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The polycystic kidney (PCK) rat is an animal model of
Caroli’s disease with congenital hepatic fibrosis, in
which the mechanism of progressive hepatic fibrosis
remains unknown. This study aimed to clarify the
mechanism of hepatic fibrosis of the PCK rat from the
viewpoint of the contribution of pathological cholan-
giocytes. In liver sections of the PCK rats, intrahe-
patic bile ducts were constituted by two different
phenotypes: bile ducts lined by cuboidal-shaped and
flat-shaped cholangiocytes. The flat-shaped cholan-
giocytes showed reduced immunohistochemical ex-
pression of the biliary epithelial marker cytokeratin
19 and positive immunoreactivity for vimentin and
fibronectin. When cultured cholangiocytes of the PCK
rat were treated with transforming growth factor
(TGF)-$1, a potent inducer of epithelial-mesenchymal
transition, induction of vimentin, fibronectin, and
collagen expression occurred in the PCK cholangio-
cytes. Although the TGF-f31 treatment reduced cyto-
keratin 19 expression, the epithelial cell features
characterized by the expression of E-cadherin and
zonula occludens-1 was maintained, and a-smooth
muscle actin expression was not induced in the
cholangiocytes. Cholangiocytes of the PCK rat may
acquire mesenchymal features in response to TGF-£31
and participate in progressive hepatic fibrosis by pro-
ducing extracellular matrix molecules, which seems
to be a different event from epithelial-mesenchymal
transition. (Am J Pathol 2007, 171:1859-1871; DOI:
10.2353/ajpath.2007.070337)

The polycystic kidney (PCK) rat is an established animal
model of Caroli’s disease with congenital hepatic fibrosis
(CHF), as well as a slowly progressive model of autoso-
mal recessive polycystic kidney disease (ARPKD).'
Caroli’s disease with CHF is a hepatic manifestation of
ARPKD, and the hepatic lesions of ARPKD are charac-
terized by multiple segmental and saccular dilation of the
intrahepatic bile ducts and progressive and unresolving
portal fibrosis.? * Persistence or lack of remodeling of the
embryonic ductal plate is regarded as an essential pre-
cursor of the hepatic lesions of Caroli’s disease.® Symp-
toms from the liver disease often result from complica-
tions of dilated ducts or hepatic fibrosis, and the
spontaneous course of Caroli’s disease with CHF is dom-
inated by biliary infection such as recurrent ascending
cholangitis and sepsis.>™*

Mutations to orthologous genes, PKHD1/Pkhd1, have
been identified in ARPKD patients and the PCK rat.®”
Developing and mature intrahepatic bile ducts express
the PKHD1 protein, fibrocystin, whereas bile ducts of
ARPKD patients lack its expression.® Mice with targeted
mutation of Pkhd1 develop cystic biliary dysgenesis and
portal fibrosis.® In the PCK rat, cholangiocytes possess
short and malformed cilia that do not express fibrocys-
tin.’©~'2 Despite the identification of the genetic defect of
the disease, the pathophysiology of the bile duct dilation
and hepatic fibrosis are not fully understood. With regard
to the mechanism of progressive dilation of intrahepatic
bile ducts, our pervious studies have shown that activa-
tion of the signaling pathway mediated by epidermal
growth factor receptor is involved in the abnormal cholan-
giocyte growth in the PCK rat. '

In most types of chronic liver diseases, activated he-
patic stellate cells/myofibroblasts play major roles in he-
patic fibrosis by producing extracellular matrix mole-
cules.’® These fibrogenic processes usually occur after
hepatocellular damage by various causative agents,
whereas lack of necroinflammatory change in hepatic
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parenchyma is a histological feature of Caroli’s disease
with CHF .2 In fact, our previous study demonstrated that
a-smooth muscle actin (a-SMA)-expressing myofibro-
blasts were negligible in hepatic parenchyma in liver
sections of patients with Caroli’s disease with CHF.'®
Therefore, hepatic fibrosis in Caroli’s disease with CHF
seems to be mediated by other cell types than hepatic
stellate cells.

Recently, many studies have demonstrated that epi-
thelial cells have an ability to acquire mesenchymal fea-
tures, providing proof of principle for the process of ep-
ithelial-mesenchymal transition (EMT)."”"® EMT has been
implicated in a variety of biological processes such as
fibrogenesis as well as embryonic development and tu-
mor progression. For example, renal tubular epithelial
cells undergo EMT that is linked to the pathogenesis of
renal interstitial fibrosis.™ In idiopathic pulmonary fibro-
sis, alveolar epithelial cells can serve as a source of
myofibroblasts through EMT.2° Transforming growth fac-
tor (TGF)-B is known to be the most potent inducer of
EMT, and it initiates morphological transition of the cells
from an epithelial to a fibroblastic appearance, accom-
panied by a loss of epithelial cell markers such as E-
cadherin and a gain of mesenchymal cell markers such
as vimentin, fibronectin, and N-cadherin.'®'®

According to our previous study,'* administration of a
tyrosine kinase inhibitor inhibited intrahepatic bile duct
dilation of the PCK rat, and this inhibition resulted in an
improvement of hepatic fibrosis. In a rat model of biliary
fibrosis, bile duct epithelial cells participate in the fibrotic
process by producing connective tissue growth factor.?
In addition, a recent study has demonstrated that bile
duct epithelial cells can undergo EMT, thereby contrib-
uting to hepatic fibrosis in a mouse model of bile duct
ligation.?® These observations suggest that cholangio-
cytes contribute to hepatic fibrosis under several patho-
physiological conditions, and the fibrocystic liver disease
may be a candidate of such diseases. Using the PCK rat
as an animal model of Caroli's disease with CHF, this
study was performed to clarify the mechanism of hepatic
fibrosis of the PCK rat from the view point of the contri-
bution of pathological cholangiocytes.

Materials and Methods

Animals and Tissues

PCK rats were maintained at the Laboratory Animal Insti-
tute of Kanazawa University Graduate School of Medi-
cine. Normal (Crj:CD) rats were purchased from Charles
River Japan (Sagamihara, Japan). Livers were removed
from fetal (21 days of gestation), neonatal, and adult (1
day, 3 weeks, 2 months, 6 months, and 10 months old)
rats. They were immersed in 10% formalin neutral buffer
solution (pH 7.4) and embedded in paraffin. More than 10
serial sections, 4 um thick, were cut from each paraffin
block. Several of these sections were stained with hema-
toxylin and eosin (H&E) and Azan-Mallory, and the re-
mainder was subjected to the immunohistochemical
analysis. Parts of the tissue were immediately frozen in

liquid nitrogen for use in the reverse transcriptase-poly-
merase chain reaction (RT-PCR) and an enzyme-linked
immunosorbent assay (ELISA). All animal studies were
performed in accordance with the Guidelines for the Care
and Use of Laboratory Animals at Takara-machi Campus
of Kanazawa University, Kanazawa, Japan.

Cell Culture of PCK Cholangiocytes

Biliary epithelial cells were isolated, purified, and cultured
from the intrahepatic large bile ducts of 8-week-old male
PCK rats and normal rats as described previously.'® The
8th to 12th subcultured cholangiocytes were used for the
study. Cells were set on type | collagen-coated cell cul-
ture dishes (Iwaki, Scitech Div., Chiba, Japan) covered
with a standard culture medium composed of Dulbecco’s
modified Eagle’s medium/F-12 (Life Technologies, Inc.,
Rockville, MD), 10% bovine growth serum (HyClone, Lo-
gan, UT), 1% ITS+ (Becton Dickinson, Bedford, MA), 5
wmol/L forskolin (Wako Pure Chemical, Osaka, Japan),
12.5 mg/ml of bovine pituitary extract (Kurabo Industries,
Osaka, Japan), 1 wmol/L dexamethasone (Sigma, St.
Louis, MO), 5 umol/L trilodo-thyronine (Sigma), 5 mg/ml
of glucose (Sigma), 25 mmol/L sodium bicarbonate
(Sigma), 1% antibiotics-antimycotic (Life Technologies,
Inc.), and 20 ng/ml of epidermal growth factor (Upstate
Biotechnology, Lake Placid, NY) at 37°C in an atmo-
sphere of 5% CO,. The standard culture medium was
changed every 2 days until subconfluent.

Treatment of PCK Cholangiocytes with TGF-B1

At subconfluent state on type | collagen-coated cell culture
dishes, cholangiocytes of PCK and normal rats were incu-
bated with the standard medium or that containing TGF-1 (2
ng/ml; R&D Systems, Inc., Minneapolis, MN) for 3 and 7 days.
The culture medium was changed every day. After the treat-
ment, the cultured cells and their supernatant were stored for
the following experiments. To determine further the effects of
direct cell contact with the basement membrane components,
PCK cholangiocytes were cultured on type IV collagen- or
laminin-coated cell culture dishes (BD Biosciences, Bedford,
MA), and similarly treated with TGF-B1.

RT-PCR

Total RNA (1 ung) was extracted from the liver and cul-
tured cholangiocytes using an RNA extraction kit
(RNeasy mini; Qiagen, Tokyo, Japan) and was used to
synthesize cDNA with reverse transcriptase (ReverTra
Ace; Toyobo Co., Osaka, Japan). The sequences of the
primers and conditions for PCR used are shown in Table
1. PCR amplification was performed in a reaction mixture
containing 0.2 mmol/L dNTPs, 1 umol/L each 5'- and
3'-primers, and 2.5 U of TagDNA polymerase (Takara EX
Taq; Takara Bio, Shiga, Japan). For each reaction, an
initial denaturation cycle of 94°C for 3 minutes and a final
cycle of 72°C for 10 minutes were incorporated. The PCR
products were subjected to 2% agarose gel electro-
phoresis and stained with ethidium bromide.
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Table 1. Sequences of the Primers and PCR Conditions Used in This Study
Gene Sequences Annealing temperature (°C)  PCR cycles

CK19 5'-GTACCAGAAGCAGGGACCCG-3' 60 22
5'-TTCCAGGGCAGCTTTCATGC-3’

E-cadherin 5'-GAGGGTTTTCACTGGTTGTT-3’ 55 28
5'-GTAAAGACACTCTGGAGGTG-3'

Vimentin 5'-TTCAAGAACACCCGCACCAAC-3’ 55 29
5'-GCCTTCCAGCAGCTTCCTGTA-3’

Procollagen type | 5'-CATAAAGGGTCATCGTGGCTTC-3’ 65 35
5'-GTGATAGGTGATGTTCTGGGAG-3’

Fibronectin 5'-CCTACAACATCATAGTGGAG-3' 55 35

5'-CTTGTAGTTGACACCGTTGT-3'
a-SMA 5'-CATCCACGAAACCACCTATA-3' 55 40
5'-CTGTTTGCTGATCCACATCT-3'

TGF-B1

5'-CAATTCCTGGCGTTACCTTG-3' 60 35

5'-GAAGCAGTAGTTGGTATCCA-3'
TRR-II 5'-GTGAAGAACGATTTGACCTG-3' 50 40
5'-GTTGTCTTTCATGCTCTCCA-3’

B-Actin

5'-ACCTTCAACACCCCAGCCATGTACG-3’ 60 25

5'-CTGATCCACATCTGCTGGAAGGTGG-3’

CK, cytokeratin; SMA, smooth muscle actin; TGF, transforming growth factor; TBR-Il, TGF-B type Il receptor.

Immunofluorescence Confocal Microscopy

Cholangiocytes of PCK and normal rats grown on type |
collagen-coated coverslips were treated with TGF-g1 (2
ng/ml) for 3 and 7 days. Then they were fixed with 4%
paraformaldehyde for 15 minutes and permeabilized for
3 minutes with 0.1% Triton X-100. After blocking, the cells
were incubated for 1 hour at room temperature with pri-
mary antibodies against pan-cytokeratin (CK) (1:600; Da-
koCytomation, Glostrup, Denmark), zonula occludens-1
(ZO-1) (1:200; Zymed, South San Francisco, CA), and
vimentin (1:600, DakoCytomation). Alexa-488 and Alexa-
568 (10 pg/ml; Molecular Probes, Eugene, OR) were
used as a secondary antibody, and nuclei were stained
with 4',6-diamidino-2-phenylindole.

Western Blot Analysis

Proteins were extracted from cultured cholangiocytes us-
ing T-PER tissue protein extraction reagent (Pierce
Chemical Co., Rockford, IL), and the total protein was
measured spectrometrically. First, 50 ug of the protein
was subjected to 10% sodium dodecyl sulfate-polyacryl-
amide electrophoresis and then electrophoretically trans-
ferred on to a nitrocellulose membrane. The membrane
was incubated with primary antibodies against CK19 (1:
100; Novocastra, Newcastle on Tyne, UK), E-cadherin
(1:100, Zymed), and actin (1:3000; Abcam Inc., Cam-
bridge, MA). The protein expression was detected using
an EnVison+ system (DakoCytomation). 3,3’-Diamino-
benzidine tetrahydrochloride was used as the chromo-
gen. Semiquantitative analysis of the results was performed
using the public domain NIH image software (National In-
stitutes of Health, Bethesda, MD). The fold difference
compared with actin expression was calculated.

ELISA

Concentrations of TGF-B1 were determined using an
ELISA kit (R&D Systems) according to the manufacturer’s

instructions. Briefly, serum and protein extracts from the
liver of the PCK and normal rats were added to a 96-well
plate coated with a monoclonal antibody for TGF-B1 and
incubated for 2 hours at room temperature. After wash-
ing, an enzyme-linked polyclonal antibody for TGF-B1
was added and incubated for 2 hours. Color develop-
ment was performed using a substrate solution, and its
absorbance at 450 nm was measured. Total protein was
measured spectrometrically, and TGF-B1/total protein
concentration was calculated for each sample.

For the determination of concentration of fibronectin,
an ELISA kit (Biomedical Technologies Inc, Stoughton,
MA) was used. Briefly, cell culture supernatant was incu-
bated with a specific primary antiserum against fibronec-
tin in a 96-well plate for 1 hour at 37°C. For negative
control wells, the standard culture medium was added. A
second incubation was performed with an alkaline phos-
phatase-fibronectin conjugate. Separation of the anti-
body-bound and -free fractions was achieved by a sec-
ond antibody that was precoated to the wells. After
incubation with substrate, the amount of bound enzyme
was determined by absorption at 405 nm.

Measurement of Collagen Content

The collagen content in cell culture supernatant was
measured using the Sircol collagen assay kit (Biocolor
Ltd., Belfast, UK) according to the manufacturer’s in-
structions. Briefly, Sirius red reagent (50 ul) was added to
each culture supernatant (50 ul) and mixed for 30 min-
utes. The collagen-dye complex was precipitated by cen-
trifugation at 15,000 X g for 5 minutes, washed with
ethanol, and dissolved in 0.5 mol/L sodium hydroxide.
Finally, the samples were introduced into a microplate
reader, and the absorbance was determined at 540 nm.
Because the standard culture medium contained detect-
able amounts of collagen, the data were expressed as an
increase in collagen content by subtracting the mea-
sured value for the standard culture medium.
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Table 2. Primary Antibodies Used for the Immunohistochemical Analysis
Antibody specificity Clone Source Dilution
Pan-CK Polyclonal DakoCytomation, Glostrup, Denmark 1:600*
CK7 OV-TL 12/30 DakoCytomation 1:50*
CK19 b170 Novocastra, Newcastle upon Tyne, UK 1:100"
E-cadherin 4A2C7 Zymed, South San Francisco, CA 1:200*
Vimentin V9 DakoCytomation 1:600"
Desmin D33 DakoCytomation 1:200
a-SMA 1A4 DakoCytomation 1:200
N-cadherin Polyclonal Calbiochem, La Jolla, CA 1:100*
Fibronectin Polyclonal DakoCytomation 1:200*
TBR-I Polyclonal Santa Cruz Biotechnology, Inc., Santa Cruz, CA 1:50"
TBR-II Polyclonal Santa Cruz Biotechnology, Inc. 1:50"
Phospho-Smad2 Polyclonal Cell Signaling Technology, Inc., Danvers, MA 1:100*

Antigen retrieval was performed by microwaving in 10 mmol/L citrate buffer pH 6.0 (*), by incubating with 1 mg/ml trypsin for 15 minutes at 37°C
(M), and by incubating 20 mg/ml of proteinase K for 6 minutes at room temperature (¥). CK, cytokeratin; SMA, smooth muscle actin; TBR-I, transforming

growth factor-g type | receptor; TBR-Il, TGF-B type Il receptor.

Immunohistochemistry

Immunostaining was performed for formalin-fixed, paraf-
fin-embedded liver sections. After deparaffinization and
blocking of the endogenous peroxidase, the sections
were incubated overnight at 4°C with individual primary
antibodies listed in Table 2. Then, the sections were
incubated with secondary antibody conjugated to the
peroxidase-labeled polymer, EnVison+ system (DakoCy-
tomation). Color development was performed using 3,3'-
diaminobenzidine tetrahydrochloride, and the sections
were counterstained with hematoxylin. Control sections
were evaluated by substitution of the primary antibodies
with corresponding nonimmunized serum, which resulted
in no signal detection.

Double Immunostaining and Histological
Assessment

Double immunostaining of pan-CK and vimentin was con-
ducted as follows. The deparaffinized liver sections were
incubated overnight at 4°C with anti-pan-CK (1:200) and
then incubated using the EnVision+ system (DakoCyto-
mation). Color development was performed using the
Vector Blue alkaline phosphatase substrate kit (Vector
Laboratories, Burlingame, CA). The detection of vimentin
was performed as above. Stained liver sections were
visualized under a light microscope, and the digital im-
ages were acquired and reproduced on a computer.
Areas of lumen of pan-CK single-positive bile ducts, and
those of pan-CK- and vimentin-double-positive bile ducts
were measured using image analysis software (Win-
ROOF version 3.6; Mitani Corp., Tokyo, Japan). The ar-
eas of interest were expressed as a percentage of the
total tissue.

The extent of fibrosis around bile ducts was deter-
mined using sections stained with Azan-Mallory. The dig-
ital images of the sections were reproduced on a com-
puter, and a color threshold was applied at a level that
separated periductal fibrosis from nonfibrotic tissue. Ar-
eas of periductal fibrosis and those of bile duct lumen
were measured using WinROOF software (Mitani Corp.).

Periductal fibrosis score was expressed as a ratio of area
of periductal fibrosis/area of bile duct lumen.

Statistics

The mean = SD was calculated for all parameters. Sta-
tistical differences were determined using the Mann-
Whitney U-test or analysis of variance. A P value <0.05
was accepted as the level of statistical significance.

Results

Two Different Types of Intrahepatic Bile Ducts of
the PCK Rat

In liver sections of the PCK rats stained with H&E, two
different types of intrahepatic bile ducts could be recog-
nized, ie, bile ducts lined by cuboidal-shaped cholangio-
cytes [Figure 1, A (arrowheads) and B] and those lined
by flat-shaped cholangiocytes [Figure 1, A (arrows) and
C]. The bile ducts lined by cuboidal-shaped cholangio-
cytes (C-type) were a predominant phenotype in the liver,
showing progressive cystic dilation with increasing age.
The bile ducts lined by flat-shaped cholangiocytes (F-
type) were not observed under the age of 1 day but
seemed to distribute more frequently with advancing
age. F-type had fusiform-shaped lumen with uneven nu-
clear spacing and lower nuclear density than those of
C-type (Figure 1C). Some F-type bile ducts had enlarged
nuclei. In the elderly rats, mildly dilated F-type bile ducts
were observed, but F-type seemed not to show progres-
sive cystic dilation (Figure 1A). At the ages of 6 and 10
months, cholangitis became a frequent histological find-
ing in C-type with accumulation of polymorphonuclear
leukocytes in their lumen. By contrast, F-type never as-
sociated with suppurative cholangitis even in the elderly
rats, despite the close spatial distance between C- and
F-types (Figure 1D).

Both C- and F-types accompanied with progressive
dense fibrosis around them, and F-type occasionally
showed fibrous scar-like appearance in the elderly rats
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Figure 1. Two different types of intrahepatic bile ducts of the PCK rat. Intrahepatic bile ducts of the PCK rat consisted of bile ducts lined by cuboidal-shaped
cholangiocytes (C-type) (A, arrowheads, and B) and those lined by flat-shaped cholangiocytes (F-type) (A, arrows, and C). B and C: High-power views of the
squares outlined in A. D: Cholangitis with polymorphonuclear cell accumulation in the lumen was a frequent histological finding in C-type, whereas F-type never
associated with suppurative inflammation. E: F-type occasionally showed fibrous scar-like appearance in the elderly rats (arrows). F: Inmunostaining of a-SMA
using PCK liver sections. G and H: Double immunostaining of pan-CK (colored by the Vector blue reaction) and vimentin (colored by the benzidine reaction)
for the PCK livers. C-type bile ducts showed single-positive signal for pan-CK (G), whereas F-type bile ducts showed double-positive signals for pan-CK and
vimentin with reduced expression of pan-CK (HD. I: Frequency of distribution of C- and F-type bile ducts in the PCK liver. Morphometric analysis of the stained
liver sections was performed as described in Materials and Methods. Representative photographs of the 6-month-old (A--C, G, H) and 10-month-old (D--F) PCK
rats. A--D, H&E; E, Azan-Mallory. Original magnifications: X200 (A); X400 (D-F); X1000 (B, C, G, H).

(Figure 1E, arrows). Despite dense fibrotic response in
the portal tracts, a-SMA-expressing portal fibroblasts
were scanty at any age of the rats around C- and F-type
bile ducts (Figure 1F). Also, a-SMA-expressing myofibro-
blasts were negligible in hepatic parenchyma of the PCK
rats (Figure 1F).

Frequency of Distribution of Two Different Type
Bile Ducts in the PCK Liver during Aging

Double immunostaining of pan-CK (colored by the Vector
Blue reaction) and vimentin (colored by the benzidine
reaction) was performed for the PCK liver sections, and
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the frequency of distribution of C- and F-type bile ducts
was determined. As demonstrated later, cholangiocytes
constituting F-type bile ducts had mesenchymal features.
In the analysis, pan-CK single-positive bile ducts (Figure
1G) were regarded as C-type, and bile ducts showing
pan-CK and vimentin double-positive with reduced signal
intensity of pan-CK (Figure 1H) were regarded as F-type.
As shown in Figure 11, the percentage of areas of C-type
bile duct lumen to the whole liver tissue progressively
increased with aging, and C-type was invariably predom-
inant at any age of the rats. F-type first appeared at 3
weeks of age, and its frequency gradually increased up
to 10 months of age.

Progressive Fibrosis around Two Different Type
Bile Ducts in the PCK Liver during Aging

Fibrosis around the two different type bile ducts was
assessed using liver sections stained with Azan-Mallory.
C- and F-type bile ducts in Azan-Mallory-stained sections
were determined using serial sections immunostained for
pan-CK and vimentin. Fibrosis around F-type bile ducts
tended to be more dense than that of C-type, and the
image analysis could reproduce this tendency (Figure 2,
A and B). As shown in Figure 2C, both C- and F-type bile
ducts showed progressive fibrosis around them during
aging, and the periductal fibrosis was more prominent
around F-type bile ducts after 3 weeks of age.

Immunophenotype of Intrahepatic Bile Ducts of
the PCK Rat

Immunohistochemical analysis showed that C-type bile
ducts were diffusely and strongly positive for pan-CK and
biliary epithelial markers (CK7, CK19), showing positive
immunoreactivity for E-cadherin on their cell membrane
(Figure 3, Table 3). Mesenchymal markers including vi-
mentin and fibronectin were totally negative in C-type.
The immunophenotype of C-type was identical with those
of the intrahepatic bile ducts of adult normal rats. Simi-
larly, bile duct epithelial cells of fetal livers showed the
same immunophenotype in both PCK and normal rats
(Table 3).

In F-type of the PCK rat, reduction of pan-CK, CK7,
and CK19 expression was observed. E-cadherin expres-
sion appeared to be maintained in F-type, although cell
membranous localization and borders between adjacent
cholangiocytes became unclear (Figure 3). F-type
showed positive immunoreactivity for mesenchymal
markers such as vimentin and fibronectin (Figure 3, Table
3). Occasionally, the expression of N-cadherin was ob-
served in F-type. Bile ducts of both C- and F-types lacked
a-SMA expression (Figure 1F).

Expression of TGF-B1 and Its Receptors in the
PCK Rat

To determine the possibility of the occurrence of EMT in
PCK cholangiocytes, in vitro studies using cultured
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Figure 2. Progressive fibrosis around two different type bile ducts in the PCK
liver during aging. A: Periductal fibrosis around F-type bile duct was more
dense than that of C-type bile duct. To determine periductal fibrosis score,
the image analysis was performed as described in Materials and Methods. B:
Representative analyzed image of the figure shown in A (green, fibrotic area;
red, bile duct lumen). C: Fibrosis occurred progressively around both C- and
F-type bile ducts during aging, in which the extent was more prominent in
F-type bile duct. A, Azan-Mallory. Original magnification, X400.

cholangiocytes were performed. Before the analysis, in
vivo expression of TGF-B1, a potent inducer of EMT, and
receptors for TGF-B1 were examined. RT-PCR analysis
showed that whole liver of the PCK rats expressed
TGF-B1 mRNA, and the expression level increased with
aging (Figure 4A), which was in accordance with the
increase in the appearance of cholangiocytes with mes-
enchymal features (F-type) along with aging (Figure 1l).
Livers of normal rats also expressed TGF-B1 mRNA, and
the expression level tended to be lower when compared
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Figure 3. Immunophenotype of intrahepatic bile ducts of the PCK rat. Immunostaining using liver sections for epithelial markers (CK19, E-cadherin) and
mesenchymal markers (vimentin, fibronectin) was performed as described in Materials and Methods. Immunophenotype of C-type bile ducts of the PCK rats and
interlobular bile ducts of the adult normal rats (arrows) was identical. In F-type bile ducts of the PCK rats, reduction of the expression of biliary epithelial marker
CK19 was observed, whereas E-cadherin expression was unchanged. F-type showed immunoreactivity for mesenchymal markers, vimentin and fibronectin.

Original magnifications, X1000.

to those of the PCK rat (Figure 4B). At the protein level,
the PCK rat expressed a significantly high level of TGF-B1
in the whole liver (Figure 4C) and the serum (Figure 4D)
at 10 months of age.

Bile ducts of C- and F-types of the PCK rats and those
of normal rats invariably expressed TGF- type | receptor
(TBR-1) and TGF-B type Il receptor (TBR-II) to the same
extent, with the exception of reduced signals of TBR-I in
F-type bile ducts (Figure 4E). By contrast, dilated bile
ducts at the hilar region of the PCK rats showed in-
creased positive signals of TBR-I (data not shown). Hepa-
tocytes also showed diffuse cytoplasmic staining of TBR-I
and TBR-Ilin both rats. Nuclei of cholangiocytes of F-type
bile duct showed strong immunoreactivity for phospho-

Smad?2 (pSmad?2), whereas the staining was totally weak
or invisible in C-type and normal bile ducts (Figure 4E).
Hepatocytes of both PCK and normal rats were diffusely
labeled with the anti-pSmad2 antibody used in this study.

Induction of Mesenchymal Markers in PCK
Cholangiocytes by TGF-B1

Cultured PCK and normal cholangiocytes were stimu-
lated with TGF-B1 for 3 days on type | collagen-coated
cell culture dishes, and the expression of mesenchymal
markers was examined. Experiments using RT-PCR
showed that PCK and normal cholangiocytes expressed
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Table 3. Summary of the Immunohistochemical Analysis for the Intrahepatic Bile Ducts of the PCK and Normal Rats
PCK Normal
Adult liver

Fetal C- F- Fetal Adult
liver type type liver liver

Epithelial markers Pan-CK ++ ++ + ++ ++
CK7 ++ ++ + ++ ++

CK19 ++ ++ + ++ ++

E-cadherin - + + - +

Mesenchymal markers Vimentin + - ++~ + + —

Desmin - - - - -

a-SMA - - - - -

N-cadherin - - + ~ - - -

Fibronectin - - ++ ~ + - -

++, strongly positive; +, moderate to weakly positive; —, negative. CK, cytokeratin; SMA, smooth muscle actin.

mRNA for TBR-II (Figure 5A). PCK and normal cholangio-
cytes also contained detectable amounts of TGF-g1
mRNA. After stimulation, an increase in the expression of
mRNA for vimentin, procollagen type |, and fibronectin
was observed in PCK and normal cholangiocytes by
RT-PCR, but a-SMA mRNA expression was unchanged
(Figure 5B). On immunofluorescence confocal micros-
copy, the majority of PCK and normal cholangiocytes
were negative for vimentin, and TGF-B1 increased the
number of vimentin-positive cholangiocytes (Figure 5C).
In accordance with the induction of MRNA of procollagen
type | and fibronectin, cell culture supernatant of the
PCK cholangiocytes contained significantly increased
amounts of collagen (Figure 5D) and fibronectin (Figure
5E) after the treatment. Prolonged incubation (7 days)
with TGF-B1 resulted in almost identical results (data not
shown).

Effects of TGF-B1 on Epithelial Cell Phenotype
of PCK Cholangiocytes

PCK cholangiocytes treated with TGF-B1 for 3 days on
type | collagen-coated cell culture dishes were used for
the analysis of epithelial cell phenotype. As shown in
Figure 6A, CK19 and E-cadherin mRNA expression was
not affected by the TGF-B1 treatment in the PCK cholan-
giocytes by RT-PCR analysis. Western blot analysis also
showed no effects of TGF-B1 on CK19 and E-cadherin
expression in the PCK cholangiocytes at the protein level
(Figure 6B). Semiquantitative analysis of the results of
Western blotting confirmed no significant inhibitory ef-
fects of TGF-B1 on the expression of epithelial markers
(Figure 6, C and D). Under the phase-contrast micro-
scope, epithelial cell morphology was maintained in PCK
cholangiocytes after TGF-B1 treatment, and no morpho-
logical transition of the cells from an epithelial to a fibro-
blastic appearance was observed (Figure 6E). In addi-
tion, tight junctions between adjacent cells were
preserved after the treatment as shown by the expression
of ZO-1 (Figure 6E). Similar results were obtained for the
normal cholangiocytes. Reduction of CK19 and E-cad-
herin expression was not observed after TGF-B1 treat-
ment for a longer period (7 days) in the PCK and normal
cholangiocytes (data not shown).

Reduction of Biliary Epithelial Phenotype of PCK
Cholangiocytes by TGF-B1— Effects of Cell
Contact with Basement Membrane
Components

Immunohistochemical analysis showed reduced expres-
sion of biliary epithelial marker CK19 in F-type bile ducts
of the PCK rat (Figure 3, Table 3). However, in vitro
analysis failed to demonstrate reduction of CK19 expres-
sion after TGF-B1 treatment in the PCK cholangiocytes
cultured on type | collagen-coated cell culture dishes.
Because cell contact with basement membrane compo-
nents such as type IV collagen and laminin is an impor-
tant developmental and biological microenvironment for
bile duct epithelial cells, PCK cholangiocytes were cul-
tured on type IV collagen- and laminin-coated cell culture
dishes, and the effects of TGF-B1 on biliary epithelial
phenotype were examined.

After a 3-day stimulation with TGF-B1, the expression
of CK19 mRNA appeared to be reduced in the PCK
cholangiocytes cultured on type IV collagen and laminin,
whereas E-cadherin mRNA expression was unchanged
(Figure 7A). Western blot analysis showed that TGF-B1
significantly reduced CK19 expression in the PCK
cholangiocytes cultured on type IV collagen (Figure 7, B
and C). E-cadherin expression of the PCK cholangio-
cytes cultured on type IV collagen and laminin was not
significantly affected by TGF-B1 at the protein level (Fig-
ure 7D), consistent with the immunohistochemical results
of no reduction of E-cadherin expression in F-type bile
ducts (Figure 3).

Discussion

This study demonstrated the involvement of pathological
cholangiocytes in progressive portal fibrosis of the PCK
rat. Intrahepatic bile ducts of the PCK rat constituted by
the two distinct phenotypes, C- and F-types, in which
C-type bile ducts were the predominant phenotype in the
liver. The F-type bile ducts appeared more frequently
with advancing age, suggesting acquired nature of the
development of F-type bile ducts in the PCK liver. Immu-
nohistochemical analysis for the PCK liver sections re-
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Figure 4. Expression of TGF-B1 and its receptors in the PCK rat. A and B:
RT-PCR analysis for TGF-B1 mRNA expression in the whole liver of the PCK
(A) and normal (B) rats at different age. Total RNA extracted from the whole
liver was used for the analysis. C and D: TGF-B1 concentration in protein
extracts from the livers (C) and the serum (D) of the PCK and normal rats at
10 months of age. TGF-B1 concentration in the samples was determined
using ELISA. E: Immunostaining of TGF-B type I receptor (TBR-D), TGF-B
type II receptor (TBR-ID), and phospho-Smad2 (pSmad2). TBR-I and TBR-II
were expressed in bile ducts of C- and F-types of the PCK rats and those of
normal rats (arrows). Nuclei of cholangiocytes of F-type bile duct showed
strong immunoreactivity for pSmad2 (arrowheads), whereas the staining
was totally weak or invisible in C-type and normal bile ducts. The data
represent three independent experiments (A, B) and the mean * SD of four
per group (C). *P < 0.05, P < 0.01.

vealed that C-type bile ducts had an identical immuno-
phenotype with that of intrahepatic bile ducts of the adult
normal rats. By contrast, F-type showed reduced expres-
sion of biliary epithelial marker CK19 and positivity for
mesenchymal markers vimentin and fibronectin. The re-
sults of the immunohistochemical analysis indicate that
cholangiocytes with mesenchymal features (F-type) con-
tribute to progressive hepatic fibrosis of the PCK rat. The
small number of cells of a-SMA-expressing myofibro-
blasts or fibroblasts in the PCK liver also suggests in-
volvement of pathological cholangiocytes, rather than he-
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Figure 5.Induction of mesenchymal markers in PCK cholangiocytes by
TGF-B1. Cultured cholangiocytes were incubated with TGF-B1 for 3 days on
type 1 collagen-coated cell culture dishes. A: Detection of TGF-B type II
receptor (TBR-II) and TGF-B1 mRNA in PCK and normal cholangiocytes
using RT-PCR. B: Effects of TGF-B1 on the expression of mesenchymal
markers in cultured cholangiocytes determined by RT-PCR. C: Induction of
vimentin in PCK cholangiocytes by TGF-B1. Vimentin was visualized by
Alexa-488 (green), and pan-CK was visualized by Alexa-568 (red) under
immunofluorescence confocal microscopy. Bottom panels were merged
images of vimentin and pan-CK. D and E: Concentrations of collagen (D) and
fibronectin (E) in cell culture supernatant of PCK cholangiocytes. The con-
centrations of collagen and fibronectin were determined as described in
Materials and Methods. The data represent three independent experiments
(A, B) and the mean *= SD of four per group (D, E). *P < 0.01. Original
magnifications, X1000.

patic stellate cells and residential portal fibroblasts, in the
process of hepatic fibrosis of the PCK rat.

In several types of chronic fibrotic disorders, epithelial
cells acquire mesenchymal features, thereby contribut-
ing to fibrogenic process, a phenomena known as
EMT."'® EMT has been also implicated in embryonic
development and tumor progression. EMT contributes to
the degeneration of epithelial structures and to the gen-
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Figure 6. Effects of TGF-B1 on epithelial cell phenotype of PCK cholangio-
cytes. Cultured PCK cholangiocytes were incubated with TGF-B1 for 3 days
on type I collagen-coated cell culture dishes. A and B: No inhibitory effects
of TGF-B1 on the expression of CK19 and E-cadherin determined by RT-PCR
(A) and Western blotting (B). C and D: Semiquantitative analysis of the
results of Western blotting was performed for CK19 (C) and E-cadherin (D),
confirming no significant inhibitory effects of TGF-B1. E: No effects of
TGF-B1 on epithelial cell morphology of PCK cholangiocytes. E: Morpho-
logical transition was not observed after TGF-B1 treatment under the phase-
contrast microscope (top). E: Tight junctions were present even between
adjacent cells after the TGF-B1 treatment as shown by expression of ZO-1
(bottom). ZO-1 was visualized by Alexa-488 (green) under immunofluores-
cence confocal microscopy. Nuclei were stained with 4’,6-diamidino-2-phe-
nylindole (blue). The data represent three independent experiments (A) and
the mean = SD of four per group (C, D). Original magnifications, X1000.

eration of fibroblasts associated with accumulation of
extracellular matrix in chronic fibrotic disorders, particu-
larly in renal interstitial fibrosis. The key steps of EMT
include loss of epithelial cell adhesion and de novo
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Figure 7. Reduction of biliary epithelial phenotype of PCK cholangiocytes
by TGF-B1. Effects of cell contact with basement membrane components
were determined using PCK cholangiocytes cultured on type IV collagen-
and laminin-coated cell culture dishes. The cells were incubated with TGF-B1
for 3 days. A and B: The expression of CK19 and E-cadherin in PCK
cholangiocytes were determined by RT-PCR (A) and Western blotting (B). C
and D: Semiquantitative analysis of the results of Western blotting for CK19
(C) and E-cadherin (D). TGF-B1 significantly inhibited the CK19 expression
in the presence of type IV collagen (C), whereas E-cadherin expression was
unaffected (D). The data represent the mean * SD of four per group (C, D).
*P < 0.05.

a-SMA expression.'® The expression of E-cadherin, a
central component of cell-cell adhesion junctions, is usu-
ally lost at sites of EMT during development and can-
cer.'2% The results of in vivo analysis of this study
showed reduction of CK19 expression and a gain of the
mesenchymal features of the F-type bile ducts of the PCK
rat. However, E-cadherin expression was not reduced,
and a-SMA expression was not observed in F-type bile
ducts in vivo. These in vivo results of this study seemed
not to fulfill the features of EMT. However, a recent study
has demonstrated that TGF-B1 induces a-SMA and fi-
bronectin expression, and suppresses CK19 in cultured
biliary epithelial cells, providing evidence of the occur-
rence of EMT in noncancerous cholangiocytes.?®> We
therefore addressed whether PCK cholangiocytes were
able to undergo EMT in vitro.

First, we examined phenotypic changes of PCK and
normal cholangiocytes cultured on type | collagen-
coated cell culture dishes after TGF-B1 treatment. As
expected, TGF-B1 induced the expression of vimentin,
collagen, and fibronectin in PCK cholangiocytes. How-
ever, the expression of CK19 and E-cadherin was unaf-
fected by the treatment. Consistent with these results,
morphological alterations of the cholangiocytes from an
epithelial to a fibroblastic appearance were not observed
under the phase-contrast microscope, and tight junctions
between adjacent cells were well preserved after the
treatment as assessed by the expression of ZO-1. In vivo,
F-type bile ducts showed reduced expression of CK19,



but in vitro analysis failed to demonstrate reduction of the
CK19 expression in the cholangiocytes cultured on type
| collagen-coated cell culture dishes by TGF-B1. Be-
cause cell contact to the basement membrane compo-
nent is an important microenvironment that provides
structural and functional support to various cell types
including cholangiocytes,?*72¢ we next examined the ef-
fects of the cell contact to a major component of base-
ment membranes, type IV collagen, and laminin, on the
epithelial cell phonotype of the PCK cholangiocytes after
TGF-B1 treatment.

As shown in Figure 7, TGF-B1 reduced CK19 expres-
sion in the PCK cholangiocytes in the presence of type IV
collagen. However, E-cadherin expression was un-
changed in the presence of the basement membrane
components after TGF-B1 treatment. The reduction of
CK19 expression and the maintenance of E-cadherin
expression in the PCK cholangiocytes were consistent
with the immunophenotype of F-type bile ducts in vivo.
Type IV collagen is the most abundant protein in base-
ment membranes and acts as a scaffold to provide struc-
tural and functional integrity.?” In renal tubular epithelial
cells, it has been reported that type IV collagen contrib-
utes to the maintenance of the epithelial cell phenotype,
whereas type | collagen promotes EMT in response to
TGF-B1.26 Our data showed that TGF-B1 reduced biliary
epithelial cell phenotype in the PCK cholangiocytes in the
presence of type IV collagen, but the epithelial cell phe-
notype characterized by E-cadherin expression was not
significantly affected by TGF-B1.

The results of this study indicate that PCK cholangio-
cytes do not undergo EMT by the TGF-B1 treatment.
Although there is growing interest in TGF-B1-mediated
EMT, the phenotype that undergoes EMT is limited to only
a few cell lines in vitro. According to previous studies,
only 2 of 26 cell lines underwent TGF-B1-mediated EMT,
which was assessed by cell morphology and localization
of ZO-1, E-cadherin, and F-actin.?® Although the role of
myofibroblasts in renal fibrosis is widely accepted, their
origin and fate are still debated.®*° Recently, it has been
shown that kidney tubular epithelial cells acquire mesen-
chymal features in response to TGF-B1, but they accom-
panied no de novo expression of a-SMA .2° Thus, TGF-g81
does not necessarily induce myofibroblast transdifferen-
tiation in a certain cell types including the PCK cholan-
giocytes, and in these cell lines TGF-B1 may act as an
inducer initiating a cascade of dedifferentiating events.

Immunohistochemical analysis demonstrated the pres-
ence of TBR-I and TBR-II in both C- and F-type bile ducts
as well as normal bile ducts in vivo. Our previous finding
showing that cultured PCK cholangiocytes expressed an
increased amount of TBR-I mRNA might relate to the
immunohistochemical result of the increased expression
of TBR-I in the dilated bile ducts at the hilar region of the
PCK rat in the present study because cultured PCK
cholangiocytes were obtained from the intrahepatic large
bile ducts.’® Although we have proposed the acquired
nature of the development of F-type bile ducts in the PCK
liver during aging, the immunohistochemical analysis of
TBR-1 and TBR-II expression failed to explain why a se-
lected portion of intrahepatic bile ducts of the PCK rat
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underwent the dedifferentiating events. Interestingly,
many cholangiocytes of F-type bile duct showed immu-
nohistochemical expression of pSmad2, suggesting the
transmission of TGF-B signals from the cell surface into
the nucleus. It is still unclear why TGF-B signaling oc-
curred in some, but not all, cholangiocytes in the PCK
liver. Other molecules involved in the TGF-B signaling
such as Smad4 may associate with this process, and,
therefore, further study is necessary.

The expression of vimentin and the reduction of CK19
expression in F-type bile ducts of the PCK rat are similar
to the immunophenotype of proliferating bile ductules in
nonneoplastic hepatobiliary diseases.®'*? Bile ductules
are supposed to arise via transdifferentiation or metapla-
sia of hepatocytes, and they are occasionally continuous
or admixed with the periportal hepatocytes.®® F-type bile
ducts of the PCK rat are surrounded by dense fibrous
stroma and never show direct connections to the peripor-
tal hepatocytes, suggesting that transdifferentiation or
metaplasia of hepatocytes does not account for the de-
velopment of F-type bile ducts.

The fetal liver usually contains cells in the status of EMT
associated with embryogenesis, and the EMT cells dis-
appear by the end of gestation and in the adult.>* Recent
studies have shown that human and rodent cholangio-
cytes in the polycystic liver diseases have features that
are similar to fetal ductal plate cells.®*® In this study,
immunophenotype of the bile ducts was different be-
tween the fetal liver and F-type of the adult PCK liver.
These results indicate that TGF-B1 may initiate a cascade
of dedifferentiating events in the PCK cholangiocytes but
may not act as an embryonal inducer.

Based on the morphological appearance of the F-type
bile ducts in PCK liver sections, another possible mech-
anism of development of F-type bile ducts is cellular
senescence of the cholangiocytes. Cellular senescence
is defined as a condition in which a cell no longer has the
ability to proliferate, and senescent cells display histolog-
ical features such as cytoplasmic eosinophilia, cellular
and nuclear enlargement, and uneven nuclear spac-
ing.2® Recent studies have focused on the cellular senes-
cence of biliary epithelial cells in several biliary disor-
ders.®”%8 In this study, F-type bile ducts did not show
progressive cystic dilation and had enlarged nuclei and
uneven nuclear spacing. However, F-type lacked cyto-
plasmic eosinophilia and cellular enlargement, and the
expression of senescence-associated B-galactosidase
activity, which is frequently associated with senescent
cells, was not observed in the F-type bile ducts (unpub-
lished data). Thus, cellular senescence is unlikely for the
development of F-type bile ducts.

In the elderly rats, suppurative cholangitis was a fre-
quent histological finding in C-type, whereas F-type
never associated with cholangitis with accumulation of
polymorphonuclear leukocytes in their lumen. In addition,
F-type occasionally showed fibrous scar-like appear-
ance. Recent studies have shown that the majority of
dilated intrahepatic bile ducts of the PCK rat are initially
connected to the biliary tree, but throughout time sepa-
rates from them resulting in true cyst formation.' Our
results indicate that F-type is the bile ducts that are
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disconnected to the biliary tree and may account for the
observation of the previous report showing the presence
of true biliary cysts in the aged PCK rats."

In summary, this study demonstrated that cholangio-
cytes of the PCK rat were constituted by two distinct
phenotypes and elucidated the contribution of patholog-
ical cholangiocytes to progressive hepatic fibrosis. In the
PCK liver, cholangiocytes probably acquire mesenchy-
mal features during aging and participate in progressive
hepatic fibrosis by producing extracellular matrix mole-
cules. In the acquisition of mesenchymal features of the
cholangiocytes, TGF-B1 may act as an inducer initiating a
cascade of dedifferentiating events, which are not di-
rected toward myofibroblast transdifferentiation, and thus
a different event from EMT. Our results show that patho-
logical cholangiocytes of the PCK rat are closely associ-
ated with hepatic fibrosis. This implies that inhibition of
abnormal cystic growth of the cholangiocytes leads to
improvement of liver fibrosis, which may represent an
important aspect in dealing with therapeutic interventions
of ARPKD.
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