Duodenal calcium absorption in vitamin D
receptor—knockout mice: Functional and

molecular aspects

Sophie J. Van Cromphaut*, Mieke Dewerchin®, Joost G. J. Hoenderop?*, Ingrid Stockmans*, Erik Van Herck*,
Shigeaki Kato$, René J. M. Bindels*, Désiré Collen®, Peter Carmeliet’, Roger Bouillon*, and Geert Carmeliet*T

*Laboratory of Experimental Medicine and Endocrinology, Katholieke Universiteit Leuven, Leuven, B-3000 Belgium; *Center for Transgene Technology
and Gene Therapy, Flanders Interuniversity Institute for Biotechnology, Herestraat 49, Leuven, B-3000 Belgium; *Department of Cell Physiology,
Institute of Cellular Signaling, University Medical Centre Nijmegen, NL-6500-HB The Netherlands; and SInstitute of Molecular and

Cellular Biosciences, University of Tokyo, Bunkyo-Ku, Tokyo 113, Japan

Communicated by Robert H. Wasserman, Cornell University, Ithaca, NY, September 7, 2001 (received for review March 4, 2001)

Rickets and hyperparathyroidism caused by a defective vitamin D
receptor (VDR) can be prevented in humans and animals by high
calcium intake, suggesting that intestinal calcium absorption is critical
for 1,25(OH); vitamin D [1,25(OH),Ds] action on calcium homeostasis.
We assessed the rate of serum 4>Ca accumulation within 10 min of
oral gavage in two strains of VDR-knockout (KO) mice (Leuven and
Tokyo KO) and observed a 3-fold lower area under the curve in both
KO strains. Moreover, we evaluated the expression of intestinal
candidate genes involved in transcellular calcium transport. The
calcium transport protein1 (CaT1) was more abundantly expressed at
mRNA level than the epithelial calcium channel (ECaC) in duodenum,
but both were considerably reduced (CaT1>90%, ECaC>60%) in the
two VDR-KO strains on a normal calcium diet. Calbindin-Dgk expres-
sion was decreased only in the Tokyo KO, whereas plasma membrane
calcium ATPase (PMCA ) expression was normal in both VDR-KOs. In
Leuven wild-type mice, a high calcium diet inhibited (>90%) and
1,25(0OH),D3 injection or low calcium diet induced (6-fold) duodenal
CaT1 expression and, to a lesser degree, ECaC and calbindin-Dok
expression. In Leuven KO mice, however, high or low calcium intake
decreased calbindin-Dox and PMCA, expression, whereas CaT1 and
ECaC expression remained consistently low on any diet. These results
suggest that the expression of the novel duodenal epithelial calcium
channels (in particular CaT1) is strongly vitamin D-dependent, and
that calcium influx, probably interacting with calbindin-Dgk, should
be considered as a rate-limiting step in the process of vitamin
D-dependent active calcium absorption.

t is commonly accepted that 1,25(OH), vitamin D

[1,25(OH),D3] is one of the main hormones for calcium
homeostasis and bone mineralization (1). The genomic effects
underlying part of these processes are mediated by the interac-
tion of 1,25(OH),D3 with the nuclear vitamin D receptor (VDR)
in a ligand-dependent manner (2).

Hereditary hypocalcemic vitamin D-resistant rickets (HVDDR),
an autosomal recessive disorder, is caused by a defect in the human
VDR gene, resulting in target tissue insensitivity to 1,25(OH),Ds
(2). The concomitant bone pathology is cured by frequent iv.
calcium infusions (3) and prevented by high oral doses of calcium
(4). VDR-knockout (KO) mice display a phenotype similar to
HVDDR: rickets, hypocalcemia, hypophosphatemia, elevated se-
rum 1,25(OH),D3, hyperparathyroidism, and alopecia (5, 6). Con-
sistent with the standard therapy for HVDDR, a high calcium diet
prevented rickets and hyperparathyroidism in VDR-KO mice (7, 8).

On the basis of these data, it is obvious that the small intestine
plays an indispensable role in 1,25(OH),Ds action on calcium
homeostasis and bone mineralization (2). Possible targets involved
in vitamin D-dependent active duodenal calcium absorption are: (f)
calcium influx, which was elusive until the epithelial calcium
channel (ECaC) (9-13) and the calcium transport protein type 1
(CaT1) (14) were described as possible gatekeepers for calcium
entering the cell; (i7) intracellular calcium transfer by calbindin-Do;
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(##i) calcium extrusion by the plasma membrane calcium ATPase
(PMCAyp) (15). The calbindin-Dgx mRNA level is decreased in
duodenum of the two known VDR-KO strains, compared with
wild-type (WT) mice (5, 16), suggesting a critical role for calbindin-
Dok in vitamin D-dependent calcium absorption.

However, no data on the regulation of the other proteins or
assessment of active calcium absorption in VDR-KO mice are
available. We used two strains of VDR-KO mice to evaluate
calcium absorption in vivo and to measure the expression of the
intestinal candidate genes possibly involved in transcellular calcium
transport.

Materials and Methods

Animals. Leuven VDR-KO mice. The VDR targeting vector (Fig. 14)
contained a5’ flanking 5.5-kb BamHI-Xhol and a 3’ flanking 5.5-kb
Xhol fragment encompassing exons 1 and 2, respectively. A
“floxed” cassette containing the neomycin phosphotransferase
(neo) gene was inserted at the Xhol site upstream of exon 2, and a
third lox site was introduced downstream of exon 2 at the inacti-
vated EcoRV site. After electroporation of this vector, R1 embry-
onic stem (ES) cells were selected in G418 (200 pg/ml) and
gancyclovir (2 uM) and assessed by Southern analysis. Targeted ES
cell clones were then transiently electroporated with a Cre-
recombinase expression cassette, and Southern analysis demon-
strated correct excision of the “floxed” neo cassette. Chimeric mice
were generated by morula aggregation and bred for germline
transmission with Swiss mice in an open animal facility (Flanders
Interuniversity Institute for Biotechnology). VDR-KO mice were
obtained by crossing the VDR mice with phosphoglycerate
kinase-cre mice (17).

Tokyo VDR-KO mice. Tokyo VDR-KO mice were generated by
targeted ablation of exon 2. They were kindly provided by S. Kato
(University of Tokyo) (5).

The animals, bred in our animal housing facilities [Proefdieren-
centrum, Katholieke Universiteit Leuven (KUL)], received a nor-
mal diet containing 1.1% calcium, 0.8% phosphorus, 0% lactose
(Standard, Carfil, Oud-Turnhout, Belgium). In addition, the Leu-
ven strain was studied on either a low calcium diet (0.02% calci-
um/1% phosphorus/0% lactose: 4403.03 Purified Diet, Hope
Farms, Woerden, The Netherlands) or high calcium (rescue) diet
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Targeting of the VDR gene. (A) Modification of the VDR gene. 1, Targeting vector pNT.VDR and VDRWT allele; 2, Homologously recombined VDR allele (VDR"e°);

3, Modified VDR allele after Cre-excision of the floxed neo cassette; 4, VDR™" allele after Cre-excision of the floxed exon 2. exons [||; intron sequences @; D external
(1.5-kb Xhol fragment) and C internal (1-kb EcoRV-Sacl fragment) hybridization probe. The observed size of the diagnostic restriction fragments, used to distinguish
the WT and mutantalleles, corresponds to their expected size. (B) Southern analysis of EcoRV-digested genomic DNA from VDRWT and VDR"e° embryonicstem cell clones
by using the external 3’ probe D, which generates a 8.5-kb VDRWT and a 10.5-kb VDR"° fragment. (C) Southern analysis of EcoRV-digested genomic DNA from VDRWT
and VDR*°xmice by using the external 3’ probe D, which generates a 8.5-kb VDRWT and a 16-kb VDRIx fragment. (D) Southern analysis of Sacl-digested genomic DNA
from VDRWT, VDR*/~ and VDRK® mice by using the internal probe C. (E) RT-PCR analysis of RNA isolated from duodenum, kidney, and femur of VDRWT and VDRK® mice

for VDR and HPRT RNA level expression.

(2% calcium/1.25% phosphorus/20% lactose: TD94112, Teklad,
Madison, WI). The diets were started immediately after weaning.
Animals were killed at around 10 weeks of age. A group of
8-week-old WT mice on a normal diet were injected with 2 ug of
1,25(0OH),D3/kg body weight (BW) (kindly given by J. P. Vande-
velde, Solvay Pharmaceuticals BV, Weesp, The Netherlands) or
vehicle (peanut oil) 6 h before euthanasia. The Animal Ethics
Board of the KUL approved all experimental procedures.

Functional Calcium Absorption Assay. To validate the method, two
control groups of Swiss mice were used: a first group was injected
with 2 ug of 1,25(0OH),D3/kg BW or vehicle (peanut oil) 6 h before
the assay; the second group received either a normal, low, or high
calcium diet during 1 week before the experiment. The Leuven
strain was studied after 1 week of low calcium diet. The Tokyo strain
was fed a normal diet throughout, because the Tokyo KO did not
tolerate calcium deprivation.

Mice were fasted 12 h before the test. Animals were hemody-
namically stable under anesthesia (urethane 1.4 mg/g BW) during
the entire experiment. The test solution contained 0.1 mM CaCl,,
125 mM NaCl, 17 mM Tris, 1.8 g/liter fructose, and was enriched
with 20 uCi CaCl,/ml (18 Ci/g, New England Nuclear) for oral
tests (Leuven and Tokyo mice) or with 6.5 pCi ¥*CaCl,/ml for i.v.
tests (Leuven mice). For oral tests, 15 ul/g of BW was administered
by gavage (p.o.) and 5 ul/g of BW for i.v. tests. Blood samples were
taken at indicated time intervals. Serum (10 ul) was analyzed by
liquid scintillation counting. The change in the plasma calcium
concentration (AuMol) was calculated from the *Ca content of the
plasma samples and the specific activity of the administered cal-
cium. Results are also expressed as area under the curve between
0 or 1 and 10 min (AUCp,'"™, AUC;,'"™™").

RNA Isolation and Quantitative Reverse Transcription-PCR (RT-PCR).
Mice were exsanguinated under anesthesia. Distal duodenum and
kidney were homogenized in TriZol (GIBCO/BRL). Total RNA
was isolated as specified by the manufacturer. RNA (§ ug) was
reverse transcribed by using Superscript II RT (GIBCO/BRL).
Quantitative RT-PCR reactions (qQRT-PCR) were performed by
using an ABI-prism 7700 sequence detector (Gene-Amp PCR
system 9600, PE Biosystems, Foster City, CA). Sequences of PCR
primers and fluorescent probes for ECaC, CaT1, calbindin-Do,
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calbindin-D,sg, PMCAy,, Na*/Ca’?" exchanger (NCX), VDR,
25(OH)D3-1a-hydroxylase (Cyp27B1), and hypoxanthine—guanine
phosphoribosyl transferase (HPRT) are published as supporting
information on the PNAS web site (Table 4, www.pnas.org). The
obtained amplicons were verified by sequencing. The relative
expression levels of the target genes were calculated as a ratio to the
HPRT gene.

Biochemical Assays. Serum analysis. Serum calcium, 1,25(OH),D3,
and parathyroid hormone (PTH) levels were determined by mi-
crocolorimetric assay (Sigma), ['*°1]1,25(OH),D; RIA kit (Dia-
sorin, Stillwater, MN), and mouse-PTH Elisa kit (Immutopics, San
Clemente, CA), respectively.

Bone calcium content. Femur dry weight was obtained by burning
the bones for 24 h at 100°C, followed by 24 h at 600°C to obtain ash
weight. Calcium was measured by microcolorimetry in HCI-
dissolved ash dilutions and reported corrected for the dry weight.

Calbindin-Dgk protein measurements. Proximal duodenum was
dissected as described for RNA extraction. Calbindin-Dgk protein
content was measured by RIA (18) [a gift from M. Thomasset
(Institut National de la Santé et de la Recherche Médicale, U.120,
Le Vésinet, France)]. Calbindin-Dok purified from mouse duode-
num was used as reference standard.

Statistical Analysis. Statistical analysis was performed by using the
software program NCSS (NCSS, Kaysville, UT). The results are
expressed as mean + SEM. One- (genotype) and two-way (geno-
type vs. diet or genotype vs. time) ANOVA was carried out to detect
intergroup differences, followed by Bonferroni (Versus Control)
Multiple-Comparison Test. Differences were considered significant
at P < 0.05.

Results

Phenotype of the Leuven VDR-KO Mice. After mating of heterozy-
gotes, Leuven VDR-KO, -heterozygote, and WT mice were ob-
tained in the expected Mendelian ratio. Homozygosity for the
inactivated allele was demonstrated by Southern blot (Fig. 1D). The
lack of functional VDR was demonstrated by the absence of VDR
mRNA on RT-PCR analysis of total RNA from duodenum, kidney,
and bone of 4-week-old mice (Fig. 1E). The Leuven KO exhibited
the same phenotype as the two other VDR-KO strains (5, 6):
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Table 1. Phenotypic characterization of Leuven mice raised on different diets and of Tokyo mice raised on a normal diet

Leuven: low calcium diet

Leuven: normal diet

Leuven: rescue diet Tokyo: normal diet

WT (n = 12) KO(h=12) WT(h=12) KO((=12) WT(h=12) KO(Nn=12) WT(nh=6) KO(n=~6)
Femoral calcium 15.5 = 0.7* 11.5 = 0.5*f 20.6 + 0.4 17.3 = 0.5* 20.0 £ 0.4 20.1 = 0.57 19.2 £ 0.7 13.3 = 0.6*
(mg/g of dry weight)
Serum calcium (mg/dl) 7.4 +0.4* 4.2 +0.1*F 10.1 0.3 7.3 +0.3* 10.2 = 0.2 10.1 = 0.41 8.6 0.2 6.0 = 0.1*
Serum PTH (pg/ml) 41 =14 345 + 50** 17 =3 182 * 34* 16 =1 15 = 111
Serum 1.25(0H),Ds (pg/ml) 226 = 28 1843 = 261** 57 =7 3634 = 268* 19+4 9+ 19"
Kidney Cyp27B1 RNA level 57 = 8.9 144 = 21* 2+03 276 * 49* 2+0.6 12 = 10" 1+0.2 177 = 18*

Cyp27B1 RNA levels, assessed by qRT-PCR, are expressed as a ratio to the HPRT RNA level.

*, P < 0.001 vs. WT on normal diet; t, P < 0.001 vs. KO on normal diet.

hypocalcemia, hyperparathyroidism, elevated serum 1,25(OH),Ds
levels, decreased calcium content in bone (Table 1), rickets, and a
progressive alopecia after weaning. Similar to the phenotypic rescue
of the Boston KO (7, 8), we found normalization of serum calcium,
calcium content in bone, and serum PTH on the rescue diet.
Consequently, renal expression of la-hydroxylase and serum
1,25(OH),D3 levels dropped (Table 1). The low calcium diet
resulted in mild (WT animals) to severe hypocalcemia (KO mice).
Calcium content in bone showed the same pattern as serum
calcium. Although serum 1,25(OH),D; and PTH levels in WT mice
on the low calcium tended to be higher than in WT animals on
the normal diet, these differences did not prove to be significant
(Table 1).

Calcium Absorption Assay. We assessed calcium absorption by mea-
suring serum “*Ca at early time points after oral gavage: +*Ca was
already detectable in serum within 2 min after administration.
Administration of 1,25(OH),D3 to control mice, induced signifi-
cantly higher values at each time point (Fig. 24), resulting in a
1.8-fold higher AUCg;lO“"“ (Table 2), compared with vehicle-
treated littermates. In the second validation experiment, 1 week of
low calcium diet doubled, whereas 1 week of a high calcium diet
halved, the AUC),'"™" (Fig. 2B; Table 2) when compared with
values of Swiss mice on a normal diet.

Decreased active calcium absorption is claimed to contribute to
the hypocalcemia of VDR-KO mice. The Leuven strain was fed a
low calcium diet for 1 week, which favors active over passive calcium
transport and which resulted in lower serum calcium levels in both
WT and KO mice, compared with levels on a normal diet (Tables
1 and 2). The time curve of calcium absorption of the KO mice was
significantly lower at each time point, resulting in a 3-fold lower
AUCg;mmm compared with the WT littermates (Fig. 2C; Table 2).
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Calcium kinetics during the first 10 min after iv. bolus in the KO
animals were indistinguishable from kinetics in WT (Fig. 2C; Table
2). Hence, low serum “Ca concentrations in the KO were not
because of an enhanced clearance from the blood compartment.
This reduced calcium absorption in VDR-KO mice was confirmed
in the Tokyo strain (Fig. 2D; Table 2). The older age of these
animals, the normal calcium diet, and strain differences are possible
explanations for the lower absolute values of calcium absorption,
compared with the Leuven strain (Fig. 2; Table 2).

Effects on Gene Expression in Duodenum. In a next step, we inves-
tigated whether expression of genes involved in transcellular cal-
cium absorption was altered in duodenum of VDR-KO mice on a
normal diet. A 3-fold decrease of calbindin-Doxk RNA (P < 0.01)
and protein (P < 0.001) level was found in the duodenum of the
Tokyo KO (Fig. 3 A4 and B) (5). The Leuven KO presented with a
small decrease in calbindin-Dgx mRNA level (38% reduction, P <
0.001), which did not affect calbindin-Dok protein content (Fig. 3.4
and B). PMCA;, gene expression was not significantly altered in any
strain. In contrast, duodenal CaT1 expression was significantly
down-regulated in Leuven (P < 0.001) and in Tokyo (P < 0.01) KO
mice to less than 10% of WT animals (Fig. 3). ECaC gene
expression was also significantly lower in duodenum of KO mice
(P < 0.01). However, detection of CaT1 RNA in duodenum was
markedly easier because of higher relative mRNA levels (+200-
fold) than ECaC RNA, which suggests that CaT1 is the dominant
duodenal calcium channel at RNA level in these mice (Table 3).

These observations led us to study the influence of dietary
calcium in the Leuven strain on expression levels of these proteins
(Fig. 3 A and B). First, in WT animals, qRT-PCR analysis of
calbindin-Dyg RNA levels revealed no significant difference be-
tween normal and low calcium diet, but a 2.5-fold increase of
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Intestinal calcium absorption assay. Changes in serum calcium (ApMol) within 10 min after administration of 45Ca: (A) orally in vehicle (m) and 1,25(0H),D3

(A) treated Swiss mice; (B) orally in Swiss mice after 1 week of normal (0J), low calcium (2), or rescue diet (); (C) orally (WT @ and KO ¥) and intravenously (WT O and
KO V) in the Leuven strain; (D) orally (WT @ and KO V) in the Tokyo strain. AuMol is obtained by the equation: (cpm 10 ul serum/cpm 10 ul stock solution) X 102 wM.
*, P < 0.001 vs. vehicle at same time point; t, P < 0.05 vs. normal diet at same time point; +, P < 0.001 vs. WT at same time point.
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Table 2. The effect of 1,25(0OH),Ds-treatment, dietary intervention and VDR inactivation on serum calcium kinetics after oral or

intravenous administration (Leuven mice) of 45Ca

Swiss (oral 45Ca)

Swiss (oral 45Ca)

Leuven (oral 45Ca) Leuven (i.v. 45Ca) Tokyo (oral 45Ca)

Low Normal High
Mouse strain Vehicle 1,25(0H),D3;  Ca diet diet Ca diet WT KO WT KO WT KO
Number of animals 17 13 15 15 15 20 20 1 10 23 13
Age, days 67 = 1 69 =1 60 = 0.3 60+03 60=0 65 *+ 1 67 =1 64 =1 63 = 0.3 88 =2 86 =3
Weight, g 22 £04 22 0.3 20204 20 £0.3 19+0.3 22 =1 20 £ 1 20 =1 18 + 18 19 =1 13 + 0.6*
Serum calcium, mg/dl| ND ND ND ND ND 85+02 69=+0.3* 86+03 6.6+02* 87*02 48=+03*
AUC‘;{,‘D""" (AuMol*min) 8.5 + 0.6 15.1 = 1.2* 16810t 8312 43+08" 133*09 44+04* 7.0+04 23=0.3*
AUCK ™" (AMol*min) 104+0.6 9.2+04

*, P < 0.001 vs. vehicle; t, P < 0.001 vs. normal diet; ¥, P < 0.001 and §, P < 0.05 vs. WT.

calbindin-Dok protein content was found in WT mice on the low
calcium diet (P < 0.001). Conversely, a more than 70% decrease in
calbindin-Dgg RNA (P < 0.001) and protein level (P < 0.05) was
found in WT animals consuming the rescue diet. In the KO animals
on a high and on a low calcium diet, calbindin-Dox RNA level
decreased to less than 20% of KO on a normal diet (P < 0.001). This
resulted in a reduction of calbindin-Dgk protein content of 70% on
the rescue diet and 40% on the low calcium diet, compared with
levels of KO mice on a normal diet. Second, PMCA;, gene
expression was decreased two to three times (P < 0.001) in WT on
the low calcium diet and in KO on both low and high calcium diet.
Third, CaT1 expression varied considerably in WT mice: a 6-fold
increase with calcium restriction (P < 0.001) and a 90% reduction
with calcium abundance (P < 0.001), compared with levels of WT
mice on normal diet. In KO animals, CaT1 expression was severely
impaired, regardless of calcium intake (P < 0.001). Despite less
pronounced differences and lower detection levels, a similar pattern
as for CaT1 gene expression was found for ECaC RNA levels in the
different conditions (Table 3).

As a different approach to elicit vitamin D genomic responses, a
single dose of 2 ug of 1,25(OH),Ds/kg BW was administered to
Leuven WT animals (see supporting information Table 5, www.
pnas.org). RNA levels of genes involved in each step of transcellular
calcium absorption were up-regulated: CAT1 6.5-fold (P < 0.001),
ECaC 1.6-fold (P < 0.05), calbindin-Dok 2.2-fold (P < 0.01), and
PMCA;, 1.8-fold (P < 0.05).

Changes in Gene Expression in Kidney. Although the role of the
kidney in vitamin D-regulated calcium homeostasis is consid-
ered less important, similar mechanisms as in intestinal calcium
absorption are involved in renal calcium reabsorption (19-21).
On a normal diet, renal calbindin-Dgx RNA levels were signif-
icantly reduced in kidneys of both KOs to less than 10% of WT
(Leuven: P < 0.001; Tokyo: P < 0.05) (Fig. 3C). Gene expression
of the second renal calcium-binding protein calbindin-D,gk was
not influenced by the absence of VDR, neither was the expres-
sion of PMCA,. NCX RNA levels were unaffected in the
Leuven KO and halved in the Tokyo KO (P < 0.05). ECaC was
abundantly expressed in kidney, in contrast to CaT1 (Table 3),
suggesting a major role for ECaC in renal calcium reabsorption.
Moreover, ECaC and CaT1 expression in kidney of KO mice
appeared to be normal, or slightly above normal, as was detected
for CaT1 expression in the Tokyo KO on normal diet (P < 0.01)
(Fig. 3C and Table 3).

During low calcium intake, calbindin-Dgg RNA level in kidneys
of Leuven WT doubled (P < 0.001), whereas on high calcium
intake, it dropped to 25% (P < 0.001) (Fig. 3C). Its expression in
the KO mice was impaired on all diets (P < 0.001). Calbindin-Dsk
as well as NCX RNA levels were decreased to less than half in both
WT and KO on the low calcium diet (P < 0.001). In addition,
calbindin-Dogk gene expression was also slightly reduced in WT and
KO animals on the rescue diet (P < 0.05). ECaC, CaTl, and
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PMCA, RNA levels remained stable regardless of dietary calcium,
except for an increase of CaTl RNA level in the KO on a rescue
diet (P < 0.001); (Fig. 3C and Table 3). Finally, after 1,25(OH),D5
treatment, ECaC (2.8-fold, P < 0.001), CaT1 (2.2-fold, P < 0.01),
and calbindin-Dok (1.6-fold, P < 0.05) RNA levels were increased
(see supporting information Table 5, www.pnas.org). Calbindin-
Dogk and PMCA;, gene expression were not significantly changed
by 1,25(OH),Ds injection, whereas NCX expression was reduced to
one-third (P < 0.05).

Discussion

We analyzed active intestinal calcium absorption at a functional and
molecular level in two different VDR-KO strains. The phenotypic
rescue of these mice by a high calcium diet (7, 8) identified the
intestine as the primary target tissue for vitamin D action. More-
over, the recent reports of two epithelial calcium channels in the
small intestine (9, 14) justified the evaluation of the regulation and
importance of the known duodenal calcium handling proteins for
active calcium transport.

Intestinal calcium absorption capacities of VDR-KO mice ap-
peared to be reduced, as reflected by the 3-fold lower AUngmmm,
without enhanced clearance of calcium from the blood compart-
ment during this time frame. The setting of this experiment did not
allow us to calculate absolute active calcium absorption. Neverthe-
less, serum “*Ca accumulation is vitamin D-mediated and regulated
by dietary calcium: the area under curve (AUC)ggmm'" doubled
after a single dose of 1,25(OH),D3 or 1 week of low calcium diet and
conversely was halved on a high calcium diet. Moreover, low CaCl,
concentration in the stock solution, early time points, and 1 week
of dietary calcium deprivation in the Leuven strain were chosen as
conditions in which active duodenal calcium absorption processes
should play a dominant role (22-24). The results of the VDR-KO
mice agree with an estimated 20-60% reduction of intestinal
calcium absorption in HVDDR patients (3). They are also in the
same range as the observed difference in duodenal calcium ab-
sorption between vitamin D-deficient (*£11% within 20 min) and
vitamin D-repleted (*£74%) chickens, estimated by the ligated
duodenal loop technique (24). Calcium absorption in Tokyo mice
was lower than in the Leuven strain, which, besides a different
calcium intake, may be because of strain differences.

The second part of our study focused on possible molecular
mechanisms of impaired calcium absorption in both VDR-KO
strains. No defect in PMCA,;, expression in either of the KOs could
be established, although former studies of 1,25(OH),Dj3 repletion
in chickens and rats and 1,25(OH),Djs injection in our WT mice
resulted in an increased PMCA;, expression (15, 25-27). Calcium
absorption in vivo and calbindin-Dok protein levels correlated fairly
well in the Tokyo strain on a normal diet and in the Leuven strain
on the low calcium diet: a 3-fold reduction in the KO animals, when
compared with their WT littermates. These findings agree with
previous reports ascribing the defective calcium homeostasis of the
Tokyo (5) and Boston KO (16) mice to low calbindin-Dox RNA
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expressed relatively to levels of WT mice on normal diet. (B) Calbindin-Dgk protein
content in duodenum, measured by RIA, is expressed as % (mg/mg) of total
duodenal protein. (C) Renal gene expression of ECaC |:|, calbindin-Dok l, calbi-
ndin-Dagi | |, PMCA 2, and NCX [ll, assessed by qRT-PCR analysis, is calculated as
a ratio to the HPRT RNA level and expressed relatively to levels of WT mice on
normal diet. *, P < 0.001, 1, P < 0.01, and %, P < 0.05 vs. WT on normal diet.

levels. They are also supported by experimental evidence that
regulation of calbindin expression is rate-limiting for vitamin D-
dependent active calcium absorption (15, 19, 28-31), despite a
certain lack of correlation between the early rise in calcium
transport and the later increase in calbindin content after
1,25(0OH),Dj injection (32, 33). The normal duodenal calbindin-
Dok protein content, however, could not explain the HVDDR
phenotype of the Leuven KO on a normal diet. By contrast,
duodenal CaT1 and, to a lesser degree, ECaC RNA levels were
dramatically and consistently down-regulated in the Tokyo and the
Leuven KOs. Until recently, the unidentified calcium influx mech-
anism was not regarded as primordial, as calcium entered into the
enterocyte even in the absence of vitamin D (15, 24, 34). Surpris-
ingly, the present duodenal gene expression pattern indicates that,
among the candidate calcium-transporting genes, only CaT1 and
ECaC are severely impaired in VDR-KO mice. This may imply a
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regulatory role for the epithelial calcium channels in active calcium
absorption or a more complex regulation driven by the interaction
between calcium influx and calbindin-Dgk. The permanent activa-
tion of these channels may indeed require the immediate intracel-
lular uptake of each calcium molecule delivered through the
channel by calbindin-Dgk, with subsequent mobilization of calcium
toward the basolateral membrane (24, 34, 35). In this view, the
major down-regulation of CaTl and ECaC expression combined
with a reduced calbindin-Dok expression may contribute to the
more profound hypocalcemia and reduced calcium in bone of the
Tokyo KO on the normal diet. Moreover, an increased calcium
transfer into the enterocyte was seen on ion microscopic images in
vitamin D-repleted chickens 2.5 min after calcium administration,
although calcium also concentrated, to a lesser extent, in the
duodenal brush border region of vitamin D-deficient chickens (24).
Additional investigation will be needed to verify (i) whether vari-
ations of ECaC and CaTl are reflected by similar changes in
duodenal calcium entry in vitamin D-repleted animals, which was
formerly explained by nongenomic 1,25(OH),D3 effects on mi-
crovillar membrane fluidity, and (i) whether ECaC or CaT1 are
directly involved in calcium entry in vitamin D deficiency.

Subsequently, studies with 1,25(OH),D3 administration and
low or high calcium intake were performed in the Leuven strain,
in view of a more thorough evaluation of the calcium and vitamin
D dependency of these calcium transporting proteins. A single
injection of 1,25(OH),D; resulted in a significant increase of
calbindin-Dox (19, 28), ECaC, and especially of CaT1 expression
in WT mice. 1,25(OH),D3-responsive ECaC expression was
previously demonstrated in rat kidney (13), and four putative
vitamin Ds-responsive elements were described in the promoter
region of the human ECaC gene (12). However, in the duode-
num of rats, Northern blot did not reveal vitamin D-dependent
regulation of CaT1 expression (14), and no significant relation-
ship was shown between human CaT1l homologue (officially
approved HGMW-gene symbol: ECaC2) expression in duodenal
samples and serum 1,25(OH),Ds3 levels of healthy volunteers
(36). At present, no conclusive explanation for this differential
regulation in different species is available. On the other hand, the
alterations in CaT1 and ECaC gene expression in our WT mice
on the different diets reflected changes in serum 1,25(OH),D3
levels and were in concordance with the need for active calcium
uptake from the intestine: the low calcium diet induced, and the
rescue diet inhibited, their duodenal expression. Calbindin-Dggx
protein content in WT mice showed a similar but less pro-
nounced pattern (19), although calbindin-Dox RNA level was
not significantly altered on the low calcium diet, suggesting
posttranscriptional modifications (31). Finally, PMCA;;, gene
expression was affected in the opposite way: reduction on the low
calcium diet, but not on the rescue diet. Obviously, the gene
expression pattern we observed in the duodenum of VDR-KO
mice on a normal diet is complementary to changes in gene
expression induced by 1,25(OH),Dj3 injection or dietary calcium
alteration in WT mice. In the duodenum of Leuven VDR-KO
mice, not only was CaT1 and ECaC expression impaired on any
diet, but calbindin-Dgx and PMCA;; expression was substan-
tially reduced either in calcium deficiency or abundance as well.
The exact VDR independent gene repressor mechanism of this
latter observation is elusive: the two remaining calciotropic
hormones varied inversely in both dietary conditions, and we
found no significant difference in duodenal expression of the
calcium sensing receptor (unpublished data) on any diet (37).
Interestingly, the inhibition of intestinal calbindin synthesis
in vitamin D-replete chickens on a high calcium diet was
also attributed to kidney la-hydroxylase-independent mech-
anisms (38).

As renal calcium reabsorption resembles intestinal calcium ab-
sorption (19, 21), we evaluated VDR-KO mice for possible defects
of known factors involved in this process. Comparable to the
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Table 3. Duodenal and renal ECaC and CaT1 gene expression in Leuven mice raised on different diets and in Tokyo mice raised on a

normal diet
Leuven: low calcium diet Leuven: normal diet Leuven: rescue diet Tokyo: normal diet
WT (n = 12) KO (n = 12) WT (n = 12) KO (n = 12) WT (n = 12) KO (n = 12) WT (n = 6) KO (n = 6)
Duodenum ECaC 82 * 1.1* 0.4 = 0.1* 44+08 1.6 = 0.4t 0.9 = 0.2* 0.4 + 0.2* 12+3 1.0 = 0.4
CaT1 18,061 + 1158* 40 = 11* 3,020 = 552 283 * 74* 64 + 15* 18 = 8* 2,940 * 636 97 + 261
Kidney ECaC 2,608 *+ 216 1,726 = 124 2,927 + 554 3,618 + 826 2,627 + 286 4,703 = 1010 3,684 + 572 4,484 + 420
CaT1 212 27+3 22+4 30+4 26+ 4 45 = 8* 31+6 64 + 5°

ECaC and CaT1 RNA levels, assessed by qRT-PCR, are expressed as a ratio to the HPRT RNA level.

*, P <0.001 and t, P < 0.01 vs. WT on normal diet.

stimulatory effect of 1,25(OH),D; repletion on renal ECaC RNA
and protein expression in rats (13), expression of both channels
(although CaT1 was less abundantly present) more than doubled in
kidney of our WT mice after a 1,25(OH),D3 injection. In contrast,
expression of neither ECaC nor CaT1 was impaired in the KO mice
nor was it influenced by changes in dietary calcium. In fact, only the
RNA levels of calbindin-Dykx changed considerably and with an
almost similar pattern as in duodenum (except for the KO on a
normal diet): reduction in the KO on any diet (16) and in the WT
on the rescue diet; enhanced expression in WT animals on low
calcium diet and after 1,25(OH),Dj injection (16, 28). Nevertheless,
it remains to be clarified whether these changes or the smaller
changes in calbindin-Dygk (16) and NCX expression have any
influence on calcium reabsorption. Renal calcium handling in the
VDR-KO and the contribution to its phenotype have not yet been
characterized.

Further analysis and quantification of ECaC and CaT1 protein
expression are eagerly anticipated to (i) verify whether reduced
RNA levels result in decreased protein levels in duodenum of
VDR-KO mice and (i) substantiate the notion of a tissue-specific
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distribution of these channels, bearing on opposite ratio of RNA
expression levels in duodenum (CaT1>ECaC) versus kidney
(ECaC>CaT1) in our analysis and in former reports (14, 36).

In conclusion, we provide arguments for an impaired calcium
absorption in VDR-KO mice. The two recently described intestinal
calcium channels ECaC and CaT]1 are expressed in duodenum, but
CaT1 RNA levels are severalfold higher than ECaC RNA levels.
The expression of both channels is strongly VDR-dependent and
consistently down-regulated in two VDR-KO strains. This expres-
sion fluctuates in WT animals according to dietary calcium driven
variations in 1,25(OH),D;. Consequently, among the presently
known active calcium absorption mechanisms, calcium influx, prob-
ably interacting with intracellular calcium transfer mechanisms,
should be considered as a rate-limiting step in the process of vitamin
D-dependent duodenal calcium absorption.
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