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ABSTRACT
Introduction
The rhesus rotavirus (RRV)-induced murine biliary atresia (BA) model demonstrates many key 
features of human BA, including T-cell mediated inflammation of the biliary epithelium, obstruction 
of the biliary lumen, and progressive cholestasis. Hedgehog (Hh) signaling is a candidate promo-
ter of epithelial mesenchymal transition (EMT). This process may attribute to the loss of bile duct 
epithelium, and the formation of fibrogenic cell types. In this pilot study we aimed to study the 
presence of loss of bile duct epithelium, the occurrence of fibrosis and the presence of Hh signaling.

Methods
Balb/c mice were inoculated i.p. with 10*6 pfu of RRV strain MMU1006 within 15 hours after birth, 
controls were injected with saline. Mice were weighed daily and assessed for signs of cholestasis. 
At day 7 and 14, mice were sacrificed. Whole liver mRNA expression levels of inflammation markers 
IFN-γ and TGF-β, the epithelial marker E-cadherin and the mesenchymal marker N-cadherin, and 
Hedgehog signaling pathway components IHh, Gli-2 and Ptc were measured by qRTPCR. Liver 
immunohistochemistry was performed using antbibodies against epithelial markers CK7 and CK19, 
fibrosis marker α-SMA, and IHh, Gli-2 and Ptc.

Results
IFN-γ but not TGF-β mRNA levels were induced in BA mice compared to controls at day 7 and 14. 
Both E-cadherin and N-cadherin mRNA levels were induced in BA mice at day 7. IHh and Ptc were 
induced at day 14 compared to day 7 in BA mice. On immunohistochemistry, an increase in CK7 and 
CK19 staining was seen in BA mice at day 7, whereas at day 14 staining had largerly disappeared. 
There was no increased staining of α-SMA in BA mice. In cells surrounding bile ductules, staining of 
IHh, Gli-2 and Ptc seemed to be increased slightly.

Conclusions
Murine BA is characterized by loss of cells expressing epithelial markers, of which EMT might be 
one of the possible underlying mechanisms. Hh signaling seems upregulated in BA livers, but it 
remains to be determined whether this involves bile duct epithelial cells. The presence of EMT and 
Hh signaling in bile duct epithelium in BA need to be studied in more detail to assess its role in BA 
pathophysiology.
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INTRODuCTION
Biliary atresia (BA) is a devastating cholestatic disease of infancy. It is characterized by an inflamma-
tory and fibrosing obstruction of the bile ducts with an unknown cause. The only primary treatment 
option is a Kasai portoenterostomy, after which approximately one quarter of the patients achieve 
long-term (>20 years) restoration of bile flow.103 Progression of fibrosis in BA is rapid, and inflam-
mation and progression of fibrosis often persist even after successful restoration of bile flow. In case 
of decompensation of cirrhosis, liver transplantation is the secondary treatment option.60 
 The rhesus rotavirus (RRV)-induced murine BA model demonstrates many key features 
of human BA, including T-cell mediated inflammation of the biliary epithelium, obstruction of the 
biliary lumen, and progressive cholestasis.105,137,156 The coordinated expression of pro-inflammatory 
genes, with high levels of interferon-γ (IFN-γ), and oligoclonal expression of T-cells suggest that 
the disease is immune mediated.115 Due to the inflammatory response, hepatobiliary transport is 
downregulated, leading to intrahepatic cholestasis before complete obstruction of the extrahepatic 
biliary tract.208

 During the process of fibrosis, epithelial cells acquire a mesenchymal phenotype (epitheli-
al-mesenchymal transition (EMT)) and this process may be one of the primary sources of liver fibro-
blasts during cholestasis.23,142 It is not known which liver cell types are the main source of fibroblast 
formation via EMT. Stellate cells, bone marrow-derived stem cells,.hepatocytes and bile duct epihe-
lial cells all have been investigated as fibroblast precursors, but results are conflicting.23,130,140,145,177

 Hedgehog (Hh) signaling is one of the candidate promoters of EMT in bile duct epithelial 
cells (cholangiocytes), and the Hh signaling pathway is proposed to be prominently involved in 
the remodeling response of the liver in chronic cholestasis.78,130,142,160 Hh signaling is initiated when 
extracellular ligands, such as Indian hedgehog (IHh) and Sonic hedgehog, interact with the Patched 
(Ptc) receptor on Hh target cells. Ultimately this leads to nuclear localization of Glioblastoma (Gli) 
DNA binding proteins (such as Gli-1 and Gli-2), and activation of transcription of Hh responsive 
genes.78Transforming growth factor-β (TGF-β) has been shown to induce EMT in liver cells via 
Hh signaling, but it is also possible that non-hedgehog pathways are involved in the induction of 
EMT.77,92 EMT markers have been observed in BA patient livers, and were shown to colocalize with 
cells expressing the biliary epithelium marker cytokeratin 19 (CK19).39

 Understanding of the mechanisms involved in the rapid fibrosis progression in BA might 
offer therapeutic strategies to slow down fibrosis, and thereby possibly reducing the need for liver 
transplantation. By the aid of the murine BA model, we aimed to examine the involvement of Hh 
signaling in inflammation-induced cholestatic liver fibrosis, and to assess the presence of Hh signa-
ling in bile duct epithelial cells. Because IHh and Gli2 previously had been shown to be implicated 
in cholestatic disease in humans and mice, we chose to focus on these subtypes in the current pilot 
study.78,131 For this purpose, we performed immunohistochemistry and gene expression analysis 
examining IHh, the membranous Ihh receptor Ptc and the transcription factor Gli2. Furthermore, we 
examined bile duct proliferation and liver fibrosis. 
 
MATERIAl AND METHODS
Animals
Adult timed-pregnant specified pathogen free Balb/c mice were purchased from Harlan (Zeist, The 
Netherlands). Animals were housed in an individually ventilated cage system in a 12 hour dark/
light cycle and fed water and standard rodent chow ad libitum. Within 15 hours after birth, mouse 
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pups were injected intraperitoneally with 50 μl phosphate buffered saline containing 10*6 plaque 
forming units of RRV strain MMU 18006, kindly provided by Professor Claus Petersen, Hannover, 
Germany. Control mice were injected with 50 μl phosphate buffered saline. Subsequently, mice 
were weighed daily and examined for signs of jaundice, oily skin or fur and acholic stools. Sympto-
matic and control mice were sacrificed by decapitation at 7 or 14 days after birth. Mice injected with 
RRV but without clinical symptoms of BA were excluded from further analyses. Total serum bilirubin 
levels were measured by spectrophotometry on a FloPro analyzer (Global FIA, Fox Island, WA). All 
experimental procedures were approved by the Ethical Committee for Animal Experiments of the 
University of Groningen.

Immunohistochemistry
Haematoxylin and eosin staining was performed using standard technique. The specific staining 
conditions applied for each of the antibodies are outlined in Table 1. In brief, immunohistoche-
mistry was performed using formalin-fixed, paraffin embedded 4μm liver tissue sections which 
were deparaffinized, blocked for endogenous peroxidase activity by immersion in 0.3% H2O2 for 
20 minutes. Subsequently the antigen retrieval steps were performed. Non-specific binding was 
blocked using 5% either serum free protein block (Immunologic, Duiven, The Netherlands) for 10 
minutes, or mouse-to-mouse blocking reagent (Scytek Laboratories, Logan, UT) according to the 
manufacturer’s instructions.  Sections were subsequently incubated with the primary antibody.   
 The following primary antibodies were used: mouse anti-cytokeratin 7 (CK7, clone 
RCK-105, Mubio Products, Maastricht, The Netherlands), rabbit anti-CK19 (clone EP1580Y, Abcam, 
Cambridge, UK), mouse anti-α-smooth muscle actin (α-SMA, Dako, Glostrup, Denmark), rabbit anti-
Ki-67 (clone SP6, Lab Vision Products, Fremont, CA), goat anti-Indian Hedgehog (Ihh (C-15), Santa 
Cruz Biotechnology, Santa Cruz, CA), goat anti-Patched (Ptc (G19), Santa Cruz) and rabbit anti-Gli-2 
(Abcam). The Powervision Plus poly-HRP detection system (ImmunoVision Technologies, Daly City, 
CA) in combination with 3,3-diaminobenzadine was used to visualize the antibody binding sites. 
Sections were counterstained with Mayer’s haematoxylin. 

Gene expression analysis by quantitative RT-PCR
Total RNA was extracted from ~30 mg of snap-frozen liver using TRIzol reagent (Invitrogen, 
Paisley, United Kingdom) and quantitated by spectrophotometry on a Nanodrop ND-100 analyzer 
(Nanodrop Products, Wilmington, DE). RNA was converted to single stranded cDNA by a reverse 
transcription procedure with Moloney murine leukemia virus-RT (Roche Diagnostics, Mannheim, 
Germany) according to the protocol of the manufacturer using random primers. cDNA levels were 
measured by real-time PCR using an Applied Biosystems 7900HT Fast-PCR system (Applied Biosys-
tems, Carlsbad, CA).
 For the PCR amplification studies, an amount of cDNA corresponding to 20 ng of total 
RNA was amplified using the qPCR core kit (Eurogentec, Seraing, Belgium) essentially according 
to the protocol of the manufacturer and optimized for amplification of the particular gene using 
the appropriate forward and reverse primers (Invitrogen) and a template-specific 3’-TAMRA 
(6-carboxytetramethylrhodamine)/5’-FAM (6-carboxyfluorescein)-labeled double dye oligonucleo-
tide probe (Eurogentec). In the same experiments, calibration curves were run on serial dilutions of 
pooled 8x concentrated cDNA solution as used in the assay, resulting in series containing 4, 2, 1, 0.5, 
0.25 and 0.125 x cDNA present in the assay incubation. The data obtained were processed
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Table 1: Antibodies and respective staining procedures.

Antibody Antigen retrieval Protein Block Diluti-
on

Incubation 
period

Detecting 
antibody

Detecting 
agent

CK7 
(MUB0315P)

Urea 5%, 20 min 
cooking

Mouse on mouse 
block, 30 min

1:25 1h Goat-anti-
mouse IgG

Bright DAB 
(Immunologic)

CK19 (ab52625) 10 mM Tris/1mM 
EDTA, 10 min cooking

Serum free block, 
15 min

1:1000 1h Goat-anti-
rabbit IgG

Bright DAB

α-SMA (M851) none Serum free block, 
15 min

1:1000 1h Goat-anti-
mouse IgG

DAB (Sigma)

Ki67(RM9106) none Serum free block, 
15 min

1:2000 1h Goat-anti-
mouse IgG

DAB plus 
(Immunologic)

Ihh  (sc1196) none Serum free block, 
15 min

1:200 overnight R abbit-ant i-
goat IgG

DAB

Gli-2 (ab26056) 10 mM citrate, 10 
min cooking

Serum free block, 15 
min

1:150 overnight G o a t - a n t i -
rabbit IgG

Bright DAB

Ptc (sc6149) 10 mM citrate, 10 
min cooking

Serum free block, 15 
min

1:25 overnight R abbit-ant i-
goat IgG

Bright DAB

 
using Sequence Detection System software (version 2.3; Applied Biosystems, Foster City, CA). All 
quantified expression levels were within the linear part of the calibration curves and were calculated 
by using these curves. PCR results were normalized to β-Actin mRNA levels. The sequences of the 
primers and probes used in this study are listed in Table 2.

Table 2: Sequences of primers and probes used for qRTPCR.

Gene Forward Primer Reverse Primer Probe

β-actin AGC CAT GTA CGT AGC CAT CCA TCT CCG GAG TCC ATC ACA ATG TGT CCC TGT ATG CCT CTG GTC GTA CCA C

IFN-γ GAA CTG GCA AAA GGA TGG TGA C GTT GCT GAT GGC CTG ATT GTC GCC AGA TTA TCT CTT TCT ACC TCA GAC TCT 
TTG AAG

TGF-β GGG CTA CCA TGC CAA CTT CTG GAG GGC AAG GAC CTT GCT GTA CCC TGC CCC TAT ATT TGG AGC CTG GAC

Cdh1 CGC CAC AGA TGA TGC TTC AC CGT CTA ACA GGA CCA GGA GAA GA CAT TGC CAC TGG CAC GGG CAC

Cdh2 TGA AAG CCT GGG ACG TAT GTG ATT GCA TTC AGG GCA TTT GGA T CCG CAT CAA TGG CAC TGA CCG TC

Ihh TTC AAG GAC GAG GAG AAC ACC AGA GAT GGC CAG TGA GTT CAC AC CGC CTC ATG ACC CAG CGC TG

Gli-2 CAC TCC AAT GAG AAA CCC TAC ATC CAC ATG CTT GCG GAG TGA G CAA GAT CCC AGG CTG CAC CAA GAG

Ptc AGA GCC AGG ACC ATG ACA ATG GTT TCT AGT GTG CGC AGT CTT CC CTG AAC CCC TGG ACG GCC GG

Statistical analysis
All values are expressed as mean±SD. Statistical significance was determined using Mann Whitney U 
test, using PASW Statistics version 18.0 (SPSS Inc, Chicago, IL). All tests were two tailed and p-values 
below 0.05 were considered significant.
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RESulTS
Mice
Jaundice developed in approximately 80% of mice. Growth characteristics and serum total bilirubin 
levels of BA and control mice are shown in Figure 1. BA mice displayed delayed growth from day 4 
post-inoculation onwards, with the exception of day 8 and 9, which is explained by the fact that all 
mice with marked jaundice and delayed growth at day 7 were sacrificed at that time point. Serum 
total bilirubin levels were significantly elevated in BA mice compared to wildtypes at day 7 (299±87 
vs 55±7 μmol/L; p=0.001) and day 14 (139±81 vs. 57±0.4 7 μmol/L; p=0.021).

Gene expression analysis
At day 7 post-inoculation, the mRNA expression of the hedgehog ligand IHh and the transcription 
factor Gli2 are downregulated in BA mice compared to control mice. (Figure 2, p=0.001 and p=0.001, 
respectively) At day 14, IHh and Ptc are significantly upregulated in BA mice compared to day 7 
(p=0.003 and p=0.02, respectively). There is no statistical difference but a tendency towards incre-
ased IHh and Ptc mRNA levels in BA mice compared to control mice at day 14.
Messenger RNA expression levels of IFN-γ were significantly increased in BA mice compared to 
controls at day 7 and day 14 (p=0.007 and p=0.02, respectively). TGF-β mRNA levels did not change.
The expression of the cell adhesion protein E(epithelial)-cadherin and N-(neuronal)-cadherin mRNA’s 
are increased at day 7 in BA mice compared to control mice (p=0.027 and p=0.027, respectively). A 
similar tendency was observed at day 14.

Liver immunohistochemistry
At 7 days of age, all livers of BA mice were characterized by a pronounced mixed-cell lymphocyte 
infiltration around the bile ducts (Figure 3A). In some BA mice, there was increased extramedullary 
hematopoiesis present compared to control mice. At 14 days of age, there was still a mixed-cell 
lymphocyte infiltration in the portal triads (mainly around the bile dutcs) in BA mice. Mitotic figures 
and ballooning of cells were visible in liver parenchyma, suggesting hepatocellular damage. The 
myofibroblast marker α-SMA revealed that no significant fibrosis was present at days 7 or 14 in BA 
mice (Figure 3A).

Figure 1: Panel A: BA mice had poor growth compared to control mice. Day 0, n=26; from day 8 onwards, n=8. *p<0.05. Panel B: 
BA mice had higher total serum bilirubin levels. Day 7: BA mice, n=13; control mice, n=5. Day 14: BA mice, n=4; control mice, n=4. 
*p<0.05.
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Figure 2: mRNA expression as measured by qRTPCR in BA and control mice at day 7 (n=13 and 5, respectively) and day 14 (n=4 and 
4, respectively) post-injection. *p<0.05
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Staining against the bile duct epithelium markers CK7 and CK19 showed that there was a ductular 
reaction with many CK7 (mainly at day 14) and CK19 (mainly at day 7) positive cells surrounding the 
portal triads of BA mice (Figure 3B). There were no clear lumina visible within these small islets of 
CK7 and CK19 positive cells. At day 14, the CK19 positive cells were greatly decreased in number in 
BA mice, suggesting disappearance of bile duct epithelia.
 The cell proliferation marker Ki-67 revealed that many proliferating cells were present 
around bile ducts, and also in the parenchyma of BA mice (Figure 3C).
 IHh staining showed a patchy and more intense staining of liver tissue in BA mice compa-
red to controls. In control mice, the cytoplasm of cells constituting bile duct-like structures stained 
positive for IHh (Figure 3C). In BA mice, cells around these structures tended to show a more intense 
staining, of both cytoplasm and nucleus. In the liver parenchyma, the expression of Ptc seemed 
not be changed in BA mice compared to controls (Figure 3D). The Ptc staining around the infil-
trates surrounding bile duct structures was more intense in BA mice. In control mice, the cells lining 
bile duct structures showed a cytoplasmatic Ptc staining. In BA mice, it was difficult to distinguish 
bile duct epithelium from immune infiltrates. In both BA and control mice, some of the bile duct 
epithelial cells were positive for Gli-2 (Figure 3D). However, in BA mice, the staining seemed to more 
intense in nuclei.

CONCluSIONS
The results presented in the current study demonstrate that in the murine BA mouse model, there 
is bile duct proliferation, however the newly formed bile ducts structures do not seem patent as 
there is no lumen visible. This is followed by a marked loss of cells expressing the bile duct epihelial 
markers CK7 and CK19, suggesting that bile ducts vanish, which may lead to the profound and lethal 
cholestasis observed in murine BA. Another possibility is that the bile duct epihelia change towards 
another phenotype in the course of the disease, probably via EMT. Such features have been demon-
strated in kidney fibrosis, where epithelial markers have disappeared completely once cells have 
obtained the full mesenchymal phenotype.196 This transition in itself could also lead to cholestasis, 
as the bile modifying and HCO3- secreting capacities of bile duct epihelium may also be lost.52

 In the current study we found downregulation of the IHh signaling pathway at mRNA level 
at day 7 post-inoculation, which becomes upregulated in the course of the disease. We postulate 
that the downregulation may be due to the intense inflammatory process and/or the viral infec-
tion during the first week of BA development. The upregulation of components of the IHh pathway 
during the second week of illness may be one of the first hallmarks of initiation of EMT and a subse-
quent fibrotic process.
 An important feature of the presented immunohistochemical studies, is the relative low 
prevalence of the fibrosis marker α-SMA in BA mouse livers up to 14 days post-inoculation. At this 
time point, mice are already severely ill. This suggests that it is not primarily liver fibrosis causing 
their illness, but some other factor. The low α-SMA expression fits with the mRNA data suggesting 
that Hh signaling is initiated in the second week of the illness, which may be the driving force of EMT 
and subsequent fibrosis formation.
 The mRNA expression levels of the pro-inflammatory cytokine IFN-γ were significantly 
induced at that day 7. This is in line with previous reports, which also showed a peak in whole liver 
IFN-γ mRNA expression levels at day 7.156 It has been shown that IFN-γ impairs the epithelial barrier 
function of mouse cholangiocytes in vitro.58 From the current results we cannot deduce whether 
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the bile duct epihelial cells of BA mice have an inflammation-induced impaired barrier function, and 
whether IFN-γ levels around bile duct epihelia are elevated. An impaired epithelial barrier would 
explain in part the detrimental effects of cholestasis as observed in murine BA. 
 We found increased levels of whole liver E-cadherin and N-cadherin mRNA in BA mice at 
day 14. A hallmark of EMT is a switch from E-cadherin (epithelial marker) expression to N-cadherin 
(mesenchyme marker) expression.215 From the mRNA levels measurements we cannot derive 
whether this switch is abundantly taking place in the liver. It might be that many cells do increase 
the expression of cadherins as a consequence of cellular stress. The results may indicate that many 
cells are undergoing phenotype changes, ultimately resulting in fibrous tissue formation. It might 
be interesting to study the occurrence of EMT in bile duct epihelium specifically, and to study the 
epithelial barrier characteristics of bile duct epihelium at different disease stages.
 We need to emphasize that on mRNA level, we studied whole liver and no cell-type speci-
fic expression levels. Furthermore, the immunohistochemistry results were inconclusive with regard 
to the studied IHh signaling cascade components, as it was not possible to address staining within 
different cell types, or even regions within the cell. The latter would be particularly interesting for 
Gli-2, as it is a nuclear receptor. To gain more insight in the potential role of IHh signaling, it may be 
interesting to examine cholangiocyte specific expression of IHh signaling mediators via FACS and/or 
in situ hybridization techniques. CK7 and CK19 positive cells seem to have decreased in number at 
14 days post-inoculation. It remains to be determined whether the cholangiocytes adapted another 
phenotype characterized by absence of CK7 and CK19 expression, for example, via EMT. These 
mesenchymal cells may play a more prominent role in IHh signaling than cholangiocytes.
 Both EMT and IHh signaling are critical processes involved organogenesis during embry-
onic development and these processes may therefore still be upregulated in healthy newborn 
mice.35,94 The components of these cascade are downregulated at day 7 post-inoculation. One could 
envision that this could cause disturbances in the development of neonatal mouse liver, however 
the significance of the primary IHh downregulation in the BA disease process remains speculative. 
The causal relation of IHh signaling and EMT was not addressed in the present study. Demonstration 
of colocalization of both IHh and EMT markers (such as Fibroblast Specific Protein-1) within cholan-
giocytes (or the mesenchymal cells derived from cholangiocytes via EMT) would provide a first clue.
Modulation of IHh signaling may constitute a therapeutic option, as registered drugs such as halope-
ridol and imipramine have been shown to have an effect on Hh pathways.91 In cancer research, 
inhibition of the Hh signaling pathway has also attracted much research efforts. Some potential 
inhibiting drugs are currently tested in phase I trials.141,173 When the presumed involvement of Hh 
signaling in biliary liver fibrosis has been elucidated, some of these cancer therapies might appear 
to play a potential role in liver fibrosis inhibition as well.
 Whether administration of these existing and novel medicaments at tolerable dosages 
could slow down liver fibrosis remains to be examined. There is a risk that mutations may enable 
cells to become resistant to Hh inhibition, as has been shown in a medulloblastoma patient.209 

This could especially a hazard when long-term treatment is necessary. We speculate however, 
that infants who achieve sufficient bile drainage after Kasai portoenterostomy, might benefit from 
medicaments able to slow down fibrosis in the peri-operative period.
 We want to emphasize that the current report presents preliminary data. In summary, we 
showed that murine BA is characterized by ductular proliferation followed by loss of by bile duct 
epithelial cell markers. Whether these cells disappear by cell death or obtain a different phenotype 



108

Chapter 8

                           

8

(for example, via EMT) is not studied in the present report. The absence of fibrosis markers after 2 
weeks of disease is remarkable, and suggests that fibrosis is not causing the illness of the mice at 
that stage. Messenger RNA levels of mediators of the IHh signaling pathway are upregulated at 
14 days post-inoculation. However, the mRNA data and immunohistochemistry do not allow for 
definite conclusions regarding the involvement of IHh signaling in BA disease progression and liver 
fibrosis.
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Figure 3A: Haematoxylin and anti- α-SMA staining of liver of representative BA and control mice at 7 and 14 days post-inoculation. 
Magnification 100x.
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Figure 3B: Anti- CK19 and CK7 staining of liver of representative BA and control mice at 7 and 14 days post-inoculation. Magnification 
100x.
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Figure 3C: Anti- Ki-67 and IHh staining of liver of representative BA and control mice at 7 and 14 days post-inoculation. Magnification 
100x.
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Figure 3D: Anti- Ptc and Gli-2 staining of liver of representative BA and control mice at 7 and 14 days post-inoculation. Magnification 
100x
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