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ABSTRACT
To study human idiopathic hypercalciuria (IH), we developed an animal model, genetic hypercalciuric stone-forming (GHS) rats,
whose pathophysiology parallels that in IH. All GHS rats form kidney stones and have decreased BMD and bone quality compared
with the founder Sprague–Dawley (SD) rats. To understand the bone defect, we characterized osteoclast and osteoblast activity
in the GHS compared with SD rats. Bone marrow cells were isolated from femurs of GHS and SD rats and cultured to optimize
differentiation into osteoclasts or osteoblasts. Osteoclasts were stained for TRAcP (tartrate resistant acid phosphatase), cultured
to assess resorptive activity, and analyzed for specific gene expression. Marrow stromal cells or primary neonatal calvarial cells
were differentiated to osteoblasts, and osteoblastic gene expression as well as mineralization was analyzed. There was increased
osteoclastogenesis and increased resorption pit formation in GHS compared with SD cultures. Osteoclasts had increased expres-
sion of cathepsin K, Tracp, and MMP9 in cells from GHS compared with SD rats. Osteoblastic gene expression and mineralization
was significantly decreased. Thus, alterations in baseline activity of both osteoclasts and osteoblasts in GHS rats, led to decreased
BMD and bone quality, perhaps because of their known increase in vitamin D receptors. Better understanding of the role of GHS
bone cells in decreased BMD and quality may provide new strategies to mitigate the low BMD and increased fracture risk found in
patients with IH. © 2020 The Authors. JBMR Plus published by Wiley Periodicals, Inc. on behalf of American Society for Bone and
Mineral Research.
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Introduction

Hypercalciuria is themost commonmetabolic abnormality in
patients who form calcium- (Ca) containing kidney

stones.(1,2) Elevated urine Ca increases urine supersaturation
with respect to the Ca solid phases: Ca oxalate and Ca phosphate.
Initial crystal formation occurs in the renal medullary intersti-
tium, which then extends into the urinary space(3,4) where fur-
ther crystal growth and aggregation may result in clinically
significant stone formation.(2)

The source of the elevated urine Ca appears to be caused by a
systemic dysregulation of Ca transport; there is increased intesti-
nal Ca absorption, decreased renal tubule Ca reabsorption, and
increased bone resorption.(1,2,5) Patients with idiopathic hyper-
calciuria (IH) are often in negative Ca balance as they excrete
more Ca in their urine than they absorb from their diet. The

negative Ca balance may occur over a broad range of dietary
Ca intakes, but is most apparent when dietary Ca intake is low.(6)

Negative Ca balance with persistent hypercalciuria predicts a
decrease in BMD in IH patients(7) that has been borne out by
reports of low BMD at the lumbar spine, proximal femur, and/or
forearm.(7–10) The low BMD contributes to the increased rates of
vertebral and hip fracture risk among stone formers.(9–11) Fur-
ther, the Third National Health and Nutrition Examination Survey
(NHANESIII) found that men with a history of nephrolithiasis
were more likely to have low femoral neck BMD with lower Ca
intake.(12) BMD has been reported to be inversely correlated with
the level of urine Ca excretion in bothmen and women.(13) Histo-
morphometric analyses of bone biopsy specimens suggest that
the low bone density in IH patients results from increased bone
resorption alone or is accompanied by low bone formation and
decreased bone mineralization.(14–17) Histologic evidence of
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increased bone resorption is supported by elevated circulating
cytokines and bone resorption turnover markers, Ca kinetic stud-
ies, and bone tissue RANKL overexpression.(18–20) However, other
studies have shown elevation of some bone turnover biomarkers
but not others,(13,20) and Ca kinetic studies have demonstrated
both increased bone resorption and formation.(21)

The inconsistency of bone turnover markers and histomor-
phometry findings across clinical studies suggest heterogeneity
in the pathogenesis of bone disease in IH. However, variation
in genetic, nutritional, and endocrine factors can modulate bone
cell function and it is difficult to control for these factors in
humans. In addition, no direct measurements of bone cellular
function or gene expression related to bone formation and
resorption have been reported for human IH.

To determine the cellular andmolecular basis for alterations in
bone formation and resorption in hypercalciuria while control-
ling for genetic, nutritional, and hormonal factors, we conducted
studies in rats from an inbred colony of hypercalciuric rats.(22)

These genetic hypercalciuric stone-forming (GHS) rats are the
result of over 100 generations of selective inbreeding of hyper-
calciuric offspring of the original spontaneously hypercalciuric
male and female Sprague–Dawley (SD) rats. GHS rats share sim-
ilar patterns of Ca metabolism with IH patients including
increased intestinal Ca transport,(23) decreased renal tubule Ca
reabsorption,(24) and negative Ca balance on a restricted Ca
intake,(25) as well as increased bone resorption.(26) On a normal
Ca diet, all GHS rats form kidney stones and have normal serum
Ca and PTH levels.(22) Serum 1,25(OH)2D levels are elevated in
50% to 70% of IH patients(27) and are normal, not elevated in
GHS rats.(22) We have found that GHS rats have a pathologic
overexpression of the vitamin D receptor (VDR) in intestine, kid-
ney, and bone cells, which results in changes in Ca transport in
these organs(28–30) through overexpression of numerous VDR-
dependent genes(31–35) contributing to the hypercalciuria.

The GHS rats have decreased bone density compared with the
parental SD rats, including reduced trabecular volume and thick-
ness, and increased brittleness and propensity to fracture(36,37)

that can be at least partially reversed with the thiazide diuretic
chlorthalidone.(38) In the present study, we used GHS and SD
rat bone cells to test the hypothesis that net bone resorption is
increased in GHS rats by examining the functional status of mar-
row osteoclast lineage cells and osteoblasts derived from bone
marrow stromal cells (BMSCs) and neonatal rat calvariae. The
results provide a direct measure of bone cell activity in GHS rats,
which suggests an uncoupled turnover with increased resorp-
tion and decreased formation leading to low bone density and
increased bone fragility.

Materials and Methods

Establishment of GHS rats

Adult Sprague–Dawley (SD) rats (Charles River Laboratories,
Kingston, NY, USA) were initially screened for hypercalciuria 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.(23,24,26,29,31,34,36,38–43) Beyond the 30th
generation, GHS rats have consistently excreted 8 to 10 times
more urine Ca than of WT SD rats. Urine Ca excretion in SD rats
has not varied with time. SD rats purchased from Charles River

Laboratories (Kingston, NY, USA) werematched for age and body
weight (220 to 250 g) to the GHS rats. All animal experiments
were approved by the University of Rochester Animal Care
Committee.

Dual energy x-ray absorptiometry measurements

As previous studies only assessed BMD in male rats,(36,37) in this
study we also scanned six 3-month-old GHS and SD female rats
postmortem using a DXA PIXIMus II series densitometer with
software version 2 (GE Healthcare, Piscataway, NJ, USA). The
scans were carried out following manufacturer’s instructions.
Because of its larger size, only the posterior part of the rat was
scanned. Tibia BMD was measured using the regions of interest
tool in the software. Mean values of the two tibia of each of the
six animals per group are presented.

Osteoclasts cultures from bone marrow cells

Bone marrow cells (BMCs) were isolated from femurs of 8- to
10-week-old male SD and GHS rats. To generate osteoclasts,
the isolated BMCs were seeded at a density of 2 × 104 cells/well
in a 96-well plate for tartrate resistant acid phosphatase (TRAcP)
staining or 30 × 106 cells/100 mm plate for RNA expression in
α-MEM containing 10% heat-inactivated FBS, 10 μg/mL
penicillin–streptomycin (Hyclone Laboratories, Logan, UT, USA)
and 1% L-glutamine, supplemented with macrophage colony-
stimulating factor (mCSF, 5 ng/mL; R&D Systems, Inc., Minneapo-
lis, MN, USA).(44,45) After 2-day incubation, freshmedium contain-
ing recombinant soluble RANKL (25 ng/mL; R&D Systems, Inc.)
was added to the cells which were cultured for an additional
4 days to induce osteoclast differentiation with an additional
medium change after 2 days. The cells in the 96-well plates were
then stained for TRAcP activity; stained cells that contained three
or more nuclei, were counted as osteoclasts. The total number of
osteoclasts in each well was counted under a microscope
(Olympus IX71; Olympus, Waltham, MA, USA) at ×10 magnifica-
tion. Five wells on each plate and the combined results from
three independent experiments are presented. The total area
(mm2) of osteoclasts in each well was also calculated based on
1 grid square = 0.0045 mm2. Total RNA was isolated from the
100-mm plates using the Rneasy Mini Kit (QIAGEN, Germantown,
MD, USA) and used for qPCR analysis of specific osteoclastic gene
expression.

TRAcP assay

Upon completion of the osteoclastogenesis culture, mature oste-
oclast cells were stained for TRAcP (Sigma-Aldrich, St. Louis, MO,
USA). Dark red TRAcP-positive cells having three or more nuclei
were counted as osteoclasts.

Resorption pit formation

BMCs were isolated from femurs of 8- to 10-week-old male SD
and GHS rats as above. The isolated cells were seeded at
104 cells/per well on a 50-μm-thick bovine cortical bone slice
(cut in our laboratory) in a 96-well plate (one bone slice/per well)
and incubated with α-MEM containing 10% heat-inactivated FBS
and 1% L-glutamine, supplemented with mCSF (5 ng/mL). After
2 days in culture, the medium was changed to fresh medium
also containing soluble RANKL (25 ng/mL). The cells were contin-
ually grown on the bone slices with a medium change every
4 days for 9 days. The bone slices were removed from the wells
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and fixed with 10% neutral buffered formalin for 10 min at room
temperature. The cells on the bone slices were removed with a
toothbrush and the slices then washed twice with PBS. The bone
resorption pit formation was visualized by 100-μL toluidine blue
(1%) staining for 3 min at room temperature. Slices were then
rinsed with dH2O and air-dried for imaging. The pit area was
quantified using ImageJ software (NIH, Bethesda, MD, USA;
https://imagej.nih.gov/ij/).

Osteoblasts from bone marrow stromal cells

Bone marrow stromal cells (BMSCs) were obtained as described
above and plated at 3 × 107 cells/100-mm plate for RNA collec-
tion and at 5 × 106 cells/well in six-well plates for mineralization.
Cells were incubated at 37�C in α-MEM containing 10% FBS,
50-μg/mL penicillin, and 1% L-glutamine, supplemented with
50-μg/mL ascorbic acid. The medium was changed every 3 days.
At confluence, 10mM β-glycerophosphate was also added to the
medium, and culture was continued for an additional 21 days, at
which time cells were collected for RNA analyses.

Primary osteoblasts

Calvarial cells were isolated from 2- to 3-day-old GHS and SD rat
pups by sequential collagenase digestion as previously
described.(46,47) The isolated cells were plated in six-well plates
at a density of 5 × 105 cells/well in Dulbecco’s modified essential
medium. At confluence, fresh α-MEM, containing 10% heat-
inactivated FBS and 1% L-glutamine, supplemented with ascor-
bic acid (50 μg/mL) and 10mM β-glycerophosphate, was added
to the cells to induce cell differentiation and mineralization.
The cells were continually grown for another 14 days with a
medium change every 3 to 4 days.

Mineralization assay

After 14 to 21 days in differentiation medium, the cells were
rinsed twice with phosphate buffered saline and then fixed in
2 mL of 10% neutral formalin buffer for 15 min at room temper-
ature. After washingwith distilled water, the fixed cells were then
stained with Alizarin Red solution (1% Alizarin Red S [Sigma] in

95% ethanol) for 30 to 60 min at room temperature. Plates were
air-dried and the relative intensity of positive stain on each well
wasmeasured in a ChemiDocMP imaging system (BioRad, Hercu-
les, CA, USA).

Real-time PCR

Total RNA was extracted using an RNAeasy minikit (QIAGEN)
according to the manufacturer’s directions. cDNA synthesis was
carried out using an iScript cDNA synthesis kit (BioRad). Quantita-
tive real-time PCR was performed using SYBR green supermix
(Applied Biosystems, Foster City, CA, USA). Quantification of the
PCR products was done using the comparative cycle threshold
method as described previously.(48) Rpl13a was used as an inter-
nal control. Primer sequences are presented in Table 1.

Table 1. qPCR Primer Sequences

Primer Forward Reverse

Tracp 50-CAGCAGCCAAGGAGGACTAT-30 50-ACATAGCCCACACCGTTCTC-30

Ctsk 50-AGACGCTTACCCGTATGTGG-30 50-GGACACAGAGACGGGTCCTA-30

Rank 50-CTGCTCCTCTTCATCTCTGTG-30 50-CTTCTGGAACCATCTTCTCCTC-30

Csf1r 50-GCCTTTGGTCTGGGCAAA-30 50-AGCCGTGGACTTGAGCATCT-30

Nfatc1 50-CAACGCCCTGACCACCGATAG-30 50-GGCTGCCTTCCGTCTCATAGT-30

Mmp9 50-TCGAAGGCGACCTCAAGTG-30 50-TTCGGTGTAGCTTTGGATCCA-30

Alp 50-GGACGGTGAACGGGAGAAC-30 50-TGAAGCAGGTGAGCCATAGG-30

Casr 50-TTCTATCATCAACTGGCACCTC-30 50-TTGTCACAGGCACTCGCATCTG-30

Bmp 50-GAAGCCAGGTGTCTCCAAGAG-30 50-GTGGATGTCCTTTACCGTCGT-30

Opg 50-GTCCCTTGCCCTGACTACTCT-30 50-GACATCTTTTGCAAACCGTGT-30

Rankl 50-GGGCCAAGATCTCTAACATGA-30 50-TCATGATGCCTGAAGCAAATG-30

Col1 50-GAGTGGGGAACACACAGGTCT-30 50-TCTGACTGGAAGAGCGGAGAG-30

Runx2 50-GCCGGGAATGATGAGAACTA-30 50-GGACCGTCCACTGTCACTTT-30

Spp1 50-CTGCCAGCACACAAGCAGAC-30 50-TCTGTGGCATCGGGATACTG-30

Ocn 50-CACCTTACTGCCCTCCTGCTT-30 50-GACCCTCTCTCTGCTCACTCTG-30

Ostx 50-AACAGCCCTGGGAAAAGGAGGC-30 50-GGAGTCCATTGGTCGTTGAGA-30

Rpl13a 50-GGATCCCTCCACCCTATGACA-30 50-CTGGTACTTCCACCCGACCTC-30

Fig. 1. Decreased BMD in genetic hypercalciuric stone-forming (GHS)
female rats. Tibias from Sprague–Dawley (SD) and GHS female rats were
scanned postmortem. The average BMD of both tibias/rat is presented.
Results are mean � SE for six rats/group. *p < 0.05 compared with
SD rats.
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Data analysis

Statistical analysis was performed using the Student’s t test for
unpaired comparisons. Data were presented as means � SEM;
p < 0.05 was considered significant.

Results

Bone mineral density

As we have found previously in male rats,(36,37) the BMD of
female rat tibias measured by DXA was lower in GHS rats com-
pared with SD controls (Fig. 1), indicating that the hypercalciuria
and subsequent decrease in BMD is not a sex-linked trait.

Osteoclasts

To understand whether osteoclast or osteoblast activity is
altered in these rats, leading to the changes in BMD, we exam-
ined isolated cell cultures. GHS rat BMCs cultured for 6 days with
mCSF and RANKL developed increased numbers of mature oste-
oclasts compared with SD rats (Fig. 2A). The number of the
TRAcP-positive multinucleated cells and the size of the osteo-
clasts were greater from cells isolated from GHS rats than those
from SD rats (Fig. 2B). When these differentiated osteoclasts were
cultured on bovine bone slices, osteoclasts from GHS rats cre-
ated more resorption pits (Fig. 3A) with greater area of erosion
compared with SD rat-derived cells (Fig. 3B).

The marrow cells from GHS and SD rats, cultured under condi-
tions that led to differentiated osteoclasts, were also collected,

Fig. 2. Increased osteoclasts in cells differentiated from genetic hypercalciuric stone-forming (GHS) rat bonemarrow. Rat bonemarrow from 3-month-old
male rats was differentiated to osteoclasts as described in the Materials and Methods section. After TRAcP (tartrate resistant acid phosphatase) staining,
cells in the 96-well plates were counted. (A) Micrograph of representative wells from Sprague–Dawley (SD) and GHS cells at ×4 and ×10 magnification. (B)
Quantitation of number of osteoclasts/well (left panel) and of osteoclast area/well (right panel). Results are mean � SE for 15 wells/group from three sep-
arate experiments. *p < 0.05 compared with osteoclasts from SD rats.

Fig. 3. Increased resorption pit formation on bone slices in the presence of differentiated bone marrow cells (BMCs) from genetic hypercalciuric stone-
forming (GHS) rats. BMCs from Sprague–Dawley (SD) and GHS rats were plated on bovine cortical bone slices in 96-well plates and differentiated to oste-
oclasts. (A) Cells were then removed and the slices were stained with toluidine blue. (B) Quantitation of the resorption pit area. Results are mean � SE for
five slices/group. *p < 0.05 compared with bones plated with SD cells.
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and RNA prepared for analysis of specific osteoclastic gene
expression. There was a significant increase in Tracp, cathepsin
K, and Mmp9 expression in GHS compared with SD osteo-
clasts (Fig. 4).

Osteoblasts

Specific osteoblast responses were also characterized. BMSCs
were obtained from GHS and SD rat femurs and differenti-
ated to osteoblasts. After 3 weeks in differentiation medium,
cells were collected and RNA was isolated for qPCR. The rel-
ative expression of osteoblastic genes is shown in Fig. 5A,B.
Significant decreases were observed in the expression of
alkaline phosphatase, Bmp, Rankl, osteopontin, and osterix
in GHS osteoblasts compared with SD osteoblasts. To deter-
mine changes in mineralization of these cells, other differen-
tiated marrow cells were collected and stained with Alizarin
Red. Differentiated osteoblasts from GHS BMSCs exhibited
significantly less mineralization compared with cells from SD
rats (Fig. 6A). Similar results were obtained when mature cal-
varial osteoblasts were cultured in differentiation medium
(Fig. 6B).

Discussion

Calcium nephrolithiasis and low bone mass leading to fracture
are important clinical manifestations of human IH.(7–11) The path-
ogenesis of reduced bone mass in IH remains incompletely
understood in part because of the wide variability in the genetic
background across human populations and their variable Ca,
sodium, protein intake, and vitamin D status. Using the GHS rats,
which share important physiological parallels to human IH, have
little genetic variability, and are fed a similar diet, we(36) demon-
strated primary abnormalities in bone.(36) We found decreased
cortical bone density and reduced trabecular bone volume and
thickness that were not corrected by a high Ca diet and were
worsened with a low Ca diet. Administration of the long-acting
thiazide diuretic agent chlorthalidone (CTD) reduced urine Ca
excretion in GHS rats and improved trabecular volume, number,
thickness, and mineralization. As a result, vertebral strength and
stiffness improved.(38) The reversal of hypercalciuria by chlortha-
lidone administration improves BMD and bone quality toward
normal.(38) The results strongly suggest that low bone mass
and trabecular and cortical defects in GHS rats are causally linked
to the high urine Ca excretion. Similar improvement in BMD and
risk of hip fracture has been reported in IH subjects and others
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Fig. 4. Changes in gene expression in differentiated osteoclasts from genetic hypercalciuric stone-forming (GHS) and Sprague–Dawley (SD) rats. Bone
marrow cells were isolated from 3-month-old SD and GHS rats and differentiated to osteoclasts as described in the Materials and Methods section.
RNAwas collected from cells and used for qPCR. Results are mean � SE for the relative expression of tartrate resistant acid phosphatase (Tracp), cathepsin
K (Ctsk), receptor activator of NfKappaB (Rank), colony stimulating factor-receptor 1 (Csfr1), nuclear factor of activated T cells 1 (Nfatc1), and matrix metal-
lopeptidase 9 (Mmp9). Open circles = SD-derived osteoclasts; closed squares = GHS-derived osteoclasts. *p < 0.05 compared with SD expression.
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Fig. 5. Decreased gene expression in osteoblasts differentiated from bonemarrow stromal cells (BMSCs) from genetic hypercalciuric stone-forming (GHS)
rats compared with Sprague–Dawley (SD) rats. BMSCs from SD and GHS rats were differentiated to osteoblasts. After 3 weeks in differentiation medium,
RNA was collected from cells and used for qPCR. Results are mean � SE for 11 to 14 samples/group. (A) Relative expression of alkaline phosphatase (Alp),
Ca sensing receptor (Casr), bone morphogenic protein (Bmp), osteoprotegerin (Opg), and receptor activator of NfKappaB ligand (Rankl). (B) Relative
expression of collagen1a1 (Col1), (Runx2), osteopontin (Spp1), osteocalcin (Ocn), and osterix (Ostx) are presented. Open circles = SD derived osteoblasts;
closed squares = GHS-derived osteoblasts. *p < 0.05 compared with SD expression.

Fig. 6. Decreased mineralization from osteoblasts differentiated from bone marrow stromal cells (BMSCs) and neonatal rat calvariae from genetic hyper-
calciuric stone-forming (GHS) rats. Cells were isolated from Sprague–Dawley (SD) and GHS femurs or neonatal rat pups and differentiated to mature oste-
oblasts as described in the Materials and Methods section. After 14 (calvarial cells) or 21 (BMSCs) days in differentiation medium, cells were stained with
Alizarin Red. (A) Mineralizing osteoblasts differentiated from BMSCs (left panel) and quantitated for intensity of staining (right panel). (B) Mineralizing oste-
oblasts differentiated from neonatal calvarial cells (left panel) and quantitated for intensity of staining (right panel). Results are mean � SE. *p < 0.05 ver-
sus SD cells.
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whose urine Ca had been lowered by treatment with thiazide
diuretics.(49–52) We have shown that the hypercalciuria in the
rat model is a polygenic trait(53,54) and there is an increase in vita-
min D receptors (VDRs) in bone, intestine, and kidney in the GHS
rats compared with SD rats(22) that contributes significantly to Ca
mobilization in these rats.

In the present study, as we have seen previously with male
rats,(36) female GHS rats had lower BMD compared with SD rats,
indicating that the reduction of BMD does not appear to be a
sex-linked trait. When primary cultures of BMCs were differenti-
ated to osteoclasts, cells from GHS rats showed increased osteo-
clastic resorption activity compared with osteoclasts from SD
rats. The in vitro addition of RANKL stimulated differentiation of
GHS rat BMCs into mature osteoclasts, which were greater in
individual size, number, and number of nuclei than those from
SD rats. We also found an increase in Tracp, cathepsin K, and
Mmp9 gene expression, three markers of mature osteoclasts, in
osteoclasts differentiated from marrow cells of GHS rats com-
pared with cells from SD rats. There were no significant changes
in Rank, Csf1r, or Nfatc1 expression. It is not clear why there was
no significant increase in Nfatc1, though there were increases in
its downstream genes, such as Ctsk. In our experiments there was
a trend to increased expression of Nfatc1 in the GHS osteoclasts,
so a larger sample size might have led to a significant increase.
These results provide a mechanism for increased bone resorp-
tion leading to decreased BMD in the GHS rats.

When BMSCs were differentiated to osteoblasts, we also
found that cells from GHS rats demonstrated decreased expres-
sion of multiple osteoblastic genes compared with the gene
expression of cells from SD rats. Furthermore, mineralization of
differentiated osteoblasts derived from BMSCs as well as calvarial
osteoblasts was decreased in GHS cells compared with SD cells.
Both of these results suggest a mechanism for decreased bone
formation in the GHS rats. The decrease in Rankl expression is
not entirely expected given our finding of increased osteoclast
differentiation. However, RANKL-independent stimulation of
osteoclasts has been described,(55) so in future experiments we
will also examine whether there are significant changes in other
cytokines, such as TNFα, that could account for the stimulation of
osteoclastic bone resorption in these rats.

In a previous study using neonatal GHS rat calvariae, we found
that 1,25(OH)2-vitamin D3 directly stimulated a greater rise in
resorption by GHS rat bone compared with control rats at the
same dose of 1,25(OH)2-vitamin D3.

(26) The increased sensitivity
of GHS bone to in vitro 1,25(OH)2-vitamin D3 and the hyper-
responsiveness to in vitro RANKL in the present study suggest
that the high VDR levels in GHS rat BMSCs could enhance RANKL
overexpression and osteoclastic bone resorption. The present
study supports RANKL as an important mediator of bone resorp-
tion in GHS rats. PTH is an unlikely mediator of increased bone
resorption in GHS rats as PTH levels are not elevated in GHS rats,
and in vitro addition of PTH caused comparable stimulation of
bone resorption in GHS and SD rat calvariae.(26) Future studies
will determine whether the VDR—1,25-dihydroxyvitamin D3

complex may increase osteoclastic bone resorption in GHS rat
bone through upregulation of osteoclastic RANKL gene expres-
sion. Defects in genes that determine peak skeletal mass were
not examined in this study; however, the possibility remains that
lower skeletal mass in GHS rats is caused by lifelong alterations in
osteoclast activity.

The present study does not address the time of appearance
of the increased bone resorption in the GHS rats; however, the
hypercalciuria is present as early as 6 weeks of life upon

completion of weaning, and the hyper-response of bone
resorption to 1,25(OH)2D3 and the high bone cell VDR content
are present in calvariae of 2-day-old pups from GHS
mothers.(26) Thus, the functional changes in GHS bone cells
may be lifelong.

We conclude from the present study in GHS rats that
increased osteoclastic differentiation and function with concom-
itant decreased osteoblastic activity lead to the decreased bone
density and changes in bone quality in these hypercalciuric,
stone-forming rats. If comparable changes in bone cell function
are present in humans with IH, these changes could contribute
to their bone fragility and increased rate of fracture, and may
provide insight and lead to strategies to mitigate their low
BMD and increased fracture risk.

Disclosures

DAB reports consulting fees from Sanofi/Genzyme, Relypsa/
Vifor/Fresenius, OPKO, Tricida, and Sanifit and owns stock in
Amgen Inc. and stock and stock options in Tricida: All are not
related to this work. All other authors have nothing to disclose.

Acknowledgments

This work was supported by Grant RO1 DK075462 from the
National Institutes of Health to DAB and a grant from the Renal
Research Institute to NSK. The authors also thank Dr Brendan
Boyce and his laboratory staff and members of the Center for
Musculoskeletal Research at the University of Rochester School
of Medicine for helpful advice and discussions.

Authors’ Roles: Study design: NSK, MJF, DAB. Study con-
duct: LC, JB. SD, HW. Data collection: LC, HW. Data analysis:
NSK, DAB. Data interpretation: NSK, MJF, DAB. Drafting manu-
script: NSK. Revising manuscript content: NSK, LC, MJF, DAB.
Approving final version of manuscript: NSK, LC, JB, SD, HW,
MJF, DAB. NSK takes responsibility for the integrity of the data
analysis.

References

1. Worcester EM, Coe FL. Calcium kidney stones. N Engl J Med. 2010;363
(10):954–63.

2. Bushinsky DA, Moe OW. Calcium stones. In: de Broe ME, editor.
Oxford textbook of clinical nephrology. Oxford: Oxford University
Press; 2012.

3. Coe FL, Bushinsky DA. Pathophysiology of hypercalciuria.
Am J Physiol. 1984;247:F1–13.

4. Evan AP, Lingeman JE, Coe FL, Parks JH, Bledsoe SB, Shao Y, et al. Ran-
dall’s plaque of patients with nephrolithiasis begins in basement
membranes of thin loops of Henle. J Clin Invest. 2003;111(5):607–616.

5. Bushinsky DA, Coe FL, Moe OW. Nephrolithiasis. In: Brenner BM, edi-
tor. The kidney. 9th ed. Philadelphia, PA:WB Saunders; 2012.
p. 1455–507.

6. Coe FL, Favus MJ, Crockett T, Strauss AL, Parks JH, Porat A, et al.
Effects of low-calcium diet on urine calcium excretion, parathyroid
function and serum 1,25(OH)2D3 levels in patients with idiopathic
hypercalciuria and in normal subjects. Am J Med. 1982;72:25–32.

7. Asplin JR, Donahue S, Kinder J, Coe FL. Urine calcium excretion pre-
dicts bone loss in idiopathic hypercalciuria. Kidney Int. 2006;70(8):
1463–7.

8. Sakhaee K, Maalouf NM, Kumar R, Pasch A, Moe OW. Nephrolithiasis-
associated bone disease: pathogenesis and treatment options. Kid-
ney Int. 2011;79(4):393–403.

JBMR® Plus BONE CELL ACTIVITY IN GHS RATS 7 of 9 n



9. Taylor EN, Feskanich D, Paik JM, Curhan GC. Nephrolithiasis and risk
of incident bone fracture. J Urol. 2016;195(5):1482–6.

10. Denburg MR, Leonard MB, Haynes K, Tuchman S, Tasian G, Shults J,
et al. Risk of fracture in urolithiasis: a population-based cohort study
using the health improvement network. Clin J Am Soc Nephrol. 2014;
9(12):2133–40.

11. Melton LJ, III, Crowson CS, Khosla S, Wilson DM, Fallon WM. Fracture
risk among patients with urolithiasis: a population based cohort
study. Kidney Int. 1998;53:459–64.

12. Lauderdale DS, Thisted RA, Wen M, Favus M. Bone mineral density
and fracture among prevalent kidney stone cases in the Third
National Health and Nutrition Examination Survey. J Bone Miner
Res. 2001;16:1893–8.

13. Asplin JR, Bauer KA, Kinder J, Muller G, Coe BJ, Parks JH, et al. Bone
mineral density and urine calcium excretion among subjects with
and without nephrolithiasis. Kidney Int. 2003;63:662–9.

14. Steiniche T, Mosekilde L, Christensen MS, Melsen F. Histomorpho-
metric analysis of bone in idiopathic hypercalciuria before and after
treatment with thiazide. APMIS. 1989;97(4):302–8.

15. Bordier P, Ryckewart A, Gueris J, Rasmussen H. On the pathogenesis
of so-called idiopathic hypercalciuria. Am J Med. 1977;63:398.

16. Ghazali A, Fuentes V, Desaint C, Bataille P, Westeel A, Brazier M, et al.
Low bonemineral density and peripheral bloodmonocyte activation
profile in calcium stone formers with idiopathic hypercalciuria. J Clin
Endocrinol Metab. 1997;82:32–8.

17. Heller HJ, Zerwekh JE, Gottschalk FA, Pak CY. Reduced bone forma-
tion and relatively increased bone resorption in absorptive hypercal-
ciuria. Kidney Int. 2007;71:808–15.

18. Pacifici R, Rothstein M, Rifas L, Lau KH, Baylink DJ, Avioli LV, et al.
Increased monocyte interleukin-1 activity and decreased vertebral
bone density in patients with fasting idiopathic hypercalciuria.
J Clin Endocrinol Metab. 1990;71:138–45.

19. Weisinger JR. New insights into the pathogenesis of idiopathic
hypercalciuria: the role of bone. Kidney Int. 1996;49:1507–18.

20. Gomes SA, dos Reis LM, Noronha IL, Jorgetti V, Heilberg IP. RANKL is a
mediator of bone resorption in idiopathic hypercalciuria. Clin J Am
Soc Nephrol. 2008;3(5):1446–52.

21. Liberman UA, Sperling O, Atsmon A, Frank M, Modan M, de Vries A.
Metabolic and calcium kinetic studies in idiopathic hypercalciuria.
J Clin Invest. 1968;47:2580–90.

22. Frick KK, Krieger NS, Bushinsky DA. Modeling hypercalciuria in the
genetic hypercalciuric stone-forming rat. Curr Opin Nephrol Hyper-
tens. 2015;24(4):336–44.

23. Bushinsky DA, Favus MJ. Mechanism of hypercalciuria in genetic
hypercalciuric rats: inherited defect in intestinal calcium transport.
J Clin Investig. 1988;82:1585–91.

24. Tsuruoka S, Bushinsky DA, Schwartz GJ. Defective renal calcium reab-
sorption in genetic hypercalciuric rats. Kidney Int. 1997;51:1540–7.

25. Kim M, Sessler NE, Tembe V, Favus MJ, Bushinsky DA. Response of
genetic hypercalciuric rats to a low calcium diet. Kidney Int. 1993;
43(1):189–96.

26. Krieger NS, Stathopoulos VM, Bushinsky DA. Increased sensitivity to
1,25(OH)2D3 in bone from genetic hypercalciuric rats. Am J Physiol
Cell Physiol. 1996;271:C130–5.

27. Shen FH, Baylink DJ, Nielsen RL, Sherrard DJ, Ivey JL, Haussler MR.
Increased serum 1,25-dihydroxyvitamin D in idiopathic hypercal-
ciuria. J Lab Clin Med. 1977;90:955–62.

28. Frick KK, Asplin JR, Favus MJ, Culbertson C, Krieger NS, Bushinsky DA.
Increased biological response to 1,25(OH)2D3 in genetic hypercalciu-
ric stone-forming rats. Am J Physiol Renal Physiol. 2013;304(6):
F718–26.

29. Frick KK, Asplin JR, Krieger NS, Culbertson CD, Asplin DM,
Bushinsky DA. 1,25(OH)2D3-enhanced hypercalciuria in genetic
hypercalciuric stone-forming rats fed a low calcium diet.
Am J Physiol Renal Physiol. 2013;305:F1132–8.

30. Frick KK, Asplin JR, Culbertson CD, Granja I, Krieger NS, Bushinsky DA.
Persistence of 1,25(OH)2D3-induced hypercalciuria in alendronate
treated genetic hypercalciuric stone-forming rats fed a low calcium
diet. Am J Physiol. 2014;306:F1081–7.

31. Li XQ, Tembe V, Horwitz GM, Bushinsky DA, Favus MJ. Increased
intestinal vitamin D receptor in genetic hypercalciuric rats. A cause
of intestinal calcium hyperabsorption. J Clin Investig. 1993;91(2):
661–7.

32. Yao J, Kathpalia P, Bushinsky DA, Favus MJ. Hyperresponsiveness of
vitamin D receptor gene expression to 1,25-dihydroxyvitamin D3: a
new characteristic of genetic hypercalciuric stone-forming rats.
J Clin Investig. 1998;101:2223–32.

33. Karnauskas AJ, van Leeuwen JP, van den Bemd GJ, Kathpalia PP,
DeLuca HF, Bushinsky DA, et al. Mechanism and function of high vita-
min D receptor levels in genetic hypercalciuric stone-forming rats.
J Bone Miner Res. 2005;20:447–54.

34. Yao JJ, Bai S, Karnauskas AJ, Bushinsky DA, Favus MJ. Regulation of
renal calcium-sensing receptor gene expression in response to 1,25
(OH)2D3 in genetic hypercalciuric stone forming rats J Am Soc
Nephrol. 2005;16:1300–8.

35. Bai S, Wang H, Shen J, Zhou R, Bushinsky DA, Favus MJ. Elevated vita-
min D receptor levels in genetic hypercalciuric stone-forming rats are
associated with downregulation of Snail. J Bone Miner Res. 2010;25:
830–40.

36. Grynpas M, Waldman S, Holmyard D, Bushinsky DA. Genetic hyper-
calciuric stone-forming rats have a primary decrease in BMD and
strength. J Bone Miner Res. 2009;24(8):1420–6.

37. Ng AH, Frick KK, Krieger NS, Asplin JR, Cohen-McFarlane M,
Culbertson CD, Kyker-Snowman K, Grynpas MD, Bushinsky DA. 1,25
(OH)2D3-enhanced hypercalciuria in genetic hypercalciuric stone-
forming rats. Calcif Tissue Int. 2014;94:531–43.

38. Bushinsky DA, Willett T, Asplin JR, Culbertson C, Che SPY,
Grynpas M. Chlorthalidone improves vertebral bone quality in
genetic hypercalciuric stone-forming rats. J Bone Miner Res. 2011;
26:1904–12.

39. Bushinsky DA, Grynpas MD, Nilsson EL, Nakagawa Y, Coe FL. Stone
formation in genetic hypercalciuric rats. Kidney Int. 1995;48:1705–13.

40. Bushinsky DA, Neumann KJ, Asplin J, Krieger NS. Alendronate
decreases urine calcium and supersaturation in genetic hypercalciu-
ric rats. Kidney Int. 1999;55:234–43.

41. Bushinsky DA, Asplin JR, Grynpas MD, Evan AP, Parker WR,
Alexander KM, et al. Calcium oxalate stone formation in genetic
hypercalciuric stone-forming rats. Kidney Int. 2002;61:975–87.

42. Bushinsky DA, Asplin JR. Thiazides reduce brushite, but not calcium
oxalate, supersaturation and stone formation in genetic hypercalciu-
ric stone-forming rats. J Am Soc Nephrol. 2005;16:417–24.

43. Krieger NS, Asplin JR, Granja I, Ramos FM, Flotteron C, Chen L, et al.
Chlorthalidone is superior to potassium citrate in reducing calcium
phosphate stones and increasing bone quality in hypercalciuric
stone-forming rats. J Am Soc Nephrol. 2019;30(7):1163–73.

44. Marino S, Logan JG, Mellis D, Capulli M. Generation and culture of
osteoclasts. BoneKEy Rep. 2014;3:570.

45. Boraschi-Diaz I, Komarova SV. The protocol for the isolation and cryo-
preservation of osteoclast precursors from mouse bone marrow and
spleen. Cytotechnology. 2016;68(1):105–14.

46. Krieger NS, Hefley TJ. Differential effects of parathyroid hormone on
protein phosphorylation in two osteoblast-like cell populations iso-
lated from neonatal mouse calvaria. Calcif Tissue Int. 1989;44:192–9.

47. Krieger NS, Yao Z, Kyker-Snowman K, Kim MH, Boyce BF,
Bushinsky DA. Increased bone density in mice lacking the proton
receptor OGR1. Kidney Int. 2016;89(3):565–73.

48. Livak KJ, Schmittgen TD. Analysis of relative gene expression data
using real-time quantitative PCR and the 2-[Delta][Delta]CT method.
Methods. 2001;25(4):402–8.

49. Adams JS, Song CF, Kantorovich V. Rapid recovery of bone mass in
hypercalciuric, osteoporotic men treated with hydrochlorothiazide.
Ann Intern Med. 1999;130:658–60.

50. La Croix AZ, Ott S, Ichikawa L, Scholes D, Barlow WE. The low-dose
hydrochlorothiazide and preservation of bone mineral density in
older adults. A randomized, double-blind, placebo-controlled trial.
Ann Intern Med. 2000;133:516–26.

51. Sigurdsson G, Franzson L. Increased bone mineral density in a
population-based group of 70-year-old women on thiazide diuretics,

JBMR Plus (WOA)n 8 of 9 KRIEGER ET AL.



independent of parathyroid hormone levels. J Intern Med. 2001;
250:51–6.

52. Aung K, Htay T. Thiazide diuretics and the risk of hip fracture.
Cochrane Database Syst Rev. 2011(10):CD005185.

53. Hoopes RR, Reid R, Sen S, Szpirer C, Dixon P, Pannet A, et al. Quanti-
tative trait loci for hypercalciuria in a rat model of kidney stone dis-
ease. J Am Soc Nephrol. 2003;14:1844–50.

54. Hoopes RR, Jr., Middleton FA, Sen S, Hueber PA, Reid R, Bushinsky DA,
et al. Isolation and confirmation of a calcium excretion quantitative
trait locus on chromosome 1 in genetic hypercalciuric stone-forming
congenic rats. J Am Soc Nephrol. 2006;17(5):1292–304.

55. O’BrienW, Fissel BM, Maeda Y, Yan J, Ge X, Gravallese EM, et al. RANK-
independent osteoclast formation and bone erosion in inflammatory
arthritis. Arthritis Rheumatol. 2016;68(12):2889–900.

JBMR® Plus BONE CELL ACTIVITY IN GHS RATS 9 of 9 n


	Increased Osteoclast and Decreased Osteoblast Activity Causes Reduced Bone Mineral Density and Quality in Genetic Hypercalc...
	Introduction
	Materials and Methods
	Establishment of GHS rats
	Dual energy x-ray absorptiometry measurements
	Osteoclasts cultures from bone marrow cells
	TRAcP assay
	Resorption pit formation
	Osteoblasts from bone marrow stromal cells
	Primary osteoblasts
	Mineralization assay
	Real-time PCR
	Data analysis

	Results
	Bone mineral density
	Osteoclasts
	Osteoblasts

	Discussion
	Disclosures
	Acknowledgments
	References


