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Abstract

1,25-Dihydroxyvitamin D; [1,25(OH),Ds] increases intestinal
calcium absorption through events that include binding of
1,25(0OH),D; to the intracellular vitamin D receptor. In vitro
studies using mammalian cell cultures reveal an increase in
vitamin D receptor content after exposure to 1,25(OH),Ds. To
test the hypothesis that 1,25(OH),D; increases enterocyte vi-
tamin D receptor content in vivo, male rats were fed either a
normal calcium diet (NCD, 1.2% Ca) or low calcium diet (LCD,
0.002% Ca). After 21 d LCD increased serum 1,25(OH),D;
levels (27+3 vs. 181+17 pg/ml, P < 0.001) and increased
transepithelial mucosal to serosal calcium fluxes (Jns) across
duodenum (65+21 vs. 204+47 nmol/cm?- h, NCD vs. LCD, P
< 0.01) and jejunum (233 vs. 46+4, P < 0.007). No change in
serosal to mucosal calcium fluxes (J,) were observed. LCD
increased 1,25(OH),D; receptor number threefold in duode-
num (32.9+6.7 vs. 98.7+13.7 fmol 1,25(OH),D;/mg protein)
and jejunum (34.1£9.5 vs. 84.9+7.7) without a change in the
receptor affinity for 1,25(OH),D; (K is 0.17+0.06 vs.
0.21+0.02 nM for NCD and LCD duodenum, respectively).
Duodenal polyadenylated vitamin D receptor mRNA deter-
mined by Northern blot analysis did not increase appreciably
during LCD, suggesting that upregulation in vivo may not be
due primarily to increased receptor synthesis. _

The results of this study indicate that under physiologic
conditions as during chronic dietary calcium restriction, in-
creased intestinal vitamin D receptor content accompanies in-
creased calcium active transport. Upregulation of the vitamin
D receptor by 1,25(OH),D; may result primarily from post-
translational processes that decrease degradation of the recep-
tor with increased receptor synthesis responsible for a negligi-
ble portion of the accumulation.

Introduction

Small intestinal absorption of dietary calcium occurs by a
paracellular pathway driven by osmotic and concentration
gradients and a cellular active transport process that is regu-
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lated by 1,25-dihydroxyvitamin Ds [1,25(0OH),D;] (1-3). The
intestinal actions of 1,25(OH),D; occur through a complex
series of events that are initiated by binding of the steroid
hormone to a specific intracellular protein, the vitamin D re-
ceptor (4-7). Events that follow include nuclear localization of
the 1,25(0OH),D; receptor complex and regulation of hor-
mone-sensitive genes, most likely through binding to DNA
(8-10). ,

Whereas the cellular binding of 1,25(OH),D; to its receptor
and subsequent genomic events are similar to those described
for other steroid hormones, including estrogens, progesterone,
glucocorticoids, and androgens (10), unlike most other hor-
mones, 1,25(OH),D; increases rather than decreases the con-
tent of its receptor in target cells. The addition of 1,25(0H),D;
to mammalian cultured cells increases the intracellular con-
tent of the vitamin D receptor protein (11-13) and its mRNA
(13, 14). Because the accumulation of the vitamin D receptor
is temporally related to the known actions of 1,25(OH),D; to
decrease collagen and osteocalcin synthesis in rat osteoblast-
like cell primary cultures (12) and induce 25-hydroxyvitamin
D;-24-hydroxylase activity in human skin fibroblasts (15),
upregulation of the vitamin D receptor is thought to be in-
volved in amplifying the biologic actions of 1,25(OH),D;.

Little information is available to determine whether the in
vitro phenomenon of homologous upregulation of the vitamin
D receptor plays a role in vivo in the physiologic regulation of
intestinal calcium transport. The vitamin D receptor is present
in the intestine of vitamin D-deficient chicks (13, 16) and rats
(17-19), and Costa and Feldman (19) reported a 30% increase
in intestinal vitamin D receptor content upon acute repletion
of 1,25(0OH),D; in vitamin D-deficient rats (19). Because the
increase in receéptor content in vivo is modest compared with
the two- to fourfold increase observed in vitro (11, 20), studies
were performed to determine whether upregulation of the vi-
tamin D receptor may also occur in vivo in vitamin D-replete
animals. Rats were fed a low calcium diet (LCD)' for 3 wk
because chronic dietary calcium restriction is known to in-
crease renal 1,25(0OH),D; synthesis (21), circulating
1,25(0H),D; levels (21, 22), and calcium active transport
across small intestine (3, 23). In the present study dietary cal-
cium restriction increased intestinal vitamin D receptor con-
tent threefold, suggesting that under physiologic conditions
upregulation of the vitamin D receptor may be one way in
which 1,25(OH),D; stimulates intestinal calcium absorption.

Methods

Animals and diets. Male Sherman rats (Camm Research Institute,
Wayne, NJ) weighing 150-170 g were randomized into two groups, fed

1. Abbreviations used in this paper: G, tissue conductance; I, short
circuit current; Jy,s, flux from mucosa to serosa; Jym, flux from serosa
to mucosa; LCD, low calcium diet; NCD, normal calcium diet.



either a normal calcium diet (NCD: 1.2% Ca, 0.9% P, 0.24% Mg, and
2.2 IU vitamin D/g) or a low calcium diet (LCD: 0.002% Ca, 0.34% P,
0.24% Mg, and 2.2 IU vitamin D/g), and provided deionized distilled
water ad libitum for 3 wk. Animals were killed by exsanguination
through the abdominal aorta, and segments of duodenum (3 cm distal
to the pylorus) and jejunum (middle 30 cm of small intestine) were
removed for measurements of bidirectional calcium fluxes. Intestinal
1,25(OH),D; receptor content was determined using 10-cm duodenal
and 10-cm jejunal segments obtained from a separate group of animals
raised in an identical manner. Duodenum was chosen for study be-
cause of the well known effect of LCD to increase 1,25(OH),D;-me-
diated duodenal net calcium absorption (3). Jejunum was used be-
cause, in contrast to duodenum, net calcium transport increases only
modestly in response to 1,25(0OH),D; (3).

In vitro calcium transport. Adjacent segments of duodenum or
jejunum were rinsed in ice-cold saline and mounted as the partition
between two Lucite hemichambers with an exposed tissue area of 0.49
cm? Mucosal and serosal surfaces were bathed in 10 ml of bicarbonate
buffered Krebs-Ringer solution (pH 7.4) containing (in millimolar):
NaCl, 120; NaHCO;, 25; KCl, §5; CaCl,, 1.25; MgSO,, 1.2; and D-glu-
cose, 11. Reservoirs were gassed continuously with 95% oxygen-5%
carbon dioxide to maintain pH at 7.4 and ensure adequate mixing.
Unidirectional transepithelial fluxes of calcium were measured as pre-
viously described (24). *Ca as CaCl, was added to either the mucosal
or serosal reservoirs. Aliquots from the initially unlabeled reservoirs
were removed at 20-min intervals and counted for “*Ca content in a
liquid scintillation spectrometer (model 4530, Packard Instrument
Co., Inc., Downers Grove, IL). Steady-state fluxes from mucosa to
serosa (Jms) and from serosa to mucosa (Ji,) were calculated by the
method of Schultz and Zalusky (25). Net flux (/) is the difference
between the two unidirectional fluxes where positive values indicate
net absorption.

Spontaneous electrical gradients across the epithelium were neu-
tralized by a continuous short-circuit current according to the method
of Field et al. (26), except for brief periods of interruption to measure
tissue potential difference. Steady-state fluxes from each rat were used
in the data analysis only if the tissue conductance (G,) of the paired
tissues agreed within 30%.

1,25(0OH),D; receptor. Intestinal receptor-rich cytosol fraction was
prepared according to the method of Feldman et al. (18). Rats were
killed and intestinal segments removed and flushed immediately with
ice-cold saline. All subsequent steps were performed at 0 to 4°C. Seg-
ments were slit open along the mesenteric attachment, and the mucosa
was scraped from the underlying muscle layers with a chilled glass
slide. The mucosa was suspended in 10 vol of calcium- and magne-
sium-free phosphate-buffered saline containing 5 mM dithiothreitol
(DTT) and centrifuged at 200 g for 5 min in a refrigerated centrifuge
(Sorvall RC-5C with SS 34 rotor, DuPont-Sorvall, Newtown, CT). The
wash was repeated three times. The washed mucosa was sonicated on
ice in hypertonic buffer composed of (in millimolar): KCl, 300; Tris-
HCI (pH 7.4), 10; EDTA, 1; Na molybdate 10; and DTT, 5. The
homogenate was centrifuged at 115,000 g for 60 min in an ultracentri-
fuge (model L2-65B with Ti 60 rotor, Beckman Instruments, Inc.,
Fullerton, CA). The supernate cytosol fraction containing the vitamin
D receptor was collected for assay of 1,25(0OH),D; binding.

1,25(0OH),D; receptor saturation assay. 1,25(OH),D; binding to
cytosol receptor was performed by the method of Costa et al. (11) with
minor revisions. [*)H]1,25(OH),D; and in a parallel assay, radioinert
1,25(OH),D; and 25-hydroxyvitamin D; (250HD;) were dissolved in
10 ul of 95% ethanol and added to borosilicate glass tubes. Aliquots of
cytosol containing 200-300 ug of protein in 80 ul were added to each
tube, and the tubes were incubated at 4°C for 20 h. Bound and free
hormone were separated by the addition of dextran-coated charcoal.
The charcoal solution was prepared in borate buffer containing 5%
acid washed Norit A and 0.5% dextran T-70. 50 ul of charcoal was
added to 100 ul of cytosol and steroid. The samples were vortexed,
allowed to stand on ice for 15 min, and centrifuged at 3500 g for
50 min.

Nonspecific binding was determined in each experiment from the
radioactivity that remained in the bound fraction (receptor-
1,25(0OH),D; complex) after incubation in the presence of 250-fold
excess of radioinert 1,25(OH),D; and 100-fold excess of 250HD;.
Nonspecific binding was determined in each assay and subtracted from
total binding to yield specific binding.

Density gradients. Aliquots of cytosol fraction (800 ug of protein)
were incubated with [°H]1,25(OH),D; and radioinert 1,25(OH),D;
and 250HD; for 20 h at 4°C. [*H]1,25(OH),Ds-receptor complex was
separated from unbound steroid using charcoal/dextran and centrifu-
gation. The steroid-receptor (bound) fraction was layered onto linear
10-35% sucrose gradients developed in cellulose nitrate tubes in hy-
pertonic buffer using a gradient mixer (Buchler Instruments, Inc., Ft.
Lee, NJ). After centrifugation at 4°C for 22 h at 150,000 g (Beckman
Instruments ultracentrifuge, SW-50.1 rotor), 0.15-ml fractions were
collected from the bottom of the gradient tubes using a density gra-
dient-fractionater recovery system. Radioactivity in each aliquot was
determined by beta liquid scintillation counting.

Vitamin D receptor mRNA isolation and quantification. Duodenal
mucosa was scraped from underlying muscle layers, rinsed in ice-cold
phosphate-buffered saline, flash frozen in liquid nitrogen, and stored at
—70°C. Total cellular RNA was extracted from frozen tissue by the
method of Komm et al. (27, 28). Poly(A)*RNA was purified by
oligo(dT)-cellulose (type 3, Collaborative Research, Inc., Waltham,
MA) affinity chromatography (29). Northern hybridization analysis of
rat vitamin D receptor mRNA was performed as described previously
for the chicken vitamin D receptor (13). Briefly, 10 ug of duodenal
poly(A)*RNA was denatured at 55°C in 50% formamide and 6.5%
formaldehyde, electrophoresed in a 1% agarose-formaldehyde gel, and
electrotransferred to a Nytran membrane (Schleicher & Schuell, Inc.,
Keene, NH) in a morpholino propane sulfonic acid-sodium acetate-
EDTA buffer (30). After an initial prehybridization of the Nytran
membrane, rat receptor mRNA was hybridized with 10° cpm/ml of a
nick-translated fragment of the human vitamin D receptor cDNA
(2 X 10® dpm/ug). The human vitamin D receptor cDNA fragment
contains the coding region for the entire DNA-binding domain of the
receptor that is homologous to the chicken vitamin D receptor (13, 31)
and cross-hybridizes at high stringency with vitamin D receptor
mRNAs from all avian and mammalian species tested (32). After hy-
bridization, the Nytran filter was washed four times, 5 min each at
room temperature with 1 X standard saline citrate (SSC) (150 mM
NaCl, 15 mM Na; citrate, pH 7.0), 0.1% SDS, followed by two high-
stringency washes for 15 min each at 55°C with 0.1X SSC, 0.1% SDS.
Vitamin D receptor mRNA bands were visualized by autoradiography
and quantitated by laser densitometric scanning. As an internal con-
trol the same Nytran filter was stripped and rehybridized to a nick-
translated actin cDNA probe. The quantitation of vitamin D receptor
mRNA is based on scanning of actin mRNA amounts in each lane.

Serum chemistries. Serum calcium and magnesium were deter-
mined by atomic absorption spectrometry, and serum phosphate and
creatinine by standard autoanalyzer methodology. Serum
1,25(OH),D; was measured on 1.0 ml of serum from individual rats by
radioreceptor assay as previously described (33). All samples were an-
alyzed in a single assay.

Materials. “*CaCl, and 1,25(0OH),-[23,24(n)-[*H]vitamin D; (110
Ci/mmol) were obtained from Amersham Searle Co. (Arlington
Heights, IL). [y-*2P]dCTP (3,000 Ci/mmol) used for nick translation
was purchased from New England Nuclear (Boston, MA). Crystalline
1,25(0OH),D; was a gift from Dr. M. Uskokovic, Hoffmann-LaRoche
Co. (Nutley, NJ); crystalline 25-hydroxyvitamin D; was a gift from
The Upjohn Co. (Kalamazoo, MI). Other chemicals were obtained
from Sigma Chemical Co. (St. Louis, MO).

Statistical analyses. Significance of differences between two group
means was estimated by Student’s ¢ test. Variances within groups were
not assumed to be equal. All calculations were performed using con-
ventional computer techniques (BMDP, University of California, Los
Angeles). Values are expressed as mean+SE. P values < 0.05 are con-

sidered significant.
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Results

Calcium active transport. Rats fed NCD actively absorbed cal-
citim across duodenum, as calcium J,; exceeded J;.,, (Table I).
3 wk of LCD increased duodenal net calcium absorption from
39+20 to 187446 nmol/cm?- h (Table I). The increase in Joe:
was due to an increase in Jy, without a change in J;,, a pre-
dictable response by duodenum to LCD (3).

In contrast to duodenum, there was net calcium secretion
across jejunum from rats fed NCD, as calcium J,, exceeded
calcium Jps (Table I). LCD increased calcium J,,, and con-
verted jejunum from net calcium. secrétion to net absorption.
LCD increased Jy,s greater in duodenum than jejunum, by an
average of 139 vs. 23 nmol/cm?- h, so calcium J,; during LCD
was greater in duodenum than jejunum. As anticipated, short-
circuit current (I;) was greater in jejunum than duodenum
(Table I). G, was comparable in duodenum and jejunum, and
both G, and I, were unaffected by diet.

Serum chemistries. 3 wk of a dietary calcium restriction
increased circulating 1,25(OH),D; levels sixfold from 27+3 to
181+17 pg/ml (Table II). Serum calcium, magnesium, phos-
phorus, and creatinine levels during NCD were not changed
by LCD.

Sucrose density analysis. Sucrose density gradients were
used to characterize the binding of [*H]1,25(0OH),D; to macro-
molecules in the cytosol fraction of intestinal homogenates. As
shown in Fig. 1, [*H]1,25(0OH),D; (1.2 nM) appeared as a
single peak that sedimented at about 3.5, characteristic of the
vitamin D receptor (17, 18). 250-fold excess of 1,25(OH),D;
virtually abolished binding of [*H]1,25(0H),D;. [’ H]250HD;
(0.7 nM) appeared primarily in one peak that sedimented at
about 6S with minimal binding in the 3.5S region. The 6S
peak is thought to represent binding to the plasma vitamin
D-binding protein, which has higher affinity for 2SOHD; than
1,25(0OH),D; (34). On the basis of these studies, subsequent
experiments were performed in the presence of excess
250HD; as well as 1,25(0OH),D; to eliminate binding of
1,25(OH),D; to any vitamin D-binding protein that may have
contaminated the cytosol preparation. Sucrose density gra-
dient analyses of intestinal cytosol preparations from rats ei-
ther fed NCD or LCD revealed comparable patterns of [*H]-
1,25(OH),D; binding (data not shown).

In vitro 1,25(0H),D; binding to cytosol fraction. Duodenal

Table I. Effects of LCD on Duodenal and Jejunal Calcium
Active Transport

Group n s Jim Joet I G,
nmolfcm?+ h udfem?>  mQfem?

Duodenum

NCD 8 65+21 26+6 39420 75+10 16+1

LCD 6 204+47* 173 187x46% 97+9 15+1
Jejunum

NCD 8 23+3 28+4  —5%3 117+£20 12+1

LCD 9 46+4° 25+3 21+58 14710 11+1

Values are mean+SEM for 7 rats per group. Jye, net flux = Jpg — Jim.
* Greater than NCD, P < 0.01.

* Greater than NCD, P < 0.006.

§ Greater than NCD, P < 0.007.
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Table II. Effects of Dietary Calcium Restriction on Serum
1,25(0OH),D and Other Chemistries

Diet n Ca Mg P Creatinine 1,25(OH),D
mg/dl pg/ml
NCD 7 10.5+0.5 2.2+0.1 7.6+0.3 0.4+0.02 27+3
LCD 8 10.4%+0.3 2.2+0.1 7.7+0.8 0.4+0.01 181+17*

Values are mean+SEM for n rats per group.
* P <0.001.

cytosolic fraction pooled from two rats fed LCD bound pro-
gressively greater amounts of [*H]1,25(OH),Ds as higher con-
centrations of the tritium-labeled steroid were added (Fig. 2).
Nonspecific binding was < 5% of total binding at all concen-
trations of 1,25(OH),D;. Duodenal cytosol fractions prepared
from rats fed LCD bound more [*H]1,25(0H),D; than cyto-
solic fractions from rats fed NCD (Fig. 3). In rats fed NCD,
cytosol binding from duodenum (Fig. 3) and jejunum (Fig. 4)
were comparable, and LCD increased specific [*H]-
1,25(OH),D; binding in jejunum and duodenum to the same
extent (compare Figs. 3 and 4).

To determine whether the increase in [*H]1,25(0H),D,
specific binding was due to an increase in the number of bind-
ing sites or to a change in the affinity of the receptor for the
steroid, the binding data was subjected to Scatchard analysis.
For duodenum from rats fed NCD (Fig. 5), Scatchard plots
revealed a single class of binding sites with a K, of 0.17+0.06
nM (mean+SE of four experiments). Cytosol fractions from
duodenum of rats fed LCD also contained a single class of

20

[3H] vitamin D metabolite
(fmol/fraction)

Top 25 20 15 10 5
Fraction number

O Bottom

Figure 1. Analysis of [*H]1,25(0OH),D; and [*H]250HD; binding to
intestinal cytosol receptor by sucrose density gradient analysis. Cyto-
sol fraction {see Methods) prepared frorn homogenates of duodenal
epithelial cells was incubated in the presence of [*H]1,25(OH),D;
(1.2 nM) for 20 h at 4°C. Bound and free [*H]1,25(OH),D; was sep-
arated by dextran-coated charcoal. The bound fraction (800 ug of
protein) was layered on a linear 10-35% sucrose gradient and centri-
fuged at 150,000 g for 22 h. (e) [*H]1,25(OH),D5 (1.2 nM); (0 - - 0)
[*H]250HD; (0.7 nM); and (& - - m) [*H]1,25(0OH),D; with
1,25(OH),D; (300 nM). Internal standards include: aldolase, 7.8S;
bovine serum albumin, 4.4S; and ovalbumin, 3.6S. Duodenal cyto-
sol from rats fed NCD was used in this study. Comparable results
were obtained with duodenal cytosol from rats fed LCD and with je-
junal cytosol from rats fed NCD or LCD.
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Figure 2. Binding of [*H]1,25(OH),Ds to duodenal cytosol fraction
prepared from rats fed LCD (see Methods). [*H]1,25(0H),D; was in-
cubated with cytosol fraction for 22 h at 4°C. Bound and free hor-
mone were separated by dextran-coated charcoal. Specific hormone
binding (e) was calculated as the difference between total binding (0)
and nonspecific binding (m). The latter was the amount of bound [*H]-
1,25(0OH),D; after incubation in the presence of 250-fold excess
1,25(0OH),D; and 100-fold excess 250HD;. Comparable binding
curves were obtained from duodenal cytosol from rats fed NCD and
jejunal cytosol from rats fed NCD or LCD.

binding sites; however, the number of specific binding sites
was increased threefold compared with NCD (32.9+6.7 vs.
98.7+13.7 fmol 1,25(0OH),Ds;/mg protein). The affinity of
1,25(OH),Ds for the duodenal receptor was not altered by
LCD (K4 0.21+£0.02 nM). Receptor number in jejunum was
increased 2.5-fold by LCD (NCD vs. LCD, 34.1+9.5 vs.
84.9+7.7 fmol/mg protein). As in duodenum, LCD did not
alter the affinity of the receptor for 1,25(OH),D; in jejunum
(0.18+£0.04 vs. 0.14+0.02 nM, NCD vs. LCD), and receptor
affinity in duodenum and jejunum were not different.
1,25(0OH),D; receptor mRNA content of duodenal epithe-
lium. Northern blot hybridization analysis with polyadenyl-
ated RNA extracted from duodenal mucosa revealed one
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Figure 3. Specific binding of [*H]1,25(OH),Ds to duodenal cytosol
fraction (see Methods) prepared from rats fed NCD (e) or LCD (0).
Values are mean=SE for four observations per group. *P < 0.01,
LCD vs. NCD.
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Figure 4. Specific binding of [*H]1,25(0H),D; to jejunal cytosol frac-
tion (see Methods) prepared from rats fed NCD (e) or LCD (0).
Values are mean=SE for four observations per group. *P < 0.01,
LCD vs. NCD.

mRNA species of 4.5 kb (Fig. 6). The size of the rat vitamin D
receptor mRNA is equivalent to the human receptor and
larger than the 2.6-kb mRNA for avian vitamin D receptor
(32). 3 wk of LCD did not dramatically increase mucosal vita-
min D receptor mRNA content compared to tissue extracts
from rats fed NCD. There was an apparent slight enhancement
by LCD of the 4.5-kb vitamin D receptor transcript (compare
lanes 1 and 2 of Fig. 6), but when the actin mRNA in both
lanes was scanned with laser densitometry, this difference was
minimized to a value of < 30% after normalization against the
actin mRNA concentration.

Discussion

In this study the modulating activity of 1,25(OH),Ds on intes-
tinal vitamin D receptor content was examined at both the
cellular and molecular level. Cultured pig kidney cell line
LLC-PK, (11, 20), human skin fibroblasts (11, 15), and mouse
3T6 fibroblasts (13, 14) contain the vitamin D receptor, and

204

BOUND/FREE
(dpm/mg/dpm/ml)

0 25 50 75 100 125

BOUND (fmol/mg protein)
Figure 5. Scatchard plot of specific binding derived from saturation
assay of the 1,25(OH),Dj; receptor in duodenal cytosol fraction from
rats fed NCD (e) or LCD (0). The maximum number of binding
sites (Vmax) of four experiments was 32.9+6.7 and 98.7+13.7 fmol/
mg (mean=SE) for NCD and LCD rats, respectively. K4 values were
0.17+0.06 and 0.21+0.02 nM for NCD and LCD, respectively.
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Figure 6. Northern blot analysis of polyade-
nylated mRNA isolated from rat intestine.
Duodenal polyadenylated RNA (10 ug each)
from rats fed NCD (lane /) and LCD (lane
2) were isolated (see Methods), subjected to
electrophoresis on a 1% agarose-formalde-
hyde gel, and electrotransferred to a nylon
membrane. After an initial prehybridization
of the nylon filter for 2 h, the filter was
probed with a human vitamin D cDNA
nick-translated fragment (10° cpm/ml) in
new hybridization buffer. Autoradiography
was performed for 72 h. After stripping and
rehybridizing the same filter with an actin
cDNA probe, the resulting actin Northern
blot film was superimposed upon a photo-
graph of the vitamin D receptor blot to create a composite illustra-
tion. The film overlay does not place the actin at the exact size for
this transcript (1.8 kb) and also accounts for the higher general back-
ground. R, vitamin D receptor mRNA; 4, actin mRNA.

addition of 1,25(0OH),D; or 24,25-(OH),D; increases the vita-
min D receptor content two- to four-fold with no change in
affinity for 1,25(OH),D;. Although the studies in vitro clearly
demonstrate homologous upregulation of the vitamin D re-
ceptor by 1,25(OH),D; and active metabolites, studies in vivo
suggested 1,25(OH),D; may either cause no change in receptor
content (16) or the increase may be organ-specific (19). Hun-
ziker et al. (16) found no increase in the intestinal receptor
after acute 1,25(OH),D; repletion of vitamin D-deficient
chicks. Costa and Feldman (19) found a threefold increase in
vitamin D receptor content in kidney from vitamin D-defi-
cient rats after 5 d of repletion with 1,25(OH),D;. However,
intestinal vitamin D receptor was increased by only 30% in
these same animals. The threefold increase in intestinal vita-
min D receptor content during LCD in the present study
clearly shows that intestinal vitamin D receptor upregulation
can occur in vivo. The difference between the results of the
present study and the lack of a substantial increase in receptor
in acutely repleted vitamin D-deficient animals suggest that 5
d or fewer of 1,25(OH),D; administration to vitamin D-defi-
cient animals may be insufficient.

Accumulation of the vitamin D receptor observed in the
present study may be the result of increased rate of receptor
synthesis, decreased rate of receptor degradation, or a combi-
nation of both processes. The increase in intestinal vitamin D
receptor by LCD appears not to be due to an increase in new
receptor synthesis, since the mRNA that specifically encodes
for the receptor protein increased only very slightly (< 30%),
whereas intestinal receptor content increased threefold. Thus,
the present study suggests that regulation may be controlled at
several levels, including an extremely minor transcriptional
component and a major effect on posttranslational events to
depress the rate of receptor degradation. The observations in
the present study are partially consistent with measurements
in vitro of receptor protein and its mRNA in 3T6 mouse fibro-
blast cells (13, 14). Recently, Mangelsdorf et al. (14) have em-
ployed in vitro translation and immunoprecipitation tech-
niques to examine 1,25(OH),D; regulation of its receptor in
3T6 cells. These studies revealed a complex system that in-
volves both transcriptional and posttranslational components.
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It is known that one of these posttranslational events is due to
receptor phosphorylation (35). Although the consequence of
receptor phosphorylation has not yet been defined, it is likely
to involve receptor regulation (36) and may function to stabi-
lize the hormone-bound form of the vitamin D receptor,
thereby increasing the net concentration of active receptor in
the cell. The suggestion that 1,25(OH),D; can decrease the
degradation rate of the vitamin D receptor is further supported
by receptor turnover studies in LLC-PK, cells (20). Using the
dense amino acid shift technique to study the turnover of
vitamin D receptors before and after receptor upregulation by
24,25(0H),D;, Costa and Feldman (20) found upregulated
cells synthesized receptor at a slightly increased rate (4.9+0.5
fmol/mg protein per hour vs. 3.4+0.4 for controls), whereas
the receptor half-life was doubled from 4.3+0.4 to 8.9+1.0 h.
The degradation rate of the receptor under basal conditions
was 0.16/h and 0.07/h during upregulation. Although LCD
may have increased receptor synthesis with minimal increase
in mRNA through an increase in protein copy rate, studies
specifically designed to address the effect of 1,25(OH),D; on
message copy rate and receptor stability will be required to
address these issues.

It is known that receptor occupancy reduces the rate of
degradation of the vitamin D receptor (17, 18), and whereas a
portion of the increased receptor content observed in the
present study could be receptor stabilization from increased
ligand binding, several lines of evidence from in vitro studies
argue against this interpretation, including the following: the
persistence of increased receptor at least 4 h after removal of
the steroid from the cells (11); skin fibroblasts from patients
with vitamin D resistant rickets, which contain a mutant vita-
min D receptor and do not upregulate the receptor, bind
1,25(0OH),D; but do not bind to DNA (11); the relatively long
period of time required for steroid to induce maximal receptor
binding (11, 13, 20); and the marked inhibition of receptor
upregulation after 24 h of exposure to actinomycin D (11).

The weight of evidence supports a critical role of the vita-
min D receptor in mediating the biological responses to
1,25(OH),D; in the intestine. Endogenous occupancy of intes-
tinal receptors is 10-25% in vitamin D replete rats, and
1,25(OH),D; administration increases occupancy to 25-60%
(19). Thus, 1,25(0OH),Ds could increase its biologic actions on
target tissues by increasing the occupancy of existing receptors.
However, without concomitant measurements of biologic re-
sponses to 1,25(0OH),D;, the physiologic significance of the
changes in occupancy are difficult to interpret. The present
study suggests that 1,25(OH),D; may increase its biologic ac-
tions on target cells through increased intracellular receptor
number. The threefold increase in duodenal receptor number
during LCD was accompanied by a threefold increase in duo-
denal calcium Ji, the 1,25(OH),Ds-responsive component of
the calcium active transport process (3). Thus, the upregula-
tion of receptor was accompanied by a qualitatively similar
increase in a major action of 1,25(0OH),D3, increased calcium
absorption. Studies in vitro also show a correlation between
upregulation of the receptor and expression of a biologic re-
sponse to 1,25(OH),D; and metabolites (11, 12, 15, 20). The
sixfold increase in serum 1,25(OH),D; during LCD, is due
largely to increased synthesis by renal proximal tubules (21,
33). That the sixfold increase in circulating levels enhanced
intestinal receptor number by threefold suggests that the rela-



tionship between serum 1,25(OH),D; and intestinal receptor
binding is complex and will require detailed studies of in vivo
binding kinetics between blood 1,25(OH),D; and intracellular
vitamin D receptor to clarify the interactions.

Duodenum and jejunum differ in calcium transport ki-
netics, with a higher secretory flux (/i) in jejunum and a
greater response to endogenous and exogenous 1,25(OH),D;
in duodenum (3). In the present study receptor content in
duodenum and jejunum from rats fed NCD or LCD were
equivalent, whereas Feldman et al. (18) found a progressive
decline in receptor content from duodenum to ileum in vita-
min D-deficient rats. Although regional receptor concentra-
tion differences between the present study and that of Feldman
may be due to the vitamin D status of the animals, diminished
calcium transport response by jejunum to 1,25(OH),D; can-
not be due to a difference in vitamin D receptor-binding sites,
since basal receptor content in duodenum and jejunum were
equivalent, and LCD caused a comparable increase in receptor
number in both regions. It is also unlikely that greater cellu-
larity of duodenum accounts for differences in receptor con-
tent and higher calcium transport rates, since cecum is devoid
of villi and has higher calcium transport rates than duodenum,
and cellular phosphate transport is greatest in jejunum (3, 37),
which is also less cellular than duodenum. The apparent dis-
crepancy between segmental calcium transport and receptor
number do not negate the important role of receptor binding
in reaching steady-state calcium transport rates. Rather, the
cellular response to 1,25(OH),D; appears to be modified by
events subsequent to the synthesis of the vitamin D receptor.
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