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Abstract Cell culture models of calcium phosphate renal
stone formation were established using the MDCK cell
line. Renal microliths were detected within pseudocysts
in three-dimensional soft agar cultures, and were also
observed in the basal region of cells lining the cell sheet,
and immediately beneath domes or blisters in mono-
layers and collagen gel cultures. Light and scanning
electron microscopy indicated that these microliths had a
similar lamellated and spherical appearance to those in
humans. These microliths were first detected micro-
scopically after 21 days of culture, and were found to be
composed of calcium phosphate by X-ray and micro-
infrared spectroscopic analyses. These culture models
may provide a powerful new tool to study the patho-
genesis of renal stone diseases and/or calcium phosphate
stone formation in humans and animals.
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Introduction

Renal lithiasis is a common disease in humans and there
have been many reports on the mechanisms of its de-
velopment [1, 11, 14, 18, 28, 30-32, 37]. Two factors are
thought to control renal calculogenesis. Anatomically,
impaired drainage from the kidney may reduce the flow
of urine, and so increase the risk of retention and ag-
gregation of stone-forming materials in the urinary tract.
Physicochemically, crystal aggregates may be formed as
the result of an imbalance between the level of inhibitors
of crystallization in the urine [7, 17, 27, 34, 42, 43] and
the degree of supersaturation of various calculous-
forming salts and other lithogenic promoters [3, 15, 28,
33, 35, 45]. Renal lithiasis is also associated with many
extraurinary factors, such as age, sex, genetic and die-
tary factors, and climatic and geographical environ-
ments [1, 8, 13, 18, 26, 28, 38, 41]. However, the
mechanisms of stone formation are still not fully un-
derstood. It is necessary to study the events of renal
stone formation more closely at the cellular and mole-
cular level, and to establish links between basic and
clinical events in the field.

Cell culture models may enable closer analysis of
renal calculogenesis at the cellular and molecular level.
Currently, no such models exist, though there have been
many reports of renal stone adherent and endocytosis
experiments using exogenous calcium oxalate and/or
calcium phosphate crystals in cell cultures {20, 21, 23-25,
33, 44], and experimental animal models may in part
mimic the etiology of human nephrolithiasis [9, 10, 22].
In the present study, cell culture models of experimental
renal calculogenesis were established using an MDCK
(Madine Darby Canine Kidney) cell line derived from
canine renal distal tubular epithelium [12, 16].
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Materials and methods

Cell culture

The MDCK cell line was maintained by serial passage under static
culture conditions in Dulbecco’s Modified Eagle Medium (Nissui
Seiyaku Ltd.) supplemented with 10% fetal bovine serum (Filtron
PTY Ltd.) under a 5% CO, atmosphere at 37°C. The cells were
grown as monolayers in plastic culture flasks, and at confluence
they formed “domes” or “blisters” (Fig. 1).

For monolayer culture, MDCK cells were seeded at 5 x 10°
cells/60-mm plastic dish (Nunc) and the medium was renewed once
every 2 or 3 days. For three-dimensional soft agar culture, 100 cells
were embedded in 2 ml 0.33% soft agar medium on a 2 ml 0.5%
agar-basal layer (acting as feeder layer) into a 60-mm plastic dish.
For collagen gel culture, 5 x 10° cells were plated on the surface of
a collagen layer (Kouken Ltd) in a 35-mm plastic dish. One milli-
liter of culture medium was added every 2 weeks for refeeding and
to prevent drying on the surface of soft agar matrix or the collagen
layer. The cultivation period of the three types of culture model was
up to 60 days without transfer.

Light microscopy

Cultured cells from the three types of culture system were har-
vested every 5 and/or 7 days and fixed in 10% formalin for 24 h,
embedded in paraffin, and sectioned at 3-um thickness. Paraffin
sections were stained with hematoxylin and eosin for morpho-
logical examination and by von Kossa’s method to detect micro-
liths and calcifications. Colony efficiency in three-dimensional
soft agar culture was the number of visible colonies obtained re-
lative to the number of initial cellular units. It may therefore be

visible colonies obtained
number of single cells seeded

expressed as x 100. The frequency of

colonies containing microcalculi formed in three-dimensional soft
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Fig. 1 A dome (arrow) which might have been formed by fusion of
two domes in an MDCK cell sheet cultured at saturation density.
Phase contrast photomicrograph, X600

agar culture was also expressed by the following formula:

number of colonies containing microliths

50 colonies formed at 45 days of culture x 100.

Transmission electron microscopy

Cultured cells and colonies were fixed in 2% glutaraldehyde,
postfixed in 1% osmium tetroxide for 1 h at 4°C, dehydrated in a
graded alchohol series, and embedded in epoxy resin. Ultrathin
sections were stained with uranyl acetate and lead citrate and ex-
amined with an H-700 transmission electron microscope (Hitachi
Ltd.).

Scanning electron microscopy

Cultured cells and renal tissues were fixed in 2% glutaraldehyde,
postfixed in 1% osmium tetroxide, dehydrated as described above,
and dried by the critical point method using liquid CO; in a JEE-4B
vacuum evaporator (Jeol Ltd.). Cell surfaces were coated with gold
in a JFC-1100 ion coater (Jeol Ltd.) and observed with a JEOL
JSM 35 scanning electron microscope (Hitachi Ltd.).

Examination of human renal stones

A tissue specimen was obtained from a nephrectomized kidney of a
49-year-old male patient with right renal lithiasis and hypercalce-
mia. The tissue was fixed in 10% formalin for 24 h and paraffin
sections were stained with hematoxylin and eosin for histological
examination to allow comparison with the localization of calcified
crystals formed in cell cultures. Renal stones were also removed
from a 51-year-old female with ureter lithiasis and hyperpara-
thyroidism by electron-hydrolauric lithotriptor (EHL) flexible ur-
eterorenoscopy [2] for morphological examinations of microrenal
stones compared with those in cell cultures with a scanning electron
microscope. The microliths were analyzed by micro-infrared spec-
troscopy (IR-700; Japan Spectroscopic Ltd., Tokyo, Japan).

X-ray and micro-infrared spectroscopic analysis

One micrometer sections from cultures and renal tissues embedded
in resin were placed on carbon plates and examined with a Jeol200
CX electron microscope fitted with an Emax-3770 X-ray analyzer
(Horiba Ltd.) to determine the composition of renal stones. De-
paraffinized sections of colonies and cells were placed on carbon
plates and subjected to a micro-infrared spectroscopic analysis with
an IR-700 analyzer (Nihon Bunkou Ltd., Tokyo, Japan). We also
calculated the Ca:P ratio in calcium phosphate stones by micro-
scopic image analyzer (MOP Videoplan; Carl Zeiss Ltd.).

Results
Monolayer cell culture model of stone formation

Very small crystals were first detected as linear black dot
spots after 21 days of culture. However, small linear
crystals were laid down under an MDCK cell layer in
contact with the plastic surface of the culture vessel after
30 days of culture (Fig. 2). These calcified crystals ap-
peared to be tightly bound to the culture vessel, and this
observation was confirmed by transmission electron
microscopy at higher maguyification (Fig. 3). After cul-
ture for 60 days, extensive aggregates were seen im-
mediately beneath the cell sheet and in the domes (Fig. 4).



Fig. 2 Transmission electron microscopic appearance of calcified
crystals (+) on plastic culture vessels under MDCK epithelial cells after
30 days of culture. C MDCK cells, P plastic culture vessel

Fig. 3 Higher resolution transmission electron microscopic appear-
ance of calcified microcrystals (+) in the basal region of an MDCK cell
after 30 days of culture. C MDCK cell

Fig. 4 Electron-dense calcified crystals (arrows) formed between
MDCK confluent sheets (CS) including a dome (D) and the plastic
culture vessel (P) in a 60-day culture. Scanning electron microscopy

Three-dimensional soft agar culture model
of stone formation

Very tiny crystals were first observed within pseduocysts
at 28 days of culture. After about 8 weeks of culture, two
types of colony, dark and clear, were also observed by
phase contrast microscopy (Fig. SA,B). The clear colo-
nies were devoid of microliths (Fig. 5D), but small mi-
croliths were observed within pseudocysts formed by a
single MDCK cell layer in dark colonies after 5 weeks of
culture (Fig. 5C) by light microscopy. These colonies
appeared to have a coralline or cauliflower-like shape
(Fig. 5C). These microliths were closely similar in ap-
pearance to those observed in human specimens by
scanning electron microscopy (Fig. 6A,B). The colony
efficiency (the proportion of colonies formed to the total
cells inoculated) in soft agar culture was 50.6 * 2.6%
(P < 0.001), and the frequency of colonies containing
microcalculi was 55.6 £ 1.2% (P < 0.001).

Collagen gel culture model of stone formation

When a collagen gel bed was used, microcalcifications
were first observed immediately beneath the single epi-
thelial cell layer after 21 days of culture. These discrete
and dense amorphous deposits increased in size and in
number after 40-60 days of culture (Fig. 7A). These
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linear concretions were very similar in appearance to
those in human urolithiasis (Fig. 7B). In the human
specimens, microcrystals were also seen at or in the vi-
cinity of the basal region of the tubular cells or in their
vicinities (Fig. 7B).

X-ray and micro-infrared spectroscopic analysis

Electron microscopy confirmed the presence of electron-
dense materials in all three types of cell culture. All of
these electron-dense concretions were composed of cal-
cium phosphate as demonstrated by X-ray and micro-
infrared spectroscopy (Figs. 8, 9). Two types of calcium
were detected by X-ray examination, calcium x, and xgp.
Both renal cell cultured and human renal concretions are
also composed of calcium phosphate (Figs. 6B, 7B) with
a Ca:P ratio of 2.7:1.

Discussion

In the present study we developed three systems of cell
culture; monolayer, three-dimensional soft agar, and
collagen gel culture, as models of renal stone formation;
and undertook a morphological examination of the
calcium phosphate renal microcalculi and calcifications
that were formed in these models (Fig. 10).
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Fig. 5A-D A colony originating
from a single MDCK cell after
60 days in three-dimensional
soft agar culture. A A dark
colony containing many micro-
calculi (arrows). B A clear
colony free from microcalculi.
C, D Dark and clear colonies,
respectively, stained with he-
matoxylin and eosin. In the
dark colony (C) miniature cal-
culi (arrows) were found within
pseudocysts formed by a single
cell layer. A clear colony was
free from calculi (D) A, B
(phase contrast microscopy),
X100; C, D (light microscopy),
X200

Fig. 6A, B Comparison of
calculi formed in soft agar
culture and those in a patient
with renal calculous disease by
scanning electron microscopy.
A A cluster of small globular
microcalculi with numerous
fiber-like microprojections
(arrows) adjacent to an MDCK
cell (C) in a 50-day culture. B
Microcalculi (arrows) formed
in a patient with renal stone
disease. A X4600, B X3000

Calcified microcrystals were located as discrete de-
posits, between the single cell layer and the surface of
the culture dish, and in the collagen matrix. In three-
dimensional soft agar cultures, microliths were detected

within pseudocysts. These microliths had a lamellated
and spherical structure by light microscopy. These
linear-microcrystals and microliths were located corre-
sponding to their location in human renal tubules; in
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Fig. 7A, B Comparison of calcified deposits formed on collagen gel
culture and in human renal tubules. A Discrete and dense deposits
(arrows) immediately beneath the MDCK cell layer (arrowheads) in a
45-day culture on a collagen gel layer (CGL). B Microgrystals and
large calcium concretions (arrows) apparently deposited between the
basolateral site of the tubular epithelial cells and the underlying
basement membrane in the interstitium in human renal lithiasis. A, B
X275

the interstitum in the vicinity of renal epithelial cells.
These findings indicate that the microconcretions ori-
ginate in the interstitum facing the tubular epithelium,
though the reason for this is still unknown.

Many small foci of calcification also appeared to be
tightly bound to the culture vessel at an early stage of
culture in the monolayer culture. These data may sug-
gest that the deposits form due to active concentration
of calcium and phosphate by the MDCK cells under the
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Fig. 8 X-Ray analysis of the composition of electron-dense deposits
i the three types of cell culture. All the crystals were composed of
calcium phosphate. There were two peaks of calcium, calcium x, and
Kp

micro-environments where media are supersaturated
and heteronucleation may occur. We did not, however,
examine the pH, the buffer system, or Ca/P flux in this
experiment. In addition, these findings suggest specific
interactions between the extracellular matrix produced
by the MDCK cells and some unknown factors in the
microenvironment mediating crystallite formation [4, 11,
39, 40]. As the basal subcellular to pericellular calcium
flux in confluent MDCK cells is 0.98 nmol/min/cm,
calcium might be concentrated at the basal aspect of cell
monolayers if the transported cations are not effectively
removed [33, 34]. It is also conceivable that if the cal-
cium ions transported across the tubular epithelial cells
are not effectively removed, the local ionic concentration
might rise beyond the saturation level and deposits
might form, especially when the local pH is favorable for
microcrystal formation.

The morphological appearance of calcified concre-
tions differed from microliths at the light microscopic
level, but ultrastructurally these two forms were mor-
phologically similar. Furthermore, both these types of
renal concretions were composed of calcium phosphate.
Therefore, after they formed small clusters in renal tis-
sues, some may develop into calcifications and others
may develop into calculi depending on the sites, such as
the intra- and extra-tissue environment of the kidney, at
which they are generated in the renal tissue.

About 70-80% of renal stones are composed of cal-
cium oxalate crystals with or without other components
of calculi [6, 18, 28]. In patients with type I renal tubular
acidosis, however, most renal crystals and calcified
crystals are composed of calcium phosphate [35, 36].
Furthermore, the intrapapillary calculi chiefly consist of
calcium phosphate in the usual renal stone disease [8,
18]. These concretions are generally observed at the
basement membrane and in the interstitium of the renal
collecting ducts and distal tubules, and a significantly
higher mean calcium concentration gradient has been
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Fig. 9 Micro-infrared spectroscopic analysis of calcium phosphate in
microcrystals formed in the three types of cell culture. Arrow shows
the calcium phosphate peak

Fig. 10 Diagram of the localizations of miniature calculi and calcified
crystals in the three cell culture models. Arrows calcified crystals, star
microcalculus

detected in the medulla than in the cortex [16, 18, 19]. In
this study, we used the MDCK cell line derived from
renal distal tubular epithelium [28, 29] and showed that
calcified crystals and miniature calculi composed of
calcium phosphate were formed at the basal side (facing
the impermeable culture dish or collagen gel matrix) of
the monolayers. Therefore, our culture models may be a
powerful new tool to study the pathogenesis of renal
lithiasis and/or calcium phosphate stone formation in
human and animals.

Small calcified crystals were morphologically first
observed after culture at approximately 21-28 days.
However, larger calculi could be observed after 30 days of
culture. These findings strongly suggest that the deposits
grow gradually, and are not an artifact of the long period
of time used to maintain the culture. It is very difficult to
determine the exact time of appearance of stones by
histological examination of cell cultures or materials
obtained from humans and experimental animals, be-
cause calculous deposits may be lost during fixation and
sectioning of specimens [1]. In a previous study, we had
observed calcium phosphate and calcium oxalate crystals
by electron microscopy in human periosteal cells in
monolayer cultures supplemented with ascorbic acid

1100 1000 500
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after 14 days of culture [39]. Thus these tiny concretions
may be detected at an earlier stage in our culture systems
by using contact radiography, which we shall pursue in
the near future [45]. A morphological study of this kind
may gives clues as to how and where renal microliths may
develop, and our systems should be useful for analysis of
the earliest events in renal stone formation.

Finally, many kinds of genetic changes may occur in
cultured cells, especially during long-term culture. In the
present study, three-dimensional soft agar cultures were
found to contain two types of colony, one with renal mi-
croliths and the other with none. Comparison of mutants
that do and do not generate renal stones may be useful to
obtain further information on the mechanisms of calcu-
logenesis. It would be of great interest to ascertain the
complicated genetic factors associated with pathogenesis
of renal stone formation including the predispositions to
lithogenesis by using our culture models [5, 40].
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