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Abstract Recent studies indicate that the vitamin D hormone, 1 a,25-dihydroxyvitamin D3 exerts rapid effects 
(seconds to minutes) in a variety of cell types. These rapid nongenomic actions in osteoblasts include effects on 
membrane voltage-gated calcium channels, phospholipase C activity, and the sodium/hydrogen antiport. Since the 
rapid effects occur in osteoblasts that lack the nuclear vitamin D receptor, it is postulated that the nongenomic 
responses to the hormone reflect interaction with a separate, membrane localized signalling system. Preliminary studies 
demonstrate the presence of a receptor on the membranes of osteoblasts that lack the nuclear vitamin D receptor. This 
membrane receptor recognizes la,25-dihydroxyvitamin D3 and its inaction 1 P epimer, but not 25-hydroxyvitamin D3. 
These rapid nongenomic actions generated by interaction with the membrane receptor modulate the effects of the 
hormone on gene transcription. Thus, the rapid nongenomic pathway may play a regulatory function in modulating the 
genomic pathways affected by la,25-dihydroxyvitamin D3. 
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la,25-Dihydroxyvitamin D3 ( lc~,25-(OH)~D~ ) 
exerts its effects in cells by both genomic and 
non-genomic mechanisms. The genomic actions 
of the hormone are mediated by interaction with 
a nuclear receptor (VDR). The binding of la,25- 
(OH)2D3 to its receptor, and subsequent interac- 
tion of the hormone receptor complex with se- 
lected DNA sequences, was originally thought to 
be the mechanism explaining all of the 
hormone’s actions [DeLuca et al., 19761. How- 
ever, since our initial observations that the hor- 
mone rapidly increases cellular calcium levels in 
hepatocytes [Baran et al., 19861 and HL60 cells 
[Desai et al., 19861, a variety of cell types have 
been shown to rapidly respond (seconds to min- 
utes) to l~ t ,25- (OH)~D~ with increases in cellular 
calcium and pH, and alterations in phospholipid 
metabolism. The rapidity of these responses was 
the first evidence to suggest that not all actions 
of ~ X , ~ ~ - ( O H ) ~ D ~  are mediated by genome acti- 
vation. 

The nongenomic actions of l ~ t , 2 5 - ( O H ) ~ D ~  
have been most clearly delineated in osteoblasts 
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and osteoblast-like cells where lc~,25-(OH)~D~- 
induced increments in cellular calcium occur in 
rat osteosarcoma cells lacking the VDR [Baran 
et al., 19911. In addition to altering cellular 
calcium in osteoblasts, the hormone increases 
nuclear calcium [Sorensen et al., 1993a1, cellu- 
lar calcium uptake [Kim et al., 1987; Lieberherr, 
1987; Oshima et al., 1987; Caffrey et al., 19891, 
phospholipase C activity [Civitelli et al., 1990; 
Grosse et al., 19931, and intracellular pH [Jenis 
et al., 19931. These nongenomic effects of la, 
25-(OH)zD3 have a functional significance in 
osteoblasts. The rapid actions modulate the hor- 
mone-induced increments in osteocalcin and os- 
teopontin mRNA steady-state levels [Jenis et 
al., 19931 and in osteocalcin gene transcription 
[Baran et al., 19921. 

Since ~ x , ~ ~ - ( O H ) ~ D ~  has been shown to have 
very rapid effects on membrane phospholipids 
and membrane calcium channels, it follows that 
the hormone may interact with a membrane 
signalling system. Both la,25-(OH)zD3 and its 
l p  epimer, which appears to be a specific antago- 
nist of the rapid effects of the hormone [Baran et 
al., 1991, 1992; Norman et al., 19931, are able to 
displace the binding of 3H-la,25-(OH)zD3 to the 
membrane receptor, while 25-hydroxyvitamin 
D3 cannot [Baran et al., in press]. This mem- 
brane binding activity may be involved in the 
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receptor signalling system that mediates the 
rapid effects of vitamin D. 

Focusing on osteoblasts, this article will re- 
view the nongenomic actions of the hormone, 
their physiologic significance, and the initial 
studies that characterize a membrane receptor 
for lc1,25-(OH)~D~. 

NONGENOMIC EFFECTS OF la,25-(OH)ZD3 
ON OSTEOBLASTS 

Early studies demonstrated that la,25- 
(OHI2D3 stimulated 45Ca accumulation in rat 
osteoblast-like cells [Kim et al., 19871. Treat- 
ment of the cells for times as short as 15 min 
with ~ L , % ( O H ) ~ D ~ ,  2 pM, increased 45Ca accu- 
mulation by 10-20%. The development of fluo- 
rescent Ca+2 indicators made possible the more 
precise quantitation of changes in intracellular 
calcium. The first generation fluorescent Ca+2 
indicator Quin 2AM was used to assess vitamin 
D-induced changes in cellular calcium in mouse 
osteoblasts [Lieberherr 1987; Oshima et al., 
19871. la,25-(OH)2D3 10-100 pm increased in- 
tracellular calcium by 50%, an effect that was 
dependent upon the presence of extracellular 
calcium. Calcium channel blockers also inhib- 
ited the vitamin D effects on intracellular cal- 
cium suggesting that membrane voltage-gated 
calcium channels were involved in the process. 
These voltage-gated channels, modulated within 
1 min by la,25-(OH)2D3, were subsequently con- 
firmed by electrophysiologic studies [Caffrey et 
al., 19891. The accumulated studies suggested 
that la,25-(OH)& altered calcium channel 
function in osteoblasts. In some, but not all, 
studies 24,25-dihydroxyvitamin D was without 
effect demonstrating the specificity of the rapid 
actions. Since the calcium ion is important in 
intracellular processes, these studies raised the 
potential for a physiologic role of the rapid ac- 
tions of la,25-(OH)2D3. Moreover, these studies 
pointed to an interaction of the hormone with a 
plasma membrane signalling system. 

The rapid effects of lc~,25-(OH)~D~ are not 
limited to interaction with the plasma mem- 
brane. The hormone rapidly increased nuclear 
calcium levels in both intact cells and isolated 
nuclei suggesting that rapid nongenomic activa- 
tion of nuclear calcium may also play a role in 
the regulation of osteoblastic activity [Sorensen 
et al., 1993al. Using digital microscopy changes 
in cytosolic and nuclear region fluorescence were 
observed in single osteoblast-like cells within 3 
min of exposure to la,25(OH)2D3. Within 5 min, 

the hormone increased cytosolic fluorescence by 
29% and nuclear fluorescence by 30%. The di- 
rect effects of l~x,25-(OH)~D~ on the nuclear 
envelope were confirmed by observations that 
the hormone increased calcium levels in isolated 
nuclei. 

Numerous hormones have been shown to rap- 
idly increase intracellular calcium by a process 
involving phospholipid metabolism. la,25- 
(OHI2D3 was also shown to rapidly increase phos- 
pholipase C activity resulting in the generation 
of inositol triphosphate UP3), a recognized me- 
diator of hormone-induced cellular calcium incre- 
ments [Civitelli et al., 1990; Grosse et al., 19931. 

As in the plasma membrane, l~x,25-(OH)~D~ 
treatment of isolated nuclei also increased IP3 
levels in the nuclear envelope [Sorensen et al., 
1993131. The phospholipid environment is 
thought to  be important in the regulation of 
nuclear function. Phospholipid phosphorylation 
may be related to signals to the genetic appara- 
tus and/or interaction with the genetic appara- 
tus in the nuclear matrix [Capitani et al., 1989; 
Payrastre et al., 19921. The nuclear phospholip- 
ids change as cells grow and differentiate suggest- 
ing that the phospholipids play a role in these 
processes Bork et al., 19941. The vitamin D- 
induced changes in nuclear phospholipid metabo- 
lism and the resultant changes in nuclear cal- 
cium movement may play a role in the hormone’s 
physiologic effects. 

Although the rapidity of these vitamin D ac- 
tions indicated direct interaction with a mem- 
brane signalling system, it was unclear whether 
the VDR was necessary for the hormone to exert 
its rapid effects. Utilizing a rat osteoblast-like 
cell line that lacked the VDR, it was demon- 
strated that ~ C Y , ~ ~ - ( O H ) ~ D ~  0.2 nM was able to 
increase cellular calcium within 5 minutes 
[Baran et al., 19911. We showed that these cells 
lack the mRNA for the VDR. In addition, the 
functional absence of VDR in these cells was 
demonstrated by the lack of VDR in the nuclear 
extracts that was capable of binding to the vita- 
min D response element of the osteocalcin gene. 
Moreover, the 1 p  epimer of ~ X , ~ ~ - ( O H ) ~ D ~  which 
does not interact with the VDR [Holick et al., 
19801 inhibited the rapid effects of the hormone 
in osteoblast cells that possess and lack the 
VDR. This suggested that the epimer binds to  
but does not activate the signalling system medi- 
ating the rapid actions of la,25-(OH)2D3 and 
that this signalling system was independent of 
the VDR. The presence of a distinct plasma 
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membrane associated la,25-(OH)zD3 receptor 
was confirmed using vitamin D3 analogs [Farach- 
Carson et al., 19911. A structural hierarchy of 
vitamin D3 analogs was demonstrated with re- 
gard to their efficacy as transducers of the ge- 
nomic and nongenomic pathways [Norman et 
al., 1993a,bl. Like the 1p  epimer, these analogs 
preferentially bind to either the VDR or the 
membrane receptor eliciting either genomic or 
nongenomic actions. 

MEMBRANE BINDING OF 1~~,25-(0H)*D3 

la,25-(OH)zD3 has very rapid effects on mem- 
brane physiologic processes suggesting that the 
hormone may interact with a membrane signal- 
ling system. The presence of membrane recep- 
tors for other steroid hormones has been re- 
ported. Aldosterone acts rapidly to stimulate 
membrane sodium transport in human mono- 
nuclear white cells [Wehling et al., 19911. Iodin- 
ated aldosterone binds to the membrane of these 
cells with an apparent dissociation constant (KD)  

of 10-lo M [Wehling et al., 19921. Utilizing a 
membrane preparation derived from the rat os- 
teoblast-like cell line lacking the VDR, we have 
demonstrated that 1a,25-(OH)2D3 and its l p  
epimer displace 3H-la,25(OH)2D3 binding from 
the membranes, while 25-hydroxyvitamin D3 
does not (Table I). The apparent KD for 
la,25(OH)2D3 determined by displacement of 
3H-1a,25(OH)2D3, 15 Ci/mmole, yielded a value 
of 8 x M [Baran et al., 19941. The calcu- 
lated apparent K D  for the l p  epimer was 5 x 

M. These apparent dissociation constants 
are considerably lower than the binding of hor- 
mone to the VDR, 10-lo M. The KD is also lower 
than the concentration of la,25(OH)2D3 needed 
to elicit rapid actions in biologic systems. The 
hormone has been shown to alter cellular cal- 
cium in the ROS 24/1 cells at concentrations 
between 0.2 and 10 nM. These differences in the 
KD of vitamin D binding to membranes, in con- 
trast to that of aldosterone, may reflect the low 
specific activity of the vitamin D ligands or the 
difficulties in dealing with fat soluble ligands. 
Because vitamin D is fat soluble and there is fat 
in the membrane preparation, the free mono- 
meric concentration of the vitamin D analogs 
may be much lower than that assumed for KD 
calculation. This would lead to a much lower 
calculated affinity. Nevertheless, the observa- 
tions that the 1p epimer, but not 25-hydroxyvi- 
tamin D3 can displace la,25(OH)zD3 binding to 
membranes coupled with the previous findings 

TABLE I. Percent Displacement of 
3H-la,25(OH)zD3 Binding From the 

Membranes of ROS 24/ 1 Cells 
by Vitamin D Compounds 

Concentration (nM) 

7.25 72.5 725 
1,25(OH)& 19% 25% 49% 
lp,25-(OH)zD3 27% 38% ND 
25-OH-D3 ND 0 0 

ND. not determined. 

that the l p  epimer is a specific inhibitor of the 
rapid actions of ~ c x , ~ ~ ( O H ) ~ D ~  suggests that this 
binding activity may be involved in the receptor 
signalling system that mediates the rapid nonge- 
nomic effects of vitamin D. 

PHYSIOLOGIC ROLE OF THE 
NONCENOMIC EFFECTS 

To begin to define the physiologic role of the 
nongenomic actions of la,25(OH)2D3, we have 
employed the l p  epimer which inhibits the rapid 
effects of the hormone but does not alter binding 
of the la,25(OH)zD3-VDR complex to the VDRE 
of the osteocalcin gene. The epimer inhibited 
la,25(0H)2D3-induced increases in osteocalcin 
gene transcription and steady-state levels [Baran 
et al., 19921. The biochemical changes resulting 
from the rapid nongenomic actions of 1 ~ ~ , 2 5 ( 0 H ) ~ D ~  
may modify subtle structural and/or functional 
properties of the nuclear vitamin-receptor DNA 
complex, or may affect other protein DNA inter- 
actions that support osteocalcin gene transcrip- 
tion. Although one of the rapid actions of 
la,25(OH)zD3 is to increase cellular calcium, the 
increases in cellular calcium per se do not ap- 
pear to be the sole signal for modulation of gene 
expression [Jenis et al., 19931. Substitution of 
extracellular sodium with choline prevents the 
la,25(OH)2D3-induced increases in intracellular 
pH and osteocalcin and osteopontin mRNA lev- 
els. These effects on gene expression occur de- 
spite the fact that cellular calcium rapidly in- 
creases in the sodium-free medium. Thus, 
although the genomic effects of 
appear to be modulated by the rapid nonge- 
nomic actions, it does not appear that the rapid 
increases in cellular calcium are the sole regula- 
tors of these processes. 

SUMMARY 

The vitamin D hormone la,25-dihydroxyvita- 
min D3 has been shown to act on cellular processes 
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through genomic and nongenomic pathways. The 
latter effects, which appear to  be mediated by in- 
teraction with a receptor on the membrane sur- 
face, include rapid changes in cellular calcium 
and pH, and alterations in phospholipase C activ- 
ity. These rapid effects modulate the hormone’s 
effect on gene transcription and steady-state 
level in osteoblasts. Thus, it is hypothesized that 
the rapid nongenomic pathway may serve regu- 
latory function in part controlling the hor- 
mone’s effects on genomic pathways in osteo- 
blasts. 
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