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Abstract
Background. Autosomal dominant polycystic kidney dis-
ease (ADPKD) is a common genetic disease that results in
the development of cystic kidneys and liver. Pkd2(WS25/−)
mice are a key genetic mouse model of human ADPKD that
recapitulate the ‘molecular recessive’ nature of human
ADPKD. Providing the foundation for future long-term
studies, the present work documents distinct patterns of
long-term cyst growth in the kidneys and liver of male
and female pkd2(WS25/−) mice.
Methods. Gravimetric measurements documented the pro-
gression of kidney and liver growth in male and female
pkd2(WS25/−) mice over 12 months. A fast imaging with
steady-state precision–magnetic resonance imaging (FISP-
MRI) technique to measure kidney and liver organ and
cyst volumes was optimized and validated. Longitudinal
FISP-MRI analyses of changes in cyst volumes were per-
formed in pkd2(WS25/−) mice over 15 months.
Results. Male and female pkd2(WS25/−) mice had signif-
icant increases in kidney weights after 4 months of age.
The progression of kidney growth was minimal after
4 months of age. Liver cyst growth in male pkd2(WS25/−)
mice was minimal after 4 months of age but showed an
accelerated rate of growth after 8 months of age. Female
pkd2(WS25/−) mice also showed accelerated growth but
this was delayed in time when compared with male
pkd2(WS25/−) mice.
Conclusions. Pkd2(WS25/−) mice are a genetic mouse
model that recapitulates the early phenotypic characteris-
tics of human ADPKD kidney cystogenesis. Male pkd2
(WS25/−) mice consistently display a late progression in
liver growth that is seen in clinically impacted livers of hu-
man ADPKD patients.
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Introduction

Occurring in ∼1 in 800 live births, autosomal dominant
polycystic kidney disease (ADPKD) is the most common

life-threatening hereditary disease in the USA. The most
prominent feature of ADPKD is the development of poly-
cystic kidneys that leads to the progressive loss of renal
function. ADPKD accounts for ∼4% of all patients requir-
ing renal replacement therapy in the USA [1]. The most
prevalent extra-renal manifestation of ADPKD is the for-
mation of liver cysts. While liver function is generally
maintained, cystic livers can reach seven times their nor-
mal volume [2] and cystic livers contribute significantly
to ADPKD morbidity and mortality. In ADPKD kidneys,
longitudinal computed tomography (CT) and quantitative
magnetic resonance imaging (MRI) studies [3,4] show that
cyst and organ volumes correlate directly with the degree of
renal function impairment and cyst volume increases occur
in an age-dependent manner [5–7]. Similarly, in ADPKD li-
vers, MRI studies show that hepatic cysts are highly preva-
lent and increase progressively in volume over time [8,9].
The availability of genetic animal models with phenotypes
that closely parallels the human disease will allow mecha-
nistic studies to be performed and mechanism-based thera-
pies to be tested.

Human ADPKD is linked to mutations in either PKD1
(∼85% of cases) or PKD2 (∼15% of cases). ADPKD is like-
ly a ‘molecular recessive’disease where individuals have a
germline mutation in one allele and undergo spontaneous
mutations in the remaining allele within individual somatic
cells during the subject’s lifetime. Accordingly, homozy-
gous pkd1(−/−) and pkd2(−/−) knockout mice die in utero
or in the early post-partum period. Heterozygous pkd1(+/−)
and pkd2(+/−)mice can develop cysts but do so at a rate that
precludes them serving as a useful model. To address the
need for a genetic animal model that mirrors the phenotype
of human ADPKD, pkd2(WS25/−) mice were engineered
[10]. These mice have a true knockout of one of the pkd2
alleles while the second pkd2 allele (i.e. WS25) was engi-
neered to undergo rapid rates of recombination. The recom-
bination events results in reversion back to a wild-type
configuration or conversion to a true knockout configura-
tion. By 3 months of age, all pkd2(WS25/−) mice develop
discernible cysts in both their kidneys and liver [10]. These
mimetic features make pkd2(WS25/−) mice a potentially
powerful model to study themechanisms of disease progres-
sion and efficacy of medical therapies. To date, however, lit-
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tle is known about the progression of cyst disease in pkd2
(WS25/−) mice. To non-invasively track cyst progression
within individual mice, a fast imaging with steady-state pre-
cision (FISP)-MRI technique was first optimized and vali-

dated. Gravimetric and FISP-MRI measurements of organ
weights, organ volumes and cyst volumes were then used
to document the long-term growth characteristics of kidney
and liver cysts in male and female pkd2(WS25/−) mice.

Materials and methods

Pkd2(WS25/−) mouse model

C57BL/6 pkd2(WS25/−) mice were developed and provided by Stefan
Somlo [10]. The animals were cared for in the Center for Laboratory An-
imal Care at UC-Denver Anschutz Medical Center and all experimental
protocols were approved by the UC-Denver Animal Care and Use Com-
mittee. C57BL/6 Pkd2(+/−) and C57BL/6 pkd2(WS25/+) breeding pairs
generated pkd2(WS25/−) mice. Mice were genotyped by Southern blot-
ting, as previously described [10]. At interim time points, some mice were
subjected to MRI analysis (see below). At each final time point, mice
were weighed, euthanized (pentobarbital, 60 mg/kg body weight), kidneys
and liver removed and weighed.

Magnetic resonance imaging

MRI studies were performed on a Bruker 4.7-Tesla PharmaScan (Bruker
Medical, Billerica, MA). Animals were anaesthetized (60 mg/kg xylazine,
10 mg/kg ketamine), injected into the tail vein with Omniscan® (gadodia-
mide, GEHealthcare; 0.1 mmol/kg) and inserted into a volume coil (38mm
diameter; tuned to the 1H frequency of 200 MHz) [11,12]. Three distinct
sequences were initially applied: Bruker rapid acquisition with relaxation
enhancement (RARE) proton density-weighted MRI (TR/TE = 3000/
32 ms; number of averages = 4; flip angle = 180°; total acquisition time =
6min 35 s); Brukermulti-slice multi-echo (MSME) T1-weightedMRI (TR/
TE = 720/11 ms; number of averages = 4; flip angle = 90°; total acquisition
time = 12min 16 s) and Bruker FISP-MRI (TR/TE = 3.8/1.9 ms; number of
averages = 4; flip angle = 60°; total acquisition time = 2min 24 s). The slice
thickness was 0.1 cm; fields of view ranged between 3.6 and 4.0 cm; slice
orientation was axial or coronal; and the matrix size was 256 × 256 [13].
FISP-MRI was the most effective method and was used on the subsequent
longitudinal studies of five female pkd2(WS25/−)mice and one male pkd2
(WS25/−)mouse between 3 and 15months of age. The study survival times
of the five female mice in the study were 7 (one), 11 (one), 13 (one) and 15
months (two) of age. The pre-mature animal deaths occurred after failing to
recover from MRI anaesthesia and were not considered directly associated
with their genetic background.

Volumetric analysis

Total organ and cyst volumes of kidneys and liver were measured on se-
rial FISP-MRI images using NIH Image J. For each slice, the perimeter of
each kidney and the liver was electronically outlined and the total number
of pixels recorded. The perimeters of all kidney and liver cysts were sim-
ilarly measured and recorded. The values were converted to cubic centi-
metres and multiplied by the slice thickness to get the organ and cyst
volumes per slice. The organ and cyst volumes within all the slices were
summed to get the total volumes. The coefficient of variation of seven
repeated measurements of the same organ (i.e. intra-operator error) was
∼2.2% [11]. Parenchymal volumes for kidneys and liver were calculated
by subtracting the total cyst volume from the total organ volume.

Fig. 1. Characteristics of FISP-MRI of kidney and liver cysts. Images
from axially oriented H&E (A) and FISP-MRI (B) sections through a
cystic kidney from a 6-month-old male pkd2(WS25/−) mouse show the
comparative capacity of the two techniques to image cysts. While not
perfectly matched in orientation, the images have several cysts in
common (arrowheads; bar = 5 mm). Axial imaging of liver (C) shows
a relatively homogeneous signal density (bar = 5 mm). The stomach
(asterisk) and portal vein/vena cava (arrows) are also observed. The gall
bladder is not seen in this section. Within the body of the liver, liver cysts
of various sizes are observed (arrowheads). A contrast-adjusted image of
the smallest cyst (inset bar = 0.3 mm) highlights the resolution of FISP-
MRI detection.
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Statistical analysis

Group data were presented as the mean ± the standard error of the mean.
All statistical analyses ware carried out using the InStat 2.0.9 statistical
analysis software. A non-parametric (Mann–Whitney Test) analysis of un-
paired samples was performed on the gravimetric data within each time
point. P-values < 0.05 were considered statistically significant.

Results

Gadolinium-enhanced FISP-MRI provides sensitive
imaging of kidney and liver cysts

The present study sought to establish an MRI methodology
with the sensitivity, contrast and resolution that allows ac-
curate and concurrent measurements of cyst volumes with-
in the kidneys and liver of pkd2(WS25/−) mice. In each
MRI technique tested, gadolinium markedly increased
the intensity of the detected signals (data not shown).
Compared with RARE-MRI and MSME-MRI, FISP-
MRI consistently produced the clearest images of tissues
and cysts. FISP-MRI combines a mixture of T2-weighted
and T1-weighted contrast to produce homogeneously
bright signals of fluids (i.e. cyst fluids) while also having
excellent delineation of parenchymal tissues [14–16]. The

rapid (2 min and 24 s) acquisition time also reduced the
effect of breathing artefacts. Images from H&E sections
(Figure 1A) and FISP-MRI sections (Figure 1B) through
a similar region of the same kidney demonstrate the com-
parative capacities of the two techniques to detect the pres-
ence of cysts. The resolution of FISP-MRI allows 0.3 mm
diameter cysts to be detected and discriminated (Figure 1C).
Examples of longitudinal FISP-MRI imaging of a cystic
kidney and cystic liver are shown in Figure 2. Figure 2A–
C shows the emergence and growth of cysts in the kidney
of a pkd2(WS25/−) mouse at 5, 6 and 7 months of age, re-
spectively. Figure 2D and E shows the longitudinal images
of a cystic liver at 7 and 13 months, respectively. The capac-
ity to measure cyst and organ volumes using serial FISP-
MRI images was validated by comparing FISP-MRI organ
volumes and gravimetric organ weights measured from the
same animal (Figure 3). This included normal organs from
pkd2(+/+) mice (n = 6) and cystic organs from pkd2
(WS25/−) mice (n = 3). Linear regression analysis showed
a strong correlation between organ weights and volumes
for both kidney (y = 1.00x + 0.04; r2 = 0.975; n = 18 [two
kidneys in nine animals]) and liver (y = 0.96x + 0.03; r2 =
0.932; n = 9). FISP-MRI volume measurements were sub-

Fig. 2. Longitudinal FISP-MRI imaging of cysts in pkd2(WS25/−) mice. FISP-MRI images displayed the ability to discern kidney and liver cyst growth
longitudinally within the same animal. Coronal mid-organ images of the right kidney in a female pkd2(WS25/−) mouse after (A) 5, (B) 6 and (C)
7 months of age are shown (bar = 5 mm). Arrowheads point to cysts. Axial mid-organ images of the liver in a female pkd2(WS25/−) mouse after (D) 7
and (E) 13 months of age are shown. Arrowheads point to cysts; the stomach (asterisk) and portal vein/vena cava (arrows) are also observed. The gall
bladder is not seen in these sections. The liver hilum appears as a diffuse white area in the mid-liver region at this level.
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sequently incorporated into studies of cyst growth patterns
of kidneys and liver cysts in pkd2(WS25/−) mice.

Kidneys in pkd2(WS25/−) mice display early cystogenesis

An initial comparison of the left versus right kidney
weights in pkd2(WS25/−) mice showed that the left or
right kidneys could increase in weight independently of
the other kidney (Figure 4). In subsequent analyses, left
and right kidney weights were combined and presented
as total kidney weights. At 4 months of age, kidneys in
male and female pkd2(WS25/−) mice were, respectively,
40 and 31% larger than organs from age-matched pkd2

(+/+) mice (Figures 4B and 5A; Table 1). Interestingly, be-
tween 4 and 12 months of age, there was no accelerated pro-
gression of kidney growth. After 12 months, male pkd2
(WS25/−) kidneys were still 40% larger than male pkd2
(+/+) kidneys and female pkd2(WS25/−) kidneys were
29% larger than female pkd2(+/+) kidneys. FISP-MRI
analysis largely corroborated these findings (Figure 5C).
The kidneys of the male pkd2(WS25/−) mouse showed a
progression in cyst volumes between 5 and 15 months of
age that was larger than predicted by the average gravimet-
ric measurements, but values were within the range of in-
dividual measurements. The right and left kidney cyst
volumes were 0.046 and 0.098 mL at 5 months of age and
0.282 and 0.480 mL at 13 months of age. In four of the five
female pkd2(WS25/−)mice, kidney cyst volumes paralleled
the average gravimetric findings. These eight kidneys all
had measurable but modest cyst volumes at 5 months of
age (range at 5 months, 0.004–0.048 mL) and little increase
in the cyst volumes in the subsequent months (range at
13 months, 0.003–0.075 mL). The two kidneys from the re-
maining female pkd2(WS25/−)mouse had a distinct pattern
of cyst growth with significant volumes at 5 months of age
(right, 0.257 mL; left, 0.219 mL) and robust increases over
the following 6 months (11 months of age: right, 0.708 mL;
left, 0.453 mL). The underlying reason for this distinct phe-
notype is unclear, but the observation highlights the vari-
ability that can occur in this model and the utility of FISP-
MRI longitudinal measurements.

Livers in pkd2(WS25/−) mice display long-term
cyst progression

Liver growth patterns in pkd2(WS25/−) mice are distinct
from the kidney growth patterns. At 4 months of age, liver

Fig. 3. Validation of FISP-MRI organ volume measurements. Using both
pkd2(+/+) (n = 6) and pkd2(WS25/−) (n = 3) mice, (A) linear regression
analysis showed that MRI-calculated kidney volumes were highly
correlated with gravimetric kidney weights (r2=0.975) and (B) MRI-
calculated liver volumes were strongly correlated with gravimetric liver
weights (r2=0.932).

Fig. 4. Left versus right kidney weights in pkd2(WS25/−) mice.
Measurements were made in mice at 4, 8 and 12 months of age. Left and
right kidney weights from male pkd2(+/+) mice (open circles) were
relatively consistent (r2= 0.70; regression line is shown). In contrast, left
and right kidney weights in male pkd2(WS25/−) mice (closed circles)
varied significantly (r2 = 0.19; line not shown). This variation did not
appear to have a left or right preference.
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weights in female pkd2(WS25/−) mice increased by <10%
and no significant difference was measured in the livers of
the male counterparts (Figure 6A and B; Table 1). In 12-
month-old female mice, pkd2(WS25/−) liver weights were
modestly increased by 35% when compared to pkd2(+/+)
mice. Male pkd2(WS25/−) mice, however, showed a strik-
ing rate of liver weight increase after 8 (∼50% increase
over w.t.) and 12 months of age (>300% increase over
w.t.). Liver cyst volumes in pkd2(WS25/−) mice mirrored
and advanced these findings (Figure 6C). The liver cyst
volume in the male pkd2(WS25/−) mouse was 0.318 mL
at 5 months of age, ∼20% greater than the normal mouse
liver volume. This volume increased modestly after 6 and
7 months of age. Between 7 and 15 months of age, how-
ever, the liver cysts underwent an accelerated rate of in-
crease in volume. After 15 months of age, the liver cyst
volume was 9.535 mL or over five times the volume of
normal mouse livers. The liver cyst volumes in female
pkd2(WS25/−) mice showed a similar pattern of growth
as the male pkd2(WS25/−) mouse, but the onset was de-
layed in two of the mice. All five female mice had modest
liver cyst volumes during the first 9 months of age. After
11 months, however, two of the female pkd2(WS25/−)
mice had a similar accelerated growth rate that was present
in the male pkd2(WS25/−) liver. The liver cyst volumes in
the other two female mice were increasing in volume in a
manner that suggested they were following a similar but
delayed pattern of volume increase.

Patterns of parenchymal volume changes are different in
pkd2(WS25/−) kidneys and liver

In human ADPKD kidneys, non-cystic kidney mass (∼pa-
renchymal mass) has been reported to increase modestly
[4], remain relatively constant [5] or decrease [3] with dis-
ease progression. The parenchyma in pkd2(WS25/−)
mouse kidneys showed a modest but variable decrease in
mass when compared to the kidney masses in wild-type
mice of the same age (Figure 7A). The parenchymal mass
of human ADPKD livers remains relatively constant dur-
ing disease progression [8]. Similarly, liver parenchymal
volumes in pkd2(WS25/−) mice increased in mass at a rate
that mirrored the gains in liver mass in pkd2(+/+) mice
between 5 and 11 months of age (Figure 7B).

Fig. 5. Temporal changes in kidneys in pkd2(WS25/−) mice. (A) Kidney
weights in male pkd2(WS25/−) mice (closed circles) were significantly
greater than kidney weights in pkd2(+/+) mice (closed squares) after
4 months. The comparative difference in pkd2(WS25/−) mice versus
pkd2(+/+) mice remained constant after 8 and 12 months of age. (B)
Kidney weights in female pkd2(WS25/−) mice (open circles) were
significantly greater than kidney weights in pkd2(+/+) mice (open
squares) at 4 months of age. This comparative difference remained
relatively constant at 12 months of age. (C) FISP-MRI-determined
kidney cyst volumes in a male pkd2(WS25/−) mouse (closed circle) were
progressively increased between 5 and 15 months of age. Kidney cyst
volumes in female pkd2(WS25/−) mice (open symbols) were measurable,
but minimal, with little increase in volume in four of five mice. One female
pkd2(WS25/−)mouse (open circles) had large cyst volumes at 5 months of
age and showedmarked rates of increase between 5 and 11months of age in
both kidneys.
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Discussion

The present study makes two significant contributions.
Firstly, the study describes and validates the efficacy of
FISP-MRI in the rapid and quantitative imaging of kidney
and liver cysts in mice. Secondly, the study characterized
and compared the long-term patterns and sex dependence
of kidney and liver cyst growth in pkd2(WS25/−) mice, an
important genetic mouse model of human ADPKD.

FISP-MRI allows longitudinal quantitation of kidney and
liver cyst growth

Non-invasive imaging of kidneys and liver is pivotal in
the diagnosis and evaluation of ADPKD patients [17].
More recently, it has advanced the ability of investigators
to monitor the efficacy of putative medical therapies. Ul-
trasound has historically been the primary imaging mo-
dality for ADPKD diagnosis [18] but has limited spatial
resolution and limited quantitative utility [19]. With its
high resolution and capacity for quantitative and longitu-
dinal measurements [3–7], CT and MRI are becoming the
primary imaging modalities in the long-term care of
ADPKD patients. Paralleling these clinical advancements,
MRI techniques have been applied in experimental mouse
models to follow the onset and progression of kidney cyst
growth [20–23]. The present study is the first report on
MRI imaging of liver cysts in mice, demonstrates the ac-
curacy in measuring kidney and liver cyst volumes and
promotes the case for incorporating FISP-MRI into
long-term mouse studies of ADPKD. Importantly, longi-
tudinal FISP-MRI should reduce the number of required
animals and help minimize the inter-animal variability
that has historically confounded studies in models of
cyst disease.

Pkd2(WS25/−) mice as a model of kidney cyst growth in
human ADPKD patients

Through their genetic design, pkd2(WS25/−) mice mimic
the molecular recessive nature of human ADPKD [10].
Previous studies have shown that cysts are present in both
kidneys and liver in all pkd2(WS25/−) mice that are
>10 weeks of age [10] and indicated that cyst volumes ap-
pear to increase over time [24], though the pattern of this
progression had not been delineated. Furthermore, gender
differences in kidney and liver cyst growth have not been
previously described in pkd2(WS25/−) mice.

In human ADPKD patients, longitudinal CT studies on
a limited number of subjects found kidney volumes in-
creased by ∼50 mL/year [3,4]. The kidney cyst growth
has been reported elsewhere to have an apparent exponen-
tial rate of growth [25]. While ADPKD kidney cyst disease
is more severe in men versus women, both men and wom-
en have a similar pattern of cyst growth. The present study
indicates that pkd2(WS25/−) mice are an excellent model
to study the initial effects of kidney cystogenesis. During
their first 4 months of life, male and female pkd2(WS25/−)
mice showed 40 and 31% increases in kidney weights, re-
spectively (Figure 4). This percentage increase in weight
provides an appropriate window to evaluate the effects of
therapeutic interventions. Organ weights are relatively con-
sistent in wild-type mice (Table 1) but were more variable
in pkd2(WS25/−) mice. Supported by the longitudinal cyst
volume measurements, this variability is likely impacted by
the timing of WS25 recombination/cystogenesis, the num-
ber of cells with WS25 recombination events and the rate of
individual cyst growth in pkd2(WS25/−) mice. When
performing pre-study power analyses, investigators should
take into account this variability in the pkd2(WS25/−)mice.
Pkd2(WS25/−) mice may be more limited as a model to

Table 1. Gravimetric organ measurements in pkd2 mice

Female Male

Months (+/+) (WS25/−) P-value (+/+) (WS25/−) P-value

4 n 14 9 10 12
Body weight (g) 24.2 + 0.8 24.1 + 0.7 31.4 + 0.9 28.5 + 0.6
Kidney weight (g) 0.29 + 0.01 0.38 + 0.03 * 0.43 + 0.03 0.55 + 0.10 NS
% BW 1.19 + 0.02 1.56 + 0.11 * 1.37 + 0.04 1.92 + 0.36 *
Liver weight (g) 1.14 + 0.06 1.20 + 0.09 NS 1.51 + 0.07 1.47 + 0.09 NS
% BW 4.54 + 0.10 4.96 + 0.14 * 4.77 + 0.08 5.08 + 0.29 NS

8 n 10 11
Body weight (g) 39.1 + 1.7 38.1 + 2.5
Kidney weight (g) 0.56 + 0.03 0.72 + 0.06 *
% BW 1.43 + 0.03 1.97 + 0.22 *
Liver weight (g) 1.79 + 0.06 2.73 + 0.59 NS
% BW 4.61 + 0.08 6.81 + 1.00 *

12 n 6 4 17 21
Body weight (g) 32.0 + 2.0 29.9 + 2.9 40.4 + 1.8 41.7 + 4.6
Kidney weight (g) 0.36 + 0.02 0.43 + 0.05 NS 0.53 + 0.02 0.77 + 0.11 *
% BW 1.12 + 0.01 1.44 + 0.11 * 1.32 + 0.05 1.85 + 0.13 *
Liver weight (g) 1.31 + 0.09 1.62 + 0.35 NS 1.86 + 0.10 6.26 + 1.04 *
% BW 4.01 + 0.06 5.41 + 1.11 * 4.64 + 0.20 14.76 + 2.25 *

NS, not significant; *P < 0.05.
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Fig. 7. Longitudinal assessment of parenchymal volumes inpkd2(WS25/−)
mice. Kidneys and livers in male pkd2(+/+) mice (closed squares) and
female pkd2(+/+) mice (open squares) increased in mass between 4 and
12 months of age. (A) MRI-determined kidney parenchymal volumes
(grey circles; one male, three to four females) appeared relatively
constant but variable between 5, 7, 9 and 11 months of age. (B) MRI-
determined liver parenchymal volumes (grey circles; one male, three to
four females) appeared to increase at a rate similar to the rate of liver
mass increase seen in wild-type mice.

Fig. 6. Temporal changes in livers in pkd2(WS25/−)mice. (A) At 4 months
of age, liver weights in male pkd2(WS25/−) mice (closed circles) were not
significantly different than those from pkd2(+/+)mice (closed squares). At
8 months of age, there was a significant increase in liver weights in male
pkd2(WS25/−)mice and an evenmore dramatic increase after 12 months of
age. (B) At 4 months of age, liver weights in female pkd2(WS25/−) mice
(open circles) were significantly but minimally greater than liver weights in
pkd2(+/+) mice (open squares). There was little increase in female pkd2
(WS25/−) liver weights between 4 and 12 months of age. (C) The liver
cyst volume in the male pkd2(WS25/−) mouse (closed circles) was
modest up through 7 months of age but underwent progressive increases
in volume between 9 and 15 months of age. Female pkd2(WS25/−) mice
(open symbols) had modest liver cyst volumes during the initial 9 months
of life but then also began to display progressive increases in cyst volumes.
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characterize the later kidney cyst growth associated with
disease progression. While cystic kidneys in individual
mice had accelerated rates of volume increase, there was
no significant increase in kidney weights between 4 and
12 months of age across a population of pkd2(WS25/−)
mice (Figure 4).

Pkd2(WS25/−) mice as a model of liver cyst growth in
human ADPKD patients

In human ADPKD, over 50% of ADPKD subjects under
25 years of age have discernible liver cysts [9]. This num-
ber exceeds 90% in ADPKD subjects over 35 years of age.
Liver cyst volumes in ADPKD patients also increase with
advancing age, but the rates are markedly variable between
individuals. Importantly, it is the emergence and growth of
the grossly cystic livers in a subset of ADPKD patients
over 40 years of age that accounts for the bulk of the mor-
bidity and mortality of the liver manifestations of ADPKD.
The present studies demonstrate that male pkd2(WS25/−)
mice reproducibly develop grossly cystic livers and may
serve as an excellent model to identify molecular and cel-
lular pathways that can drive the late term progression of
liver cyst growth.

An area where there is disparity in the pkd2(WS25/−)
mouse modelling of human ADPKD liver disease is in
sex dependence. In human ADPKD, women have much
more severe liver cyst disease and there is a strong positive
correlation between oestrogen exposure and ADPKD liver
cyst growth [26,27]. Comparative MRI studies [9] have
found that women between the ages of 35 and 45 years
had significantly greater average liver cyst volumes than
their male counterparts and a greater propensity to have
grossly cystic livers. Female pkd2(WS25/−)mice, however,
had a modest increase in liver weight after 12 months of age
and an apparent delayed increase in liver cyst volumes when
compared with male pkd2(WS25/−)mice. The mechanisms
responsible for the delayed liver cyst progression in female
pkd2(WS25/−)mice versus female human ADPKD patients
remains to be determined and constrains the use of pkd2
(WS25/−)mice in studies directed at understanding the role
of oestrogen in driving ADPKD liver cyst growth.

Conclusion

In summary, FISP-MRI provides a rapid, sensitive and accu-
rate method to quantitativelymeasure cyst, organ and paren-
chymal volumes in mouse kidneys and liver. Pkd2(WS25/−)
mice, a genetic homologue of humanADPKD, closelymod-
el the phenotypic characteristics of early kidney cystogen-
esis in human ADPKD. While male pkd(WS25/−) mice
have a limited capacity to investigate the contributions of
oestrogen in human ADPKD liver cyst disease, they do have
a robust liver cyst growth phenotype that can be used to
study other contributing mechanisms that underlie long-
term cyst progression in human ADPKD livers.
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Abstract
Background. Idiopathic infantile hypercalcaemia (IIH) is a
rare disease that generally resolves spontaneously between
the age of 1 and 3 years. Similar symptoms may occur in
patients suffering from Williams–Beuren syndrome
(WBS), which is caused by a microdeletion on chromo-
some 7. Two of the genes, named CLDN3 and CLDN4,
located within this region are members of the claudin fam-
ily that has been shown to be involved in paracellular cal-
cium (Ca2+) absorption. Based on the hemizygous loss of
CLDN3 and CLDN4 in WBS and the function of these
genes in paracellular Ca2+ transport, we hypothesized that
mutations in CLDN3 or CLDN4 could also be involved in
IIH.
Methods. Biochemical characteristics, including calciotro-
pic hormone levels, were obtained from three typical IIH
patients. CLDN3 and CLDN4 sequences were also ana-
lysed in these patients. The major intestinal Ca2+ transport-
er TRPV6 was also screened for the presence of mutations,
since hypercalcaemia in IIH and WBS has been shown to
result from intestinal hyperabsorption. All three patients
were also analysed for the presence of deletions or duplica-
tions using a single-nucleotide polymorphism (SNP) array
for genomic DNA.
Results. The serum Ca2+ levels of patients were 2.9, 3.3
and 3.8 mmol/L (normal <2.7 mmol/L). Levels of 25-

hydroxyvitamin D3 and 1,25-dihydroxyvitamin D3 were
normal, parathyroid hormone (PTH) and PTH-related pep-
tide (PTHrP) levels were appropriately low. Sequencing of
coding regions and intron–exon boundaries did not reveal
mutations in CLDN3, CLDN4 and TRPV6. Identified
SNPs were not correlated with the disease phenotype. A
SNP array did not reveal genomic deletions or duplications.
Conclusions. Biochemical analysis did not reveal inappro-
priate levels of calciotropic hormones in IIH patients in this
study. Furthermore, based on the lack of mutations in
CLDN3, CLDN4 and TRPV6, we conclude that IIH is nei-
ther caused by mutations in these candidate genes nor by
deletions or duplications in the genome of these patients.

Keywords: claudin 3; claudin 4; hypercalciuria; idiopathic infantile
hypercalcaemia; Williams–Beuren syndrome

Introduction

Idiopathic infantile hypercalcaemia (IIH) is a rare disorder
of thus far unknown aetiology with a reported prevalence of
1 in 50 000 life births [patients with Williams–Beuren syn-
drome (WBS) included] [1]. Children suffering from IIH
usually present during their first year of life with clinical
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