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Abstract It is hypothesized that oxalate plays an active
role in calcium oxalate (CaOx) nephrocalcinosis and
oxalate driven nephrolithiasis by interacting with the
kidney. We developed an adjustable, nonprecursor,
continuous infusion model of hyperoxaluria and CaOx
nephrocalcinosis to investigate this hypothesis. Mini-
pumps containing PBS or KOx (60–360 lmol/day;
n=5–7/dose) were implanted subcutaneously in male
Sprague–Dawley rats on D0 and D6. Rats were killed on
D13. Oxalate excretion and CaOx crystalluria were
monitored by 20+4 h urine collections. Localization
and content of intrarenal crystals were determined on
frozen sections using polarization and lFTIR. Oxalate
excretion was significantly elevated in all KOx rats
(P £ 0.005). CaOx crystalluria was most persistent in the
240–360 lmol/day KOx rats, but even 60 lmol/day
KOx rats showed sporadic crystalluria. One hundred

percent of KOx rats had CaOx nephrocalcinosis as
confirmed by lFTIR. Most crystals were localized to the
lumens of the corticomedullary collecting ducts. A few
crystals are localized just under the papillar urothelium.
The minipump model is the first model of hyperoxaluria
to provide continuous infusion of oxalate. It permits
control of the levels of hyperoxaluria, crystalluria and
CaOx nephrocalcinosis. The level of sustained hyper-
oxaluria and CaOx nephrocalcinosis induced by treat-
ment with 360 lmol/day KOx for 13D models the
conditions frequently observed in jejunoileal bypass
patients. Adjustments in the length of treatment and
level of hyperoxaluria may allow this model to also be
used to study the oxalate driven CaOx-nephrolithiasis
common in patients with hyperoxaluria due to other
causes.
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Introduction

The role that oxalate plays in calcium oxalate (CaOx)
nephrocalcinosis (deposition of crystals within the kid-
ney proper) and oxalate driven nephrolithiasis (Ox-
nephrolithiasis, formation of a stone or gravel within the
extrarenal spaces) is not well understood. There are
several conditions which result in sustained hyperoxal-
uria. All patients with primary hyperoxaluria type I
develop CaOx-nephrocalcinosis and Ox-nephrolithiasis
[1]. In contrast, only a proportion of those patients with
primary hyperoxaluria type II [1], inflammatory bowel
disease [2], jejunoileal bypass surgery [3, 4], cystic
fibrosis [5], or idiopathic hyperoxaluria [6, 7] develop
Ox-nephrolithiasis, or less frequently, CaOx-nephro-
calcinosis. Oxalate excretion is highly variable in CaOx
stone formers, so even though 39% of idiopathic stone
formers have oxalate excretions at the high end of nor-
mal (40–45 mg/24 h [8]), many studies report no signif-
icant difference in oxalate excretion between stone
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formers and normal individuals [6, 7]. Current thinking
is that many idiopathic CaOx stone formers experience
only transient elevations in urinary oxalate due to vari-
ations in such factors as diet or hydration and that their
stone disease is related to hypercalciuria with resultant
Randall’s plaque formation [9]. In their now classic
studies of rats treated with oxamide or ethylene glycol,
Vermeulen and Lyon [10] hypothesized that CaOx stone
disease was the result of a high ‘‘triggering’’ dose of
oxalate followed by an extended period of exposure to
lower ‘‘maintenance’’ levels of oxalate. More recent data
supporting this hypothesis is provided by Khan et al.
[11, 12] who demonstrated that a continuous 2· eleva-
tion in urinary oxalate plus a bolus injection of oxalate
can induce CaOx nephrocalcinosis. Furthermore, it has
recently been shown that the consumption of a dose of
oxalate equivalent to that found in a single serving of
spinach can transiently elevate urinary oxalate excretion
into the range seen in patients with primary hyperoxal-
uria [13].

It has been calculated that fluid only takes about
3 min to traverse the nephron, although it takes about
41 min for a CaOx crystal to grow to clinically relevant
size [14]. This means that crystal retention within the
kidney, either by attachment to the renal epithelium or
by formation of aggregates, is essential if nephrocalci-
nosis is to develop. Many researchers now hypothesize
that oxalate promotes crystal formation and retention
through its effects on renal epithelial cell physiology
[15–18]. Among its many effects, oxalate can promote
cell death, cell proliferation, and increased binding of
CaOx to renal epithelial cell membranes [19, 20]. Cells
that are proliferating or physically damaged bind more
CaOx than those comprising a mature monolayer [21,
22]. The presence of cellular debris can also promote
nucleation and aggregation [23]. We hypothesize that
there is a broad range of sensitivity to oxalate which
could, in part, explain the apparent disconnect between
oxalate excretion and the incidence of CaOx-nephro-
calcinosis.

The study of how oxalate interacts with the kidney to
promote crystal formation, retention and deposition has
been hampered by the lack of an appropriate animal
model. An in vivo model would allow investigations to
be performed on a fully differentiated epithelium with all
endocrine and paracrine regulatory pathways and ana-
tomical features intact. Importantly, multiple segments
or tissue compartments could be studied. An in vivo
model would also facilitate investigation of oxalate’s
effects on other organs or on how oxalate is partitioned
for excretion. We have refurbished the minipump model
of hyperoxaluria [11, 24], which uses osmotic minipumps
implanted subcutaneously to deliver oxalate continu-
ously and steadily for periods of up to 14 days. In
addition to studying the interactions between oxalate
and the kidney which promote the development of
nephrocalcinosis, the minipump model could serve as an
important bridge between in vitro studies and animal
models of oxalate driven nephrolithiasis that are tailored

to form nephroliths in a time frame and at oxalate
dosages seen in patients with secondary or idiopathic
hyperoxaluria. In the refurbished minipump model we
can regulate the degree of hyperoxaluria, frequency of
CaOx crystalluria, and the extent of CaOx-nephrocalc-
inosis.

Materials and methods

Implantation of osmotic minipumps

Male Sprague–Dawley rats (200–250 g) were obtained
from Harlan (Indianapolis, IN) and maintained under
standard conditions at the Case Animal Resource Cen-
ter. Rats were given 5 days to acclimatize prior to use.
Food and water were available ad libidum.

Alzet� osmotic minipumps (Durect, Cupertino, CA)
with 2 ml reservoirs and a 1 week life span were filled
and implanted according to the manufacturer’s instruc-
tions. Minipumps were handled at a surgical plane of
sterility at all times. Minipumps were filled with 2 ml of
phosphate buffered saline vehicle (PBS) or the appro-
priate dosage of potassium oxalate (KOx), n=5–7 rats/
dose: 0.25 M (60 lmol/day); 0.5 M (120 lmol/day);
1 M (240 lmol/day); 1.25 M (300 lmol/day); or 1.5 M
( 360 lmol/day). KOx was filtered (0.2 lm) prior to each
use to remove any precipitated crystals. Minipumps
were primed for 24 h by soaking in PBS at 25�C. To
confirm that minipumps were in the plateau phase of
delivery during the entire treatment period, three mini-
pumps were filled with 360 lmol/day KOx and 14C-oxalic
acid (14C-Ox; 7.1 mCi/mmol, Sigma, St. Louis, MO).
Pumps were primed at 25�C for 24 h and then incubated
in PBS at 37�C in 30 ml PBS; PBS was replaced daily
and the 14C-Ox release was determined by scintillation
counting.

Each rat was anesthetized using a cocktail of
42.8 mg/ml ketamine, 8.6 mg/ml xylazine and 1.4 mg/ml
acepromazine (i.m., 0.1–0.2 ml/100 g). The surgical field
was infiltrated with 1 ml of a 0.025% solution of Bupi-
vacaine to provide 8–10 h of analgesia. A 1.5 cm inci-
sion was made over the shoulder and a pair of hemostats
was used to create a subcutaneous pocket running pos-
teriorly. A minipump was inserted portal first and the
wound was closed with 3–4 clips. After 6 days
(implantation = D0) the spent minipump was removed,
the cavity flushed with 20 ml of warm PBS, and the
wound closed. The replacement pump was inserted in
the contralateral shoulder. Rats were monitored post-
operatively in accordance with ARC guidelines. After
13 days, rats were sacrificed by means of an overdose of
anesthesia cocktail.

Processing of urine, plasma and tissue

Twenty-four hour urine collections were performed
beginning 24 h prior to implantation (D-1-0) and on
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days 2–3 (D3), 5–6 (D6), 9–10 (D10) and 12–13 (D13)
following implantation. During the collection period
rats were placed in metabolic cages (UniFab, Kalama-
zoo, MI) and urine was collected without adding pre-
servatives at 4�C and then stored at �20�C. Urine
samples (4 h) were taken at room temperature, centri-
fuged, washed in PBS and inspected for crystals using
light microscopy at 100·. On D13 blood samples were
drawn from the tail artery of each anesthetized rat using
heparinized syringes. Blood pH was determined imme-
diately on a blood-gas analyzer (Radiometer, Copen-
hagen). Additional blood was collected by cardiac
puncture using heparinized syringes and the plasma was
stored at �80�C. Urine samples were collected from the
bladders immediately following exsanguination and the
pH (pH paper with 0.3 unit gradations, Whatman,
Florham Park, NJ) and specific gravity (dipstick,
Chemstrip, Roche, Indianapolis, IN) were determined.
Urine oxalate concentrations were determined by the
oxalate-oxidase colorimetric assay (Trinity Biotech,
Brae, Ireland). Assays for plasma and urine creatinine
and ion concentrations were performed by the Core
Laboratory of the University Hospitals of Cleveland.
Levels of C-reactive protein (CRP) were determined in
plasma by ELISA (BD Biosciences, Franklin La-
kes, NJ). Transverse cross sections of the kidney con-
taining the cortex, medulla and papilla were fixed in 4%
paraformaldehyde, embedded in paraffin and stained
with H&E by the Rainbow Babies and Children’s
Pathology Core. Calcious deposits were detected by the
Yasue silver substitution method [25]. Other transverse
cross sections, unfixed, were frozen in an isopentane-lq
N2 cooled bath, stored in lq N2 vapor and cryosectioned.

Fourier transform infrared microspectroscopy (l-FTIR)

Kidneys were snap frozen and stored at �80�C. At
sectioning kidneys were embedded in OCT compound
(Miles Laboratories, Elkhart, IN) and serial cryosec-
tions cut in the midtransverse plane, generating perfect
cross sections showing outer cortex to papillary tip.
Even sections were mounted on low-E glass slides for
infrared analysis of mineral composition and fixed in
acetone for 15–20 s. Odd sections were fixed in acetone,
stained with 1% Toluidine Blue, dehydrated and cover
slipped. The composition of crystal deposits in situ was
determined by attenuated total internal reflection (ART)
l-FTIR. [9, 26, 27]. All sites of mineral deposition in a
given cross section were analyzed. Infrared spectra were
collected with a Perkins-Elmer Auto Image infrared
microscope interfaced to a Perkins-Elmer Spectrum
2000 Fourier transform spectrometer in the Molecular
Micro spectroscopy Laboratory of Dr. J Andre Som-
mer, Department of Chemistry and Biochemistry, Mia-
mi University, Oxford, Ohio. This new system employs a
250·250 lm, liquid nitrogen cooled, mercury cadmium
telluride detector (Hectic). Samples were analyzed using
a 50·50 lm aperture. Each spectrum represents the

average of 64 individual scans with 4 cm�1 spectral
resolution. Infrared spectra were also collected for
standards (calcium oxalate, calcium carbonate and
hydroxyapatite) and regions of tissue and embedding
medium were scanned for comparison. The relative
infrared sensitivities were determined from the absor-
bance of a sample of known thickness.

In an effort to assess the sensitivity of l-FTIR for the
study of the crystal deposits, the relative infrared sensi-
tivities were determined from the absorbance of a given
sample with a known thickness. Sensitivities for the
oxalate band (1,632 band) and the hydroxyapatite band
(1,029 band) were 0.275 and 0.136, respectively. Based
on these values l-FTIR is approximately two times more
sensitive for oxalate than it is for hydroxyapatite.
However, due to the presence of an interfering amide I
absorption from the tissue located at 1,640 cm�1, oxa-
late was identified by using the 769 cm�1 band. This
band has an infrared sensitivity of 0.090, thereby
favoring the detection of hydroxyl apatite by a factor of
1.5x. We have recently published a paper detailing the
issues one must consider when analyzing mineral
deposits in tissues [27].

Inulin clearance

Rats were treated with 360 lmol/day KOx (n=5) or
PBS (n=5) for 13 days according to the standard pro-
tocol. Inulin clearance was determined as previously
described [28]. Briefly, each rat was anesthetized with
Inactin (75 mg/kg) and placed on a heated platform.
The trachea was intubated and the right external jugular
vein cannulated for the infusion of a solution of 1%
inulin in 0.9% saline at 0.6 ml/100 g body weight/h. The
right carotid artery was cannulated for the measurement
of blood pressure. A small midline incision was made to
facilitate cannulation of the left ureter for the collection
of urine. Following a 60 min equilibration period, inulin
clearance was determined during three 20 min urine
collection periods with a blood sample taken at the mid-
point of each period. Inulin concentrations were deter-
mined colorimetrically by the resorcinol assay (A490).

Statistical analysis

Analysis of variance (ANOVA) was used to determine
whether the main treatment effects differed significantly
between treatment groups (SPSS, Chicago, IL). If they
differed significantly (P £ 0.05), all six treatment groups
were compared with each other using Tukey’s test. Data
are presented as mean ± standard error of the mean
(SEM). Regression analysis was performed when
appropriate using data from all six treatment groups
(Graphpad Prism, San Diego, CA). There are several
instances where our point can be made by comparing
D13 data from only the 360 lmol/day KOx and PBS
rats; in the interest of brevity we have done so.
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Results

Minipump function

There was no difference in the mean residual volume of
minipumps delivering PBS (339±44 ll) and those
delivering 360 lmol/day KOx (362±21 ll; P>0.6),
indicating that the minipumps functioned equivalently
regardless of the solution dispensed. The useable reser-
voir in these minipumps is 2,000 ll. With a release rate
of 240 ll/day, the minipump contains 8.3 doses and has
a theoretical pump life of 192 h. The first minipump was
implanted on Tuesday (D0) and replaced on Monday
(D6) for a duration of 144 h. The second minipump was
removed on the second Monday (D13) for a duration of
168 h. Three minipumps were used to confirm that
plateau levels of release were maintained during the
entire treatment period; they were filled with 1.5 M KOx
and 14C-Ox. As expected, less 14C-Ox was released
during the priming phase than during the release phase
(Fig. 1, P £ 0.001). Thereafter minipumps maintained a
steady release rate for 168 h at 37�C (P>0.1). The
amount of 14C-Ox released between 168 and 192 h was
reduced �25% compared to earlier time points (24, 48,
96 h; P £ 0.01). From these data we conclude that the
minipumps are capable of delivering a constant dose of
oxalate throughout the treatment period.

General response to treatment

Table 1 summarizes general parameters for D13 rats
treated with PBS or 360 lmol/day KOx. The plasma
concentrations of creatinine and the 24 h urinary
excretion of creatinine did not differ between the two

groups (P>0.3). Both PBS and 360 lmol/day KOx rats
had similar starting weights (P>0.6), but 360 lmol/day
KOx rats grew more slowly during treatment and had a
lower final weight (P £ 0.002). Food consumption per
gram body weight did not differ between groups
(P>0.1).

As discussed in our preliminary report on this model
[24], occasional foci of inflammation were observed in
the kidneys of rats treated with 360 lmol/day KOx for
13D; a similar observation was made in the current
study. These foci are frequently, but not always, asso-
ciated with crystal deposits. To rule out that these foci
either caused or resulted from a systemic inflammation,
rat plasma was assayed by ELISA for CRP. CRP is a
member of the pentraxin family and is an acute phase
protein secreted by the liver [29–32]. It is an exquisitely
sensitive marker for a variety of inflammatory responses
and tissue damage including infections, localized
necrosis, trauma and some cancers. Mean concentra-
tions of CRP on D13 did not differ between PBS and
360 lmol/day KOx rats (P>0. 2, Table 1). No rat’s
concentration of CRP exceeded the upper limit of nor-
mal, 600 lg/ml [31, 32], and there was no correlation
between average postimplantation oxalate excretion and
D13 CRP (r2=0.077, P>0.08, y=�0.0512x+49.85).
Similarly, there was no correlation between oxalate
dosage and CRP (r2=0.025, P>0.3, y=0.00085x+
0.4922) or percentage weight gain and CRP (r2=0.032,
P>0.3, y=�0.01775x+23.14). From these data we
concluded that oxalate does not induce systemic
inflammation.

Consistent with our previous report, D13 urine out-
put of 360 lmol/day KOx rats was 2-fold greater than
that of PBS rats (Table 1; P £ 0.005). Treatment did not
affect the pH or specific gravity of voided urine or pH of
blood (Table 1; P>0.1). A separate experiment was
performed to confirm that overall renal function was not
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Table 1 Day 13 rat parameters for rats treated with PBS vehicle or
360 lmol KOx

PBS (n=7) 360 lmol/day
KOx (n=7)

Oxalate excretion
(lmol/24 h)

6.9±1.1 60.9±5.2�

Creatinine excretion
(lmol/24 h)

91.7±16.6 114±13.0

Plasma creatinine (mg/dl) 0.46±0.02 0.43±0.04
Urine volume (ml/24 h) 11.1±2.1 22.4±2.4�

Starting body weight (g) 243±11.4 249±5.0
Final body weight (g) 302±9.2 264±3.8**
% Change in body weight 24±2.6 6.3±3.2**
Food/g body weight (mg/g) 81.3±5.6 94.7±5.5
C-reactive protein
(lg/ml plasma)

305±46.4 395±41.1

Voided urine pH 6.7±0.1 6.3±0.2
Blood pH 7.43±0.01 7.41±0.02
Specific gravity 1.0129±0.0015 1.0121±0.0029
Residual pump volume (ll) 339±44.1 363±21.2

Values are mean ± SEM
**P £ 0.02, �P £ 0.005, �P £ 0.001
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impaired by treatment with 360 lmol/day KOx and that
increased urine volume was not an artifact of water
bottle leakage. Inulin clearance and direct renal output
were determined in rats treated with PBS or 360 lmol/
day KOx for 13D (n=5 rats/dose). As can be seen in
Table 2, there was no difference in kidney size or kidney
size per gram of body weight between the two groups
(P>0.05). Inulin clearance did not differ between PBS
and 360 lmol/day KOx rats (P>0.05). Urine output per
kidney and per gram kidney was significantly increased
in 360 lmol/day KOx rats (P £ 0.02), indicating a gen-
uine increase in renal output.

Oxalate excretion and crystalluria

All six treatment groups had similar preimplantation
oxalate excretions (overall mean 6.3±0.5; P>0.2).
Oxalate excretion was similar in pre- and postimplan-
tation PBS rats (6.2±0.9 vs. 7.2±0.5 lmol/day,
P>0.5). Figure 2 shows average and daily postimplan-
tation oxalate excretions and the incidence of CaOx
crystalluria. The average postimplantation oxalate
excretions were higher in all groups of oxalate treated
rats than in PBS treated rats (P £ 0.004).

When the longitudinal analysis within treatment
groups was performed, postimplantation oxalate excre-
tions were always greater than preimplantation values
(P £ 0.001), with the exception of D6 in 120 lmol/day
KOx rats (P>0.2). There was an apparent decrease in
oxalate excretion at D6 (144 h) in most of the treatment
groups, despite our confirmation that minipumps are
capable of delivering a constant dose of oxalate
throughout the treatment period (Fig. 1). Exhaustive
analysis between and within treatment groups failed to
reveal any consistent differences between oxalate excre-
tions at D6 and those at other postimplantation time
points.

Based on crystal morphology and oil-immersion
microscopy, the excreted crystals were CaOx-dihydrate.
No samples showed CaOx crystalluria on D0. Five of
the six rats treated with 60 lmol/day KOx showed
crystalluria at least once during the postimplantation

period. Crystalluria was sporadic in these rats and none
showed crystalluria in more than two of the four po-
stimplantation samples. Rats treated with 120 or
240 lmol/day KOx showed a biphasic pattern of CaOx
crystalluria with the incidence being lowest at D6. One
rat in each treatment group showed CaOx crystalluria in
all postimplantation collections. CaOx crystals were
detected in almost all of the postimplantation samples
collected from rats treated with 300 or 360 lmol/day
KOx.

Plasma and urinary ions

The effects of treatment with 360 lmol/day KOx on
plasma ions are shown in Table 3. Treatment with
360 lmol/day KOx did not affect the levels of any of the
plasma ions tested (P>0.1). The effects of treatment
with PBS or 360 lmol/day KOx on D13 urinary ion
excretions are shown in the first two columns of Table 4.
Mean 24 h excretions of sodium (P £ 0.005) and
potassium were higher (P £ 0.05) in 360 lmol/day KOx
rats than in PBS rats, while those of calcium (P £
0.001), phosphate and magnesium were lower (P £ 0.05;
Table 4).

The excretion of many ions is tied directly or indi-
rectly to water reabsorption. To determine whether the
changes in ion excretion were more tightly correlated
with oxalate excretion or urine volume, regression
analysis using all six treatment groups was performed
(last two columns of Table 4). As expected, urine vol-
ume and oxalate excretion were positively correlated
(r2=0.26; P £ 0.05; y=0.2084x+8.247). The 24 h
excretion of sodium, potassium, chloride and calcium
was significantly correlated with oxalate excretion
(P £ 0.02). Urine volume was significantly correlated
with sodium, potassium, chloride, urea (P £ 0.001),
calcium and magnesium excretion (P £ 0.05). In many
cases urine volume was more tightly correlated with ion
excretion than was oxalate excretion. This suggests that
changes in ion excretion may be a secondary effect due
to oxalate-induced changes in renal physiology.

Deposition of intrarenal crystals

Intrarenal CaOx crystal deposition was determined on
paraffin embedded tissues stained with H&E. Deposits
were detected in 100% of the rats treated with 360 lmol/
day KOx. Only 28% (2/7) of the 300 lmol/day KOx rats
had intrarenal deposits of CaOx, and in both cases only
a few deposits were observed in each section. One or two
deposits were seen occasionally in sections from rats
treated with lower dosages of oxalate. Most of the
crystals were localized to the lumens of the collecting
ducts near the corticomedullary junction (Fig. 3a). The
identity of the deposits was confirmed in two ways.
Firstly, pairs of serial sections were stained and observed
by microscopy, one member of each pair using H&E and

Table 2 Day 13 inulin clearance by rats treated with PBS vehicle or
360 lmol KOx

PBS (n=5) 360 lmol/day
KOx (n=5)

Final body weight (g) 354±13 313±14
Kidney weight (g) 1.2±0.02 1.2±0.07
g Kidney/g body weight 0.35±0.02 0.36±0.02
Urine volume (ll/min) 3.7±0.45 14.5±3.2**
Urine volume ll/min/g
kidney

2.9±0.35 13.5±3.6**

Inulin clearance ml/min 1.4±0.15 1.2 ± 0.13
Inulin clearance ml/min/g
kidney

1.4±0.16 1.2±0.13

Values are mean ± SEM
**P £ 0.02
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polarized light; the other using the Yasue silver substi-
tution method (which stains calcious deposits reddish-
black) and unpolarized light. Both protocols produced
similar patterns of deposits (Fig. 3a, b), suggesting that
the birefringent deposits did, indeed, contain calcium.
Secondly, sections from rats treated with 360 lmol/day
or 240 lmol/day KOx (n=3/dose) were subjected to l-
FTIR spectroscopy. All crystalline deposits were com-
posed of CaOx. Twenty percent of the samples con-
tained a detectable, but not quantifiable, amount of
calcium carbonate. No apatite was detected in any of the
samples. A representative tracing is shown in Fig. 3c.

It surprised us that the percentage of rats having in-
trarenal CaOx deposits was so much lower in the
300 lmol/day KOx group than in the 360 lmol/day
group, given that both dosages induced persistent crys-
talluria and that 300 lmol/day is only 17% less than
360 lmol/day. There were no differences between the
360 lmol/day and 300 lmol/day KOx groups in starting
body weights, final weights, plasma levels of CRP, or
average postimplantation urine volumes (P £ 0.2; data
not shown). Evan et al. [33] recently reported that tissue
processing has a dramatic effect on the number of
crystals observed in a given section. To determine whe-
ther processing artifact was responsible for the sudden
decline in crystal deposition, cross sections were fixed by
two protocols: (1) immersion fixation in paraformalde-
hye, embedding in paraffin and staining with H&E
(Fig. 3d); and (2) snap freezing in an isopentane-lqN2

cooled bath, cryosectioning, light fixation with glutar-
aldehyde, and staining with Toluidine blue (Fig. 3e). As
in the previous report, frozen sections consistently
showed more birefringent crystals under polarizing op-
tics than did their paraffin embedded counterparts;
however, this did not explain the dramatic decrease in
crystal deposition at oxalate dosages of 300 lmol/day
KOx and below.

Frozen sections revealed several important aspects of
crystal localization that were not apparent in paraffin
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postimplantation oxalate excretion. b, c Postimplantation oxalate
excretion and CaOx crystalluria stratified by day and dose.

*Different from PBS at P £ 0.004. �Different from 360 lmol/day
KOx at P £ 0.001. �Different from all other days within the dosage
at P £ 0.001. Mean ± SEM, n=5–7 rats per dose/time point

Table 3 Day 13 plasma ion concentrations in rats treated with PBS
vehicle or 360 lmol KOx

PBS (n=7) 360 lmol/day
Kox (n=7)

Sodium (mM/l) 143±1.2 140±2.7
Potassium (mM/l) 4.9±0.2 5.3±0.1
Chloride (mM/l) 100±1.1 98±1.9
Calcium (mg/dl) 9.7±0.2 9.8±0.2
Blood urea nitrogen
(mg/dl)

17.4±0.6 17.7±0.9

Phosphate (mg/dl) 10.4±0.4 11.2±0.8
Magnesium (mEq/l) 1.4±0.04 1.6±0.04

Values are mean ± SEM
P>0.1 for all parameters
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embedded tissues. Firstly, crystal deposits were more
common in the cortex than previously reported. Sec-
ondly, while most deposits were in the lumens of the
collecting ducts, a few were in the lumens of the proxi-
mal tubules (Fig. 4a, b). These sections also revealed

several deposits that were clearly not localized to the
lumens (Fig. 4c, d). Whether these were located intra-
cellularly or between cells could not be determined at the
magnification used. Papillary crystals were somewhat
more common in frozen sections; occasionally several

Fig. 3 Identification of the crystalline composition of deposits and
comparison of tissue processing protocols. a, b Serial sections from
a rat treated with 360 lmol/day KOx for 13D. Sections were
embedded in paraffin, stained with H&E and photographed under
polarizing optics (a) or the Yasue stain + H&E (b), 4· (inset 40·). c
Representative tracing of lFTIR of Yasue positive staining
deposit. d, e The effects of tissue processing on the number of

observed crystals. Tissue from a rat treated with 360 lmol/day
KOx for 13D was processed by standard immersion fixation in 4%
paraformaldehyde, embedded in paraffin, and stained with H&E
(d) or snap frozen, crysosectioned, fixed with 0.5 % glutaraldehyde
and stained with Toluidine blue (e). Sections were photographed
under polarizing optics at 4·. Circles birefringent deposits in the
paraffin embedded section

Table 4 Day 13 urine ion excretion by rats treated with PBS vehicle or 60–360 lmol KOx

PBS (n=7) 360 lmol/day
KOx (n=7)

r2 for 24 h
oxalate
PBS +60–360 lmol/day
KOx (n=41)

r2 for 24 h
volume
PBS + 60–360 lmol/day
KOx (n=41)

Sodium (mM/24 h) 1.1±0.09 1.4±0.06� 0.31� 0.56�
Potassium (mM/24 h) 3.2±0.3 4.2±0.2* 0.18** 0.66�
Chloride (mM/24 h) 2.1±0.2 2.5±0.1 0.17** 0.52�
Calcium (mg/24 h) 1.9±0.3 0.6±0.1� 0.14** 0.12*
Urea Nitrogen (mg/24 h) 309±27 328±15 0.05 0.54�
Phosphate (mg/24 h) 14.3±0.2.2 8.4±0.8* 0.09 0.01
Magnesium (mEq/24 h) 0.22±0.05 0.10±0.01* 0.04 0.13*
Urine volume (ml/24 h) 11.1±0.1 22.4±2.4� 0.26� –

Values are mean ± SEM
*P £ 0.05, **P £ 0.02, �P £ 0.005, �P £ 0.001
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deposits were present, although one or two were more
typical (Fig. 4e, arrow F). Interestingly, a few deposits
were located just under the papillary urothelium
(Fig. 4e, inset) or were present within the calyces and in
close apposition to the papillary epithelium (Fig. 4f–h).

Discussion

This report describes an updated version of the mini-
pump model characterized by continuous and steady
delivery of oxalate for up to 2 weeks. This model will
facilitate the study of oxalate’s effects on the physiology
of various organs including the kidney. The minipump
model has an advantage over precursor models in that it
cannot cause confounding effects due either to variable
metabolism of a precursor to oxalate [34] or to pro-
duction of extraneous and potentially nephrotoxic
metabolites [35]. Hyperoxaluria develops within 0–12 h
(data not shown) and crystalluria is readily detectable by
D3 [24] and often earlier (data not shown).

Rats treated with 360 lmol/day KOx oxalate gained
less weight than their PBS treated counterparts. How-
ever, there was no difference between the two groups for
several other important parameters of rat health
including blood chemistries, two tests of general renal
function, levels of markers for systemic inflammatory
response, and food consumption per gram of body
weight. Analysis of urine chemistries revealed changes in
the excretion of several ions, the meaning of which is not
clear. Changes in the excretion of urinary ions have also

been reported in other studies of continuous hyperox-
aluria, but specifics differ between studies except as to
decreased excretion of calcium [36–40]. It has been as-
sumed that the hypocalciuria was due to the deposition
of CaOx crystals throughout the body. While there is no
direct data on this issue, infusions of oxalate labeled
with14C have shown that it distributes widely through-
out the body [41, 42, Marengo, unpublished observa-
tions], making this hypothesis plausible. As with the
ethylene glycol and hydroxyproline oxalate precursor
models of continuous hyperoxaluria [39, 43, 44], the
minipump model is characterized by increased urine
volume. Originally, this effect was considered to be an
artifact attributable to excessive water consumption
promoted by the sweet taste of ethylene glycol. How-
ever, this explanation is negated by the increased urine
volume seen in rats treated with ethylene glycol by ga-
vage, fed chow supplemented with hydroxyproline, or
treated with oxalate subcutaneously by the minipump
model. Using a continuous microperfusion system,
Wareing and Green [45] showed that concentrations of
luminal oxalate less than 0.05 mM stimulate fluid
reabsorption while higher concentrations inhibit it. The
excretion of several ions and water are tightly coupled;
thus, changes in the reabsorption of a given ion or water
could have a ripple effect on the reabsorption of other
ions.

We were able to adjust the amount of hyperoxaluria
and the incidence of CaOx crystalluria by adjusting the
dosage of oxalate. All dosages of oxalate significantly
increased oxalate excretion compared to that of PBS

Fig. 4 Additional sites of calcium oxalate crystal deposition
revealed using frozen sections, glutaraldehyde fixation, Toluidine
blue staining and polarizing optics. a Deposition of crystals in the
collecting ducts of the cortex, 20·. G glomerulus. b Deposition of
crystals in the proximal tubules of the cortex, 20·. c, d
Extraluminal deposition of crystals, 40·. c White arrow extralumi-

nal deposit. e Deposition of crystals under the urothelium covering
the papilla, 10·. e Black arrow papillary deposit. e Inset 40·. f, g, h
Crystals deposited in the calyces. Note the very close apposition of
the crystals to the papillary urothelium or cellular debris in (g, h). f
4·. f Inset 20·. g, h 40·
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rats. Treatment with 60 lmol/day KOx elevated urine
oxalate excretion 2.8-fold over that of the PBS rats and
induced sporadic crystalluria. Treatment with the next
higher dose, 120 lmol/day KOx, increased oxalate
excretion 3.8-fold over that of PBS rats and induced
more consistent crystalluria. These dosages increase
oxalate excretion to levels like those in Sprague–Dawley
rats fed a diet supplemented with the oxalate precursor
5.2% hydroxyproline [46].

If one estimates the average oxalate excretion in hu-
mans to be �30 mg of oxalate/day [6, 47], then many
CaOx stone formers and individuals with mild enteric
hyperoxaluria excrete �1.5–4 times more oxalate than
‘‘normal’’ individuals [9, 48]. This degree of elevation is
similar to that induced by 60 and 120 lmol/day KOx.
However, the pattern of excretion differs despite this
similarity. Minipump rats maintain a steady level of
hyperoxaluria throughout the 13D treatment period,
whereas it is hypothesized that many idiopathic CaOx
stone formers experience only transient elevations in
urinary oxalate due to variations in factors such as diet
and hydration (and, of course, these elevations are re-
peated over months or years instead of 13D).

Treatment with higher doses of KOx increased oxa-
late excretion to levels like those in Sprague–Dawley rats
drinking water supplemented with the oxalate precursor
ethylene glycol [37, 43, 44, 49–51]. As expected, crys-
talluria was observed in most rats at most time points at
the higher dosages of KOx. Patients with primary hy-
peroxaluria or severe enteric hyperoxaluria have con-
tinuous elevations in their oxalate excretion and can
easily excrete 100–300 mg of oxalate/day [1, 8, 52, 53],
which would place excretion at 3- to 10-fold of normal.
This sustained high level is similar to that of rats treated
with 240–360 lmol/day KOx.

CaOx-nephrocalcinosis was detectable by D13 in all
rats treated with 360 lmol/day KOx. CaOx deposits
were most common in the lumens of the collecting ducts
near the corticomedullary junctions, although nonlumi-
nal deposits and nonmedullary deposits were also pres-
ent. Of especial interest were the deposits just under and
in close apposition to the papillary urothelium, since it
has been speculated that crystals deposited in the inter-
stitium of the outer papilla can erupt through the uro-
thelium [32, 40, 54]. We had expected that the incidence
of nephrocalcinosis would be somewhat proportional to
the dosages of oxalate. Instead, both the incidence and
the amount of crystal deposition in 300 lmol/day KOx
rats were surprisingly less than in 360 lmol/day KOx
rats, even though the dosage was only 17% lower. Both
groups had similar growth characteristics, CRP levels
and urine volumes, supporting the hypothesis that oxa-
late does not induce intrarenal crystal deposition by
systemic effects. Both groups had consistent crystalluria
during the postimplantation periods, suggesting that
CaOx supersaturation was sufficient for crystallogenesis
in both groups. It seems likely that intrarenal oxalate
levels in the 360 lmol/day KOx rats exceeded a critical
threshold above which crystals are retained in the tu-

bules. Future studies will determine whether this
threshold—assuming it exists—marks the induction of a
high level of supersaturation (permitting very rapid
crystal growth so that the crystals become trapped
within the tubule lumens) and/or if it marks the induc-
tion of changes in the renal epithelium (allowing the
crystals to adhere to the tubule walls). Because the in-
trarenal crystals are generally located in a fairly straight
portion of the tubule, we favor the later explanation.

In its current configuration the minipump model
most closely represents the type of enteric hyperoxaluria
which develops in jejunoileal bypass patients [55–57], in
that there is a sustained, 2-fold plus elevation in urinary
oxalate excretion and deposition of birefringent CaOx
crystals (i.e., CaOx-nephrocalcinosis) within the lumens
of the collecting ducts. Interestingly, such patients can
develop end stage renal failure due to CaOx-nephro-
calcinosis without ever having developed a true CaOx
stone [55, 57, 58]. Although CaOx-nephrocalcinosis is
the general rule for bypass patients, there is a recent
report involving four intestinal bypass patients with
enteric hyperoxaluria in which the intraluminal deposits
were not birefringent [9]. X-ray diffraction confirmed
that these deposits were composed of hydroxyapatite,
not CaOx. The reason for this discrepancy is not clear.
The proportion of calcium phosphate in the stones in-
creased with successive episodes [59, 60]. The four by-
pass patients had been stone free prior to bypass surgery
and had at least two CaOx stones since then. In contrast,
several patients in the earlier studies went into oxalate
induced renal failure having passed one or no stones. A
new rat model of intestinal resection found CaOx, apa-
tite, and calcium carbonate crystals filling cortical
proximal tubules and medullary collecting duct lumens
with associated tubular obstruction and interstitial
inflammation. These data suggest that the proportions
of CaOx and apatite in renal crystals may transition
through stages [40]. While deposition of any crystalline
material in the kidney can be problematic, it could be
argued that patients who can adjust their physiology to
deposit hydryoxyapatite crystals rather than CaOx may
be better off. Reports of patients losing kidneys due to
massive deposits of hydroxyapatite are virtually nonex-
istent. One potentially valuable application of the
minipump model would be to investigate what condi-
tions are needed to cause deposition of hydroxyapatite
in the presence of hyperoxaluria.

Conclusions

The development of an animal model for human disease
always presents a number of challenges, especially when
the disease results from the interaction of multiple ge-
netic, physiologic and environmental factors. Often a
variety of models is needed to gain a full appreciation of
the pathology and the potential targets for treatment.
The osmotic minipump makes possible an oxalate direct
in vivo model for the study of CaOx nephrocalcinosis
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and interactions between oxalate and the kidney. Dos-
ages and length of treatment can be altered to provide
different levels of hyperoxaluria, crystalluria and neph-
rocalcinosis, which will facilitate study of the milder
forms of hyperoxaluria in humans.
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