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Abstract 

In synthetic urine (SU), addition of oxalate tends to 
form monohydrates of calcium oxalate. However, addi
tion of oxalate to natural urine preferably forms calcium 
oxalate dihydrate (COD). Urine apparently contains a 
determinant for COD formation. To identify the de
terminant, the effects of pH, temperature, oxalate, 
calcium, urate, citrate, magnesium, sulfate and chon
droitin sulfates (CS) on calcium oxalate crystal formation 
were studied. Lower temperatures, higher oxalate con
centrations and higher pH favored COD formation in a 
SU. Mixed CS in the presence of citrate were the most 
decisive determinant of COD formation. Substitution of 
CS for agar and gelatin produced similar results, indicat
ing that the colloidal effect of the macromolecules deter
mines COD formation. Identification of the determi
nants led to a simple, reproducible method of COD for
mation in SU without natural urine. Addition of stronti
um to SU resulted in dodecahedral bipyramids. Inter
penetration twinning of bi pyramids occur within seconds 
of the crystal formation. 

Key Words: Weddellite, chondroitin sulfates, citrate, 
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Introduction 

Despite its lesser thermodynamic stability, calcium 
oxalate dihydrate (COD) is more prevalent than calcium 
oxalate monohydrate (COM) in crystalluria and is nearly 
as common as COM in urinary stones. The mechanism 
of COD formation in urine is poorly understood. It has 
been noted that COM and calcium oxalate trihydrate 
(COT) are preferably formed in synthetic solutions, and 
the formation of COD in its pure form has been difficult 
to accomplish. For this reason, COM or non-specified 
calcium oxalate has been frequently used for the studies 
of calcium oxalate nucleation and growth in vitro; kinet
ic studies for COD have been scanty. 

A very high Ca/oxalate ratio (Tomazic and Nancol
las, 1980), the use of a continuous crystallizer (Miller et 
al., 1977), pyrophosphate (Gardner, 1978), lower tem
peratures (Kuwahara et al. , 1982), higher pH (Martin et 
al. , 1984), the presence of citrate (Oka et al., 1987) or 
phosphocitrate (Sallis et al., 1995), certain ion composi
tions (Ackerman et al. , 1989), slow diffusion of calcium 
and oxalate through gel (Franchini-Angela and Aquilano, 
1979) or through mucin (Akbarieh and Tawashi, 1991), 
and the colloidal effect of phosphate (Grases et al., 
1990) have been implicated as potential factors that de
termine COD formation in vitro. However, attempts to 
form COD in its pure form in vitro frequently yielded 
inconsistent results (W emess et al. , 1979; Rodgers and 
Wandt, 1991). 

It has been noted that addition of oxalate to filtered 
urine (FU) (Philipsbom, 1952) or the mixture of FU 
with synthetic solutions (Wemess et al., 1979) causes 
precipitation of COD. Evidently, urine contains acer
tain component that determines the formation of COD. 
Human urine contains up to 150 different compounds 
(Mroczek et al., 1971), which have hampered identifica
tion of the determinant(s) of COD formation. Further
more, filtration of urine is a tedious task, and it is diffi
cult to obtain FU in large quantities. In an attempt to 
identify the determinant, various factors, as indicated in 
the literature, were investigated for their effects on COD 
formation. Of the components tested, the presence of 
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Table 1. Synthetic urine. 

Amount (g/1) Solutes 

3.33 N½SO4 

3.18 NH4Cl 

8.31 KCl 

2.00 MgSO4 ·7H2O 

0.58 N½HPO4 

4.12 NaH2PO4·H2O 

9.25 NaCl 

0.80 Na3C6H5O7 ·2H2O 

1.00 CaC12 -H2O 

both mixed chondroitin sulfates (CS) and citrate in a 
synthetic urine (SU) was found to have the primary role 
in COD formation. Identification of the determinants 
led to a simple, reproducible method of COD formation 
in quantities in SU without addition of natural urine. 

Materials and Methods 

Mixing of solutions 

Analytical grade chemicals (Sigma Chemical Co., 
St. Louis, MO) and acid washed glassware were used 
throughout the study. Deionized and distilled water that 
was filtered through 0.2 µm pore filters was used. 
Since it has been said to produce COD only in a contin
uous crystallizer, a modified lsaacson's SU (Isaacson, 
1968; Miller et al. , 1977) was chosen for the study 
(Table 1). When not otherwise specified, crystals were 
precipitated by pouring 100 ml of SU, with or without 
FU, at pH 5.5, into a beaker containing 4 ml of 0.05 M 
ammonium oxalate stock solution (final concentration of 
4. 8 mM after mixing) and rapidly stirred with a magnet
ic stirrer for 15 minutes. NaOH and HCl were used to 
adjust pH. Harvested crystals were briefly washed in 
H2O and isolated by centrifugation. Selected samples 
were harvested within a few seconds of the mixing. So
dium urate was dissolved by boiling immediately prior 
to the mixing. Freshly prepared SU was used. Over
night storage of the solution containing urate in a re
frigerator frequently caused precipitation and tended to 
produce fewer bipyramids. 

In an attempt to trace crystal growth by scanning 
electron microscopy (SEM) and electron probe micro
analysis (EPM), strontium (Sr) was incorporated into 
COD crystals by replacing 10 % of CaCl2 in SU with 
equimolar SrCI2 prior to forming COD. To determine 
a possible consumption of the determinant of COD 
formation, the experiment was repeated with a condi
tioned SU, with or without 10% FU, in which COD 
crystals had previously been precipitated. To study 
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Figure 1. Dodecahedral bipyramid COD formed in 
10% FU + SU (pH 5.6, 37°C) in which 10% of CaCl2 
was replaced with SrCl2. Crystals were incubated in SU 
with 10 % FU for 3 days. Sintering of bipyramids is 
evident (arrow). Interpenetrating twins are present 
(double arrow). 

crystal growth, bipyramid crystals, 10 mg each, were 
incubated in 10 ml of SU or SU with 10% FU in screw
capped plastic tubes and tumbled on a rotary drum at 
37°C for up to a week. Samples were analyzed by SEM 
and EPM. 

Determinants of COD formation 

For identification of urine components that deter
mine COD formation , gradient concentrations of sodium 
urate (Na-Ur) were first added to SU. To SU, with 28 
mg/di of Na-Ur, the concentration that yielded the lar
gest number of bipyramids, mixed CS, chondroitin-4 
sulfate (CS-4) and chondroitin-6 sulfate (CS-6) were 
added. Using SU containing 28 mg/dl Na-Ur and 10 
mg/dl mixed CS , the effects of pH (5.5 - 6.0), tempera
ture (18°C to 40°C), and 50-200 mM oxalate concentra
tion in the stock solution (4.76-19 mM after mixing) 
were tested. In order to identify the potential role of 
other solutes in SU in COD formation, all the compo
nents except CaCl2, NaCl, Na-Ur and mixed CS were 
deleted from SU. The deleted solutes were replaced 
consecutively one by one and mixed with oxalate. 

SEM, EPM and electron diffraction 

Crystal suspensions were placed to cover the entire 
surfaces of carbon planchets or aluminum stubs. As 
much solvent as possible was removed with filter paper 
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Figure 2. (A) Columnar crystal aggregate formed in SU with 2.0 g/1 CaC12 -H20 in SU; pH 5.6, 37°C for 24 hours. 
(B) The columns yielded Ca and P by EPM and the ED pattern of brushite. A large amount of apatite was present 
elsewhere in the same sample. 

-------------------------------------------------------------------------------------------------
avoiding uneven clustering of the crystals, followed by 
vacuum drying. Dried specimens were coated with car
bon or gold in a sputter coater and examined under an 
ETEC (Hayward, CA) Autoscan scanning microscope 
equipped with a Kevex (San Carlos, CA) detector and a 
NS5500 Tracor-Northern (Noran Instruments, 
Middleton, WI) multichannel analyzer. Micrographs at 
a standard magnification of lOOOx were taken from the 
center and 4 comers of the stubs. EPM was performed 
at 20 keV with a specimen tilt of 45°C and an exposure 
time of 100 seconds; 300 crystals on the micrographs 
were counted using a grid of 4 cm2 squares, and the 
ratio between bipyramids (COD) and other crystals (non
COD) was obtained. For electron diffraction, a drop of 
crystal suspension was placed on a coated grid, vacuum 
dried and coated with carbon in an evaporator. Selected 
area electron diffraction (ED) was performed with a 
JEOL lOOC (JEOL USA, Peabody, MA) electron micro
scope operated at an accelerating voltage of 80 ke V, 
various camera lengths and a standardized exposure time 
of 15 seconds. Sputter-coated gold or ThCl was used as 
the standard at each ED. 

Results 

As opposed to the claimed result obtained in a con
tinuous crystallizer (Miller et al., 1977), evidently due 
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to the difference in the mode of mixing, the modified 
Isaacson's SU (Isaacson, 1968) mixed with oxalate in 
this study yielded scanty bipyramids but mainly plate 
shaped crystals consistent with COT. When filtered 
urine (10%) was added to SU and mixed with oxalate, 
predominantly COD and a few oval shaped COM were 
formed. When 10% of CaC12 ·H20 in SU (with FU) 
was replaced with SrC12, dodecahedral bipyramids 
developed (Fig. 1). However, addition of Sr to SU 
without FU brought about octahedral bipyramids. 

Bipyramids incubated in SU at 37°C underwent 
their dissolution followed by proliferation of oval COM 
within a week. When the incubation of COD was re
peated with SU in which CaC12 -H20 was increased to 
2 g/1, brushite and apatite tended to form in a few days 
(Fig. 2). Crystal aggregation was minimal in SU. In 
SU with 10 % filtered urine, crystal sintering and aggre
gation occurred frequently, but no notable increase in 
the size of crystals was observed (Fig. 1). Incubation of 
dodecahedra in SU mixed with FU resulted in a com
plete loss of EPM-detectable Sr in several days, although 
the crystals retained the dodecahedral habit. 

When Na-Ur was added to SU and mixed with ox
alate, a small increase in the amount of bipyramid oc
curred (Fig. 3). The highest COD/non-COD was ob
tained at 28 mg/dl of Na-Ur. Of the CS concentrations 
tested, 10 mg/dl of mixed CS in SU (containing 28 
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Figure 3. (A) Some bipyramids formed in SU with 30 mg/di of Na-Ur, at pH 5.5 and 37°C. (B) The effect of Na
Ur on the COD/non-COD ratio. At approximately 28 mg/di of Na-Ur in SU, the highest ratio was obtained. 

------------------------------------------------------------------------------------------
mg/di Na-Ur) yielded the highest COD/non-COD (Fig. 
4). Mixed CS gave a higher COD/non-COD than CS-4, 
CS-6 or a mixture of CS-4 and CS-6 (Fig. 5). In addi
tion to discrete bipyramids, numerous interpenetrating 
twins of bi pyramids were observed within a few seconds 
of the mixing (Figs. IA and 4A). Both urate and CS in 
SU displayed saturable effects on bipyramid formation 
(Fig. 3B and 4B). Concentrations of Na-Ur higher than 
30 mg/di frequently resulted in uric acid hydrate crys
tals. Mixed CS greater than 15 mg/di caused mainly 
oval shaped COM. Increases in calcium concentration 
in SU had little effect on COD formation. 

The temperature of SU containing urate and mixed 
CS showed a considerable effect on the COD/non-COD 
ratio. The lower the temperature, the higher the ratio 
was (Fig. 6). At 37°C, scanty bipyramids but a large 
amount of thin plate shaped crystals consistent with COT 
were formed. At l8°C, mainly bipyramids and a small 
amount of oval COM formed. A significant effect on 
the ratio was elicited by pH of the solution, as well . 
The higher the pH, the more bipyramids formed (Fig. 
7). Although higher concentrations of oxalate yielded a 
higher COD/non-COD ratio, bipyramids thus formed 
were variable in si:ze with numerous microcrystals. Ox
alate concentrations also showed a saturable effect on 
bipyramid formation (Fig. 8). When SU was mixed 
with the stock solution that exceeded 200 mM in oxalate 
concentration, nearly pure COM was produced. When 
conditioned SU, in which COD had been previous! y pre
cipitated and calcium was readjusted to 1 mM, was 
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mixed with oxalate, pure COM of oval plate shape was 
formed (Fig. 9). 

When solutes other than CaC12, NaCl, Na-Ur or 
mixed CS were deleted from SU and mixed with ox
alate, no bipyramids but plate shaped crystals consistent 
with COT were formed. Omission of the components of 
SU, i.e. , CS , urate and other solutes, appeared to favor 
COT formation. When deleted solutes were consecu
tively replaced, phosphate failed to produce any bipyra
mids. However, addition of citrate caused a dramatic 
increase in COD/non-COD. Magnesium and sulfate had 
no notable effect on the ratio. Addition of KCl appeared 
to further increase the ratio (Fig. 10). 

Taking into account all the factors, namely addition 
of SU containing 28 mg/di Na-Ur, 10 mg/di mixed CS 
at pH 6 and 20°C and mixing with 0.05 M ammonium 
oxalate with rapid stirring, morphologically pure bipyra
mids of fairly uniform si:ze were consistently obtained 
(Fig. 11). 

When mixed CS were substituted for 10 mg/di of 
agar, gelatin , Bacto-peptone (Difeo, Detroit, MI) and 
sucrose, very high COD/non-COD resulted. Agar and 
gelatin were as effective as mixed CS in bipyramid 
formation (Fig. 12). 

Discussion 

The prevalence of COD in crystalluria has mainly 
been attributed to the selective inhibitory effect of 
impurities in urine for COM (Martin et al., 1984; 
Tomazic and Nancollas, 1979). Although a variety of 
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Figure 4. (A) SU with 28 mg/dl of Na-Ur and 10 
mg/dl mixed CS, produced nearly pure bipyramids. (B) 
The effect of CS is saturable. The highest COD/non
COD ratio was obtained with 10 mg/dl mixed CS. (C) 
The ED pattern of COD. 

factors have been said to promote COD formation in 
vitro, the purity of COD produced has seldom been ad
dressed, and the definitive determinant(s) of COD for
mation in urine has not been established. Findings in 

449 

40 
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35 15 min . 

30 
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Figure 5. Mixed CS produced a higher COD/non-COD 
ratio than CS-4, CS-6 or their mixture. 

--------------------------------------
this study indicate that the synergistic action of CS and 
citrate play the primary role in COD formation. The 
mechanism of the synergism, however, remains to be 
determined. 

Of the factors that determine COD formation, pH 
has been studied in the greatest detail (Martin et al., 
1984). At pH 6.5, only COD formed in human urine. 
Addition of pyrophosphate, citrate, yeast RNA or hepar
in (Martin, 1995) and creatinine (Rodgers and Wandt, 
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Figure 6. The effect of temperature on COD formation 
in SU with 28 mg/dl Na-Ur and 10 mg/dl CS. Higher 
COD/non-COD ratios were obtained at lower tempera
tures. 
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Figure 7. The effect of pH on COD formation. The 
higher the pH, the greater COD/non-COD ratio. 

-------------------------------------
1991) to a simple supersaturated solution of calcium 
oxalate increased the yield of COD in a dose dependent 
manner. In comparing COM and COD stone formers , 
COD stones were more common among younger male 
with higher urine calcium and pH (Pierratos et al., 
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Figure 8. A composite graph of the effect of oxalate 
concentration (in the stock solution of ammonium oxa
late) on COD formation. The left half of the graph 
shows the results at 37°C, the right half, at 20°C. The 
effect of oxalate concentration is saturable. Oxalate con
centration exceeding 200 mM in the stock solution of 
ammonium oxalate resulted in COM only. 

1994). In addition, pH has been shown to have an addi
tive effect on the potency of inhibitory action of calcium 
oxalate crystal growth by citrate (Curreri et al., 1981), 
by pyrophosphate (Tiselius, 1981) and by multidentate 
phosphate (Meyer et al., 1977). The effect of lower 
temperature favoring COD formation has been known 
for some time (Kuwahara et al., 1982) and calls for a 
caution in identification of COD in urine stored at a 
lower temperature. 

Interpenetration twinning is common in urinary 
stones (Kim, 1981). The deviation of the major axis of 
the crystal growth is believed to cause the twinning 
(Bloss, 1971). The twinning apparently takes place in 
the very early stage of COD crystal growth. As op
posed to large-sized bipyramid crystals frequently en
countered in urinary stones, COD in this study are rela
tively small and uniform in siz.e. Grases et al. (1990) 
described synthesis of large COD crystals by using the 
solution in which COM had previously been precipi
tated. Conversely, when oxalate was added to the con
ditioned SU in which COD has previously been precipi
tated, pure COM resulted in this study. These observa
tions suggest that determinants of COD and COM for
mation are distinctive and are consumed during crystal 
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Figure 9. (A) Pure oval plate shaped COM formed in a conditioned SU, in which COD had previously been precipi
tated. Calcium was readjusted to 1 mM and mixed with oxalate. The finding indicates that the determinant of COD 
was consumed during previous COD formation. (B) The ED pattern of COM. 
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Figure 10. Solutes were deleted from SU, leaving only 
CaC12, NaCl, mixed CS and Na-Ur, and mixed with 
oxalate. No bipyramids were formed. Deleted solutes 
were added consecutively to see their effect on COD 
formation. Replacement of phosphate and sulfate had no 
effect on COD formation. Replacement of citrate re
sulted in a dramatic increase in the COD/non-COD ra
tio . Addition of KCl appeared to enhance further bipyr
amid formation. OX: oxalate; Cit: citrate. 
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Figure 11. Pure bipyramids formed in SU with 28 
mg/dl Na-Ur, 10 mg/dl CS, at pH 5.8 and 20°C. 
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Figure 12. Substitution of CS for agar, gelatin (gelat), 
Bacto-peptone (Bacto) and sucrose (sucro) produced very 
high COD/non-COD ratios, indicating the effect of CS 
on COD formation is non-specific. 

formation . Dodecahedra formation by addition of Sr to 
SU indicates that certain impurities in urine are likely to 
be responsible for their occurrence in urinary stones. 
The loss of Sr from bipyramids in SU demonstrates that 
aberrantly fit Sr during COD growth is unstable and a 
dynamic exchange of ions occurs between the crystal 
and the solution to correct the instability. 

The role of urate in calcium oxalate stone formation 
has been controversial (Ettinger, 1989; Ryall et al., 
1991). Dissolved urate has been shown to promote 
crystallization of COM. The effect of urate appears not 
to be dependent on heterogeneous nucleation (Grover et 
al., 1993). Tamm-Horsfall protein (THP) inhibits calci
um oxalate crystal aggregation caused by urate (Grover 
et al., 1994). Addition of urate to certain urine ultra fil
trates yielded COD crystal (Grover et al., 1992). The 
effect of urate on COD formation in this study raises a 
possibility that the promotive effect of urate in oxalate 
stone formation (Coe, 1978) is mediated in part through 
its effect on COD formation. 

Magnesium has been shown to inhibit both nuclea
tion and growth of calcium oxalate crystals (Li et al., 
1985). Magnesium or trace metal may stabilize COD 
(Hesse et al., 1976). Oka et al. (1987) observed a high
er inhibitory activity of magnesium on COM than COD 
crystal formation. The presence of magnesium in SU 
did not appear to have a significant effect on COD 
formation in this study. 

The inhibitory effect of citrate on calcium oxalate is 
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known. Hypocitruria is common among idiopathic calci
um oxalate stone formers. Potassium citrate administra
tion has been effective in the prevention of calcium ox
alate stone recurrences (Pak, 1991). Citrate has an ef
fect on supersaturation with respect to calcium oxalate 
and phosphate, and inhibits the growth of these crystals 
by reducing the ion activity products. Citrate also inhib
its aggregation of these crystals (Tiselius et al., 1993). 
Citrate and THP have been shown to have a synergistic 
effect on agglomeration of COM (Erwin et al., 1994). 

The propensity to form COD in solutions containing 
citrate is also known. The effect is attributed to its 
selective inhibition for COM formation. Citrate and py
rophosphate accounted for 45 % of the formation of 
COD in undiluted urine (Martin et al., 1984). How
ever, citrate had an effect on COD formation only when 
CS or urate coexisted in this study. 

The role of urinary macromolecules in calcium ox
alate stone formation has been extensively studied but 
remains controversial. The discrepancy apparently 
stems from the variation in experimental conditions, es
pecially of the composition of solutions used in the stud
ies. In view of the conflicting results in the literature, 
Rodgers (1995) proposed that the ultimate test for the 
role of macromolecules in crystallization should be per
formed in natural urine. Urinary macromolecules may 
act either as inhibitors of growth or promoters of nuclea
tion. Macromolecules affect the overall order of the 
growth mechanism of calcium oxalate. In a constant ki
netic study, the presence of isolated stone matrix macro
molecules caused the effective order to be approximately 
6.6, indicating a higher order polynuclear growth mech
anism (Nancollas et al., 1991). The higher COD/non
COD ratio obtained with mixed CS than with CS-4 or 
CS-6 in SU indicates that a certain other components in 
mixed CS is involved in COD formation. It is interest
ing that heparan sulfate was incorporated in preference 
to CS into calcium oxalate crystals formed in human 
urine (Suzuki et al., 1994). 

Of the macromolecules in urine, glycosaminoglycans 
(GAGs) have been of particular interest. Most studies 
have indicated that GAGs inhibit calcium oxalate crystal 
nucleation, growth and aggregation (Hesse et al., 1991; 
Robertson et al., 1976). Although an interaction with 
the crystal surface and adsorption are the suspected 
cause of the inhibition, the mechanism of GAGs' inhibi
tory actions appears to be not yet clear. Chondroitin 
sulfates, human serum albumin and THP had no effect 
on the size and the rate of calcium oxalate crystallization 
in human urine (Ryall et al., 1991). 

The majority of studies on urinary macromolecules, 
including GAGs, has been aimed at their roles in promo
tion or inhibition of oxalate crystal growth and aggrega
tion. The possible role of macromolecules in determin-
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Discussion with Reviewers 

H-G. Tiselius: Obviously, a normal body temperature 
favors the formation of COM, whereas a pH above 5.6 
apparently favors that of COD. In view of the predomi
nance of COD in urine, do you think that temperature 
has any effect in vitro? 
Author: Although the lower temperature may help pre
pare COD seed crystal in vitro, it can not be of any clin
ical significance. So is the case with higher pH. Alkali
nuria results in struvite and apatite instead of calcium 
oxalates. 

K. Suzuki: To determine the percentage of COD, the 
author used micrograph counting. Findings from the 
scanning electron micrographs provide little information 
about whole crystal characteristics. There is a simple 
method using infrared spectroscopy to calculate the per
centage of COD. Did the author compare the result of 
micrograph's method using other methods? 
T. Koide: To determine COD crystallines, the author 
employed imaging counter under SEM. It seems to be 
exact to use infrared spectrophotometer in determining 
COD crystallines or COD/COM ratio. 
Author: The ratio of intensities of the lines in X-ray 
diffraction and of the absorbance in infrared spectros
copy have been used to estimate the ratio of crystal com
ponents in urinary stones. Although these methods have 
an advantage of dealing with bulk samples, it is known 
that the methods overlook minor components of the 
stones (see Kim et al. , 1985). For identification of the 
minor non-COD components that may contaminate COD 
preparations, no other method can excel the sensitivity 
of direct SEM observation of the crystals formed; this is 
possible because of the well defined, bi pyramid habit of 
COD. In cell morphometry, a sample size of 300 cells 
is usually considered sufficient. No comparison with 
other methods for determination of the ratio was made. 

K. Suzuki: At present, heparan sulfate (HS) is thought 
to have a remarkable effect against CaOx crystal forma
tion, growth and aggregation. Why didn't the author 
use HS in the experiment? 
T. Koide: What does "mixed" chondroitin mean? Hu
man urine contains various GAGs; chondroitin sulfate A, 
B, C; dermatan sulfate, etc. The major role of GAGs 
on stone formation has focussed on heparan sulfate, re
cently. Did the author examine the effect of heparan 
sulfate in the experimental system? 
Author: Experiments in this study have been performed 
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prior to the knowledge of heparan sulfate adsorption to 
calcium oxalates. A great significance has been attached 
to the adsorption of macromolecules to calcium oxalate 
crystals. However, the significance of the adsorption re
quires a careful interpretation. As pointed out, the ef
fect of CS in COD formation is not specific. Sigma 
used to supply "mixed chondroitin sulfates." The prod
uct appears to have been discontinued. It was my un
derstanding that "mixed CS" were a crude extract from 
shark cartilage that consisted of a mixture of non-speci
fied GAGs. 

T. Koide: The experimental method was a little compli
cated, and the results obtained from various additives, 
such as urate, oxalate, foreign macromolecules and the 
change of pH and temperature easily affected COD crys
talline formation in this study. Why could the author 
emphasize the synergistic role of mixed chondroitin sul
fate and citrate without considering the role of other 
factors? 
Author: As pointed out, urine is complex. Many addi
tional urine components are likely to have some effects 
on COD formation. It will be an endless task to test the 
effect of every urine component on COD formation. 
The results in this study, however, indicate that the syn
ergism of CS and citrate is a powerful determinant of 
COD formation. When either CS or citrate was absent 
in SU, no COD was formed. 

T. Koide: Regarding the macromolecules, the author 
stated that the effect of those in COD formation was 
non-specific and attributable to the colloidal nature. 
However, ultrafiltered urine, in which COD formation 
is ordinary, contains various macromolecules as the non
colloidal form. Why does the author speculate the 
mechanism of macromolecules on COD formation as 
above? If the speculation was exact, why did CS-4 
and/or CS-6 not affect the COD crystalline formation? 
Author: The effect of colloid on crystal formation has 
long been known. Alterations of the zeta potential of 
the colloid molecules are thought to have a role in the 
modification crystal formation. The colloid effect seems 
to be the most likely common denominator for GAGs, 
agar, gelatin and Bacto-peptone. The reason for the var
ied effects on COD formation by different CS is not 
clear. Identification of the factors that underlie the dif
ference may hopefully lead to a better understanding of 
the macromolecular role in COD formation or crystal 
formation in general. The findings in this study by no 
means exclude the potential role of non-colloidal compo
nents of urine on COD formation. 

S.R. Khan: The impression is given that reproducible 
methods of COD formation are not available. This is 
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Figure 13. Brushite heavily coated by a layer of apatite 
crystals. 

-------------------------------

not so; many laboratories, including our own, produced 
almost pure CODs for various uses, including investiga
tion of crystal/renal epithelial cell interaction. 
Author: No one other than Martin et al. (1984, text 
ref.) has published detailed quantitative data in regard to 
the purity of COD produced in vitro. The purity of 
COD is difficult to judge without such quantitative data. 
It is well known that crystal formation is frequently dif
ficult to reproduce evidently due to the certain, subtle, 
unnoticed changes in the environment in which crystals 
form. Consistent reproduction of the same crystal in 
pure form, e.g., COD, calls for powerful determinant(s) 
of their formation, i.e., CS and citrate, as shown in this 
study. For morphological studies, the purity of crystals 
may not be of the great significance. However, for 
kinetic studies, the purity, or the knowledge of the 
degree of purity of crystals, is critical. 

S.R. Kahn: It will be helpful to provide some informa
tion about the composition of native urine and how it 
differs from the synthetic urine. How do the in vitro 
conditions compare with the in vivo conditions? 
Author: SU is culminated through extensive analyses of 
normal human urine (Isaacson, 1968; text ref.); Bums 
and Finlayson, 1980). However, the composition of SU 
is highly selective and ignores most organic components, 
especially macromolecules that exist in urine. Urine 
contains 22 mM of uric acid (ca. 40 mg/di Na-Ur; 
Grover et al., 1993, text ref.) and 10-20 µM (ca. 2-5 
mg/di) of glycosaminoglycans are excreted through urine 
a day (Hesse et al., 1991, text ref.). The simple mixing 
of solutions in a beaker cannot be compared with what 
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happens in vivo since the exact mode of COD or any 
crystal nucleation in vivo is not yet understood. Never
theless, the involvement of CS and citrate in COD for
mation is significant since urine contains both. 

A. Rodgers: How do you know that apatite is present 
in Figure 2A? I am sure that you would not have been 
able to detect its electron diffraction pattern, and since 
it contains Ca and P, as does brushite, it would not be 
possible to identify by electron microprobe. 
Author: Figure 2A is from a highly selected area of the 
sample in an earlier stage of incubation and does not 
show any apatite. Apatite was present elsewhere in the 
same sample. In most cases, brushite was heavily 
coated by a layer of apatite crystals (Fig. 13). I agree 
that EPM is a not reliable method of crystal identifica
tion, especially those with the same elemental contents, 
i.e., brnshite and apatite. 

The major advantage of ED is its ability to diffract 
a selected area of the silhouette of crystals that are 
sorted out by transmission electron microscopy (see 
Kim, 1982). Needle shaped crystals in the samples 
yielded the pattern of apatite, whereas fragments of the 
columns yielded the pattern of brushite. 

A. Rodgers: The occurrence of brushite and apatite in 
Figure 2 is intriguing. Could this be attributed to a pH 
effect? If so, what was pH? 
Author: The original pH of the solution was 5.6. 
Brushite and apatite were formed in SU in which 
CaCl2 ·H20 was increased to 2 g/1 and incubated at 
37°C for more than 24 hours. It is known that brushite 
forms at a lower pH. This is the reason that brushite is 
relatively common in urinary stones, whereas it does not 
usually occur in tissue calcification. Brushite is also 
known to spontaneously "transform" into apatite (Pak, 
1978). 

A. Rodgers: Figure 4A is notable for the high degree 
of crystal aggregation. To what factor(s) can this be 
attributed? 
Author: The study was not designed to investigate crys
tal aggregation. The aggregation on electron micro
graphs may in part be artifacts formed during drying. 
However, addition of FU, chondroitin sulfates and urate 
to SU appeared to enhance the aggregation. 

A. Rodgers: As a result of the experiment involving 
Sr, you have concluded that certain impurities in urine 
are responsible for dodecahedra formation in kidney 
stones. Can you speculate as to what these impurities 
might be? 
Author: Dodecahedral COD has long been observed in 
urinary stones but the mechanism of their formation has 
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been unknown. The formation of dodecahedra by addi
tion of Sr to SU mixed with FU certainly indicates that 
in addition to Sr substitution for Ca, a certain urine 
component is involved, as well. What causes dodeca
hedra in vivo remains to be determined. Hopefully, the 
finding in this study will lead to identification of the 
determinant(s) of dodecahedra in urine. 

F. Grases: The incorporation of sr2+ ions to the lattice 
of COD crystals will provoke disturbances that could fa
vor the formation of intergrown crystals with a complex 
crystal arrangement (primary agglomeration). Has the 
author evidence of such phenomena in his experiment? 
Author: Interpenetration twinning and agglomeration 
were not monitored in the study. However, it was of 
the impression that addition of urate, CS and FU 
enhanced COD aggregation. 

F. Grases: Figure 3 shows a dramatic decrease in the 
ratio of COD/non-COD crystals when increasing mixed 
CS concentration over 10 mg/di. How can this be ex
plained? Must this fact be attributed to the size of 
colloidal particles? 
Author: Practically every factor that caused an increase 
in the COD/non-COD ratio showed dose dependent re
sponses. I am unable to offer an explanation for the 
phenomena. The phenomena certainly call for an inter
pretation by expert physical chemists. 
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