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Abstract 

Background

The murine model of biliary atresia (BA) is used for examining the pathogenesis of BA. 
The aim of the study was description of the morphological features and illustrating the 
detailed development of fibrosis using the Biliary Atresia Research Consortium (BARC) 
system. 

Methods 

Neonatal mice were injected intraperitoneally with rhesus rotavirus (RRV) strain (N=17). 
Healthy mice were the control group (N=29). All mice were sacrificed at 7 or 14 days after 
birth. Two pathologists examined the morphological features using the BARC system; 
CK19, αSMA and collagen type I were assessed by immunohistochemistry. 

Results

In RRV mice, portal fibrous expansion with focal bile duct proliferation and strong portal 
cellular infiltrate was found in contrast to healthy mice. In RRV mice, CK19 bile duct stain-
ing was significantly less or absent (p<0.01), with stronger portal staining of collagen 
type I (p=0.02). Expansion of staining for αSMA was more in RRV mice (p<0.01), but αSMA 
portal staining was stronger in healthy mice (p=0.02). 

Conclusion

The morphological features observed in the murine model of BA correspond with the 
BA characteristics according to the BARC criteria. Fibrosis is an important feature of the 
model. Therefore, this murine model is useful for investigating the pathogenesis of BA.  
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Introduction 

Biliary atresia (BA) is a devastating inflammatory obliterative cholangiopathy in neonates. 
In BA liver fibrosis often progresses rapidly, necessitating liver transplantation in 70-80% 
of children (1-3). Unfortunately, BA is still a disease of unknown origin.  Insight into the 
pathogenic process might enable researchers to develop therapeutic interventions to 
delay or prevent the (ongoing) fibrosis in BA. 

To examine the pathogenesis of BA, the murine model of BA with rhesus rotavirus 
(RRV) was introduced in 1993 (4). Neonatal mice were infected with RRV at two days of 
age. In half of the RRV infected mice cholestasis occurred and after death fibrosis and 
bile duct proliferation were found, this is comparable to findings in human BA patients 
(4). Subsequent studies, in which liver fibrosis was infrequently observed, demonstrated 
only minimal collagen deposition around the portal triads (5, 6). A recent study observed 
increased peri-portal fibrosis with some bridging fibrosis in RRV mice at 21 days of age 
(7). The survival rate of these mice was 35% and, remarkably, up to one half of these older 
pups recuperated from the disease. This suggests that RRV infection causes a transient 
obstruction of the bile ducts without ongoing fibrosis (7). Several previous studies us-
ing the murine model of BA also suggested that there were no features of fibrosis or 
cirrhosis observed or that its presence or absence were not explicitly described (6, 8-10). 
This seems in contrast to the human situation in which fibrosis develops within weeks 
after birth. Thus, whether (ongoing) fibrosis occurs in the murine model of BA remains a 
matter of debate. 

The aim of the present study was to further investigate the murine model of BA in the 
light of the rapidly developing fibrosis that characterizes BA in humans. Therefore, in this 
present study both the morphological characteristics and the severity of fibrosis in the 
murine model of BA were examined using the human Biliary Atresia Research Consortium 
(BARC) criteria (11).

Methods

Animals

We used the rhesus rotavirus (RRV) murine model of BA as described previously [4]. In 
short, pups born of time dated pregnant specified pathogen free Balb/c AnNCrl mice 
(Charles River, Sulzfeld, Germany), were injected intraperitoneally with 50 μl phosphate 
buffered saline containing 10*6 plaque forming units/ml of RRV strain MMU 18006 
(obtained from infected MA 104 cells) within 12 hours after birth. As controls, healthy 
pups born of time-dated pregnant specified pathogen free mice (Harlan, Zeist, the Neth-
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erlands) were used.  RRV treated pups were housed in laminar flow cages in a 14/10 hours 
dark/light cycle and fed autoclaved water and Altromin TPF 1314 diet ad libitum. Control 
pups were housed in an individually ventilated cage system in a 12 hours dark/light cycle 
and fed water and standard rodent chow ad libitum. All pups were housed with their 
mothers. Pups were weighed daily and examined for signs of jaundice. All RRV treated BA 
pups developed jaundice and had oily fur after 14 days.

RRV and control pups were sacrificed by cervical dislocation at 7 or 14 days after 
birth. All experimental procedures were approved by the Ethical Committees for Animal 
Experiments by either the Hannover Medical School, or the University Medical Centre of 
Groningen.

Histology & Immunohistochemistry

We used the BARC histological assessment system to investigate the severity of BA 
(11). Histological review of all sections was performed with hematoxylin and eosin 
(H&E) stained liver sections using light microscopy. Immunohistochemistry using CK19 
(epithelial marker), α-SMA (fibrosis marker) and collagen type I (fibrosis marker) was also 
performed to evaluate the severity of fibrosis. The specific staining conditions applied for 
each antibody are outlined in Table 1. 

We used a quantitative scoring system for portal fibrosis, bile duct proliferation, hepato-
cellular necrosis, portal cellular infiltrate and visible bile duct plugs (Table 2A). CK19, α-SMA 
and collagen type I were semi quantified using the following scoring system: CK19 staining 
of the bile ducts:  0=negative, 1=weak, 2=moderate or 3=strong; α-SMA and collagen type 
I were scored for lobular or portal staining: 0=negative, 1=weak, 2=moderate or 3=strong. 
Two pathologists (GJAO, FJWtK) performed the analysis and scoring of all tissue sections. 
They did not have any knowledge concerning the clinical condition of the pups.

Table 1 | Immunohistochemistry: antibodies and staining procedures. 
Antibody Antigen retrieval Protein Block Dilution Incubation 

period
Detecting 
antibody

Detecting 
chromogen

CK 19 
(ab52625)

10 mM/1mM Tris/
HCL (pH 9.0)

Protein Block 
Serum free 
(DAKO, X0909)

1:100 1 hour GAR/RAG-PO DAB

α-SMA 
(A5228)

Not applied Protein Block 
Serum free 
(DAKO, X0909)

1:10.000 1 hour BrightVision Poly 
HRP-goat
α mouse/rabbit 

DAB

Collagen type I 
(1310-08)

10 mM Sodium-
citrate (pH 6.0)

Protein Block 
Serum free 
(DAKO, X0909)

1:100 1 hour RAG/GAR-PO DAB

Paraffin sections were counterstained with Mayer’s hematoxylin and mounted with pertex. 
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Statistical analysis

Results of histology and immunohistochemistry were analyzed with Chi-square test for 
trend or Fisher’s test when applicable. A p-value < 0.05 was considered statically sig-
nificant. All statistical analyses were performed with the Statistical Package for the Social 
Sciences version 20 (SPSS© Inc., Chicago, USA).

Results

Morphological characteristics and presence of bile ducts

We analyzed morphological characteristics according to the BARC of liver sections (11) 
using H&E stained slides (Table 2B, Fig. 1). We observed fibrous expansion of most portal 
areas with focal bile duct proliferation in all mice within the RRV group at 7 and 14 days. 
In addition, in 2 out of 17 animals (12%) there was focal portal-to-portal bridging fibrosis. 
We did not observe this bridging of the portal areas or focal bile duct proliferation in 
healthy mice (p<0.001). In the RRV group, a strong portal lymphoplasmacytic cellular 
infiltrate was found at 7 days, which tended to decrease to moderate by 14 days (p=0.06). 
In the control group a minimal cellular infiltrate was observed at 7 or 14 days. We did not 
observe bile plugs or hepatocellular necrosis in either the RRV or control groups. 

We applied the epithelial marker CK19 to visualize the interlobular bile ducts, and the 
intraportal and intralobular bile ductules (Table 2, Fig. 3, 6). CK19 staining of bile ducts 

Table 2A | Quantative scoring system used to measure portal fibrosis, bile duct proliferation, 
hepatocellular necrosis, portal cellular infiltrate and visible bile duct plugs.

 
Portal fibrosis

Bile duct 
proliferation

Hepatocellular 
necrosis

Portal cellular 
infiltrate

Visible bile duct 
plugs 

Score      

0 absent or fibrous 
expansion of 
some portal 

areas 

none absent or rare absent or 
minimal 

absent

1 fibrous expansion 
of most portal 

areas 

focal few hepatocytes mild canalicular only 

2 focal portal-
portal bridging 

generalized many 
hepatocytes

moderate bile duct only 

3 marked bridging   strong bile duct and 
canalicular

4 cirrhosis     
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was mainly absent to weak in the RRV group at 7 and 14 days (p=0.009, p=0.003), yet in 
the control group the same staining of the bile ducts increased from weak at 7 days to 
moderate at 14 days (p<0.001).

Presence of fibrosis 

To assess fibrosis, we performed immunohistochemistry for α-SMA and collagen type I 
(Table 3, Fig. 3, 4, 5). The lobular expression of α-SMA was not significantly different in the 
RRV group when compared to the control group. In the RRV group α-SMA was weakly 
expressed at 7 and 14 days and in the latter, moderate expression of α-SMA was seen only 
at 14 days. Expression of α-SMA was stronger in the portal tracts of healthy mice, and the 
expansion of α-SMA was significantly more profound in the RRV group at 7 and 14 days 
(p<0.001). 

Table 2B | Outcome of histological assessment of BA according to the BARC criteria.

RRV 
mice 
7 days 
(N=10)

RRV 
mice 
14 days 
(N=7)

Healthy 
mice 
7 days 
(N=14)

Healthy 
mice 
14 days 
(N=15)

p value

Grade of portal fibrosis *<0.001 **<0.001 ~~<0.001

- Absent of some fibrous 
expansion

0 0 14 15 

- Fibrous expansion of most 
portal areas

10 7 0 0

Bile ductular proliferation *<0.001 **<0.001 ~~<0.001

- None 0 0 14 15 

- Focal 9 6 0 0

- Generalized 1 1 0 0

Hepatocellular necrosis

- Absent / rare 10 7 14 15

Portal cellular infiltrate *<0.001 **<0.001 ^0.058 ~~<0.001

- Absent / minimal 0 0 7 12

- Mild 0 0 7 3

- Moderate / marked 2 5 0 0

- Strong 8 2 0 0

Visible bile plugs

- Absent 10 7 14 15

* RRV 7 days versus Healthy 7 days, ** RRV 14 days versus Healthy 14 days, ^ RRV 7 days versus RRV 14 days, 
^^ Healthy 7 days versus Healthy 14 days, ~~ RRV whole group versus Healthy whole group
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Lobular staining for collagen type I was significantly different between the two groups at 
14 days, the RRV group scored weak and the control group scored moderate (p=0.003). At 
7 and 14 days no difference was seen in the RRV group, whereas the control group scored 
weak at 7 days and moderate at 14 days (p<0.001). Portal staining of collagen type I was sig-
nificantly more pronounced in the RRV group compared with the control group (p=0.02). 

Table 3 | Assessment of CK19, α-SMA and collagen type I.
RRV 
mice 
7 days 
(N=10)

RRV mice 
14 days 
(N=7)

Healthy 
mice 
7 days 
(N=14)

Healthy 
mice 
14 days 
(N=15)

p value

CK19
Bile ductular staining *0.009 **0.003 ^^<0.001 ~~<0.001
- Negative 8 4 2 0
- Weak 1 2 11 2
- Moderate 1 1 1 12
- Strong 0 0 0 1

α-SMA 
Lobular staining NS
- Negative 1 2 3 6 
- Weak 8 4 11 4
- Moderate 0 1 0 5
Portal staining **0.037 ~~0.019
- Weak 0 1 0 0
- Moderate 4 2 3 1
- Strong 5 4 11 14
Expansion staining *<0.001 **<0.001 ~~<0.001
- Normal 0 0 11 11 
- Weak 0 1 3 4
- Moderate 6 2 0 0
- Strong 3 4 0 0

Collagen type I
Lobular staining **0.003 ^^<0.001
- Negative 0 0 3 0 
- Weak 7 5 9 2
- Moderate 2 2 2 13
Portal staining **0.006 ~~0.020
- Negative 0 0 1 0
- Weak 7 4 11 14
- Moderate 2 3 2 1

* RRV 7 days versus Healthy 7 days, ** RRV 14 days versus Healthy 14 days, ^ RRV 7 days versus RRV 14 days, 
^^ Healthy 7 days versus Healthy 14 days, ~~ RRV whole group versus Healthy whole group
NS not significant
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Figure 1 | HE slide of the liver of a RRV 
mice 7 days old (A) and 14 days old (B). 
Both 100x.

 

Figure 2 | CK19 slide of the liver of a RRV 
mice 7 days old (A) and 14 days old (B). 
Both 100x.

 

Figure 3 | α-SMA slide of the liver of a 
RRV mice 7 days old (A) and 14 days old 
(B). Both 100x

 

Figure 4 | Collagen type I slide of the 
liver of a RRV mice 7 days old (A) and 14 
days old (B). Both 100x

 

Figure 5 | Changes in time for α-SMA, collagen type I and CK19 in RRV mice and healthy mice 
using a semi-quantitative scoring system.
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Discussion

Whether (ongoing) fibrosis occurs in the murine model of BA still remains a matter of 
debate. As the rapid development of fibrosis is a clinical hallmark of human BA, it is im-
portant to investigate whether fibrosis occurs early in mice as well. Therefore, to further 
investigate similarities between the murine model and human BA we analyzed both 
morphological characteristics and severity of fibrosis in the murine model using the BARC 
criteria (11).

In the present study we demonstrate fibrous expansion of most portal areas with fo-
cal bile duct proliferation and strong portal lymphoplasmacytic cellular infiltrate in RRV 
mice. In addition, in 2 of the 17 RRV mice there was focal portal-to-portal bridging. These 
morphological findings are in accordance with the expected characteristics found in BA 
according to the BARC histological assessment system (11). We used the items most pre-
dictive for BA according to the BARC criteria, which were the items associated with biliary 
obstruction. Items indicative of parenchymal injury and inflammatory reaction were not 
discriminating between BA and non-BA cases in humans and therefore not investigated 
in the present murine model (11). In a multivariate model, it was found that bile duct 
proliferation, portal fibrosis and the absence of sinusoidal fibrosis, specifically predict the 
diagnosis BA (11). In the present study these histological features were only observed in 
the RRV mice and not in the healthy group. This implies that the current murine model 
of BA does resemble human BA concerning the most important morphological findings 
according to the BARC histological assessment system (11). 

In addition, we further detailed the severity of fibrosis using the markers α-SMA and 
collagen type I. In the RRV mice there was more evident expansion of staining for α-SMA, 
although α-SMA portal staining was stronger in healthy mice. The portal staining of col-
lagen type I was stronger in RRV mice compared with healthy mice. These results confirm 
previous findings that portal fibrosis is indeed occurring in the murine model of BA (4, 7). 

In this murine model for BA the histological findings are compatible to cholestatic 
induced fibrosis. Cholestasis leads to increased hepatocellular levels of bile acids, result-
ing in – among others – an increase in apoptosis (12). This type of cholestatic liver injury 
has also been described in the bile duct ligation murine model for BA, with hepatocyte 
apoptosis being an important characteristic of cholestatic liver disease (13). Hepatocel-
lular apoptosis triggers hepatic stellate cells, normally quiescent, these become activated 
upon liver injury. This activation causes increased expression of α-SMA and collagen type 
I (11, 14). This study has demonstrated this accumulation of α-SMA and collagen type I in 
the murine model of BA. 

While morphological features were similar at 7 and 14 days, inflammatory changes 
dominated at 7 days whereas fibrosis was the predominant feature at 14 days. These find-
ings are in accordance with a recent study concerning the kinetics of the viral infection 
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in the murine model: jaundice developed between days 5-8, atresia developed between 
days 8-12, while the virus was mostly cleared at day 12 (15).

As fibrosis develops rapidly in children with BA, it is important to investigate the 
chronological sequence of developing liver injury in the murine model of BA. In the 
majority of studies performed with the bile duct ligation model, fibrosis is scored only at 
one or two time points, ranging from 1 day to 12 weeks (16). A recent study has examined 
the short- and long-term impact of bile duct ligation on fibrogenesis in mice. Here bile 
duct proliferation was increased from days 2 until 14, and remained stable thereafter. 
Accumulation of collagen type I was observed until day 14. Α-SMA expression increased 
from day 3 until day 14 in the portal tracts, forming partial bridges between portal tracts. 
A decrease of α-SMA expression was found at 28 and 45 days with a more reticular pattern 
in the lobular parenchyma. Sirius red staining increased after day 7 until day 28. This study 
confirms that fibrogenesis occurs shortly after bile duct ligation (16). The accumulation 
of α-SMA and collagen type I within 14 days was also found in the present murine model 
of BA. 

CK19 bile duct staining was significantly absent to weak in RRV mice at 7 and 14 days. 
CK19 is an important marker for interlobular bile ducts, intraportal and intralobular bile 
ductules (17). There are several explanations for the absence in CK19 staining of bile 
ducts in the murine model. One of these being a decrease of native bile ducts due to the 
disease process. In human liver tissue of BA patients the diminished expression of CK19 
has also been reported (18, 19).

Another explanation might be epithelial to mesenchymal transition (EMT). This transi-
tion is a controversial process in which epithelial cells acquire a mesenchymal phenotype, 
and thus contribute to liver fibrosis in BA patients (18). During this morphological transi-
tion a decreased expression of epithelial markers (i.e. E-cadherin, CK7 and CK19) and an 
increased expression of mesenchymal markers were observed (i.e. α-SMA, collagen type 
I, S100) (18, 20, 21). 

While it is tempting to speculate on the fibrotic mechanisms (such as epithelial to 
mesenchymal transition), based upon the present study, further research to provide evi-
dence for the pro-fibrotic mechanisms in BA is warranted. The present model is suitable 
for such an investigation; in addition, the effects of anti-fibrotic therapies would be a 
useful adjunct.

The murine model of BA may have several limitations. First, severe liver fibrosis and 
portal hypertension have not been observed in mice (22). However, as we have demon-
strated, moderate fibrosis does occur in the murine model, making it suitable to investi-
gate fibrosis development in BA. Second, the pups survive no longer than 21 days, which 
again does not resemble human BA. This might be the main reason why severe fibrosis or 
cirrhosis is not observed in the murine model (22). Third, it has been suggested that the 
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murine model of BA is not comparable with human BA, as spontaneous recovery from BA 
has not been observed in human patients (7). 

Nevertheless, the present study reveals that the murine model of BA does resemble 
human BA concerning the morphological findings according to the BARC histological 
assessment system (11). Our model involves neonatal mice in contrast to the predomi-
nately murine bile duct ligation models that have so far been studied. This fact makes 
the murine model of BA even more unique and relevant as it enables investigation of 
early morphological changes and early development of fibrosis during BA progression. In 
human BA, patients only come to the attention of the physician when there is advanced 
disease thus making it difficult to investigate these early changes. As outlined before 
however, optimizing the murine model of BA (with effective translational research) is 
needed if the pathology in mice is to be understood (23). 

Conclusions

In the present study we have attempted to bridge the gap between the murine model 
of BA and the human disease. The morphological features of the murine model are in line 
with the characteristics observed in human BA as per the BARC criteria. In addition, we 
demonstrated portal fibrosis with focal portal-to-portal bridging in 2 out of 17 mice, and 
portal duct expansion in all mice within 14 days of disease. Therefore, this study confirms 
that the murine model of BA could be an important asset in investigating the pathogen-
esis of BA as well as BA induced fibrosis. Nonetheless, the murine model of BA does have 
several limitations, which have to be acknowledged. 
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