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Hepatic polycystic disease occurs alone or in combi-
nation with polycystic kidney disease (PKD). In auto-
somal recessive PKD (ARPKD), liver lesions are the
major cause of morbidity and mortality in older pa-
tients. ARPKD is caused by a mutation to PKHD1 and
the PCK rat is an orthologous model of disease. Re-
cently, we showed that fibrocystin, Pkhd1 protein, is
localized to primary cilia in rat cholangiocytes and
that disruption of its ciliary expression results in bil-
iary cystogenesis. This study describes biliary pheno-
type in the PCK rat using micro-computed tomogra-
phy scanning and three-dimensional reconstruction,
and light, scanning, and transmission microscopy.
Our results show that the biliary tree undergoes ex-
tensive remodeling resulting in bile duct dilatation,
focal budding, and formation of cysts that are initially
connected to bile ducts, but throughout time separate
from them. Progressive liver enlargement results
from massive cyst formation while liver parenchymal
volume remains unchanged. Cilia in cystic cells are
abnormal consistent with the notion that the primary
defect in ARPKD resulting in cystogenesis may be
linked to ciliary dysfunction. Our results suggest that
the PCK rat is a useful model for studies of biliary
cystogenesis and treatment options of inherited cystic
liver disease. (Am J Pathol 2004, 165:1719–1730)

Hepatic polycystic disease occurs alone1–4 or in combi-
nation with polycystic kidney disease (PKD).5–8 PKD is a
multiorgan genetic disease and can be inherited as au-
tosomal dominant (ADPKD) or autosomal recessive
(ARPKD). In ARPKD, �30% of affected neonates die

because of greatly enlarged kidneys detected in utero or
in the perinatal period. In surviving ARPKD patients, he-
patic lesions become progressively more severe with age
and liver disease is a major cause of morbidity and
mortality. Biliary dysgenesis is characterized by congen-
ital hepatic fibrosis, intrahepatic bile duct dilatation
(Caroli’s disease), and/or cyst development.6,7

Several mouse and rat models of recessive PKD have
been described,9–12 each varying by age of disease
onset, affected portion of renal tissue, or hepatic involve-
ment. Many of the genes causing these disorders have
been identified and characterized but none correspond
to the human ARPKD gene.13–16 Animal models gener-
ated by chemical mutagenesis also exist.9,12,15–18 In
some of these models, only the kidneys are affected, in
others in addition to renal disease, hepatic abnormalities
have been described.12,14,16–20

In 2000 a new rat model, the PCK rat, derived from a
colony of Crj:CD (SD) was reported.21 Sanzen and col-
leagues22 described that the liver pathology in the PCK
rats up to 4 months of age was characterized by progres-
sive liver enlargement and multiple saccular and seg-
mental dilatations of the intrahepatic bile ducts. In a
parallel study, Lager and colleagues23 evaluated renal
and hepatic lesions in PCK rats up to 182 days of age. It
was recently shown that the PCK rat has a spontaneous
splicing mutation IVS35–2A3 T.24 Linkage and gene
cloning analysis confirmed that kidney and liver disease
in ARPKD patients and in PCK rats is caused by muta-
tions to orthologous genes, PKHD1/Pkhd1. The product
of PKHD1, fibrocystin, is a novel protein with unknown
function.25,26 Recently, we27,28 and others29–36 have
shown that PKD-related proteins, including fibrocystin,
are localized to primary cilia in liver and kidney and that
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disruption of their ciliary expression (either by a germ line
mutation or experimentally induced) results in kidney and
biliary cystogenesis.

It is well known that, in ADPKD, the majority of renal5

and liver37 cysts are disconnected from the kidney tu-
bules and biliary ducts, respectively, as they grow. How-
ever, to our knowledge, the fate of cysts in the liver as well
as in the kidney in ARPKD is unknown. Sanzen and
colleagues22 concluded based on their data that, in the
PCK rat by the age of 4 months, cystic changes of the
liver were found not to be true cysts but multiple segmen-
tal and cystic dilatations of the intrahepatic bile ducts.

In this study, to further characterize biliary dysgenesis
in the PCK rat, especially the question of whether liver
cysts disconnect from the biliary tree during disease
progression, we investigated: 1) the effect of Pkhd1 mu-
tation on intrahepatic biliary tree remodeling throughout
the course of disease progression; 2) the effect of cyst
formation on hepatic parenchymal and biliary tree vol-
umes; 3) morphological alterations associated with pro-
gressive growth of the intrahepatic biliary tree and cyst
formation; and 4) ciliary morphology in cystic epithelia in
two groups of PCK rats (3 and 6 month old).

Materials and Methods

Animals and Experimental Models

All studies were performed after approval of the Mayo In-
stitutional Animal Care and Use Committee. We used
3-month-old (n � 18) and 6-month-old (n � 9) normal rats
and 3-month-old (n � 22) and 6-month-old (n � 24) PCK
rats. Based on our data and previously published observa-
tions38,39 that liver morphology and liver weight-to-body
weight ratios remain unchanged in normal rats up to 24
months of age, in most of the experiments only one group (3
months old) of normal rats was used as controls. Given the
fact that liver weight is increased with age in normal rats, in
some experiments, 6-month-old normal rats were used.

Three-Dimensional Reconstruction of the
Intrahepatic Biliary Tree

The biliary trees of normal and PCK rats were reconstructed
in three-dimensions using a technique previously published
by us.40 Briefly, rats were anesthetized with pentobarbital
(50 mg/kg body wt, i.p.) and a low-viscosity, lead chromate-
containing radiopaque liquid silicone polymer (MV-122;
Flow Tech, Inc., Carver, MA) was injected retrogradely
through the common bile duct. Each liver lobe was fixed in
10% buffered formalin, transferred to a solution of glycerin in
water with increasing concentrations from 30 to 100%, sus-
pended in a thin-walled plastic cylinder, and clear BioPlas-
tic polymer poured around for setting into a hard cylinder.
Specimens were scanned using a micro-computed tomog-
raphy (CT) scanner, which consists of a spectroscopic X-
ray source, a fluorescent crystal plate, a lens, and a charge-
coupled device (CCD) detector array. Our micro-CT
scanner uses a Philips spectroscopy X-ray tube with 12
mm � 0.4 mm line-focus focal spot. The specimen was

mounted on a stack of computer-controlled precision stag-
es: 1) an inclination stage that is used to position a speci-
mens’ rotation axis at right angles to the X-ray beam; 2) a
linear translation stage with 0.1 �m resolution and 1.4 �m
repeatability; 3) a rotation stage with 0.01° step size, 0.01°
accuracy, and 0.001° resolution; and 4) a Huber goniome-
ter stage that allows the specimen to be placed in a sym-
metrical (or if desired, asymmetrical) position about the axis
of rotation. The specimen was positioned close to the crys-
tal plate and rotated in 721 equiangular steps around 360°
between each X-ray exposure and its accompanying CCD
recording. The transmitted X-rays were converted to visible
light by a fluorescent crystal plate. The light image gener-
ated within the crystal plate was transferred by the lens of a
microscope objective onto the surface of a CCD camera.
The charge of each pixel was digitized and stored as an
array in a computer until all projections, at small increments
of specimen rotation around 360°, had been acquired. The
focus, rotation, and translation stages were controlled with a
computer.

Specimens were scanned at resolution of 20 �m and a
modified Feldkamp cone beam backprojection algorithm
was applied to generate three-dimensional images. To
visualize bile ducts with diameters less than 20 �m, small
distal (close to the edge) pieces of the liver lobe of normal
and 3-month-old PCK rats were reconstructed with reso-
lution of 5 �m. Quantitative analysis was performed using
Analyze (Biomedical Imaging Resource; Mayo Founda-
tion, Rochester, MN). The diameters of proximal and
distal bile duct segments, the number of interbranch
segments (ie, the part of the biliary tree between two
bifurcations), the length of interbranch segments, the
length of the biliary tree, and the total biliary tree volume
were quantified as previously described.40

To visualize liver parenchyma and liver cysts, intact
livers (without injection of contrast agent) were prepared,
scanned, and reconstructed as described above. We
could distinguish liver parenchyma and fluid-filled cysts
based on differences in density. Volumes of whole liver
and cysts were measured from each scanned slice (up to
800 slices were used) and total volumes calculated as
the sum. Parenchymal volume was calculated as the
difference between total liver and total cystic volume.

Microdissection of the Liver Cysts

PCK rats were anesthetized with pentobarbital (50 mg/kg
body wt, i.p.), the portal vein cannulated using PE-50
tubing, and blood flushed out with 0.9% sodium chloride.
The liver was removed, placed in cold buffer containing
115 mmol/L NaCl, 5 mmol/L KCl, 0.8 mmol/L KH2PO4, 25
mmol/L Hepes, 2 mmol/L CaCl2, 0.8 mmol/L MgSO4, 2.5
mmol/L glucose, pH 7.4. Liver cysts were microdissected
under a dissecting scope and, using higher magnifica-
tion, residual hepatocytes and connective tissue were
removed.

Immunochistochemistry

The liver was perfusion-fixed with 4% paraformalde-
hyde/2% glutaraldehyde in 0.1 mol/L phosphate-buffered
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saline, paraffin-embedded, and sectioned at 4-�m-thick
sections. Sections were stained with hematoxylin and
eosin (H&E); CK-19 (diluted 1:50; Sigma, St. Louis, MO);
and Masson’s trichrome.

Transmission and Scanning Electron Microscopy

For transmission and scanning electron microscopy liver
first was perfused with 4% paraformaldehyde/2% glutar-
aldehyde in 0.1 mol/L phosphate-buffered saline. Trans-
mission electron microscopy of liver tissue after fixation in

4% paraformaldehyde/2% glutaraldehyde for 2 hours
was performed with a Joel 1200 electron and scanning
electron microscopy with Hitachi S-4700 microscopes.
For transmission electron microscopy, samples were
postfixed in 1% osmium tetroxide for 1 hour, rinsed in
distilled water, dehydrated, embedded in Spurs resin,
and sectioned at 80 nm. Samples for scanning electron
microscopy were incubated in 1% osmium tetroxide for
30 minutes, dehydrated, dried in a critical point drying
device, mounted onto specimen stubs, and sputter
coated with gold-palladium alloy. Scanning electron mi-

Figure 1. Gross anatomy and liver morphology in normal and PCK rats. A–C: At the gross level, livers in the PKC rats progressively enlarged with age. D–F: Light
microscopy (H&E) and G–I: Scanning electron microscopy shows that some cysts are present in PCK rats at 3 month of age; by 6 months cysts replace most of
the liver parenchyma. Portal inflammation was found occasionally in both groups of the PCK rats (F, asterisk). Scale bars: 5 mm (A–C); 200 �m (G–I). Original
magnifications, �40 (D–F).

Biliary Dysgenesis in the PCK Rat 1721
AJP November 2004, Vol. 165, No. 5



crographs were used to measure the length of cilia in
normal and PCK rats and the area of liver cysts in both
groups of the PCK rats (ImageJ; NIH Images).

Statistical Analysis

All values were expressed as mean � SEM. Ciliary length
was expressed as mean � SD. Statistical analysis was
performed by the Student’s t-test, and results were con-
sidered statistically different at P � 0.05.

Results

Gross Anatomy and Liver Pathology

Body weights were comparable in normal and PCK rats
(data not shown). In contrast, PCK rats showed signifi-
cant liver enlargement during disease progression (Fig-
ure 1; A to C). In 3- and 6-month-old normal rats, the liver
(10.54 � 1.53 g and 13.23 � 2.18 g, respectively) rep-
resented �4% of total body weight and this ratio re-
mained unchanged throughout time.38,39 In 3- and
6-month-old PCK rats, liver weights (23.61 � 4.66 g and
41.57 � 7.76 g, respectively) accounted for �9% and
15% of total body weights. In both groups of PCK rats, the
outer surface of the liver was diffusely deformed by nu-
merous cysts that contained transparent or cloudy fluid
varying in color from clear to yellow greenish.

Light (Figure 1; D to F) and scanning electron (Figure
1; G to I) microscopy showed that, with disease progres-
sion, cysts varied in size and shape and developed
throughout the entire liver of PCK rats. In 3-month-old
animals, the average area of liver cysts was 0.022 � 0.01
mm2 (range, 6.34 �m2 to 0.75 mm2). By 6 months, most

of the liver parenchyma was replaced by cystic epithelia
and the average area of cysts increased to 0.059 � 0.02
mm2 (range, 7.15 �m2 to 1.12 mm2). Cysts were sur-
rounded by fibrous tissue in 3-month-old rats (Figure 2A)
and a mild hepatic fibrosis without septa formation was
observed in 6-month-old PCK rats (Figure 2B). Portal
inflammations in both groups of PCK rats were rare (Fig-
ure 1F).

Morphology of the Liver Cysts

By microdissection (Figure 3, A and B) and scanning
electron microscopy (Figure 3, C and D), we found that
different types of cysts are present in the liver of PCK rats.
Some cysts are single solitary cysts (Figure 3, A and C).
The majority of cysts form lobulated structures (Figure 3,
B and D). Cystic epithelia stained positively for the ductal
epithelial cell marker, CK-19, suggesting that cysts orig-
inated from the biliary tree (Figure 3E). Ultrastructurally,
cysts were lined by a single layer of normally differenti-
ated cuboidal epithelial cells with well-formed microvilli
and cell junctions (Figure 3F). Compared to normal
cholangiocytes (Figure 3G), cystic cells were enlarged
showing an increased number of mitochondria (23 � 6
versus 7 � 2 in normal rat, P � 0.0001) and flattening of
the normally convoluted basement membrane.

Microscopic examination of the microdissected liver
cysts (Figure 3A) showed that cysts were closed sacs
with no openings and thus no connection to the biliary
tree. Scanning electron microscopy of complementary
hemispheres of a bisected liver cyst from a 6-month-old
PCK rat (Figure 4) further supported the observation that
liver cysts become isolated from the biliary tree.

Figure 2. Representative images of the liver from 3-month-old (A) and 6-month-old (B) PCK rats stained with Masson’s trichrome. Mild fibrosis without septa
formation was found in 6-month-old PCK rats. Original magnifications, �40.
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Scanning (Figure 5, A and B) and transmission (Figure
5, D and E) electron microscopy showed that epithelial
cells lining liver cysts possess primary cilia. Three hun-
dred sixty-one cilia from 3-month-old (n � 3) and 418 cilia
from 6-month-old (n � 3) PCK rats, and 198 cilia from
normal rats (n � 5) were analyzed. In both groups of PCK
rats, cilia were structurally abnormal with bulbous exten-
sions of the ciliary tip or ciliary axonemal membrane
(Figure 5), heterogeneous in length (range, 0.21 to 6.27

�m) and on average (3.35 � 1.96 �m), significantly
shorter then in normal cholangiocytes (6.63 � 1.32 �m,
P � 0.0001; Figure 5, C and F).

Three-Dimensional Reconstruction of the
Biliary Tree

To reconstruct in three-dimension the biliary trees of nor-
mal and PCK rats under conditions that preserve the
original morphology, we used a previously described
technique involving micro-CT scanning and novel soft-
ware. The representative reconstructed images of the
intrahepatic biliary tree of the whole left lateral lobe of
3-month-old normal and PCK rats are shown in Figure 6,
A and B, respectively. In 6-month-old PCK rats the left
lateral lobe was cut into distal, middle, and proximal
(Figure 6C) parts because of size limitation of the micro-
CT-scanned specimens.

The biliary tree in PCK rats undergoes sequential and
significant remodeling, resulting in multiple segmental
and saccular dilatations and focal buddings. Quantitative
analysis of the pathological changes in biliary tree archi-
tecture in the PCK rat is shown in Table 1. Diameters of
the proximal bile ducts in 3- and 6-month-old PCK rats
were 3 and 5 times larger, respectively, than in normal
rats. The distal bile ducts were also dilated in the PCK rat.
The diameters of bile duct segments in normal rats con-
sistently decreased along the biliary tree axis. However,
in the PCK rat, bile ducts with large and small diameters
occurred at each level of the biliary tree. In normal rats,
the biliary tree is composed of approximately nine bile
duct interbranch segments with an average length of 1.4
mm. In 3-month-old PCK rats, the number of bile duct
interbranch segments increased up to 15 with an aver-
age length 1.82 mm and these parameters did not
change significantly by 6 months.

In 3-month-old PCK rats, the total volume of the intra-
hepatic biliary tree (892 � 229 �l) was 19-times greater
(P � 0001) than in normal rats (47 � 7 �l). Such dramatic
volume enlargement reflects bile duct dilatation and mas-
sive formation of cysts that are attached to the biliary tree
(Figure 6B, inset). As clearly demonstrated by the recon-
structed images (Figure 6C, insets), in 6-month-old PCK
rats many cysts were disconnected from the bile ducts
resulting in decreased biliary tree volume (484 � 108 �l)
compared to 3-month-old rats.

The intrahepatic biliary trees of normal and PCK rats
shown in Figure 6 were scanned at a resolution of 20 �m;
thus, bile ducts less than 20 �m in diameter were below
the scanning resolution. To visualize the small bile ducts,
we also scanned small pieces of liver lobes (close to the
edge) from normal and PCK rats (data not shown) with a
resolution of 5 �m. We found in the PCK rats the same
pattern of changes (ie, bile duct dilatation and clusters of
cysts) such as we had seen in the biliary tree scanned
with a resolution of 20 �m. The data suggest that cysto-
genesis affects all segments of the biliary tree.

Figure 3. Morphology of the liver cyst. Single cyst (A) and cluster of cysts
(B) isolated from the liver of the PCK rat by microdissection. C and D:
Scanning electron microscopy of liver cysts. E: Cystic epithelia are positive
for ductal epithelial cell marker, CK-19. Transmission electron microscopy of
cells lining liver cysts in PCK rats (F) and bile duct in normal rats (G).
Asterisks indicate mitochondria. Scale bars: 100 �m (A, B); 50 �m (C, D).
Original magnifications: �200 (E); �6000 (F); �15,000 (G).
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Figure 4. Scanning electron microscopy of bisected liver cyst from 6-month-old PCK rats. A: Single liver cyst embedded in liver parenchyma. B and C:
Complementary hemispheres of the bisected liver cyst showed that cyst has no openings and thus, no connections to the bile duct. Scale bars: 20 �m (A); 200
�m (B, C).

Figure 5. The diversity in ciliary length and the structural abnormalities in the PCK rat by scanning (top) and transmission (bottom) electron microscopy. A and
B: Cilia from cystic epithelial cells are variable in length compared to cilia of normal cholangiocytes (C). D and E: Malformed cilia with bulbous extension of the
axonemal membrane were seen in the PCK rat but not in normal rat (F). Scale bars: 500 nm (A, B); 1 �m (C–F).
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Quantitation of Total Parenchymal and Total
Cystic Volume in the PCK Rat

To measure total liver, parenchymal, and cystic volumes,
intact liver lobes from 3-month-old (Figure 7A) and
6-month-old (representative image not shown) normal
rats; and 3-month-old (Figure 7B) and 6-month-old (Fig-

ure 7C) PCK rats were scanned and reconstructed in
three-dimensions. Liver parenchyma (white) and cysts
(black spots) were easily defined on CT images. The total
liver volume was assumed to consist of only parenchyma
and cysts. Total liver and total cystic volume was mea-
sured, and total parenchymal volume calculated as a
difference between these two.

Figure 6. The brightest voxel projection of the intrahepatic biliary tree scanned with resolutions of 20 �m of the left lateral lobe from 3-month-old normal (A)
and 3-month-old (B) and 6-month-old (C) PCK rats. The liver lobe in 6-month-old PCK rat was cut into three parts: distal, middle, and proximal. Insets in B and
C show a high-magnification image. Scale bars: 2 mm (A); 1 mm (B, C).
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In normal rats, liver volume is equal to parenchymal
volume. Results of the quantitative analysis are shown in
Table 2. In both groups of PCK rats, total liver volume was
significantly increased compared to age-matched normal
rats. However, parenchymal volume in the PCK rats was
not altered by liver cysts and was similar to that in normal
rats. Total cystic volume was age-dependent. In 3-month-
old (9 � 2 ml) and 6-month-old (28 � 7 ml) PCK rats it
represented 40.5% and 68.3%, respectively, of total liver
volume.

We found a strong correlation between total liver vol-
ume and total cystic volume (Figure 8) but not parenchy-
mal volume. In addition, the intercept at a cyst volume of 0
ml was �13 ml, identical to the hepatic parenchymal vol-
ume of normal rats. To assess if the preserved hepatic
volume in the PCK rats is associated with normal liver func-
tion, serum levels of aspartate aminotransferase, alanine
aminotransferase, alkaline phosphatase, albumin, total pro-
tein, and bilirubin were measured (Table 3). Hepatic func-
tion tests were not different between normal and PCK rats at

the age of 3 months. In 6-month-old PCK rats, the levels of
aspartate and alanine aminotransferases were increased
compared to age-matched controls.

Liver Cysts Are Disconnected from the
Biliary Tree

In Figure 9, single micro-CT slices (21 �m in thickness) of
a liver lobe from normal (Figure 9A) and 3-month-old
(Figure 9B) and 6-month-old PCK rats (Figure 9C) are
shown. White dots on the gray liver surface of the normal
and PCK rats represent the cross-sections of the intrahe-
patic bile ducts filled with the contrast agent, which we
use for biliary tree visualization. In contrast to 3-month-old
PCK rats, in which only the parenchyma (gray) and di-
lated bile ducts (white spots) were observed, in 6-month-
old PCK rats liver cysts (black spots and asterisks) were
easily defined by micro-CT images. It is clear that these
cysts do not fill with contrast agent suggesting that, at this

Table 1. Quantitative Analysis of the Intrahepatic Biliary Tree in Normal and Two Groups of PCK Rats by Three-Dimensional
Reconstruction

Normal rat

PCK rat

3 month old 6 month old

Diameter (�m)
Proximal segments 218 � (38) 596 � (198)* 1078 � (265)*†

Distal segments 21 � (6) 37 � (7)* 39 � (67)*
Number of interbranch segments 9 � (3) 15 � (6)* 16 � (4)*
Length of interbranch segment (mm) 1.44 � (0.39) 1.82 � (0.32)* 2.15 � (0.49)*
Length of the biliary tree (mm) 14.48 � (4.94) 25.17 � (7.65)* 26.64 � (8.39)*
Biliary tree volume (�l) 47 � (7) 892 � (229)* 484 � (108)*†

*Compare to normal rats.
†Compare to 3-month-old PCK rats; P � 0.05.

Figure 7. Micro-CT images of the intact liver lobes of normal (A) and 3-month-old (B) and 6-month-old (C) PCK rats reconstructed in three-dimension. These
images were used to measure total liver, parenchymal, and cystic volumes. Scale bars, 2 mm.

Table 2. Quantitation of Total Liver, Parenchymal, and Cystic Volumes in Two Aged Groups of Normal and PCK Rats

Total volume, (ml)

Normal rats PCK rats

3 month 6 month 3 month 6 month

Liver 13 � 2 15 � 2 21 � 5* 41 � 7*†

Parenchyma 13 � 2 15 � 2 13 � 3 13 � 4
Cysts 0 0 9 � 2 28 � 7†

*Compared to normal rats.
†Compare to 3-month-old PCK rats; P � 0.05.
Total liver volume in normal rats is equal to parenchymal volume.
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stage of cystogenesis, they do not communicate with the
biliary tree.

Discussion

This study relates to the liver phenotype of the PCK rat, a
useful animal model of ARPKD. Our major findings are: 1)
at 3 months, the majority of cysts are connected to the
biliary tree and by 6 months, most cysts are discon-
nected from the bile ducts; 2) the liver progressively
enlarged because of massive cyst formation while he-
patic parenchymal volume is preserved; 3) the intrahe-
patic biliary tree undergoes extensive remodeling result-
ing in dilatation of the bile ducts, focal budding, and
formation of cysts; 4) cysts originate from all bile duct
segments along the biliary tree axis; and 5) in epithelial
cells lining liver cysts primary cilia are malformed and
shortened. These findings not only provide additional
guidance for the utility of the PCK rat for studying ARPKD
but also give important clues as to the pathogenesis and
progression of ARPKD.

The present study used a variety of techniques to
describe the biliary phenotype in the PCK at two different
time points of disease development to understand liver
pathology that is a major cause of death in older ARPKD
patients. Our microscopic data showing age-dependent
progression of cystic lesions in the liver of the PCK rat are
consistent with previously made observations.22,23

To assess that liver enlargement in the PCK rats is the
result of massive cyst formation but does not involve
changes in liver parenchyma, we reconstructed in three-
dimensions intact liver lobes from normal and PCK rats.
Computed tomographic methods to measure cystic volume
in plastic agar models (in this model plastic cysts were
embedded in agar) and in patients with ADPKD (without
intravenous injection of contrast) had shown that this
method is valid and accurate.41,42 Our published data43

also suggest that micro-CT images could be used to pre-
cisely measure the total liver tissue volume. In the PCK rat,
liver parenchyma and cysts (based on differences in their
densities) were easily defined by micro-CT images. Quan-
titation analysis clearly showed that the major determinant
of progressive liver enlargement in the PCK rats is a mas-
sive cyst formation. Parenchymal volume was constant and
preserved during the disease progression. Hepatic function
tests were normal in 3-month-old PCK rats whereas eleva-
tions in serum levels of aspartate and alanine aminotrans-
ferases were found in 6-month-old PCK rats. These data are
in agreement with previously made observations that, in the
PCK rat, some laboratory parameters increase with disease
progression.23

Isolation of the hepatic and renal cysts from the biliary
tree and kidney tubules, respectively, during disease
progression is well characterized in ADPKD.5,37 To our
knowledge, no information is available on the progression
of kidney or liver cysts throughout time in ARPKD. Exper-
imental data presented here strongly suggest that in the
PCK rat, cysts disconnect from the biliary tree with ad-
vancing age. First, scanning electron microscopy of bi-
sected hemispheres of the liver cysts showed no open-
ings and thus no connections to the bile duct. Second,
cysts isolated from the liver by microdissection were
closed sacs. Third, three-dimensional images of liver
slices from PCK rats showed that cysts (in contrast to bile
ducts) did not fill with contrast agent used to visualize the
intrahepatic biliary tree. Fourth, three-dimensional im-
ages of the intrahepatic biliary tree in 3-month-old PCK
rats showed that the majority of cysts were still connected

Figure 8. Relationship between total liver and total cystic volume in 3- and
6-month-old PCK rats shows that cyst volume correlates strongly with total
liver volume.

Table 3. Liver Function Test in Normal and PCK Rats

3 month old 6 month old

Normal PCK Normal PCK

Aspartate amino transferase (U/L) 110 � (24) 112 � (14) 92.50 � (10) 225 � (36)*†

Alkaline phosphatase (U/L) 139 � (10) 150 � (11) 126 � (11) 170 � (19)*
Alanine amino transferase (U/L) 72 � (5) 76 � (2) 88 � (12) 74 � (4)
Albumin (g/dL) 4.0 � (0.05) 3.9 � (0.17) 4.2 � (0.26) 3.6 � (0.38)
Total protein (g/dL) 6.0 � (0.09) 5.7 � (0.06) 6.2 � (0.32) 6.2 � (0.07)
Bilirubin (mg/dL) 0.20 � (0.04) 0.23 � (0.03) 0.18 � (0.03) 0.26 � (0.06)

*Compare to normal rats.
†Compare to 3-month-old PCK rats; P � 0.05.
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to the bile ducts accounting for the dramatic increase of
the biliary tree volume (892 � 229 �l) compared to con-
trol (47 � 7 �l). By the age of 6 months, however, the
majority of cysts separated from the bile ducts, and, as a
result, biliary tree volume decreased compared to
3-month-old PCK rats (484 � 108 �l). To begin to under-
stand the mechanisms of cyst separation from the biliary
tree in the PCK rat, we analyzed micro-CT-scanned liver
slices or fully reconstructed intrahepatic biliary trees. Serial
liver slices or reconstructed biliary tree were displayed at
different angles of view to better understand the relation-
ships between cyst and bile duct. Many cysts were
attached to the biliary tree (Figure 6B) whereas others ap-
peared to lose their connection with bile ducts (Figure 6C,
proximal part, inset) suggesting that cysts pinch off from the
biliary tree. However, additional studies are needed to un-
derstand this process. Although the mechanisms of cyst
formation and separation from the biliary tree in autosomal
recessive PKD are still unknown, our data clearly demon-
strate that, with age in the PCK rat, cysts become separated
from the bile duct.

Ultrastructurally, epithelial cells lining liver cysts were
enlarged with increased numbers of mitochondria. It has
been suggested that an increase in mitochondrial quan-
tity relates to cell energy demands and reflects an in-
creased level of metabolic activity. An increased number
of mitochondria have been documented in a wide variety

of cells during transitions from normal to pathological or
disease states.44,45

In both groups of the PCK rats, we found that cilia were
shortened and aberrantly structured. Recent studies
have indicated that various forms of PKD are associated
with structural and/or functional abnormalities of primary
cilia, suggesting a causative role for this organelle in
disease development. For example, in ARPDK mouse
models, orpk, cpk, and inv their respective protein prod-
ucts (polaris,32,33,46 cystin,31,33 and inversin30,47) are lo-
calized to primary cilia. Defects in polaris expression
result in short stunted cilia in the kidney, retina, and
embryonic node. Additional evidence for a role of primary
cilia in the pathogenesis of PKD is derived from kidney-
specific Kif3a knockout mice. Disruption of Kif3a (a motor
subunit of kinesin II that moves particles along ciliary
microtubules and is critically important in assembly and
maintenance of ciliary structure and function) results in
complete absence of cilia in kidney epithelial cells and
cyst formation from mature renal tubules.48

Our previously published data27 suggest that, under
normal conditions, fibrocystin is expressed in primary
cilia of cholangiocytes. In the PCK rat, a splicing mutation
of Pkhd1 results in structural and functional ciliary abnor-
malities. Based on fibrocystin homology to several known
proteins such as plexins and HGF-met,24,26 it has been
proposed that fibrocystin is a receptor protein involved in

Figure 9. Micro-CT images of the single liver slice (21 �m) of 3-month-old normal (A) and 3-month-old (B) and 6-month-old (C) PCK rats. White dots represent
cross-sections of the bile ducts filled with contrast agent. Black spots are liver cysts. Note that cysts do not fill with contrast agent suggesting that they are
disconnected from the biliary tree. Asterisks indicate liver cysts that do not fill with contrast agent. Scale bars, 2 mm.

Figure 10. Model of fibrocystin-dependent terminal differentiation of the biliary tee. A: In normal rats, fibrocystin is localized to cholangiocyte cilia and functions
as a bile duct size sensor controlling maturation of the biliary tree. B: In PCK rats, cilia are shortened, malformed, and do not express fibrocystin leading to
abnormalities in cell proliferation and differentiation, ultimately resulting in significant bile duct dilatation and cyst formation.
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terminal differentiation of collecting ducts in kidney and
bile ducts in liver. Thus in normal rats, fibrocystin may
function as a bile duct size sensor controlling maturation
of the biliary tree (Figure 10A). In PCK rats, structural
(cilia are shortened and malformed) and functional (fibro-
cystin is not express in cilia) defects in cholangiocyte cilia
may lead to abnormalities in cell proliferation and biliary
tree differentiation, ultimately resulting in significant bile
duct dilatation and cyst formation (Figure 10B). Finally, a
possible role for cilia and ADPKD-related proteins, poly-
cystin-1 and polycystin-2, in control of kidney tubule size
has been suggested.49

In conclusion, the PCK rat has several features that
resemble human ARPKD. As in the human, polycystic
disease in the PCK rat is inherited in an autosomal reces-
sive manner and severity of liver cystic lesions is age-
dependent. Results of our study strongly suggest that the
PCK rat will be useful for studies of biliary cystogenesis
and possible treatment approaches to inherited cystic
liver disease.
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