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Abstract

In humans, familial or idiopathic hypercalciuria (IH) is a com-
mon cause of hypercalciuria and predisposes to calcium oxalate
nephrolithiasis. Intestinal calcium hyperabsorption is a con-
stant feature of IH and may be due to either a vitamin D-inde-
pendent process in the intestine, a primary overproduction of
1,25-dihydroxyvitamin D, [1,25(OH ),D;], or a defect in renal
tubular calcium reabsorption. Selective breeding of spontane-
ously hypercalciuric male and female Sprague-Dawley rats re-
sulted in offspring with hypercalciuria, increased intestinal cal-
cium absorption, and normal serum 1,25(OH),D; levels. The
role of the vitamin D receptor (VDR) in the regulation of intes-
tinal calcium absorption was explored in 10th generation male
genetic IH rats and normocalciuric controls. Urine calcium ex-
cretion was greater in IH rats than controls (2.9+0.3 vs.
0.7+£0.2 mg/24 h, P < 0.001). IH rat intestine contained twice
the abundance of VDR compared with normocalciuric controls
(536+73 vs. 243+42 nmol /mg protein, P < 0.001), with no
difference in the affinity of the receptor for its ligand. Compara-
ble migration of IH and normal intestinal VDR on Western
blots and of intestinal VDR mRNA by Northern analysis sug-
gests that the VDR in IH rat intestine is not due to large dele-
tion or addition mutations of the wild-type VDR. IH rat intes-
tine contained greater concentrations of vitamin D-dependent
calbindin 9-kD protein. The present studies strongly suggest
that increased intestinal VDR number and normal levels of cir-
culating 1,25(OH),D; result in increased functional VDR~
1,25(0OH),D, complexes, which exert biological actions in en-
terocytes to increase intestinal calcium transport. Intestinal cal-
cium hyperabsorption in the IH rat may be the first example of
a genetic disorder resulting from a pathologic increase in VDR.
(J. Clin. Invest. 1993. 91:661-667.) Key words: male rats ¢
calcium absorption, 1,25(OH),D,, vitamin D receptor ¢ cal-
bindin 9 kD

Introduction

Hypercalciuria may increase urine calcium oxalate supersatur-
ation and contributes to increased risk for calcium oxalate
nephrolithiasis (1, 2). Idiopathic hypercalciuria (IH),' a com-
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mon cause of hypercalciuric calcium oxalate nephrolithiasis
(3), is accompanied by intestinal calcium overabsorption in
almost all patients (4-9) and is the major source of urinary
calcium excess during adequate calcium intake (10). The
pathogenesis of intestinal calcium hyperabsorption and hyper-
calciuria in IH are unknown, but clinical evidence suggests the
disease is heterogenous with at least three possible pathogenetic
mechanisms for the calcium hyperabsorption: inappro-
priate renal 1,25(OH),D; synthesis with increased serum
1,25(OH),Dslevels (11-14); a primary increase in enterocyte
calcium transport with normal serum 1,25(OH),D; levels (7,
8, 10, 14); and a primary renal tubule defect in calcium reab-
sorption with compensatory increases in parathyroid hor-
mone, 1,25(OH),D;, and intestinal calcium absorption
(7,8, 15).

IH affects 5-10% of the adult population ( 16, 17 ) and famil-
ial patterns of inheritance suggest a genetic disorder with a
dominant mode of inheritance (18-21). Because of the diffi-
culty in separating dietary and genetic factors that may influ-
ence calcium metabolism in patients with IH, a colony of genet-
ically hypercalciuric rats was established (22 ) through breeding
spontaneously hypercalciuric male and female Sprague-Daw-
ley rats (23, 24). In this colony, hypercalciuria increased in
intensity and frequency among male and female offspring with
successive generations (22 ). Genetic idiopathic hypercalciuric
rats have normal serum calcium, increased intestinal calcium
absorption, and normal, not elevated, serum 1,25(OH),D,
(22). Thus, IH rats may be analogous to some forms of
human IH.

There is considerable evidence that 1,25(OH ),D; regulates
target tissue biological response through genomic events that
involve binding of the steroid hormone to the intracellular vita-
min D receptor (VDR) (25-27). In addition, studies in vitro
using cell cultures (28, 29) and in vivo in rats (30-32) indicate
that the biological actions of 1,25(OH ),D; are strongly corre-
lated with VDR number and occupancy (33, 34). Therefore,
the present study was undertaken to test the hypothesis that
increased intestinal calcium transport in IH rats may result
from an increase in intestinal cell VDR content.

Methods

Genetic hypercalciuric rats. Male and female rats of the 10th generation
of inbreeding of hypercalciuric rats were placed in individual metabolic
cages and fed 13 g/d of adiet containing 0.6% calcium, 0.65% phospho-
rous, 0.24% magnesium, 0.4% sodium, 0.43% chloride, and 2.2 IU
vitamin D/g of food. Deionized distilled water was given ad libitum.
Two successive 24-h urine collections in 0.25 ml 6 N HCI were ob-
tained after the animals had been equilibrated on the diet (5 d). Those
animals with urine calcium excretion of > 2 SD above the mean of
control rats (usually > 1.5 mg/24 h) were considered hypercalciuric.
Male and female rats with the highest calcium excretion values were
chosen for breeding to propagate the colony. The remaining hypercal-
ciuric animals were used in the following studies.
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Normal male Sprague-Dawley rats obtained from Harlan Sprague
Dawley, Inc. (Indianapolis, IN) were used as controls and were fed a
similar 0.6% calcium diet for > 5 d before study. Previous studies have
shown that normal and IH rats grow at the same rate. Therefore, ani-
mals matched for weight are also age matched.

In vitro calcium transport. At killing, adjacent segments of proxi-
mal duodenum were removed and rinsed in ice-cold saline and
mounted as the partition between two Lucite hemi-chambers with an
exposed tissue area of 0.49 cm?. Mucosal and serosal surfaces were
bathed in 10 ml of KRB (pH 7.4) with the following composition
(mM): 120 NaCl, 25 NaHCO,; 5.0 KCl, 1.25 CaCl,; 1.2 MgSO,, and
11 D-glucose. Mucosal and serosal reservoirs were gassed continuously
with O,/CO, (95:5) to maintain pH and adequate mixing. Unidirec-
tional transepithelial calcium fluxes were measured as previously de-
scribed (35) by the addition of **Ca as CaCl, to either mucosal or
serosal reservoirs and removal of aliquots from the unlabeled reservoirs
at 20-min intervals. “*Ca content was determined using a liquid-scintil-
lation spectrometer (model 4530; Packard Instrument Co., Inc.,
Downers Grove, IL). Steady state calcium fluxes from mucosa to se-
rosa (Jms) and serosa to mucosa (Jsm) were calculated by standard
methods (36). Net flux is the difference between the two unidirectional
fluxes with positive values indicating net absorption.

Intrinsic electrical gradients across the intestinal segments were neu-
tralized by passing a continuous short-circuit current as previously de-
scribed (37). Steady state fluxes for each pair of tissues were used in the
data analysis only if their tissue conductances ( G, ) agreed within 30%.

Preparation of vitamin D receptor-rich tissues. Animals were placed
under ether anesthesia and exsanguinated via the abdominal aorta. The
proximal 10 cm of duodenum was removed, rinsed in ice-cold PBS,
and the epithelial layer scraped free of the underlying muscle coats.
Cells were washed three times with PBS and sonicated on ice in hyper-
tonic buffer with the following composition (mM): 300 KCl, 10 tris, 1
EDTA, 10 Molybdate, and 50 ng/ml Aprotinin for 20 min. The homog-
enate was centrifuged at 115,000 g at 4°C for 60 min, and the vitamin
D receptor-rich cytosol supernatant was used in subsequent binding
assays.

After exsanguination, kidneys were perfused in situ with ice-cold
PBS until the tissue was pale. One kidney was removed, minced into
0.5-cm cubes, and the cells were dispersed using a Polytron for 2 s. The
cell suspension was washed three times with ice-cold PBS and sonicated
for 20 min while on ice in the same hypertonic buffer used to prepare
intestinal receptor. Receptor-rich cytosol fraction is then obtained as
described for intestinal homogenate.

Vitamin D receptor saturation assay. 1,25(OH ),D; binding to the
cytosol fraction was performed using [*H] 1,25 (OH ),D, (specific activ-
ity 110 Ci/mmol) in a saturation binding assay by our modification
(30) of the method of Feldman et al. (38). Briefly, 0.1-ml aliquots of
cytosol fraction containing ~ 150 ug protein were incubated with
[*H]1,25(0OH),D; (0.15-2.5 nM) at 4°C for 16 h. Unbound ligand
was removed from the cytosol fraction using dextran-charcoal,
and radioactivity in the soluble cytosol fraction representing
[*H]1,25(0H),D; bound to receptor was determined by liquid-scintil-
lation spectrometry. Nonspecific binding was determined in a parallel
incubation as the residual radioactivity that remained in the bound
fraction after incubation in the presence of 250-fold excess nonradioac-
tive 1,25(OH),D; and 100-fold excess 25-hydroxyvitamin D,. Nonspe-
cific binding was usually < 5% of total binding.

Northern analysis. The proximal 15 cm of duodenum was re-
moved, rinsed with PBS buffer, and the epithelial cells were scraped
from underlying coats. Total RNA was purified by the method of
Chomczynski and Sacchi (39) using guanidine isothiocyanate-phenol-
chloroform. mRNA was purified by elution of total RNA over a col-
umn of oligo-dT cellulose (40) and subjected to electrophoresis (10 ug
mRNA per lane) on 1% denatured agarose gel. Separated mRNA spe-
cies were transferred to nylon membranes (Nytran), dried, and baked
for 60 min at 80°C. The membranes were hybridized overnight with a
1.7 kb cDNA probe for rat VDR (41, 42) kindly provided by Dr. J. W.

Pike, (San Diego, CA) or actin (gamma actin supplied by Dr. Harinder
Singh, Chicago) uniformly labeled with [3?P]dCTP by the hexamer
extension method using a kit (Promega Corp., Madison, WI). The rat
VDR cDNA contains a major portion of the open reading frame and
part of the 3’ untranslated region. Hybridization was performed under
standard conditions using SSC buffer containing 5% Denhardt’s solu-
tion, SDS, and salmon DNA at 37°C, followed by washing at 68°C.
High stringent conditions were used to reduce background radioactiv-
ity to undetectable. After the filter was washed with 0.1 X SSC at room
temperature, liquid was removed using filter paper. The membranes
were then subjected to autoradiography and the intensity of the autora-
diograms was determined using laser densitometry. VDR mRNA was
expressed as the VDR /actin ratio to compensate for potential differ-
ences in mRNA loaded onto the gels.

Isolation of intestinal nuclei. Nuclei were isolated by the method of
Dupret et al. (43) in which the rats were placed under deep ether anes-
thesia and the lumen of the proximal 10 cm of duodenum rinsed with
cold PBS and removed. The intestine was then opened along a longitu-
dinal incision and placed on ice and the epithelium scraped from the
underlying muscle coats. The cells were washed twice with 5 ml PBS
and then with ice-cold Krebs-Ringer Phosphate (KRP) buffer (pH
7.4). Cells were resuspended in KRP-6% dextran solution and homoge-
nized for 2 min at 100 rpm while on ice. After filtering through a
200-gauge screen and being washed, the cells were resuspended in
buffer with the following composition (mM): 60 KCl, 15 NaCl, 0.15
spermin, 0.5 spermadin, 14 mercaptoethanol, 0.5 EGTA, 2.0 EDTA,
15 Hepes, 0.3 M sucrose, and Triton X-100 and homogenized for 2
min. The nuclei were then washed three times in the above buffer and
resuspended in buffer for a final concentration of 107 nuclei/0.1 ml.

Nuclear transcription assay. The transcription run-on assay using
nuclei from intestinal cells was performed by the method of Vaulont et
al. (44) and Schibler et al. (45). Briefly, nuclei were added to 0.4 ml
reaction buffer with the following composition (mM): 20 Tris, 50
NaCl, 4 MnCl,, 1.2 dithiothreitol, 10 creatine-P, 1 mg/ml heparin
sulfate, 500 U/ml RNasine, and 20% glycerol in the presence of 1| mM
ATP, GTP, and CTP and 250 xCi [**P]UTP (800 Ci/mmol). Prelimi-
nary studies showed linear incorporation of [*?P]JUTP for 40 min,
therefore subsequent incubations were continued for 30 min. The reac-
tion was stopped by the addition of SDS in Tris buffer, DNAase I, and
proteinase K for 30 min. RNA was separated from unincorporated
nucleotides by precipitation with phenol-chloroform. The RNA was
then dissolved in TES solution and placed on membranes with 2X SSC
for 1 h for hybridization with VDR cDNA, actin cDNA, or calbindin
9-kD cDNA. Background was determined from the radioactivity re-
maining on the membranes after hybridization with rat insulin cDNA,
which is not expressed by enterocytes. After washing with 2X SSC, the
dried membranes were subjected to autoradiography and laser scan-
ning densitometry.

Western blot. VDR in 100 ug of duodenal epithelial cell cytosolic
protein was resolved by 12% SDS-PAGE and then transferred onto
polyvinylidene difluoride membranes (Immobilon-P; Millipore Corp.,
Bedford, MA) by electroblotting (46). Blocking was accomplished us-
ing Tris-buffered saline with 5% bovine serum albumin for 60 min.
Membranes were then incubated in the presence of monoclonal anti-
chick VDR antibody at 1:1,500 dilution (41) followed by rabbit anti-
rat IgG second antibody (1:1,000) and I'®-protein A. Membranes
were then washed and subjected to autoradiography. VDR or Calbin-
din 9 kD in duodenal cytosolic fraction (10 ug protein) was detected
using 15% SDS-PAGE electrophoresis and transferred to Immobilon-P
membranes by elecroblot. The membranes were reacted with anti-
chick VDR monoclonal antibody 9A7 gamma kindly provided by Dr.
J. W. Pike (41) or polyclonal anti-rat calbindin 9-kD antisera (pro-
vided by Dr. Elizabeth Bruns, University of Virginia; reference 47),
and then goat anti-rabbit IgG followed by development by the alkaline
phosphatase method (48, 49).

Serum and urine chemistries. Serum calcium was measured by
modified colorimetric microanalysis (Sigma Kits; Sigma Chemical
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Table 1. Effects of Hypercalciuria on In Vitro Duodenal Bidirectional Ca Fluxes and Electrical Parameters

Group n Jms Jsm Jnet Isc Gt
nmol/cm? per h nA/cm? mmbhos/cm’
NM 9 51+12 11+2 40+11 45+6 37+4
HM 7 264+27* 19+£2* 245+28* 195+£22* 13+1*
NF 11 29+9 14+2 14+8 506 30+3
HF 5 258+40* 23+2* 235+40* 189+26* 11+1*

Values are mean=SE for 7 rats per group. NM and HM are normal and hypercalciuric males; NF and HF are normal and hypercalciuric females.

Jnet is Jms — Jsm. * vs. normal of same sex, P < 0.01.

Co., St. Louis, MO) and serum phosphorus by autoanalyzer methodol-
ogy. Serum 1,25(OH),D; was measured in duplicate on 1.0-ml ali-
quots from individual rats using a radioreceptor assay as previously
described (50, 51). All samples were analyzed in a single assay in which
the sample recovery was 67+1.9% (mean+SEM).

Materials. 1,25(OH),-[23,24(n)-[*H]vitamin D, (110 Ci/mmol)
and **CaCl, were purchased from Amersham Searle Co. (Arlington
Heights, IL). Crystalline 250HD; was a gift from Organon Inc. (West
Orange, NJ), and 1,25(OH ),D; was a gift from Dr. Milan Uskokovic
(Roche Laboratories, Nutley, NJ). Other reagent grade chemicals were
purchased from Sigma Chemical Co.

Statistical analyses. Values are presented as group mean and stan-
dard error of the mean (mean=SE ) for n observations per group. Signif-
icance of differences between two group means was assessed by Stu-
dent’s ¢ test. Variances within groups were not assumed to be equal.
Regressions were calculated by least squares. All calculations used stan-
dard methods (BMDP, University of California, Los Angeles, CA)
written for a digital computer (PDP 11/44; Digital Equipment Corp.,
Maynard, MA).

Results

At time of killing, mean weights of animals in both groups were
not different (range from 188 to 247 g). Serum calcium and
phosphorus from IH rats (n = 12) were not different from
normocalciuric controls (7 = 8) (serum calcium, normal vs.

IH, 9.63+0.34 vs. 10.24+0.22 mg/dl, P = NS; serum phospho-
rus, normal vs. IH, 7.93+0.17 vs. 8.28+0.32 mg/dl, P = NS).
Serum 1,25(0OH ),D; levels were slightly lower in the IH rats
but not significantly different from normocalciuric controls
(135+12 vs. 174+19 pg/ml, P = NS). 24-h urine calcium ex-
cretion was significantly greater in IH rats (2.920.3 vs. 0.7+0.2
mg/24 h, P < 0.0001).

In vitro intestinal calcium transport. Duodenal net calcium
absorption (Jms > Jsm) was present in normal and IH rats
(Table I), and calcium Jnet (Jms — Jsm) was greater in hyper-
calciuric males and females compared with normocalciuric
controls. The increase in Jnet was due to increased Jms. Cal-
cium secretory flux, Jsm, was significantly greater in hypercal-
ciuric rats, but the increase in Jsm had a small effect on Jnet, as
Jms was 10 to 12 times greater than Jsm (Table I).

Tissue conductance (Gt) was lower and short-circuit (Isc)
was greater in hypercalciuric males and females than normo-
calciuric controls (Table I), and Gt and Isc were comparable in
normocalciuric males and females.

Intestinal VDR number. VDR-rich cytosol fraction pre-
pared from proximal duodenum from normal and IH male rats
bound progressively larger amounts of [*H]1,25(OH),D, at
greater [*H]1,25(OH),D; concentrations and then ap-
proached a plateau (Fig. 1). Nonspecific binding was < 5% of
total binding for all concentrations of 1,25(OH ),D; in all bind-

Figure 1. Specific binding of [*H]1,25(OH),D; to
duodenal cytosolic fraction (see Methods) pre-
pared from normocalciuric control (open circles)

3.0 and genetic hypercalciuric male rats (closed cir-
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cles) fed a normal calcium diet. Values are
mean+SEM for four observations per group. *P
< 0.05; **P < 0.01; *** P < 0.005; IH vs. control.

Increased Vitamin D Receptor in Genetic Hypercalciuric Rats 663



ing assays. Duodenal VDR-rich cytosol fractions prepared
from hypercalciuric rats bound more [*H]1,25(OH),D; than
cytosolic fractions from normocalciuric control animals
(Fig. 1).

To determine whether the increase in [*H]1,25(0H),D,
binding by IH rats was due to an increase in the number of
available binding sites or to a change in the affinity of the vita-
min D receptor for 1,25(OH),D;, Scatchard analysis of the
binding data was performed. For normocalciuric controls, duo-
denum (Fig. 2 A) contained a single class of binding sites. Spe-
cific VDR 1,25(OH),D, binding in cytosol from IH rats also
contained a single class of binding sites (Fig. 2 4). The affinity
of the intestinal VDR for its ligand (kD) was not different from
controls (Table IT). The maximal number of intestinal binding
sites in IH rats was twofold greater than normocalciuric con-
trols (Table II).

Kidney cytosolic fraction from IH and normocalciuric con-
trol rats contained fewer specific ligand binding sites than ob-
served in duodenum (Fig. 2 B). However, like intestine, kid-
ney from IH rats contained twice the number of binding sites as
found in cytosol prepared from controls ( Table II). Affinity of
the receptor for 1,25(OH ),D, was not statistically different be-
tween the two groups.

Intestinal VDR gene expression. Northern analysis re-
vealed one species of intestinal VDR mRNA for IH and con-
trols with no difference in migration of VDR mRNA between
the two groups (Fig. 3). Using laser densitometry to quantify
the hybridization of VDR cDNA probe to the receptor nRNA
and actin mRNA as an internal control, the densitometry ratio
of VDR /actin (1.162+0.03 vs. 0.299+0.05, n = 4, P < 0.001)
showed a significant suppression of VDR mRNA from hyper-
calciuric rats (Fig. 3). There was no overlap in intensity of the
VDR bands by laser densitometry scanning or of the calculated
VDR /actin ratios between the IH (values range from 0.222 to
0.534) and normocalciuric controls (from 0.849 to 0.928).
Thus, the present evidence suggests that the increased intes-
tinal VDR number in IH rats is not result of increased expres-
sion of the VDR gene.

Intestinal nuclear transcription in vitro. In initial studies,
the rate of enterocyte nuclear RNA synthesis determined from
radiolabeled nucleotide incorporation was constant for 40 min
and then declined. Therefore, subsequent transcription run-on
assays were performed for 30 min. RNAs extracted from the in
vitro intestinal nuclear incubation were hybridized to the rat
VDR cDNA and the level of hybridization was quantified by
scanning laser densitometry. VDR gene transcription was not
different between IH and control groups (6.61+1.1 wvs.
6.49+1.3 mm area under the curve, mean=+SE for » = 4 nuclei
per group, P = 0.948).

Hybridization of newly synthesized radiolabeled RNA with
calbindin 9-kD cDNA showed that synthesis of the vitamin
D-dependent calcium-binding protein was not different in the
intestinal nuclei from IH and normocalciuric control rats
(5.73£1.6 vs. 5.64+1.3, n = 4, P = 0.945).

Western analysis of intestinal VDR and calbindin 9-kD pro-
teins. A monoclonal antibody raised against chick VDR, which
cross-reacts with the rat VDR, has identified the 50-kD VDR in
intestinal extracts from both IH and normal animals (Fig. 4
A). Migration of the VDR bands are equivalent, with more
intense staining in the extract from the IH rats despite the load-
ing of identical amounts of protein. In the absence of the pri-

A 10
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0.0 T T T
0 100 200 300 400

Bound (fmol/mg)

Bound/Free

125

Bound (fmol/mg)

Figure 2. Representative Scatchard plot of specific binding derived
from saturation assay of the VDR using (4) duodenal cytosol fraction
and (B) kidney cytosolic fraction from normocalciuric (open circles)
and IH (closed circles) male rats fed a normal calcium diet. Bound/
free and bound refer to 1,25(OH),D; bound.

664 X.-Q. Li, V. Tembe, G. M. Horwitz, D. A. Bushinsky, and M. J. Favus



Table II. Vitamin D Receptor Binding Sites in Intestine and
Kidney from Normal and Hypercalciuric Rats

Group n Nmax K,
fmol, vitamin D; bound/mg protein nM
Intestine
NM 14 243+42 0.33+0.01
HM 8 536+73* 0.49+0.01
Kidney '
NM 7 34+4 0.27+0.16
HM 8 87+4* 0.45+0.28

Values are mean=SE for 7 rats per group. NM and HM are normo-
calciuric and hypercalciuric male rats. Nmax is maximum number

of VDR binding sites and K is affinity of ligand for receptor, derived
from Scatchard analysis. * P < 0.001, NM vs. HM.

mary antibody (Fig. 4 B), the 50-kD band in IH and normal
rat intestine disappears. The anti-chick VDR monoclonal an-
tibody also recognized an 80-kD protein that is not present in
the absence of the primary antibody. This 80-kD band may
contain the protein found in activated lymphocytes that has
cross-reactivity with the VDR monoclonal antibody (52). Sev-
eral bands that persist in the absence of the primary antibody
are light and heavy chain immunoglobulins of intestinal
origin (41).

A polyclonal anticalbindin 9-kD antiserum has identified
calbindin 9 kD in intestinal extracts from both IH and normal
animals, with a more intense staining of the IH intestinal ex-
tract (Fig. 5).

Discussion

Binding analyses of VDR-1,25(OH ),D; using duodenal mu-
cosa from IH rats demonstrated a clear increase in the concen-
tration of high affinity VDR binding sites compared with intes-
tinal mucosa from normocalciuric control animals. The West-
ern immunoblots support the results of the kinetic studies that
duodenal mucosa of IH rats contain more VDR. Several possi-
bilities may be considered for the increased VDR content in the
ITH rat intestine. Normal enterocyte VDR mRNA synthesis by
nuclear run-on assay and reduced VDR mRNA levels indicate
that the increase in VDR must occur by mechanisms that do
not involve VDR gene expression. Increased VDR mRNA
translation efficiency could increase VDR synthesis, but this
possibility was not addressed in the present study. Reduced
VDR mRNA with increased VDR by kinetic and immunoblot

1 2 3 4 5 6 7 8

e 1 I 1 ¥ J
duodenal segments from

pp—
normocalciuric controls

(lanes /-4) and male IH rats (lanes 5-8) was isolated (see Methods),
subjected to electrophoresis on 1% denatured agarose-formaldehyde
gel, and electrotransferred to nylon filter. The filter was hybridized
with radiolabeled rat VDR c¢DNA followed by autoradiography for
72 h. After stripping, rehybridization was performed with a gamma-
actin cDNA probe.

Figure 3. Northern analy-
sis of VDR mRNA. Poly-
adenylated RNA (10 ug

per lane) from individual

A
-97K
- 68K
VDR »
-43K
—20K Figure 4. (4) Western
blot of VDR contained in
=18K 100 ug intestinal mucosal
-14K protein. After SDS-
PAGE, proteins were ex-
posed to monoclonal
anti-chick VDR antibody
(see Methods). Note the
equivalent migration of
B the VDR band in genetic
idiopathic hypercalciuric
(IH) and normocalciuric

- 97K control (NM) male rats
and the more intense

- 68K  staining of the VDR band

VDR P in the cytosol fraction

— 43K from the IH rat. (B)
Western analysis per-

- 29K formed as in A except that
the primary antibody has
been omitted. The several

s bands recognized by the
§ - 14K secondary antibody are

consistent with light and
heavy chain immuno-
globulins of intestinal ori-

gin.

analyses are consistent with prolongation of the VDR half-life.
Direct measurements of VDR turnover are required to test this.
possibility.

A missense mutation of the VDR could result in enhanced
affinity of VDR for its ligand and could show apparently higher
binding capacity at subsaturating concentrations of ligand.
However, binding affinity by Scatchard analysis of kinetic data
revealed no difference in VDR kD between groups. Mobility of
the IH VDR on Western blot and VDR mRNA migration by
Northern analysis were not different from normal, suggesting
that it is unlikely that IH rat intestine contained a structurally

Figure 5. Western blot of
intestinal calbindin 9 kD
(Calb). Intestinal protein
(10 pg protein per lane)
from genetic idiopathic hy-
- percalciuric (/H) and nor-
mocalciuric control (NM)
male rats were separated
using SDS-PAGE. Calbin-
din 9 kD was identified us-
ing polyclonal rabbit anti-
rat calbindin 9-kD antisera
(see Methods). Note the
more intense calbindin 9-
kD band in the lane from
IH rat intestine.

IH NM
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altered VDR. Also, previous examples of even single amino
acid substitution resulted in reduced, not enhanced, VDR li-
gand binding or affinity for DNA binding sites (53). Neverthe-
less, a single missense mutation could go unrecognized by
Northern or Western analyses.

We propose that, in this colony of IH rats, increased intes-
tinal VDR abundance results in enhanced rates of intestinal
calcium transport. Early events in 1,25(OH),D; action in the
intestine include binding of the steroid hormone to the cyto-
solic VDR, followed by migration of the VDR-1,25(OH),D,
complex into the nucleus, binding to specific VDR-responsive
elements and increased expression of genes that encode for
proteins involved in the cellular calcium transport process
(26). The magnitude of 1,25(OH ),D; action is directly related
to VDR content and functional VDR-1,25(OH),D; com-
plexes or receptor occupancy (26, 27, 29). Under physiological
conditions, variations in circulating 1,25(OH),D; levels deter-
mine the number of VDR-1,25(OH ),D, complexes. The pres-
ent study suggests that increased abundance of the VDR with-
out a change in circulating 1,25(OH),D; may also increase
VDR-1,25(OH),D, number. That the increased number of
VDR-1,25(0OH),D; complexes in IH rat intestine are func-
tional is supported by the increased intestinal content of calbin-
din 9 kD, an abundant enterocyte protein whose synthesis is
regulated by 1,25(OH),D; (40). The increase in calbindin 9
kD without an increase in calbindin 9 kD gene expression is
consistent with previous reports of posttranscriptional regula-
tion of the calbindin 9 kD message (43).

Duodenal net calcium transport in the IH rats is increased
due to an increase in Jms without a significant change in the
secretory flux, Jsm. Both duodenal calcium Jms and calbindin
9 kD are regulated by 1,25(0OH),D; (54). Thus, increases in
these vitamin D-dependent processes in the presence of in-
creased VDR support the concept that intestinal calcium hy-
perabsorption in IH rats is a VDR-mediated process.

Increased intestinal VDR content in the IH rats may be a
phenotypic marker for primary intestinal calcium hyperab-
sorption (22) or part of a secondary adaptation of the intestinal
calcium transport process to urinary calcium losses. VDR up-
regulation accompanies the intestinal adaptive response during
chronic dietary calcium restriction (30) and may also increase
or decrease in response to serum calcium (32) or PTH (33),
respectively. In vitro, 1,25(OH),D; itself (28, 29) induces an
homologous up-regulation of the VDR. However, in the pres-
ent study, rats were fed a normal, not low, calcium diet; serum
1,25(0OH),D; was not increased and there is no evidence for
increased PTH (22). Therefore, in these IH rats there is no
evidence that increased VDR and calcium transport are second-
ary, adaptive events in response to urinary calcium losses but
rather are more proximate to the primary intestinal calcium
overabsorption, perhaps resulting from expression of one or
more of the genotypes selected during the breeding for hyper-
calciuria.

The accumulation of both intestinal and renal VDR in IH
rats suggests that the increased receptor number may be more
generalized, although additional measurements in other tissues
are required to answer this question. The physiological func-
tion of VDR in the kidney remains unknown. The increased
total cortical and medullary kidney VDR content in IH rats
may result from increased VDR in the distal nephron. This is
supported by autoradiographic studies, which show selective

nuclear localization of tritium-labeled 1,25(OH),D; in distal
tubules (55).

The phenotypic expression of human genetic hypercal-
ciuria is that of a state of 1,25(OH ),D; excess, with normocal-
cemia and intestinal calcium hyperabsorption. However, in-
creased 1,25(OH),D; renal production rates and circulating
levels are found in some patients whereas others have calcium
hyperabsorption with normal serum 1,25(OH),D; levels (6, 8,
10-14). Despite normal serum 1,25(OH),D; levels in some
patients, there is evidence for increased 1,25(OH),D, action.
Dietary calcium restriction results in negative calcium balance
(10), with a large portion of urinary calcium resulting from
increased bone resorption. These same metabolic changes have
been reproduced by the administration of 1,25(OH),D; to
healthy subjects (56, 57) and rats (58) fed low calcium diet.
Thus, IH rats share some mineral metabolic features with some
forms of human IH in that serum 1,25(OH),D; levels are nor-
mal and negative calcium balance may develop during dietary
calcium restriction (10, 59). Whether the same pathogenetic
process involving increased intestinal VDR found in genetic
IH rats is present in some forms of humans IH remains to be
determined.
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