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Abstract 

. Scanning electron microscopy (SEM) has proven 
useful in various aspects of urinary bladder carcino
genesis research and these are reviewed as they pertain 
to oui research involving sodium saccharin in the rat. 
Sodium saccharin-carcinogenesis in rats requires admin
istration at high doses oeginning at birth or earlier. 
Administration beginning at ages of 5 weeks or later 
results in much lower incidences of bladder tumors. 
Metn"ods were developed for examining the rat fetal and 
neonatal bladder to further evaluate effects at these 
cri'tical'ages. Several significant differences were found 
by SEM between the fetal bladder compared to the-adult. 
The typical polygonal superficial cells of the bladder 
with asymmetric unit membrane were present before 
birth, but the slow turnover rate of the adult bladder did 
not occur until 3-4 weeks of age. Sodium saccharin 
causes· increased proliferation rates and hyperplasia of 
the urothelium which is dose-dependent. SEM was 
found to be more sensitive than either light microscopy 
or labeling indices to detect the earliest lesions induced 
by sodium saccharin. More recently, amorphous and 
crystalline material in the urine of rats fed high doses of 
sodium saccharin were detected by SEM examinations 
which contained silicon as well as calcium, phosphate, 
and magnesium as detected by energy dispersive X-ray 
analysis (EDS) with the SEM. These parameters may be 
relevant to differences between rats and humans and 
pertain to extrapolations regarding risk assessment. 
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Introduction 

Scanning electron microscopy (SEM) has been 
useful in the examination of biological specimens by 
providing high resolution as well as high magnification 
of the surfaces of various structures, giving greater in
sight into the three dimensional structure of tissues than 
is generally possible by examination by light microscopy 
or transmission electron microscopy (15). Combined 
with energy dispersive X-ray analysis (EDS), detailed 
examinations can be performed for specific elements in 
biological specimens. Our investigations have utilized 
the rat model of urinary bladder carcinogenesis as well 
as extensive findings from this model and from other 
species, including humans. Although none of these pro
cedures have progressed to the level of routine proce
dures in clinical medicine, several of them have proven 
useful in various research investigations into the patho
genesis of bladder cancer as w_ell as characteristic fea
tures of increased cell proliferation and ne.oplasia. In 
this presentation, we will briefly review some of the 
morphologic alterations which occur during embryonic 
and fetal development, hyperplasia, and carcinogenesis,. 
as well some recent research on the role of silicates in 
the pathogenesis of increased cell proliferation following 
administration of various organic sodium salts. 

Fetal Development of the Rat Urinary Bladder 

Until 1985, little was known about in utero uri
nary bladder embryogenesis and the development of the 
urothelium of laboratory animals (1). To provide a more 
detailed examination of bladder embryogenesis, especial
ly early in gestation, several light, transmission, and 
scanning electron microscopic methods were combined 
and modified to trace normal differentiation of the rat 
urinary bladder at the earliest possible state of devel
opment to more fully understand the possible susceptibil
ity of toxic insult to the bladder. This initial study 
provided for the preparation, isolation and identification 
of the fetal bladder as early as day 11 of gestation (2). 

The epithelium at day 11 of gestation is composed 
of small, loosely connected, round cells with short uni
form microvilli. Polygonal cells characteristic of the 
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Table 1. Diagrammatic representation of the times of appearance of the various features fetal and neonatal periods 
of the developing rat urinary bladder. 

Days of Gestation Birth Days of Lactation 

11 12 13 14 15 16 1 7 16 19 20 21 01234567 11 14 21 

Round Cells 

Cilia 

Octo Cells 

Filaments 

Bridge Cells Olllllllll11111 I I 

Polygonal Cells 

Microridges 

U.M.V. 

Pores ■■II 1111 

Fully Developed 

adult bladder begin to appear by day 15, but the micro
ridges with asymmetric unit membrane are not apparent 
until day 17. By day 20, the epithelium appears mor
phologically similar to the adult bladder. Several mor
phological cellular features were observed at different 
stages of gestation which are not seen in the normal 
adult bladder, but have been observed in bladder tumors. 
During days 12-15, most of the luminal lining cells of 
the bladder epithelium have a single central cilium (Fig. 
1). Cells that appeared to form bridges between cells 
were observed on day 14 of gestation and continued to 
be present through day 11 post partum (Fig. 2). It was 
apparent from these studies that the bladder epithelium 
is a rapidly changing, proliferating tissue in utero, con
tinuing for a brief period after birth (5) (See Table 1). 

Urinary Bladder Carcinogenesis in the Rat 

Cancers of the urinary bladder in rats, as well as 
humans, are predominantly transitional cell carcinomas 
arising from the highly specialized urothelium of the 
lower urinary tract extending from the renal pelvis to the 
urethra (15). Numerous animal models have been devel
oped for the detailed study of the changes occurring 
from normal to invasive carcinoma, including the admin
istration of a variety of different chemicals either alone 
or in combination (simultaneously or sequentially) which 
produce urinary bladder cancer in a period of six months 
to two years depending on the chemical and the dose ( 4). 
By light microscopy, the epithelium goes through vari
ous changes beginning with simple hyperplasia, and then 
progressing to papillary and nodular hyperplasia, papil
loma, and ultimately transitional cell carcinoma. Inva
sive lesions tend to occur much later, and metastases are 
infrequent. 
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In all of these models, the changes occurring in 
the urothelium are generally the same, especially when 
observed in detail by SEM (15). By SEM, the normal 
adult bladder epithelium has a luminal surface composed 
of large, uniform, polygonal cells which are covered 
with a fine, microridge system due to the highly special
ized asymmetric unit membrane lining the luminal sur
face with the interplaque, and the symmetric unit mem
brane portion forming the ridges. Rapidly following the 
administration of a bladder-specific, chemical carcino
gen, the urothelium develops pleomorphism of cellular 
size and shape, frequently associated with increased ex
foliation of some of the superficial cells exposing the un
derlying intermediate cells. As the proliferation contin
ues, the repair process is inadequate to maintain full dif
ferentiation, and there is the appearance on the surface 
of the more rounded intermediate cells underlying the 
superficial cell layer. These are covered with uniform 
microvilli. With continued administration of the carcin
ogen, there is the appearance of numerous pleomorphic 
microvilli on the surface, which are pleomorphic in both 
size and shape, with frequent clubbing of the tips of the 
microvilli. These changes appear throughout the bladder 
with administration of potent, genotoxic bladder carcino
gens such as N-[4-(5-nitro-2-furyl)-2-thiazolyl]forma
mide or N-butyl-N-( 4-hydroxybutyl)nitrosamine. 

Although pleomorphic microvilli were initially 
thought to be characteristic of neoplastic transformation, 
it became apparent that they also occurred on the urothe
lial surface anytime there was rapid proliferation (Fig. 
3), whether secondary to carcinogen administration or 
whether secondary to a regenerative response to injury, 
such as surgical wounding, ulceration, or calculus for
mation (13, 15). 
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Figure 1. (A) SEM of bladder epithelium from a rat at 15 days of gestation. The left portion of the figure shows 
rounded epithelial cells (arrows) with uniform microvilli gradually merging into the more polygonal-shaped cells, each 
also having a single, centrally-located cilium (arrowhead). Bar = 0.1 mm. (B) Higher magnification of day 15 
gestational rat fetus. Bar = 10 µm. 

Figure 2. Bladder epithelium from a rat at day 19 of gestation showing a cell that appears to bridge (arrows) across 
two areas of the bladder epithelium. The cell surface is covered with leafy and ropy microridges (arrowhead). Bar 
= 5 µm. 

Figure 3. Bladder epithelium of a rat fed 7.5% sodium saccharin for 10 weeks. Note that cells have short uniform 
microvilli and also pleomorphic microvilli. Bar = 10 µm. 

In humans, numerous features have been observed 
on the surfaces of tissue and cytologic specimens from 
patients with transitional cell carcinoma of the bladder, 
including many of those that were observed in the animal 
model, especially pleomorphic microvilli (13, 15). 
Pleomorphic microvilli have been particularly notable on 
low-grade, papillary carcinomas, and in some instances 
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this feature has been helpful in the early detection of 
these otherwise cytologically normal-appearing cells (3, 
21). These cytologic specimens can be collected from 
either urine or bladder washing, and easily observed by 
SEM techniques. Additional features have been de
scribed (21), and quantitative differences have been 
detected (3). 
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Sodium Saccharin Effects on Rat Urinary Bladder 

Sodium saccharin administered in the diet at high 
doses (5%) produces bladder cancer in rats (11). How
ever, the chemical must be administered beginning at 
birth or earlier, whereas administration beginning at 6-8 
weeks of age and continuing for 2 years appears insuffi
cient to produce a significant incidence of bladder tu
mors. Also, the male rat appears considerably more sus
ceptible than the female. In mice, hamsters, and mon
keys, sodium saccharin administered at high doses for 
long periods of time appears to have no effect on the 
urothelium. In contrast to typical, genotoxic carcino
gens, sodium saccharin is not metabolized to a reactive 
electrophile (it is nucleophilic, with a pKa of approxi
mately 2.8), it does not bind to DNA, and it is not muta
genic. However, it does produce increased cell prolife
ration, and using various computer modeling techniques 
we demonstrated that the various protocols involving so
dium saccharin carcinogenesis in the rat can be explain
ed in terms of increased cell proliferation without invok
ing a direct genotoxic mechanism (6, 10, 11). In tu
morigenicity and short-term cell proliferation studies, 
there is an apparent no-effect level at the l % dose of the 
diet. The main question to be addressed is whether sodi
um saccharin has a tumorigenic effect on the human uri
nary tract, and if so, "Is there the possibility of a true 
threshold effect?" To be able to answer this question, 
some understanding of the mechanism involved for sac
charin to produce its effect in the rat is necessary, and 
an explanation as to why the other species are resistant 
to the effect must be understood. The question then can 
be addressed as to whether the human is more like the 
sensitive species, the rat, or the resistant species, the 
mouse. 

Until about a decade ago, it was assumed that sac
charin produced the effect in the rat urinary bladder re
gardless of what form it was administered. All of the 
tumorigenic studies until that time had involved the com
mercially utilized sodium saccharin. In an experiment 
involving feeding different salt forms of saccharin in the 
diet at a 5 % level for IO weeks, and then examining the 
bladder by light microscopy, SEM, and labeling index 
for DNA synthesis, we observed that the proliferative 
response is greatest with sodium saccharin, significantly 
less with potassium saccharin, even less with calcium 
saccharin, and there was no effect with acid saccharin 
(12). Experiments with other sodium salts and their cor
responding acids have given similar results (11). This 
includes increased proliferation and tumorigenic effects 
with compounds such as sodium ascorbate and sodium 
glutamate, whereas the corresponding acids, ascorbic 
acid and glutamic acid, gave negative results in the rat. 
It has also been demonstrated that any treatment which 
results in acidification of the urine completely inhibits 
the effects of these compounds. For example, adminis
tration of the acid form of the chemicals (acid saccharin, 
ascorbic acid, glutamic acid) produce an urinary pH less 
than 6.0 and give negative results in tur,1origenicity and 
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proliferation assays (8, 11). Similarly, co-administra
tion of the sodium salt with ammonium chloride pro
duces urinary acidification and inhibits the urothelial ef
fects (8), and the same is observed with administration 
of sodium saccharin in AIN-76A diet (16), which pro
duces a markedly acidic urine. 

The morphologic changes occurring in the urothe
lium have been studied in detail following administration 
of sodium saccharin at high doses to the rat (7). The 
earlier change is a focal, slight increase in the exfolia
tion of superficial cells with increased exposure of the 
underlying intermediate cells, initially predominantly in 
the bladder dome. This exfoliation increases and be
comes more diffuse over the bladder surface. As the ex
foliation increases, it leads to a mild regenerative hyper
plasia, with the appearance of increasing numbers of the 
more rounded intermediate cells which are covered by 
uniform microvilli. Bridge cells are occasionally ob
served and, there is eventually piling up of these round 
cells, and the occasional appearance of pleomorphic mi
crovilli after IO or more weeks of administration of the 
chemical (Fig. 4). 

The urinary concentrations of saccharin do not 
differ regardless of the chemical form for which saccha
rin is administered (12). However, there are numerous 
changes in the urinary milieu with alterations in the con
centrations of nearly all of the ions that we have exam
ined in the urine including sodium, potassium, calcium, 
pH, phosphate, and others. However, none of these al
terations cause a change in the chemical structure of sac
charin as detected by extensive, detailed nuclear magnet
ic resonance examinations (22). Also, there does not ap
pear to be a specific cell receptor for saccharin on the 
urothelium ( 11). 

Silicates and Saccharin 

The critical urinary changes that appear to influ
ence saccharin-induced proliferation include urinary pH, 
sodium concentration, and possibly urinary volume. 
There is some evidence that potassium can substitute for 
sodium, although the effect appears to be somewhat less, 
and is pH dependent (14). To explain the effect of these 
alterations on saccharin-induced proliferation and tu
morigenesis, as well as to explain the difference between 
male and female rats and between species, we (9) have 
recently proposed a role for the formation of silicate
containing precipitate and crystals in the urine as a 
mechanism for the effects of saccharin and related or
ganic compounds, such as ascorbate (Fig. 5). Silicate in 
precipitate and/or microcrystalline form can be cytotoxic 
and produce the types of changes that are seen in the 
bladder of rats fed high doses of sodium saccharin. The 
presence of silicon in the precipitate and crystals is de
tected by EDS. A sufficiently high magnification by 
SEM is used to include only the material for which an 
analysis is desired. Identical changes can be produced 
by the administration of relatively high doses of various 
silicates, such as tetraethylorthosilicate (TES) (17). 
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Figure 4. Piling up of small, round cells characteristic
ally observed in bladder cancer of high grade. The cells 
have numerous microvilli and ropy microridges rather 
than the leafy microridges of normal superficial cells. 
Bar=0.lmm. 

Figure 5. (A) Silicate-containing crystal on the surface 
of the bladder of a rat treated with 7 .5 % sodium saccha
rin. Bar = 10 µm. (B) Precipitate from voided urine of 
a rat fed high doses of sodium saccharin in the diet. Bar 
= 10 µm. 

367 

Figure 6. Sharp silicate-containing crystal penetrating 
the bladder epithelium of a rat fed 7 .5 % sodium saccha
rin. Bar = 10 µm. 

Other silicates, such as sodium silicate, appear to be 
considerably less effective, if at all. Male rats fed high 
doses of sodium saccharin produce a significant amount 
of precipitate in the urine which contains protein, sac
charin, and silicates, as well as other substances being 
incorporated. These occasionally yield microcrystals 
which are relatively sharp and abrasive (Fig. 6). 

For SEM and X-ray analysis of urine from rats, 
freshly voided urine is required and a constant time of 
day is required for collection since there is marked diur
nal variation in concentrations of most components of 
the urine, including pH and sodium. Care must be taken 
to avoid contamination from dust in the air, powder on 
gloves or materials from the rat. The freshly voided 
urine is collected directly into a polystyrene test tube 
(glass must be avoided) and centrifuged for 30 minutes 
at 3,000 rpm (14,000 x g). The supernatant is removed 
for examination of the crystals, with the sediment being 
filtered onto a 0.22 µm Millipore filter using a low vac
uum. The filter is coated with gold and examined by 
SEM and EDS (Fig. 7). In some instances, coating with 
carbon is more useful since the M-line of gold occasion
ally interferes with measurement of the K-line of silicon 
X-ray peak. We have been using a Philips 515 scanning 
electron microscope with attached Kevex energy disper
sive X-ray spectrometer. Filters of urine from control 
rats have numerous magnesium ammonium phosphate 
crystals which are readily distinguishable from silicate 
crystals by SEM (Fig. 8). Also present are numerous 
small potassium chloride crystals, with a characteristic 
Y-shaped crack. These crystals form as part of the dry
ing procedure secondary to the large amounts of potassi
um chloride present in the urine. The filters of urine 
from sodium saccharin-fed rats contain some magnesium 
ammonium phosphate and potassium chloride crystals, 
but also contain clumps of precipitate and jagged crys
tals, both of which contain varying amounts of silicate. 
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AU 
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Figure 7. Energy dispersive X-ray spectra of (A) sili
cate-containing crystal from a sodium saccharin treated 
rat, and (B) typical MgNH 4PO 4 crystals present in urine 
of rats fed control diet. 

The normal rat urine, like that of most other 
mammalian species, including humans, contain numerous 
magnesium ammonium phosphate crystals. There is lit
tle amorphous precipitated material in the normal rat 
urine. In rats fed high levels of sodium saccharin, the 
silicate-containing precipitate occurs with silicate-con
taining crystals, in addition to the presence of magne
sium ammonium phosphate crystals. By light micros
copy, the silicate-containing crystals are generally not 
distinguishable from the usual phosphate crystals. Fe
male rats have considerably less of the silicate-contain
ing precipitate and crystals, and male and female mice 
administered high doses of sodium saccharin, as high as 
7 .5 % of the diet, do not contain the precipitate or the 
crystals, nor do rats administered acid saccharin. 

There are several features of silicate precipitation 
which are germane to the biological effects of sodium 
saccharin in the rat (9). To begin with, it has been ob
served by us and others that silicate precipitation does 
not occur if the urinary pH is below approximately 6.5 
(this range is between 6.3 and 7.0 depending on the 
model system). As described above, procedures which 
produce acidification of the urine inhibit the prolifera
tive and tumorigenic effects of saccharin and other sodi
um salts. In addition, a major requirement for precipita
tion of silicates is the presence of protein. The greater 
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Figure 8. MgNH 4PO 4 crystals from the urine of control 
rats are not sharp and jagged as are silicate-containing 
crystals from the urine of sodium saccharin treated rats. 
Bar = 10 ILm. 

the amount of protein, the greater the likelihood for sili
cate precipitation. The rat has large amounts of protein, 
more than 100 times the levels observed in humans, and 
the level is greater in male rats than in female rats. In 
male rats, the increase occurs after puberty with the ap
pearance of large amounts of a 2u-globulin being excreted 
in the urine (18). It appears that a 2u-globulin serves as 
a better vehicle for precipitation of the silicates than 
does albumin or other large molecular weight proteins 
(9). In addition, it is well known that increased concen
trations of sodium increase the rate of precipitation of 
proteins, in general. 

The concentration of soluble silicates actually de
creases in the urine of rats fed high doses of sodium sac
charin (9). This is due to a dilutional effect secondary 
to the nearly doubling of urinary volume in rats fed sodi
um saccharin in response to the increased consumption 
of water (9). Expressed in terms of the amount of sili
cate for unit of creatinine, the levels of soluble silicates 
are similar in control and sodium saccharin fed rats. We 
presently hypothesize that the precipitate occurs in the 
sodium saccharin fed rats rather than in the control rats 
because of interaction of the saccharin anion and sodium 
with the protein at sufficiently high pH and diluted urine 
(9). This modified protein is more susceptible to the 
precipitation of silicates. We have demonstrated that 
saccharin binds to urinary proteins, with greater binding 
per mole to a 2u-globulin than to albumin. Thus, before 
the appearance of a2u-globulin in males at puberty, ef
fects are postulated to be mild and similar in both sexes. 
With the addition of a 2u-globulin after puberty, the re
sponse is accentuated in the male. 

If the hypothesis involving silicates is correct, it 
provides a rational basis for evaluating the risk of sac
charin in humans. To begin with, it is unlikely that sili
cate precipitates will form in humans regardless of the 
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concentration of sodium saccharin. In the mouse, which 
can be administered levels of sodium saccharin as high 
as 7 .5 % of the diet, silicates do not form and there is no 
increased proliferation or tumorigenic effects with sodi
um saccharin. It is likely that the human response is 
similar to the mouse, rather than being similar to the rat. 
Our overall hypothesis at the present time is that the ad
ministration of high levels of sodium or analogous sodi
um salts leads to the generation of silicate-containing 
precipitate and crystals which leads to mild toxicity of 
the superficial urothelium, consequent regenerative hy
perplasia, and ultimately tumor formation. 

The mechanism for silicate toxicity is not com
pletely known. Silicates are well known to cause toxici
ty in the respiratory tract if aspirated in relatively high 
amounts and in fiber form (20). In the respiratory tract, 
this is accompanied by an inflammatory reaction prog
ressing to fibrosis and chronic regenerative proliferation 
of the pulmonary epithelium. There is evidence that the 
effect of the silicate is on cell membranes ( 19), and this 
has been studied in greater detail using red cell mem
branes. For red cells, exposure to silicates produces 
hemolysis. 

Silicic acid has a high affinity for hydrogen ex
ceptors in biological tissues which can react with sec
ondary amide groups in protein and with phosphate 
lipids by hydrogen donation from its phenolyic hydroxyl 
groups. The greater the hydroxylation of the silica poly
mer, the more toxic the silicate becomes (14). 

The precise nature of the cytotoxic effects of sili
cate particles is of biological importance due to its uni
versal presence in food and water as well as in the air 
we breathe. In small amounts, the ingestion of amor
phous silica powder appears to be completely harmless 
since it dissolves to give only a monomer. Monomeric 
Si(OH) 4 permeates all body liquids at concentrations less 
than its maximum solubility (approximately 0.01 %) and 
is readily excreted in the urine (14). Silicates can be 
absorbed from the gastrointestinal tract and passed in 
soluble form into the blood and then excreted in the 
urine. Numerous silicates are considered safe additives 
in foods as anti-caking agents and are present in numer
ous pharmaceuticals and in the ceramic industry. The 
respiratory toxicity occurs primarily in association with 
exposure to high levels of relatively large fibers. 

Urinary tract effects in humans of silicates are 
primarily related to silicate-containing antacids when 
consumed at extremely high levels (23). At these ex
treme levels, the silicate concentration in the urine be
comes quite high, and there is precipitation and ultimate
ly formation of calculi. A few cases of such silicate
containing calculi have been reported in human urine. 
They have always been associated with exposures to ex
tremely large amounts of silicate, not normally seen in 
human exposures. 

Conclusions 

SEM analysis of urine and bladder tissue and cells 
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are useful in various experimental settings as well as in 
human cytology, both for the detection of abnormal cells 
as well as factors which contribute to the mechanism of 
action of various urinary bladder carcinogens. The pro
posed role of silicates in sodium saccharin carcinogene
sis in the rat provides a rational basis for extrapolation 
from the rat model to human exposures, and suggests 
that humans are without a response of their urothelium 
to sodium saccharin exposure. This is supported by ex
tensive epidemiological studies which indicate no effect 
of the human urothelium to exposure to sodium saccha
rin, whether utilizing urothelial proliferation or bladder 
cancer as the basis for evaluation. SEM and EDS 
analyses have proven essential in this investigation. 
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Discussion with Reviewers 

E. de Harven: Your analysis of the ultrastructural mor
phology of the transformed rat urothelium is based es
sentially on SEM in the secondary electron mode. Our 
own studies have benefitted considerably from the addi
tion of immuno-SEM studies, with the colloidal gold 
marker visualized in the backscattered electron imaging 
mode of the SEM (Scanning Microscopy, 4 (2), 467-477, 
1990). Was the phenotype of the bladder urothelium ex
plored by immuno-SEM methods in attempts to demon
strate either the deletion of pre-existing antigens or the 
expression of tumor associated antigens? 
Authors: We have not performed any immuno-SEM 
studies on our material. 

G.M. Hodges: What is thought to be the n\!,ture of the 
cytotoxic effect of silicate precipitates on bladder uro
thelium? Since silicates in microcrystalline form may be 
relatively sharp and abrasive, could such microcrystals 
be capable of causing repeated local injury and, also 
possible anchorage and thus stimulate growth. 
Authors: We do not yet have specific information con
cerning the cytotoxic effect of the precipitates and 
crystalline material. 

G.M. Roomans: Do you have any quantitative data on 
the occurrence of various crystal types in rat (male, 
female) urine? 
Authors: Unfortunately, we do not have quantitative 
date yet on the occurrence of various crystal types in 
urine. 
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