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Genetic Hypercalciuric Stone-Forming Rats Have a Primary
Decrease in BMD and Strength

Marc Grynpas,1 Stephen Waldman,1 Douglas Holmyard,1 and David A. Bushinsky2

ABSTRACT: Kidney stone patients often have a decrease in BMD. It is unclear if reduced BMD is caused by
a primary disorder of bone or dietary factors. To study the independent effects of hypercalciuria on bone, we
used genetic hypercalciuric stone-forming (GHS) rats. GHS and control (Ctl) rats were fed a low Ca (0.02%
Ca, LCD) or a high Ca (1.2% Ca, HCD) diet for 6 wk in metabolic cages. All comparisons are to Ctl rats.
Urine Ca was greater in the GHS rats on both diets. GHS fed HCD had reduced cortical (humerus) and
trabecular (L1–L5 vertebrae) BMD, whereas GHS rats fed LCD had a reduction in BMD similar to Ctl. GHS
rats fed HCD had a decrease in trabecular volume and thickness, whereas LCD led to a ;20-fold increase
in both osteoid surface and volume. GHS rats fed HCD had no change in vertebral strength (failure stress),
ductibility (failure strain), stiffness (modulus), or toughness, whereas in the humerus, there was reduced
ductibility and toughness and an increase in modulus, indicating that the defect in mechanical properties is
mainly manifested in cortical, rather than trabecular, bone. GHS rat cortical bone is more mineralized than
trabecular bone and LCD led to a decrease in the mineralization profile. Thus, the GHS rats, fed an ample Ca
diet, have reduced BMD with reduced trabecular volume, mineralized volume, and thickness, and their bones
are more brittle and fracture prone, indicating that GHS rats have an intrinsic disorder of bone that is not
secondary to diet.
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INTRODUCTION

HYPERCALCIURIA IS THE most common metabolic ab-
normality found in patients with calcium (Ca)-

containing kidney stones.(1–5) Hypercalciuria raises urine
supersaturation with respect to the solid phases of Ca hy-
drogen phosphate (CaHPO4, brushite) and Ca oxalate
(CaOx), enhancing the probability of nucleation and growth
of crystals into clinically significant stones.(4) Patients with
hypercalciuria often excrete more Ca than they absorb,
indicating a net loss of total body Ca.(1–13) The source of
this additional urine Ca is almost certainly the skeleton,
which is by far the largest repository of body Ca.(13–15)

A number of studies have shown a decrease, which is
generally mild, in BMD in hypercalciuric stone formers
compared with controls.(1,6,13,16–22) However, in human
stone formers, it is difficult to determine whether the re-
duction in BMD is caused by a primary decrease in bone
formation and/or an increase in bone resorption or an al-
teration in any of number of dietary factors that may be
altered in stone formers over their lifetime. For example,
a reduction in dietary Ca(23) or an increase in dietary

sodium(24) and/or protein(25) would all be expected to alter
urine Ca excretion and potentially decrease BMD.

To study the independent effect of hypercalciuria on bone,
we used genetic hypercalciuric stone forming rats.(26–40)

These rats were established by successively inbreeding the
most hypercalciuric progeny of hypercalciuric Sprague-
Dawley rats. Each rat excretes significantly more urinary
Ca than do similarly fed controls.(26–40) The hypercalciuria
is caused by increased intestinal Ca absorption,(39) coupled
to a defect in renal tubular Ca reabsorption(33,37) and en-
hanced bone mineral resorption,(34) suggesting a systemic
dysregulation of Ca homeostasis.(38) Virtually all of these
hypercalciuric rats form kidney stones, whereas there was
no evidence of stone formation in controls.(35) We have
termed the rats genetic hypercalciuric stone forming
(GHS) rats.(26–30,32,35,40) The stones formed by the GHS
rats fed standard rat chow contain only Ca and phos-
phate.(28,30,32,35) The addition of hydroxyproline, a com-
mon amino acid and an oxalate precursor,(41) results in
formation of Ca oxalate kidney stones.(26,40)

We used these GHS rats to test the hypothesis that, in
this genetic model of hypercalciuria, there is a primary
decrease in BMD and strength even when the rats were fed
ample dietary Ca. We compared the BMD of the GHS rats
to their parental strain (Sprague-Dawley) when fed an
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equal amount of a high and a low Ca diet and also com-
pared the static histomorphometry and mechanical prop-
erties of the bone from these two strains of rats.

MATERIALS AND METHODS

Establishment of hypercalciuric rats

Adult Sprague-Dawley rats (Charles River Laborato-
ries, Kingston, NY, USA) were initially screened for hy-
percalciuria by placing the rats in individual metabolic
cages, feeding them a constant amount of a standard (1.2%
Ca) Ca diet, and measuring urine Ca excretion. The most
hypercalciuric male and female rats were used to breed the
next generation. A similar protocol was used for screening
and inbreeding of subsequent generations as described
previously.(26–40,42,43)

Study protocol

Sixteen 46th generation female GHS rats, initially
weighing on average 140 g, and 16 Sprague-Dawley rats
(the parental strain of the GHS rats) were each placed in
metabolic cages for 6 wk. Each rat was provided with 15 g/d
of food and deionized distilled water ad libitum. The GHS
and the Sprague-Dawley rats were each divided equally, by
random allocation, into two groups. Some were fed a high
Ca diet containing 1.2% Ca (HCD), and others were fed a
matched low Ca diet containing 0.02% Ca (LCD). Every
2 wk, a 24-h urine collection was collected in concentrated
HCl for urine Ca. The urine was refrigerated at 48C and
measured within 2 wk. Urine Ca was measured by reaction
with arsenazo III and determined photometrically at 650
nm.(44) At the conclusion of the experiment (6 wk), each
rat was killed. Their femurs, tibias, humeri, and lumbar
spines were dissected out, cleaned, and stored at –808C
until analysis. Any rat that ate <14 g of food/d or drank <15
ml of water on any day would have been excluded from
the study; however, all rats met these prospective criteria
throughout the study. The rats were studied with strict
adherence to the NIH Guide for the Care and Use of
Laboratory Animals in the AALAC accredited vivarium at
the University of Rochester.

DXA

The right femurs and lumbar vertebrae (L1–L5) were
scanned using DXA (PIXImus; Lunar Corp/GE). An alu-
minum/lucite phantom (Lunar Corp/GE) was used to cal-
ibrate the machine. The cleaned excised bones were placed
on a polystyrene tray to mimic soft tissues, and the BMD of
the bones was determined.(45)

Mechanical tests

The mechanical properties of the humeri and vertebra
were conducted using an Instron 1011 material testing
system (Instron Canada). In both experiments, force and
deformation data were collected a rate of 25 Hz using a
12-bit data acquisition card (National Instruments),
LabVIEW 5.0 data acquisition software (National Instru-
ments), and a Pentium II computer (Compaq Canada).

The diaphysis of the right humeri was tested in three-
point bending according to the procedure described pre-
viously.(46) Briefly, samples were subjected to a preload of
2 N and deformed at a rate of 2 mm/min until failure. The
point of failure was defined as a successive drop in load
>10%. The body of the fifth lumbar vertebra was tested to
failure in unconfined compression using a similar proce-
dure described previously.(47) Briefly, a preload of 2 N was
applied to the sample and deformed at a rate of 1 mm/min
until failure occurred. In these experiments, the point of
failure was defined as a successive drop in load >5%. In
both tests, sample stress-strain curves were generated from
the collected load-deformation data and the specimen ge-
ometry. From the resulting stress-strain curves, the fol-
lowing bone material properties were determined: (1)
elastic modulus, (2) failure stress and strain, and (3) energy
to failure (toughness).

Specimen processing for image analysis and
histomorphometry

The distal femur of the rats was cleaned of surrounding
tissues. The distal femurs were first dehydrated through
graded alcohols to acetone (70%, 90%, 100%, and 100%),
infiltrated in increasing strengths of spurr/acetone solutions
(50%, 80%, 100%, and 100%), and embedded undecalci-
fied in polymerized plastic Spurr blocks. On completion,
thin sections were cut, on a rotary microtome (Reichert-
Jung 2050) using a tungsten carbide knife, from the blocks
and stained for use in image analysis and histomorphom-
etry.

Histomorphometry

Static histomorphometry was performed on undecalci-
fied Goldner’s trichrome-stained section (5 mm) of distal
femur. Measurements of the bone were taken from a 3-
mm2 area in the central region beginning at 1 mm distal to
the growth plate. The trabecular bone parameters were
measured at a magnification of 3125. A semiautomated
image analysis system (Bioquant; R&M Biometrics) was
used to quantify the structure of the imaged bone. From
these measurements, we determined the trabecular bone
volume (BV), mineralized trabecular bone volume
(Md.V), osteoid volume (OV), osteoid surface (OS), os-
teoid thickness (O.Th), and eroded surface (ES); trabecu-
lar thickness (Tb.Th), trabecular number (Tb.N), and tra-
becular separation (Tb.Sp) were also calculated. The
osteoid thickness was calculated as osteoid volume/osteoid
surface. All the measurements and calculations were done
following the American Society for Bone Mineral
(ASBMR) nomenclature and guidelines.(48)

Backscattering electron microscope

After some sections were taken for histomorphometry,
the plastic blocks from the distal femurs were polished to a
1-mm diamond finish on the Minimet Polisher (Buehler).
Specimens were mounted on a plexi-glass plate and car-
bon-coated, the plate was placed on the stage of a scanning
electron microscope (Philips XL300ESEM), and beam
conditions were set at 20 kV accelerating voltage, a load
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current ranging from 58 to 87mA, and a spot size of 7.
A backscattering electron (BSE) detector (Centaurus
Detector) was used to detect the reflected electrons from
the bone. Calibration of the machine was performed with
silicon dioxide (SiO2, Z = 30) before and after taking
images from each sample. Six to nine images at 3200
magnification were taken from each sample at a working
distance of 15 mm. Regions of both cortical and trabecular
bone in each sample were imaged; the nonmineralized
tissues and the plastic matrix appeared black. The miner-
alized bone exhibited a range of grayscale values, and the
area at each gray level was measured from the Backscat-
tering images using Quantimet image analysis system
(Leica). The percentage area (% area) of pixels excluding
the plastic region was calculated. The gray level intensity
distribution was described using the logit function, or cu-
mulative log ratio,(49) and is defined as follows: logit =
ln(proportion > X)/(proportion < X), where X is a given
gray level. From the histogram, the gray level of the his-
togram peak (peak gray level) was determined and used to
represent the degree of mineralization. Increasing gray
levels represent a higher degree of mineralization. The full
width at one half the maximum height (FWHMH) of the
histogram represents the heterogeneity of the mineraliza-
tion distribution and gives an approximation of the distri-
bution of less-mineralized (younger) and more mineralized
(older) bone.

Statistical analysis

All the data were analyzed using a one-way ANOVA
with SPSS statistical software (SPSS, Chicago, IL, USA).
Pairwise comparisons between groups were performed
using the Fisher’s PLSD posthoc test. Significance was
considered at p < 0.05. All data are presented as mean ± SE.

RESULTS

Urine calcium excretion

When fed the HCD, urine Ca excretion was significantly
greater in the GHS rats than in the Ctl rats at weeks 2, 4,
and 6 (Fig. 1). When fed the LCD, urine Ca excretion was
again significantly greater in the GHS rats than in the Ctl
rats on weeks 2 and 4 but not on week 6. Both strains of rats
excreted more urine Ca when fed HCD compared with
when fed LCD at all time periods studied.

DXA

When fed HCD, BMD in both the right femur and in the
vertebrae (L1–L5) was lower in the GHS rats than in the Ctl
rats (Fig. 2). However, when fed LCD, there was no dif-
ference in BMD at either site between the GHS and Ctl
rats. Both GHS and Ctl rats had substantially lower fem-
oral and vertebral BMD when fed LCD compared with
HCD.

Histomorphometry

Compared with Ctl, trabecular bone volume (BV) and
mineralized trabecular bone volume (Md.V) were both

significantly lower in the GHS rats compared with the Ctl
rats, when eating either diet (Table 1). Compared with
HCD, BV and Md.V were significantly reduced with LCD
in both rat strains. Compared with Ctl, neither osteoid
volume (OV) nor osteoid surface (OS) was altered in GHS
rats on either diet. However, compared with HCD, both
OV and OS increased significantly with LCD in Ctl and in
GHS rats. Compared with Ctl, with HCD, but not with
LCD, trabecular thickness (Tb.Th) was significantly lower
in the GHS rats. Compared with HCD, Tb.Th was signifi-
cantly reduced with LCD in Ctl and in GHS rats. Com-
pared with Ctl, trabecular number (Tb.N.) was not altered

FIG. 1. Urine Ca excretion (mean ± SE) in the control (Ctl) and
genetic hypercalciuric stone-forming (GHS) rats after 2, 4, and 6
wk of consuming 15 g/d of a high Ca diet (1.2% Ca, HCD) or a low
Ca diet (0.02% Ca, LCD). The 24-h urines were collected in
concentrated HCl and urine Ca was measured photometrically.
aDifferent from Ctl eating HCD, p < 0.05; bdifferent from GHS
eating HCD, p < 0.05; cdifferent from Ctl eating LCD, p < 0.05.

FIG. 2. BMD of the whole right femors, representing cortical
bone, and the lumbar vertebrae (L1–L5) representing trabecular
bone (mean ± SE). BMD was measured using DXA at the con-
clusion of the study. aDifferent from Ctl eating HCD, p < 0.05;
bdifferent from GHS eating HCD, p < 0.05.
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in GHS on HCD but was reduced on LCD. Compared with
HCD, Tb.N was significantly reduced with LCD in both rat
strains. Compared with Ctl, GHS rats had an increased
trabecular separation (Tb.Sp) only while on LCD but not
on HCD. Compared with HCD, Tb.Sp was significantly
increased with LCD in both rat strains.

Degree of mineralization (BSE)

In general, the cortical bone is more mineralized than the
trabecular bone as shown by the shift of the curves toward
higher gray levels in Fig. 3B compared with Fig. 3A. In both
trabecular and cortical bone, the mineralization profile was
significantly lower (p < 0.05) in LCD compared with HCD
in both the GSH and Ctl rats as indicated by the lower gray
level in both LCD groups using the logit function.

When fed HCD, both GSH and Ctl rats had similar
trabecular and cortical bone mineralization profile (curves
2 and 4 in Figs. 3A and 3B). However, when both the GHS
and Ctl rats were fed LCD, there is a decrease in their
degree of mineralization. This shift toward lower degree of
mineralization is greater in the Ctl rats (27% decrease in
the peak of the gray level in trabecular and 21% decrease
in cortical bone) than in the GHS rats (17% decrease in
trabecular and 11% decrease in cortical bone). Thus, the
GHS rats retain a higher degree of mineralization when fed
LCD compared with Ctl rats.

The Ctl rats fed LCD have an increase in the heteroge-
neity of the mineralization distribution as indicated by
wider curves in Figs. 3A and 3B and a significant increase in
mineralization as described by the parameter FWHMH for
both trabecular and cortical bone, which is not observed in
the GHS rats.

Mechanical tests

The failure properties of the humeri were significantly
different between the GHS and Ctl rats and were also
significantly affected by diet (Table 2).

When fed both HCD and LCD, the humeral (cortical)
bone of the GHS rats was more brittle, characterized by an
increase in stiffness (modulus) with an associated reduction

in both toughness and ductility (failure strain). Interest-
ingly, the opposite effect was observed in both rat strains
when fed LCD compared with HCD: a decrease in strength
(failure stress) and stiffness and an associated increase in
ductility.

In the vertebral bone, there was only a significant effect
of diet on the failure properties of trabecular bone (Table

TABLE 1. Histomorphometry

Ctl HCD GHS HCD Ctl LCD GHS LCD

BV (%) 18.5 ± 0.9 14.2 ± 0.4* 9.3 ± 0.4* 6.6 ± 0.4†‡

Md.V (%) 18.5 ± 0.9 14.2 ± 0.3* 8.9 ± 0.4* 6.4 ± 0.4†‡

OV (%) 0.16 ± 0.04 0.21 ± 0.14 3.6 ± 0.4* 3.2 ± 0.4†

OS (%) 1.3 ± 0.4 1.2 ± 0.6 23 ± 2* 21 ± 2†

ES (%) 0.51 ± 0.13 0.25 ± 0.04 0.80 ± 0.14 0.43 ± 0.15

Tb.Th (mm) 52 ± 1 40 ± 1* 34 ± 2* 32 ± 2†

O.Th (mm) 3.4 ± 0.8 3.7 ± 1.2 2.8 ± 0.3 2.4 ± 0.1

Tb.N (mm21) 3.56 ± 0.17 3.57 ± 0.08 2.79 ± 0.24* 2.13 ± 0.16†‡

Tb.Sp (mm) 233 ± 13 241 ± 6 345 ± 34* 464 ± 51†‡

Data are mean ± SE; n = 8 all groups.

* Different from control rats eating the high Ca diet, p < 0.001.
† Different from GHS rats eating the high Ca diet, p < 0.001.
‡ Different from control rats eating the low Ca diet, p < 0.001.

Ctl, control rats; GHS, genetic hypercalciuric stone forming rats; HCD, high Ca (1.2%) diet; LCD, low Ca (0.02%) diet; BV, bone volume; Md.V,

mineralized trabecular bone volume; OV, osteoid volume; OS, osteoid surface; ES, eroded surface; Tb.Th, trabecular thickness; O.Th, osteoid thickness;

Tb.N, trabecular number; Tb.Sp, trabecular separation.

FIG. 3. Histograms of mineralization profile for trabecular bone
(A) and cortical bone (B). Higher gray level (shift of curve to
right) indicated an increased level of mineralization. Increased
width of curve indicates increased degree of heterogenicity.
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2). Both GHS and Ctl rats fed LCD had a general loss
of the vertebral trabecular bone mechanical properties
(strength, stiffness, and toughness, by 57–65%).

DISCUSSION

Patients with idiopathic hypercalciuria often have a re-
duction in BMD.(1,6,13,16–22) Whether this reduction is
caused by a primary disorder of bone formation and/or
resorption related to the hypercalciuria or caused by dif-
ferences in dietary intake, perhaps over a lifetime, between
stone formers compared with normal controls is not known
and virtually impossible to determine in humans. Using a
genetic strain of rats that has been bred for hypercalciuria
and spontaneously produce kidney stones, the GHS rats,
we tested the hypothesis that there is a primary abnor-
mality in bone mineral not related to differences in diet.
We found that even when the GHS rats were fed HCD,
there were significant differences in bone mineral com-
pared with identically fed control rats. When compared
with controls, the bone of the GHS rats not only had a
reduction in density but had reduced trabecular volume
and thickness and was more brittle and fracture prone.

Compared with the control rats, the cortical bone (hu-
meri) in GHS rats differed more than trabecular (verte-
bral) bone. In GHS rats consuming HCD, the cortical bone
was stiffer and less ductile, leading to a decrease in
toughness that may induce an increased risk of fracture.
These differences were not seen in the trabecular bone.
However, the cortical bone of the GHS rats on LCD was
stronger and stiffer than the control rats fed the same diet.
This may be explained by the smaller decrease in miner-
alization found in the GHS rats compared with the controls
when fed LCD. This effect concurs with data showing that
rats fed a high fluoride diet were more resistant to bone loss
during a period of Ca deficiency than control rats.(50)

The defects in mechanical properties in the GHS rats fed
both the HCD and LCD are mainly manifested in cortical
rather than trabecular bone. Histomorphometric analysis
showed that the GHS rats fed the HCD had a significant
decrease in trabecular volume and trabecular thickness

(Table 1), yet the mechanical properties of their vertebrae
(trabecular bone), whereas numerically lower, did not
differ significantly. In both control and GHS rats, the LCD
induced a significant increase in osteoid surface and vol-
ume, indicating an increase in the rate of bone formation
or a decrease in the rate of mineralization. Further studies,
perhaps using tetracycline labeling, will be necessary to
determine the dynamics of mineralization when the rats
are fed LCD.

Compared with non–stone formers, hypercalciuric stone
formers often have a mild decrease in BMD.(1,6,13,16–22)

Pietschmann et al.(16) found lower spinal BMD in hyper-
calciuric compared with normocalciuric patients, and Jae-
ger et al.(17) found that stone formers were slightly shorter
and had a significantly lower BMD at specific sites com-
pared with controls. Giannini et al.(18) found that recurrent
hypercalciuric stone formers had reduced BMD compared
with normal controls, whereas Misael da Silva et al.(19)

examined bone formation and resorption parameters in
40 stone formers and classified 10 as osteopenic. Tasca
et al.(20) found a more negative Z-score in hypercalciuric
patients than in controls. Analysis of the Third National
Health and Nutrition Examination Survey (NHANES III)
showed that men with a history of kidney stones have a
lower femoral neck BMD than those without a history of
stones.(51) Analysis of almost 6000 older men again showed
an association of kidney stones with decreased BMD.(52)

Calcium stone formers seem to have an increased risk of
fractures.(51,53) Data from NHANES III showed an in-
creased risk of wrist and spine fractures in stone for-
mers,(51) and in a retrospective analysis, stone formers had
an increased incidence of vertebral fractures but not frac-
tures at other sites.(53) BMD is correlated inversely with
urine Ca excretion in men(54) and in women.(55)

Although these studies in humans showed, in general, a
reduction in BMD in stone formers, there are many dietary
influences on BMD over a lifetime. Stone formers often
consume a diet poor in Ca, with ample sodium and pro-
tein.(56) Each of these dietary constituents influences urine
Ca excretion,(23–25) which potentially can alter the bone
mineral. For example, Lauderdale et al.,(51) in analyzing
NHANES III, has shown that there is a reduction in BMD

TABLE 2. Mechanical Properties

Ctl HCD GHS HCD Ctl LCD GHS LCD

Humeri (cortical bone)

Failure stress (MPa) 202 ± 5 193 ± 9 118 ± 10* 148 ± 8†‡

Failure strain 0.064 ± 0.003 0.044 ± 0.002* 0.099 ± 0.004* 0.065 ± 0.004†‡

Modulus (MPa) 3253 ± 165 4633 ± 461* 1164 ± 96* 2278 ± 215†‡

Toughness (J/mm2) 7.8 ± 0.4 4.6 ± 0.3* 8.5 ± 0.9 6.2 ± 0.3†‡

Fifth lumbar vertebrae (trabecular bone)

Failure stress (MPa) 19.8 ± 1.7 16.3 ± 1.5 7.5 ± 0.7* 5.8 ± 0.7†

Failure strain 0.078 ± 0.007 0.070 ± 0.006 0.093 ± 0.018 0.059 ± 0.009‡

Modulus (MPa) 251 ± 6 238 ± 24 88 ± 11* 89 ± 6†

Toughness (J/mm2) 0.87 ± 0.12 0.62 ± 0.9 0.37 ± 0.7* 0.23 ± 0.6†

Data are mean ± SE; n = 8 all groups.

* Different from Ctl eating HCD, p < 0.001.
† Different from GHS eating HCD, p < 0.001.
‡ Different from Ctl eating LCD, p < 0.001.

Ctl, control rats; GHS, genetic hypercalciuric stone forming rats; HCD, high Ca diet,1.2% Ca; LCD, low Ca diet, 0.02% Ca.
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in stone formers if they habitually consume virtually no
milk. Walser(24) showed that Ca clearance is directly cor-
related with sodium clearance. Asplin et al.(15) has shown
that, in stone formers, there is an increase in urine am-
monia excretion, indicating increased net acid intake that is
generally from dietary protein, which is correlated in-
versely with femoral neck and vertebral BMD.

In a previous study, PTH was found to be lower in the
GHS rats compared with control Sprague-Dawley rats fed
a high calcium diet.(57) This observation suggests that, in
the GHS, the principle mechanism of the hypercalciuria is
not an inability of the renal tubule to conserve calcium but
either an increase in bone resorption or intestinal calcium
absorption. Compared with controls, levels of 1,25(OH)2D
were normal to elevated,(31,37,38,58,59) and levels of the vi-
tamin D receptor were markedly elevated in the bone,
intestine and kidney of the GHS rats.(31,34,38,59,60) The el-
evated levels of the vitamin D receptor suggest that the
normal to elevated levels of 1,25(OH)2D are more effec-
tive and result in an enhanced effect of 1,25(OH)2D, which
could be acting on the bone to increase resorption and/or
the intestine to increase absorption.

The hypercalciuria in the GHS rats is caused by a sys-
temic dysregulation of Ca transport.(38) We showed in-
creased intestinal Ca absorption,(39) a defect in renal tubular
Ca reabsorption,(33,37) and enhanced bone mineral resorp-
tion(34) in these rats. To study bone homeostasis in GHS rats
in vivo, we fed GHS and control rats a diet with adequate
Ca and switched them to a low Ca diet.(37) The low Ca diet
led to the renal excretion of more Ca than was present in the
diet; thus, the GHS rats were in negative Ca balance. To
confirm that bone was the source of the additional urine Ca,
we continued both groups of rats on the low Ca diet and
injected some with the bone resorption blocker alendro-
nate.(29) Alendronate caused a significant decrease in urine
Ca in the GHS but not in control and brought the urine Ca
in the GHS rats to below the dietary Ca intake, indicating
that, on a low Ca diet, there is a significant contribution of
bone Ca to the increased urine Ca excretion. To support
that there was a primary abnormality in the bone homeo-
stasis in the GHS rats, we cultured neonatal bone (calvar-
iae) from GHS and control rats. We found that cultured
calvariae exhibited greater sensitivity to 1,25(OH)2D3

than did bone from controls.(34) In contrast, PTH induced
similar bone resorption in control and GHS calvariae. Im-
munoblot analysis showed a 4-fold increase in the level of
1,25(OH)2D3 receptors (VDR) in GHS calvariae compared
with control calvariae, similar to the increased intestinal
receptors described previously.(31,34,38) There was no com-
parable change in VDR RNA levels as measured by slot
blot analysis, suggesting the altered regulation of the VDR
occurs post-transcriptionally. The current data, the first
studying bone from the GHS rats in vivo, support that there
is a primary defect in bone homeostasis in this animal model
of hypercalciuria induced stone formation.

Thus, using the GHS rats, an excellent model of hyper-
calciuria and stone formation, we showed reduced BMD in
both cortical (femoral) and trabecular (vertebral) bone.
We showed that the cortical bone is more brittle, whereas
the trabecular bone is less affected. Whether therapy to

reduce the hypercalciuria will correct these abnormalities
of bone has yet to be determined.
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