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ABSTRACT

Vitamin A deficiency and excess both cause abnormalities in mam-
malian longitudinal bone growth. Because all-trans retinoic acid (RA)
is synthesized from vitamin A, we hypothesized that RA regulates
growth plate chondrogenesis. Consistent with this hypothesis, a sin-
gle oral dose of RA reduced the height of the rat proximal tibial growth
plate. To determine whether RA acts directly on growth plate, fetal
rat metatarsal bones were cultured in the presence of RA. In this
system, RA inhibited longitudinal bone growth by three mechanisms:
1) decreased chondrocyte proliferation, (assessed by *H-thymidine
incorporation), particularly in the proliferative zone of the growth

plate; 2) decreased matrix synthesis (assessed by >*SO, incorporation
into glycosaminoglycans); and 3) decreased cell hypertrophy (deter-
mined histologically). The growth-inhibiting effects of RA were com-
pletely reversed by a retinoic acid receptor (RAR) antagonist. In the
absence of exogenous RA, this antagonist accelerated bone growth, as
did an RA-specific neutralizing antibody, suggesting that endogenous
RA negatively regulates growth plate chondrogenesis. We conclude
that RA, acting through RARs, negatively regulates longitudinal bone
growth by inhibiting growth plate chondrocyte proliferation, chon-
drocyte hypertrophy, and matrix synthesis. (Endocrinology 141: 346 —
353, 2000)

N MAMMALS, longitudinal bone growth occurs by a pro-
cess called endochondral ossification (1), which takes
place in the growth plates of the long bones. Chondrocytes
secrete cartilage matrix, proliferate, and differentiate into
hypertrophic cells (2). In isolation, the resulting chondro-
genesis would lead to progressive widening of the growth
plate. However, simultaneously the metaphyseal border of
the growth plate is invaded by blood vessels and bone cell
precursors that remodel the cartilage into bone (3). The net
result is longitudinal bone growth.

Retinoids appear to play an important role in mammalian
embryonic limb development (4, 5) and in bone growth dur-
ing fetal and postnatal life. Deficiency of vitamin A, a pre-
cursor of all naturally occurring retinoids, inhibits longitu-
dinal bone growth (6). Excess vitamin A (7) or all-trans
retinoic acid (RA) (8), a potent natural retinoid, causes pre-
mature fusion of the epiphyseal growth plate and thus a
premature arrest of longitudinal bone growth.

To elucidate the role of retinoids in endochondral bone
formation, we first examined the effects of exogenous RA on
the growth plate in vivo. Then, to distinguish direct effects of
RA on the growth plate from indirect effects and to inves-
tigate the underlying mechanisms, we examined the effects
of RA on cultured fetal rat metatarsal bone rudiments. Unlike
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isolated cell cultures, this organ culture system preserves the
organized histological architecture of the growth plate and
thus the intercellular interactions and local microenviro-
ments found in vivo.

To determine whether endogenous retinoids play any bi-
ological role in growth plate chondrogenesis, we selectively
neutralized RA action in the cultured rat metatarsals and
assessed the effects on longitudinal bone growth.

Materials and Methods
Animal care

For the in vivo study, male Sprague Dawley rats (27-31 days of age)
were given a single dose of 300 mg/kg RA suspended in soy bean oil
by gavage. Control rats received vehicle alone. The animals (n = 7 per
group) were killed at 6, 12, 24, 48, and 96 h after retinoic acid or soybean
oil administration. Animal care was in accordance with the Guide for the
Care and Use of Laboratory Animals [DHEW Publication (NIH) 85-23,
revised 1988]. Animal procedures were approved by the NICHD animal
care and use committee.

Organ culture

Metatarsal bone rudiments were dissected from rat embryos (20 dpc)
and cultured separately in 24-well culture dishes (9). Each well con-
tained 0.5 ml of MEM (Life Technologies, Inc., Gaithersburg, MD) sup-
plemented with 0.2% BSA (Sigma), 0.3 mg/ml-glutamine (Life Tech-
nologies, Inc.), 0.05 mg/ml ascorbic acid (Life Technologies, Inc.), 1 mm
sodium glycerophosphate (Sigma), 100 U/ml penicillin, and 100 mg/ml
streptomycin (Life Technologies, Inc.).

Bone rudiments were cultured for 2 or 3 days in a humidified incu-
bator with 5% CO, in air, at 37 C. The medium was changed daily. For
the first sets of experiments, all-trans RA (Sigma) and AGN 193109
(donated by Dr. Chandraratna, Allergan, Inc., Irvine, CA) were dis-
solved in DMSO (Sigma) and further diluted separately into the culture
medium (2 ul DMSO/ml medium), to reach the final concentrations of
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10, 100, 1000, or 10,000 nm. Control cultures received the same volume
of DMSO without RA or AGN 193109.

In the final set of experiments, the bone rudiments were cultured in
the presence of a mouse monoclonal antibody (IgG) against RA (ANTI-
RA mAb, 200 mg/ml, generated as previously described) or a control
mouse monoclonal antibody against Escherichia coli B-galactosidase.

Measurement of longitudinal bone growth

The length of each bone rudiment was measured under a dissecting
microscope, using an eyepiece micrometer (Carl Zeiss, Thornwood, NY)
at 20X magnification (10). Length measurements were performed at 0,
1,2, and 3 days of culture. Culture medium was briefly removed before
each measurement.

Histology

For the in vivo study, tibiae from each hind limb were dissected, fixed
in phosphate-buffered formalin, decalcified, and paraffin-embedded.
5-um longitudinal sections were obtained and stained with Masson
Trichrome. Slides were viewed with a Leica Corp. microscope, model
DMRX. An image of each growth plate was created using a color video
camera (model CH-250, Photometric Ltd.) and Oncor Image 2.0, a com-
puter imaging program. The effect of RA on the growth plate was
evaluated by measuring the heights (um) of the whole growth plate, the
resting zone, the proliferative zone, and the hypertrophic zone of the
growth plate. The magnification was determined by imaging a stage
micrometer. All measurements were performed by a single observer
blinded to the treatment regimen.

For organ culture studies, metatarsal rudiments were fixed in buff-
ered formalin, embedded in plastic, cut in 5-um-longitudinal sections
and stained with toluidine blue. From each bone rudiment, we obtained
three sections parallel to the long axis of the bone and taken 30 microns
apart. We then measured the number of hypertrophic cells in both
growth plates in each of the three sections, and calculated the average
value. Hypertrophic chondrocytes were operatively defined by a height
along the longitudinal axis greater than 9 um (10). All the measurements
were performed by a single observer blinded to the treatment regimen.

Enzyme histochemistry

The activity of alkaline phosphatase was localized by enzyme his-
tochemistry. Bone rudiments were embedded in OCT compound
(Sakura Finetek, Torrance, CA) and frozen. Ten-micrometer cryostat
sections were cut and mounted onto poly-L-lysine-coated slides.
Mounted sections were treated at room temperature with 4% formal-
dehyde in PBS for 10 min, rinsed in PBS, and then placed in 0.1 m
triethanolamine-HCI, pH 8.0, for 10 min. Slides were rinsed in DEPC-
treated water and then stained for alkaline phosphatase for 3 min at
room temperature using the simultaneous-coupling azo dye method
(11). In the working solution (0.5% N,N-dimethylformamide and Tris
buffer, pH 9.1), 0.03% napthol AS phosphate (Sigma) was used as sub-
strate, with 0.1% Fast blue BB salt (Sigma) as the azo dye. Slide were
rinsed and then counterstained with 0.25% safranin O (Sigma) for 3 sec,
followed by several rinses in distilled water. Sections were then dried
and mounted in DAKO Corp. Faramount aqueous mounting medium
(DAKO Corp., Carpinteria, CA).

[PH]Thymidine incorporation

Cell proliferation was assessed in the cultured bone rudiments by
measuring [*H]thymidine incorporation into the bones (12). [*H]thymi-
dine (Amersham Pharmacia Biotech, specific activity 25 Ci/mmol) was
added to the culture medium 3 h before the end of the incubation period,
at a concentration of 5 uCi/ml. All rudiments were then washed three
times for 10 min with MEM and solubilized with NCS-II Tissue Solu-
bilizer 0.5 N solution (Amersham Pharmacia Biotech). The amount of
incorporated isotope was determined by liquid scintillation counting. To
analyze the sites of the growth plate where DNA synthesis occurred, we
incubated control and RA-treated bones with [*H]thymidine as de-
scribed above. At the end of the incubation, all bones were fixed in
buffered formalin and processed for autoradiography. Autoradiogra-
phy was performed by dipping the slides in Kodak NTB-2 emulsion

(Eastman Kodak Co., Rochester, NY), exposing 1 week, and developing
with Kodak D-19 developer. Sections were counterstained with hema-
toxylin and eosin. The labeling index (number of labeled cells/ total cells)
was determined separately for the resting zone and for the proliferative
zone. Cells in the perichondrium were not included in either analysis.
All determinations were made by the same observer blinded to the
treatment category.

3580, incorporation

As a measure of cartilage matrix synthesis, we assessed 35G-sulfate
incorporation into glycosaminoglycans (9). Na,**SO, (Amersham Phar-
macia Biotech, specific activity up to 100 mCi/mmol), at a concentration
of 5 uCi/ml, was added to the culture medium 3 h before the end of the
2-day culture period. The rudiments were washed three times for 10 min
with Puck’s saline solution and then digested in 1.5 ml of MEM with
0.3% papain at 60 C for 16 h. They were then incubated with 0.5 ml of
10% cetyl pyridinium chloride (Sigma) in 0.2 M NaCl at room temper-
ature for 18 h. At the end of the incubation, each precipitate was collected
by vacuum filtration through filter paper (Whatman, Clifton, NJ; catalog
no. 1001090), washed three times with 1 ml 0.1% cetyl pyridinium
chloride in 0.2 M NaCl, and dissolved in 0.5 ml of 23 N formic acid. The
amount of radioactivity incorporated into glycosaminoglycans was
measured by liquid scintillation.

Statistics

Data were expressed as mean * sem. Statistical evaluation was per-
formed by ANOVA and posthoc Fisher’s protected least significant
difference test.

Results
Effects of RA on the growth plate in vivo

Male rats (27- to 31-day-old) received a single dose of 300
mg/kg RA by gavage. Control rats received vehicle alone
(soybean oil). When examined histologically, the growth
plate of the RA-treated rats appeared thinner than that of the
control rats (Fig. 1). RA caused a significant decrease in the
height of the growth plate proliferative zone (26 + 4 vs. 62 *
5 um, RA vs. control at 48 h, mean = sem, P < 0.001, Fig. 2A),
the hypertrophic zone (38 = 5 vs. 93 = 3 um, P < 0.001, Fig.
2B) and the overall growth plate (71 = 8 vs. 161 = 5 um, P <
0.001 (Fig. 2C). These effects were first observed at 48 h. In
contrast, the height of the resting zone was not affected by
the RA treatment (data not shown).

Effects of RA on chondrogenesis in vitro

Metatarsal bones from 20 dpc rats were cultured in serum-
free medium containing 0-1000 nm RA for 2 days. RA caused
a concentration-dependent inhibition of longitudinal bone
growth (n = 28-34 per group, Fig. 3).

Histological studies were performed on the cultured meta-
tarsals after 48 h of culture. In the growth plate near the
ossification center, 100 and 1000 nMm RA caused a decrease in
the number of hypertrophic chondrocytes per section (24.4%
and 6.4% of control respectively, n = 4-8/group, P < 0.001).
At 1000 nM RA, virtually all the large cells were replaced by
small, flat cells (Fig. 4). As assessed by enzyme histochem-
istry, these flattened cells expressed alkaline phosphatase, a
marker for terminally differentiated chondrocytes (Fig. 5).

To determine the site of the growth plate in which chon-
drocyte proliferation occurred, we performed autoradiogra-
phy of [’H]thymidine-labeled bones. RA caused a significant
decrease of the labeling index only in the proliferative zone
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Fic. 1. Representative photomicrographs demonstrating the effects of systemic RA administration on rat growth plate. Male Sprague Dawley
rats (27-31 days of age) received a single dose of 300 mg/kg RA (B) or soybean oil vehicle (A) by gavage. After 48 h, proximal tibiae were dissected,
fixed, decalcified, and paraffin-embedded. Five-micrometer longitudinal sections were obtained and stained with toluidine blue. e, Epiphyseal
bone; p, proliferative zone; h, hypertrophic zone; m, metaphyseal bone. Bar, 200 um.

of the growth plate (P < 0.001, Fig. 6). The decrease in
labeling of proliferative chondrocytes was observed at 100
nM as well as 1000 nm RA. RA at 1000 nm concentration also
inhibited total [*H]thymidine incorporation into the meta-
tarsal bones (72.9% of controls, n = 14-16 per group, P <
0.001). The effect of RA on cartilage matrix synthesis was
assessed by measuring the incorporation of >°SO, into newly
synthesized glycosaminoglycans. At 1000 nm RA, glycos-
aminoglycans synthesis was significantly reduced (53.3% of
control, n = 15 per group, P < 0.001).

Effects of RA/RARs inhibitors on chondrogenesis

To investigate which class of receptors mediates the in-
hibitory effects of RA, bone rudiments were cultured with
100 nm RA plus equimolar, 10, or 100-fold molar excess of
AGN 193109, a selective RAR-antagonist. Cotreatment with
100-fold molar excess of AGN 193109 not only reversed the
RA-mediated inhibition of longitudinal bone growth (n = 8
per group, P < 0.01, Fig. 7) but actually produced a growth
rate greater than that of controls. Similarly, in metatarsal
bones cultured without exogenous RA, AGN 193109 caused
a concentration-dependent acceleration in growth rate (n =
31-33 per group, P < 0.0001, Fig. 8A).

To determine whether endogenous RA itself regulates lon-
gitudinal bone growth, we cultured the bone rudiments in
the presence of 200 mg/ml ANTI-RA Ab, a mouse mono-
clonal antibody highly specific for all-trans RA. ANTI-RA-
treated metatarsals grew at a significantly greater rate than
did control anti-B-galactosidase-Ab-treated metatarsals (n =
31-36 per group, P < 0.0001, Fig. 8B).

Discussion

A single dose of RA administered systemically to rats
caused a significant reduction of the tibial growth plate
height. This effect, first seen 48 h after the administration of
RA, resulted from the reduction of both proliferative and
hypertrophic zone height. Similar observations have been

made by Soeta et al. (13) in rats treated with high doses of
vitamin A for periods of 1 to 5 days.

While our findings pertain to the acute effects of retinoic
acid, several other studies have described the effects of
chronic administration of high doses of vitamin A or RA on
growth plate morphology (14-18). Microscopic examination
revealed a number of degenerative changes, ranging from
loss of cartilage matrix to calcified areas in the resting and
proliferative zones. Gross lesions included focal thinning
followed by premature closure of the growth plate. Early
fusion of the epiphyses and growth retardation have also
been reported in humans after chronic administration of
vitamin A and other retinoids (7, 19-20). Premature fusion
could result either from accelerated ossification or from in-
hibition of chondrogenesis with unchecked ossification. Al-
though the observed reduction of the hypertrophic zone
could be explained by either mechanism, the diminution of
the proliferative zone suggests an effect on chondrogenesis.

The observed effects of systemic RA could reflect direct
actions on the growth plate or indirect actions mediated by
metabolic, nutritional, or endocrine factors. To determine
whether RA acts directly on the growth plate, we employed
a fetal rat metatarsal organ culture system. In this system, RA
caused a concentration-dependent inhibition of longitudinal
bone growth. This finding, which is consistent with the ef-
fects elicited by retinoids in vivo, suggests that RA can sup-
press longitudinal bone growth by a direct, local action on
the growth plate.

The inhibition of longitudinal bone growth appeared to be
due to multiple mechanisms. First, RA caused a concentra-
tion-dependent inhibition of chondrocyte proliferation in the
growth plate proliferative zone, as assessed by autoradiog-
raphy. At the higher concentration (1000 nm), RA also de-
creased total thymidine incorporation, which is the sum of
thymidine incorporation in the resting zone, proliferative
zone, ossification center, and perichondrium. Second, RA
caused a concentration-dependent inhibition of chondrocyte
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Fic. 2. Effects of systemic RA administration on growth plate height.
Male Sprague Dawley rats (27-31 days of age) received a single dose
of 300 mg/kg RA or soybean oil vehicle by gavage. The animals (n =
7 per group) were killed at 6, 12, 24, 48, and 96 h after retinoic acid
or vehicle administration. Five-micrometer longitudinal sections
were obtained as described in Fig. 1. The effect of RA on the growth
plate was evaluated by measuring the heights (um) of the prolifer-
ative zone (A), the hypertrophic zone (B), and the whole growth plate
(C). All measurements were performed by a single observer blinded
to the treatment regimen. *, P < 0.01 vs. vehicle. **, P < 0.001 vs.
vehicle.

hypertrophy. In the RA-treated bones, cells adjacent to the
ossification center expressed alkaline phosphatase, a marker
for terminally differentiated chondrocytes, but did not show
the normal enlargement in height (the dimension parallel to
the longitudinal axis of the bone). This cellular enlargement
is thought to be critical for longitudinal bone growth (21, 22).
Third, the highest concentration of RA had a negative effect
on cartilage matrix synthesis, as assessed by Na,?”SO, in-
corporation into glycosaminoglycans. Thus, 100 nm RA in-
hibited chondrocyte proliferation and chondrocyte hyper-
trophy but did not affect matrix synthesis. Because this RA
concentration is close to those found in the developing limb
bud and in serum, our observations suggest that endogenous
RA may physiologically inhibit longitudinal bone growth by
decreasing growth plate chondrocyte proliferation and chon-
drocyte hypertrophy. The inhibition of Na,>*SO, incorpora-
tion into glycosaminoglycans occurred only at the highest
RA concentration. Thus, regulation of proteoglycan synthe-
sis may not represent a physiological effect of RA but may
still represent one of the pharmacological mechanisms by

E 300

E —8— RAONM

= | e RatonM

g @ RA-100 "M

2 2007 ..p Ra-1000 M :

S

© 5 % -

g _________________________

= 1004 ’

K

=

E

=

(ST}

0 1 2 3

Time (days)

Fic. 3. Effects of RA onlongitudinal bone growth (mean *+ SEM). Fetal
rat metatarsals (20 dpc, n = 28-34/group) were cultured for 3 days
in serum-free medium containing 0—1000 nM RA. The length of the
bones was measured daily using an eyepiece micrometer in a dis-
secting microscope. By the third day of culture, metatarsals incubated
with 1000 nM RA had become curved, preventing accurate measure-
ment of linear growth. *, P < 0.001 (vs. 0 nM RA and vs. 1000 nM RA).
# P < 0.001 (vs. 0 nM RA and vs. 100 nM RA).

which retinoid toxicity causes premature closure of the
growth plate.

Previous in vitro studies of RA effects on chondrocytes
have primarily used isolated cell cultures. In one study, in-
hibition of matrix synthesis by RA was reported (23), con-
sistent with our findings in organ culture. Some cell culture
studies suggest that RA inhibits proliferation (24), whereas
others suggest that it stimulates proliferation (23, 25). Similar
conflicting results have been reported concerning the effects
on chondrocyte differentiation (25, 26). These discrepancies
may be due in part to the loss of normal architecture and the
resulting loss of cell-cell and cell-matrix interactions that
occur in isolated cell culture. Consequently, the behavior of
dispersed cells may differ from that of cells in the intact
growth plate and may be more dependent on the precise
conditions such as time in culture, confluence, and growth
factors in the medium. Therefore, our findings in organ cul-
ture may better reflect the in vivo effects of RA on longitu-
dinal bone growth. In fact, our findings in organ culture are
consistent with and provide a possible explanation for the
observed effects of RA in vivo, including: 1) the rapid reduc-
tion in growth plate height observed in the current study; and
2) the disappearance of the cartilage growth plate reported
by others.

To investigate the role of retinoic acid receptors, we used
AGN 193109 (27), a selective antagonist of RARs (28). Incu-
bation of rat metatarsals with RA and AGN 193109 resulted
in reversal of the RA-mediated inhibition of longitudinal
bone growth. These results suggest that the inhibitory effects
of RA are mediated by the activation of RARs. However, our
findings cannot exclude the possibility that RXR receptors
may also play some role in longitudinal bone growth. How-
ever, the lack of skeletal malformations in RXR-a, RXR-B, and
RXR-ynull mice suggests a less critical role for RXR receptors
during bone growth and development compared with RAR
receptors (29, 30). To determine whether the effects elicited
by exogenous RA reflect the physiological effects of endog-
enous retinoids in the growth plate, fetal rat metatarsals were
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Fi1G. 4. Representative photomicrographs demonstrating the effects of RA on cultured fetal rat metatarsals. Metatarsal bones from 20-dpc rat
fetuses were cultured for 2 days in serum-free medium without RA (A) or with 1000 nM RA (B). After routine histological processing, bones were
embedded in plastic, and 5-pum longitudinal sections were obtained and stained with toluidine blue. p, Proliferative zone; h, hypertrophic zone;

o, primary center of ossification. Bar, 50 um.

cultured in the presence of AGN 193109 without any exog-
enous RA. This RAR antagonist alone produced a significant,
concentration-dependent increase in longitudinal growth.
This finding suggests a physiological inhibitory role for
RARs in the growth plate.

The stimulatory effect of AGN 193109 does not necessarily
imply a role for all-trans RA. Other natural retinoids can
activate RARs. Furthermore, in cultured human keratino-
cytes, AGN 193109 may act as an inverse agonist, inhibiting
activity of unliganded RARs (31). Therefore, to define the
specific role of endogenous retinoic acid in the growth plate,
we used a neutralizing mouse monoclonal antibody directed
against RA (32). This antibody cross-reacts with a derivative
of all-trans-retinoic acid (all-trans-3,4-didehydroretinoic
acid), but it has very low cross-reactivity with other natural
retinoids including 9-cis-retinoic acid (0.4—4%) retinol (1.1-
5%) and retinal (4%) (33). Bone rudiments cultured in the
presence of this antibody grew significantly more rapidly
that did bones cultured with a control mouse monoclonal
antibody. This finding suggests that all-frans endogenous RA
physiologically restrains growth plate chondrogenesis by
acting as an autocrine/paracrine factor.

Our studies in organ culture suggest that blocking endog-

enous retinoid activity stimulates bone growth. In previous
studies, the effects of vitamin A deficiency on bone growth
have been conflicting. Consistent with our findings, Havivi
and Tal reported increased long bone growth in vitamin-A
deficient chicks (34). Conversely, others have observed either
decreased (6, 35) or unaffected (36, 37) growth plate chon-
drogenesis and longitudinal bone growth. Comparison of
these in vivo studies of vitamin A deficiency to our in vitro
studies blocking retinoid action is difficult. Vitamin A defi-
ciency may not only act directly on the growth plate but also
may indirectly affect growth by systemic mechanisms. For
example, retinoids appear to be required for GH secretion
(38, 39), and for thyroid hormone secretion and action (40,
41).

Other studies also suggest a physiological role for endog-
enous retinoids in skeletal growth and development. In mice,
concomitant disruption of RAR-a and RAR-y receptors by
homologous recombination affects limb development, caus-
ing agenesis and/or malformations of the scapulae, radii,
ulnae, and digits (4). Growth retardation in both embryonic
and postnatal periods has been observed in mice expressing
a dominant-negative RAR in chondrogenic cells (42). Unlike
ours, these data would suggest a stimulatory role for RARs
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for 2 days in serum-free medium without RA (A) or with 1000 nM RA (B). Samples were embedded in OCT compound, and 10-pum cryostat sections
were cut and mounted onto poly-L-lysine-coated slides. Enzyme histochemistry was performed using the simultaneous-coupling azo dye method.
Alkaline phosphatase activity produces blue stain. Separation of the perichondrium/bone collar from the interior of the bone rudiments is an
artifact that occurs in frozen sections. RZ, Resting zone; BC, bone collar; PZ, proliferative zone; HZ, hypertrophic zone; OC, ossification center.
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Fic. 6. [*Hlthymidine labeling indices (mean + sEM). Fetal rat meta-
tarsals (n = 8-10/group) were cultured for 2 days in serum-free
medium containing 0, 100, or 1000 nM RA, labeled with [*H]thymi-
dine, and prepared for autoradiography as described in Fig. 7. La-
beling index (number of labeled cells per total cells) was determined
by a single observer blinded to the treatment group. *, P < 0.05 (vs.
0 nM RA). #*, P < 0.0001 (vs. 0 nMm RA); P < 0.01 (vs. 100 nMm RA).

in skeletal growth. However, in these previous experiments
the inactivation of RARs beginning early in embryonic life
altered the formation of the skeletal structures. Thus, the
observed growth retardation may reflect the effects on early
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Fic. 7. Antagonistic effect of AGN 193109 on RA-induced inhibition
of longitudinal bone growth. Fetal rat metatarsals (n = 8/group) were
cultured for 3 days in serum-free medium containing 0 or 100 nm RA
and 0-10,000 nMm AGN 193109, a selective RAR-antagonist. The

length of the bones was measured daily using an eyepiece micrometer
in a dissecting microscope. *, P < 0.01 (vs. 100 nM RA).

Cumulative growth (um)

skeletal development rather than the role of RARs on lon-
gitudinal bone growth after skeletal formation.

In conclusion, our data suggest that endogenous retinoic
acid, acting through RARs, serves to negatively regulate
growth plate chondrogenesis by decreasing chondrocyte
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Fic. 8. Effects of AGN 193109 and Anti-RA Ab on longitudinal bone
growth (mean * SEM). A, Fetal rat metatarsals (n = 31-33/group)
were cultured for 2 days in serum-free medium containing 0—1000 nM
AGN 193109 in the absence of retinoic acid. The length of the bones
was measured daily using an eyepiece micrometer in a dissecting
microscope. ¥, P < 0.05 (vs. 0 nMm AGN 193109). ** P < 0.001 (vs. 0
nM AGN 193109) and P < 0.01 (vs. 100 nm AGN 193109). B, Fetal rat
metatarsals (n = 31-36/group) were cultured for 3 days in serum-free
medium containing 200 mg/ml of either ANTI-RA Ab (a neutralizing
monoclonal antibody highly specific for RA) or a control monoclonal
antibody against Escherichia coli B-galactosidase. The length of the
bones was measured daily using an eyepiece micrometer in a dis-
secting microscope. *, P < 0.0001 (vs. control).

proliferation and chondrocyte hypertrophy. In pharmaco-
logical concentrations, retinoic acid also inhibits cartilage
matrix production.

Our findings raise the possibility that some growth dis-
orders may be caused by abnormalities of retinoid function
in the growth plate and that manipulation of the retinoid/
RAR system may provide new approaches for the treatment
of some forms of growth failure.
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The Austrian Society for Bone and Mineral Research Announces Its

2000 RESEARCH PRIZE

The prize will be awarded to an individual who has published outstanding work on molecular, cellular,
(patho)physiological or clinical aspects of bone and mineral metabolism (up to three related publications
since 1997 in refereed journals listed in Current Contents, English language, papers in press acceptable).

Applicants should describe their finding in a brief statement (300 words) and include a biographical sketch,

along with agreement letters by co-authors.

Applications must be submitted not later than March 15, 2000 to: Dr. Klaus Klaushofer, Ludwig Boltzmann
Institute of Osteology, Hanusch Hospital, Heinrich Collin-Str. 30, A-1140 Vienna, Austria. All entries which
comply to the regulations will be forwarded to an International Jury (K. Klaushofer (Chair), E. M. Brown,
G. Karsenty, T. J. Martin, M. Peterlik, C. van Os, L. Raisz, P. Stern, A. Teti and M. Thomasset). The jury’s

decision is final.

Previous Prize Winners: T. J. Martin, M. Thomasset and A. Teti, E. M. Brown, G. Karsenty

The prize of ATS 100,000 will be awarded at the International Conference on Progress in Bone and Mineral

Research 2000, November 30 to December 2, 2000.

Conference Secretariat: Vienna Medical Academy, Alser Strasse 4, A-1090 Vienna, Austria. Phone, (+43/1)
405 13 830; Fax, (+43/1) 405 13 83 23; e-mail: medacad@via.at.



