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Abstract Intestinal resection (IR) may lead to hyperox-
aluria and nephrolithiasis. A rat model of IR was
developed, in which kidney stones form. We describe the
urine chemistries and histopathologic features. Rats
underwent resection of 40–45 cm of distal ileum (n=16)
or sham resection (SR) (n=8), and were then fed a 1%
Na oxalate, 0.02% Ca diet. After 1 week on the diet,
24 h urine samples were obtained for stone chemistries.
At 4–7 months after surgery, kidneys were examined
grossly and by light microscopy. The extent and location
of crystallization was assessed by polarized light. His-
tochemistry and infrared spectroscopy were used to
determine crystal composition. IR rats had higher urine
oxalate excretion (P<0.01) and concentration
(P<0.001) than SR rats, and lower urine citrate excre-
tion; only IR rats formed kidney stones (12/15 surviving

rats). Tissue calcification was found only in kidneys
from IR rats, located in the cortex (83% of kidneys),
medulla (73%) and papillary tip (47%). Crystals, com-
posed of CaOx, apatite, and calcium carbonate, filled
collecting duct lumens, and were associated with tubular
obstruction, and interstitial inflammation. Crystals in
the papillary interstitium incited inflammation with
tubular destruction and development of progressive
papillary erosion. This new rat model of nephrolithiasis
and nephrocalcinosis resembles the pattern of urinary
abnormalities and tissue calcification that may be seen in
humans with small bowel resection. The model allows
further studies of the mechanisms of renal crystal for-
mation, and possible therapeutic interventions.
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Introduction

Ileal resection (IR) or bypass in humans may lead to
nephrolithiasis [1, 2, 3], and in some cases to renal
damage [4, 5, 6], associated with crystallization of cal-
cium oxalate (CaOx). The physiological basis for crystal
deposition is complex, and includes reduced urine vol-
ume, citrate, and pH, and increased urine oxalate
excretion [1, 7]. Reduced urine volume and pH appear to
be direct consequences of fluid loss from diarrhea. In-
creased oxalate excretion appears to arise from excessive
absorption of dietary oxalate in the colon [8, 9, 10].
CaOx nephrolithiasis has been estimated to occur in 15–
30% of patients after intestinal bypass surgery, some-
times within months after the procedure; acute renal
failure [11], renal tubular dysfunction [12], and chronic
renal dysfunction [13] may also arise as complications.
In addition, renal parenchymal scarring, with or without
nephrocalcinosis, has been described in patients with
hyperoxaluria biopsied up to 108 months after the
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surgical bypass procedure [3]. The incidence of CaOx
stones is also increased after small bowel resection, with
onset averaging 8–10 years after surgery [7].

An animal model of CaOx urolithiasis secondary to
IR could facilitate research into this well known human
disease. In principle, IR should lead to hyperoxaluria
because of increased colonic oxalate absorption. A prior
attempt at a model of enteric hyperoxaluria in rats using
jejunoileal bypass did not produce stones or hyperoxal-
uria, although urinary supersaturation with respect to
CaOx increased via increased urine calcium, an unex-
pected result [14]. In reviewing this work, we noticed that
the diet was relatively high in calcium and low in oxalate.
Since high calcium in the diet can reduce urine oxalate in
humans [15], we hypothesized that a model of enteric
hyperoxaluria secondary to bowel resection might lead to
stones if dietary oxalate was increased and calcium re-
duced. We also considered that increased dietary lipid
might foster oxalate absorption by increasing the supply
of fatty acids [1]. We report here the successful devel-
opment of a rodent model of IR with consequent hy-
peroxaluria, CaOx urolithiasis and renal crystallizations
that resemble those seen in human disease and other
animal models of oxalate deposition disease.

Methods and materials

Animals and surgical technique

Male Sprague-Dawley rats, weighing 180–200 g, and
acclimated to a room temperature of 25�C, with a 12-h
light/dark cycle, were fed a standard diet until 24 h prior
to surgery, at which time the diet was removed and they
had free access to a solution containing 25 g of dextrose
in 500 ml of water. Anesthesia was performed using an
intraperitoneal injection of a 0.3–0.5 ml solution of
Ketamine (90 mg/kg), atropine (0.05 mg/kg) and Xylo-
caine (10 mg/kg). Following the administration of
anesthesia, the animals were secured and the abdominal
area was shaved of fur and sterilely prepared with 70%
ethanol and Betadine paint. A midline laparotomy was
performed. Control rats underwent transection of the
distal ileum without excision of any intestine, followed
by re-anastomosis. Resection rats underwent removal of
the distal 40–45 cm of small intestine measured from the
ileocecal valve, followed by re-anastomosis of the small
intestine. In a subset of rats, the distal 40–45 cm of small
intestine was resected along with the ileocecal valve,
followed by re-anastomosis of the proximal small bowel
to the cecum. This latter was done in order to be sure we
had removed all of the most terminal ileum. We found
that the two resection procedures led to indistinguish-
able results in terms of urine chemistries and renal his-
topathology, and pooled the results from these animals.
In all animals, hemostasis during surgery was accom-
plished using electrocautery with an average blood loss
of less than 1 ml. Following completion of surgical
anastomosis, 12 ml of normal saline was instilled in the

peritoneum and the abdomen was closed using 3–0 silk
suture. The rats received buprenorphine 0.01–0.05 mg
subcutaneously every 8–12 h for the first 24 h as post
operative analgesia.

All animals were given standard rat chow (5.7% li-
pid) beginning 8 h after surgery. This continued until the
animals regained their preoperative weight, which gen-
erally occurred by 7–10 days following surgery. The
animals were then placed in individual cages and fed
15 g of the experimental diet, which contained 1% so-
dium oxalate, 0.02% calcium and 18% lipids in pellet
form daily. The 15-g portions of food assured equal and
complete consumption of the diet by each animal during
every 24-h period and allowed for continued growth of
the rats. The rats were maintained on this diet until they
were killed.

Animal experiments were carried out in accordance
with the NIH Guide for the Care and Use of Laboratory
Animals.

Urine collection and measurements

Nalgene metabolic cages were used for the 24-h urine
collections. One ml of 4 N HCl and 250–500 mg. of
thymol (Fisher Scientific, Hanover Park, Ill., USA) were
added to the collection container at the onset of collec-
tions. A urine sample was collected after 1 week on the
experimental diet. Thymol prevents bacterial over-
growth and 4 N HCl allowed for complete measurement
of urinary oxalate by preventing formation of calcium
salt precipitates and in vitro oxalate production. The 24-
h urine collections were analyzed for volume, calcium,
oxalate, citrate, creatinine, phosphorus, sodium, potas-
sium, magnesium, ammonia, and sulfate, using tech-
niques described elsewhere [16].

Light microscopic histology

Animals were killed and the kidneys removed at 4, 5, 6
and 7 months after surgery; four resected rats and two
sham operated rats were killed at each time point, except
that one resected rat in the 7 month group died prior to
this time. Each rat kidney was inspected, bivalved and
any loose calculi were saved. The kidneys were fixed by
immersion in 10% neutral buffered formalin. Each
kidney was embedded in paraffin and 4-lm sections were
stained using hematoxylin and eosin. Representative
sections were stained using the Jones methenamine silver
method to delineate the tubular basement membranes.
The silver rubeanate method [17] was used to identify
calcium oxalate, phosphate and carbonate containing
salts.

Quantitative microscopic evaluations

Two independent observers (A.E. and S.M.M.) assessed
the extent of crystal accumulation in separate anatomic
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compartments including renal pelvic lumen, pelvic wall,
cortex, medulla and papilla. Partially and fully polarized
light was used to highlight birefringent crystal deposits.
The extent of crystallization was semi-quantitatively
evaluated using a subjective scoring system where
0=none, 0.5+=few, 1+=several and 2+=many
crystal deposits. Tubular ectasia accompanied by inter-
stitial inflammation, with or without rupture and
extrusion of proteinaceous material into the interstitium,

was interpreted as evidence of intrarenal tubular
obstruction.

Infrared spectroscopy

Tissue sections from two animals in the 4 month
surgical group and two from the 4 month sham
operated group were analyzed by Fourier transform
infrared microspectroscopy (l-FTIR) to determine the
mineral composition of the sites of crystal deposits.
Infrared spectra were collected with a Perkin-Elmer
Auto Image infrared microscope interfaced to a
Perkin-Elmer Spectrum 2000 Fourier transform spec-
trometer (Perkin-Elmer, Shelton, Conn., USA) in the
Molecular Micro-spectroscopy Laboratory of Dr.
Andre’ J. Sommer, Department of Chemistry and
Biochemistry, Miami University, Oxford, Ohio.
Analysis was performed according to our previously
published protocol [18].

Electron diffraction and energy dispersion analysis

Tissue prepared for TEM containing two inner medul-
lary collecting ducts with crystal deposits were studied.
Electron diffraction was performed with a Philips
TECNAI 20 at 100 kV and with a diffraction camera
length of 890 mm. The sample was routinely prepared

Table 1 Initial urine measurements (1 week)

Resected Sham

n 16 8
Oxalate (mg/d) 5.4±0.6 3.3±0.3b

Oxalate (mM/l) 7.9±1.1 1.9±0.2c

Citrate (mg/d) 2.1±0.4 3.6±0.5a

Citrate (mM/l) 1.6±0.4 1.0±0.1
Calcium (mg/d) 0.3±0.1 0.34±0.05
Calcium (mM/l) 0.9±0.2 0.48±0.08a

CA x OX mM2 8±2 1.0±0.2
Magnesium (mg/d) 3.3±0.2 3.2±0.2
Volume (ml/d) 9±1 18±2c

Creatinine (mg/d) 6.9±0.4 11.8±0.7c

Phosphate (mg/d) 18±1 21±2
Sodium (mM/d) 0.8±0.1 1.4±0.1c

Potassium (mM/d) 0.6±0.05 0.7±0.1
Ammonia (mM/d) 0.6±0.2 0.5±0.2
Sulfate (mM/d) 0.5±0.2 0.6±0.2
Body weight (gm) 260±57 343±22c

a vs resected, P<0.05, bP<0.01, c P<0.001

Table 2 Histopathological
grading of kidney tissue. For
gross calculi and obstruction:
0=absent, 1=present; for
crystals 0=none, 0.5=few,
1=several, 2=many.
Proliferation indicates tubular
epithelial proliferation without
detectable crystal formation

Time of death Pelvic lumen Pelvic urothelium Papilla Medulla Cortex Obstruction

Gross Microscopic

4 months 1 0.5 1 No sample 0.5 0.5 1
1 0.5 0.5 0.5 0.5 0.5 1
1 1 1 0.5 0.5 0.5 1
0 1 0 Proliferation 0.5 0 1
1 0.5 0.5 1 0.5 0.5 1
1 0.5 0.5 1 0.5 0.5 1
1 0.5 0 0.5 0.5 0.5 1
1 0.5 0.5 Proliferation 0.5 0.5 1

5 months 0 0 0 0 0 0 0
0 0 0 0 0 0 0
1 1 0 0 1 0.5 1
0 0.5 0 0 0 0 1
0 0.5 0 0 0.5 0.5 1
0 0 0 0 0 0.5 1
0 0.5 0.5 Proliferation 0 0.5 1
1 1 0 0 0.5 1 1

6 months 1 0 1 No sample 0 0.5 1
1 0.5 0.5 0.5 0.5 0.5 1
0 0.5 1 0.5 0.5 0.5 1
0 0.5 0.5 0.5 0.5 0.5 1
1 1 1 1 2 2 1
1 1 1 2 2 2 1
0 0 0.5 0 0 0 1
1 1 0.5 0 0 0.5 1

7 months 1 0 0 No sample 0.5 1 1
1 1 1 2 1 1 1
1 1 2 0.5 0.5 0.5 1
1 1 1 0.5 0.5 0.5 1
1 2 1 0.5 0.5 0.5 1
1 0.5 0.5 No sample 0.5 0.5 1
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for TEM analysis but not stained. The energy dispersive
x-ray analysis was performed with the Phoenix EDAX
instrument.

Data analysis

Urine measurements from resected or sham-operated
animals were compared using t-tests. All analyses used
conventional statistical software (Systat, Richmond,
Calif).

Results

Urine chemistries

Compared with sham animals, resection led to increased
urine oxalate and reduced urine citrate excretions
(Table 1). Urine oxalate molarity was increased by both
hyperoxaluria and reduced urine volume. These urine
changes would be expected to cause stones. In the non-
resected rats fed the high oxalate diet there were neither

Fig. 1 Light micrographs showing that the outermost surface of
the pelvic calculi had deeply basophilic laminated material with (a,
arrows) or without (b, arrows) an epithelial lining. The central
portions of these larger intrapelvic protein-crystal aggregates
(PCA) consisted of sheaves of birefringent crystals. Similar
intraluminal crystal deposition of calcium phosphate (non-bire-
fringent center) and calcium oxalate (birefringent outer layer) was
noted in inner medullary collecting ducts (b asterisk, insert). c
Illustrates the smallest of the pelvic luminal PCA with an attached
giant cell (arrow). d Shows an animal from the 4-month group that
demonstrates papillary crystallization with tissue necrosis, an acute
inflammatory response as well as ectasia of some medullary
collecting ducts. Transitional epithelial hyperplasia was commonly
noted at sites of pelvic crystal accumulation (a, d) (double arrows).
Magnification ·30 (a); ·75 (b); ·250 (inset b); ·250 (c), ·60 (d)
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stones nor crystals in any of the kidneys. Tissue archi-
tecture was completely normal and is not further re-
ported here.

Fig. 3 Light micrographs showing calcium oxalate and hydroxy-
apatite accumulation at the urothelium. a Shows crystal entrap-
ment within a proliferative urothelium (arrow) at the fornix. B, C

Fig. 2 lFTIR spectra of crystal
deposits in the inner meduallary
collecting ducts and renal pelvis
of the rats with intestinal
bypass surgery. This figure
illustrates a series of infrared
spectra obtained for a set of
standards (calcium carbonate,
CaOx and hydroxyapatite), for
a site of calcium deposit
(Yasue-positive area) in the
renal pelvis and in the lumen of
an inner medullary collecting
duct as well as for the tissue-
embedding medium. The
infrared spectra for both Yasue-
positive areas show a spectral
band for hydroxyapatite and
calcium oxalate. Occasionally a
spectral band for calcium
carbonate was found
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Histological changes in the 15 resected animals

Twelve of the 15 surviving resected rats formed stones,
and had renal tissue abnormalities (Table 2). Although
we had hoped that kidneys with the least amount of
crystal deposition might provide an opportunity to
identify the sites of early crystallization, we found gen-
eralized crystal deposition already present by 4 months,
which means we can not detect the sequence of crystal-

lization in this study. Stones were already present in the
4-month rats.

Pelvic lumen

Loose, grossly identifiable calculi, measuring approxi-
mately 0.5–2 mm, were observed in the renal pelvis in 20
of 30 kidneys from resected animals (12 of 15 resected
rats). Gross calculi were unilateral in four and bilateral
in eight rats. Six further kidneys had microscopic
aggregates of crystals identifiable in the pelvis as de-
tached masses of crystals associated with what appears
to be proteinaceous material (proteinaceous crystal
aggregates, PCA), giving a total of 26 of 30 kidneys
(87%) with pelvic lumen crystal accumulation. By light
microscopy, the outermost surfaces of larger PCA had
deeply basophilic laminated material with (Fig. 1A) or
without (Fig. 1B) an epithelial lining. The central por-
tions of the large PCA consisted of sheaves of birefrin-
gent crystal. By infrared spectroscopy of seven PCA, the

Fig. 4 Crystal deposition at the papillary tip in a 7 month animal.
Crystal accumulation (arrow) in lumens of the inner medullary
collecting ducts was one of the earliest changes noted in these
kidneys (a). These crystal deposits usually resulted in cell necrosis
of adjacent lining cells (a) and hyperplasia (asterisk) of nearby
tubules (c). Crystal accumulation (arrows) also occurred in the
interstitium near tubules as seen in the TEM micrograph in b or
beneath the urothelium (c, d, arrows). Magnification, ·60 (a);
·4,950 (b); ·120 (c); ·25 (d)
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crystals were composed of a mixture of calcium car-
bonate, hydroxyapatite and oxalate (Fig. 2). The
smallest intra-pelvic luminal birefringent crystals were
attached to strands of basophilic matrix material which
appeared to float freely (Fig. 1C) in the pelvis and
occasionally were observed attached to multinucleated
giant cells. The matrix material appeared to form the
framework for the accumulation of larger quantities of
birefringent crystal. Similar appearing material was ob-
served in the epithelial layer and immediately beneath
the epithelium of the fornix and pelvic wall. Larger
crystalline aggregates were located deep in the pelvis and
were associated with transitional epithelial hyperplasia
(Fig. 1B, 1D).

Renal pelvic wall

The deepest portions of the pelvic fornix and the basal
papillary surface frequently had subepithelial crystal
accumulation with formation of pseudopapillary pro-
jections from the pelvic and papillary surface (Figs. 1A,
3A). Molded crystalline aggregates were noted in the
fornices (not shown). Basophilic fibrillar laminated
material with birefringent crystals were observed in giant
cells that localized in the subepithelial zone or within the

transitional epithelium (not shown). Intraepithelial
birefringent crystals within giant cells were also observed
(Fig. 3A–C). Intraepithelial crystals were associated
with transitional epithelial hyperplasia (Fig. 3A–C) in
the pelvis and ureter and with transitional metaplasia of
the papillary surface epithelium (Fig. 1D).

Renal papilla

Crystals accumulated in the lumens of the inner med-
ullary collecting ducts (Bellini ducts) (Figs. 1B, 4A, D)
and in the interstitium beneath the papillary surface
epithelium (Fig. 4B–D). Intralumenal crystal deposits in
the ducts of Bellini contained both calcium phosphate
and calcium oxalate (Fig. 1B, insert) and were associ-
ated with and often preceded by hyperplasia of the
Bellini duct epithelium (Fig. 4C). Tubules filled with
crystal aggregates had epithelial necrosis or apoptosis
(Fig. 4A). Crystal accumulation in the tubule lumens
was associated with larger regions of calcium phosphate
and oxalate accumulation in the interstitium beneath the
papillary surface and adjacent to the involved tubules
(Fig. 4B–D).

Crystallization also occurred eccentrically on the
papillary slope away from the tip, and involved the tu-
bules and interstitium. Interstitial birefringent crystals
incited an acute inflammatory response with margin-
ation of neutrophils and mononuclear inflammatory
cells in the interstitial capillaries, and exudation into the
interstitium adjacent to the crystals (Fig. 4C, D). One
kidney had subepithelial plaque-like deposits (Fig. 4D).
Tissue necrosis was evidenced by eccentric erosion of the

Fig. 5 Comparison of papillary tip from 4 month control (a) vs
4 month intestinal bypass animal (b). Erosion of the papillary tip
with large crystal accretion of the surgically treated animal is
obvious compared to the control. Areas of crystal deposition
(arrows) replaced normal tubular and interstitial architecture.
Ectasia (asterisks) of the collecting duct system progressed from the
inner medulla to the cortex (b). Magnification, ·12 (a); ·12 (b)
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papillary tips associated with large papillary tip crystal
accretion (Fig. 5A, B). ‘‘Calculi’’ measuring 1–2 mm
were firmly attached to the papillary tips in 9/30 kidneys
from resected rats.

Renal cortex and medulla

Crystal accumulation in the cortex was associated with
collecting duct ectasia. Ectasia extended from the

medulla to the cortex, with focal (Fig. 1B), to diffuse
involvement of the cortex (Fig. 6). Crystals were found
in lumens of injured tubules and in tubular epithelium
(Fig. 7A), and were extruded into the cortical intersti-
tium, sometimes within a proteinaceous matrix, but
more often as small clusters of crystals in multinucleated
giant cells. Collecting duct obstruction was associated
with interstitial inflammation, tubular atrophy and
interstitial fibrosis (Fig. 7A, B) resulting in retraction of
the cortical surface.

Nature of the crystal deposits

Two of the 20 loose calculi were analyzed and were
composed solely of CaOx monohydrate by standard
infrared spectroscopy. A total of 20 separate inner
medullary collecting ducts containing crystal deposits
were studied by l-FTIR spectroscopy. CaOx was found
in every one. In 15 of the 20, CaOx was associated with
definitive spectral bands of hydroxyapatite. Calcium
carbonate was definitively present in one of the 15. In
the other five tubules, spectral bands were suggestive but
not definitive for hydroxyapatite. Seven PCA contained
CaOx, as well as definitive evidence for hydroxyapatite.
Using TEM in two kidneys, very small crystal deposits
(1–30 lm) were found in the inner medullary intersti-
tium. All contained electron dense, laminated crystalline
material, and were adjacent to basement membranes of
collecting ducts. We conjecture these may be calcium
phosphate because of their morphological appearance.
Two deposits in inner medullary collecting ducts in tis-
sue processed for TEM were studied by electron dif-
fraction (Fig. 8) and energy dispersive x-ray analysis
(Fig. 9). In both, poorly crystallized CaOx could be
identified, but hydroxyapatite could not be identified.
Carbonate was not identified.

Discussion

The present results support our initial hypothesis that
ileal resection in rodents will produce urolithiasis and
renal crystallization if diet calcium is reduced and oxa-
late increased sufficiently. Our animals are hyperoxaluric
with low urine volume and citrate. They produce cal-
cium oxalate uroliths, and develop severe renal crystal
deposition disease. The urine chemistries seen in the
resected rats on the high oxalate diet are similar in many
respects to those seen in humans with small bowel
resection who have formed stones, studied on their or-
dinary diet [7]. For these reasons, the model offers new
opportunities for research.

Relationship of pathological changes to human disease

Certain of the pathological changes we describe here
have been found in kidneys of patients with short bowel

Fig. 6 Changes in the renal papilla were associated with injury to
the cortical tissues. This figure shows the advanced changes noted
in a 6-month kidney. Almost half of the renal papilla has been
eroded away. Collecting duct ectasia is prominent in both the
medulla and cortex (arrows). Tubular atrophy, interstitial inflam-
mation and crystal accumulation is also present but is difficult to
see at this low magnification. Magnification, ·5
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or bypass procedures [4, 11, 13, 18, 19, 20, 21, 22], not all
of whom formed stones. When stones form, they are
usually CaOx, with little or no admixed calcium

phosphate [7]. We have described four patients with
intestinal bypass procedures who formed stones [18]. All
had well preserved renal function with minimal changes

Fig. 7 a Shows a higher
magnification light micrograph
of a region of tubular atrophy
that extends from the renal
capsule (asterisk) to the
corticomedullary junction.
Crystal accumulation is noted
in a few damaged tubules
(arrowheads). b Shows
numerous sites of crystal
accumulation by the Yasue
method for the identification of
Ca deposits (black areas).
Cortical crystal deposition
appeared to be localized to sites
of tissue injury. Magnification,
·45 (a); ·80 (b)

Fig. 9 Energy dispersive x-ray (EDX) analysis of the same
crystalline deposit referenced in Fig. 8. The major elements are
calcium, carbon and oxygen. Only trace amounts of phosphorous
were detected

Fig. 8 Electron diffraction pattern of crystalline deposit in lumen
of a medullary collecting duct. This diffraction pattern is indistinct
and very broad indicating that the deposit is a poorly crystalline
substance. The measurement of the d-spacing is about 2.8 A
indicating the presence of a calcium oxalate phase
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in the kidney, except for plugging of some inner med-
ullary collecting duct lumens with hydroxyapatite crys-
tals [18]. These crystals could represent loss of normal
acidification in collecting ducts. Others have described
more advanced lesions in patients with bowel disease,
some of whom had lost significant kidney function.
These include tubulointerstital lesions together with
significant deposits of crystals in the cortex, identified as
CaOx by polarization [4, 11, 21, 22], infrared spectros-
copy [13], or X-ray diffraction studies [13, 19]. Crystals
were associated with significant acute and chronic
tubular injury, inflammation and fibrosis. The pattern of
change in the renal cortex of these patients is similar to
what we found here in cortical tissue. Of course, by
design, human kidney biopsies rarely reveal inner med-
ullary tissue, so that the lack of past descriptions of
human papillary changes in patients with overt renal
functional deficits is expected.

One form of renal crystallization described here re-
quires special comment. We found crystal deposits of
CaOx and hydroxyapatite in the interstitial suburothe-
lial compartment at the papillary tip. We did not find
this in our human biopsies. We believe collecting duct
injury and interstitial inflammation and necrosis result
in secondary crystallization of the papillary tip. A sec-
ond crystallization, seemingly peculiar in this model but
possibly a form of Anderson-Carr body [23], consists of
deposits of CaOx and hydroxyapatite beneath and
within the urothelium, in the forniceal regions. We do
not understand the pathogenesis of this lesion. The
suggestion of a primary lymphatic involvement [23]
probably does not apply given the location of the lesions
in our model.

Comparison to other animal models

Some renal changes in our animals match those de-
scribed in other models of hyperoxaluria. In particular,
crystal deposition in the cortex and papillary changes
such as ours are well described as a consequence of
ethylene glycol [24]. Tubular atrophy and interstitial
fibrosis are well-known consequences of crystal deposi-
tion with cell injury [25]. On the other hand, some
changes here are not usually described. Cortical col-
lecting duct ectasia, which was a consistent observation
in our animals, is not characteristic of other hyperox-
aluric rodent models. The urothelial changes found here
that resemble Anderson-Carr bodies also occur in inbred
hypercalciuric rats rendered hyperoxaluric by feeding
with hydroxyproline [16], but have not been described in
other rodent hyperoxaluric models. We found that
crystals were admixtures of calcium oxalate, and
hydroxyapatite, in most regions of crystal deposition,
whereas calcium oxalate has generally been the sole
crystal described in the renal tissues of other rodent
hyperoxaluric models. Finally, when rats are merely fed
a high oxalate diet, no crystals or stones are found,
showing the importance of the resection in the model

[26]. What is most different, of course, is etiology. The
fact that ileal resection can lead to a consistent pattern
of stones and nephrocalcinosis affords new research
opportunities to explore a situation that resembles an
established and not uncommon human disease.

The finding of definitive spectral bands for hydroxy-
apatite in 15/20 inner medullary duct deposits and sug-
gestive bands in the other five duct deposits makes us
reasonably certain that this phase is present in these
tissues. This is supported by our finding of H-E positive
crystals by light microscopy and the crystalline pattern
by TEM. On the other hand, lack of confirmation in the
two tubules studied by electron diffraction and energy
dispersion indicates a need for further study of this
matter. Given definitive evidence for hydroxyapatite in
15/20 ducts, the two may have differed because of simple
sampling variability.

The primary effects of the high oxalate low calcium
diet presumably arise from the augmented oxalate
absorption in the gut, but other aspects may be impor-
tant. The diet is very low in calcium, which certainly
promotes oxalate absorption [27]. Possibly, vitamin
deficiencies may occur over time because of malab-
sorption. The low calcium diet, by contrast, must cer-
tainly promote increases in calcitropic hormone levels
[28] These are matters that are as yet unexplored.

Summary

Ileal resection combined with a high oxalate high fat low
calcium diet reproducibly leads to calcium urolithiasis
and renal crystallization in a pattern resembling human
enteric hyperoxaluria. Urine and tissue changes resemble
those of humans with this disease. Although many dif-
ferences are present between human disease and this
model, the model offers potential opportunities for re-
search into this specific human disorder.
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