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Abstract Aluminum (A13+) stimulates de novo bone formation in dogs and is  a potent stimulus for DNA synthesis 
in non-transformed osteoblasts in vitro. The recent identification of a G-protein coupled cation-sensing receptor 
(BoPCaR), which is  activated by polyvalent agonists [e.g., gadolinium (Gd3+) > neomycin > calcium (Ca2+)], suggests 
that a similar physiologically important cation sensing receptor may be present in osteoblasts and pharmacologically 
activated by A13+. To evaluate that possibility, we assessed whether known BoPCaR agonists stimulate DNA synthesis in 
MC3T3-EI osteoblasts and examined the additive effects of A13+ and BoPCaR agonists on DNA synthesis in MC3T3-EI 
osteoblast-like cells. We found that A13+, Gd3+, neomycin, and Ca2+ stimulated DNA synthesis in a dose-dependent 
fashion, achieving 50% effective extracellular concentrations (ECS0) of 10 kM, 30 KM, 60 kM, and 2.5 mM, 
respectively. A13+ displayed non-additive effects on DNA synthesis with the BoPCaR agonists as well as an unrelated 
G-protein coupled receptor agonist, PGF2U, suggesting shared mechanisms of action. In contrast, the receptor tyrosine 
kinase agonist, IGF-I (1 0 qg/ml), displayed additive proliferative effects when combined with AIC13, indicating distinct 
signalling pathways. AIC13 (25 pM) induced DAG levels 2-fold and the phosphorylation of the myristoylated alanine-rich 
C kinase (MARCKS) substrate 4-fold, but did not increase intracellular calcium concentrations. Down-regulation of PKC 
by pre-treatment with phorbol 12-myristate 13-acetate as well as PKC inhibition by H-7 and staurosporine blocked 
AI3+-induced DNA synthesis. Finally, A13+, Cd3+, neomycin, and Ca2+ activated G-proteins in osteoblast membranes as 
evidenced by increased covalent binding of [32P]-GTP-azidoanilide to putative Ga subunits. Our findings suggest that 
A13+ stimulates DNA synthesis in osteoblasts through a cation sensing mechanism coupled to G-protein activation and 
signalling cascades involving DAC and PKC-dependent pathways. o 1994 WiIey-Liss, Inc. 
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Recent data indicate that extracellular cations 
such as divalent calcium and trivalent alumi- 
num stimulate DNA synthesis in osteoblasts 
[Kanatani et al., 1991; Quarles et al., 19911. 
Indeed, aluminum induces the expression of 
growth regulating early response genes and cell 
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proliferation in cultures of MC3T3-El pre- 
osteoblasts [Quarles et al., 19911 as well as stimu- 
lates DNA synthesis in embryonic chicken cal- 
varial cell and TE85 osteosarcoma cells [Lau et 
al., 19911. In addition, the in vivo administra- 
tion of aluminum chloride stimulates de novo 
bone formation, a unique process that is indepen- 
dent of bone resorption and generates incre- 
ments in bone mass [Quarles, et al., 1988,1990; 
Galcerin et al., 19871. These osseous actions of 
aluminum appear to be derived from activation 
of osteoblastic precursors [Quarles et al., 1989, 
19911. The mechanism(s), however, whereby alu- 
minum and other cations stimulate osteoblasts 
to proliferate is unknown. 

Extracellular polycations can regulate cellular 
functions through binding and activation of G- 
protein coupled membrane receptors. The re- 
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cent identification in parathyroid cells of a cal- 
cium sensing membrane receptor, BoPCaR 
[Brown et al., 19931 and the discovery that mu- 
tations in this receptor underlie abnormal cal- 
cium sensing in patients with familial hypocalci- 
uric hypercalcemia [Pollak et al., 19931 provide 
conclusive evidence for a cation sensing mem- 
brane receptor. This cation receptor can be func- 
tionally identified by its relative affinity for vari- 
ous cations [gadolinium (Gd3+) > neomycin > 
calcium (Ca2+)1 [Brown et al., 19931. The appar- 
ent EC50 of BoPCaR for Gd3+, neomycin, and 
Ca2+ is 20 FM, 60 pM, and 3 mM, respectively. 
Though it is not known if a similar cation recep- 
tor is present in osteoblasts, a generalized role 
for a cation sensor in calcium homeostasis is 
suggested by BoPCaR expression in calcium 
regulating tissues such as the kidney and pla- 
centa. The possibility that A13+ may activate a 
BoPCaR-like cation sensor is suggested by the 
effect of aluminum to mimic calcium-mediated 
PTH suppression in parathyroid cells [Morris- 
sey et al., 19831. Thus, it is possible that extracel- 
lular A13+ and Ca2+ as well as other polyvalent 
cations might regulate osteoblast function in 
part though interaction with a similar cation 
sensing receptor present in the osteoblast mem- 
brane. 

To examine the possibility of a cation sensing 
receptor in osteoblasts, we compared in 
MC3T3-El osteoblast-like cells the mitogenic 
potential of A l 3 +  and known cation-sensing recep- 
tor (CaR) agonists, directly evaluated the poten- 
tial of A13+ to activate G-proteins in osteoblast 
membranes as assessed by photoaffinity labeling 
of Ga subunits, and investigated the effects of 
aluminum on G-protein-linked cellular path- 
ways. We used MC3T3-El cells as our model 
system because early cultures represent non- 
transformed pre-osteoblasts [Quarles et al., 
19921 display a mitogenic response to aluminum 
[Quarles et al., 19911 and have well-character- 
ized signaling pathways involved in G-protein 
coupled receptor stimulation of DNA synthesis 
[Quarles et al., 19931. We found that a panel of 
BoPCaR receptor agonists stimulate DNA syn- 
thesis in osteoblasts with apparent ECBOs charac- 
teristic of the reported affinities for the calcium 
receptor [Brown et al., 19931. Moreover, alumi- 
num mimics the effects of BoPCaR agonists to 
stimulate DNA synthesis, activate G-proteins 
and stimulate G-protein coupled signalling path- 
ways in osteoblasts. Our data suggest that a 
cation sensing G-protein coupled mechanism is 

present in osteoblasts that transduces the re- 
sponse to extracellular A13+ as well as polyvalent 
BoPCaR receptor agonists. 

METHODS 
Cell Culture 

Stock cultures of MC3T3-El cells were grown 
in a-MEM containing 10% (v/v) fetal bovine 
serum (FBS), penicillin (100 units/ml), and 
streptomycin (100 pg/ml) in a humidified atmo- 
sphere of 10% C02/90% air at 37°C as previ- 
ously described [Quarles et al., 19921. Until the 
time of study, cells were subcultured every 3-5 
days using 0.001% (w/v) pronase to achieve cell 
detachment. Cultures maintained in this fash- 
ion maintain an undifferentiated phenotype 
[Quarles et al., 19921. 

Assay of Mitogenic Activity 

We used quiescent (serum-deprived), subcon- 
fluent, 3 day old cultures of MC3T3-El cells to 
assess mitogenesis. MC3T3-E 1 cells were plated 
at an initial density of 20,000 cellsiml into 16 
mm diameter multi-well plates and pre-incu- 
bated for 48 h in a-MEM supplemented with 
10% (vol/vol) FBS to permit attachment. There- 
after, quiescence was achieved in subconfluent 
cultures by removing the medium, washing away 
the FBS with buffer, and incubating the cells for 
an additional 24 h in serum-free DMEM/F-12 
media containing 0.1% (w/v) bovine albumin 
(BSA). These media preparations have been pre- 
viously shown to contain fluoride concentra- 
tions less than 0.5 pM [Quarles et al., 19911 and 
contain a calcium and magnesium concentra- 
tion of 1.0 and 0.8 mM, respectively. 

We compared DNA synthetic rates in control 
cultures incubated in fresh DMEMiFl2 me- 
dium containing 0.1% BSA with that of cells 
treated with the various agonists including alu- 
minum chloride, gadolinium chloride, neomy- 
cin, calcium chloride, insulin, insulin-like growth 
factor I (IGF-I), PGFZa, and N6-monobutyryl 
CAMP. Additivity experiments were performed 
by co-administration of these agents with alumi- 
num chloride. Dose-response studies were also 
performed to establish the maximal effective 
media concentrations of individual growth fac- 
tors. When PKC inhibitors were used, they were 
added 15 min prior to  addition of mitogen. In 
additional studies, cultures were incubated over- 
night with phorbol-12-myristate 13-acetate 
(PMA) to down-regulate PKC prior to mitogen 
addition [Blackshear et al., 19911. PMA and 
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thapsigargin were dissolved in Me2S0 at a final 
media concentration not exceeding 0.1% (v/v), 
whereas staurosporine was dissolved in absolute 
alcohol at a final media concentration less than 
0.5% (v/v). We assessed DNA synthesis by addi- 
tion of [3H]-thymidine to the incubation me- 
dium at the time of mitogen addition (0.5 pCi/ 
ml, 1 p,M) and measured incorporation of [3Hl- 
thymidine into acid precipitable material by 
modification of previously described techniques 
[Quarles et al., 19911. 

Cellular Uptake of Aluminum 

To assess the cellular uptake of aluminum, 
50,000 MC3T3-El cells were suspended in 5 ml 
ofDMEM/F12 mediacontainingO.l% (w/v) BSA 
and incubated at 37°C with 10 pM NC13 for up 
to 6 h. To control for nonspecific binding of this 
cation, we performed controls that consisted of 
incubating aluminum with albumin containing 
media in the absence of cells. After centrifuga- 
tion, we dissolved the cell pellet by the addition 
of a 24% nitric acid solution. Aluminum was 
measured with a flameless atomic absorption 
spectrophotometer (Perkin-Elmer Gorp., Nor- 
walk, CT) according to previously described 
methods [Quarles et al., 19881. The cellular up- 
take of aluminum was calculated by subtracting 
the total aluminum concentrat.ion in the cell 
pellet from the nonspecific binding. 

Measurement of Diacylglycerol (DAG) Kinase 

Lipids were extracted by the method of Bligh 
and Dyer [1959] and total phospholipid phos- 
phate was determined as described [Ames and 
Dubin, 1960; Van Veldhoven and Manniaerts, 
19871. The total mass of DAG in the lipid ex- 
tracts was measured using E. coli DAG kinase 
and [y32PlATP by previously described methods 
[Preiss et al., 19861. 

Measurement of Cytosolic Calcium 
Concentration, [Ca2+li 

[Ca2+li was determined in intact MC3T3-El 
osteoblasts as described previously using the 
intracellular fluorescent probe Fur& AM [Quarles 
et al., 19931. For these studies, cells grown on 
glass coverslips were incubated with 20 pM 
Fura2 AM (Calbiochem, La Jolla, CA) for 1 h in 
Hanks balanced salt solution (HBSS) containing 
0.1% bovine serum albumin, 1.26 mM calcium, 
and 10 mM Hepes at pH 7.4. Coverslips were 
placed in a cuvette and continuously perfused 

with HBSS in the cuvette holder of a Perkin- 
Elmer LS50 (Norwalk, CT) fluorescence spec- 
trometer. Following agonist addition, real-time 
measurements were monitored by alternating 
excitation wavelengths (340 nm/380 nm) every 
1.9 s with a microcomputer and deriving data 
from the ratio of emission at 510 nm. Cytosolic 
calcium was calculated from a fluorescence maxi- 
mum in the presence of 6 pM ionomycin and 
fluorescence minimum in calcium-free HBSS, 5 
mM EGTA, pH 8.0, as described by Grynkiewicz 
et al. [19851. 

Assessment of MARCKS Protein Phosphorylation 

32P labeling of cells and immunoprecipitation 
of MARKS protein were carried out as previ- 
ously described [Quarles et al., 1993; Lobaugh 
and Blackshear, 19901 using antiserum raised 
against a conserved sequence from the amino- 
terminal myristoylated alanine rich C kinase 
substrate (MARCKS) peptide (a gift from Dr. 
Perry Blackshear). For these studies, we qui- 
esced and stimulated cells with various agonists 
in media containing 1% (w/v) BSA. Radioactiv- 
ity in cellular extracts used for immunoprecipi- 
tation was balanced based on trichloroacetic 
acid-precipitable radioactivity in each sample. 
32P-labeled MARCKS protein was separated by 
SDS-PAGE electrophoresis using a 10% gel, iden- 
tified by autoradiography and quantified by scan- 
ning densitometry (Hoefer Instruments, San 
Francisco, CAI. 

Photoaffinity Labeling of C-proteins 

[cx-~~PI-GTP azidoanilide was synthesized as 
previously described [Offermans et al., 1991a,bl, 
except that the photoaffinity label was purified 
using thin layer chromatography. Crude mem- 
brane protein was obtained from 4 day old 
MC3T3-El that had been quiesced for 24 h by 
the removal of serum from the incubation me- 
dia. Photoaffinity labeling of G-proteins was per- 
formed using 50 pg of crude membrane protein 
in the presence and absence of 3 p M  of GDP. 
Membranes were incubated at 37°C for 10 min 
with 0.6 pCi of [CX-~~PI-GTP azidoanilide (3160 
Ci/mmol) in the presence or absence of 25 pM 
NC13 in 50 p1 volumes of 30 mM Hepes, pH 7.5, 
100 mM NaC1,5 mg/l soy trypsin inhibitor with 
and without 0.3 mM MgC12. The reaction was 
stopped by immersion in ice and the membranes 
were collected by centrifugation at 1 3 , O O O g  for 4 
min at 4"C, and resuspended in the identical 
buffer lacking NC13 and GDP but supplemented 
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with 2 mM DTT. After exposure to ultraviolet 
light for 3 min at 4"C, C ~ - ~ ~ P - G T P  azidoanilide 
labeled Gar subunits were separated by SDS- 
PAGE electrophoresis and identified by autora- 
diography . 

Materials 

We obtained I3H1 thymidine (83 Ci/mmole), 
[32Pl~rthopho~phori~ acid (8,500 Ci/mmole), and 
[ Y ~ ~ P I A T P  and [32PlGTP from Dupont-NEN 
(Boston, MA). Aluminum chloride (AlC13 . 6H20) 
was purchased from Fisher (Fairlawn, NJ). 
Gadolinium chloride (GdC13) was purchased from 
Aldrich Chemical Co., Inc. (Milwaukee, WI). All 
culture materials were obtained from Gibco 
(Grand Island, NY). Calcium chloride (CaClz), 
prostaglandin FZa, p-octyl glucoside, sodium 
ATP, insulin, l-[5-isoquinolinylsulfonyl]2-meth- 
ylpiperazine (H-71, phorbol 12-myristate 13- 
acetate (PMA), staurosporine, and pronase, were 
obtained from Sigma Chemical Co. (St. Louis, 
MO). IGF-I was obtained from Ciba-Geigy (Sum- 
mit, NJ). Thapsigargin was supplied by LC Ser- 
vices Corporation (Woodburn, MA). Bovine albu- 
min Fraction V was obtained from Boehringer 
Mannheim Corporation (Indianapolis, IN). Sn- 
1.2-dioleoylglycerol and dioleoylphosphatidylgyl- 
cerol were purchased from Avanti Polar Lipids 
(Alabaster, AL). Ionomycin and FURA 2 AM 
were obtained from Calbiochem (La Jolla, CAI. 
DAG kinase from Escherichia coli was gener- 
ously given by Dr. Yusuf A. Hannun, Depart- 
ment of Medicine, Duke University, Durham, 
NC. 

Statistics 

Results are expressed as mean ? SEM. Statis- 
tical evaluation for differences between groups 
was done using one-way analysis of variance 
[Sokal and Rohlf, 19811. All computations were 
performed with the Statgraphics software pack- 
age (Statistical Graphics Corp, Inc., Princeton, 
NJ) on a Northgate Elegance SP433 computer. 

RESULTS 
Effects of BoPCaR Receptor Agonists and A13+ on 

DNA Synthesis in MC3T3-EI Osteoblasts 

A panel of agonists reported to activate BoP- 
CaR, including gadolinium, neomycin, and cal- 
cium, increased DNA synthesis in quiescent 
MC3T3-E 1 osteoblasts in a dose-dependent fash- 
ion (Fig. 1A). The apparent half-maximal stimu- 
lation of DNA synthesis was approximately 30 

I~.M for Gd3+, 60 I~.M for neomycin, and 2.5 mM 
for Ca2+. These concentrations are similar to 
those required to activate the calcium receptor 
in parathyroid cells [Brown et al., 19931. The 
addition of aluminum to growth-arrested cul- 
tures of undifferentiated MC3T3-E l osteoblasts 
maintained in serum-free medium also resulted 
in a dose-dependent stimulation of DNA synthe- 
sis (Fig. 1A) [Quarles et al., 19911. Aluminum 
maximally stimulated L3H1 thymidine incorpora- 
tion at a media aluminum concentration of 25 
FM, achieving rates of DNA synthesis ranging 
from 3- to 7-fold above quiescent controls in 
various experiments. Aluminum elicited rates of 
DNA synthesis in osteoblasts comparable to 
gadolinium but displayed a lower apparent half- 
maximal stimulation (A13+ ECS0 = 10 FM) (Fig. 
1A). Both aluminum and gadolinium stimulated 
DNA synthesis to a greater degree than neomy- 
cin and calcium in MC3T3-El osteoblasts (Fig. 
lA,B). 

To evaluate whether aluminum and the BoP- 
CaR agonists share similar mechanisms of ac- 
tion, we performed additivity studies on DNA 
synthesis between aluminum and these BoP- 
CaR agonists in MC3T3-El osteoblasts. Alumi- 
num displayed nonadditive effects on DNA syn- 
thesis with all three BoPCaR agonists, 
suggesting common mechanisms of action (Fig. 
1B). Of interest, combinations of A13+ and Ca2+ 
or A l 3 +  and neomycin resulted in rates of DNA 
synthesis that were less than that of aluminum 
alone (Fig. 1B). Similar reduction of maximal 
DNA synthesis induced by Gd3+ was obtained 
with combinations of Gd3+ and Ca2+ or neomy- 
cin (data not shown). Regardless, this mitogenic 
action of aluminum appears to be due to extracel- 
lular aluminum, since MC3T3-El cells dis- 
played no demonstrable uptake of aluminum 
(Fig. 1 0 .  

Aluminum and BoPCaR Agonists Increase 
[32P]-CTP-Azidoanilide Labeling of Putative 

C-Proteins in MC3T3-El Osteoblasts 
Membranes 

To investigate the possible involvement of 
G-proteins in aluminum-stimulated DNA syn- 
thesis and establish that BoPCaR agonists acti- 
vate G-proteins in osteoblasts, we assessed cova- 
lently labeling of putative G-proteins in 
osteoblasts membranes with a photoreactive 
GTP analog, [32P]-GTP-azidoanilide, following 
agonist stimulation [Offermans et al., 1991a,bl. 
Minimal but differential binding of r3?-P]-GTP- 
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Fig. 1. Effects of extracellular cations on DNA synthesis in 
MC3T3-El osteoblasts. A Dose-dependent effects of alumi- 
num, gadolinium, neomycin, and calcium on tritiated thymi- 
dine incorporation in MC3T3-El osteoblasts. Growth arrest was 
induced in 3 day old subconfluent cultures by pre-incubation 
for 24 h under serum free conditions. DNA synthesis was 
assessed by tritiated thymidine incorporation into acid precipi- 
table material during incubation for 24 h in the presence of 
various combinations of mitogens as described in the Methods. 
6: Additivity studies between aluminum and cation receptor 
agonists on DNA synthesis in MC3T3-El osteoblasts. The open 
bars represent DNA synthesis in the absence of aluminum 
whereas the black bars represent the effects of BoPCaR agonists 
on DNAsynthesis in the presence of 25 p,M aluminum chloride. 
C:  Aluminum uptake into MC3T3-El cells. Aluminum chloride 
was incubated for up to 6 h with MC3T3-EI cell suspension. N o  
net aluminum uptake into MC3T3-El cells was observed. 13Hl- 
thymidine incorporation is expressed as the % of the mean basal 
CPM/well. All values represent mean -C SEM of a minimum of 
three separate determinations. 

azidoanilide to two putative a-subunit G-pro- 
teins with apparent molecular weights of 38 and 
42 kDa (38 kDa > 42 kDa) was observed in the 
absence of MC13 (Fig. 2A). The addition of MC13 
(25 FM) increased binding of [32P]-GTP-azidoa- 
nilide to both of these proteins, but the effect on 
the 42 kDa band was most prominent (Fig. 2A). 
The effect of aluminum to increase [32Pl-GTP- 
azidoanilide binding to the 42 kDa band was 
observed at concentrations as low as 1 FM (data 
not shown). The identity of labeled bands as 

I 
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C x  Gd' Neomycin 

' O l  

1 
-10 h-TI-TI-TI-TI-TI--TI 
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G-proteins was confirmed by blocking studies 
with GDP. The addition of 3 KM GDP decreased 
the binding of [32P]-GTP-azidoanilide to all pro- 
teins under both basal and agonist stimulated 
conditions (Fig. 2A). 

Similar to aluminum, we found that BoPCaR 
agonists calcium and neomycin increased [32Pl- 
GTP-azidoanilide labeling of both the 38 and 42 
kDa G-protein a-subunits (Fig. 2B). In contrast, 
gadolinium increased the binding to the 42 kDa 
but not the 38 kDa protein. In addition, gadolin- 
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Fig. 2. Photoaffinity labeling of Ga subunits in MC3T3-EI 
osteoblasts. A: Autoradiograph of aluminum chloride activation 
of C-proteins in MC3T3-EI osteoblasts. Membranes were pho- 
tolabeled with the photoreactive GTP analog, [a-32P]CTP azidoa- 
nilide in the presence or absence of 25 KM AIC13 separated by 
SDS-PACE electrophoresis using a 10% gel. Exposure to alumi- 
num increased the incorporation of [cI-~~PICTP azidoanilide 
into 38 and 42 kDa proteins. The aluminum-mediated increase 
GTP binding to these putative C-proteins was inhibited by 3 pM 
GDP. Data are representative of three separate experiments. B: 
Autoradiograph comparing photoaffinity labeling of Ca sub- 
units by BoPCaR agonists and aluminum. Membranes were 
photolabeled with [(U-~*P]CTP azidoanilide above and separated 
by SDS-PAGE electrophoresis using a 10% gel. A13+, neomycin, 
and Ca2+ activated the 38 and 42 kDa proteins, whereas Cd3+ 
induced the labeling of a 42 kDa protein as well as a band that 
migrated at 68 kDa (upper arrow). Minimal basal activity was 
observed in the absence of agonists (not shown). 

ium increased [32P]-GTP-azidoanilide binding to 
a protein with an apparent molecular weight of 
approximately 68 kDa that was not activated by 
aluminum, calcium, or neomycin stimulation 
(Fig. 2B). 

Comparison of Aluminum Effects on DNA 
Synthesis With Growth Factors With Known 

Mechanisms of Actions in MC3T3-EI 
Osteoblasts 

In separate experiments, we compared the 
effects of growth factors with known mecha- 
nisms of action with that of aluminum in 
MC3T3-El osteoblasts. We have previously 
shown that the replicative actions of PGF2,, a 
G-protein coupled receptor agonist, and IGF-I, a 
receptor tyrosine kinase agonist, have distinct 
mechanisms of action [Quarles et al., 19931. 
IGF-I, insulin, and PGF2, increased DNA synthe- 
sis in MC3T3-El cells in a dose-dependent fash- 
ion (Fig. 3A). IGF-1 and PGF2, stimulated maxi- 
mal I3H1 thymidine incorporation at respective 
doses of 10 and 20 qgirnl (Fig. 3A). Insulin 
resulted in maximal rates of DNA synthesis at 
10 pg/ml, a dose 1,000-fold greater than that 
required by IGF-1, (Fig. 3A). Combinations of 
aluminum with IGF-I resulted in rates of DNA 
synthesis that were significantly greater than 
each agonist alone (Fig. 3B), whereas aluminum 
did not increase the maximal replicative rate 
achieved in response to  PGF2, (Fig. 3B). This 
pattern of additivity suggests that aluminum 
and insulin-like growth factors activate distinct 
pathways, while aluminum and PGF2, share 
signalling components involved in transducing 
mitogenic stimuli. 

In addition, we tested the effects of N6- 
monobutyryl CAMP on DNA synthesis in the 
presence and absence of aluminum (Fig. 3C). In 
these experiments, the addition of aluminum 
chloride (25 pM) to the incubation medium re- 
sulted in a %fold increase in [3H] thymidine 
incorporation into DNA compared to control 
cells; whereas N6-monobutyryl CAMP antago- 
nized aluminum-stimulated DNA synthesis in 
quiescent MC3T3-El osteoblasts in a dose- 
dependent fashion. A 50% reduction in the mito- 
genic actions of aluminum was observed at 0.75 
mM N6-monobutyryl CAMP (Fig. 3 0 .  

The actions of aluminum were not mimicked 
by complexing aluminum with fluoride to form 
fluoroaluminate (AlFL-), an ubiquitous activa- 
tor of G-proteins [Rendu et al., 19901. Fluoroalu- 
minate at concentrations ranging from 1 to 5 
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pm A13+ and 0.5 to 2.5 mM F1- did not stimulate 
DNA synthesis in these cells. In fact, NaFl alone 
as well as AlF14- resulted in a dose-dependent 
decrease in DNA syntheses (data not shown). 

Aluminum Effects on Diacylglycerol levels, 
Phosphorylation of MARCKS Protein, and 
lntracellular Calcium in MC3T3-El Cells 

Next, we examined signalling cascades associ- 
ated with G-protein receptor activation in osteo- 

o Control 
+25 uM AlCl 

-100 I 
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Fig. 3. Effects of growth factors with different mechanisms of 
action on DNA synthesis in MC3T3-El osteoblasts. A: Dose- 
dependent effects of aluminum chloride, IGF-1, insulin, and 
PCF2, on DNA synthesis in MC3T3-El osteoblasts. Maximal 
replicative responses were achieved at aluminum chloride, 
ICF-1, insulin, and PCF2, concentrations of 20 pM, 10 Tgiml, 
10 pgiml, and 20 qgiml, respectively. 6: Additive effects on 
DNAsynthesis betweenAICI3 and known mitogens in MC3T3-El 
osteoblasts. Maximal replicative doses of AIC13 (25 pM) and 
PGF2, (20 qgiml), a C-protein coupled receptor agonist, dis- 
played nonadditive effects on DNA synthesis (consistent with 
shared mechanisms of action). AIC13 (25 pM) and IGF-1 (10 
qgiml), a receptor tyrosine kinase agonist, displayed additive 
effects (suggesting distinct signaling pathways). C: Effects of 
N6-monobutryl cAMP on aluminum-induced mitogenesis. Se- 
rum-derived cultures were incubated for 48 h under control 
conditions [open squares] or with 25 pM AIC13 (closed squares) 
in the presence and absence of N6-monobutyryl cAMP at con- 
centrations of 0.25, 0.50, 1 .O, 2.0, and 4.0 rnM. Aluminum, in 
the absence of cAMP resulted in a 2.5-fold increase in DNA 
synthesis. In contrast, the co-administration of cAMP resulted 
in a dose-dependent inhibition of aluminum-induced 13H] thy- 
midine incorporation, achieving half-maximal suppression at a 
cAMP concentration of approximately 0.75 mM. Values repre- 
sent the mean ? SEM expressed as the percent of unstimulated 
controls. A minimum of three determinations was performed. 

blasts. Mitogenic doses of AlC13 (25 KM) caused 
a 2-fold increase in DAG levels 5 to 6 min follow- 
ing stimulation of MC3T3-El cells. Compared 
to FBS, aluminum-stimulated DAG production 
was more rapid in onset and less sustained (Fig. 
4A). Aluminum stimulation of DAG was associ- 
ated with PKC activation as assessed by phos- 
phorylation of the MARCKS protein (Fig. 4B). 
Treatment of MC3T3-El osteoblasts with 25 
KM AlC13 for 10 min resulted in a 4-fold increase 
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in MARCKS protein phosphorylation above un- 
stimulated controls. Aluminum-induced phos- 
phorylation of MARCKS protein, however, was 
less than that resulting from a 10 min exposure 
to 1.6 FM PMA, which was used as a positive 
control for these studies (Fig. 4B). 

In contrast to  its effects to  increase DAG 
levels, AlC13 (25 FM) had no discernible effect to  
increase intracellular calcium concentrations in 
MC3T3-El osteoblasts (Fig. 5A). The potential 
of aluminum treated MC3T3-El cells to mobi- 
lized calcium from intracellular stores, however, 
was maintained as evidenced by the ability of 
thapsigargin to induce an immediate and sus- 
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TIME (rnin) 
Fig. 4. Effects of aluminum chloride, insulin and PCF2, on 
cytosolic calcium concentrations. MC3T3-El cells were grown 
onto glass slides and quiesced by incubating the cells for 24 h in 
the absence of serum. After attaining quiescence, the cells were 
loaded with Fura 2 for one hour prior to addition of mitogen. 
Other details are described under Methods. A The addition 25 
)LM aluminum chloride had no effect on intracellular calcium 
concentrations, whereas addition of 1 O-' M thapsigargin (posi- 
tive control) resulted in a rapid and relatively prolonged in- 
crease in intracellular calcium. B: Similarly, insulin (1 0 pgiml I2 
)LM]), which i s  believed to act through a receptor tyrosine 
kinase that is not coupled to phospholipase C failed to increase 
intracellular calcium concentrations. In contrast, PCF2, (20 
ng/ml [42 nM]) promptly induced a rapid rise in intracellular 
calcium consistent with it recognized effect to activate the 
phosphotidyl inositol signal transduction pathway through a 
C-protein coupled receptor. 

tained rise in intracellular calcium concentra- 
tions following aluminum exposure (Fig. 5B). 
For comparison with other osteoblast growth 
factors, we also examined the effects of insulin 
and PGFzo, on intracellular calcium concentra- 
tions. We found that insulin, as expected from a 
receptor tyrosine kinase agonist not coupled to  
PLC [White, 19911, had no detectible effect on 
intracellular calcium concentration in 
MC3T3-El cells (Fig. 5B). In contrast, PGFz,, 
which increases intracellular IP3 through the 
activation of PLC [Hakeda et al., 1987; Miwa et 
al., 19901, resulted in an immediate and tran- 
sient increase in intracellular calcium (Fig. 5B). 
We have also shown that PGFzu, increases 
MARCKS protein phosphorylation in MC3T3-El 
osteoblasts, consistent with concomitant DAG 
mediated activation of PKC [Quarles et al., 
19931. 

Effect of Protein Kinase C inhibition on 
Aluminum-Stimulated DNA Synthesis in 

MC3T3-El Cells 

We examined the functional role of PKC in 
aluminum-induced DNA synthesis in MC3T3-E 1 
osteoblasts. To accomplish this we employed 
pretreatment with 12-myristate 13-acetate 
(PMA) to down-regulate PKC as well as chemi- 
cally distinct agents that are known PKC inhibi- 
tors. Overnight pretreatment with 1.6 FM PMA 
completely inhibited aluminum-induced mito- 
genesis (Table I). In addition, pretreatment with 
the PKC inhibitors H-7 or staurosporine also 
caused significant inhibition of aluminum-stimu- 
lated DNA synthesis (Table I). 

DISCUSSION 

In this study, we present evidence that osteo- 
blasts contain a cation sensing mechanism that 
converts external signals into proliferative re- 
sponses. Evidence for a calcium sensing receptor 
in osteoblasts is derived from the ability of ago- 
nists of the recently discovered parathyroid cal- 
cium sensing receptor [BoPCaR] [Brown et al., 
19931 to stimulate DNA synthesis and activate 
G-proteins in osteoblasts. Indeed, the BoPCaR 
agonists gadolinium, neomycin, and calcium 
stimulated DNA synthesis in MC3T3-El osteo- 
blasts at extracellular cation concentrations simi- 
lar to  that required for BoPCaR activation (Fig. 
1A). These BoPCaR agonists also stimulated the 
covalent binding of [32P]-GTP-azidoanilide to  
putative G-proteins in osteoblast membranes 
consistent with cation activation of a G-protein 
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Fig. 5. Effects of aluminum on diacylglycerol (DAC) produc- 
tion and protein kinase C (PKC) activity in MC3T3-El osteo- 
blasts. A: Time-dependent effects of aluminum chloride (AICl3) 
and fetal bovine serum (FBS) on DAG production. DAG was 
assessed by diacylglycerol kinase assay as described in Meth- 
ods. AIC13 (25 pM) resulted in a more rapid but less sustained 
increase in DAG compared to 20% (V/V) FBS. 6: AIClj effects 
on PKC as assessed by MARCKS protein phosphorylation. Pre- 
confluent MC3T3-El cells were labeled with 32P and then 
exposed for 10  min to  buffer alone (CONTROL), AIC13 (25 KM), 
or phorbol-12-myristate 13-acetate (PMA) 11.6 kM1. Phosphory- 
lated MARCKS protein was determined by immunoprecipita- 
tion with an anti-MARCKS amino-terminal peptide antiserum 
and electrophoresis on a sodium dodecyl sulfate-polyacryl- 
amide gel (1 0% acrylamide Laemmli gel). A representative 
autoradiograph from two separate studies which shows that 
aluminum and PMA stimulates phosphorylation of MARCKS 
protein. Aluminum increased phosphorylation of this PKC sub- 
strate by about 20% relative to PMA. Each lane contains a 
sample derived from a single plate of cells. 

coupled receptor. Because cations can bind G- 
protein coupled receptors as co-factors (such as 
calcium binding to the calcitonin receptor [Stroop 
et al., 19931) and the putative cation sensing 
receptor in osteoblasts has not been isolated, we 
can not be certain that our findings are ex- 

plained by a BoPCaR-like receptor. Neverthe- 
less, our data establish that extracellular diva- 
lent and trivalent cations regulate osteoblast 
proliferation via a cation sensing mechanism. 

Our findings provide new insights into the 
mechanism whereby Al3+ stimulates osteoblasts 
to form bone. We demonstrate that aluminum 
stimulates DNA synthesis in osteoblasts through 
activation of a putative G-protein coupled cation 
sensing system. Several observations support 
this conclusion. First, the non-additive effects 
on DNA synthesis between aluminum and BoP- 
CaR agonists is consistent with shared mecha- 
nisms of action (Fig. lA,B). Second, the failure 
to  observe aluminum uptake into osteoblasts 
suggests that stimulation of DNA synthesis by 
aluminum requires an extracellular sensing 
mechanism (Fig. 1C). Third, aluminum behaves 
like other G-protein receptor agonists in osteo- 
blasts as evidenced by the nonadditive effects on 
DNA synthesis between aluminum and the unre- 
lated G-protein coupled receptor agonist PGFZc1. 
The synergistic effects on DNA synthesis be- 
tween aluminum and IGF-I, which acts through 
a receptor tyrosine kinase [White, 19911 not 
coupled to PLC [Blackshear et al., 19911 also is 
typical of G-protein coupled receptor agonists. 
Fourth, the observed increments in DAG (Fig. 
4A) and stimulation of PKC (Fig. 4B) in re- 
sponse to  aluminum exposure, and the ability of 
PKC inhibition to block both aluminum and 
PGFz,-induced DNA synthesis (Table I) indi- 
cates that aluminum activates intracellular sig- 
naling cascades associated with stimulation of 
G-protein coupled receptors. Finally, similar to  
other G-protein coupled receptor agonists, mito- 
genic doses of AlC13 increased [32Pl-GTP-azidoa- 
nilide labeling of 38 and 42 kDa Gar subunits in 
intact osteoblasts (Fig. 2). 

Aluminum is known to associate with fluoride 
to form fluoroaluminate complexes (AlF14-) that 
ubiquitously activate G-proteins (by effectively 
forming a Ga-GDP-AlF4- complex that mimics 
nonhydrolyzable yGTP activation of Gar sub- 
units [Stadel and Crook, 19891). Though our 
study does not exclude the possibility of a direct 
effect of fluoroaluminate on G-proteins, this ap- 
pears unlikely for the following reasons. Fluo- 
ride contamination of the media is minimal 
( < 0.5 KM) [Quarles et al., 19911 and not suffi- 
cient to form AIFL- complexes at concentra- 
tions necessary to  activate G-proteins (e.g., mM 
range). Moreover, addition of AIF14- to osteo- 
blasts cultures failed to mimic AlC13 stimulation 
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TABLE I. Effects of Protein Kinase C Inhibition on Aluminum-Induced DNA Synthesis in 
MC3T3-El Cells* 

[3Hlthymidine incorporation (cpmiwell) 
____ -__ 

Treatment Study 1 Study 2 Study 3 

Control 8.992 5 895" 9,620 ? 922" 7,546 ? 160" 
- + 1.6 pM PMA Pre-Rx 7,950 5 1330" - 

+25 PM H-7 - 7,723 * 77" - 
i 10 pM Staurosporine - 

+ 1.6 pM PMA Pre-Rx 9,033 2 849" - 
+25 KM H-7 - 22,464 t 1,89gC - 
+ 10 pM Staurosporine - 

7,637 5 1,207" 
25 pM A13+ 36,065 5 5,244b 38,773 t 1,96gb 23,594 2 1,566b 

- 

- 

- 10,654 2 1065" 
*Values are expressed as mean 2 SEM of a t  least three separate determinations. Values sharing a common superscript within a 
study are not significantly different at P < 0.05. 

of DNA synthesis but rather caused a dose- 
dependent inhibition of proliferation. Other in- 
vestigations have separated the physiologic ac- 
tions of aluminum from fluoride with regard to 
DNA synthesis in osteoblasts [Lau et al., 19911 
as well as G-protein activation [Miller et al., 
19891. Finally, since fluoroaluminate associates 
with the inactive GDP-bound form of G-pro- 
teins and inhibits the dissociation of GDP from 
its Gor subunit [Ferguson et al., 1986; De Lean et 
al., 19801, the resulting Gor-GDP-AlF4- complex 
would likely antagonize rather than increase the 
photoaffinity binding of [32P]-GTP-azidoanilide 
to  the Gor subunit [Stadel and Crook, 19891. 
Thus, the observed increase in [32Pl-GTP-azidoa- 
nilide labeling of putative G-proteins in re- 
sponse to aluminum is more consistent with 
receptor mediated activation of G-proteins. 

Regardless, our data show that aluminum- 
induced DNA synthesis is mediated by DAG- 
and PKC-dependent pathways that are typically 
activated by G-protein coupled receptor ago- 
nists. In this regard, MC13 stimulates DAG pro- 
duction without concomitant increases in intra- 
cellular calcium (Figs. 4A and 5) and results in 
PKC activation as measured by MARCKS pro- 
tein phosphorylation (Fig. 4B). A role for PKC 
in mediating aluminum actions is directly sup- 
ported by the ability of protein kinase C inhibi- 
tion by staurosporine, H-7 [MacLeod et al., 19901 
and PMApre-treatment [Blackshear et al., 19911 
to block aluminum-induced DNA synthesis in 
MC3T3-El cells (Table I). Indeed, our findings 
are consistent with the recognized role of PKC- 
dependent pathways in mediating proliferation 
in a variety of cell types [Marx, 1993; Berra et 
al., 19931, including osteoblasts [Quarles et al., 
1992, 19931. In fact, PKC activation in 

MC3T3-El osteoblasts has recently been shown 
to stimulate down-stream tyrosine phosphoryla- 
tion of possible MAP kinases [Quarles et al., 
19921, which regulate common early events nec- 
essary for initiating DNA synthesis [Marx, 19931. 

Our findings do not define the pathway 
whereby cation-mediated G-protein activation is 
coupled to DAG production. Increments in DAG 
independent of intracellular calcium mobiliza- 
tion, however, suggests that A13+ may stimulate 
phosphotidylcholine breakdown either through 
PLC and/or PLD mediated hydrolysis of phos- 
phatidylcholine [Billah and Anthes, 1990; Zhang 
and Abdel-Latif, 19921. Hydrolysis of phosphati- 
dylcholine is an important step in mitogenic 
signalling in response to G-protein coupled recep- 
tor agonists in a variety of cell types [Exton, 
1990; Lorrodera et al., 19901. Moreover, G- 
protein(s) that are coupled to PLD activation 
are pertussis toxin insensitive and display vari- 
able responses to fluoride [Qian et al., 1989; 
Bocckino et al., 19871, similar to our observa- 
tions regarding aluminum [Fig. 2, Quarles et al., 
19911. 

The actions of aluminum, however, differ from 
stimulation of BoPCaR in parathyroid cells and 
PGFzo, receptor activation in osteoblasts. Both 
BoPCaR and PGFzu receptor activation are asso- 
ciated with PLC-catalysed phophatidylinositol- 
4,5-bisphosphate hydrolysis with formation of 
IP3 and intracellular calcium mobilization [Ex- 
ton, 19901. The apparent activation of distinct 
signalling cascades by aluminum (e.g., disassocia- 
tion between increments of DAG and intracellu- 
lar calcium) may occur through activation of 
different Gor subunits or the differential COU- 

pling of G-proteins to various PLC or PLD iso- 
forms that catalyzes phosphatidylcholine hydro- 
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lysis. Our finding of distinct labeling of Ga 
subunits by the BoPCaFt agonists in osteoblasts 
(Fig. 2B) suggests variable coupling specificity 
exists between possible cations sensing receptor 
isoforms and various members of the G-protein 
family [Spiegel et al., 19921. 

In conclusion, our results provide preliminary 
evidence for a putative G-protein coupled cation 
sensing mechanism in osteoblasts that is in- 
volved in transducing the mitogenic signal for 
various polyvalent cations, including aluminum. 
Though, specific components of the cation sens- 
ing system need to be defined (e.g., molecular 
characterization of the putative G-protein 
coupled receptor, identification of the Ga sub- 
units, role for phosphatidycholine hydrolysis, 
characterization of PKC isoforms, and down- 
stream signalling cascades), our data suggest a 
model of aluminum-induced DNA-synthesis that 
includes G-protein activation, genesis of DAG 
and down-stream stimulation of PKC-depen- 
dent pathways. Thus, osteoblasts contain a cat- 
ion sensing mechanism that may be involved in 
the physiologic regulation of coupled bone forma- 
tion as well as mediate the pharmacologic action 
of aluminum to stimulate de novo bone forma- 
tion. Unfortunately, the concentrations of alumi- 
num, gadolinium and calcium necessary to acti- 
vate this putative cation sensor are toxic in vivo. 
Further investigations to identify additional 
agents that pharmacologically activate this 
physiologically relevant polyvalent cation sens- 
ing mechanism in osteoblasts may provide a 
nontoxic means of inducing de novo bone forma- 
tion in vivo. 
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