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Abstract. A possible role of calcium in vivo on intestinal calbindin-D 9-kDa mRNA levels
has been studied in rats. In vitamin D-deficient rats, a marked increase in dietary calcium
has a small but significant effect on calbindin-D 9-kDa mRNA levels, despite a dramatic
increase in serum calcium concentration that clearly resulted from increased intestinal
absorption of calcium. On the other hand, vitamin D under all circumstances increased
calbindin-D 9-kDa mRNA levels, with the greatest levels found in animals on a low
calcium diet where little or no calcium is available for absorption. These results strongly
support the idea that 1,25-dihydroxyvitamin D is directly responsible for the induction of
calbindin-D 9-kDa. [P.S.E.B.M. 1992, Vol199]

1
,25-Dihydroxyvitamin D3 (1,25-(OHhD3) plays a
central role in calcium homeostasis in part by
stimulating calcium absorption. The mechanism

by which 1,25-(OHhD3 stimulates intestinal calcium
and phosphorus absorption is not yet understood. In
mammals, a 9-kDa calcium-binding protein is induced
in the intestine in response to 1,25-(OHhD3 (1). Both
the cDNA and gene for the rat 9-kDa protein have been
sequenced (2-5). Thus far, no firm evidence of a vita­
min D-responsive element in the gene has been ob­
tained, despite intense efforts. Of great interest is the
demonstration that calcium in culture can induce cal­
bindin-D 9-kDa or calbindin-D 28-kDa (6, 7). This
finding could provide an explanation of how 1,25­
(OHhD3 can induce the calbindin-Ds, namely, that
calcium entering the enterocyte as a result of increased
calcium absorption could induce the vitamin D-de-
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pendent calbindins. We have examined this possibility
in vivo in young growing rats. Our results do not support
the idea that calcium induces calbindin-D 9-kDa in
vivo, but supports the idea that 1,25-(OHhD3 itself is
the inducer (6, 7).

Methods
Animals. Male Sprague-Dawley rats (Harlan Spra­

gue-Dawley Co., Madison, WI) were obtained as wean­
lings and maintained on a vitamin D-deficient diet
containing 0.47% calcium and 0.3% phosphorus sup­
plemented with vitamins A, E, and K (8). After 5 weeks,
they were shifted to the modified diets as indicated for
12 days. Serum calcium levels were analyzed by atomic
absorption spectrophotometry.

Buffers. The following buffers were used: MOPS:
0.2 M morpholinepropanesulfonic acid (pH 7.0), 50
roM sodium acetate, 5 roM EDTA; SSC, 20x standard
saline citrate: 3.0 M NaCl, 0.9 M sodium citrate (pH
7.0); and 50x Denhardt's solution: 1% Ficoll, 1% po­
lyvinylpyrrolidone, 1% bovine serum albumin (Frac­
tion V).

RNA Isolation. Total RNA was isolated from duo­
dena by homogenization in 4 M guanidine thiocyanate,
5 roM sodium citrate (pH 7.0), 0.1 M 2-mercaptoeth­
anol, and 0.5% sarcosyl using a Polytron (Brinkmann
Instruments, Westbury, NY), followed by cesium chlo­
ride density gradient centrifugation (9). The RNA was
quantitated by measurement of absorbance at 260 nm,
and adjusted to 2 mg/ml in diethyl pyrocarbonate
(Sigma, St. Louis, MO) -treated water.

Northern Gel Analysis. Total RNA (10 llg) was
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electrophoresed on a 1% agarose gel in 1.1 % formal­
dehyde and Ix MOPS, and transferred to nitrocellulose
membrane (Biotrace NT; Gelman Sciences, Ann Arbor ,
MI) according to standard procedures (9). The mem­
brane was prehybridized in 6x SSC, 1x Denhardt's
solution, 0.1% sodium dodecyl sulfate, and 100 JIg/ml
of sheared and denature salmon sperm DNA at 42°C
for 4 hr. Two radiolabeled oligonucleotides were used
as probes, as described previously (4). The gel was
visualized by autoradiography using X-OMAT AR film
(Kodak) exposed for 1 day with a Cronex Lightning
Plus intensifying screen (DuPont/NEN). The radiolabel
was quantitated by a Beta particle detection device
(Betagen, Waltham, MA) to confirm the slot blot analy­
sis. A lactic dehydrogenase cDNA probe was used as a
reference for RNA loading and , in all cases, values
reported were corrected as described previously (10).

Slot Blot Analysis. Total RNA (20 JIg) was meas­
ured by a slot blot hybridization assay (Minifold II;
Schleicher and Schuell, Inc., Keene, NH) . The mem­
brane (Hybond-N; Amersham) was prehybridized and
hybridized as in the Northern blot analysis. Autoradi­
ographs were scanned with a soft laser-scanning densi­
tometer model SL-504-XL (Biomed Instruments, Ful­
lerton , CA). There were at least five animals in each
group, which resulted in at least five determinations for
each value presented . Statistical analysis was by Stu­
dent's t test.

Results
Figure 1 compares the levels of serum calcium and

calbindin-D 9-kDa mRNA levels of animals kept on
the various diets. Animals on a vitamin D-deficient diet
with normal levels of calcium (0.47%) and phosphorus
(0.3%) show a low level of calbindin-D 9-kDa mRNA
and are hypocalcemic . The addition of 25 units/day of
vitamin D to this diet results in a 4.5-fold increase of

calbindin-D 9-kDa mRNA levels and a correction of
the hypocalcemia. Animals switched to a high calcium
diet (1.2%) showed norm al serum calcium levels and a
slight but significant increase in calbindin-D 9-kDa
mR NA levels. The increased serum calcium could only
have resulted from an increased intestinal absorption.
A decrease in dietary phosphorus from 0.3% to 0.1%
caused a slight and insignificant elevation in serum
calcium levels and did not significantly increase calbin­
din-D 9-kDa mRNA above that seen with the 1.2%
calcium-0 .3% phosphorus diet. Animals fed a low cal­
cium diet (0.02%) supplemented with vitamin D
showed the highest level of calbindin-D 9-kDa mRNA.
Since there is virtually no calcium in the intestine in
this case, vitamin D could not have increased calcium
flux across the enterocytes in this case to the level
occurring with a 0.47% calcium diet. These animals
had subnormal serum calcium levels (8.8 mg/IOO ml),
while the calbindin-D 9-kDa mRNA levelwas increased
7.2-fold over animals on a normal calcium and phos­
phorus vitamin D-deficient diet. In every case, regard­
less of the calcium and phosphorus levels, vitamin D
always increased calbindin-D 9-kDa mRNA to between
4.5- and 7.2-fold over control.

Figure 2 shows a Northern blot depicting the de­
pendence of calbindin-D 9-kDa mRNA induction on
vitamin D. Lane 1 shows the level of calbindin-D 9­
kDa mRNA levels in animals fed a vitamin D-deficient
diet with normal calcium and low phosphorus. Lane 2
is RNA from animals fed a vitamin D-deficient diet
with low calcium and normal phosphorus. Lane 3 is
RNA from animals fed a vitamin D-deficient diet with
high calcium and normal phosphorus. Lanes 4 and 5
are RNA from animals fed a vitamin D-sufficient diet
with normal phosphorus and either low calcium (Lane
4) or high calcium (Lane 5), respectively. Finally, Lane

Figure 1. Dietary effects of calcium, phosphorus , and vitamin D on
serum calcium and calbindin-D g-kDa mRNA levels as revealed by
density measurements of autoradiographs of Northern gel analyses.
Animals were kept on a vitamin D-deficient diet for 5 weeks and then
switched to the indicated diets for 12 days (n = 3). Asterisks indicates
a statistically significant difference between test groups as compared
with a vitamin D-deficient diet containing 0.47% calcium and 0.3%
phosphorus group as the control (P < 0.05).
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Figure 2. Northern analysis of 10 /Lg of tota l RNA isolated from rats
on the following diets: Lane 1, vitamin D deficient, 0.47% calcium,
0.1% phosphorus ; Lane 2, vitamin D deficient, 0.02% calcium, 0.3%
phosphorus ; Lane 3, vitamin D deficient, 1.2% calcium, 0.3% phos­
phorus ; Lane 4, vitamin D supplemented , 0.02% calcium, 0.3%
phosphorus ; Lane 5, vitamin D supplemented , 1.2% calcium, 0.3%
phosphorus; and Lane 6, vitamin D deficient , 0.47% calcium, 0.3%
phosphorus . The above experiment was repeated on three different
occasions.
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6 is RNA from animals fed a vitamin D-deficient diet
with normal calcium (0.47%) and phosphorus (0.3%)
levels. In these cases, the RNA loaded per lane was
equivalent, as indicated by a lactic dehydrogenase
eDNA probe on the same gel as described earlier (10).
Quantitation of the Northern gel using a Betagen scan­
ner correlated exactly with the results seen in Figure 2.

Discussion

It is possible even in the absence of vitamin D to
markedly increase calcium absorption in the rat by
simply raising dietary calcium levels, although this may
be by a paracellular route (11, 12). Thus, it is possible
to ask the question of whether calcium can induce
calbindin-D 9-kDa in the absence of vitamin D. In
agreement with all previous work, our results show that
by increasing dietary calcium from 0.47% to 1.2% to a
vitamin D-deficient rat increases serum calcium from
4.2 mg/100 ml to 10.5 mg/lOO ml. This increase is
clearly from increased absorption and, hence, flux
across or around the enterocytes. This flux of calcium
failed to cause an increase in calbindin-D 9-kDa mRNA
levels. On the other hand, vitamin D given to rats on a
diet virtually devoid of calcium gave a 7.2-fold increase
in calbindin-D 9-kDa mRNA. Since there was virtually
no calcium in the diet, vitamin D in this case could not
have increased the flux of calcium across the enterocyte
(11-13). The rise in serum calcium in this case is clearly
at the expense of bone (13, 14).These results show that
in vivovitamin D presumably through 1,25-(OHhD3 is
responsible for inducing transcription of the calbindin­
D 9-kDa gene.

Certainly, Brehier et al. (6) could induce calbindin­
D 9-kDa transcription in vitro with calcium in embry­
onic rat intestine. Clemens et al. (7) similarly demon­
strated that calcium in culture can also increase the 28­
kDa calbindin-D mRNA. However, in vivo, apparently
induction by calcium does not take place to a significant
degree, as evidenced by these experiments or those of
Wasserman and Taylor (15) and Buckley and Bronner
(16). These results direct attention to the mechanisms
whereby 1,25-(OHhD3 and its receptor induce tran­
scription of the calbindin-D 9-kDa and 28-kDa genes,
rather than to a mechanism in which calcium serves in
some way as the inducer. However, the small but
significant increase in calbindin-D 9-kDa mRNA
caused by the high dietary calcium and serum calcium
in the absence of vitamin D suggests a possible minor
role of calcium in modulating calbindin-D 9-kDa tran­
scription. Calcium could also play a role at the trans­
lationallevel which was not addressed here. Our results
most definitely point to a major role of 1,25-(OHhD3

itself in the transcriptional regulation of the calbindin­
D 9-kDa gene.

It is noteworthy that even in animals on a vitamin
D-deficient diet, substantial amounts of calbindin-D 9­
kDa mRNA are detectable in total RNA preparations

(Fig. 2). Although these animals were severely hypocal­
cemic and had undetectable levels of both 1,25­
(OHhD3 and 25-0H-D3, the calbindin-D 9-kDa gene
is still significantly expressed. This might be due to a
constitutive promoter of the calbindin-D 9-kDa gene
or there may exist as yet unidentified factors that reg­
ulate its expression.

This work was supported in part by Program Project Grant DK­
14881 from the National Institutes of Health and by the Harry
Steenbock Research Fund of the Wisconsin Alumni Research Foun­
dation.

I. Thomasset M, Parkes CO, Cuisinier-Gleizes P. Rat calcium­
binding proteins: Distribution, development, and vitamin D
dependence. Am J PhysioI243:E483-488, 1982.

2. Kessler MA, Lamm L, Jarnagin K, DeLuca HF. 1,25-Dihydroxy­
vitamin D3 stimulated mRNAs in rat small intestine. Arch
Biochem Biophys 251:403-412, 1986.

3. Desplan C, Thomasset M, Moukhtar M. Synthesis, molecular
cloning, and restriction analysis of DNA complementary to
vitamin D-dependent calcium-binding protein mRNA from rat
duodenum. J Bioi Chern 258:2762-2765, 1983.

4. Krisinger J, Darwish HD, Maedas N, DeLuca HF. Structure and
nucleotide sequence of the rat intestinal vitamin D-dependent
calcium binding protein gene. Proc Natl Acad Sci USA 85:8988­
8992, 1988.

5. Perret C, Desplan C, Thomasset M. Cholecalcin (a 9-kDa cho­
lecalciferol-induced calcium-binding protein) messenger RNA.
Distribution and induction by calcitriol in the rat digestive tract.
EurJ Biochem 150:211-217,1985.

6. Brehier A, Thomasset M. Stimulation of calbindin-D9K (Ca­
BP9K) gene expression by calcium and 1,25-dihydroxycholecal­
ciferol in fetal rat duodenal organ culture. Endocrinology
127:580-587, 1990.

7. Clemens TL, McGlade SA, Garrett KP, Graviso GL, Hendy GN.
Extracellular calcium modulates vitamin D-dependent calbindin­
D28K gene expression in chick kidney cells. Endocrinology
124:1581-1584, 1989.

8. Suda T, DeLuca HF, Tanaka Y. Biological activity of 25-hydrox­
yergocalciferol in rat. J Nutr 100:1049-1052, 1970.

9. Maniatis T, Fritsch EF, Sambrook J. Extraction, purification and
analysis of messenger RNA from eukaryotic cells. In: Molecular
Cloning: A Laboratory Manual. Cold Spring Harbor, NY: Cold
Spring Harbor Laboratory, pp7.1-7.87, 1989.

10. Krisinger J, Strom M, Darwish HD, Perlman K, Smith C, De­
Luca HF. Induction of calbindin-D 9k mRNA but not calcium
transport in rat intestine by 1,25-dihydroxyvitamin D3 24-hom­
ologs. J Bioi Chern 266:1910-1913,1991.

II. Nicolaysen R, Eeg-Larsen N, Maim OJ. Physiology of calcium
metabolism. Physiol Rev 33:424-444, 1953.

12. Steenbock H, Herting DC. Vitamin D and growth. J Nutr
57:449-468, 1955.

13. Carlsson A. Tracer experiments on the effect of vitamin D on
the skeletal metabolism of calcium and phosphorus. Acta Physiol
Scand 26:212-220,1952.

14. Blunt JW, Tanaka Y, DeLuca HF. The biological activity of25­
hydroxycholecalciferol, a metabolite of vitamin D3• Proc Nat!
Acad Sci USA 61:1503-1506, 1968.

15. Wasserman RH, Taylor AN. Vitamin D-dependent calcium­
binding protein. Response to some physiological and nutritional
variables. J Bioi Chern 243:3987-3993, 1968.

16. Buckley M, Bronner F. Calcium-binding protein biosynthesis in
the rat: Regulation by calcium and 1,25-dihydroxyvitamin D3•

Arch Biochem Biophys 202:235-241, 1980.

CALBINDIN·D 9 kDa 371


	199_03_369
	199_03_370
	199_03_371

