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Using LoxP/Cre technology, we generated a knockout
mouse homozygous for a null mutation in exon 2 of
Cav1. In male Cav1�/� animals, we observed a dra-
matic increase in the incidence of urinary calcium stone
formation. In 5-month-old male mice, the incidence of
early urinary calculi was 67% in Cav1�/� mice com-
pared to 19% in Cav1�/� animals. Frank stone forma-
tion was observed in 13% of Cav1�/� males but was
not seen in Cav1�/� mice. Urine calcium concentra-
tion was significantly higher in Cav1�/� male mice
compared to Cav1�/� mice. In Cav1�/� mice, distal
convoluted tubule cells were completely devoid of Cav1
and the localization of plasma membrane calcium AT-
Pase was disrupted. Functional studies confirmed that
active calcium absorption was significantly reduced in
Cav1�/� compared to Cav1�/� male mice. These re-
sults demonstrate that disruption of the Cav1 gene pro-
motes the progressive steps required for urinary cal-
cium stone formation and establish a new mouse model
for urinary stone disease. (Am J Pathol 2003,
162:1241–1248)

Caveolin-1 (Cav1) is a major structural protein of caveo-
lae, small membrane invaginations of the cell membrane
that play a cell and context-dependent role in potocyto-
sis, transcytosis, molecular transport, and signal trans-
duction.1,2 Specific molecules from four major signaling
pathways have been detected in caveolae, G-protein

mediated signaling, calcium-mediated signaling, tyrosine
kinase/mitogen-activated protein kinase signaling, and
lipid signaling. Caveolae appear to be a focal point for
compartmentalizing, organizing, and modulating signal
transduction activities that begin at the cell surface and
Cav1 may function not only as a structural molecule but
also to modulate the function of signal transduction path-
ways.2 Given the complexity of each signal transduction
pathway and the potential for cross talk and interactions
between pathways it is likely that Cav1 may be uniquely
associated with specific pathological responses in indi-
vidual cell types. We have documented increased ex-
pression of Cav1 in prostate cancer, especially meta-
static and androgen-insensitive disease.3–7 To further
investigate the functions of Cav1 we generated mice with
deletions of the Cav1 gene.

In this report we describe generation of Cav1�/� mice
and the unique observation that male Cav1�/� mice
develop hypercalciuria and urolithiasis. In humans, some
urinary calculi occur as a result of foreign bodies, ob-
struction, or infection but many are a result of stone
formation in the kidney or a reflection idiopathic hyper-
calciuria.8 Indeed, treatment options for recurrent stone
formation in men with idiopathic hypercalciuria has been
the subject of some controversy with a recent study sug-
gesting that prevention with a diet low in protein and salt
rather than calcium is most effective.9 Certain rare X-
linked recessive diseases such as Dent’s disease are
accompanied by nephrolithiasis that has been linked to
mutations in a voltage-gated chloride channel. Two
mouse models of this disease syndrome were estab-
lished.10,11 Both models had proteinuria but only one also
had hypercalciuria with microscopic calcium deposits in
the kidney11 and the occurrence of calculi was not re-
ported. Our studies point to Cav1 function as a critical
determinant of urinary calcium homeostasis and demon-
strate that homozygous deletion of the Cav1 gene can
lead to formation of urinary calculi.
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Materials and Methods

Generation of Embryonic Stem Cells with
Deleted Cav1 Exon 2

A 129/Sv mouse genomic library (Stratagene, La Jolla,
CA) was screened with a mouse Cav1 cDNA probe.3

Exon/intron boundaries were determined by means of
restriction mapping and DNA sequencing. We isolated
and characterized a 4.5Kb EcoRI genomic clone contain-
ing Cav1 exon 1 and exon 2. To generate the targeting
vector, A cassette expressing the neomycin resistance
gene (neoR) flanked by two Lox P sites (GenBank acces-
sion number AF335420) was placed in upstream of exon
2 (NheI site) and another LoxP site was inserted into
intron 2 (NdeI site). A thymidine kinase (tk) cassette was
inserted downstream in the vector. We electroporated
AB2.2 embyonic stem (ES) cells with the BamHI linear-
ized targeting vector and identified targeted ES cell
clones by Southern blot analysis using probes external to
the targeting vector.12 Electroporation with a Cre-expres-
sion plasmid, pCMV-Cre, mediated recombination be-
tween two LoxP sites deleting DNA sequences flanking
exon 2. We screened clones containing deleted and
“floxed” mutant alleles by Southern blot analysis. Protein
analysis by Western blotting was as previously de-
scribed3 using rabbit anti-Cav1 (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), mouse anti-Cav2 (Transduction
Labs, San Diego, CA), or mouse anti-Cav3 (Transduction
Labs).

Generation and Identification of Cav1 Mutant
Mice

Targeted ES cell clones were used to create chimeras.
Chimeric males were mated with C57Bl6/J Tyrc-Brd fe-
males and germline transmission of the mutant allele was
verified by Southern blot analysis of genomic DNA from
pigmented F1 offspring. Mice from Cav1�/� intercrosses
were genotyped by PCR. Primers (Figure 1A) were intron1
sense, F1, 5�-TTCTGTGTGCAAGCCTTTCC-3�, exon 2
antisense, R1, 5�-GTGTGCGCGTCATACACTTG-3� and
targeting vector antisense, R2, 5�-GGGGAGGAGTA-
GAAGGTGGC-3�. All mice used in the experiments were
F2-F4 hybrids and were maintained in facilities accred-
ited by the American Association for Accreditation of
Laboratory Animal Care and all experiments conducted
in accordance with the principles and procedures out-
lined in the National Institutes of Health’s Guide for the
Care and Use of Laboratory Animals.

Histopathology and Immunohistochemistry

Animals were euthanized and after careful observation
for gross changes organs were dissected and weighed.
Tissue samples were fixed in 10% buffered formalin and
embedded in paraffin. Kidney sections (4 to 5 �m) were
stained with hematoxylin and eosin (H&E) according to
standard protocols and were evaluated microscopically.
Immunohistochemical analysis for Cav1 was as previ-

ously described.3,13 Antibody to plasma membrane cal-
cium ATPase (PMCA) was from Affinity Bioreagents
(Golden, CO) and Na��/Ca�� exchanger antibody was
from Swant (Switzerland). Calbindin D28K antibody was
from Sigma-Aldrich (St. Louis, MO). Antibody reactivity
was detected by standard ABC immunostaining or immu-
nofluorescence for double labeling with Cav1 and PMCA
antibodies. The Von Kossa histochemical stain was used
to demonstrate calcification in urinary calculi.14

Biochemical Analyses

Urine was collected over a 24-hour period by means of
metabolic cages (Nalgene, Rochester, New York). Blood
was collected by major venous puncture at the time of
euthanasia. Urine and serum chemical analyses were
performed at the Baylor Department of Pathology using
Roche Cobas Mira (GMI, Inc, Albertville, MN). Calculi
were analyzed by the Baylor Urolithiasis Laboratory.

In Vivo Calcium Reabsorption Test

The effect of a Ca�� restriction on the urinary excretion of
Ca�� was essentially as described.15 Five-month-old

Figure 1. Disruption of mouse Cav1. A: Structure of targeting vector and
partial restriction map of Cav1 exon 2 locus before and after homologous
recombination and Cre-mediated recombination. Exons are indicated by
black boxes. The location of Southern blot probes (P1, P2) is represented by
empty boxes. Lox P sites are represented by empty triangles. Different
mutant alleles of exon 2 after gene targeting and Cre-mediated recombina-
tion are shown. Three primers (F1, R1 and R2) were used for detection of
deleted alleles. B: Southern blot analysis of Cav1 LoxP3 ES clone, LoxP2 and
LoxP1 ES clones after digestion. The genotype of individual ES clones is
indicated on the top of the gel. C: Genotype of offspring from Cav1�/�
intercrosses analyzed by Southern blot and PCR. D: Total protein from lung,
heart and spleen of (�/�), (�/�), and (�/�) animals was examined by
Western blotting with �-tubulin, Cav1, Cav2, or Cav3 antibody.
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male mice were fed a Ca��, Mg��-deficient diet (Harlan
Teklad, Indianapolis, IN) for 4 days while in metabolic
cages and urine collected every 24 hours.

Results

To elucidate the role of Cav1 in vivo and minimize a
possible influence of any antibiotic selection genes in
mutant animals, we specifically deleted one allele of Cav1
exon 2 together with possible splicing sites, covering the
5� coding regions of both Cav1� and Cav1� mRNA16 in
embryonic stem (ES) cells (Figure 1A). ES cells were
electroporated with the targeting vector and G418-resis-
tant ES cell clones screened by Southern blot analysis
using a probe (P1) external to the targeting vector (Figure
1B). Two targeted ES cell clones were electroporated
with a Cre expression vector and isolated clones were
screened by Southern blotting with probe P2 (Figure 1A)
and several clones were identified which had a deletion
of exon 2 and Neo (Figure 1B). One of these ES cell
clones contributed to the germ line of chimeric mice
which yielded Cav1�/� F1 offspring. Heterozygous mice
were intercrossed and their offspring genotyped (Figure
1C). From a total of 2296 mice, 587 were Cav1�/�
(24.7%), 1189 were Cav1�/� (51.8%) and 540 were
Cav1�/� (23.5%), close to the expected Mendelian ratio
(1:2:1), indicating the viability of homozygous mice. The
mean body weight of Cav1 �/� mice (28.6 � 0.6 � g)
and Cav1�/� mice (27.5 � 0.5 � g) was not significantly
different at 5 months (P � 0.1636, n � 72) or at other
ages. Cav1�/� mice were fertile and had a normal litter
size and gender ratio. Western blot analysis of total pro-
tein from heart, spleen and lung confirmed the absence
of Cav1 protein in Cav1�/� mice (Figure 1D). As previ-
ously reported17–19 expression of Cav2 was also affected
in Cav1�/� and �/� lung and heart. The expression of
Cav3 in the heart of our Cav1�/� mice appeared to be
reduced to the same extent as that shown by Zhao et
al,19 but in contrast to the mice reported by Drab et al17

in which Cav3 expression in the heart appeared un-
changed.

Histopathological examination of Cav1�/� mice, com-
pared to �/� and �/� littermates, revealed tissue ab-

normalities consistent with those previously reported, eg,
lung abnormalities.17–19 Surprisingly, in several Cav1�/�
male mice that were 4 months old we found urinary
bladder calculi. To systematically investigate this obser-
vation we performed a thorough examination of Cav1�/�
and �/� mice at four specific ages (Figure 2). Two
categories of urinary calculi were observed, early urinary
calculi with relatively abundant matrix debris as well as
frank solid stones. In 5-month-old Cav1�/� male mice
overall urinary calculi formation within the bladder was
observed in 80% of the mice whereas in Cav1�/� male
mice of the same age the frequency was only 19%. Within
these groups early urinary calculi were observed in 67%
of the Cav1�/� male mice and 19% of the Cav1�/� male

Figure 2. The frequency of early urinary calculi (open boxes) and solid
stones (solid boxes) in male mice in four age groups. The number of mice
in each group varied from 23 to 60.

Figure 3. Urinary calculi and stones. A: In Cav1�/� animals, solid calcium
phosphate stones could be identified in urinary calculi. B: H&E staining of
calculi revealed a pinkish staining for calculi proteins with central light bluish
staining representing potential calcification. C: Von Kossa staining demon-
strated the granular calcium deposits in the calculi. Size of bars indicated.
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mice and frank urinary stones were seen in 13% of the
Cav1�/� mice at 5 months of age and none of the �/�
mice at any age analyzed. Urinary calculi or stones were
not observed in female Cav1�/� (n � 53) or Cav1�/�
(n � 49) mice at any age (data not shown). Urinary calculi
were usually heterogeneous in composition (Figure 3A)
and chemical analysis of seven solid stone samples in-
dicated that four contained calcium phosphate and/or
calcium oxalate and six samples contained nonspecific
cellular/organic material. Hematoxylin and eosin staining
revealed that the calculi were composed of a non-cellu-
lar, pinkish substance with focal hematoxylin-stained pre-
cipitation suggesting potential calcification (Figure 3B).
To further analyze calculi in which ostensible solid stone
formation was not apparent, all calculi from the 5-month
age group of male mice were analyzed by Von Kossa
staining which is capable of potentially identifying cal-
cium deposition (Figure 3C). Positive Von Kossa staining
was demonstrated in 31% of the urinary calculi from
Cav1�/� male mice, whereas negative Von Kossa stain-
ing was observed in all Cav1�/� urinary calculi. Histo-
logical examination did not reveal any microscopic dys-
trophy of the bladder muscle. Overall, the data are
consistent with progressive microscopic calcium deposi-
tion and ostensible stone formation in male Cav1�/�
mice but not in Cav1�/� littermates.

To examine if urine composition was playing a role in
stone formation, 24-hour urine samples were collected
using a metabolic cage for chemical analysis. Urinary
Ca�� in Cav1�/� male mice was significantly higher
than that of Cav1�/� littermates whereas (Table 1). In-
terestingly, urinary Ca�� levels in Cav1�/� female mice
were similar to those in Cav1�/� females. Urinary creat-
inine or total protein were not significantly different be-
tween Cav1�/� and Cav1�/� animals whether male or
female. Microscopic crystals together with heteroge-
neous material were observed in the urine of all male
Cav1�/� mice but not Cav1�/� mice (data not shown).
Neither calculi nor calcifications were found in the renal

parenchyma, pyelocaliceal system or ureter of any
Cav1�/� mouse when tissue sections were carefully
evaluated after H&E, periodic acid Schiff, or von Kossa
staining. Surprisingly no features of cell injury were found
in any renal tubular segment. In addition there were no
glomerular or vascular changes and no evidence of Ran-
dall’s plaques.20 As expected, serum Ca�� levels were
not significantly different. High urine Ca�� and normal
serum Ca�� were suggestive that Cav1�/� male mice
might have defects in renal Ca�� absorption or excre-
tion.

Analysis of the kidneys revealed that the kidney weight
in Cav1�/� male mice (220 � 6 mg) was significantly
higher than in age and body weight-matched Cav1�/�
males (201 � 6 mg, P � 0.0141), however, there were no
significant differences at the microscopic level in cell
density, or morphology of the glomeruli and tubule cells
(data not shown). Immunohistochemical analysis did not
demonstrate detectable IgG precipitate within the glo-
meruli (data not shown), suggesting that the calcium
filtration disorder was not related to autoimmune glomer-
ulonephritis.21

Immunohistochemical analysis of Cav1�/� (Figure 4,
A-C) and Cav1�/� (Figure 4, D-F) male mice indicated
that Cav1 expression was predominantly localized to the
basal area of the distal convoluted tubule (DCT) cells in
Cav1�/� kidney, consistent with localization studies
in Sprague-Dawley rats,22 but was completely absent in
Cav1�/� kidney. PMCA, an important basolateral Ca2�

active transporter in DCT cells,23 was also evaluated by
immunohistochemistry. The data indicated that in
Cav1�/� animals PMCA was detected in the cytoplasm
and tended to concentrate in the basolateral region of the
DCT epithelia (Figure 4B). In contrast, this polarity in
cellular distribution was absent in the Cav1�/� male
(Figure 4E) and female kidneys (not shown). Immunohis-
tochemical analysis of calbindin D28k, a major cytoplas-
mic calcium-binding protein, demonstrated similar inten-
sity and cytoplasmic distribution in Cav1�/� and

Figure 4. Immunocytochemical assessment of male Cav1�/� (A, B, and C) or Cav1�/� kidney tissue (D, E, and F). Cav1 expression was predominantly
identified in the basal area of DCT of Cav1�/� kidney (A) and completely absent in a Cav1�/� kidney (D). PMCA immunoreactivity was detected in the
cytoplasm of distal tubular epithelia where it tended to concentrate at the basolateral region in Cav1�/� kidney DCT cells (B). This polarity in cellular distribution
disappeared in Cav1�/� DCT cells (E). A similar calbindinD28k expression pattern was seen in distal tubules of both Cav1�/� (C) and Cav1�/� (F) kidney.
Double immunofluorescence labeling of Cav1 (G) and PMCA (H) in a Cav1�/� kidney indicated that the two proteins were partially co-localized (I). Bar, 125
�m in A, C, D, and F; bar, 60 �m in B, E, and G– I.

Table 1. Biochemical Analysis of Urine and Serum

Sex Cav1 �/� n Cav1 �/� n P value*

Urine calcium (mg/dl) M 7.1 (� 1.0) 16 15.0 (� 2.5) 17 0.008
F 9.7 (� 1.3) 5 9.2 (� 1.6) 6 0.814

Urine creatinine (mg/dl) M 92.1 (� 35) 18 77.7 (� 11) 18 0.695
F 61.2 (� 10) 10 89.8 (� 10) 10 0.068

Urine total protein (g/dl) M 2.2 (� 0.4) 14 1.8 (� 0.3) 14 0.399
F 0.98 (� 0.2) 10 0.67 (� 0.2) 10 0.227

Serum calcium (mg/dl) M 13.0 (� 0.4) 7 13.0 (� 0.4) 8 0.841
Serum creatinine (mg/dl) M 0.6 (� 0.03) 7 0.7 (� 0.06) 8 0.301
Blood urea nitrogen (mg/dl) M 26.8 (� 0.8) 5 26.8 (� 1.6) 6 0.980
Serum phosphorus (mg/dl) M 14.4 (� 1.9) 5 17.9 (� 2.9) 6 0.361
Serum albumin (g/dl) M 3.6 (� 0.7) 5 3.4 (� 0.2) 6 0.848
Serum total protein (g/dl) M 6.8 (� 0.3) 5 6.7 (� 0.2) 6 0.868

*P value determined with Student’s t test.
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Cav1�/� kidney (Figure 4, C and F, respectively), as did
the Na�/Ca�� exchanger (data not shown). To determine
whether Cav1 and PMCA might interact we performed
double immunofluorescent staining for Cav1 (Figure 4G)
and PMCA (Figure 4H) in Cav1�/� kidney sections. In
the superimposed image (Figure 4I) the two proteins
co-localize in some areas.

Since our data suggested that Ca�� reabsorption from
urine and transport into blood might be compromised in
Cav1�/� animals, we performed a metabolic study of
male mice fed a Ca��, Mg��-deficient diet.15 Twenty-
four hour urine calcium output as standardized by creat-
inine is shown in Figure 5. Basal Ca�� levels in Cav1�/�
male mice were significantly higher than in Cav1�/�
controls as detected in previous studies (Table 1). After 3
days on the Ca��, Mg��-deficient diet, total Ca��/cre-
atinine levels in both groups were considerably de-
creased with the level in Cav1�/� mice barely detect-
able and the Cav1�/� group significantly higher (Figure
5), indicating that Ca�� active absorption was impaired.
Renal function assessed as creatinine clearance re-
mained essentially normal during this process, and urine
protein excretion was not significantly different between
the two groups (data not shown).

Discussion

Urolithiasis, which often affects males to a much greater
extent than females, is a multifaceted process. Several
steps are required for the generation of frank calcium
oxalate or calcium phosphate stones. Calcium oxalate
crystals are often found in the urine in healthy subjects
indicating that crystallogenesis is controlled such that
small crystals are usually swept out by the urine without
leading to pathological consequences. The events lead-
ing to formation of large crystal aggregates are poorly
understood. Urinary proteins play an important role in
stone formation by serving as a nidus that leads to the

subsequent formation of a larger crystalline matrix struc-
ture and ultimately ostensible stone formation.24–26 In
addition to the presence of proteins, hypercalciuria is the
most common metabolic abnormality in patients with uro-
lithiasis. Increased urine calcium excretion was the only
phenotype associated with the kidney stone formation in
a family-based study.27 The frequency of hypercalciuria
in men and women with a history of kidney stone disease
is much higher than that of normal counterparts.28 De-
fects in calcium absorption are an important cause of
hypercalciuria in normocalcemic patients29 and in a ge-
netic hypercalciuric stone-forming rat model.30 Active
calcium absorption involves passive entry through apical
membrane calcium channels followed by active transport
across basolateral plasma membranes within the distal
part of the nephron. The latter is mediated by means of
PMCA and a Na�/Ca�� exchanger.31 Immunohisto-
chemical studies have localized the basolateral Ca��

transporting proteins, and the cytoplasmic Ca�� binding
protein calbindinD28K and an apical epithelial Ca��

channel are enriched exclusively in DCT.13

In our study, we found an increased percentage of
urinary calculi in the bladders of male Cav1�/� mice
beginning at 2 months of age and the incidence of urinary
calculi increased with age. Although bladder stone for-
mation occurs in humans, the presence of stones within
renal calices is far more common in the Western hemi-
sphere.32 The reasons for the exclusive presentation of
bladder but not renal calculi in Cav1�/� male mice is
unclear at this time. Female Cav1�/� mice did not ex-
perience urolithiasis. Interestingly, male but not female
mice of the same strain (129/Sv) have been reported to
develop early calculi in an age-dependent manner33 con-
firming that this strain of mice is somewhat predisposed
to urinary calculi formation, yet an additional genetic
alteration, ie, elimination of Cav1, appears to promote
accumulation of calcium microprecipitates in the calculi
and ultimately frank urinary stones.

A causal factor as determined in our study was hyper-
calciuria in Cav1�/� males compared to Cav1�/�
males. There were no differences in urine calcium levels
in the female mice further supporting hypercalciuria as
the physiological determinant. Our immunohistochemis-
try studies indicated that Cav1 was predominately local-
ized to the basolateral side of the DCT cells in wild-type
mice and in Cav1�/� male and female mice the absence
of Cav1 led to an aberrant distribution of PMCA (Figure 4)
but did not affect the Na�/Ca�� exchanger. Caveolae
are important determinants of calcium transport and cal-
cium-mediated signaling2 and co-localization of Cav1
and calcium pumps have been reported in cells that
morphologically lack caveolae.34 As further confirmation
of this molecular mechanism, our in vivo analysis, a Ca��,
Mg��-deficient diet confirmed that Cav1�/� mice had a
significant defect in active reabsorption of Ca��. The
specific association of urolithiasis with male but not fe-
male Cav1�/� mice is consistent with the limited infor-
mation available for human stone disease but the under-
lying mechanisms were not completely resolved in this
study. It is conceivable that this sex-associated phenom-
enon is related to the quantity (male mice of both geno-

Figure 5. Calcium reabsorption analysis in male mice. Urine Ca�� expressed
as mg of Ca�� per 24 hours before (day 0) and after 3 or 4 days on a Ca��,
Mg��-deficient diet. Renal function, as assessed by creatinine remained
normal. *, P � 0.0279 on day 3 and 0.0454 on day 4.
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types have two-fold more urinary total protein than female
mice, see Table 1), or types of proteins present in male
urine.35 Alternatively, since urine Ca�� levels in Cav1�/�
female mice did not differ from Cav1�/� mice, other
hormone-regulated processes related to Ca�� transport
may be involved. It seems unlikely that disruption of Cav1
had effects on parathyroid hormone or vitamin D3 signal-
ing since serum Ca�� levels and the intracellular level of
calbindin D28k were unaffected.

Overall, our studies support a multigenic contribution
in frank calcium urinary stone formation. They are con-
sistent with an initial predisposing protein component that
serves as a nidus and matrix for further microscopic
calcium deposition. By elimination of Cav1, the progres-
sion of this process toward urinary stone formation oc-
curs much more rapidly beginning with microscopic dep-
osition of Ca�� and ultimately leading to frank ostensible
stones. It is not clear whether the nature of the protein
milieu is altered in Cav1�/� mice, and this will be the
target of future studies. However, it is clear from our
studies that the absence of Cav1 leads to hypercalciuria
that appears to be secondary to mislocalization and likely
misfunction of PMCA, an important calcium pump protein
in the mouse distal nephron. Therefore, overall our results
have further enlightened the process of stone formation
and have potential clinical utility. Indeed, this mouse
model system may be appropriate and useful for further
studies that elucidate the molecular mechanisms under-
lying urolithiasis in humans.
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