Intranephronic Calculosis in Rats
An Ultrastructural Study
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Female Sprague-Dawley rats weighing 45-55 g fed a purified diet for 18 days developed
hydroxyapatite intratubular lithiasis, the earliest calcific lesions being detectable by light
microscopy on Day 12. Tbeludneysﬁ'omtheseratstevealedultmstmctumlehangesm
proximal tubular cells prior to intraluminal microlith formation. These changes included
evidence for increased intracellular calcium, accumulation of electron-dense cytoplasmic
granules, and vesiculation and shedding of brush border microvilli within Segment I of
the proximal tubule. It was concluded, on the basis of ultrastructural observation, that
microvesicles were formed by the shedding of vesiculated microvilli and microvesicles ini-
tiated the formation of an intraluminal microurolith in Segment I of the pronmal tubule.
The initially formed microurolith grew, as it traveled down the nephron, to a size large
enough to be visualized by light microscopy. When it reached Segment III (straight seg-
ment) of the proximal tubule, the microurolith reached a size so large that it became diffi-
cult for it to pass the loop of Henle. (Am J Pathol 1980, 100:39-56)

SPONTANEOUS INTRANEPHRONIC CALCULOSIS, or nephrocalci-
nosis, as it is commonly called, in the laboratory rat fed various purified
diets has been reported by many investigators."’* These diets usually con-
tain levels of protein, vitamins, and minerals equal to or in slight excess of
those recommended by the National Research Council (NRC).™* Many of
the commonly used strains of rats were affected by this condition. There
seems to be some strain difference, but the degree and incidence of neph-
rocalcinosis has been consistently observed to be greater in the female
rat.>'® Characteristically, the renal lesions were found at the corticome-
dullary junction and consisted of mineral deposition mainly in the lumens
of proximal tubules. These mineral deposits appeared to contain calcium,
phosphorus, and a glycoprotein matrix. Calcification was not observed in
other organs, and chemical changes in the blood and urine of the affected
animals were minimal.® This condition has also been observed in rats fed a
commercially prepared pelleted diet as well.®

In a preliminary study by the authors, the AIN-76 purified diet for rats
and mice ' has been found to cause nephrocalcinosis consistently in fe-
male Sprague-Dawley rats. The animals fed a natural product laboratory

From the Division of Comparative Pathology, College of Veterinary Medicine, University of Flor-
ida, Gainesville, Florida.

Published as Florida Agricultural Experimental Stations Journal Series Number 2234.

Accepted for publication February 1, 1980.

Address reprint requests to J. Carroll Woodard, Box J-145, JHMHC, University of Florida, Gaines-
ville, FL 32610.

0002-9440/80/0709-0039$01.00 39
© American Association of Pathologists



40 NGUYEN AND WOODARD American Journal
of Pathology

rat diet (Rodent Lab Chow 500, by Ralston Purina Company, St. Louis,
Mo) for the same period of time did not develop nephrocalcinosis.

The cause of nephrocalcinosis in the rat has been studied by many re-
searchers. Urinary factors, estrogenic hormones, and various dietary com-
ponents, including protein, lipid, and minerals, have all been studied and
implicated. The exact etiologic conditions, however, remain unknown.

Experiments were conducted to investigate pathogenic mechanisms of
renal calcification induced in rats by feeding a purified diet. Feeding
times were adjusted to permit sequential ultrastructural observations be-
fore and during the development of hydroxyapatite microliths within the
renal proximal tubule.

Materials and Methods

Female Sprague-Dawley rats (Charles River, Wilmington, Mass) weighing 45-55 g
were used. Five groups consisting of 3 experimental and 2 control animals were fed AIN-
76 diet or a control diet (Rodent Lab Chow 500) and were killed after 10, 12, 14, 16, and
18 days of feeding. These times were chosen on the basis of the findings of a preliminary
study that the earliest histologically detectable calcified lesions in the kidneys appeared
after 14 days of feeding the purified diet. The kidneys were perfused retrograde through
the abdominal aorta as described by Maunsbach '® and Griffith et al.'” The perfusate con-
tained 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate buffer, pH 7.2.
Radiographs were taken of thin slices of the perfused kidneys in order to detect the pres-
ence of mineralization. For standard electron-microscopic examination, the tissue was
washed for 30 minutes in cacodylate buffer, postfixed in 1% OsO, in the same buffer for 1
hour, dehydrated in a graded ethanol series, and embedded in Epon-araldite. Thick sec-
tions (0.5-1.0 p) were stained with toluidine blue for light microscopy. Thin sections were
stained with saturated aqueous uranyl acetate followed by Reynold’s lead citrate '® and ex-
amined with a Hitachi HU-11B or a Hitachi HU-11E electron microscope. Because min-
eral deposition in the tissues led to fragmentation of thin sections, sections were cut
slightly thicker than standard in order to preserve anatomical relationships. Potassium py-
roantimonate was used to localize ionic calcium in the tissue at the ultrastructural level;
the procedure was based on the methods described by Spicer et al ' and Debras et al.%
Alkaline phosphatase was visualized by the methods described by Tranzer ** and May-
ahara et al ** and modified by Lewis.>® The periodic-acid-silver-methenamine (PASM)
staining technique was used to detect the presence of carbohydrates; the method was that
described by Rambourg ** and Martino and Zamboni.?® Pronase digestion was performed
according to the procedure described by Anderson and Andre.?® Microprobe X-ray analy-
sis was carried out with an energy-dispersive X-ray microanalysis system having a Kevex
X-ray detector and a Kevex Micro X-ray Computer Analyzer Model 7000 attached to a
JEOL 100CX electron microscope.

Results

No renal calcification was observed in rats fed the AIN-76 diet and
killed on Day 10. At Day 12, 1 out of 3 animals showed slight calcifica-
tion, which was barely detected radiographically (Figure 1). At Days 14
and 16, 2 of 3 animals showed slight calcification, and at Day 18 all ani-
mals had renal calcification ranging from slight to severe. All animals fed
the control diet were free of renal calcification.



Vol. 100, No. 1 INTRANEPHRONIC CALCULOSIS 41
July 1980

The earliest renal ultrastructural changes in rats killed on Day 10 were
vesiculation of proximal tubular microvilli (Figures 3 and 4) and the ap-
pearance of electron-dense granules in the cytoplasm as well as in large
vacuoles near the brush border (Figure 2). An increase in the number and
size of intracytoplasmic vacuoles in the proximal tubules was apparent
and was observed especially in the first segment. Electron-dense deposits
within vacuoles were visualized in sections stained with uranyl acetate
and lead citrate as well as in sections stained with potassium pyroantimo-
nate. In addition to dense deposits, potassium pyroantimonate revealed an
increased number of fine granules within the many vacuoles. The fine de-
posits seen in these vacuoles are presumably pyroantimonate-calcium
complexes. These changes were also observed frequently in rats killed on
Days 12, 14, 16, and 18, and the incidence increased with increasing fre-
quency and severity of renal calcification. Sometimes large blebs contain-
ing electron-dense material were seen related to the microvillous surface
of proximal tubular cells. These were thought to develop from vesiculated
microvilli (Figures 5 and 6). Following potassium pyroantimonate stain-
ing, accumulation of electron-dense material was also found -in intra-
cytoplasmic vacuoles, within the interdigital spaces, the spaces between
the plasma and basement membranes, and the endothelial cells lining
blood vessels. A similar reaction was not found in sections from control
animals.

Starting at Day 12, aggregates of cellular components were frequently
found in proximal tubular lumens. These aggregates consisted mainly of
fragments of brush border microvilli, vesiculated microvilli, and electron-
dense bodies (Figure 7). Electron-dense material was seen deposited on
these membranous aggregates in concentric layers, forming early micro-
uroliths (Figures 8-10). These early laminated microuroliths were found
mainly in the third, or last, segment of proximal tubules and most fre-
quently in rats killed on Day 14. Cellular components, vesicles, and frag-
ments of microvilli appeared to be a major component and were found in
all layers of these early microuroliths (Figures 10-12). Occasionally micro-
uroliths were found trapped in the brush border,”® but most frequently
they were seen free in the proximal tubular lumen (Figure 14). Some mi-
crouroliths appeared very dense (Figure 14). Only the cellular material at-
tached to the surface of the urolith could be recognized, but the lami-
nated configuration was still evident. This form of “mature” microurolith
was found more frequently in rats killed on Days 16 and 18.

Other forms of mineral deposits were observed in the proximal tubules.
Spherical aggregates of electron-dense granules were seen free in the
proximal tubular lumens. These aggregates were not surrounded by mem-
branes. They did not have a laminated structure and did not contain cellu-
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lar components. Nonlaminated microuroliths were dense and contained
needle-shaped crystals characteristic of hydroxyapatite (Figure 15). This is
best seen at the periphery of the microurolith. The nonlaminated form
was less frequently seen than the laminated form and was only found in
rats killed at later times (Days 16 and 18).

Extensive lesions and tubular necrosis were only observed in the pres-
ence of severe renal calcification (mainly by Day 18), which sometimes
also involved the loops of Henle as well as the distal tubules.

Alkaline phosphatase activity in the proximal and distal tubules ap-
peared to be increased in rats killed on Day 14, compared with control
rats. No changes in alkaline phosphatase activity were observed at other
times.

The results of X-ray microanalysis indicate that the crystals are made of
calcium and phosphate salts. The only notable peaks seen in the X-ray en-
ergy spectrum from the crystal were those of calcium and phosphorus. Re-
sults of mapping for Ca and P of the same crystal further confirmed that
Ca and P were the main components of the crystals.

Discussion

Prior to calcification, significant renal ultrastructural changes were ob-
served only in cells of Segment I of proximal tubules. These changes in-
clude vesiculation of the brush border microvilli, increase in number and
size of intracytoplasmic vacuoles, and accumulation of electron-dense
granules, which were reactive to potassium pyroantimonate. Potassium
pyroantimonate also gave evidence of an increase in intracellular ionic Ca
prior to calcification. Potassium pyroantimonate can form precipitates
with sodium, calcium, and magnesium and is a useful tool for examining
the subcellular distribution of these inorganic cations. The specificity of
potassium pyroantimonate for calcium under the reaction conditions used
in this experiment has been discussed.'®* We removed sodium from the
tissue by washing the tissue with distilled water. We further verified the
specificity of the stain by having selected tissue samples treated with
EGTA before pyroantimonate staining. In addition, X-ray microanalysis
failed to indicate the presence of magnesium within intraluminal micro-
liths.

Electron-dense calcium precipitates were seen in vesiculated microvilli
that appeared to fragment from the cell surfaces. The formation of her-
nialike evaginations of the apical cytoplasm has been described in hyper-
vitaminosis-D-induced nephrocalcinosis,”” and the release of large gran-
ules of calcium precipitates into the lumen was thought to occur in renal
calcification induced by parathormone.?® Extracellular matrix vesicles are
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believed to induce calcification in epiphyseal cartilage by nucleating cal-
cium phosphate precipitation.”®* Radiotracer studies of lipid synthesis
and transport in cartilage lead to the conclusion that matrix vesicles in the
growth plate are derived from chondrocytes, probably by budding from
cellular processes.** Vesicles, morphologically similar to matrix vesicles,
have also been described in calcification of human aortic valve and aortic
media.®' It is possible that the mechanism of the intraluminal apatite for-
mation in rats fed the AIN-76 diet is initiated by a process that causes
vesiculation of microvilli and release of calcium-rich membranous pro-
cesses (microvesicles) into the lumen of Segment I of the proximal tubule.
Following the intracellular changes, cellular components appear in the
proximal tubular lumen in large quantities. Since they were PASM-reac-
tive, these cellular components were considered to represent tips of proxi-
mal tubular microvilli and vesicles probably of microvillous origin (Figure
11). Mineralization occurred in concentric layers, and cellular com-
ponents became organized into laminated, spherical structures. A micro-
calculus formed measuring 3-5 p in diameter. The tips of brush border mi-
crovilli were observed to be shed into the tubular lumen, and these
appeared to be active not only in the initial organic nidus formation but
also in the subsequent laminar growth of the crystal. It has been suggested
that matrix formation preceded crystal formation in all forms of experi-
mental intranephronic calculosis, and mineralization in terms of inorganic
accretion by matrix has been suggested as a distinct possibility by Boyce.?
In the second type of intraluminal microlith, observed somewhat later
in the course of the experiment, an organized internal structure could not
be visualized. These crystals had a spherical shape and an amorphous ap-
pearance. It is possible that these crystals may have evolved from aggre-
gates of distinct electron-dense granules observed earlier in the proximal
tubular lumen by gradually accumulating apatite crystals until the inter-
nal structure became obscure. Amorphous, unorganized calcium deposits
are commonly seen in damaged or necrotic tissues. The nonlaminated,
amorphous microcrystals described here were seen free in the proximal
tubular lumens. There was no evidence of extensive cellular injury or ne-
crosis in nephrons proximal to the location where the microcalculus was
found. Even in advanced cases (Day 18), tubular lesions such as sloughing
of brush border or cellular necrosis appeared to be related to mechanical
insult by the microlith rather than to be a cause of calcification. Vermeu-
len and Lyon have shown that calculus formation can occur in vitro with-
out involvement of an organic matrix.*® It is also implied from this work
that microliths in the kidney can be formed by aggregation of particles
that are freely moving along the renal tubule. In recent years there has
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been a resurgence of interest in the physicochemical features of uroli-
thiasis, and much interest has been shifted from the role of organic matrix
to that of one salt’s inducing by epitaxy the precipitation of another salt.
The role of inhibitors affecting crystal formation and aggregation has also
received increasing attention.** The role of organic matrix in renal cal-
culus formation has not been shown before. The demonstration of vesicu-
lation and shedding of proximal tubule microvilli and later formation of
laminated microlith containing vesicles of microvillous origin supports the
role of organic matrix in renal microlith formation. Microliths were ob-
served in which matrix vesicles were not visualized. However, this form of
nonlaminated microlith was only observed later in the course of the ex-
periment (Days 16 and 18) and could have resulted from the accretion of
small microvillar fragments or been so highly mineralized that the matrix
could not be visualized.

The results of X-ray microanalysis and mapping indicate that the crys-
tals contained Ca and P. This finding is in agreement with the X-ray dif-
fraction results of Woodard ® and Cousins and Geary,” who showed the
mineral was hydroxyapatite. Intranephronic calculosis, induced by the
AIN-76 diet, bears certain ultrastructural characteristics that distinguish it
from other forms of renal calcification experimentally induced by chloride
depletion, Mg deficiency, Ca and vitamin D toxicity, and parathormone
and phosphate administration. In chloride depletion, calcific deposits
were formed in lysosome-like bodies and mitochondria.*® Renal calcifica-
tion induced by large doses of Ca or vitamin D is characterized by exten-
sive cellular degeneration and necrosis and widespread calcified lesions
with involvement of basement membrane and mitochondria.*’-* Large
doses of phosphate also cause severe tubular necrosis and widespread cal-
cification, the medulla being the most severely affected part.*® Calcifica-
tion of mitochondria and basement membrane and severe renal lesions
were not observed in tubular lithiasis experimentally induced by the feed-
ing of the AIN-76 diet and similar purified diets. In Mg deficiency there is
edema of proximal tubular epithelium, and calcification is also seen in the
loops of Henle, collecting tubules, and other organs such as the heart, and
skeletal muscle.*** Early renal calcification induced in this experiment
was restricted to the proximal tubules.

Unpublished data by the authors have implicated the dietary level of
phosphorus as being a major factor causing renal calcification when female
rats are fed the AIN-76 diet. Results from studies of the composition of
glomerular filtrate in rats by micropuncture ** have shown that the resorp-
tion of phosphate in proximal tubules is less avid in the female than in the
male. Micropuncture studies of renal adaptation to the supply and re-
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quirement of phosphate in rats have shown evidence of a special adaptive
mechanism for regulating inorganic phosphate in the renal tubule in re-
sponse to the rat’s bodily need.** This adaptive mechanism, which is para-
thyroid-independent, selectively modifies the sodium-dependent phos-
phate uptake by brush border membrane vesicles by altering the
phosphate transport system bound to the luminal membrane of the proxi-
mal tubule.

Calcium is known to be resorbed by the proximal tubule. There is no
evidence for calcium secretion by the tubules, although transtubular flux
of calcium has been observed.”* Therefore, if the increased number and
size of intracytoplasmic vacuoles within the cytoplasm and the accumula-
tion of electron-dense granules that were potassium-pyroantimonate-re-
active are part of an active process, they probably represent increased cal-
cium resorption. One mechanism involves the tubular reabsorption of
phosphate’s being dependent upon the proximal tubular transport of cal-
cium and/or on the accumulation of intracellular calcium phosphate.
Thus, when calcium transport by the proximal tubular cells is high, the
reabsorption of phosphate is depressed, and there is a phosphaturia that
tends to lower the level of plasma phosphate. The increased number of
electron-dense granules within Segment I of the proximal tubular prior to
urolithiasis lends morphologic support to this mechanism. In addition,
there is morphologic evidence that suggests that exaggeration of this proc-
ess may lead to vesiculation and shedding of microvilli that contain cal-
cium. The microvesicles thus formed are important in the initiation and
growth of microuroliths within the lumen of the proximal tubule.
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[Illustrations follow]



Figure 1—Radiographs of 1-mm thick transverse and longitudinal sections
of rat kidneys showing (A) slight calcification, (B) severe calcification, and
(C) negative control.
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Figures 2 and 3—Proximal tubules of a rat killed on Day 10. Note the vesiculation of
proximal tubular microvilli. (x20,000)
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Figure 4—L arge vacuoles containing electron-dense deposits are
seen near the brush border of a proximal tubular cell. Note the fine
granules of Ca-pyroantimonate complex on the brush border micro-
villi. (Potassium pyroantimonate stain, X40,000)
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Figure 5—Blebs containing electron-dense granules appear unattached to the proximal
tubular cell. (Potassium pyroantimonate stain, x40,000) Figure 6—Proximal tubu-
lar cell shows an aggregate of several small blebs with electron-dense granules. (Potas-
sium pyroantimonate stain, xX55,000)
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Figure 7—Lumen of a proximal tubule showing fragments of microvilli (a), electron-
dense bodies (b), and vesiculation of brush border microvilli (1). (x9700) Figure
8—1Lumen of a proximal tubule containing four microliths. Note the elecron-dense ma-
terial at the center of some microliths and at the periphery of all microliths. Fragments of
swollen microvilli adhere peripherally (1). X11,200)



Figure 9—A small microlith with
a distinct concentric, laminated
configuration in the lumen of a
proximal tubule at the junction of
a loop of Henle. (x7000)

Figure 10—Higher magnifica-
tion of microlith showing vesicles
and cellular components in all
concentric layers of the micro-
lith. (x29,000)

Figure 11—A small laminated
microlith in a proximal tubule
showing PA-silver-reactive ma-
terial in all layers of the microlith.
Vesicles and microvilli fragments
also show PA-silver-reactive
membrane (7). (PASM stain,
%X 12,000)




Figure 12—Pronase digestion of
a laminated microlith in a proxi-
mal tubule. A—<Control, por-
tion of a microlith (a) in the lumen
of proximal tubule with the brush
border partially destroyed (b).

B—The same microlith after pro-
nase digestion. The concentric
layers (a) are less electron-
dense than the corresponding
areas in the control. (X 18,000)




Figure 13—A laminated microlith is apparently trapped in the narrow lumen of a proxi-
mal tubule. (PASM stain, X 7900) Figure 14—A laminated and compact microlith
free in the lumen of a proximal tubule. No cellular fragments are seen within the micro-
lith. (x15,000) Figure 15—A nonlaminated, solid microlith in the lumen of a

proximal tubule showing, at the periphery, the needle-shaped crystals characteristic of
hydroxyapatite. (X 24,000)



