.
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Early closure of growth plate causes poor growth of
long bones in collagen-induced arthritis rats

K. Takahi, J. Hashimoto, K. Hayashida, K. Shi, H. Takano, H. Tsuboi,
Y. Matsui, T. Nakase, T. Tomita, T. Ochi, H. Yoshikawa

Department of Orthopaedic Surgery, Osaka University Graduate School of Medicine, Osaka, Japan

Abstract

Abnormalities of the epiphyseal growth plate that occur in collagen-induced arthritis (CIA) were studied. CIA was induced
in 6-week-old Lewis rats by immunization with type II collagen. Radiographic examination revealed the early closure of the
epiphyseal growth plate with growth retardation of the femur and tibia. Histological evaluation confirmed the early closure of
the epiphyseal growth plate accompanied by decreased intensity of safranin-O staining indicating decreased amounts of
proteoglycans in the extracellular matrix (ECM) of the cartilage. Immunohistochemical methods showed that the number of
chondrocytes expressing matrix metalloproteinase (MMP)-3 and/or vascular endothelial growth factor (VEGF) increased in
the growth plates of CIA rats. This study confirmed that disturbances of long bone growth with early closure of the epiphyseal
growth plates occur in CIA. There appeared to be overexpression of MMP-3, which may be involved with proteoglycan
degradation. Additionally, VEGF, which is associated with cartilage ossification and angiogenesis, might also play a role in this
event. Further clarification of the mechanism of the growth disturbance in CIA muay yield clinical benefits, especially in
prevention of the premature closure of growth plate that is seen in juvenile rheumatoid arthritis and other diseases.

Keywords: Epiphyseal Growth Plate, Collagen-Induced Arthritis, Rat, Matrix Metalloproteinase, Vascular Endothelial
Growth Factor

Introduction osteoclasts. Bunger et al’ reported that in carrageenan-

induced monoarthritis there were growth disturbances in the
bones adjacent to the involved joints. Although these reports
indicate that growth abnormality is one of the changes that
may develop in rat models of arthritis, details of pathological
changes that occur in the growth plates and associated
pathogenesis remain unclear.

Juvenile rheumatoid arthritis, juvenile chronic arthritis,
and hemophilic arthropathy are sometimes associated with
premature closure of juxta-articular epiphyses, resulting in
joint malalignment, extremity length discrepancy or short
stature®. Although inflammatory changes may contribute to
the pathogenesis of early epiphyseal closure in such clinical

Experimental animal models, such as collagen-induced
arthritis (CIA) and adjuvant arthritis, are widely used to
examine pathologies of arthritis with immunological
abnormalities and evaluate efficacy of therapeutic agents'?,
However, few studies have focused on pathological changes in
the epiphyseal growth plate in animal models of inflammatory
chronic arthritis. Jee et al.* reported a decreased thickness
and erosion of the epiphyseal growth plate following adjuvant-
induced polyarthritis in rats. This was accompanied by an
infiltration by inflammatory cells and marked proliferation of

Corresponding author: Jun Hashimoto, MD., Ph.D., Department of Orthopaedic
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cases, the causality of this relationship has not been proven.

The purpose of this study was to determine if growth
retardation occurs at the epiphyseal plates in CIA rats, and
to describe the histopathology of the growth plate in this
model.
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Figure 1. Radiologic appearance of the knees, Growth plates gradually grew narrower with age, but were still visible in 18-week-old normal
rats (A-C). In CIA rats, growth plates rapidly narrowed, and had closed {radiographically observed) 12 weeks after immunization (D, E).

Materials and methods

Induction of CIlA

CIA was induced using the modified method described
previously’. Six-week-old female Lewis rats (Clea Japan,
Tokyo, Japan) were immunized intradermally with 0.5 mg of
bovine type 1I collagen (Cosmo Bio, Tokyo, Japan)
emulsified in 0.5 ml of Freund’s incomplete adjuvant (Difco,
Detroit, MI, USA) at 4°C. Seven days after the first
immunization, the rats received an intradermal booster
injection of half the initial volume of emulsified type II
collagen. CIA was detected in all of the animals by day 12-16
after the first immunization. Twenty CIA and 20 normal
{control) rats were used in this study.

Radiographic evaluation of the knee and measurement of
femoral and tibial length

Twelve CIA and 12 normal rats were used for
radiographic and histological evaluations. Two rats from each
group were killed by an overdose of anesthesia sequentially
at(,2,3,4, 6 and 12 weeks. The legs were excised, and bones
were separated from soft tissues and placed on a
radiographic box. Radiography was performed with
pFX1000 (Fuji Photo Film, Tokyo, Japan), with 35kV
exposure for 12 seconds (Figure 1A-E).

Femoral and tibial lengths of the remaining 8 CIA and 8
normal rats were measured, as previously described®, under
anesthesia every week until 12 weeks after immunization
using a FUJIX BIO-IMAGING ANALYSER system (Fuji
Photo Film, Tckyo, Japan). The X-ray image was acquired
using an Image Reader and displayed on a computer, and
lengths of each femur and tibia were measured with an
Image Gauge (Figure 2A).

Tissue preparation

Preparation of tissue samples was performed as follows,

After radiographic evaluations, excised legs were fixed
overnight in 4% paraformaldehyde in phosphate-buffered
saline (PBS; pH 7.4). The femurs and tibias were decalcified
in 20% EDTA with microwave irradiation for 5 hours,
dehydrated in ethanol and embedded in paraffin. Sagittal
sections of knee were cut with the plane of section oriented
parallel to the longitudinal axis of the bone. Sections Sum
thick were cut with a microtome and stained with
hematoxylin and eosin (H & E), (Figure 3). Serial sections
were prepared for safranin-O staining (Figure 4).

Immunohistochemistry for MMP-3 and VEGF

Immunohistochemistry was performed using the
streptavidin-peroxidase method with Histofine SAB-PO kits
(Nichirei, Tokyo, Japan) according to the manufacturer’s
protocol. Tissue sections were deparaffinized and hydrated
in PBS (pH 7.4), then incubated in 0.3% H,0O, in methanol
for 30 minutes at room temperature to block endogenous
peroxidase activity. After a PBS wash, the sections were
incubated for 30 minutes at room temperature with 10%
normal serum from the same species as the secondary
antibody to minimize background staining, then with
primary monoclonal antibodies (anti-MMP-3; Fuji Chemical,
Toyama, Japan and anti-VEGF; Upstate Biotechnology,
Lake Placid, NY, USA) overnight at 4°C, After washing in
PBS, the sections were incubated with secondary antibody
for 30 minutes at room temperature, then washed in PBS.
The color reaction was performed using the substrate
reagent 3,3’-diaminobenzidine tetrahydrochloride (Dojindo,
Tokyo, Japan). Finally, the slides were counterstained with
hematoxylin, dehydrated in graded ethanol series and
mounted.

Morphometric analysis of the growth plate
Morphometric analysis was performed as described
previously™". The H & E-stained sections of 4 legs from each

group were examined by light microscopy (Nikon ECLIPSE
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