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Purpose of review

We will describe the pathophysiology of hypercalciuria and
the mechanism of the resultant stone formation in a rat
model and draw parallels to human hypercalciuria and stone
formation.

Recent findings

Through inbreeding we have established a strain of rats that
excrete 8—10 times more urinary calcium than control rats.
These genetic hypercalciuric rats absorb more dietary
calcium at lower 1,25-dihydroxyvitamin D3 levels. Elevated
urinary calcium excretion on a low-calcium diet indicated a
defect in renal calcium reabsorption and/or an increase in
bone resorption. Bone from hypercalciuric rats released
more calcium when exposed to 1,25-dihydroxyvitamin Dg.
Bisphosphonate significantly reduced urinary calcium
excretion in rats fed a low-calcium diet. Clearance studies
showed a primary defect in renal calcium reabsorption. The
intestine, bone and kidneys of the hypercalciuric rats had
increased numbers of vitamin D receptors. When
hydroxyproline is added to their diet they form calcium
oxalate stones, the most common stone type in humans.
Increased numbers of vitamin D receptors may cause
hypercalciuria in these rats and humans.

Summary

Understanding the mechanism of hypercalciuria and stone
formation in this animal model will help clinicians devise
effective treatment strategies for preventing recurrent stone
formation in humans.
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Abbreviations

CaOx calcium oxalate

CaR calcium receptor

1,25(0H),D;  1,25-dihydroxyvitamin D3

GHS genetic hypercalciuric stone-forming
IGF-1 insulin-like growth factor 1

PTH parathyroid hormone

QTL quantitative trait loci

VDR vitamin D receptor
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Introduction

Nephrolithiasis, with a lifetime incidence of up to 12%,
results in significant morbidity as well as substantial
economic costs, not only directly from medical treatment
but also indirectly through time lost from work [1-10].
Approximately 70% of kidney stones are composed of
calcium, generally combined with oxalate and/or phos-
phate [2-4,7,9,11].

Urinary calcium is distributed over a wide range of
values in humans [2,7,8,11-17] and in the rat [13,18—-
25]. Hypercalciuria is the most consistent metabolic
abnormality found in patients with calcium nephro-
lithiasis [2-9,11,26]. Indeed, idiopathic hypercalciuria,
excess calcium excretion with no identifiable metabolic
cause, is found in up to 40% of stone-formers [2—-4,9,27]
but has an incidence of less than 10% in the overall
population [28]. The only consistent abnormality in
people who excrete large amounts of urinary calcium
is an increased risk of renal stone formation [2—4,6—
9,11,12,16,29-32]. The elevation in urinary calcium
leads to increased supersaturation with respect to a solid
phase, generally calcium oxalate (CaOx) or calcium
hydrogen phosphate (brushite; CaHPO,), which
increases the propensity for kidney stone formation
[11,33,34]. Gastrointestinal calcium absorption is gener-
ally above normal in these hypercalciuric subjects [2—

4,8,9,11,35-40].

Idiopathic hypercalciuria is an inherited metabolic
abnormality [25,41-43]. In pediatric patients with
nephrolithiasis, 73% had a family history of kidney stones
in at least one first or second-order relative, as opposed to
a prevalence of 22% in a control population [44]. Of the
patients with hypercalciuria, the prevalence of nephro-
lithiasis in the family history was 69% [44]. Coe ¢r al. [45]
found a strong inheritance pattern in patients with
nephrolithiasis.
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In support of a genetic basis for hypercalciuria, we have
bred a strain of rats for this disorder. After 70 generations
of inbreeding, all of the rats are hypercalciuric: they
excrete approximately 8—10 times as much calcium as
control animals and uniformly form kidney stones (Fig. 1;
each point represents urinary calcium as previously
reported [18-20,22,33,46—49,50°°,51-60]; reviewed in
[25,41,61,62]).

We and others [2-4,9-11,16,26,62] postulate that hyper-
calciuria may occur through three mechanisms, alone or
in combination: (1) increased intestinal calcium absorp-
tion may be mediated either by a direct increase in
calcium absorption or through excess 1,25-dihydroxyvi-
tamin D3 [1,25(OH),D3]-mediated calcium absorption;
(2) decreased renal mineral reabsorption of either calcium
or phosphorus; (3) enhanced bone resorption. As detailed
below we have demonstrated that the increased urinary
calcium in the genetic hypercalciuric stone-forming
(GHS) rats appears due to independent contributions
of each of these three mechanisms [18-20,22,25,33,
41,47-49,51-56,58,61], indicating a systemic dysregula-
tion of calcium transport.

Human hypercalciuria

Analysis of human data reveals that when consuming
diets of similar calcium content, net intestinal calcium
absorption is significantly elevated in virtually all studies
of patients with idiopathic hypercalciuria [3,4,9,10,35,
36,38-40,62-74]. This finding would argue against
enhanced bone resorption as the primary etiology of
idiopathic hypercalciuria but certainly does not exclude
a component of bone resorption in some patients or the
possibility that it is the sole cause of idiopathic hyper-
calciuria in a minority of others. The preponderance of
studies indicates that serum 1,25(OH),D; concentrations
are normal or elevated in patients with idiopathic hyper-
calciuria compared to controls [17,39,40,74-83]. This
argues against a direct increase in intestinal calcium

Figure 1 Urinary calcium excretion in control rats (generation 0)
and in subsequent generations of the inbred genetic hypercal-
ciuric stone-forming (GHS) rats
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Values are means + SEM. Urinary calcium excretion for all generations is
greater than that observed in generation 0.

absorption and also against enhanced bone resorption,
but is compatible with other mechanisms of idiopathic
hypercalciuria. The majority of studies indicate that
parathyroid hormone (P TH) levels are not elevated in
most patients with idiopathic hypercalciuria [17,38—
40,75-77,79,82—86]. This suggests that decreased renal
reabsorption of calcium is not responsible for idiopathic
hypercalciuria. Bone density is decreased in several stu-
dies of patients with idiopathic hypercalciuria [79,87-90].
"This finding is compatible with all mechanisms except
for a direct increase in intestinal calcium absorption.
Compared to controls, in a number of studies serum
phosphorus was significantly decreased [39,40,66,74,76,
78,82] while in others it was unchanged [38-40,63,67,80—
82,86,87,91] in patients with idiopathic hypercalciuria. A
low serum phosphorus is consistent only with a renal
phosphate leak, suggesting that at least some patients
with idiopathic hypercalciuria may have excessive renal
phosphate excretion [83]. When patients with idiopathic
hypercalciuria were placed on a low-calcium diet, there
was a continuum from those who were in ‘positive
calcium balance’, suggesting a component of direct
increased intestinal calcium absorption, to those in ‘nega-
tive calcium balance’, suggesting other mechanisms of
hypercalciuria [17]. The continuum of the response to a
low-calcium diet suggests that there are not discrete,
independent mechanisms responsible for the hypercal-
ciuria in these patients.

In aggregate, the human data appear most consistent
with an excess effect of 1,25(OH),D3 or an excess num-
ber of receptors for 1,25(OH),D;. The serum levels of
1,25(OH),D5 are normal to elevated, PTH is not ele-
vated, bone mineral density is decreased, serum phos-
phate is generally normal and urinary calcium excretion
remains elevated after a low-calcium diet. In support of
an excess effect of 1,25(OH),D; or an excess number of
receptors for 1,25(OH),D; responsible for the hypercal-
ciuria in idiopathic hypercalciuria, Maierhofer and co-
workers [92,93] administered 1,25(OH),D; to healthy
adults and demonstrated key components of idiopathic
hypercalciuria. Administration of 1,25(OH),D; while eat-
ing a normal-calcium diet led to an increase in urinary
calcium excretion and increased intestinal calcium
absorption similar to patients with idiopathic hypercal-
ciuria [92]. When they administered 1,25(OH),D; to
control subjects eating a low-calcium diet, there was
increased urinary calcium and, in addition, increased
bone resorption, again similar to patients with idiopathic
hypercalciuria [93].

It is often very difficult to further define the mechanism
of hypercalciuria and stone formation in humans. We
cannot precisely control diets or environmental factors for
long periods of time and often are not able to quantitat-
ively collect all excretions nor collect organs or cells or
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make all of the necessary measurements in humans. In
part because of these difficulties with human studies, we
have established a GHS rat model [18-20,22,25,33,
41,47-49,51-58,60,61] to aid in our understanding of
the mechanisms of hypercalciuria and stone formation
in humans.

Studies to determine the mechanism of
hypercalciuria and stone formation in the
genetic hypercalciuric stone-forming rat
Given evidence for a genetic predisposition to hypercal-
ciuria [21,42,45,94], we screened adult male and female
Sprague—Dawley rats for hypercalciuria and used the
animals with the highest urinary calcium to breed the
next generation, followed by subsequent selection and
inbreeding of their most hypercalciuric offspring, repeat-
ing the selection for 70 generations [18-20,22,25,33,
41,46-49,51-58,60,61]. By the 30th generation, and con-
tinuing to the present, the GHS rats (previously termed
idiopathic hypercalciuria rats) consistently excrete 8—10
times as much calcium as simultaneously studied con-
trol rats (Fig. 1) [18-20,22,25,33,41,46—-49,51-58,60,61].
While we plot data from female rats (Fig. 1), urinary
calcium in male GHS rats is also approximately 8—10-fold
greater than urinary calcium in male Sprague—Dawley
rats (data not shown). Compared to similarly fed
Sprague—Dawley rats, the GHS rats remain hypercalciu-
ric (8—10-fold increase in urinary calcium) on 1.2, 0.6 and
0.02% calcium diets, on 0.65 and 0.14% phosphorus diets,
and in the presence or absence of a thiazide diuretic [18-
20,22,33,46—49,51-58]. The rats remain hypercalciuric
(8—10-fold increase in urinary calcium) whether they are
given continual or intermittent access to food. As detailed
below, the GHS rats were found to have defects in
calcium transport in the intestine, kidneys and bone,
similar to abnormalities found in many patients with
idiopathic hypercalciuria [2-11,62]. By the conclusion
of an 18-week study, all of the GHS rats formed stones,
whereas there was no stone formation in similarly treated
Sprague—Dawley controls. The GHS rats, when fed a
standard 1.2% calcium diet, form only apatite stones
[33,47,48,52,54,58]. However, when 5% hydroxyproline
is added to the diet of the GHS rats, they form only CaOx
stones [49,56].

Intestinal calcium absorption

Our studies of the GHS rats have shed light on the
mechanism of hypercalciuria in this model [33,41,47-
49,51-58,60,61]. In the fourth generation of GHS rats we
found that urinary calcium and intestinal calcium absorp-
tion were greater in GHS rats compared to control
Sprague—Dawley rats [22]. In-vitro duodenal net cal-
cium flux was correlated with serum 1,25(OH),D3; how-
ever, with increasing serum 1,25(OH),D; there was
greater net calcium influx and net calcium absorption
in GHS rats than in normocalciuric rats. Thus the hyper-
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Figure 2 Effects of hypercalciuria on in-vitro duodenal
bidirectional calcium fluxes
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calciuria in the GHS rats appears to be due, at least in
part, to a primary intestinal overabsorption of dietary
calcium. We subsequently studied the tenth-generation
GHS rats and found, compared to the fourth generation,
that there was a continued increase in urinary calcium
and in J,., (net calcium flux) due to an increase in J,
(mucosa-to-serosa calcium flux), with no change in Jy,,
(serosa-to-mucosa calcium flux; Fig. 2) [20].

We utilized a low-calcium diet to determine if there were
mechanisms in addition to increased intestinal calcium
absorption responsible for hypercalciuria in the GHS rats
[18]. If increased intestinal calcium absorption was the
sole mechanism for the hypercalciuria, then provision of a
diet almost devoid of calcium would result in an equal-
ization of urinary calcium between the GHS rats and the
controls. However, although low-calcium diet led to a
marked decrease in urinary calcium, there was continued
hypercalciuria in the GHS rats (Fig. 3), leading to nega-
tive calcium balance (urinary calcium excretion was

Figure 3 Daily urinary calcium excretion
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Female genetic hypercalciuric stone-forming (GHS) rats (open symbols)
or control (CTL) rats (closed symbols) were fed a normal-calcium diet
(NCD; triangles; 0.6% calcium, days 1-10) followed by continuation of
the diet (triangles) or switching to a low-calcium diet (LCD; squares;
0.02% calcium) for the next 10 days. Values are means & SEM.
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greater than available dietary calcium), indicating that in
addition to enhanced fractional intestinal calcium
absorption in GHS rats [22] there must be an additional
mechanism of hypercalciuria leading to a loss of bone
mineral, the only significant source of calcium in the
body [18]. Whether this additional mechanism is a
primary bone-resorptive process or due to an inability
to conserve urinary calcium was the focus of additional
studies. Blood calcium fell in the GHS rats on a low-
calcium diet, consistent with a decrease in renal calcium
reabsorption; however, serum 1,25(OH),D; did not rise,
as would be expected with a decrease in renal calcium
reabsorption.

Bone calcium resorption

To determine if there is a contribution of bone to the
hypercalciuria, we studied cultured neonatal bone (cal-
variae) from GHS and control Sprague—Dawley rats. We
found that cultured calvariae exhibited greater sensitivity
to 1,25(OH),D; than did bone from control rats [51].
Compared to controls there was significantly greater net
calcium efflux from the calvariac of GHS rats at 1 and
10nM 1,25(OH),D3 than from control rats; there was no
difference in calcium efflux between calvariae from con-
trol and GHS rats at lesser concentrations of 1,25(OH),D;
(Fig. 4). In contrast, PTH induced similar bone resorp-
tion in control and GHS calvariae. Immunoblot ana-
lysis demonstrated a 4-fold increase in the level of
1,25(OH), D3 receptors (vitamin D receptors; VDRs) in
GHS calvariae (Fig. 5, lanes 4-6) compared to control
calvariae (Fig. 5, lanes 1-3), similar to the increased
intestinal receptors described previously [20,51,55].
There was no comparable change in VDR RNA levels
as measured by slot-blot analysis, suggesting that the
altered regulation of the VDR occurs posttranscription-
ally. That both bone and intestine display an increased
amount of 1,25(OH),Dj; receptors suggests that this may
be a systemic disorder of calcium regulation in the GHS

Figure 4 Net calcium flux from cultured neonatal rat calvariae
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Figure 5 Immunoblot analysis of vitamin D receptor in genetic
hypercalciuric stone-forming (GHS) and control (Ctl) rat
calvariae

stds Ctl GHS

(kDa) 1 2 3 4 5 6
120 —

60 -
5 =
40 -

Calvarial protein fractions were obtained from control (lanes 1-3) and
GHS (lanes 4 -6) rat pups. Molecular-mass markers are indicated (stds).

rat and that enhanced bone resorption may be respon-
sible, in part, for hypercalciuria in the GHS rat.

To help determine the contribution of bone to the
increased urinary calcium in the GHS rat iz vivo, we
fed GHS and control rats a high-calcium diet for 7 days,
then switched them to a low-calcium diet for 7days
(Fig. 6). Control and GHS rats in each group were then
continued on low-calcium diet with or without injection
of the bone-resorption inhibitor alendronate (50 ug/kg
per 24h) for an additional 7 days [54]. Urinary calcium
was greater in GHS than in control rats on high and low-
calcium diets. With the low-calcium diet the GHS rats
were in negative calcium balance. Alendronate caused a
significant decrease in urinary calcium in GHS, but not in
control, rats and brought GHS urinary calcium below

Figure 6 Daily urinary calcium excretion in genetic
hypercalciuric stone-forming (GHS) and control (Ctl) rats
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During each day of the experiment (duration 3 weeks), urinary calcium
excretion of GHS rats (open symbols) exceeded that of control rats
(closed symbols). Alendronate (Aln) led to a significant decrease in
urinary calcium excretion in GHS but not in control rats. NCD, normal-
calcium diet (1.2% calcium; triangles); LCD, low-calcium diet (0.02%
calcium; squares); —Aln, continuation of low-calcium diet (squares);
+Aln, low-calcium diet with alendronate (50 ug/kg per 24 h; circles).
Values are means + SEM.
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calcium intake. Thus on a low-calcium diet there is a
significant contribution of bone calcium to increased
urinary calcium in the GHS rat.

There is increased bone formation when bone from VDR-
null mice is transplanted into wild-type mice, suggesting
that 1,25(OH),D; acting through VDR decreases bone
formation [95]. Supporting this observation is the finding
that primary bone cells from VDR-null mice exhibit
enhanced osteoblast differentiation [96]. Thus the
presence of VDR appears to enhance bone resorption,
leading to increased urinary calcium, consistent with
our observations in GHS rats [51].

Renal calcium reabsorption

T'o determine if GHS rats have a defect in renal calcium
reabsorption, we performed "*C-inulin clearance studies
[53]. Each rat was parathyroidectomized and infused with
CaCl,. Both GHS and control rats had similar glomerular
fileration rates and the same ultrafiltrable calcium con-
centrations, resulting in similar filtered loads of calcium
(Fig. 7, top panel) [53]. The GHS rats had approximately
three times the fractional calcium excretion and urinary
calcium when compared to control rats (Fig. 7, bottom
panel). The results were similar whether the rats were fed
anormal or a low-calcium diet. Diuretic studies suggested
a defect in calcium transport in the thick ascending limb

[53].

Figure 7 Renal calcium handling
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Control (Ctl) and genetic hypercalciuric stone-forming (GHS) were fed a
normal-calcium diet (NCD; 0.6% calcium) or a low-calcium diet (LCD;
0.02% calcium) for at least 7 days and then subjected to selective
parathyroidectomy followed by inulin-clearance studies. Filtered load of
calcium (FLc,) was independent of strain and diet (top panel). Com-
pared with controls, GHS rats demonstrated an increased fractional
excretion of calcium (Ug,V) whether on the normal or low-calcium diet
(bottom panel). Values are means 4= SEM.
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TrpV5 is a principal conduit for renal calcium reabsorp-
tion [62,97] and quantitative trait loci (QTL) analysis of
the GHS rats suggested that TrpV5 was located in a
region of rat chromosome 1 which had a significant LOD
score, indicating an association with hypercalciuria [60].
We investigated whether there was an abnormality in the
TrpV5 coding region in GHS rats. To sequence the full
coding region, primers were identified in both the 5" and
3" untranslated regions of the transcript, and cDNA was
amplified via PCR from two Sprague—Dawley and two
GHS rats. We sequenced clones derived from indepen-
dent PCR reactions to rule out PCR-induced mutations
and used two different sets of primers to rule out selective
amplification of a particular splice variant.

We found five sequence variations in the GHS rats
compared to the sequence for TrpV5 present in the
GenBank nucleotide sequence database. However, these
variations were also present in the Sprague—Dawley rats,
and the sequence of the variations corresponded to the
genomic sequence from rat at the TrpV5 locus. Further-
more, the variations altered the coding sequence such
that it more closely resembled TrpV6 at each of these
sites. While the sequence variations may represent strain
differences, it is quite possible that these variations
represent the real coding sequence for rat TrpV5 and
that the original sequence reported in the database is
in error.

An alternative splice variant was amplified from GHS
kidney cDNA that has not been reported in the literature.
This variant encoded a deletion RNA that is missing
nucleotides 742-888 of the coding sequence, immedi-
ately beyond the sequence coding for ankyrin repeats.
We designed a set of three primers to amplify simul-
taneously, yet specifically, a short product from the
deletion as well as the Sprague—Dawley sequence, then
compared expression levels among the GHS and
Sprague—Dawley rats using kidney cDNA. The deletion
transcript appeared to be present at similar levels in the
Sprague—Dawley rats as the GHS rats, and represents
perhaps approximately 25-40% of the total message. We
have submitted the coding sequence for the deletion
transcript to the GenBank database. The Banklt number
i1s bankit653787 and the GenBank accession code is
AY762624.

Thus we did not find any differences in either the
expression level or primary sequence of TrpV5 between
the GHS and Sprague—Dawley rats. It remains possible
that there is an alteration in a non-coding sequence of
TrpV5 that causes a functional difference in the GHS
rats; however that alteration apparently does not change
the expression level or size of the transcript and cDNA,
respectively. In addition, mutation analysis revealed that
the Clen5 sequence was normal in the GHS rats [57].
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Thus, in addition to increased intestinal calcium absorp-
tion and increased bone resorption, the GHS rats appear
to have a defect in renal calcium reabsorption. These
findings indicate that hypercalciuria in the GHS rat
[33,41,47-49,51-58,60,61] appears, in large measure, to
be analogous to hypercalciuria in humans in that, in both,
there is increased intestinal calcium absorption, de-
creased renal calcium reabsorption and enhanced bone

demineralization [2-4,7,9-12,17,25,26,34,62] (Fig. 8).

Vitamin D receptor

The finding of increased intestinal calcium absorption
without an elevation in 1,25(OH),D3 levels led us to
hypothesize that alteration of the receptor for vitamin D
might be responsible for the abnormal regulation of
calcium by enterocytes [20,98]. The magnitude of
1,25(OH),D3 action correlates with receptor number
and saturation [99,100], both in rats 7z vive [101-103]
and in cell culture studies 7z viro [104,105]. The VDR-
rich cytosolic fractions from GHS rat proximal duodenum
bound more [°H]1,25(0OH),D; than similar fractions pre-
pared from controls [20]. Using Scatchard analysis, we
found that this increase in binding of 1,25(OH),D; by the
VDR was due to an increase in the number of intestinal
binding sites rather than enhanced affinity of the VDR for
its ligand. Northern analysis of GHS and control rat
mRNA revealed no increased expression of the VDR
gene to account for the increase in receptor number.
Gene transcription of the VDR was comparable for both
groups of rats, as was synthesis of the vitamin D-depen-
dent calcium-binding protein calbindin Dgg. Using
Western blot analysis, however, more calbindin Dgg
was detected in intestinal protein from the GHS rats
than from controls [20]. Thus there is an increase in

Figure 8 Dysregulation of calcium transport in the genetic
hypercalciuric stone-forming (GHS) rat
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As compared to control rats fed comparable dietary calcium (Dg,), GHS
rats have increased intestinal absorption of calcium (ac,), increased
bone resorption rate (Brc,), and decreased renal reabsorption (frc,),
resulting in increased urinary calcium (Ug,). Bfc,, bone-formation rate;
ECFc,, extracellular-fluid calcium content; FLg,, filtered load of calcium.

1,25(OH),D3 action in GHS rats despite normal serum
levels of 1,25(OH),D;. A recent human study demon-
strated increased VDR in monocytes in patients with
idiopathic hypercalciuria [106].

We then found that gene expression of VDR in the GHS
rats hyperresponded to minimal doses of 1,25(OH),D;
[55], which occurred through an increase in VDR mRNA
stability without involving alterations in VDR gene tran-
scription, de-novo protein synthesis or mRNA sequence.
1,25(OH),;D5 administration also led to an increase in
duodenal and renal calbindin mRNA levels in GHS rats,
whereas levels were either suppressed or unchanged in
wild-type animals. Thus hyperresponsiveness appears to
be of functional significance in that it affects VDR-
responsive genes in 1,25(OH),D; target tissues. The
normal serum 1,25(OH),D; levels, increased VDR
protein and normal VDR mRNA suggest that high rates
of expression of vitamin D-responsive genes mediate
hypercalciuria in the GHS rats. The mechanism of ele-
vated VDR protein and state of receptor function are
not known.

T'o determine if degradation of VDR protein is altered in
GHS rats, GHS and non-stone-forming control male rats
(normal control rats) fed a normal calcium diet were
injected intraperitoneally with 1,25(OH),D; (300 ng/kg
of body weight) or vehicle 24 h prior to cycloheximide
injection (6 mg/kg intraperitoneally), and then killed
after 0-8h [50°°]. Duodenal VDR was measured by
ELISA and Western blots, and duodenal and kidney
calbindins (9 and 28 kDa) were measured by Western
blots. Duodenal and kidney VDR were increased in GHS
compared with normal control rats, and 1,25(OH),D;
increased VDR or calbindins (9 and 28 kDa) further in
normal control but not GHS rats. Duodenal VDR half-life
was prolonged in GHS rats (2.6 £0.2 compared with
1.8+£0.2h, P<0.001). 1,25(OH),D; prolonged duodenal
VDR half-life in normal control rats compared to that in
untreated GHS rats. This study supports the hypothesis
that prolongation in VDR half-life increases VDR tissue
levels and mediates increased VDR-regulated genes that
result in hypercalciuria.

Calcium-sensing receptor

The calcium receptor (CaR) is a seven-transmembrane-
spanning protein that is a member of the G-protein-
coupled receptor family of plasma membrane receptors
[107]. The CaR is expressed in a wide variety of tissues
including parathyroids, kidney and gastrointestinal tract
[62,108,109]. There is marked homology between the
parathyroid and kidney CaR in a variety of animals,
including humans and rats [107,109]. In the thick ascend-
ing limb of the loop of Henle the secretion of potassium
into the lumen, through the potassium channel ROMK,
increases the lumen positive voltage and drives calcium
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reabsorption through the paracellular space [62]. At this
tubular site elevation of the blood calcium level is
detected by the CaR, located on the plasma (anti-lumi-
nal) membrane, which decreases potassium traffic
through ROMK, resulting in decreased luminal positiv-
ity, decreased calcium reabsorption, increased urinary
calcium and a reduction in the concentration of serum
calcium.

The GHS rats have been found to have elevated levels of
VDR in the intestinal mucosa, bone and renal cortex
[20,50°°,51,55]. Analogously, human stone formers also
have been shown to have elevated VDR in their circulat-
ing monocytes [106]. As the CaR contains vitamin D-
response elements in its promoter region [110], we asked
whether there was increased CaR in kidneys of the GHS
rats. We determined renal CaR gene expression and
regulation in response to 1,25(OH),D; in GHS and con-
trol rats [111°]. Male GHS and wild-type normocalciuric
non-stone-forming control Sprague—Dawley (normal
control) rats were fed a diet adequate in calcium (0.6%
calcium). Western blotting revealed a marked increase in
CaR protein in the GHS rats compared to normal controls
(Fig. 9) [111°]. Northern blot analysis of extracts of renal
cortical tissue revealed the major CaR transcript of 7 kb
and a less abundant 4-kb transcript, both of which were
present in greater abundance in the GHS rats under basal
conditions. Administration of 1,25(OH),D; increased
renal CaR mRNA levels in a dose and time-dependent
manner in both GHS and wild-type control rats. How-
ever, in GHS rat kidney, 1,25(OH),D; induced a mark-
edly greater and a more sustained elevation of CaR
mRNA level. The upregulation of CaR expression in
response to 1,25(OH),D; was through both increased
gene transcription and stabilization of the mRNA. Along
with the hyperresponsiveness of VDR regulation as
described above, the enhanced upregulation of the
CaR gene in response to 1,25(0OH),D3; might lead to
excess CaR, which then contributes to the hypercalciuria.
Thus we found that not only was there increased
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CaR mRNA and protein in the GHS rat kidney, but
also that 1,25(OH),Dj3 increased CaR through both
elevated CaR gene expression and prolonged tissue

half-life [111°].

The calcimimetics, such as cinacalcet, are small organic
molecules that act as allosteric activators of the CaR,
increasing the sensitivity of the CaR to serum calcium
and substantially lowering PTH levels [112-114]. In
patients with secondary hyperparathyroidism treated
with cinacalcet there is a marked reduction of PTH
(approximately 50%) and a modest reduction of serum
calcium (approximately 10%) [112,114]. The effect of
cinacalcet on human urinary calcium and supersatura-
tions with respect to common solid phases responsible for
kidney stones are complex. A reduction in PTH should
increase urinary calcium; in addition, increasing the sen-
sitivity of the renal CaR to calcium should lead to an
increase in urinary calcium. However, the lowered fil-
tered load of calcium from cinacalcet-induced hypo-
calcemia should lower urinary calcium. To determine
the effect of cinacalcet on urinary calcium, GHS and
Sprague—Dawley rats (as controls) were fed a 0.6%
calcium diet (normal-calcium diet) for 14 days (Fig. 10)
[59]. As expected, urinary calcium was far higher in the
GHS rats (P < 0.001). The addition of cinacalcet did not
significantly alter urinary calcium in the GHS rats but
increased urinary calcium in the control rats (P <0.01).
Rats were then placed on a 0.02% calcium diet (low-
calcium diet). As expected, urinary calcium remained
higher in the GHS rats than in the control rats [18].
The addition of cinacalcet led to a significant decrease
in urinary calcium in the GHS (P <0.01), but not the
control, rats fed a low-calcium diet. At the conclusion of
the experiment, serum calcium fell with cinacalcet in
both Sprague—Dawley and GHS rats. Interestingly, PTH
was lower in the GHS rats than in the Sprague—Dawley
rats (121 +30 compared with 291 + 29 pg/ml, P <0.05),
suggesting that secondary hyperparathyroidism does not
contribute to the hypercalciuria in the GHS rats.

Figure 9 Ca receptor (CaR) protein in normal control (NC) and genetic hypercalciuric stone-forming (GHS) kidney

(a) Lanes 1-3, renal CaR protein from normal
control kidney; lanes 4-6, renal CaR protein

from GHS kidney. CaR migrates to 120.8 kDa.
B-Actin was used to compare sample loading.
Blots were scanned, and CaR for each sample
was adjusted for loading (b). Values are
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Figure 10 Effects of cinacalcet on urinary calcium excretion
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On days 1—-14 each rat in each group was fed a normal-calcium diet
(NCD; 0.6% Ca and 0.65% P). During the last 5 days of this period (days
10-14) five successive 24-h urine samples were obtained. On days
15-28, half of each group was continued on normal-calcium diet and the
other half were fed normal-calcium diet supplemented with cinacalcet
(Cin; 30mg/kg of rat per day). Urine was collected as above on days
24-28. On days 29-42 all genetic hypercalciuric stone-forming (GHS)
and control (Ctl) rats were fed a low-calcium diet (LCD; 0.02% Ca and
0.65% P) while no rat received cinacalcet. Urine was collected as above
on days 38-42. On days 43-56 half of each group was continued on
low-calcium diet without modification and the other half (that had
previously received cinacalcet) was fed low-calcium diet supplemented
with cinacalcet. Urine was collected as above on days 52-56. P < 0.05
compared with controls in the same time period; “P < 0.05 compared
with GHS in the same time period; °P<0.05 compared with con-
trols+cinacalcet in the same time period. Values are means + SEM.

The addition of cinacalcet led to a marked fall in PTH
and calcium in both groups of rats, indicating that cina-
calcet was effective in lowering P'TH and appears to reset
the level at which serum calcium is regulated (as it
appears to do in humans [112-114]). Urinary calcium
is significantly greater than dietary calcium intake in the
GHS rats on a low-calcium diet, which means that the
source of the additional urinary calcium is bone. That
urinary calcium actually fell with cinacalcet in the GHS
rats suggests that PTH is necessary to resorb bone
mineral and contributes to the hypercalciuria of the
GHS rats fed low-calcium diet. The Sprague—Dawley
rats fed cinacalcet increased urinary calcium on a normal-
calcium diet and did not lower their urinary calcium on
low-calcium diet with cinacalcet (in spite of a lower
filtered load of Ca, creatinines were similar in all rats),
suggesting that cinacalcet may have also affected the

renal CaR, resulting in a decreased renal tubular calcium
reabsorption.

Effects of alterations in urinary
supersaturation on stone formation in the
genetic hypercalciuric stone-forming rat

To determine the effect of alterations in dietary
calcium on urine supersaturation with respect to
CaHPO, and CaOx, we placed GHS and control rats
on 1week each of a 0.02% calcium diet, then a 0.6%
calcium diet and finally a 1.2% calcium diet [19]. With
increasing dietary calcium content there was increasing
urine supersaturation with respect to CaHPO, and
CaOx, especially in the female GHS rats. In addition
these female GHS rats had greater kidney calcium
content than either normocalciuric females or males

or GHS males [19].

To determine the effect of the increased urinary
calcium on urine supersaturation and stone formation,
we fed GHS and control rats a 1.2% calcium diet for
18 weeks, measured urine supersaturation every 2 weeks
and examined the urinary tract of one-third of the rats
for the presence of stones every 6 weeks [48]. Urinary
calcium was increased in the GHS compared to controls,
resulting in greater supersaturation with respect to
CaHPOy at all times and to CaOx at most times. There
was a progressive increase in the incidence of stone
formation in GHS rats with one rat having stones at
6 weeks, three of five with stones at 12 weeks and all five
with stones at 18 weeks (Fig. 11). There were no stones
formed in similarly treated control Sprague—Dawley
rats. Analysis revealed the stones to be poorly crystalline
apatite, which is a solid phase of calcium and phos-
phorus. Compared to controls, in the GHS rats the
saturation ratio for CaHPO, increased proportionally
more than that for CaOx, perhaps explaining why the
rats formed apatite and not CaOx stones.

Figure 11 Stone formation in control (Ctl) and genetic
hypercalciuric stone-forming (GHS) rats
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There was a progressive increase in the number of stones formed with
time in the GHS rats; by 18 weeks all rats had formed stones. There was
no stone formation in the control rats.
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We then tested the hypothesis that CaHPO, supersatura-
tion regulated stone formation in the GHS rats. We tested
whether an isolated reduction in urine supersaturation,
achieved by decreasing urine phosphorus excretion,
would decrease stone formation [33]. Female GHS rats
were randomly divided into three groups. Ten rats
received a high-phosphorus diet (0.565% P), 10 a medi-
um-phosphorus diet (0.395% P) and 10 a low-phosphorus
diet (0.225% P) for a total of 18 weeks. The lower dietary
phosphorus would be expected to result in a decrease in
urine phosphorus and a decrease in urine supersaturation
with respect to the CaHPO,4. A decrease in stone for-
mation with reduction in urine supersaturation would
support the hypothesis that supersaturation alone can
regulate stone formation. Decreasing dietary phosphorus
led to a progressive decrease in urine phosphorus and an
increase in urinary calcium. There was a progressive
decrease in supersaturation with respect to CaHPO, solid
phase. Fifteen of the 20 kidneys from the 10 rats fed high
phosphorus had radiographic evidence of stone formation
while no kidneys from the rats fed either medium or low
phosphorus developed stones (Fig. 12). A decrease in
urine phosphorus not only led to a decrease in urine
supersaturation with respect to the calcium phosphorus
solid phase but to elimination of renal stone formation,
supporting the hypothesis that variation in supersatura-
tion alone can regulate renal stone formation.

We next studied the relationship between supersatura-
tion and crystal inhibition [47]. CaOx and apatite crystals
do not precipitate in large amounts in normal urine
despite considerable supersaturation, partly because
urine inhibits crystal nucleation, aggregation, and growth
[115]. In control rats, a high-calcium diet (1.2% Ca) raised
the supersaturation of CaOx to 8.2 compared to 0.8 when
rats were fed a low-calcium diet (0.02% Ca). The high-
calcium diet also raised the upper limit of metastability of
CaOx (the supersaturation at which CaOx crystals form in

Figure 12 Urinary supersaturation regulates stone formation
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Genetic hypercalciuric stone-forming (GHS) rats were fed 13 g/day of
either a high, medium or low-phosphorus diet for a total of 18 weeks and
then assessed for stone formation by radiography. High, GHS rats
fed 13 g/day of a 0.565% phosphorus diet, n=10; Med, GHS rats
fed 13 g/day of a 0.395% phosphorus diet, n=10; Low, GHS rats fed
13g/day of a 0.225% phosphorus diet, n=10; dashed line, the
maximum number of kidneys or rats with stones.
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urine) from 11.8 to 36. In GHS rats, the diet change
altered CaOx supersaturation from 1.5 to 12, and the
upper limit of metastability from 17 to 50 (all P < 0.001).
Because the upper limit of metastability rose with super-
saturation, the increased supersaturation had little poten-
tial to increase CaOx stone risk. For CaHPO,, however,
supersaturation rose from 0.6 to 2.4 and from 1.1 to 8 in
normal and GHS rats (P < 0.001 for both), respectively,
whereas the upper limit of metastability for CaHPO, did
not increase significantly (8 compared with 7 and 7
compared with 11; P=NS for both changes). Therefore,
brushite supersaturation rose close to the upper limit of
metastability, posing a high stone risk. In the GHS rat,
increasing the CaOx supersaturation by dietary means
raises the upper limit of metastability for CaOx, thereby
offsetting the risk of CaOx stones in rats.

We subsequently tested the hypothesis that the thiazide
diuretic chlorthalidone would decrease urinary calcium,
supersaturation and stone formation [46]. All GHS rats
received a fixed amount of a standard 1.2% calcium diet
with 5% hydroxyproline so that the rats would exclusively
form CaOx stones (see below). Half of the rats had
chlorthalidone (4-5mg/kg per day) added to their diets
while the other half continued on the unsupplemented
diet (control). Compared to controls, the addition of
chlorthalidone led to a significant reduction of urinary
calcium and urine phosphorus while urine oxalate
excretion increased significantly. Supersaturation with
respect to CaHPO, fell, while supersaturation with
respect to CaOx was unchanged (Fig. 13). There was a
significant direct correlation between both urinary
calcium and urinary phosphorus and supersaturation with
respect to CaHPOy and a significant inverse correlation
between urinary oxalate and supersaturation with respect
to CaHPO,. Rats fed chlorthalidone had fewer stones
than the control rats. The provision of chlorthalidone
reduces urinary CaHPOy, but not CaOx, supersaturation
or stone formation in GHS rats. As a calcium phosphate
complex appears to be the preferred initial solid phase in
patients with CaOx kidney stones [34,116], the reduction
in supersaturation with respect to CaHPO4 may be the
mechanism by which thiazides reduce CaOx stone for-
mation.

Calcium oxalate stone formation in the

genetic hypercalciuric stone-forming rat

The GHS rats form poorly crystalline apatite stones while
the majority of human stones are composed of CaOx
[2—-4,9,26]. We next tested whether alterations in urine
pH [58] or oxalate [52] would alter urine supersaturation
and/or the type of stone formed in the GHS rat. A
reduction in urine pH will increase the solubility of
CaHPOy stones and perhaps predispose to CaOx stones.
T'o determine the effect of acidosis on urine ion excretion
and supersaturation, we fed GHS rats a 1.2% calcium diet
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Figure 13 Chlorthalidone reduces the saturation relative to
CaHPO, but not calcium oxalate (CaOx) in genetic hypercalciuric
stone-forming (GHS) rats
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GHS rats were fed a standard calcium diet with 5% hydroxyproline
added. Ctl, GHS rats fed a standard-calcium diet with 5% hydroxyproline
added; Ctd, rats fed as in Ctl with added chlorthalidone (1 mg/15g
of food to provide approximately 4—-5mg/kg of body weight per 24 h);
*, different from the Ctl treatment in the same time period, P<0.05.
Values are means + SEM.

with 0.0, 0.5, 1.0 or 1.5% NH4Cl in the drinking water for
18 weeks [58]. Increasing NH4Cl led to a fall in urine pH,
citrate and oxalate and an increase in urinary calcium,
while supersaturation with respect to both CaOx and
CaHPO, fell. In spite of differences in supersaturation,
most rats in each group formed stones, which were a
poorly crystalline apatite and not CaOx. Thus, while
urine acidification alters ion excretion and supersatura-

tion, it does not change the character of the stones formed
in GHS rats.

To determine the effect of increasing dietary oxalate on
stone formation we fed GHS rats a standard-calcium diet
alone or with added sodium oxalate at 0.5, 1.0 or 2.0% for a
total of 18 weeks [52]. Increasing dietary oxalate from 0 to
2.0% increased urine oxalate excretion and decreased
urinary calcium excretion. Increasing dietary oxalate
decreased CaOx supersaturation, due to the decrease in
urinary calcium offsetting the increase in urine oxalate, and
decreased CaHPOy supersaturation. Each ratin each group
formed stones. The stones were a poorly crystalline apatite;
there were no CaOx stones. Thus increasing dietary oxalate
led to a decrease in CaOx and CaHPO, supersaturation,
and did not alter the universal stone formation found in
these rats, nor the type of stones formed.

We reasoned that increasing urine oxalate without
increasing dietary oxalate (and lowering urinary calcium)

would not only increase supersaturation with respect to
the CaOx solid phase but would also increase the ratio
of CaOx to CaHPO, supersaturation and result in CaOx
stone formation. We increased urine oxalate by adding
an oxalate precursor, hydroxyproline, to the diet of
male GHS rats [49]. The GHS rats were fed a standard
1.2% calcium diet alone or with 1, 3 or 5% trans-4-
hydroxy-L-proline (hydroxyproline). The addition of 1%
hydroxyproline to the diet of GHS rats led to an increase
in urinary oxalate and urinary CaOx supersaturation,
neither of which increased further with the provision
of additional hydroxyproline. The addition of 1 and
3% hydroxyproline did not alter urine supersaturation
with respect to CaHPO, while the addition of 5% hy-
droxyproline tended to lower this supersaturation. Com-
pared to rats fed the control and the 3% hydroxyproline
diet, the addition of 5% hydroxyproline increased the
ratio of CaOx supersaturation to CaHPO, supersatura-
tion. Virtually all rats formed stones. In the control and
1% hydroxyproline group all of the stones were com-
posed of calcium and phosphate (apatite); in the 3%
hydroxyproline group the stones were a mixture of apatite
and CaOx while in the 5% hydroxyproline group all of
the stones were CaOx (Figs 14 and 15). The provision
of additional dietary hydroxyproline to GHS rats
increases urinary oxalate, CaOx supersaturation and
the ratio of CaOx to CaHPO, supersaturation, resulting
in the formation of CaOx kidney stones. Thus, with the
addition of a common amino acid, the GHS rats now
not only model the most common metabolic abnormal-
ity found in patients with nephrolithiasis, hypercalci-
uria, but form the most common type of kidney stone,
CaOx.

Figure 14 Providing additional dietary hydroxyproline to
genetic hypercalciuric stone-forming (GHS) rats results in
the formation of calcium oxalate (CaOx) kidney stones

Apatite N CaOx
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Hydroxyproline

GHS rats were fed a standard 1.2% calcium diet alone or with 1, 3 or 5%
hydroxyproline for 18 weeks. At the end of this period, stone formation
was assessed radiographically and stones were removed and analyzed
by X-ray diffraction. CaOx refers to calcium oxalate monohydrate and
dehydrate.
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Figure 15 Scanning electron micrograph of kidney stones from
genetic hypercalciuric stone-forming (GHS) rats from the 5%
hydroxyproline-supplemented group

Genetic hypercalciuric stone-forming rats Bushinsky et al. 413

Figure 16 Midtransverse paraffin sections through a kidney
from a genetic hypercalciuric stone-forming (GHS) rat fed a 5%
hydroxyproline-supplemented diet

Note the large bipyramidal crystals of calcium oxalate dihydrate resem-
bling stones found in humans.

Pathologic location of the solid phase

The GHS rats develop apatite stones when fed a normal
1.2% calcium diet [33,47,48,52,54,58]. GHS rats that had
5% hydroxyproline added to their diet formed only CaOx
stones [49]. We then determined the localization of stone
formation and if this solid phase resulted in pathological
changes to the kidneys. GHS rats were fed 15g of
standard diet or diet supplemented with 1, 3 or 5%
hydroxyproline for 18 weeks [56]. A separate group of
Sprague—Dawley rats, fed the standard diet for a similar
duration, served as an additional control. At 18 weeks, all
kidneys were perfusion-fixed for structural analysis.
There were no crystal deposits found in the kidneys
of Sprague—Dawley rats. Crystal deposits were found in
the kidneys of all GHS rats and this Yasue-stained
material was detected only in the wurine space
(Fig. 16). No crystal deposits were noted within the cor-
tical or medullary segments of the nephron and there was
no evidence, by light microscopy, of tubular damage in
any group. The only pathological changes occurred in the
3 and 5% hydroxyproline groups, with the 5% group
showing the most severe changes. In these rats, which
formed only CaOx stones, focal sites along the urothelial
lining of the papilla and fornix of the urine space demon-
strated a proliferative response characterized by
increased density of urothelial cells that surrounded
the crystal deposits (Fig. 16). At the fornix some crystals
were lodged within the interstitium, deep to the prolif-
erative urothelium. There was increased osteopontin
immunostaining in the proliferating urothelium. Carr
[117] has described a similar pattern in human stone
formers.

Osteopontin stain

Stone type:
CaOx

Increased staining in
fornix & urothelium

(d)

Yasue stain

Extensive ¥
crystal
trapping

These rats had stone only in the urinary space, but not in any nephron
segments. No tubular injury was detected. (a) Immunohistochemical
staining for osteopontin. Extensive urothelial proliferation was noted
along the side of the renal papilla extending to the fornix. (b—d) Yasue
stain for calcium deposits. Crystal entrapment was common at those
sites of proliferation leading to isolation of some crystal from the urinary
space. While osteopontin immunostaining of cortical and medullary
nephron segments was identical to that described for the Sprague—
Dawley controls, sites of urothelial proliferation and crystal entrapment in
GHS rats showed intense staining. CaOx, calcium oxalate.

Genomic comparison of kidney gene
expression in Sprague-Dawley and genetic
hypercalciuric stone-forming rats

The independent dysregulation of calcium handling by
the intestine, kidney and bone suggest a systemic defect
in calcium handling resulting in hypercalciuria [25,41,
61]. Mathematically the rate of increase in calcium
excretion over 30 generations (Fig. 1) suggests that at
least seven genes are responsible for the hypercalciuria,
and QTL analysis has resulted in five suggestive linkages
to particular chromosomal regions [60].

Microarray analysis can complement QTL analysis when
identifying potential regulatory systems and genotypic
differences responsible for polygenic diseases. The use of
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microarray technology in this context allows an efficient,
objective, quantitative evaluation of genes in the QTL
and has the potential to reduce the overall effort needed
in identifying genes causally associated with traits of
interest. Often, this is accomplished by comparing indi-
vidual inbred strains, to reduce the influence of genetic
diversity. In our case, however, we chose to compare
changes in kidney gene expression profiles between
normal, parental strain Sprague—Dawley and hypercalci-
uric GHS rats. Twelve-week-old rats were pair fed 15 g/day
of a 0.6% calcium diet for 2weeks, and an Affymetrix
230A high-density oligonucleotide microarray was
probed with labeled kidney cRNA prepared from three
rats of each strain (with three rats reserved for Northern
blots and/or further arrays). This study was intended as a
candidate gene approach, rather than as a means of
identifying so-called eQTLs (changes in gene expression
reproducibly associated with a particular trait), and even
without the benefit of large sample numbers, the stat-
istical significance of our observations was reasonable
and, in some cases, revealing. The resulting data were
interpreted through Robust Multi-chip Analysis (RMA)
using lobion GeneTraffic v3.2. To enhance the reliability
of the data, only expression hybridization values (signal
intensities) in the top one-third were considered for
further analysis. Targets where at least one of the three
animals displayed a 1.4-fold change or greater relative to
the Sprague—Dawley mean expression baseline were
clustered and displayed as a color-intensity map. This
approach ensured that we did not mask potential candi-
dates due to a single false-negative (or false-positive).
Next, the individual hybridization values in the 446
targets thus identified were compared between the
Sprague—Dawley and GHS rats using a two-class
unpaired 7 test with Benjamini—Hochberg P value correc-
tion, and the resulting P values were plotted against the
mean log, ratio. This approach led to the identification of
184 genes or expressed-sequence-tag clusters (Fig. 17),
where the changes in the GHS rat kidney were significant
(P<0.05).

Several targets that showed changes in the microarray
screen were further studied by Northern analysis of
kidney RNA from Sprague—Dawley (#=35) and GHS
(7 =06) rats. Phosphorimager quantitation of the Northern
signal intensity, normalized to glyceraldehyde phosphate
dehydrogenase, confirmed the microarray results (Fig. 18;
the RNA samples used for microarray analysis are
denoted by an asterisk). Fetuin, a secreted cystatin-
domain protein suggested to inhibit the precipitation
of calcium phosphate crystals [118], was upregulated
3.4-fold (P=0.025; compared to a 2.0-fold increase
observed using the microarray, P < 0.0001), and a related
histidine-rich glycoprotein was upregulated 3.0-fold
(P < 0.0001; compared to 1.9-fold increase observed using
the microarray). Decorin, a small leucine-rich proteogly-

Figure 17 Changes in kidney gene expression profiles between
normal, parental strain Sprague-Dawley and genetic
hypercalciuric stone-forming (GHS) rats
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Twelve-week-old rats were pair fed 15 g/day of a 0.6% calcium diet for
2weeks, and an Affymetrix 230A high-density oligonucleotide micro-
array was probed with labeled kidney cRNA prepared from three rats of
each strain (individual samples designated as GHS3*, GHS5", GHS6",
or SD3", SD4", SD5%). Data were interpreted through Robust Multi-chip
Analysis using lobion GeneTraffic v3.2. We identified 184 genes or
expressed-sequence-tag clusters where the changes in the GHS rat
kidney compared to Sprague—Dawley were significant (P < 0.05).

can of the extracellular matrix that induces calcification in
arterial smooth muscle cell cultures and colocalizes to
mineral deposition in human atherosclerotic plaque
[119], was decreased by 3.41-fold (P =0.0007; compared
to a 2.1-fold decrease using the microarray, P < 0.0001).
Insulin-like growth factor 1 (IGF-1) was decreased by
4.1-fold (P=0.0001; compared to a 1.8-fold decrease
using the microarray, P=0.01) and IGF-binding protein
1 was increased by 2.93-fold (P =0.0004; compared to a
2.1-fold increase using the microarray, P < 0.0001). Since
IGF-binding protein is known to regulate the effective
levels of IGF-1, the combined effects of these two
changes may be to alter growth hormone regulation in
the kidney, and perhaps elsewhere. IGF-1 modulates
bone growth [120] and a QTL associated with skeletal
acquisition has been localized to an IGF-1 allele [121].
IGF-1 deficiency may lead to 1,25(OH),D; deficiency
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Figure 18 Northern analysis of kidney RNA for selected microarray targets
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and elevated PTH levels even under a normal-calcium
diet [122]. Ferritin, an abundant transcript that produced
a saturated signal on the GeneChip, was expressed at
similar levels in both Sprague—Dawley and GHS animals.

These changes potentially represent three classes of
genes: those that are fundamentally altered and lead to
hypercalciuria, those that are selected for by inbreeding
(and may be genetically linked to the first set), and those
that are altered in response to hypercalciuria and/or stone
formation. Other genes beyond the 184 that we have
identified may be dysregulated in the GHS rat as well,
but do not statistically meet our criteria with » =3 in each
group. This may be due to the low sample number, or it
may be due to inherent genetic variability in the
Sprague—Dawley rats influencing the baseline signal.
"This variability is apparent in Fig. 17, when comparing
signal values from the Sprague—Dawley to the GHS
rats, as might be expected for an outbred compared
with an inbred strain.

Furthermore, we have identified several chromosomal
‘hotspots’ where clusters of genes demonstrate significant
changes in kidney expression levels in GHS relative to
Sprague—Dawley rats. Some of these changes could be
attributable to a reduction in genetic complexity at
loci that have variable expression levels in the outbred

Sprague—Dawley rat strain. However, other changes may
be due to a genetic linkage to loci that are selected for by
the process of breeding hypercalciuric rats. Because this
is a candidate gene approach, we consider clustering to be
a rationale for further exploration of a particular genetic
locus, and we found that two of our more dramatic
clusters correspond to the cytobands containing interleu-
kin-1 and tumor necrosis factor-o,, both of which have
profound effects on bone mineralization and density, and
could potentiate a systemic defect in calcium handling.

Conclusion

To explain more fully the mechanism of idiopathic
hypercalciuria in humans, we have developed an animal
model of this disorder. Through more than 70 generations
of successive inbreeding of the most hypercalciuric pro-
geny of hypercalciuric Sprague—Dawley rats, we have
established a strain of rats that excrete 8—10 times as
much urinary calcium as control Sprague—Dawley rats.
These hypercalciuric rats have a systemic abnormality in
calcium homeostasis; they absorb more intestinal
calcium, they resorb more bone, and they do not ade-
quately reabsorb filtered calcium, similar to findings in
humans with idiopathic hypercalciuria. Because each one
of the hypercalciuric rats forms renal stones, we have
described them as GHS rats. These studies suggest that
an increased number of VDRs may be the underlying
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mechanism for hypercalciuria in these rats and perhaps,
by analogy, in humans. In a recent clinical study, circu-
lating monocytes from humans with idiopathic hypercal-
ciuria were shown to have an increased number of VDRs.
Understanding the mechanism of hypercalciuria and
stone formation in this animal model will help clinicians
devise effective treatment strategies for preventing
recurrent stone formation in humans.
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