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Abstract

Vitamin D metabolites &,25(0OH)D3 and 24&R,25(0OH)D3 regulate endochondral ossification in a cell maturation-dependent manner
viamembrane-mediated mechanism$2%6(OH) D3 stimulates PKC activity in chondrocytes from the growth plate resting zone, whereas
1a,25(0OH)D3 stimulates PKC in growth zone chondrocytes. We used the rat costochondral growth plate cartilage cell model to study
how these responses are differentially regulated23(OH)D3 acts on PKC, MAP kinase, and downstream physiological responses via
phosphatidylinositol-specific PLE:24R,25(0OH) D3 acts via PLD. In both cases, diacylglycerol (DAG) is increased, activating PKC. Both
cell types possess membrane and nuclear receptorsefab(OH)»D3, but the mechanims that render the,25(OH)»D3 pathway silent
in resting zone cells or the BR5(OH)D3 pathway silent in growth zone cells are unclear. Blig\pivotal in this process.d,25(0OH)D3
stimulates PLA activity in growth zone cells and B25(OH) D3 inhibits PLAy activity in resting zone cells. Both processes result in
PKC activation. To understand how negative regulation of Pte&sults in increased PKC activity in resting zone cells, we used,PLA
activating peptide to stimulate PlAactivity and examined cell response. PLAP is not expressed in resting zone cells in vivo, supporting
the hypothesis that PLAactivation is inhibitory to 2&,25(0OH)D3 action in these cells.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction levels of arachidonic acid and ultimately of prostaglandin,
both of which are inhibitory to PKC activation in these

We have used cells from the rat costochondral growth cells. In addition, 2&,25(0OHpD3 causes an increase in
plate cartilage as a model to study the rapid actions of phospholipase D (PLD), resulting in diacylglycerol (DAG)
1a,25(0OHRD3 and 24R,25(0OHRD3 in vivo and in vitro production and PKC activation, but not translocation.
[1]. The growth plate is particularly useful because of its  In response to signals not yet well understood, resting
distinctive morphology. Chondrocytes align in columns, zone cells undergo a set number of cell divisions and then
each column representing the lineage cascade of one clonaénter a maturation state that is characterized by rapid hyper-
population. Cells in the resting zone are surrounded by trophy culminating in calcification of the extracellular ma-
a proteoglycan rich extracellular matrix that does not trix. Cells from the prehypertrophic and upper hypertrophic
support calcification. These cells respond primarily to zones (growth zone) respond primarily te,25(OH)Ds.
24R,25(0OH»D3. 24R25(0HpDs causes an increase in 1a,25(OH)D3 causes an increase in PKC within 1 min
protein kinase C (PKC) activity within 3min but maximal that is maximal at 9 min. The mechanism involves a rapid
activity is not seen until 90 min. The mechanism involves a increase in PLA activity and the products of PLAaction
decrease in phospholipase fPLA,) activity, reducing the initiate signaling cascades that contribute to the PKC in-

crease. Arachidonic acid activates PKC directly and serves

mted at the 12th Workshop on Vitamin D (Maastricht, The Nether- as a SUbStrate for cyclooxygenase-1 .(COX-l), prqducmg
lands, 6-10 July 2003). ’ prostaglandln. One _of th_e prostaglandms, EGEamCl-_
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Table 1 a rapid PKC response to R25(OH)D3, although spe-
Osteoblast maturation state determines responsiveness,26(OH»D3 cific binding of radiolabeled Z&25(OHpD3 is present
and/or 2K 25(OH}Ds throughout the growth platpt], suggesting that receptors
Cell type Osteoblast 1a,25 24R 25 for this metabolite are present as well. In growth zone cells
maturation state (OH)2Ds  (OH)Ds treated with &,25(OHpD3 and in resting zone cells treated
2T3 cells Pre-osteoblasts X with 24R,25(0OH)D3, there is an increase in mitogen acti-
IZZE’CCSQ'IT: BMP-2 ?Assﬁio%'f‘esrf X « vated protein (MAP) kinase activity commensurate with the
pre_ogteoblasts change in PKC described abd\@. The metabolite-specific
ERC cells+ BMP-2  Osteoblasts X activation of MAP kinase explains how the physiological
MG63 cells Immature osteoblasts responses of the resting zone and growth zone chondrocytes
ROS 17/2.8 cells Osteoblasts X x are affected at the genomic level by the target cell-specific
MC-3T3-E1 cells Mature osteoblasts X rapid actions of the metabolites at the membrane. What is not
UMR-106 cells Mature osteoblasts X . .
MLO-Y4 cells Osteocyte-like X clear is why resting zone cells and growth zone cells respond

_ - so differently to &,25(0OH}D3 and 24R,25(0OH}D3. This
fg_”fé‘ii”lt;ﬂ':\‘/‘lrfzY(z’fs‘()étf'zg:ztrcf#gr;iSlg%rfﬂt;ﬁ;‘ézoor:h‘gfgﬁg With haper reviews our studies to resolve the perplexing question
specific activity was determined in cell layer lysates using an immunoassay of why 1a,25(OHpDs is silent in resting zone cells and
kit. In addition, confluent cultures of pre-osteoblastic mouse 273 cells and 24R,25(OH)D3 is silent in growth zone cells with respect to
fetal rat calvarial (FRC) cells were cultured for7 days with rhBMP-2 PKC activation and its downstream biological consequences.
before treatment with the Vitamin D metabolites as described above. Our observations support the hypothesis that receptors
for 1a,25(0OHpD3 and 24R,25(0OHpD3 are present in the
1a,25(0OHYD3, increasing DAG and inositol trisphosphate  membranes of resting zone and growth zone cells. Bind-
(IP3) levels. Once DAG binds to PKC, translocation to the ing studies using radiolabeled Vitamin D metabolites show
plasma membrane occurs. that specific and saturable binding is present in the tar-
These studies suggest that differential responsiveness taet cell for each metabolite. However, specific binding for
1a,25(0OHYpD3 or 24R,25(0OH)D3 is related to cell matua-  1a,25(OHRD3 was also found in plasma membranes and
tion state. To verify that this is indeed the case, we exam- matrix vesicles isolated from resting zone cells and binding
ined a number of osteoblast cell lines at various states of for 24R 25(0OH»D3 was also found in plasma membranes
maturation in the osteoblast linage for evidence of PKC ac- and matrix vesicles from growth zone ce[8,7]. Poly-
tivation by one or both of these Vitamin D metaboli{e. clonal antibodies generated to the N-terminal amino acid se-
Cells that exhibited an increase in PKC activity in response quence of the &,25(0OH)»D3-binding protein isolated from
to 24R,25(OH)D3 have been described as relatively imma- chick intestinal basal lateral membranes (Ab99), blocked
ture osteoblasts, whereas those cell lines that responded t&®KC activation by &,25(OH}D3 in growth zone cells and
1a,25(OHYD3 have been defined as relatively mature os- 1a,25(OHpD3-dependent inhibition of PKC in matrix vesi-
teoblasts Table 1). Moreover, pre-osteoblastic 2T3 cells did cles isolated from growth zone cell cultures. However, this
not respond to &,25(OHpD3 unless they were pretreated antibody had no effect on PKC in resting zone cells or
with BMP-2 for 7 days to induce osteoblastic differentia- isolated matrix vesicles, whether they were treated with
tion. Similarly, confluent cultures of fetal rat calvarial cells 1a,25(OHpD3 or 24R,25(0OHpDs. Western blots showed
required BMP-2 treatment for a minimum of 7 days before that immunoreactive protein was present as a single band at
1a,25(OHYD3 caused an increase in PKC. Prior to this time, 65,000 Mr in both cell type§6], indicating that the protein
2T3 cells and fetal rat calvarial cells exhibted increased PKC was present but it was active in one and silent in the other.
in response to 24,25(OH)Ds3. The fact that PKC activation is stereospecific in each target
cell supports the contention that the activation of PKC is
receptor-mediated. Moreover, treatment of growth zone cells
2. Membrane receptors for 1la,25(0OH),D3 and with Ab99 blocks downstream physiological responses of
24R,25(0H)2D3 growth zone cells tod,25(0OH)D3 [7], as does inhibition of
PKC activity [8]. 1a,25(0OHpD3 and 24&R,25(0OH)D3 may
To better understand the mechanisms involved in operate via separate receptors but it is also possible that they
the transition from 2R25(OH)D3 responsiveness to actviathe same receptor through different binding sites, and
1a,25(OHYD3 responsiveness, we returned to an exami- that this receptor is the tradition nuclear VDR.
nation of the rat costochondral growth plate cartilage cell  To test this hypothesis, we peformed a number of stud-
model. Both resting zone and growth zone cells possessies using several model systems. Matrix vesicles were
nuclear receptors for o, 25(OHpD3 and both respond isolated from ROS 17/2.8 osteoblast-like cell cultures
to 1a,25(0OH)D3 with a decrease in cell number and [2]. Western blots using Ab99 confirmed the presence of
[3H]-thymidine incorporation[3]. However, only growth  the putative 65,000 receptor-associated protein and Ab99
zone cells exhibit rapid increases in PKC when treated with blocked the effect of &,25(OHpD3 on PKC. Most impor-
1a,25(0OH)D3. Moreover, only resting zone cells exhibit tantly, no immunoreactive VDR was present on Western
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blots. In addition, antibodies to annexin Il, which has also  Studies examining the rapid effects of each metabolite
been hypothesized to be a membrane-associated recepen phospholipid metabolism in growth zone and resting
tor for 1a,25(OHpD3 [9], did not cross-react with the zone cells have provided some clues as to how this dif-
Ab99-positive band in Western blots of the matrix vesicles ferential regulation occurs.c125(0OHpD3 causes a rapid
isolated from the ROS 17/2.8 cell cultures. Anti-annexin Il and stereospecific increase in membrane fluifiiy] and
antibodies also did not block the effect of,25(OHpD3 arachidonic acid releagé4] in growth zone cells, yet has
on PKC in matrix vesicles isolated from growth zone chon- no effect on either parameter in resting zone cgll. In
drocyte cultureg7]. contrast, 2R 25(0OH»D3 causes a rapid and stereospecific
Although these experiments show that the nuclear VDR decrease in membrane fluidif§3], and a rapid but short
was not responsible for thea]25(OH)D3-dependent in- lived decrease in arachidonic acid rele§%4], in resting
hibition of PKC{ in matrix vesicles from growth zone zone cells, without altering these parameters in growth zone
chondrocyte cultures or the RL5(OH)D3-dependent  cells[15]. These observations suggest that the two metabo-
inhibition of PKC{ in matrix vesicles from resting zone lites regulate PLA in a differential manner, since PLA
chondrocyte cultures, they do not rule out the possibility catalyzes the release of arachidonic acid. This is also con-
that the VDR plays a role in PKC activation in intact cells. sistent with the fact that resting zone cell membranes and
To determine this, we developed technology for culturing growth zone cell membranes contain a different phospho-

costochondral cartilage resting zone and growth zone chon-lipid complemen{16] and with the fact thatd,25(OH}D3

drocytes from wild type and VDR knockout mifE0]. Treat-
ment of these cells withd,25(OH»D3 and 24R,25(OHpD3

confirmed our previous observation using the rat model.

1a,25(0OH)D3 increased PKC specific activity within 1 min
in growth zone cells, with maximal increases at 9 min.
24R,25(0OH)D3 increased PKC in resting zone cells within

and 2R 25(0OH)D3 differentially regulate the phospho-
lipid composition of the membranefl7]. In addition,
1a,25(0OH)D3 increases PGEand PGE production by
growth zone cells but Z225(OH)D3 decreases the pro-
duction of these prostaglandins by resting zone ¢&B83.
There is considerable evidence supporting the hypothe-

1 min, with maximal increases at 90 min. As noted in the rat sis that PLA is pivotal in this process. Inhibition of PLA

model, PKG was the responsible isoforma;25(OH»D3

blocks the effects of d,25(OHpD3 on growth zone cells

also caused a rapid increase in PLC specific activity and [19]. In contrast, activation of the enzyme activity with

this effect was only in growth zone cells, indicating that the

mechanism in the wild type and VDR knockout mice is the

same and like that operating in the rat chondrocytes.
These results show definitively that the nuclear VDR is

not responsible for the activation of PKC by, 25(OH)»D3

in growth zone cells or for the activation of PKC by

24R,25(OH)Ds3 in resting zone cells. Moreover, the VDR

melittin, which is isolated from bee venom, or mastoparan,
which is isolated from snake venom, mimics the effects
of 1a,25(0OH)D3 on growth zone cells. The opposite is
the case for resting zone cell20]. Inhibition of PLA
activates PKC and mimics the effects ofRR45(OH)D3,
whereas activation of PLAblocks the stimulatory effect of
24R,25(0OH)D3 on PKC.

is not involved in the downstream physiological responses There are two consequences of Bl#ction on phospho-
that are mediated by the rapid increase in PKC in the lipids: release of archidonic acid and release of lysophos-
mouse growth zone cells. Treatment of the cells with pholipids. Exogenous arachidonic acid acts on growth zone
1a,25(0OH)D3 in the presence of Ab100, which was gen- cells like 1x,25(OHpD3 and like PLA activation [21].
erated to the rat homologue of the chick protein described In contrast, exogenous arachidonic acid acts on resting
above, blocked the effects otx25(OH)D3 in the VDR zone cells in a manner opposite toR45(0OH)RD3 [20].
knockout cells. This indicates that the Ab100-reactive pro- Not surprisingly, inhibition of arachidonic acid metabolism
tein is important for the membrane-mediated response towith the general cyclooxygenase inhibitor indomethacin
1a,25(OH)D3. causes growth zone cells and resting zone cells to respond
to 1a,25(0OHpD3 and 24R 25(0OHpD3 in a manner like
their response to exogenous arachidonic acid. Inhibition of
inducible cyclooxygenase 2 does not alter that response,
whereas inhibition of constitutive cyclooxygenase 1 reduces
the arachidonic acid-like effef22]. This observation shows
drocytes via a PLC-dependent mechanifit], whereas that PLA is rate limiting because it changes substrate
24R,25(0OH)D3 acts via PLD[12]. Both pathways ulti- concencentration for the consistutive form of the enzyme,
mately result in DAG production but the time course differs. and it shows that metabolites of arachidonic acid are also
RT-PCR shows that both cell types express mRNAs for involved in the mechanism.

the same PLC and PLD isoforms, although basal levels of To better understand how prostaglandin plays a role in

3. Pivotal role of phospholipase A»

1a,25(0OHpD3 activates PKC in growth zone chon-

activity differ. Yet, differences in basal activity are not suf-
ficient to explain why &,25(OH}D3 only activates PLC
and only in growth zone cells while R25(OH)D3 only
activates PLD and only in resting zone cells.

the differential activation of PKC by d,25(OH»D3 and
24R,25(0OH)D3, we examined the regulation of PKC spe-
cific activity by PGER [23,24] Growth zone and resting
zone cells both express mRNAs for EP1 and EP2, which
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are PGE receptors. &,25(0OHpD3 and PGE act via EP1 PKC in Resting Zone Chondrocytes

to activate PKC in growth zone cells and to regulate the Effect of PLAP and 24.25

physiological responses of these cells that depend on PKC 10 ’

activation. However, 28,25(0OH)D3 acts through both re- Il control
# (] 24,25

ceptors in resting zone cells, but in unexpected ways. PKC
is regulated by PGEvia EP1 and PKA is regulated via EP2,
and both pathways contribute to the physiological respose
of resting zone cells to R25(0OH»D3. The regulation is
in effect due to de-suppression. By decreasing P Gdh-
centration, 2R,25(0OH)»D3 reduces the inhibitory effects
of arachidonic acid and PGBn PKC and PKA, ultimately
resulting in the ability of these signaling pathways to gen-
erate a MAP kinase response. This explains in part why
the maximal effect of 2R,25(OHyD3 on PKC and MAP 0.0
kinase in resting zone cells is delayed in comparison with 0 10°M 10M 10-5M
the maximal effects ofd,25(OH)D3 in growth zone cells. PLAP

We now understand that PLAis pivotal in the regu-
lation of PLC as well. The isoform of PLC that is re- Fig. 1. Effect of PLA activating protein (PLAP) on PKC specific activity
sponsible for &,25(0OH)D3 action in growth zone cells is in resting zone cells t!’eated with R25(OH»D3. Confluent cu!tures Qf
phosphatidylinositol-specific Pl and PLEB312].Inh- [ 230511 st one renaoes ters ot e o
bition of PLA; blocks 1, 25(OHpDs-dependent activation s, yreated with PLAP peptide (0, 1) 1077, or 1075 M). PKC activity
of PLC, but this is due to the production of lysophospholipid was determined in cell layer lysates using an immunoassay kit. Results
and not to arachidonic acid. Inhibition of PkAas no effect were normalized to cell layer protein content. Values are mea8EM for
on PLC activity in resting zone cells, presumably in part be- Sixdindep?ff_‘dzf_‘ftf cultures LOF tvevaCh Vafiab'e-d D:ﬂa Wefz a”?'ythd bé’ A’;IOVA.
cause lysophospholpid producton s reduced tolevel that 7 SPfc Sreces b foupe s vand e Sonern
do not support PLC activation. The lack of PI-PLC generated #p _ 0.05, with 24R 25(OH)D3 vs. without 2425(0H)Ds at each
DAG may explain why PKC is not rapidly translocated to the p| AP concentration.
plasma membrane in resting zone cells. Instead, DAG is gen-
erated through a PLD-dependent mechanism, which requires
two separate catalytic steps and does not result in IP3 pro-increase in PKC activity of control cultures and reversed
duction. Consequently, local cytoplasmic increases in DAG the inhibitory effects of PLAPKig. 2). This was due to the
may occur more slowly and are not accompanied by rapid release of arachidonic acid and not to metabolites of the
release of C& ions from the endoplasmic reticulum that fatty acid produced as a consequence of the action of cy-
serve as a co-factor in PkCactivation and translocation. clooxygenase. Treatment of the cells with-$Go 10°6M

It is relatively easy to understand how activation of indomethacin caused a dose dependent increase in PKC ac-
PLA> can positively impact on the activation of PLC and tivity in control cultures and reversed the inhibition of PKC
PKC by 1n,25(OH)D3 in growth zone cells. The stud- due to PLAP Fig. 3). PLAP had no effect on the increase
ies implicating PLA inhibition as a positive regulator of in PLD activity due to 2&,25(0OH)D3 in resting zone cells
24R,25(0OH)D3s-dependent PKC in resting zone cells are (Fig. 4A), indicating that PLA activation does not mediate
less obvious. As these conclusions relied on experimentsthe effects of 2R 25(OHpD3 on this enzyme. In addition,
that used the bee venom derived PLActivator melittin, stimulation of resting zone cells with exogenous PLAP did
we repeated them using the rat homologue of melittin, not confer sensitivity to &, 25(OH)D3 to the resting zone
PLA, activating protein (PLAP). For these experiments, cells, at least over the 90 min incubation period used in this
resting zone chondrocytes were isolated from the costo- study §ig. 4B).
chondral cartilage of male Sprague—Dawley rats. Confluent PLAP is not expressed in resting zone cells in vivo, ei-
fourth passage cultures were treated with vehicle or PLAP ther in the form of mMRNA (in situ hybridization), or in the
peptide (108 to 10~ M; BIOMOL Research Laboratories, form of protein (immunohistochemistry) (data not shown):;
Inc., Plymouth Meeting, PA) for 90 min and PKC specific thus, activation of PLA and consequent inhibition of PKC
activity determined. PLAP reduced PKC activity in control is not physiologically relevant in these cells. However, the
and 2R 25(0OH)Ds-treated cultures in a dose-dependent absence of PLAP argues for the physiological relevance
manner Fig. 1). In resting zone cells treated with 1OM of PLA; inhibition by 24R,25(0OH)D3 in the activation of
PLAP, PKC specific activity was reduced by approximately PKC in resting zone cells. As is the case for BLgpecific
40%. PLAP (10%M) completely blocked the stimulatory — activity [25], constitutive levels of PLC specific activity
effect of 10-" M 24R,25(0OH)D3 on PKC. PLAP elicited its are higher in resting zone cells cel$2]. By inhibiting
effects on resting zone cells by activating PLAnhibition PLA, activity, 24R,25(0OH»D3, may reduce production of
of PLA activity with quinacrine caused a dose-dependent lysophopholipids and by so doing, depress PLC activity
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Effect of PLAP and Quinacrine
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Fig. 2. Effect of PLA inhibition on PLAP peptide dependent inhibi-
tion of PKC specific activity in rat costochondrdal resting zone cartilage
cells. Confluent cultures of resting zone cells were treated for 90 min
with control media or media containing 19M PLAP. One-half of the
cultures were also treated with 0, 0.1, 1 oruld quinacrine to inhibit
PLA, activity. PKC activity was determined in cell layer lysates using an
immunoassay kit. Results were normalized to cell layer protein content.
Values are meang SEM for six independent cultures for each vari-
able. Data were analyzed by ANOVA and specific differences between
groups determined using the Bonferroni modification of Studertést.

*P < 0.05, with quinacrine vs. without quinacrinépP < 0.05, with PLAP

vs. without PLAP at each quinacrine concentration.

Effect of PLAP and Indomethacin

=
o

M control
L ]pLaP

>3
* 3

o
©

o
o

©
w

pmol PO,/ug Protein/Min

©
<)

10"M

10-°M

0 10-¢M
Indomethacin

Fig. 3. Effect of indomethacin on the PLAP peptide dependent inhibition
of PKC specific activity in rat costochondral resting zone cartilage cells.
Confluent cultures of resting zone cells were treated for 90 min with
control media or media containing 1M PLAP. One-half of the cultures
were also treated with 0, 18, 10~7, or 106 M indomethacin to inhibit
cyclooxygenase activity. PKC activity was determined in cell layer lysates
using an immunoassay kit. Results were normalized to cell layer protein
content. Values are meads SEM for six independent cultures for each
variable. Data were analyzed by ANOVA and specific differences between
groups determined using the Bonferroni modification of Studertést.

*P < 0.05, with indomethacin vs. without indomethacf® < 0.05, with
PLAP vs. without PLAP at each indomethacin concentration.
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Effect of PLAP on PLD Activity
Resting Zone Chondrocytes
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Fig. 4. Effect of PLAP peptide on phospholipase D (PLD) specific activ-
ity in resting zone cells treated with R25(OH)D3. Confluent cultures

of rat costochondral resting zone chondrocytes were treated with vehicle
or 1007 M 24R,25(0HyD3 (24,25) (Panel A) or 16®M 1a,25(0HyD3
(1a,25) (Panel B) for 90 min. One-half of the cultures were also treated
with PLAP peptide (0, 108, 1077, or 10°®M). PLD activity was de-
termined in cell layer lysates using an kit. Results were normalized to
cell layer protein content. Values are meahsSEM for six independent
cultures for each variable. Data were analyzed by ANOVA and specific
differences between groups determined using the Bonferroni modifica-
tion of Student'st-test. 24&R,25(0OH)D3 caused a statistically significant
increase in PLD specific activity. No other differences were found.

in the resting zone cells. This would then explain why
PLD-dependent DAG is required for PKC activity rather
than the more rapidly produced PLC-dependent DAG asso-
ciated with Ix,25(OH)D3s-stimulated PKC signalingl?2].

A similar line of reasoning would explain the inhibitory ef-
fects of arachidonic acid and P@Bn PKC in resting zone
cells whereas both phospholipid metabolites are stimulatory
in growth zone cell§1].

4. Summary

These studies demonstrate the critical and pivotal role that
PLA, plays in the mechanism of action of both Vitamin D
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metabolites in cartilage. Others have shown that P\ [10] B.D. Boyan, V.L. Sylvia, N. McKinney, Z. Schwartz, Membrane
important to the action of d,25(OH)D3 in smooth mus- actions of Vitamin D metabolites o} 25(0OHpDs and 2&,
cle cells[26] and have suggested a role for PLAs well 25(OH)D3 are retained in growth plate cartilage cells from Vitamin

Si l th initiated by thi id diat D receptor knockout mice, J. Cell. Biochem. 90 (2003) 1207-1223.
Ignaling pathways Initiated Dy this rapid response meadia e[ll] Z. Schwartz, D. Shaked, R.R. Hardin, S. Gruwell, D.D. Dean, V.L.

some but not all of the physiological responses of the cells Sylvia, B.D. Boyan, &, 25(0HpDs causes a rapid increase in
to 1a,25(0OHpD3 and 24&R,25(0OH)D3. The results shown phosphhatidylinositol-specific PLC-( activity via phospholipase A2
here indicate that the effects of R25(OHpD3 on resting dependent production of lysophosphlipid, Steroids 68 (2003) 423
zone cells are replicated by exogenous PLAP, indicating that___ 437

. . [12] V.L. Sylvia, Z. Schwartz, F. Del Toro, P. DeVeau, R. Whetstone,
the PLA dependent pathways are involved and suggesting

/ R.R. Hardin, D.D. Dean, B.D. Boyan, R®25-(OH)D3 regulates
that PLAP may play a role in growth zone cells as well. phospholipase D2 (PLD2) activity of costochondral chondrocytes in a

More recent studies from our laboratory show that events metabolite-specific and cell maturation dependent manner, Biochim.
initiated by the membrane receptor cooperate with events ~ Biophys. Acta 1499 (2001) 209-221.
regulated via the tranditional nuclear Vitamin D receptor. [13] L.D. Swain, Z. Schwartz, K. Caulfield, B.P. Brooks, B.D. Boyan,

. . L. . . Nongenomic regulation of chondrocyte membrane fluidity by
MAP kinase is a cr|.t|cal component of this interactifi, 1.25-(OHyD3 and 24,25-(OH)Ds is dependent on cell maturation,
as has been noted in other systg@is 28] Bone 14 (1993) 609-617.
[14] Z. Schwartz, L.D. Swain, V. Ramirez, B.D. Boyan, Regulation
of arachidonic acid turnover by 1,25-(Of)3 and 24,25-(OHyD3
Acknowledgements in growth zone and resting zone chondrocyte cultures, Biochim.
Biophys. Acta 1027 (1990) 278-286.
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