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Polycystic kidney (PCK) rats are a spontaneous model
of autosomal recessive polycystic kidney disease that
exhibit cholangiocyte-derived liver cysts. We have
previously reported that in normal cholangiocytes a
subset of vesicles contain three proteins (ie, the water
channel AQP1, the chloride channel CFTR, and the
anion exchanger AE2) that account for ion-driven
water transport. Thus, we hypothesized that altered
expression and location of these functionally related
proteins contribute to hepatic cystogenesis. We show
here that under basal conditions and in response to
secretin and hypotonicity, cysts from PCK rats ex-
panded to a greater degree than cysts formed by nor-
mal bile ducts. Quantitative reverse transcriptase-
polymerase chain reaction, immunoblot analysis,
and confocal and immunoelectron microscopy all in-
dicated increased expression of these three proteins
in PCK cholangiocytes versus normal cholangiocytes.
AQP1, CFTR, and AE2 were localized preferentially to
the apical membrane in normal rats while overex-
pressed at the basolateral membrane in PCK rats.
Exposure of the cholangiocyte basolateral membrane
to CFTR inhibitors �5-nitro-2-(3-phenylpropylamino)-
benzoic acid and CFTRinh172� , or Cl�/HCO3

� ex-
change inhibitors (4,4�-diisothiocyanatostilbene-2,2�-

disulfonic acid disodium salt hydrate and 4-acetamido-4�-
isothiocyanato-2,2�-stilbenedisulfonic acid disodium
salt hydrate) blocked secretin-stimulated fluid accu-
mulation in PCK but not in normal cysts. Our data
suggest that hepatic cystogenesis in autosomal reces-
sive polycystic kidney disease may involve increased
fluid accumulation because of overexpression and
abnormal location of AQP1, CFTR, and AE2 in cystic
cholangiocytes. Therapeutic interventions that block
the activation of these proteins might inhibit cyst
expansion in polycystic liver disease. (Am J Pathol
2008, 173:1637–1646; DOI: 10.2353/ajpath.2008.080125)

The autosomal recessive polycystic kidney disease
(ARPKD), the incidence of which is 1:20,000, often leads
to fetal or neonatal death because of markedly enlarged
kidneys, impaired lung function, and pulmonary hypopla-
sia. In surviving patients, hepatic lesions become pro-
gressively more severe, and the liver disease may be a
major cause of morbidity and mortality. The liver pathol-
ogy is characterized by congenital hepatic fibrosis, bile
duct dilatation (Caroli’s disease), and/or cyst develop-
ment.1–5 Hepatic cysts, which increase in number and
size throughout life, are lined by cholangiocytes. Despite
the identification of the genetic defect that causes this
disease, the pathophysiology of cyst formation, growth,
and expansion is still unclear; abnormalities in cell prolif-
eration, fluid secretion, and extracellular matrix biology all
likely contribute.1,4,6–10

The polycystic kidney (PCK) rat, a spontaneous mutant
derived from a colony of Crj:SD rats, develops renal and
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hepatic pathological features that resemble human
ARPKD.11 Linkage and gene cloning analysis showed
that ARPKD and the liver and renal pathology in PCK rats
are caused by mutations to orthologous genes, PKHD1/
Pkhd1, respectively.12–14 The PKHD1 gene encodes fi-
brocystin,12,13,15 a large trans-membrane protein with un-
known function located on cholangiocyte primary cilia.
These nonmotile, antenna-like tubular organelles extend
from the cholangiocyte apical membrane into the ductal
lumen and function as mechano-, chemo-, and osmosen-
sors,16–18 detecting and transmitting luminal bile stimuli
into intracellular signals.

We recently reported that liver cysts in the PCK rat
originate from cholangiocytes lining intrahepatic bile
ducts and progressively grow and expand throughout
time.19 We also found that bile ducts freshly isolated from
the PCK rat and grown between two layers of collagen/
Matrigel (three-dimensional culture) form cystic struc-
tures that expand at a threefold greater rate than bile
ducts from normal rats.19 Furthermore, we demonstrated
that increased intracellular cAMP (approximately twofold
higher in cholangiocytes of the PCK rats compared to
normal rats) contributes to cyst expansion. Indeed, re-
duction of intracellular cAMP levels by octreotide (an
analog of somatostatin that binds and activates soma-
tostatin receptors) led to a significant decrease in the
hepatic cyst volume, hepatic fibrotic scores, and mitotic
indices in PCK rats.19

It has been shown that secretin-stimulated activation of
intracellular cAMP signaling in cholangiocytes results in
apical membrane insertion of a subset of organelles that
sequester three functionally related transport proteins (ie,
the water channel AQP1, the chloride channel CFTR, and
the anion exchanger AE2), a process that facilitates fluid
secretion.20 Interestingly, a marked secretory response
to the administration of secretin was observed in liver
cysts from patients with autosomal dominant polycystic
kidney disease (ADPKD).21 Although the mechanism of
cyst expansion in polycystic liver diseases is not yet
fully understood, increased fluid secretion into the cys-
tic lumen might play a role. Therefore, we tested the
hypothesis that cyst expansion in the PCK rat results
from changes in expression and topographic location
of AQP1, CFTR, and AE2, contributing to hepatic
cystogenesis.

Materials and Methods

Animals and Diets

We maintained wild-type Sprague-Dawley and PCK rats
on a standard laboratory diet after approval by the Mayo
Institutional Animal Care and Use Committee. We anes-
thetized animals with pentobarbital (50 mg/kg body
weight intraperitoneally) for in vivo procedures. We har-
vested livers, fixed them in 10% formaldehyde, and em-
bedded them in paraffin for histology.

Experimental Models and Three-Dimensional
Culture

We used the following experimental models: i) microdis-
sected bile ducts from normal rats and microdissected
single liver cysts (disconnected from the biliary tree) from
the PCK rat; ii) bile ducts of both normal and PCK rats
ranging in diameter between 40 and 100 �m; and iii)
freshly isolated and short-term cultured normal and PCK
cholangiocytes (100% purity).22,23 For three-dimensional
culture, bile ducts or microdissected single liver cysts
were grown between two layers of type I rat tail collagen
(1.5 mg/ml; BD Biosciences, San Jose, CA) plus 10%
Matrigel (BD Biosciences) to provide no spatial limits for
expansion, and maintained the tissue in enriched Dul-
becco’s modified Eagle’s medium-Ham’s F-12 medi-
um.22 In three-dimensional culture, bile ducts isolated
from normal and PCK rats formed cystic structures that
expand throughout time.19

We assessed the development of cystic structures by
light microscopy under several conditions: i) after luminal
fluid aspiration. By the end of day 1 in three-dimensional
culture, fluid was aspirated from the lumen of both normal
and PCK cystic structures (ie, collapsed cysts) by insert-
ing a needle attached to a syringe. Cysts were allowed to
grow for an additional 4 days under similar conditions;
and ii) in response to 1 �mol/L secretin (Bachem, Tor-
rance, CA) for 30 minutes, with or without the presence
of chloride channel blockers �either 5-nitro-2-(3-phe-
nylpropylamino)-benzoic acid (NPPB, 0.1 mmol/L; Sig-
ma-Aldrich, St. Louis, MO) or 4-�4-oxo-2-thioxo-3-(3-
trifluoromethyl-phenyl)-thiazolidin-5-ylidenemethyl�-benzoic
acid (CFTRinh172, 2 �mol/L; Exclusive Chemistry Ltd., Ob-
ninsk, Russia� and Cl�/HCO3

� exchange inhibitors �ei-
ther 4,4�-diisothiocyanatostilbene-2,2�-disulfonic acid di-
sodium salt hydrate (DIDS, 0.5 mmol/L; Sigma-Aldrich) or
4-acetamido-4�-isothiocyanato-2,2�-stilbenedisulfonic acid
disodium salt hydrate (SITS, 0.5 mmol/L; Sigma-Aldrich)�.
Each inhibitor was added 30 minutes before and during
secretin stimulation.

PCK cholangiocytes exhibit well-developed junctional
complexes, and distinct apical and basolateral mem-
branes similar to normal cholangiocytes.24 Indeed, the
transepithelial electrical resistance in cultured PCK
cholangiocytes is higher than in cultured normal cholan-
giocytes.24 Furthermore, DIDS25 and SITS26,27 are imper-
meable to cell membranes; thus, the basolateral pres-
ence of these inhibitors does not affect apically located
Cl�/HCO3

� exchange. Likewise, CFTRinh172 is a re-
cently discovered compound that induces a rapid, re-
versible, nontoxic, and highly specific inhibition of
CFTR.24 At the concentration used here (2 �mol/L),
basolateral administration of CFTRinh172 has been re-
ported to not inhibit apical CFTR-dependent Cl�

conductance.28

To study the effect of hypotonicity on cystic expansion
and to mimic in vivo conditions, we used freshly isolated
bile ducts from normal rats and freshly microdissected
solitary PCK cysts. They were exposed for 60 and 370
seconds to hypoosmotic saline solutions (100 mOsm)
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prepared as previously described.29 Normal and PCK
cystic structures of approximately similar dimensions and
equal orientation in three-dimensional matrices were cho-
sen for analysis. Sometimes cystic structures in three-
dimensional culture might have irregular shape or even
fused together and appear as a cyst cluster. In all cases,
we calculated the circumferential areas of cystic struc-
tures by outlining only the external boundary of the struc-
ture. The circumferential area of each cyst was measured
using the Image J software (National Institutes of Health,
Bethesda, MD). To analyze the effect of stimuli on cystic
expansion, we compared the areas of either normal or
PCK cysts before and after the application of the stimu-
lus. Data were expressed as percentage of change of
cystic area.

RNA Isolation and Reverse-Transcriptase
Real-Time Polymerase Chain Reaction
(RT-PCR)

We obtained total RNA from pure short-term cultured nor-
mal and PCK cholangiocytes (100 purity) using Trizol re-
agent (Invitrogen, Carlsbad, CA). We estimated AQP1,
CFTR, and AE2 mRNA levels by real-time RT-PCR (Light-
Cycler Apparatus; Roche Molecular Biochemicals, India-
napolis, IN) using specific primers (Table 1). We measured
18S mRNA with the mRNA Universal 18S Internal Standard
(Ambion, Austin, TX), and used 18S mRNA as a normalizing
control.

Western Blot

Pure short-term cultured normal and PCK cholangio-
cytes22,23 were resuspended in Bio-Rad sample buffer
(Bio-Rad, Hercules, CA). We ran aliquots of protein ex-
tracts (150 �g) in 12% �for proliferating cell nuclear anti-
gen (PCNA)� or 4 to 15% gradient (for AQP1, CFTR, and
AE2) sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and electrotransferred the proteins to a nitrocel-
lulose membrane. After blocking in 5% nonfat dried milk
in phosphate-buffered saline (PBS) with 0.5% Tween, we
incubated membranes with mouse antibodies against
PCNA (1:200, Sigma-Aldrich) or rabbit antibodies against
AQP1 (1:500; Alpha Diagnostics Intl. Inc., San Antonio,
TX), CFTR (1:200; Chemicon International, Temecula,
CA) and AE2 (1:500; Alpha Diagnostics), followed by
incubation with peroxidase-conjugated secondary goat
anti-mouse (1:1000) or anti-rabbit (1:2000) antibodies (In-
vitrogen). We visualized bands with the ECL Plus Western
blotting detection kit (GE Health Care, Piscataway, NJ).

Western blot for �-actin (Sigma-Aldrich) was used as a
normalizing protein loading control.

Immunogold Electron Microscopy

We perfused normal and PCK livers with 4% paraformal-
dehyde in 0.1 mo/L PBS and processed them as previ-
ously described.30 We cut thin cryosections (60 nm) with
a Leica cryomicrotome (Leica Microsystem Inc., Ban-
nockburn, IL), and performed immunolabeling as previ-
ously described31 with the same rabbit affinity-purified
polyclonal antibodies against AQP1 and AE2 as indi-
cated above for Western blot analyses but at higher
concentration (dilution of 1:30 and 1:20 in 10% fetal
calf serum/PBS solution, respectively). Moreover, rab-
bit affinity-purified polyclonal antibodies against CFTR
(1:30 in 10% fetal calf serum/PBS solution; Santa Cruz
Biotechnology, Santa Cruz, CA) were used. Then we
incubated sections with a 10-nm anti-rabbit IgG gold
secondary antibody (Sigma-Aldrich) for 2 hours at room
temperature, further fixed in 1% glutaraldehyde, and em-
bedded in 2% methyl cellulose solution containing 0.3%
uranyl acetate. We visualized the specimens with a Jeol
1200 electron microscope (Jeol USA Inc., Peabody, MA)
operating between 60 to 80 kV. We printed immunogold
electron microscopy images at a final magnification of �
60,000 and counted immunogold particles (IGPs). The av-
erage size of normal cholangiocytes (ie, distance from the
basolateral membrane to apical membrane) is 6.62 �m
and average size of cystic cholangiocytes is 8.87 �m
(unpublished observation). The IGPs were counted in close
proximity (not more than 500 nm) to apical or basolateral
region and were defined as apical or basolateral immuno-
gold labeling, respectively. Data are expressed as the
number of gold particles in each group per � 60,000
magnification.

Immunofluorescence Confocal Microscopy

We performed immunofluorescence microscopy using a
confocal microscope (Zeiss LSM 510; Carl Zeiss Inc.,
Thornwood, NY) with a � 100 Pan-Apochromat 1.4 nm oil
objective and an epifluorescent Eclipse TE300 micro-
scope (Nikon, Melville, NY) as previously described.16

We used antibodies against CFTR (for this technique
from LifeSpan Biosciences, Inc., Seattle, WA) and
against AQP1 and AE2 (all three at 1:50 dilution), fol-
lowed by incubation for 1 hour with fluorescent second-
ary antibodies (1:100; Molecular Probes, Eugene, OR) at
room temperature. We stained nuclei with 4�,6-diamidino-
2-phenylindole (Sigma-Aldrich). Corresponding negative
controls (ie, with no primary antibodies) were performed
in all experiments.

Statistics

All values are expressed as mean � SE. Statistical anal-
ysis was performed by the Student’s t-test, and results
were considered statistically different at P � 0.05.

Table 1. Primer Sequences

Name Sequence

AQP1 Forward 5�-ACTACACTGGCTGTGGGATC-3�
AQP1 Reverse 5�-CATGCGGTCTGTAAAGTCGC-3�
CFTR Forward 5�-GAATGGGACAGGGAACAAGC-3�
CFTR Reverse 5�-TTCCTAGCAAGACAGGCTGG-3�
AE2 Forward 5�-AGACTTTGAATACCACCGCC-3�
AE2 Reverse 5�-TCATCTTCCTCCCCTTCCTC-3�

Secretory Abnormalities in the PCK Rat 1639
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Results

Microdissected Solitary PCK Cysts Expand
More Rapidly in Three-Dimensional Culture than
Normal Bile Ducts Both Spontaneously and in
Response to Secretin

To study cyst expansion, freshly isolated bile ducts from
normal rats and freshly dissected single solitary liver
cysts from PCK rats were entered in three-dimensional
culture. As shown in Figure 1A, at day 1 normal bile ducts
form cysts when grown under these conditions. By the
end of day 1, cystic fluid was aspirated from normal and
PCK cysts and they remained in three-dimensional cul-
ture up to 5 days. Our data suggested that both normal
and PCK cystic structures continue to expand throughout
time. Importantly, PCK cysts accumulated fluid within the
cystic lumen more rapidly than cystic structures derived
from normal bile ducts (at day 5 their cystic areas in-
creased by �59% and �38%, respectively; P � 0.05)
(Figure 1B). As shown in Figure 1C, the rate of cholan-
giocyte proliferation assessed by the PCNA expression
was increased in both normal and PCK cystic structures
(P � 0.01 each). Interestingly, whereas at day 1 in three-
dimensional culture PCK cholangiocytes proliferated at a
greater rate than normal rat cholangiocytes (30.6%, P �

0.05), no significant differences in proliferation between
normal and PCK cystic structures were found at day 5
(Figure 1C). Changes in cystic areas of normal bile ducts
and PCK liver cysts grown in three-dimensional culture
were also assessed after stimulation with secretin for 30
minutes. Secretin exposure induced an increase in the
areas of PCK cysts that was threefold greater (15.3%)
than in normal bile duct areas (5.1%, P � 0.01; Figure 2).

AQP1, CFTR, and AE2 Are Overexpressed in
PCK Cholangiocytes

Quantitative RT-PCR revealed that AQP1, CFTR, and AE2
were increased (eight-, four-, and threefold, respectively) at
mRNA levels in PCK cholangiocytes compared to normal
cholangiocytes (P � 0.05, Figure 3A). Overexpression of
AQP1, CFTR, and AE2 in PCK cholangiocytes was also
confirmed at the protein level by Western blot analysis. As
shown in Figure 3B, the expression of AQP1, CFTR, and AE2
were increased (six-, three-, and fourfold, respectively) in PCK
rats compared to normal rats (P � 0.05). Moreover, immuno-
fluorescent confocal microscopy further confirmed that AQP1,
CFTR, and AE2 were all overexpressed in PCK cholangiocytes
compared to normal cholangiocytes (Figure 4).

Figure 1. In three-dimensional culture, isolated
solitary PCK cysts expand more rapidly than
cystic structures formed by normal bile ducts. A:
Normal bile ducts and PCK solitary cysts were
freshly microdissected and entered in three-di-
mensional culture. Normal bile ducts by day 1
formed cystic structures when grown in three-
dimensional matrices. After measuring the areas
of normal and PCK cysts at day 1, cystic fluid
was aspirated and cystic areas were assessed
again at day 5 to calculate luminal fluid accumu-
lation. B: Quantitative analysis shows that areas
of PCK cystic structures (n 	 15) were increased
by �59% compared to �38% increase in the
areas of normal cystic structures (n 	 19). C:
Western blot analysis indicates that at day 1 in
three-dimensional culture levels of the PCNA
expression was 30.6% higher in PCK cysts than
in normal cystic structures (n 	 5 in both
groups). However, by day 5, no differences in
the PCNA expression were observed between
normal and PCK cystic structures (n 	 5 in both
groups). �-Actin was used as a normalizing pro-
tein loading control. Scale bars 	 500 �m.

Figure 2. Secretin induces greater expansion of
PCK cysts than normal cystic structures. A: Rep-
resentative images of normal bile ducts and PCK
cysts grown in three-dimensional culture. Secre-
tin (1 �mol/L) was added to culture media for 30
minutes and cystic areas were measured before
and after its addition. B: Quantitative analysis
shows that in response to secretin PCK cystic
areas (n 	 10) were increased by 15.3% com-
pared to 5.1% increase in normal bile ducts (n 	
7). C: In the absence of secretin, no changes in
the areas of both normal and PCK cystic structures
were observed (during the same 30 minutes). Red
lines surrounding cysts represent areas before se-
cretin stimulation. Scale bars 	 500 �m.
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AQP1, CFTR, and AE2 Are Located Mainly on
the Apical Domain in Normal Cholangiocytes,
but Are Overexpressed at the Basolateral
Domain in PCK Cholangiocytes
In normal rats, immunofluorescent confocal microscopy of
liver tissue revealed that AQP1, CFTR, and AE2 proteins
were mainly localized to the apical membrane of cholangio-
cytes as expected (Figure 4). In PCK cholangiocytes, how-
ever, these three proteins were found to be overexpressed
at the basolateral membrane (Figure 4). We also used im-
munogold electron microscopy to characterize the apical
and basolateral AQP1, CFTR, and AE2 distribution in detail.
Using liver tissue from normal and PCK rats, we counted the
number of gold particles for AQP1, CFTR, and AE2 at the
apical and basolateral regions of normal and cystic cholan-
giocytes. In agreement with the immunofluorescent confo-
cal microscopy, AQP1 (Figure 5A), CFTR (Figure 5B), and

AE2 (Figure 5C) were localized preferentially to the apical
membrane in normal cholangiocytes (P � 0.05). On the
other hand, a greater accumulation of AQP1, CFTR, and
AE2 gold particles was found in the basolateral membrane
in PCK cholangiocytes (Figure 5, A–C; P � 0.05) lining the
lumen. Moreover, the total number of gold particles for each
protein (assessed as a sum of particles at both apical and
basolateral membranes) was also found to be increased in
PCK rats compared to normal rats (Figure 5D, P � 0.05).

Microdissected Solitary PCK Cysts Expand More in
Response to Hypotonicity than Normal Bile Ducts
To analyze whether basolateral overexpression of AQP1
in PCK rats could lead to cyst expansion, we microdis-
sected solitary PCK cysts and bile ducts of normal rats
and exposed them to hypoosmotic (100 mOsm) solution.
As shown in Figure 6, areas of the PCK cysts exposed to
hypoosmotic solution for 370 seconds were increased by
21.2% compared to 14.8% increase in normal bile ducts
(P � 0.05), indicating a facilitated entrance of water from
the medium into the lumen of PCK cysts.

Secretin-Stimulated Expansion of PCK Cysts Is
Inhibited by the Basolateral Application of
NPPB, CFTRinh172, DIDS, or SITS

To analyze if the basolateral overexpression of the ion trans-
porters CFTR and AE2 in PCK rats contribute to secretin-
stimulated cyst expansion, isolated normal and PCK bile
ducts were grown in three-dimensional culture to allow them
to form cystic structures. These cystic structures were ex-
posed during 30 minutes to the secretin alone or in combi-
nation with inhibitors of CFTR (NPPB and CFTRinh172, Fig-
ures 7 and 8) or AE2 (DIDS and SITS, Figures 9 and 10),
each being added to the culture media, and changes in
cystic areas were assessed. As shown in Figures 7A and
8A, both CFTR inhibitors had no effect on secretin-stimu-

Figure 3. AQP1, CFTR, and AE2 are overexpressed at mRNA and protein
levels in PCK cholangiocytes. A: Quantitative RT-PCR indicates that AQP1,
CFTR, and AE2 mRNA are overexpressed (eight-, four-, and threefold, re-
spectively) in PCK cholangiocytes compared to normal cholangiocytes (n 	
4 in all groups). 18S mRNA was used as a normalizing control. B: By Western
blot, expression of AQP1, CFTR, and AE2 proteins are increased (six-, three-,
and fourfold, respectively) in PCK cholangiocytes compared to normal
cholangiocytes (n 	 4, 3, and 6, respectively). �-Actin was used as a
normalizing loading control.*P � 0.05, **P � 0.01.

Figure 4. AQP1, CFTR, and AE2 are overex-
pressed in PCK cholangiocytes in vivo. Consis-
tent with Western blot analysis, immunofluores-
cent confocal microscopy of whole rat liver
shows that immunoreactivity of all three pro-
teins (AQP1, CFTR, and AE2) was increased in
cholangiocytes of the PCK rat compared to nor-
mal rats. AQP1, CFTR, and AE2 are preferentially
localized to the apical membrane in normal
cholangiocytes. In PCK cholangiocytes, greater
accumulation of all these proteins in the baso-
lateral membrane were observed; however, sim-
ilarly to normal cholangiocytes they were also
encountered in the apical membrane. AQP1,
CFTR, and AE2 are shown in green and nuclei
are stained in blue with 4�,6-diamidino-2-phe-
nylindole. Please note that, consistent with our
previous observation,30 cholangiocytes lining
liver cysts are larger in size than cholangiocytes
lining normal bile ducts. L, Lumen of bile duct or
hepatic cyst. Original magnifications, � 100.
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lated expansion of the cystic structures formed by normal
bile ducts. Likewise, we found no effect of AE2 inhibitors
(Figures 9A and 10A) on secretin-stimulated expansion of
the normal cysts. By contrast, in PCK cysts we observed
that both CFTR inhibitors, NPPB (Figure 7B) and CFTRinh172
(Figure 8B), suppressed secretin-stimulated expansion of the
PCK cysts by 55.1% and 58%, respectively (P � 0.01). AE2
inhibitors had even a more dramatic effect—secretin-stimu-
lated expansion of the PCK cysts was suppressed by 92.6%
(P � 0.05) and 84% (P � 0.01) in response to DIDS (Figure
9B) or SITS (Figure 10B), respectively.

Discussion

The results reported here show that: i) in three-dimen-
sional culture, microdissected single PCK cysts expand
more rapidly than normal bile ducts both spontaneously
and in response to secretin; ii) although AQP1, CFTR,
and AE2 are localized preferentially to the apical mem-
brane in normal cholangiocytes, a striking overexpres-
sion of these three proteins is found at the basolateral
membrane of PCK cholangiocytes; iii) PCK cysts secrete
more fluid into the cystic lumen than normal bile ducts
when exposed to hypoosmolarity; and iv) secretin-stimu-
lated expansion of PCK cysts is inhibited by the basolat-
eral application of CFTR and AE2 inhibitors. These data
support the notion that hepatic cystogenesis in PCK rats
may be the result of alterations in expression and topo-
graphic location of AQP1, CFTR, and AE2 proteins, ac-
counting for more significant fluid accumulation within
PCK cysts.

Two processes might be responsible for our findings
that isolated PCK liver cysts expand more than normal
bile ducts when grown in three-dimensional culture for 5
days: increased cell proliferation and/or increased lumi-
nal fluid accumulation. Western blot analysis (Figure 1C)
shows that the rate of proliferation is initially (day 1)
higher in PCK cholangiocytes. However, no significant
differences in proliferation between normal and PCK
cholangiocytes were found at day 5 of culture. These
data might indicate that cell proliferation together with
fluid accumulation is responsible for the greater expan-
sion of the PCK cystic structures during the study period.

Our data suggest that, in the presence of secretin,
PCK cysts expand to a greater extent than normal bile
ducts. Previously published data have shown that stimu-
lation of cholangiocytes by secretin results in increased
levels of intracellular cAMP.32–35 We recently showed that
elevated cholangiocyte cAMP levels are involved in he-
patic and renal cystogenesis in the PCK rat, and that
octreotide reduces cAMP levels and cyst expansion in
vitro and inhibits hepatic and renal cystogenesis in vivo.19

Figure 5. Immunogold electron microscopy confirming overexpression of
AQP1, CFTR, and AE2 at the basolateral membrane of PCK cholangiocytes.
Representative images of apical and basolateral membrane domains of nor-
mal and PCK cholangiocytes and quantitative assessment of IGPs showing
the expression of AQP1, CFTR, and AE2. A: In normal cholangiocytes, AQP1
was mainly localized to the apical membrane (50 IGPs, n 	 8) with signifi-
cantly less expression on the basolateral membrane (10 IGPs, n 	 8). In
contrast, in PCK cholangiocytes, we observed more gold particles at the
basolateral membrane (105 IGPs, n 	 13) than at the apical membrane (23
IGPs, n 	 14). B: In normal cholangiocytes, CFTR was mainly localized to the
apical membrane (20 IGPs, n 	 17), with significantly lower expression on
the basolateral membrane (7 IGPs, n 	 14). However, in PCK cholangiocytes
more gold particles were observed basolaterally (37 IGPs, n 	 20) than
apically (17 IGPs, n 	 14). C: In normal cholangiocytes, AE2 was mainly

localized to the apical membrane (13 IGPs, n 	 24), with less expression on the
basolateral membrane (8 IGPs, n 	 16). In PCK cholangiocytes, more gold
particles were observed at the basolateral membrane (24 IGPs, n 	 17) than at
the apical membrane (10 IGPs, n 	 15). D: The total number of IGPs for AQP1,
CFTR, and AE2 was increased in PCK cholangiocytes (67, 26, and 18 IGPs for
AQP1, CFTR, and AE2, respectively) compared to normal cholangiocytes (30, 14,
and 11 IGPs for AQP1, CFTR, and AE2, respectively). AM, Apical membrane; BM,
basolateral membrane. *P � 0.05, **P � 0.01. Scale bars 	 250 nm.
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Figure 6. Microdissected solitary PCK cysts expand more rapidly under
hypotonic media compared to normal bile ducts. A: Representative images of
normal bile ducts and microdissected PCK cysts exposed to hypoosmotic
(100 mOsm) solution for 60 and 370 seconds. Red lines surrounding cystic
structure represent areas before the addition of hypoosmotic solution. B:
Quantitative assessment of areas of both normal and PCK structures shows
that PCK cysts (n 	 10) expand more rapidly in response to hypotonicity for
370 seconds (ie, 21.2% of increase in cystic areas) compared to lumen
expansion (14.8%, n 	 10) in normal bile ducts. Scale bars 	 500 �m.

Figure 7. Secretin-stimulated expansion of PCK
cysts is inhibited in response to NPPB. Repre-
sentative images of normal (A) and PCK (B)
cystic structures grown in three-dimensional
culture. Secretin alone or in combination with
NPPB (an inhibitor of CFTR and other Cl� chan-
nels) was added for 30 minutes and changes in
cystic areas assessed. A: In normal cystic struc-
tures (n 	 16), basolateral presence of NPPB did
not affect secretin-stimulated expansion of cys-
tic structures. B: In contrast, in PCK cysts (n 	
10) secretin-stimulated cystic areas were inhib-
ited by 55.1% because of the basolateral pres-
ence of NPPB. Red lines surrounding cystic
structure represent areas before NPPB and se-
cretin exposure. Values are given as percentage
of change of the cystic areas relative to the re-
spective increase in the areas under the presence
of secretin but in the absence of NPPB (considered
to be equal to 100%). Scale bars 	 250 �m.

Figure 8. Secretin-stimulated expansion of PCK
cysts is inhibited by the basolateral presence of
CFTRinh172. Representative images of normal
(A) and PCK (B) cystic structures grown in
three-dimensional culture. Secretin alone or in
combination with CFTRinh172 (a specific inhib-
itor of CFTR) was added to the culture media for
30 minutes and cystic areas were assessed. A: In
normal cysts (n 	 18) secretin-stimulated areas
were not affected by the basolateral presence of
CFTRinh172. B: In contrast, in PCK cysts (n 	
24) secretin-stimulated cystic areas were inhib-
ited by 58% in response to the basolateral ap-
plication of CFTRinh172. Red lines surrounding
cystic structure represent areas before
CFTRinh172 and secretin exposure. Values are
given as percentage of change of the cystic areas
relative to the respective increase in the areas
under the presence of secretin but in the ab-
sence of CFTRinh172 (considered to be equal to
100%). Scale bars 	 250 �m.
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Moreover, we previously reported that cholangiocytes
contain intracellular vesicles with AQP1, CFTR, and AE2
proteins, which are inserted into the apical membrane in
response to secretin and cAMP stimulation.20 Elevated
cAMP subsequently activates the CFTR channel leading
to the efflux of Cl� to the bile duct lumen, which in turn is
exchanged with HCO3

� through AE2 thus accounting for
ion-driven water transport.35 These findings all provided
the rationale for our present hypothesis that altered ex-
pression and location of these functionally-related pro-
teins is associated with hepatic cystogenesis in PCK rats.

The message and protein levels of these three proteins
are all overexpressed in PCK cholangiocytes by quanti-
tative RT-PCR and quantitative Western blots; immuno-
fluorescent confocal microscopy and immunoelectron
microscopy provided additional evidence of overexpres-
sion. The intracellular location of the three proteins also
appears to be disturbed in PCK cholangiocytes. AQP1,
CFTR, and AE2 in normal rats are preferentially located to
the apical membrane of cholangiocytes. In PCK cholan-

giocytes, these proteins are mainly overexpressed at the
basolateral membrane. The presence of AQP1, CFTR,
and AE2 in both membrane domains (apical and baso-
lateral) of PCK cholangiocytes is consistent with previous
observations in a related condition. Thus, Na
/K
-AT-
Pase was reported to be mislocalized to the apical mem-
brane of cystic renal tubular cells in a mouse model of
ARPKD, suggesting its involvement in the net basal-to-
apical vectorial transport of Na
 and fluid, resulting in
tubular fluid secretion and cyst formation.36 Likewise, the
epidermal growth factor receptor (EGFR) has been
shown to be overexpressed and mislocalized to the api-
cal membrane of cystic renal epithelial cells in the col-
lecting tubules, suggesting that EGF-like factors in cystic
fluid stimulate cystogenesis through an autocrine-para-
crine cycle.37 In the early stages of ADPKD, AQP1 is
found mainly on the apical plasma membrane of epithe-
lial cells lining dilated proximal tubules in the kidney; with
disease progression, AQP1 in cysts derived from proxi-
mal tubules is missorted to the basolateral membrane.38

Figure 9. Secretin-stimulated expansion of PCK
cysts is inhibited by the basolateral presence of
DIDS. Representative images of normal (A) and
PCK (B) cystic structures grown in three-dimen-
sional culture. Secretin alone or in combination
with DIDS (a Cl�/HCO3

� exchange inhibitor)
was added for 30 minutes and cystic areas were
assessed. A: Basolateral presence of DIDS did
not prevent secretin-stimulated expansion of
normal cysts (n 	 13). B: In PCK cysts (n 	 14),
DIDS inhibited the secretin-stimulated areas by
92.6%. Red lines surrounding cystic structure
represent areas before DIDS and secretin expo-
sure. Values are given as percentage of change
of the cystic areas relative to the respective in-
crease in the areas under the presence of secre-
tin but in the absence of DIDS (considered to be
equal to 100%). Scale bars 	 250 �m.

Figure 10. Secretin-stimulated expansion of
PCK cysts is inhibited by the basolateral pres-
ence of SITS. Representative images of normal
(A) and PCK (B) cystic structures grown in
three-dimensional culture. Secretin alone or in
combination with SITS (a Cl�/HCO3

� exchange
inhibitor) was added and changes in cystic areas
assessed. A: In normal cystic structures (n 	 30),
secretin-stimulated areas were not affected by
the basolateral application of SITS. B: In PCK
cysts (n 	 53), SITS inhibited cystic areas pre-
viously stimulated by secretin by 84%. Red lines
surrounding cystic structure represent areas be-
fore SITS and secretin exposure. Values are
given as percentage of change of the cystic areas
relative to the respective increase in the areas
under the presence of secretin but in the ab-
sence of SITS (considered to be equal to 100%).
Scale bars 	 250 �m.
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Basolaterally expressed CFTR (through which Cl� can
move in either direction depending on the Cl� gradient)
may provide an additional pathway for Cl� entry in re-
sponse to increased cAMP levels, thus increasing the net
Cl� current to the apical lumen.39,40 Interestingly, cAMP-
stimulated CFTR-dependent Cl� secretion has been re-
ported to contribute to fluid accumulation in renal and
hepatic cysts of ADPKD.21,41 Finally, AE2 is preferentially
located to the apical membrane of both normal cholan-
giocytes35,42,43 and hepatocytes44 functioning as an acid
loader facilitating the extrusion of HCO3

� in exchange
with Cl� influx. However, in many other tissues such as
choroid plexus, distal nephrons and oxintic glands, AE2
is mainly expressed basolaterally working as a Cl�

loader.45,46

We therefore investigated whether the overexpression
of AQP1, CFTR, and AE2 at the basolateral membrane of
cholangiocytes could facilitate more rapid cyst expan-
sion in the PCK rat. Indeed, after exposure to a hypoos-
motic solution, PCK cysts expanded more significantly
than normal bile ducts. This finding together with our
previous observation that in PCK cholangiocytes cell
junctions are much tighter than in normal cholangio-
cytes24 suggest that basolateral overexpression of AQP1
might be responsible for greater changes in areas of PCK
cystic structures compared to normal in response to
hypotonicity.

Furthermore, to test the hypothesis that PCK cholan-
giocytes are characterized by an increased ion-driven
water movement from the basolateral to the apical mem-
brane, secretin-stimulated normal and PCK cysts were
basolaterally exposed to NPPB (an inhibitor of CFTR and
other Cl� channels), CFTRinh172 (a highly specific inhib-
itor of CFTR) and to DIDS and SITS (nonspecific inhibitors
of Cl�/HCO3

� exchange). Basolateral application of
NPPB, CFTRinh172, DIDS, or SITS did not affect the
secretin-stimulated cyst expansion in normal cysts. In
PCK cysts, however, the presence of these inhibitors in
the medium inhibited the increase in cystic areas in re-
sponse to secretin. The results are consistent with over-
expression of CFTR and AE2 at the basolateral mem-
brane of PCK cholangiocytes and provide evidence that
ion-driven transport from the basolateral to the apical
cholangiocyte membrane after secretin-stimulation may
account for accelerated fluid accumulation in hepatic
cysts. The changes in cyst expansion in the presence of
DIDS or SITS in the medium could also be linked to
basolateral inhibition of the Na
-HCO3

� co-transporter in
addition to that of AE2 in the basolateral membrane of
cholangiocytes.35,47 However, this possibility seems un-
likely because the basolateral presence of DIDS or SITS
had no effect on the secretin-stimulated cyst expansion in
normal cholangiocytes. Although additional electrophys-
iological experiments (ie, patch-clamp techniques) using
CFTR inhibitors could further support the notion of a
basolateral to apical ion movement in PCK cholangio-
cytes, our in vitro experiments demonstrating basolateral
CFTR overexpression in PCK cholangiocytes together
with the physiological experiments in three-dimensional
culture using two different CFTR inhibitors support this
interpretation.

Thus, based on our findings, we suggest that elevated
cAMP levels in PCK cholangiocytes19 might induce a
permanent activation of apical CFTR, leading to continu-
ous Cl� efflux into the bile duct lumen, which in turn is
exchanged for HCO3

� through AE2, thus accounting for
ion-driven water transport via AQP1. Basolaterally over-
expressed AQP1, CFTR, and AE2 facilitates basolateral
to apical ion/water movement accounting for increased
luminal fluid accumulation. The proposed model of baso-
lateral to apical ion/water movement in the PCK biliary
epithelium is consistent with previous findings reported in
other epithelia.45,46

In conclusion, the present study provides evidence
that elevated expression and altered topography of
AQP1, CFTR, and AE2 are associated with hepatic cyst
expansion in ARPKD. The data suggest the possibility of
new therapeutic approaches to ameliorate the progres-
sion of the hepatic cystogenesis in ARPKD.
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