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Abstract Demineralization of calcium oxalate (CaOx) 
crystals precipitated from human urine in vitro yields an 
organic crystal matrix extract (CME) consisting predomi- 
nantly of a single protein which we originally named crys- 
tal matrix protein but have subsequently shown to be a uri- 
nary form of prothrombin activation peptide fragment 1 
(F1). The aim of this study was to determine whether CME 
is a promoter or inhibitor of CaOx crystallization. The ef- 
fect of CME on CaOx crystal growth and aggregation was 
tested using a standard seeded crystallization system, and 
its effect quantified by use of particle size analysis and a 
computer model. In addition, the effect of CME on the crys- 
tallization of CaOx was tested in undiluted, ultrafiltered 
human urine using Coulter Counter analysis and scanning 
electron microscopy. It was shown that CME is a potent 
inhibitor of CaOx crystal growth and aggregation in a 
seeded metastable solution. However, of greater signifi- 
cance is that at a concentration of 10 mg/1 it completely re- 
versed the formation of large crystalline aggregates that 
form upon the removal of urinary macromolecules from 
undiluted urine. It was concluded that CME is the most po- 
tent macromolecular urinary inhibitor yet to be tested in 
urine in vitro. By preventing the aggregation of newly 
formed crystals, the components of CME may significantly 
reduce the probability of particle retention in vivo and 
therefore the occurrence of urolithiasis. 
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Irrespective of their mineral content, all renal stones con- 
tain an organic matrix [ 1 ]. The ubiquity of this matrix, and 
the fact that it is composed largely of protein, suggest that 
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proteins fulfil an important determinant role in stone path- 
ogenesis. However, attempts to define such a role have 
been thwarted by the complex chemical nature of stone ma- 
trix, its intractable insolubility, and alterations in its mo- 
lecular structure resulting from chemical isolation proce- 
dures, ageing, and the crystallization process itself [5, 15, 
24]. The problem is further compounded by the fact that 
proteins in matrix may derive both from those occurring 
normally in urine and others resulting from cellular trauma 
caused by the developing stone [5]. The analysis of stones 
is therefore of little practical value in assessing the func- 
tion of proteins in the critical crystallization step of stone 
pathogenesis. However, the problems attendant upon stone 
analysis can be largely circumvented by studying proteins 
associated with crystals freshly precipitated from urine. 
Unlike that from stones, matrix derived from calcium ox- 
alate (CaOx) crystals precipitated from human urine con- 
tains relatively few proteins [5, 19, 20], one of which is 
present in quantities exceeding that of any other. The dis- 
proportionate abundance of this protein, which we origi- 
nally named crystal matrix protein [5], or CMP, but have 
since shown to be urinary prothrombin activation peptide 
F1 [40, 42], within the crystals suggests that it may influ- 
ence their formation and consequently, may fulfil some de- 
cisive role in stone pathogenesis. Paradoxically, however, 
that role may equally well be as a promoter or as an inhib- 
itor of crystallization. 

The potential importance of promoters and inhibitors in 
renal stone formation cannot be overemphasized. Urinary 
supersaturation with respect to CaOx is not unusual, even 
in people who have never formed a stone [29], and all of 
us occasionally pass crystals in our urine. Those passed by 
recurrent stone formers, however, tend to be excreted in 
greater quantities and are clustered into larger particles 
more likely to be retained within the renal collecting 
system than those observed in healthy controls [27]. There- 
fore, any urinary molecule which promotes or inhibits the 
mass of CaOx deposited from urine, or the size of the crys- 
tal particles produced, has the potential to influence the 
likelihood of particle retention and thereby the develop- 
ment of stone disease. 
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Since levels  of  supersatura t ion required for  spontane-  
ous CaOx crysta l  nuclea t ion  are rare ly  found in urine, it is 
genera l ly  accepted  that the prec ip i ta t ion  of  stone minera ls  
in urine in vivo is a result  of  he te rogeneous  nuclea t ion  
which  may  resul t  f rom the induct ion of  high loca l ized  con- 
centra t ions  of  crys ta l  ions brought  about  by  the b inding  of  
cer ta in  ur inary  prote ins  [18, 25]. This is suppor ted  by  re- 
ports  that some ur inary prote ins  p romote  CaOx crys ta l l iza-  
t ion both in inorganic  solut ions [eg., 6] and in concent ra ted  
whole  ur ine [ 12]. The presence  of  proteins,  par t icu lar ly  uri-  
nary F1, in CaOx crystals  may  thus be const rued as evi-  
dence for their  act ing as p romoters  of  nuclea t ion  and so- 
lute deposi t ion.  Equally,  however ,  it can be in terpreted as 
suppor t ing  an inhibi tory  role. A large number  of  s tudies 
have repor ted  ur inary macromolecu les  to be inhibi tors  of  
CaOx crysta l  growth [eg., 26, 28, 32] and aggrega t ion  [eg., 
7, 16, 35, 37]. Inhibi t ion  is genera l ly  thought  to resul t  f rom 
binding  of  the macromolecu le  to the crysta l  surface,  with 
the degree  of  inhibi t ion being propor t iona l  to the concen-  
t rat ion of  inhibi tor  bound [2]. The presence of  prote ins  
within CaOx crysta ls  may  therefore  be a consequence  o f  
their  act ing as incomple te  inhibi tors  of  growth and aggre-  
gation,  causing them to become t rapped within the crysta l  
as depos i t ion  o f  ca lc ium and oxala te  ions proceeds  over  
the surface.  

Because  the proteins  conta ined  within CaOx crystals  
may  fulfi l  a d i rect ive  role in stone formation,  the a im of  
this s tudy was to de te rmine  whether  the organic  matr ix  iso- 
la ted f rom newly  prec ip i ta ted  CaOx crysta ls  inhibi ts  or 
p romotes  c rys ta l l iza t ion  of  this salt  both  in a metas table ,  
inorganic  solut ion and in undi lu ted  human urine. 

dition of an oxalate load. The crystals were isolated, washed, and 
dried under vacuum, yielding 2.40 g. They were then demineralized 
in EDTA and the extract electrodialysed over 7 days with the wa- 
ter changed twice a day. The dialysate was filtered through a 
0.22-~m Millipore filter (Millipore Corp., Bedford, Mass., USA; 
GSWP04700) and the filtrate lyophilized to give colourless floccu- 
lant material, weighing 24.0 rag. The crude extract, henceforth re- 
ferred to as crystal matrix extract or CME, was shown by electro- 
phoretic analysis to consist principally of urinary F1 [40], and was 
used without further purification. 

Effect of CME on crystal growth and aggregation 
in a seeded metastable solution of CaOx 

Measurement of crystal growth and aggregation 

The method used for recording the rates of growth and aggregation 
when seed crystals of CaOx are added to a metastable solution of 
this salt have been described elsewhere [31]. Briefly, portions of a 
suspension (1 g/l) of calcium oxalate monohydrate seed crystals were 
added to a metastable solution of the same salt. The size distribution 
of the particles was recorded using a Coulter Counter Model TAII 
particle sizer, fitted with a 70-Ore orifice and a Population Count Ac- 
cessory (Coulter Electronics, Harpenden, Herts, UK). The effect of 
CME on calcium oxalate monohydrate crystal growth and aggrega- 
tion was tested at five concentrations, namely, 1.250, 0.625, 0.313, 
0.156, and 0.078 rag/1. Metastable solution without CME was rou- 
tinely included as a standard control in each incubation. Solutions 
were incubated at 37C and the crystal size distributions recorded at 
10-rain intervals for 1.5 h. To pre-empt the possibility that any in- 
hibitory effects observed might be attributable to EDTA remaining 
as a consequence of incomplete dialysis, the effects of EDTA at a 
final concentration of 1.250 mg/1 were tested in a separate experi- 
ment. 

Each experiment was performed 6 times, and from the averaged 
crystal numbers the extents of crystal growth and aggregation were 
quantified independently by use of a computer model [34]. Crystal 
growth was expressed as the cumulative increase in crystal diame- 
ter (D) and crystal aggregation as the net proportional change (N) in 
crystal number from time zero. 

Materials and methods 

Materials 

All reagents used were of the highest purity commercially available. 
Chemicals were supplied by Sigma (St Louis, Mo., USA), with the 
exception of EDTA (Univar; Ajax Chemicals, Auburn, NSW, Aus- 
tralia); [14C]oxalic acid (NEN Research Products, Du Pont, Wilm- 
ington, Del., USA); and sodium oxalate (BDH Chemicals Australia, 
Kilsyth, Victoria, Australia). All solutions were prepared using the 
highest quality water from a Hi Pure water purification system fit- 
ted with a 0.2-pm filter (Permutit Australia, Brookvale, NSW, Aus- 
tralia). 

Collection of urine samples 

Urine samples were collected without preservative and refrigerated 
for the duration of the collection. Each urine sample was checked for 
microscopic haematuria using Multistix test strips (Miles Laborato- 
ries, Australia): none showed any evidence of blood. 

Isolation of crystal matrix extract 

During the same 24 h period, 12.9 1 of urine was collected without 
preservative from five healthy women aged between 18 and 43 years 
of age. Crude extract was isolated as described in detail elsewhere 
[5]. In summary, crystallization was induced in the urine by the ad- 

Calculation of inhibitory activity 

In order to calculate inhibitory activity, data were transformed to lin- 
ear form and initial rates of growth (T/D) and aggregation (T/N) were 
calculated from plots of 1/D and 1IN versus 1/T, where T=time. In- 
hibition was then expressed as the percentage of the rate occurring 
in a saline control as described elsewhere [32], with 0% inhibition 
occurring in the control and values of 100% indicating complete in- 
hibition. 

Effect of CME on CaOx crystallization in ultrafiltered urine 

Assessment of crystallization by particle analysis 

Urine was collected for 24 h from 3 healthy males 30, 44, and 52 
years of age. Sample preparation was performed at room tempera- 
ture. The urine specimens were pooled and centrifuged at 10 000 • 
g for 30 min in a Beckman J2-21 M/E centrifuge (Beckman Instru- 
ments, Palo Alto, Calif., USA). Microscopic examination of the sed- 
iment revealed only organic material. After filtration through 0.22- 
pm Millipore filters, the urine samples were divided. One portion 
was stored at 4C for further study (spun and filtered urine) and the 
other (ultrafiltered urine) was ultra filtered using an Amicon hollow 
fibre bundle (Amicon, Danvers, Mass., USA; HIP10-20) with an Mr 
cut-off of 10 kDa. The urine samples were used immediately after 
processing. 

The experimental system for measuring CaOx crystallization in 
urine has been described previously [33]. The effect of CME on CaOx 
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crystallization in ultrafiltered urine was measured at four concentra- 
tions, namely 1.25, 2.50, 5.00, and 10.00 mg/1. Portions of the ultra- 
filtered urine and the spun and filtered urine were routinely includ- 
ed in each incubation as controls. Solutions were incubated at 37C 
and the crystal size distributions recorded at 10 min intervals for 2 
h using the Coulter Counter. 

Once again, to take account of the possibility that any inhibito- 
ry effects observed might be caused by remnant EDTA in the lyo- 
philized crystal matrix extract, the effects of EDTA were tested in a 
separate experiment at a final concentration of 10.00 rag/1. 

Each experiment was repeated to give a total of six replicates. At 
the end of every alternate experiment the urine samples were exam- 
ined by scanning electron microscopy. 

Statistical methods 

For the sake of clarity results of the growth studies are presented as 
the mean of the six replicates. Statistical analysis of results, howev- 
er, was made using the Wilcoxon Matched-Pairs Signed-Rank Test. 

Resu l ts  

Effect  o f  C M E  on crysta l  growth  and aggrega t ion  
in a seeded metas tab le  solut ion o f  CaOx 

Sample preparation and scanning electron microscopy (SEM) 

At the end of the 2-h incubation period, 1-mL portions of the urine 
specimens were passed though 0.22-1am Millipore filters. The filters 
were air dried, mounted on aluminium stubs, and coated with gold 
(210 s; SEM Autocoating Unit E5200, Polaron Equipment). The 
stubs were examined using an ETEC Auto Scan electron microscope 
(Siemens) at an operating voltage of 20 kV. 

Comparison of crystal deposition by [14C]oxalate deposition 
and Coulter Counter analysis 

It has previously been shown that aggregated proteins in whole urine 
can interfere with the assessment of crystallization using the Coul- 
ter Counter [35]. To check whether particle volume recorded by the 
Coulter Counter in the presence of CME actually reflected the amount 
of solute deposited, a comparison of crystal deposition by [14C]ox- 
alate and Coulter Counter analysis was made. 

Mid-morning urine specimens of 500 ml were collected fiom five 
healthy men aged between 25 and 45 years, and on a second occa- 
sion from five healthy women aged between 18 and 45 years. Each 
urine sample was subjected to 10-kDa ultrafiltration using an Ami- 
con hollow fibre bundle and divided for assessment by Coulter Coun- 
ter analysis and by [14C]oxalate deposition. 

The urine samples were further divided; one portion was retained 
as a control (ultrafiltered urine) while CME was added to the other 
to a final concentration of 10 mg/1 (ultrafiltered urine+CME). The 
metastabitity of the samples ("cold" urines) was determined and crys- 
tallization induced by the addition of a standard load of oxalate above 
the metastable limit as described above. 

Crystal deposition by [14C]oxalate analysis was performed in tan- 
dem with Coulter Counter analysis. The samples ("hot" urines) were 
treated identically except that the oxalate load was dosed with 
[14C]sodium oxalate (1.546 Ci/100 ml urine). The experiments were 
performed in duplicate, and to correct for possible interference 
caused by precipitated protein, controls containing CME, but no ex- 
ogenous oxalate, were included. 

Coulter Counter analysis 

At the end of 2 h incubation the particle distributions in the "cold" 
urines were recorded using the Coulter Counter. 

[14C]oxalate deposition 

After the 2-h incubation, 15 ml of the "hot" urines were filtered 
through 0.22-pro Millipore filters and the crystals washed 3 times 
with 5 ml water to remove extraneous [14C]oxalate. The retained 
crystals were dissolved in 1.5 ml of 1 M HC1 and 1 ml of this solu- 
tion added to 10 ml PCS scintillation fluid (Amersham, Oakville, 
Ontario, Canada; 196385) and counted for 10 min in a liquid scin- 
tillation counter (Searle 6880 Liquid Scintillation System). 

EDTA at a final  concentra t ion  o f  1.25 mg/1 had a negl i -  
g ible  effect  on the crys ta l l iza t ion  parameters  measured.  
F igure  1 i l lustrates  the effect  o f  CME on crys ta l  aggrega-  
tion, expressed  as the net  p ropor t iona l  change  in crys ta l  
number  f rom t ime zero. In the control ,  par t ic le  number  de- 
c reased  rapid ly  f rom 100% at zero t ime to 49% during the 
first  20 min,  fo l lowed  by  a smal ler  dec l ine  to 31% at com-  
ple t ion o f  the 90-min exper iment .  At  a concent ra t ion  of  
0.078 mg/1, the addi t ion  of  C M E  caused a smal l  reduct ion  
in the degree  o f  crysta l  aggregat ion;  par t ic le  number  de- 
c reased  to 34% but fo l lowed  a s imi lar  t ime course  to that 
of  the control .  A t  the m a x i m u m  concent ra t ion  o f  C M E  
tested,  1.25 mg/1, crysta l  aggrega t ion  was s t rongly  inhib-  
i ted and par t ic le  number  decreased  only 9% over  the 90- 
min incubat ion  period.  At  in tervening  concentra t ions  the 
effect  o f  the C M E  was dose -dependen t  (P< 0.01). 

F igure  2 i l lustrates  the effect  of  C M E  on crystal  growth,  
expressed  as the cumula t ive  increase  in crys ta l  diameter .  
In the control ,  crysta l  d iamete r  increased  rap id ly  dur ing  
the first 20 rain to 1.0 lain when,  p re sumab ly  as a resul t  of  
solute deple t ion,  the rate started to wane.  At  0.078 mg/1 the 
effect  of  C M E  was marginal ,  the cumula t ive  increase  in 
crys ta l  size be ing  only s l ight ly  smal le r  (2.6 ~tm) than that 
o f  the control  (2.7 ~tm) at the end of  90 rain incubat ion.  At  
the m a x i m u m  concentra t ion  of  1.25 mg/1, however ,  CME 
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Fig. 1 Effect of CME on crystal aggregation, expressed as the per- 
centage change in crystal number during 90 min incubation ( o con- 
trol, �9 0.078, �9 0.156, �9 0.313, �9 0.625, [] 1.25 mg/1),inaseed- 
ed metastable solution 
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Effect of CME on crystal growth, expressed as the cumula- 
tive increase in crystal diameter calculated during 90 min incubation 
(o  control, �9 0.078, �9 0.156, �9 0.313, �9 0.625, [] 1.25 mg/1), 
in the metastable solution depicted in Fig. 1 
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Fig. 4 Change in the total volume of calcium oxalate crystal parti- 
cles with a diameter greater than 2 ram after a given load of oxalate 
above the metastable limit. The crystal particles were precipitated 
during 2 h incubation from pooled spun and filtered urine before ( [] ) 
and after ( o ) ultrafiltration, and from the same ultrafiltered urine in 
the presence ofCME (I~ 1.25, �9 2.5, �9 5, �9 10 rag/l) 
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Fig. 3 Effect of CME on the percentage inhibition of calcium oxa- 
late crystal growth ( � 9  and crystal aggregation (o) ,  in the meta- 
stable solution depicted in Figs. 1 and 2 
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Fig. 5 Effect of CME(I~  1.25, �9 2.5, �9 5, �9 10mg/1) a f t e r2h  
incubation on the size distributions of calcium oxalate crystal parti- 
cles precipitated from the ultrafiltered urine samples depicted in 
Fig. 4. The particle size distributions are compared with those ob- 
tained from the spun and filtered urine before ([]) and after ( o )  
ultrafiltration 

strongly inhibited crystal growth and the cumulative diam- 
eter increased by only 0.6 ~am over the same time period. 
Again, as with crystal aggregation, at intervening concen-  
trations the effect of  CME on crystal growth was dose-de- 
pendent (P< 0.01). 

In Fig. 3 the percentage inhibition of  crystal growth and 
of  aggregation is plotted in relation to the logari thm of  
CME concentration. It can be seen that, as with a number  
of  macromolecules  previously tested [8, 32], CME had a 
greater effect on crystal aggregation than on crystal 
growth. Aggregat ion was inhibited by 88% at a final CME 

concentration of  1.25 rag/l, while growth was inhibited by 
65% at this concentration. 

Effect of  CME on CaOx crystallization 
in ultrafiltered urine 

Neither the removal  of  macromolecules  by ultrafiltration 
nor the subsequent addition of  CME affected the meta- 
stability of  the urine; identical amounts of  oxalate were 
therefore added to each aliquot. EDTA at a final concen-  
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Fig. 6 Scanning electron micrographs of crystalline material typi- 
cally deposited during the 2 h incubation period. The crystals were 
precipitated from urine which had been spun and filtered, before (SF) 
and after (UF) ultrafiltration, and from the same ultrafiltered urine 
supplemented with 10, 5, 2.5 and 1.25 rag/1 CME (10.00, 5.00, 2.50 
and 1.25). The bar in each micrograph represents 10 lam 

tration of 10 mg/1 had a negligible effect on the crystalliza- 
tion parameters measured. 

Particle analysis 

The dose response effect of CME on calcium oxalate par- 
ticle volume in ultrafiltered urine during the 2-h incuba- 
tion period is illustrated in Fig. 4. After an initial lag phase 
crystal volume increased linearly until 110 rain where, pre- 
sumably as a result of oxalate depletion, the rates of dep- 
osition started to decrease. It is noteworthy that after the 
first 50 min, with the exception of the ultrafiltered urine 
dosed with 2.5 rag/1 CME, the growth curves ran approx- 
imately parallel to each other, suggesting that total solute 
deposition occurred at a constant rate. 

Particle volume was greatest in the spun and filtered 
urine. In the remaining urines, with the exception of the 
ultrafiltered urine dosed with 2.5 mg/1 CME, crystal vol- 

ume paralleled the urinary content of CME. That is, the ad- 
dition of CME caused an increase in total particle volume 
in a dose response manner (P< 0.01). 

Figure 5 shows the particle volume distributions of the 
samples recorded by the Coulter Counter after 2 h incuba- 
tion. The addition of CME to ultrafiltered urine evoked a 
dose response shift in the distributions to smaller diame- 
ters. At the maximum concentration tested, 10 mg/1, CME 
caused the mode of the volume distribution curve to shift 
from 12.7 pm in the ultrafiltered urine to a diameter of 
6.35 pm. This was considerably smaller than in even the 
spun and filtered urine, where the mode of the volume dis- 
tribution curve corresponded to a diameter of 8.00 pm, 
perhaps suggesting that the use of this amount of CME 
(10 mg/1) resulted in greater concentrations of its active in- 
hibitory components than were present in the correspond- 
ing spun and filtered urine sample. 

Scanning electron microscopy 

Figure 6 illustrates typical crystals isolated after 2 h incu- 
bation from the ultrafiltered urine (UF), ultrafiltered urine 
which had been dosed with the various concentrations of 
CME, and spun and filtered urine (SF). Neither ultrafiltra- 
tion nor addition of CME had any effect on the morphol- 
ogy of the crystals precipitated from the urine samples. In 
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Fig. 7 Total volume of calcium oxalate crystal particles with a di- 
ameter greater than 2 lain precipitated from single ultrafiltered urine 
samples and from subsamples of the same urine samples which had 
been supplemented with 10 mg/1 CME, 2 h after a given load of ox- 
alate above the metastable limit 
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Fig. 9 Effect of the addition of 10 mg/1 CME on deposition of 
[14-C]oxalate, expressed as counts per minute, precipitated after 2 h 
incubation from the ultrafiltered urine samples depicted in Figs. 7 
and 8 
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Fig. 8 Effect of the addition of 10 mg/1 CME on the size of crystal 
particles precipitated from single ultrafiltration urine samples. The 
size of the crystal particles precipitated is expressed as the position 
of the mode of the volume distribution curve obtained from the Coul- 
ter Counter after 2 h incubation from the ultrafiltered urine samples 
depicted in Fig. 7. 

all cases calcium oxalate dihydrate crystals were the only 
phase present. 

It can be seen that while the size of the individual crys- 
tals precipitated from the different urines did not percept- 
ibly differ, the variation in the modes of the volume distri- 
bution curves (Fig. 5) could clearly be attributed to the ex- 
tents of  crystal aggregation. The crystals derived from the 
ultrafiltered urine were extensively aggregated, while 
those from the spun and filtered urine were single crystals 
or small aggregates. Most importantly, however, the addi- 
tion of CME to ultrafiltered urine greatly reduced the de- 
gree of crystal aggregation and, at a concentration of 10 

rag/l, almost completely prevented the process: the crys- 
tals precipitated from this urine consisted mostly of single 
crystals or twins. 

Comparison of crystal deposition in ultrafiltered urine 
by [14C]oxalate deposition and Coulter Counter analysis 

Again, the addition of CME had no effect on the meta- 
stability of the ultrafiltered urine samples; therefore, the 
amounts of oxalate added to the ultrafiltered urine controls 
were the same as those added to the aliquots dosed with 
CME. 

Coulter Counter analysis 

The effect of the addition of 10 mg/1 CME to ultrafiltered 
urine on crystal particle volume is shown in Fig. 7. The 
median particle volume was increased from 15 380 ~tm3//al 
(range 4253-50 897) to 27 389 gm3/~tl (range 2552-68 799). 
However,  this difference was not  significant (P>0.05;  
n=10). Particle volume did not increase in the no-oxalate 
controls during the 2-h incubation period. 

The effect of the addition of 10 rag/1 CME on the mode 
of the crystal volume distribution curves in ultrafiltered 
urine is illustrated in Fig. 8. CME reduced the median 
mode of the crystal volume distribution curves from a di- 
ameter of 14.35 ~m (range 6.35-20.16) to 8.00 ~tm (range 
2.52-10.08) (P< 0.01; n=10). 

[14 C] oxalate deposition 

As is illustrated in Fig. 9, the addition of 10 rag/1 CME to 
ultrafiltered urine had no effect on the deposition of 



[14C]oxalate. The counts per minute after 2 h incubation 
increased only slightly from the median value of 29 838 
(range 5627-86 087) in the ultrafiltered urine samples to 
30 110 (range 2011-90 221) in those dosed with CME. 
This difference was not significant (P>0.05; n=10). 

Discussion 

Experimental systems used to assess the effects of an agent 
on CaOx crystallization fall into two broad categories - 
those based on urine, and those performed in inorganic so- 
lutions. Although it has been acknowledged for some years 
[ 10] that urine is the preferred medium for determining an 
inhibitor's effect on crystallization, since results are more 
likely to reflect its potency in vivo, both types of model 
were used in the present study. There were two reasons for 
this. First, the effects of CME on CaOx crystallization had 
not previously been examined, and it was important to as- 
sess its action under controlled experimental conditions 
free of interfering ions and molecules. Second, the inhib- 
itory effects of very few urinary macromolecules have been 
tested in urine; most have been studied in inorganic solu- 
tions. It was therefore important to obtain similar data for 
CME, to enable comparisons with other known macromo- 
lecular inhibitors to be made. 

The findings were conclusive; CME is a potent inhibi- 
tor of CaOx crystallization both in human urine and in a 
defined inorganic solution. However, CME is not a single 
macromolecule; it consists of a mixture of proteins [5], and 
it is therefore not possible to attribute its potent inhibitory 
effect to any single component. Despite the fact that uri- 
nary F1 comprises by far the major portion of the proteins 
detected in CME and may therefore be primarily respon- 
sible for the latter's inhibitory properties, it is only one of 
a number of urinary proteins which have been reported to 
inhibit CaOx growth, and in some cases aggregation. These 
include a 26-kDa protein isolated by Resnick et al [25,26], 
crystal surface binding substance with a molecular weight 
of 70 kDa [17], inter-~z-trypsin inhibitor with an M r of 40 
kDa [39], a 30 kDa protein or proteoglycan described by 
Nishio et al. [23], and nephrocalcin. Of these, only neph- 
rocalcin has been studied in detail. It was isolated some 
years ago by Nakagawa and colleagues [21] and described 
as a potent inhibitor of CaOx crystal growth, and later by 
the same group [ 13] as an inhibitor of CaOx crystal aggre- 
gation, in a seeded metastable crystallization system. Any 
or all of these proteins may be present in CME and may 
therefore contribute to its inhibitory properties. It is there- 
fore germane to compare the effects of CME with those of 
other individual macromolecules. 

In the inorganic assay system used here CME inhibited 
both crystal growth and aggregation in a dose-dependent 
manner, with its effect on the latter being more pronounced. 
In this respect it is similar to a number of macromolecules 
which have been shown [8, 32] to inhibit aggregation 
strongly and crystal growth only weakly under identical 
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experimental conditions. At the highest concentration 
tested, 1.25 rag/l, CME inhibited crystal aggregation by 
around 88%. Using a similar seeded, inorganic crystalliza- 
tion system, nephrocalcin has been shown by Hess and co- 
workers to have a like effect [13]. Using data published in 
their paper [13], it is possible to calculate that nephrocal- 
cin inhibits CaOx crystal aggregation by approximately 
90% at a final concentration of 1.5 rag/1. This is not sur- 
prising: a number of proteins, including human serum al- 
bumin, m-globulin, and a mixture of cz and [3-globulins 
inhibit crystal aggregation to an equivalent degree in a 
similar experimental system [8]. However, it is its effect 
on crystal growth that distinguishes CME from these other 
macromolecules. Typically, these retard crystal growth by 
less than 5% at concentrations around 1 rag/1 [8]. In con- 
trast, CME strongly inhibits crystal growth by 65%. In a 
similar crystallization system nephrocalcin retards growth 
by around 70% at a concentration of 36 mg/1 and after 4 h 
incubation [21]. Thus, insofar as it strongly inhibits both 
aggregation and growth, CME differs markedly from other 
urinary macromolecules, including nephrocalcin, whose 
inhibitory activities have been reported, suggesting that, 
individually, they cannot account for the properties of 
CME. The disproportionate abundance of urinary F1 
within CaOx crystals would suggest that this protein is re- 
sponsible for the major portion of the activity of CME. If 
this is so, then urinary F1 is unique among the urinary pro- 
teins whose effects in inorganic crystallization systems 
have been measured to date. 

More recently, uropontin, a protein possessing marked 
molecular homology with osteopontin, has been purified 
from human urine and shown to inhibit CaOx crystal 
growth, though its effect on aggregation has not been de- 
scribed [38]. No relationship between uropontin, urinary 
F1, and nephrocalcin has been identified to date, but the 
inhibition data described above would suggest that neph- 
rocalcin and urinary F1 are different proteins. Furthermore, 
both appear to be distinct from uropontin. The three pro- 
teins have different molecular weights [5, 21, 38] and im- 
munohistochemical distributions within the human neph- 
ron [14, 22, 41]. However, although it is clear that all these 
proteins inhibit CaOx crystal growth and/or aggregation in 
an inorganic assay system, they do not necessarily fulfil a 
definitive function in CaOx stone pathogenesis. As stated 
above, an inhibitor's effect on CaOx crystallization in a 
defined inorganic milieu cannot be used to predict its likely 
effects under physiological conditions. A more reliable in- 
dication of the respective roles of urinary F1, uropontin, 
and nephrocalcin in stone formation might therefore be 
provided by evidence that their inhibitory potencies are re- 
tained in human urine. However, to date, the effects of none 
of them have been determined in undiluted urine, and thus 
their roles in stone formation and relationship to each other 
await further clarification. 

Like other urinary proteins previously examined, CME 
did not alter the metastable limit of the urine with respect 
to CaOx [7, 9, 35]. It did, however, prove to be the most 
potent inhibitor of CaOx crystal aggregation induced in vi- 
tro in undiluted urine that has yet been reported. It reduced 
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crystal aggregation in a dose-dependent manner, and at a 
concentration of 10 rag/1 almost completely reversed the 
formation of large CaOx aggregates that occurs when crys- 
tallization is induced by addition of oxalate to urine from 
which the macromolecules have been removed by ultrafil- 
tration [7, 35]. In contrast, a concentration of 20 mg/1 hu- 
man serum albumin exerts virtually no effect in the same 
experimental system [35] - despite its potent effect on ag- 
gregation in a CaOx metastable solution [8]. This discrep- 
ancy, and the fact that protein concentrations approxi- 
mately 10 times greater are required to inhibit aggregation 
in urine, compared with inorganic assay systems, empha- 
sise the enormous disparity between inorganic solutions 
and human urine and affirm the need to test the effects of 
inhibitors in the latter. 

The only other natural urinary protein whose effects 
have been tested with the undiluted urine technique used 
in the present study, Tamm-Horsfall glycoprotein (THG), 
inhibits crystal aggregation at a concentration of 20 mg/1 
[35]. Unlike CME, however, THG probably retards crys- 
tal aggregation by physical interference, rather than by 
binding to the crystal surface and altering the zeta poten- 
tial. THG exists in urine in a polymerized state, forming 
discrete particles which may prevent newly formed single 
crystals from becoming close enough to allow aggregate 
formation [35]. Such a mode of action is supported by the 
fact that, despite its abundance in urine, the protein cannot 
be immunologically detected in CaOx crystals precipitated 
from urine [5]. However, although THG would be expected 
to reduce crystal aggregation in urine in vivo, it cannot be 
the sole agent responsible for preventing the clustering of 
CaOx crystals into large aggregates in urine. THG is al- 
most completely removed from urine by both centrifuga- 
tion and filtration [4]. Yet CaOx crystals precipitated from 
urine which has been subjected to these procedures tend to 
be either single, or aggregated into small clumps, indicat- 
ing that at least one other urinary macromolecule, perhaps 
urinary F1, must be responsible for preventing the transi- 
tion to large crystal aggregates that occurs upon ultrafil- 
tration [7, 35]. 

Although CME clearly inhibited both crystal growth 
and aggregation in the inorganic assay system, and aggre- 
gation in the urine model, its influence on crystal growth 
in urine was less easily interpreted. Increasing concentra- 
tions of CME in the dose response experiments actually 
increased the volume of material deposited during the in- 
cubation period, suggesting that it was promoting crystal 
growth. However, experiments performed with an addi- 
tional 10 urine specimens using [14C]oxalate showed that 
CME had no effect on the net amount of CaOx precipi- 
tated, thus demonstrating that the increase in volume in the 
dose response experiments was not the result of a promo- 
tion of oxalate deposition. In fact, the results strongly sug- 
gest that CME is an inhibitor of crystal growth. Any inhib- 
itor of crystal aggregation which does not also directly in- 
hibit crystal growth must indirectly promote the amount of 
CaOx precipitated by increasing the crystal surface area 
available for deposition of calcium and oxalate ions [36]. 
Thus, because CME inhibited crystal aggregation, had it 

not also inhibited crystal growth the amount of radioactive 
oxalate precipitated would have increased. The fact that it 
was identical in its presence and absence indicates that 
CME must have also reduced the amount of CaOx depos- 
ited per crystalline particle; CME is therefore also an in- 
hibitor of crystal growth in urine. The proportional increase 
in particle volume observed in the dose response experi- 
ments is therefore worthy of further comment. 

When CME is added to ultrafiltered urine particles of 
protein cannot be detected by the Coulter Counter, as oc- 
curs with THG [ 11 ]. Furthermore, precipitation of protein 
does not occur during the incubation period, since controls 
to which CME but no oxalate load was added showed no 
increase in particle volume during the experiment. Incom- 
pletely dissolved or precipitated protein in CME cannot 
therefore explain the proportional increase in total volume 
that occurred with the addition of increasing quantities of 
CME to the urine samples. On the other hand, entrapment 
of protein within the crystalline architecture can provide 
an explanation for the phenomenon. The Coulter Counter 
estimates a particle's volume and derives its size from the 
volume of electrolyte it displaces as it passes through the 
counting orifice: it cannot account for differences in par- 
ticle density. CaOx crystals precipitated from urine con- 
tain considerable amounts of urinary protein [5, 19, 20], 
and SEM studies of such crystals which have been partly 
dissolved show that this organic material can occupy a sig- 
nificant portion of the intracrystalline space [3]. Inclusion 
of larger amounts of proteins, notably urinary F1, within 
the CaOx crystal structure in response to increasing con- 
centrations of CME will therefore be recorded by the Coul- 
ter Counter as greater particle volume, even when the 
amount of CaOx deposited is exactly the same - as oc- 
curred here. 

In summary, this study has demonstrated conclusively 
that CME inhibits CaOx crystal growth in both aqueous in- 
organic solution and in undiluted human urine. The fact 
that it is present in CaOx crystals indicates that its inhibi- 
tory effect results from binding of its component proteins 
to the crystal surface. In particular, the disproportionately 
high concentration of urinary F1 in CaOx crystals relative 
to the urine whence it was derived [5] is an indication of 
the extraordinary strength of this association. Prima facie, 
the association of potent inhibitory activity with the pres- 
ence of urinary F1 and other proteins within the crystal 
might seem paradoxical; foreign molecules will become 
embedded within a crystalline structure only if the growth 
front envelops them after they have bound to the exposed 
crystal surface. The presence of large concentrations of a 
macromolecule within CaOx crystals might therefore sug- 
gest that it has only a minor, or no, inhibitory effect on the 
deposition of calcium and oxalate ions - otherwise growth 
would not have occurred. However, even the most potent 
of crystal poisons, despite binding avidly to a crystal sur- 
face, would not be able to prevent solute deposition in the 
face of overwhelming levels of supersaturation [2]. There- 
fore, though CME is unlikely to prevent CaOx precipita- 
tion in vivo, it may nonetheless reduce the deposition of 
CaOx after crystal formation has occurred. 
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But it is the effect  of  C M E  on CaOx crysta l  aggrega t ion  
which  has the more  vi tal  impl ica t ions  for s tone pa thogen-  
esis. By prevent ing  the aggrega t ion  of  newly  fo rmed  CaOx  
crysta ls  in the k idney  tubules,  C M E  might  s igni f icant ly  
lessen the p robab i l i ty  of  par t ic le  retent ion,  a l lowing  them 
to be f lushed ha rmless ly  f rom the ur inary  tract. Therefore  
until  such t ime as exper imenta l  ev idence  sa t i s fac tor i ly  
proves  that  o ther  ur inary  prote ins  such as nephroca lc in  or  
uropont in  also inhibi t  CaOx  crys ta l  aggrega t ion  in undi -  
lu ted human urine,  the results  p resented  here  demons t ra te  
that  C M E  is the most  potent  inhib i tor  o f  CaOx  crys ta l l i za -  
t ion in human urine yet  descr ibed ,  and a po ten t ia l ly  impor -  
tant de te rminant  of  s tone format ion.  P ro th rombin  f ragment  
F1 is known to inhibi t  the growth  of  hydroxyapa t i t e  crys-  
tals in inorganic  solut ion [30] and the fact  that ur inary  F1 
is the p redominan t  componen t  o f  C M E  s t rongly  suggests  
that it may  account  for most ,  i f  not  all, o f  its inhib i tory  ac- 
t ivi ty  - a poss ib i l i ty  whose  conf i rmat ion  must  awai t  repe-  
t i t ion of  the present  s tudy using pure ur inary  F1 i so la ted  
f rom CME.  It is impera t ive  that future studies c lar i fy  the 
role of  the const i tuent  prote ins  o f  C M E  in CaOx  urol i thi-  
asis, and in par t icu lar  address  the quest ion of  their  re la-  
t ionship  to other  ur inary  prote ins  such as nephroca lc in  and 
uropont in ,  which  may  also inf luence  the pa thogenes i s  of  
the disease.  
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