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Abstract The establishment of an experimental ani-
mal model would be useful to study the mechanism of
kidney stone formation. A calcium kidney stone model
in rats induced by ethylene glycol has been used for
research; however, to investigate the genetic basis
affecting kidney stone formation, which will contribute
to preventive medicine, the establishment of a kidney
stone model in mice is essential. This study indicates
the optimum conditions for inducing calcium oxalate
stones in normal mouse kidney. Various doses of oxa-
late precursors, ethylene glycol, glycolate and glyoxy-
late, were administered either by free drinking or
intraabdominal injection for 2 months as a preliminary
study. Stone formation was detected with light micros-
copy, polarized light optical microscopy and electron
microscopy. Stone components were detected with
X-ray diffraction analysis. The expression of osteopon-
tin (OPN), a major stone-related protein, was detected
with immunohistochemical staining, in situ hybridiza-
tion and quantitative reverse transcriptase polymerase
chain reaction. Kidney stones were not detected in eth-
ylene glycol- or glycolate-treated groups even at the
highest dose of LD, Whereas, numerous kidney
stones were detected in glyoxylate-treated mice (more
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than 60 mg/kg) at 3, 6 and 9 days after glyoxylate were
administered intraabdominally. However, the number
of kidney stones decreased gradually at day 12, and
was hardly detected at day 15. The stone component
was further analyzed as calcium oxalate monohydrate.
A dramatic increase in the expression of OPN was
observed by the administration of glyoxylate. We
established a mouse kidney stone experimental system
in this study. The difficulty of inducing kidney stones
suggested that mice have greater intrinsic ability to
prevent stone formation with hyperoxaluric stress than
rats. The differing response to hyperoxaluric stress
between mice and rats possibly contributes to the
molecular mechanism of kidney stone formation and
will aid preventive medicine in the future.

Keywords Osteopontin - Kidney stone -
Model mouse - Calcium oxalate - Glyoxylate

Introduction

Investigation of the kidney stone formation process in
animals has long been limited to hyperoxaluric rat
experimental models by the administration of meta-
bolic intermediates of oxalate, such as ethylene glycol,
glycolate or glyoxylate [1-6] (Fig. 1). This model remains
controversial as to whether it is an experimental and
clinical stone model; however, Yamaguchi et al. [7] and
Umekawa et al. [8] reported that a rat model of cal-
cium oxalate stone formation did not show severe renal
damage and could be a clinical kidney stone model.
Using this model, many gene expressions were related
to stone formation, such as osteopontin [2, 9, 10], Tamm-
Horsfall protein [11], heparan sulfate/heparan sulfate
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Fig.1 The major metabolic
pathway of ethylene glycol to
oxalate (mainly in peroxy-
some in hepatocytes). The
metabolic pathway is used for
plant-derived oxalate metabo-
lites in herbivorous animals
(Ref. [31])

Ethylene glycol
OH OH

proteoglycan [12], bikunin [12] or inter-alpha inhibitor-
related proteins [13]. In addition, this model is useful to
investigate the effect of stone preventive agents such as
vitamin E [14, 15], citrate [9, 16] or alloprinol [10].

Our investigations have focused on OPN [1,17],
identified as a major organic component of kidney
stones in humans and rats [17, 18]. Changes in the
expression level of OPN during experimental crystal
formation have been extensively studied in rat models.
After 4 weeks of ethylene glycol administration to rats,
a dramatic increase in the expression of OPN protein
and mRNA [17-19] was found in the epithelial cells of
distal tubules and the resulting kidney stones also
contained OPN.

Recently, genome-wide expression research such
as the microarray technique has been introduced to
identify the genes responsible for objective phenom-
ena or disease. As for kidney stones, a rat experimen-
tal model was used for microarray analysis and
several genes involved in the inflammatory reaction
or cell adaptation, including OPN, were detected [6].
To investigate the accurate function of the objective
gene, a transgenic mouse study, including a knockout
mouse, is very useful. Several studies indicated the
function of stone-related protein using knockout
mice. Wesson et al. [20] reported that the administra-
tion of 1% ethylene glycol in free drinking could
induce stone formation in OPN knockout mice kid-
ney, but not in wild-type mice. Mo et al. [21] indicated
that Tamm-Horsfall protein (THP) knockout mice
generated calcium oxalate (CaOx) stones in the kid-
ney by introducing 1% ethylene glycol and vitamin
D3. The establishment of a system to induce kidney
stones in normal mice is very important since the sys-
tem can verify whether the process of kidney stone
formation in these knockout mice is physiological.
The system will contribute to clinical research, which

@ Springer

Alcohol

!

H—C—(C—H —— H
77
H H dehydrogenase

Glycolaldehyde Glycolate

i ™9
*?*C*H H—c(fcfoH
H Aldehyde H
dehydrogenase
lGchoIate oxidase
Glycine Glyoxylate

?H ? Aranine: glyoxylate (ﬁ (ﬁ

H—G— G —OH transaminase H—G—G—OH
? (= Serine : pyruvate
NH2 transaminase)

Lactate dehydrogenase
(=Glycolate oxidase)

Oxalate

will control genetic effects on kidney stone formation
in the near future.

This study was performed to establish a method and
conditions for inducing kidney stones in normal mouse
kidney. The successful effect of glyoxylate in the for-
mation of kidney stones is described. In addition, the
relationship between stone formation and OPN
expression is discussed.

Materials and methods

Preliminary experiment for inducing kidney stones
in normal mice kidney by administration of oxalate
precursors

All animal studies followed the recommendations of
the NIH Guide for the Care and Use of Laboratory
Animals.

To induce CaOx kidney stones in mouse kidney,
three types of oxalate precursor, ethylene glycol, glyco-
late and glyoxylate, were introduced using two methods
into previously reported rat experimental nephrolithia-
sis models [1-6]. Briefly, all prepared oxalate precur-
sors were kept at 4°C until administration. In free
drinking, mice had access to a bottle of tap water.
Intraabdominal injection was performed according to
the weight of each mouse with a clean 27-gauge needle
every day. All animals had free access to standard
chow and water. The amount of administered oxalate
precursors is indicated in Table 1.

Detection of kidney stone formation
Renal specimens were fixed in 4% paraformaldehyde,

and embedded in paraffin. Four-micrometer-thick
cross-sections were stained with the previous described



Urol Res (2007) 35:89-99 91
Table 1 Pr.ehmmary data Administered oxalate precursor Length of administration
of mouse kidney crystal for-
mation induced by three types 3 days 7 days 14 days 28 days 56 days
of oxalate precursor
Ethylene glycol
FD
1% (0.16 mol/1) 0 [0/12] 0 [0/5] 0 [0/13] 0[0/31] 0 [0/4]
5% (0.81 mol/1) 0 [0/5] 0 [0/12] 0 [0/10] 0 [0/10] 0 [0/2]
10% (1.61 mol/1) 0 [0/3] 0 [0/6] Not alive  Notalive Not alive
1AI
100 mg/kg (1.61 mmol/kg) 0 [0/6] 0[0/7] 0[0/8] 0 [0/10] 0[0/3]
500 mg/kg (8.06 mmol/kg) 0 [0/3] 0 [0/6] 0 [0/6] 0 [0/6] 0[0/8]
1,000 mg/kg (16.1 mmol/kg) 0 [0/4] 0 [0/6] 0[0/4] 0 [0/6] Not alive
5,000 mg/kg (80.6 mmol/kg) 0 [0/5] 0 [0/3] Not alive  Notalive Not alive
Glycolate
FD
1% (0.13 mol/1) 0 [0/3] 0[0/3] 0 [0/7] 0 [0/6] 0 [0/3]
5% (0.66 mol/l) 0[0/3] 0[0/3] 0[0/7] 0[0/3] Not alive
10% (1.31 mol/1) 0 [0/4] Not alive Notalive Notalive Not alive
1AI
60 mg/kg (0.78 mmol/kg) 0[0/3] 0[0/3] 0[0/3] 0 [0/7] 0[0/3]
100 mg/kg (1.31 mmol/kg) 0 [0/3] 0 [0/3] 0 [0/3] 0[0/3] 0 [0/3]
120 mg/kg (1.31 mmol/kg) 0 [0/3] 0 [0/3] 0 [0/3] Not alive  Not alive
The value of oxalate precur- Glyoxylate
sors indicates the daily injec- FD
tion dose 1% (0.14 mol/1) 0 [0/3] 0 [0/5] 0 [0/5] 0 [0/5] 0 [0/5]
o 5% (0.68 mol/1) 0 [0/3] 0 [0/5] 0 [0/5] 0 [0/5] 0 [0/5]
Square brackets indicate 10% (1.35 mol/l) 0 [0/5] 0 [0/3] Notalive Notalive Notalive
stone formation rates (num-
ber of mice showing kidney AL
stone formation/total number 50 mg/kg (0.68 mmol/kg) 0 [0/5] 0 [0/6] 0 [0/6] 0 [0/6] 0 [0/6]
of mice administered each 60 mg/kg (0.81 mmol/kg) 0.20 [1/5] 0.40 [2/5] 0 [0/8] 0 [0/6] 0 [0/6]
oxalate precursor) 80 mg/kg 21.08 mmol/kg; 0.40 {2/5% 1.00 %S/S% 0 %0/8] | 0 {0/5% Not alive
. . 100 mg/k 1.35 mmol/k 0.40 [2/5] 1.00[5/5] 0[0/12 0[0/3 Not alive
FD freedrink, IAI intraab- 150 m§/k§ (2.03 mmol/kg) 1.00[5/5] Notalive Notalive Notalive Not alive

dominal injection

Pizzolato staining method [22] to detect oxalate-con-
taining crystals. Briefly, dewaxed paraffin sections and
bring to distilled water as usual. Mix 30% hydrogen
peroxide and 5% silver nitrate, 1 ml each, and pour
onto the slide with tissue sections (pH of this mixture
is 6.0). Expose slide to light from a  60-W incandes-
cent lamp at a distance of 15 cm (6 in.) for 15-30 min.
Numerous gas bubbles develop and it is necessary to
pour off the mixture and add a fresh solution. Wash the
slide thoroughly with distilled water and counterstain
with safranin, and then dehydrate in the usual manner.

To identify generated Pizzolato positive-stained sub-
stances such as stones, polarized light optical micro-
photography (BX51-33P-O, Olympus, Tokyo, Japan)
was used to observe the same sections.

Confirmation study for kidney stone formation
by glyoxylate administration

Forty-two C57BL/6 male mice (8 weeks old) were
administered 80 mg/kg glyoxylate by daily intra-
abdominal injection. The adapted administration method

used in this study was optimized by preliminary experi-
ments (Table 1).

The experiment was conducted for the following
15 days. At designated time points (days 0, 3, 6, 9, 12
and 15), the kidneys were extracted to examine CaOx
stone formation, RNA preparation and immunohisto-
chemical study (n = 7 at each time point).

Five mice were placed in metabolic cages the day
before each treatment day and 24 h urine samples were
collected. Urinary volume, pH, calcium, phosphorus,
magnesium, oxalate and citrate were determined at
each time point (SRL, Inc., Tokyo, Japan). The ion-
activity product of the calcium oxalate [AP(CaOx)]
index was calculated according to the formula for rat
urine [32].

Kidney stone formation was detected by Pizzolato
staining and polarized light optical microphotography
as described above. For the quantification of stone for-
mation, Pizzolato positive-staining regions were mea-
sured and expressed as percentages of the total tissue
area of cross-sections of the kidney with soft NIH
image 1.61 (Scion Inc., USA).
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Inorganic components of stones were determined
with X-ray diffraction (XRD). Ten calcified kidneys
(sixth and ninth day) identified in preliminary study
were frozen, crushed and placed in a sample holder,
then qualitative and quantitative analyses were per-
formed with XRD-6100 (Shimazu, Tokyo, Japan).

Quantitative RT-PCR

Total RNA was isolated from frozen sections of mouse
kidney samples with ISOGEN (Nippon Gene Co.,
Ltd., Toyama, Japan) according to the manufacturer’s
instructions. TagMan® Gene Expression Assay (Applied
Biosystems, Foster City, CA), 20x assay mix of prim-
ers and TagMan® MG probes (FAM™ dye-labeled)
for OPN mRNA (Mm00436767_m1, Applied Biosys-
tems) were used for quantitative RT-PCR [23] using
the ABI PRISM®7700 Sequence Detection System
(Applied Biosystems). This assay was designed to span
exon—exon junctions so as not to detect genomic DNA,
and these primers and probe sequences were searched
against the Celera database to confirm specificity.
Validation experiments were performed to test the
efficiency of the target amplification and the efficiency
of the reference amplification. OPN mRNA amplifica-
tion was compared with the amplification of standard
oligo-DNA fragments prepared previously by RT-PCR
using the same primer sets and their concentration and
absolute copy numbers were determined with a stan-
dard curve and corrected with the amount of total
RNA. One-Step RT-PCR reactions using TagMan®
One-Step RT-PCR Master Mix Reagent Kit (4309169,
Applied Biosystems) were started with an initial
reverse transcription step at 48°C for 30 min. After
denaturing at 95°C for 10 min, PCR was started at
95°C for 15s and completed at 60°C for 1 min. The
PCR reaction was repeated 40 times. The reaction
component consisted of 25 pl of 2x Master Mix, 1.25 pl
of 40x MultiScribe and RNase Inhibitor Mix, 2.5 pl of
OPN expression quantitative primer and 400 ng/ml
total RNA sample.

Immunohistochemical staining

Immunohistochemical staining was carried out on sec-
tions treated with microwaves for 15 min and blocked
with 0.5% H,0O, in methanol for 30 min, followed by
washing in 0.01 M phosphate-buffered saline (PBS)
and further treated with skimmed milk in PBS for 1 h
at room temperature. These slides were then incu-
bated with polyclonal anti-mouse OPN rabbit IgG
(IBL Co., Ltd., Gunma, Japan). The reacted antibody
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was detected using a VECTASTAIN® Elite ABC kit
for rabbit IgG (Vector Laboratories, Inc., Burlin-
game, CA, USA) according to the manufacturer’s
instructions.

In situ hybridization

Digoxigenin (DIG)-uridine triphosphate (UTP)-labeled
single-strand sense and antisense mouse OPN RNA
probes [17] were prepared for hybridization using a
DIG RNA labeling kit (Rosh Diagnostic, IN, USA)
according to the manufacturer’s instructions.

Kidney tissue samples for in situ hybridization were
placed in 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.0), dehydrated in ethanol and embedded
in paraffin under RNase-free conditions: serial sec-
tions, 5 um thickness, were cut. Details of the in situ
hybridization technique have been described previ-
ously [24]. A hybridization solution containing approx-
imately 0.5 pg/ml of cRNA probes was placed on each
section, and hybridization was performed at 50°C for
16 h. Hybridized DIG-cRNA probes were detected by
alkaline phosphatase conjugated with anti-DIG anti-
body (Fab fragment).

Transmission electron microscopy

For observation of the super microstructure of kidney
stone formation, another six mice were administered
80 mg/kg of glyoxylate for 3, 6 and 9 days in addition to
the 42 mice. At the each time point, two mice were
sacrificed and kidneys were extracted. The kidneys
were perfused with phosphate-buffered saline (PBS)
and 2.5% of glutaraldehyde through the left ventricle
of the heart. The kidneys were tied and excised. Small
tissue blocks from the cortex and medulla were fixed
with 2% of OsO4 for 2h, and then dehydrated in
ethanol and embedded in epoxy resin. Semi-ultrathin
sections (0.2-0.5 pm) were made and stained with
uranyl acetate and lead citrate, and examined with a
JEM-1011 (JEOL Ltd., Tokyo, Japan).

Statistical analysis

The number of mice studied per group is indicated for
each experiment and the means + SE are shown. For
estimation of the change of kidney stone formation
and elimination, Spearman’s rank correlation test was
used. Statistical analysis of OPN mRNA expression by
quantitative RT-PCR was performed using Student’s
t-test. A probability of 0.05 was taken as statistically
significant.
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Results

Mouse kidney stone formation in preliminary
administration of oxalate precursors

The results of administering three types of oxalate pre-
cursor are shown in Table 1. Ethylene glycol and glyco-
late could not induce kidney stones at any
concentration using free drinking water or intraperito-
neal injection for 2 months; however, intraperitoneal
injection of glyoxylate, higher than 60 mg/kg, could
induce kidney stone formation at day 3 after adminis-
tration. These stones showed strong birefringence by
polarized light optical microphotography (Fig. 2). The
stones were generated mainly in renal tubules located
at the border between the renal cortex and medulla.

Confirmation of kidney stone formation
and elimination

At 3 days after administration, kidney stone formation
was confirmed as a preliminary study. The number of
kidney stones increased and peaked at day 6; however,
they decreased thereafter, and were hardly detectable
on day 15 (Fig.3a), even by polarized light optical
microphotography (data not shown). By quantitative
analysis of stone formation (Fig. 3b), the increase of
kidney stones from 0 to 6 days and decrease from 6 to
15 days changed significantly (0-6 days: r=0.084,
P <0.0001, 6-15days: r=—0.053, P <0.0001; Spear-
man’s rank correlation test).

Fig. 2 Kidney crystallization
generated by glyoxylate
administration. a, ¢ Pizzolato
staining showed brown-
stained calcium oxalate
crystal retention in the distal
tubules between the renal
cortex and medulla. b, d
Polarized light optical micro-
photography in the same field
as (a) and (¢). Strong birefrin-
gence was detected coinciding
with Pizzolato-stained crystals
(magnification a, b x100, ¢, d
x400)

X-ray diffraction identified that the major compo-
nent of kidney calcification was calcium oxalate mono-
hydrate (COM) (Fig.3C). XRD patterns of kidney
tissue were identical and showed multiple diffraction
peaks characteristic of COM and no peaks characteris-
tic of calcium oxalate dihydrate or others.

Urinary biochemistry

Urinary parameters, including the urinary creatinine
index and 24-h urine values at each time point, are
shown in Table 2. Urinary oxalate levels were remained
similar throughout the experimental course. However,
the 24-h oxalate value on day 15 was higher than that on
day 0 (P < 0.05). Urinary calcium levels were higher on
day 12 (P < 0.05), and also higher in relation to the cre-
atinine index (P < 0.01). 24-h calcium value on day 15
was higher than that on day 0 (P < 0.05). Urinary levels
and 24-h values of phosphorus remained similar during
the experimental course. Urinary levels and 24-h values
of citrate and magnesium were slightly lower on day 6
but remained similar throughout the experimental
course. Urinary creatinine levels remained similar
throughout the experiment. Urinary pH values were
significantly lower on day 6 (P < 0.05). AP(CaOx) val-
ues were significantly higher on day 12 (P < 0.01).

Expression of OPN during stone formation

Changes in the spatial expression of OPN during stone
formation were examined by quantitative RT-PCR,
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Fig. 3 Changes in the amount of kidney crystals generated by
administration of glyoxylate formation through the experimental
course. a Pizzolato-stained kidney sections administered with gly-
oxylate at each time point of the experimental course (magnifica-
tion x200). The amount of crystallization in each kidney section
was quantified by calculating the ratio of Pizzolato-stained re-
gions to the kidney section using NIH image 1.61. b Changes in
the amount of crystals during the experimental course (data are

insitu  hybridization and immunohistochemistry
(Fig. 4). By quantitative RT-PCR, the expression at
day 3 increased significantly (about 22 times as high as
day 0, P<0.0001), decreased subsequently and
reached a certain level at day 15 (about five times as
high as day 0, P =0.0375) (Fig. 4a). By in situ hybrid-
ization, OPN mRNA was detected in renal tubules
(Fig. 4b). Immunohistochemical analysis demonstrated
the presence of OPN in the tubules and stones
(Fig. 4c). The results indicated a transitory increase
and focal expression in specific distal tubules at day 3,
followed by a gradual decrease and extension to the
whole kidney from day 6 to 15 (Fig.4b, c), which
seemed to be the same tendency as quantitative
RT-PCR

Transmission electron microscopy

In semi-ultrasections of renal specimens from day 6, there
were many rod-shaped crystals with high electrodensity
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presented as the mean + SE.) ¢ Crystal components in mice kid-
neys were isolated as calcium oxalate monohydrate
(C,Ca0,*H,0) crystals with X-ray diffraction (XRD) analysis.
XRD patterns have multiple diffraction peaks characteristic of
the registered patterns of calcium oxalate monohydrate in the
XRD peak pattern database (lower graph) and no peaks charac-
teristic of calcium oxalate dihydrate (C,CaO,*2H,0) or calcium
oxalate trihydrate (C,Ca0O,*3H,0)

retained in the proximal tubular lumens. These crystals
aggregated and formed rosettes including low-density
colloid materials (Fig. 5a).

In the section from day 9, fragmented small crystals
existed in the cytoplasm of multinucleate giant cells,
which possessed numerous mitochondria, vacuoles and
very high dense vesicles considered as lysosomes in the
cytoplasm (Fig. 5b).

Discussion

Mice are frequently used in medical experiments.
However, it was long believed that they were not suit-
able for urolithiasis experiments because kidney stones
in mice could not be induced with hyperoxaluric stress
as in rat experimental models. In this study, we devel-
oped an experimental system for inducing kidney
stones in normal mice. An intraabdominal injection of
glyoxylate was effective to induce experimental kidney
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Fig. 4 Changes in the expression of OPN mRNA and protein in
mice kidneys during the experimental course by the administra-
tion of glyoxylate. a Quantification of OPN mRNA expression of
the kidney by quantitative reverse transcription polymerase chain
reaction (RT-PCR) (*P < 0.01 compared with day 0. Data are
presented as the mean £ SE.). b In situ hybridization for OPN
mRNA and immunohistochemical staining for OPN protein (c)

Fig. 5 a Electron micrograph
of a detail of intratubular
stone formation. In the cavity
surrounded by proximal renal
tubular cells with a brush bor-
der, high-density crystals are
retained, forming rosettes and
involving some colloid materi-
als. b Electron micrograph of
details of interstitial multinu-
cleate giant cells, showing sev-
eral crystals (arrows). Several
nuclei (N) can be recognized.
Tissues were obtained from
glyoxylate-treated mice for

6 days (magnification x 8,000,
500 nm semi-ultra cut) and

9 days (magnification x2,500,
500 nm semi-ultra cut),
respectively

stones in a mouse model. This result was induced from
preliminary experimental data, and some problems
remained to be solved in the accurate amount of oxa-
late precursor the animal is actually being given and
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(magnification x200). Both experiments showed that OPN
expression in the early phase occurred focally in particular distal
tubular cells and spread to whole kidney sections throughout the
time course. In crystal-formed sections of immunohistochemical-
ly stained kidney, dark-stained OPN-containing crystals in the
distal tubules were detected

the amount of oxalate excreted in urine. These points
need further verification in the future.

The optimum condition for kidney stone formation
in mice is completely different from the rat experimental
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system. Rats have been used for decades as a kidney
stone model induced by the administration of oxalate
precursors indicated in Fig. 1. Among many methods,
free drinking of 1% ethylene glycol is the easiest
method [1, 2, 6] with advantages of the method being
that animals did not need to be handled on a daily
basis. However, the critical concentration of ethylene
glycol or glycolate could not induce kidney stone for-
mation in mouse kidney, regardless of adequate values
matched to glyoxylate load. There are species differ-
ences between mice and rats, although they are both
rodents, related to calcium oxalate experimental kid-
ney stone formation.

The reason for this species difference, especially the
efficacy of glyoxylate and ethylene glycol, is unknown.
Among the possibilities, metabolism in the liver or the
toxicity of each oxalate precursor in the kidney should
be investigated. There is no report referring to species
differences in the facility of kidney stone formation
between rats and mice. Meanwhile, in toxicology lesions,
species differences of organ reactions to particular
toxic agents have often been investigated. Shimada
et al. [25] reported that limonene, a kind of terpene
found in orange peel and other plants, caused renal
toxicity in male rats, but not in female rats and other
species of animals including mice, rabbits, guinea pigs,
and dogs.

Yoshihara et al. [26] reported that glyoxylate tends
to be metabolized to oxalate in male rats and to glycine
in females. The difference is the result of the enzymatic
balance of glycolate oxidase and serine pyruvate trans-
aminase in rat liver affected by sex hormones. Our
results might involve species differences of oxalate
metabolism in the liver, which is an important issue to
be investigated hereafter. However, urinary biochemis-
try did not show any significant increase in urinary oxa-
late excretion during the stone formation period,
therefore the keys for stone formation in the mouse
kidney seemed to involve other factors.

Poldelski et al. [27] reported the cytotoxicity of oxa-
late precursors and investigated the influence of cell
damage by ethylene glycol, glycol aldehyde and gly-
oxylate, concluding that glyoxylate has stronger cyto-
toxicity than other precursors. Kidney stones could be
induced in mice under very limited conditions. The
difference in the result of kidney crystallization
between glyoxylate and ethylene glycol (and glycolate)
may depend on the different cytotoxicity of these sub-
stances. During the stone formation period until day 6,
urinary pH decreased to a significantly lower level
(pH = 6.2, P =0.0050), and urinary excretion of citrate
and magnesium demonstrated lower levels (not signifi-
cant). Stone formation in mouse kidney may depend

on the combination of this acidified condition of urine
and cytotoxicity caused by glyoxylate (pH = 2).

Changes in the expression level of OPN during kid-
ney stone formation in mice showed a temporary
increase at day 3 after the administration of glyoxylate.
The expression pattern was different from rat experi-
mental models that maintained a considerably high
level during the period of administration [17]. The
difference in osteopontin expression between rats and
mice may relate to the facility of kidney stone forma-
tion in rats. The role of OPN in kidney stone formation
is still controversial. However, the pattern of increased
kidney stone formation delaying the peak of OPN
expression suggests OPN as one of promoters of exper-
imental kidney stone formation in mice. A mouse
model of kidney stone formation has now been estab-
lished and consecutive OPN knockout studies using the
glyoxylate-induced method will lead to elucidation of
the role of OPN in kidney stone formation.

We found that kidney stones in mice gradually
decreased 6 days after administration, and were signifi-
cantly and completely eliminated in spite of the unin-
terrupted administration of glyoxylate. These findings
suggested that mouse kidneys can eliminate calcium
oxalate deposition, and have developed the ability to
prevent more stone formation during hyperoxaluric
stress. Several reports have referred to the possibility
of stone elimination. De Water et al. [28] reported that
the amount of kidney-associated oxalate diminished
with time, which may have been caused by the removal
of interstitial crystals through the endocytosis of mul-
tinucleate giant cells from findings of immunohisto-
chemistry and electron microscopy. In our study, we
also detected interstitial multinucleate giant cells with
endocytosis of small crystals, and such observations
also confirm the results of a previous study on hyperox-
aluric rats and chronic oxalosis in humans [29]. It has
been reported that CaOx crystals can activate the abil-
ity of macrophages to resorb bone [30]. Urinary CaOx
crystals have a stone matrix of organic substances,
including OPN. If the matrix of these crystals can be
dissolved by the release of proteolytic enzymes, CaOx
crystals will be fragmented into composing nanometer-
sized particles [30]. In our study, urinary calcium and
oxalate levels increased on day 12 or day 15 with
increase of AP(CaOx), which did not correlate with
stone number but might imply the consequence of
treating CaOx crystals by interstitial multinucleate
giant cells. Our results may support their hypothesis of
the ability to remove kidney stones.

Considering the difficulty of inducing mouse kidney
crystals, mice may have strong preventive ability in
kidney crystal formation caused by hyperoxaluria and
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to eliminate crystals with some renoprotective factors.
The mouse kidney could have a protective mechanism,
which could become effective after several days of
exposure to a toxin. This mechanism could prevent the
formation of new crystals and foster the removal of
already formed crystals.

Taken together, we produced a foothold for the
investigation of mice kidney stone formation and elim-
ination by establishing a mouse kidney stone model.
This experimental kidney stone in hyperoxaluric mice
is calcium oxalate nephrocalcinosis, not true stones;
however, we believe that this model will provide new
knowledge about how to create frequently occurring
calcium oxalate stones. This model is also useful for the
in vivo study of specific gene functions by using trans-
genic or knockout technology. Furthermore, stone
elimination may be an important key to elucidate pos-
sible methods to prevent kidney stones from normal
kidneys.
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