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Introduction
Lymphocytic cholangitis (LC) is a chronic disease in cats, 
which affects the biliary tree and progresses slowly. 
Early signs include nausea and vomiting, changes in 
appetite and weight loss.1,2 Jaundice is often present later in 
the course of the disease.1,2  Hypergammaglobulinaemia 
is the most consistent finding and blood analysis some-
times reveals elevated hepatic enzymes and bile acids.2 
The World Small Animal Veterinary Association liver 
standardisation group described histological hallmarks 
of the disease, including hepatic lesions characterised by 
aggregates of inflammatory cells in portal tracts, and in 
and around bile ducts.3 A ductular reaction (DR), also 
known as bile duct proliferation, is often seen.3,4 DR is 
defined as a proliferating and expanding progenitor cell 
compartment.5

Chronic inflammation in the bile ducts causes dila-
tions and strictures, and might eventually lead to fibrosis 
and cirrhosis.6,7 Bacterial and immune-mediated compo-
nents have been suggested, but the definitive aetiology 
of LC is still unknown.8–12 This limits treatment options, 

which currently include corticosteroids and hepatosup-
portive drugs, such as ursodeoxycholic acid.13

The injured liver is capable of a remarkable and 
unprecedented regeneration based on proliferation of all 
mature cell lines present in the liver.14 Only when regen-
eration capacity proves inadequate will hepatic progeni-
tor cells (HPCs) be activated.5,14,15

Bipotent HPCs can give rise to both hepatocytes and 
cholangiocytes.16 Upon activation, HPCs will proliferate, 
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migrate from the canal of Hering to the site of injury, and 
differentiate into cholangiocytes or hepatocytes, depend-
ing both on the disease and on concurrent changes in their 
microenvironment (HPC niche).5,17,18 The HPC niche, both 
a histological location and a functional unit, is of impor-
tance in maintaining and regulating HPC behaviour, 
supporting self-renewal, and balancing quiescence, pro-
liferation and differentiation in response to injury.18,19

Putative HPCs have been demonstrated immunohisto-
chemically before, both in healthy feline livers and in the 
livers of cats suffering from cholangitis.5,20 In healthy feline 
livers, Ijzer et  al demonstrated the presence of resident 
progenitor cells in ‘a small ductular structure just beyond 
the limits of the portal area’.5 This ‘suggests the presence of 
progenitor cells in the canal of Hering’, as demonstrated 
with immunohistochemical (IHC) staining for cytokera-
tin-7 (CK7).5 In diseased liver (from cats suffering from 
acute hepatitis, acute fulminant hepatitis, hepatic lipidosis, 
neutrophilic cholangitis and lymphoma), a DR was dem-
onstrated with CK7.5 Recommendations for future 
research included IHC staining with cytokeratin-19 
(CK19).5 CK19 was later applied to the livers of cats suffer-
ing from lymphocytic cholangitis and 15/20 samples 
stained positively, demonstrating a DR.20

It is likely that feline bile duct proliferation involves 
both cholangiocytes and HPCs.17 To our knowledge, stud-
ies on feline HPCs and the HPC niche in feline LC are 
lacking. Therefore, the purpose of this study was to evalu-
ate the activation of HPCs and the HPC niche in feline LC 
by comparing the liver tissue of patients with lympho-
cytic cholangitis with the liver tissue of unaffected cats. 
Commonly used IHC markers in other species, that is, 
vimentin, laminin, beta (β)-catenin and Notch1 intracel-
lular domain (NICD), viz the active form of Notch1, are 
investigated because a single specific HPC marker has not 
been identified yet, and many HPC markers have a shared 
expression with cholangiocytes.17,21,22

The markers used for IHC were selected based on 
studies in other species. Vimentin expression has been 
shown in hepatic progenitor cells of rats, mice, humans 
and dogs.21,23–25 It is a common mesenchymal marker 
and has been shown to indicate proliferative activity of 
cells and an undifferentiated state of HPCs.25,26

Remodelling of the extracellular matrix (ECM) and 
deposition of laminin have been shown to play an impor-
tant role in HPC activation in hepatic injury in both 
rodents and human beings.19,27 Furthermore, laminin 
was recently shown to promote cholangiocyte differen-
tiation of bipotent cells in human liver disease.28

The Wnt/β-catenin signalling pathway has a central 
role in hepatic and bile duct development and regenera-
tion, promoting gene activation, inhibiting apoptosis 
and increasing cellular proliferation.29–31 Recently, it was 
also shown to be involved in homeostatic renewal of the 
liver.32 It is believed to be involved in the proliferation, 

migration and differentiation of HPCs in mice, zebrafish, 
dogs and humans.17,23,29 Furthermore, active Wnt guides 
cells to a biliary phenotype.23 When Wnt is activated, it 
shifts from a membranous staining pattern to a more 
cytoplasmic/nuclear staining pattern.

Notch is involved in the proliferation, differentiation 
and apoptosis in all stages of organ development, includ-
ing healthy and diseased livers.33 Notch1 was shown to be 
activated in human primary sclerosing cholangitis, feline 
mammary tumours and in HPCs of dogs with lobular dis-
secting hepatitis.23,34,35 The expression of the proteolyti-
cally processed, and therefore active, NICD has previously 
been used to measure the activation of Notch1 in cats.34

To date, no publications exist on the usage of these 
markers on healthy or diseased feline hepatic tissue. 
HPCs might provide new regenerative treatment options 
for LC in cats in the future.

Materials and methods
All liver biopsies from cats with LC were taken for diag-
nostic purposes only between 1998 and 2010. Samples of 
unaffected control livers were obtained from two cats 
used in unrelated liver research, approved by the animal 
experiments committee of Utrecht University, as required 
by Dutch legislation.

Case selection
Liver biopsies Cats diagnosed with LC, based on typical 
histopathological findings, clinical signs, and elevated 
levels of bile acids and/or activities of liver enzymes, 
were identified from the registration system used by the 
Department of Pathobiology.3,20 Eight cats were identi-
fied. Four cats had second biopsies taken 1–9 months 
after the first biopsy to evaluate the efficacy of thera-
pies.13 In total, 12 liver samples of cats diagnosed with 
feline LC and multiple samples (2–4 samples per cat per 
IHC staining) of control cats were available for this study 
(see Table 1 for details). LC patient 3 was used as a nega-
tive control. Canine tissue samples were used as positive 
controls.17,18,36

All samples were fixed in 10% neutral buffered for-
malin and embedded in paraffin.

Histology
A routine haematoxylin and eosin staining was used as 
reported previously to diagnose the patients and deter-
mine the degree of inflammation.20

Immunohistochemistry
Staining protocols Tissue samples were routinely pro-
cessed to produce slides with freshly cut sections (5 µm) 
and mounted on Polysine slides. Deparaffinisation and 
rehydration were performed in a series of xylene, alco-
hol and milli-Q baths (5 mins each). Antigen retrieval 
was obtained with Tris/EDTA buffer (TE; for β-catenin 

09_JFM699723.indd   31 30/11/2017   9:29:21 AM



32 Journal of Feline Medicine and Surgery 20(1)

and Notch1/NICD), 10 mM hot citrate buffer (for vimen-
tin), and proteinase-K (for laminin). TE and citrate anti-
gen retrieval was performed by heat-induced epitope 
retrieval (98°C water bath for 30 mins, cooling down at 
room temperature [RT] for 30 mins). Proteinase-K ready-
to-use (Dako), a proteolytic-induced epitope retrieval 
method, was incubated for 10 mins at RT. After rinsing in 
phosphate-buffered saline with 0.01% Tween-20, pH 7.4 
(PBS/T; for β-catenin, vimentin and laminin) and Tris-
buffered saline with 0.05% Tween-20, pH 7.6 (TBS/T; for 
Notch1/NICD) for 2 mins twice, endogenous peroxidase 
activity was blocked by incubating the slides with Dual 
Endogenous Enzyme Block (Dako) for 10 mins at RT. A 
second rinsing step with PBS/T or TBS/T was performed 
(5 mins, three times) and then background staining was 
reduced with 10% normal goat serum in PBS (for 
β-catenin, vimentin and laminin) and TBS (for Notch1/
NICD) for 30 mins at RT. Primary antibodies were diluted 
based on earlier findings and optimised for use on feline 
liver samples (see Table 2 for details) in Antibody Diluent 
with background reducing components (Dako) and 
incubated in a humidified chamber at 4°C overnight. 

Before incubating secondary antibodies of the EnVision 
+ System-horseradish peroxidase (HRP)-labelled poly-
mer (Dako), slides were rinsed in PBS/T or TBS/T (5 
mins, three times). Then, slides were incubated with sec-
ondary goat-antimouse (for Notch1/NICD and vimen-
tin) or goat-antirabbit (for β-catenin and laminin) 
antibodies for 45 mins at RT and rinsed in PBS or TBS (5 
mins, three times). Slides were incubated with freshly 
made diaminobenzidine (Dako) as substrate for HRP for 
5 mins. After rinsing three times in milli-Q (5 mins each), 
slides were counterstained with haematoxylin quick-
stain H-3404 (Vector Laboratories) for 10 s, whereupon 
the slides were placed under running tap water for  
10 mins. Dehydration was performed by 60%, 70%, 80%, 
96% (twice) and 100% alcohol baths and two xylene 
baths. Finally, slides were covered with Vectamount 
(Vector Laboratories).

Secondary antibodies against β-catenin and laminin 
act as mutual internal controls as they both are poly-
clonal IgG rabbit antibodies and have a distinct staining 
pattern. In the same way, the antibodies against NICD 
and vimentin, both being mouse monoclonal IgG1 

Table 1 Characteristics of patients and biopsy materials

Identification Sex Age at diagnosis 
(years)

Breed Therapy after first 
biopsy was taken

Biopsy type Number of portal 
areas for evaluation

LC1 A M* 14 DSH – Needle >5
LC1 B M* 14 DSH P Needle 0
LC2 A M* 13 DSH – Needle >5
LC2 B M* 13 DSH U Needle 3
LC3 A M* 9 NFC – Needle 5
LC3 B M* 9 NFC U Wedge >5
LC4 A M* 9 DSH – Needle 4
LC4 B M* 9 DSH P Wedge >5
LC5 M* 13 DSH – Needle >5
LC6 F* 14 DSH – Needle >5
LC7 M* 12 DSH – Needle 3
LC8 F* 14 DSH – Needle 4
C1 M 1 DSH – Wedge >5
C2 M 1 DSH – Wedge >5

*Neutered
LC = cat with lymphocytic cholangitis; A = first biopsy; M = male; DSH = domestic shorthair; B = second biopsy; P = prednisolone;  
U = ursodeoxycholic acid; NFC = Norwegian Forest Cat; F = female; C = unaffected control

Table 2 Primary antibodies and antigen retrieval and washing buffer methods

Source Type Clone Company Dilution Antigen retrieval Washing buffer

Laminin Rabbit Polyclonal Abcam 1:100 PK PBS and PBS/T
β-catenin Rabbit Polyclonal Abcam 1:2500 TE, pH 9.0 PBS and PBS/T
Vimentin Mouse Monoclonal RV203 Abcam 1:300 Citrate, pH 6.0 PBS and PBS/T
Notch1/NICD Mouse Monoclonal mN1a Merck/Millipore 1:200 TE, pH 9.0 TBS and TBS/T

PK = proteinase-K; PBS = phosphate-buffered saline; PBS/T = phosphate-buffered saline with Tween-20; TE = Tris/EDTA buffer; NICD = 
Notch1 intracellular domain; TBS = Tris-buffered saline; TBS/T = Tris-buffered saline with Tween-20
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antibodies, presented as controls for a specific secondary 
antibody binding. Non-specific binding and background 
staining were evaluated by comparing the staining pat-
terns for β-catenin and laminin, and NICD and vimen-
tin, respectively. For the negative control, the primary 
antibody was omitted.

Staining (yes, no), intensity of positive staining (weak, 
moderate or strong) and location of immunoreactivity 
were evaluated for all markers used.

Results
Immunohistochemistry was performed on unaffected 
and diseased feline liver tissue due to LC, to determine 
the expression and location of vimentin, laminin, 
β-catenin and NICD. The results are summarised in 
Table 3. Positive and negative controls stained appropri-
ately for all of the IHC markers.

Vimentin
In unaffected liver tissue, vimentin staining was weak in 
the ECM and vascular smooth muscle (Figure 1a). No 
staining was detected in the bile ducts in unaffected liver 
tissue. Occasionally, a stellate cell was seen in the hepatic 
parenchyma (Table 3). In feline LC, portal structures, 
including ECM and smooth muscle, stained strongly. 
Lymphocytes and bile ducts also stained strongly, and 
some individual cells in the DR also stained positively 
(Table 3, Figure 1b,c).

Laminin
The ECM stained weakly in unaffected liver tissue 
(Table 3, Figure 1d). No staining was detected in the bile 

ducts in unaffected liver tissue. In diseased liver tissue, 
a moderate-to-strong expression of laminin was seen in 
the cytoplasm of cells in the DR (Table 3, Figure 1e,f). A 
weak, non- specific background staining in the cyto-
plasm of hepatocytes appeared in some slides of cats 
with feline LC.

β-Catenin
In the unaffected liver samples, a moderate-to-strong 
staining of β-catenin in the membranes of hepatocytes 
and cholangiocytes was seen (Table 3, Figure 1g), indi-
cating a low activation status of the Wnt/β-catenin sig-
nalling cascade. In the LC samples, a moderate-to-strong 
staining for β-catenin was seen in a membranous pattern 
in hepatocytes. In some slides, cytoplasm of hepatocytes 
stained moderately to strongly. Ductular structures in 
portal areas with cell infiltrates stained moderately to 
strongly in the cytoplasm/nucleus of the cells (Table 3, 
Figure 1h,i), while the membranes also exhibited 
moderate- to-strong staining.

NICD
In unaffected liver tissue (Table 3, Figure 1j) NICD stain-
ing was minimal. In diseased liver, NICD showed strong 
staining results in some cats (Table 3, Figure 1k,l). In 
other patients, the intensity varied from weak to moder-
ate, with a propensity towards weak staining intensity. 
Expression was seen in the bile ducts as a staining 
around the nucleus of the cholangiocytes. A weak, non-
specific cytoplasmic staining in hepatocytes was 
observed in all slides (controls and cats with LC).

Table 3 Summary of immunohistochemistry in cats with lymphocytic cholangitis (LC) and controls

Portal area Hepatic parenchyma

 Lymphocytes Cholangiocytes ECM Hepatocytes Stellate cells

Vimentin  
 Unaffected – absent – + – +
 LC +++ +++ +++ – +
Laminin  
 Unaffected – absent – + – –
 LC – ++/+++ + +* –
β-catenin  
 Unaffected – absent ++/+++ membrane – ++/+++ membrane –
 LC – +++ cytoplasm/nucleus; 

++/+++ membranes
– ++/+++ membrane;  

+ cytoplasm†
–

NICD  
 Unaffected – absent – – + cytoplasm –
 LC – –/++ – + cytoplasm –

*Non-specific background staining
†Not observed in all slides
ECM = extracellular matrix; NICD = Notch1 intracellular domain; (–) = no staining; (+) = weak staining; (++) = moderate staining;  
(+++) = strong staining
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Discussion
For this first and descriptive study of these immunohis-
tochemical HPC markers on feline hepatic tissue, we 
used a small number of samples from cats with LC and 
unaffected cats. All markers in our study showed mark-
edly enhanced expression in livers of cats with LC com-
pared with unaffected liver samples. Additionally, the 
location of the expression differed between unaffected 
and LC liver tissue. This leads to our conclusion that the 
hepatic progenitor niche in cats with LC is remodelled 
and activated.

A limitation of our study is the small number of sam-
ples. This is a commonly encountered problem in many 
studies involving cats, although it is also encountered in 
many human liver research projects.5,20,28,33,37 This made 
statistical analysis unreliable. Additionally, we included 
one sample with no portal tracts in our analysis. 
Although this sample could not contribute to our study 
for the stainings that are aimed at portal tracts, we still 
obtained information from it about the hepatocytes and 
the staining with β-catenin. Furthermore, this specific 

sample was taken after treatment with prednisolone, 
which made it interesting to include for further evalua-
tion. Therefore, this is a descriptive study, and future 
research is needed with larger sample sizes, including 
various feline liver diseases, such as hepatic lipidosis, 
and neutrophilic cholangitis, in order to carry out statis-
tical analyses.

Despite the small sample size, staining patterns were 
distinctly and consistently different in patients and unaf-
fected cats. Although this is a much appreciated result, it 
made blinding of the authors for slide interpretation 
impossible.

Archival materials were used for patients. Fixation 
times and methods might have differed between these 
biopsies. Furthermore, unaffected samples were obtained 
from unrelated research, which may have influenced the 
way liver biopsies were taken and stored in that study. 
None of the samples from patients or unaffected controls 
were optimised for IHC research and this impacts the 
staining results obtained. Additionally, cats had been 
treated by their local veterinarians before being referred 

Figure 1 Immunolocalisation of the expression of hepatic progenitor cell markers in (a,d,g,j) unaffected and (b,c,e,f,h,i,k,l) liver 
tissue from cats with lymphocytic cholangitis (LC). (a) Weak vimentin expression in the extracellular matrix (ECM) and vascular 
smooth muscle of unaffected liver (C2), and (b [LC4]) and (c [LC5]) strong vimentin expression in portal structures in diseased 
liver. (d) Weak laminin expression in the ECM of (C2) unaffected liver and (e [LC6]) moderate to (f [LC2]) strong expression 
of laminin in the ductular reaction in diseased liver. (g) Moderate-to-strong expression of β-catenin in the membranes of 
hepatocytes and cholangiocytes in (C1) unaffected liver and (h [LC3]) and (i [LC6]) moderate-to-strong expression of β-catenin 
in membranes and cytoplasm/nucleus of hepatocytes and ductular structures in diseased liver. (j) Weak Notch1/Notch1 
intracellular domain expression in (C1) unaffected liver and (k [LC5]) and (l [LC1]) weak-to-strong expression in the portal 
structures in diseased liver

09_JFM699723.indd   34 30/11/2017   9:29:22 AM



Otte et al 35

to our referral clinic. Therefore, it was not possible to 
determine the chronicity of clinical disease. This may 
account for additional differences in staining results.

The control livers in this study expressed a low level 
of vimentin, suggesting the quiescent state of HPCs. In 
contrast, strong vimentin staining would indicate that 
cells are in an activated and proliferating state.25,26 
Vimentin was expressed in lymphocytes, bile ducts and 
individual cells in the DR in the portal areas of the LC 
livers. Although vimentin is traditionally regarded as a 
mesenchymal marker, it has been shown to be expressed 
in epithelial cells of humans and rodents.26,38–41 More 
specifically, fibrosis of the hepatic tract has been attrib-
uted to cholangiocytes exhibiting mesenchymal charac-
teristics, as demonstrated by the expression of 
vimentin.40,41 As LC in cats may lead to fibrosis, our find-
ing of vimentin-positive cells in the DR may indicate that 
the same processes described in humans and rodents 
take place in cats. This change in staining properties is 
attributed by some to epithelial–mesenchymal transi-
tion,38,40 although other researchers have concluded that 
vimentin is sometimes needed as a structural scaffold for 
cells to build their structures on.26,39,41

The individual parenchymal cells in which vimentin 
was expressed were most probably stellate cells, as 
vimentin expression has previously been demonstrated 
in stellate cells.20,42

In this study, an expression of laminin in unaffected 
feline livers was seen in the ECM of portal areas, in and 
around vascular endothelium and bile ducts, and in 
sinusoidal endothelium adjacent to the portal area. This 
is similar to the results for healthy canine livers obtained 
in an immunofluorescence study.18 In cats diagnosed 
with feline LC, an increase of laminin expression was 
seen in portal areas with many cell infiltrates, which is in 
accordance with earlier findings in cats and dogs.18,20 
This may indicate activation of HPCs in cats, as it does in 
humans and rodents.19,27 Furthermore, the role of acti-
vated stellate cells in promoting biliary differentiation of 
HPCs has been demonstrated recently for rodents.43 As 
LC is a biliary disorder, these findings correspond with 
our expectations.

The expression of β-catenin was evaluated because of 
its central role in the Wnt signalling pathway. In normal 
tissue, β-catenin is membrane-associated, but activation 
of the Wnt pathway leads to increased cytoplasmic/
nuclear expression. The membranous expression of 
β-catenin in both hepatocytes and cholangiocytes in 
unaffected livers in the present study is in line with 
results from other mammals, indicating low activity of 
the Wnt signalling pathway in health.23,44 In the LC sam-
ples, an increase in cytoplasmic/nuclear staining was 
seen in ductular structures, together with co-expression 
in the membrane. In feline tumours of the uterus and 
mammary glands, a simultaneous staining of cytoplasm 

and membrane was observed previously.31,37 Thus, acti-
vated Wnt in cats may not shift completely from a mem-
branous staining pattern to a cytoplasmic/nuclear 
staining pattern. Instead, the observed shift is more sub-
tle as it includes a membranous staining pattern com-
bined with a cytoplasmic/nuclear staining pattern. In 
our cats, the cytoplasm of cholangiocytes appeared to be 
darker than the cytoplasm of their hepatocytes. This is in 
line with the fact that Wnt/ β-catenin is involved in the 
development of bile ducts, the proliferation of HPCs and 
the promotion of a biliary phenotype. Furthermore, LC 
is not a liver disease, but a biliary disease.

NICD was expressed in several larger bile ducts in 
some LC samples; that is, wedge biopsies. As shown pre-
viously, differences between needle and wedge biopsies 
exist and may be attributed to a change in epitopes as a 
result of formalin fixation (‘overfixation’).45 Fixation rou-
tines and times influence IHC staining results by protein 
cross-linking and masking of epitopes needed for IHC.45

Additionally, a weak cytoplasmic staining was seen in 
all hepatocytes. Boulter et al showed Notch1 to be highly 
expressed in biliary regeneration in mouse models.43 
Variable Notch/NICD expression is also described in 
two earlier studies on human primary sclerosing cholan-
gitis (PSC).33,35 Nijjar et al found no expression of Notch1 
in five patients with PSC,33 while Ishimura et al found 
Notch1 to be upregulated in the majority of patients with 
PSC (75% of 16 patients).35 Our finding of variable 
upregulation of Notch1 in a series of similar size is con-
sistent with findings in these two studies in humans 
with PSC.

Conclusions
Vimentin and laminin showed increased expression in 
portal areas of cats diagnosed with LC compared with 
unaffected feline livers. Additionally, β-catenin shifted 
from pure membranous to a more cytoplasmic/nuclear 
location. All markers showed enhanced expression in 
diseased livers, although NICD was not expressed in all 
patients.

These results indicate that the HPC niche is remod-
elled and activated in feline LC. Based on these and ear-
lier discovered similarities between LC and PSC in 
humans, feline LC might prove to be a suitable transla-
tional model for human biliary disease. Furthermore, 
HPCs might provide new regenerative treatment options 
for LC in cats in the future.

Acknowledgements The authors thank Loes Oosterhof for 
her support in different stages of the immunohistochemical 
studies.

Conflict of interest The authors declared no potential con-
flicts of interest with respect to the research, authorship, and/
or publication of this article.

09_JFM699723.indd   35 30/11/2017   9:29:22 AM



36 Journal of Feline Medicine and Surgery 20(1)

Funding Rothuizen and Penning receive grants from the 
Netherlands Organization for Scientific Research NWO ZON/
MW (grant-numbers 92003538 and 16004121) for liver progeni-
tor cell research.

References
 1 Jergens AE. The yellow cat or cat with elevated liver 

enzymes. In: Rand J (ed). Problem-based feline medicine. 
Philadelphia, PA: Elsevier Saunders, 2006, pp 441–442.

 2 Lucke VM and Davies JD. Progressive lymphocytic chol-
angitis in the cat. J Small Anim Pract 1984; 25: 249–260.

 3 Society of Comparative Hepatology. WSAVA standards 
for clinical and histological diagnosis of canine and feline 
liver diseases. http://www.vetvisuals.com/home-society-
of-comparative-hepatology/sch (accessed May 29, 2016).

 4 Burt AD and MacSween RN. Bile duct proliferation – its 
true significance? Histopathology 1993; 23: 599–602.

 5 Ijzer J, Kisjes JR, Penning LC, et  al. The progenitor cell 
compartment in the feline liver: an (immuno)histochemi-
cal investigation. Vet Pathol 2009; 46: 614–621.

 6 Center SA. Chronic liver disease: current concepts of dis-
ease mechanisms. J Small Anim Pract 1999; 40: 106–114.

 7 Twedt DC. Cirrhosis: a consequence of chronic liver dis-
ease. Vet Clin North Am Small Anim Pract 1985; 15: 151–176.

 8 Boomkens SY, Kusters JG, Hoffmann G, et  al. Detection 
of Helicobacter pylori in bile of cats. FEMS Immunol Med 
Microbiol 2004; 42: 307–311.

 9 Greiter-Wilke A, Scanziani E, Soldati S, et al. Association of 
Helicobacter with cholangiohepatitis in cats. J Vet Intern 
Med 2006; 20: 822–827.

 10 Otte CM, Gutierrez OP, Favier RP, et al. Detection of bacte-
rial DNA in bile of cats with lymphocytic cholangitis. Vet 
Microbiol 2012; 156: 217–221.

 11 Twedt DC, Cullen J, McCord K, et al. Evaluation of fluores-
cence in situ hybridization for the detection of bacteria in 
feline inflammatory liver disease. J Feline Med Surg 2014; 
16: 109–117.

 12 Warren A, Center S, McDonough S, et al. Histopathologic 
features, immunophenotyping, clonality, and eubacterial 
fluorescence in situ hybridization in cats with lympho-
cytic cholangitis/cholangiohepatitis. Vet Pathol 2011; 48: 
627–641.

 13 Otte CM, Penning LC, Rothuizen J, et  al. Retrospective 
comparison of prednisolone and ursodeoxycholic acid for 
the treatment of feline lymphocytic cholangitis. Vet J 2013; 
195: 205–209.

 14 Michalopoulos GK and DeFrances MC. Liver regeneration. 
Science 1997; 276: 60–66.

 15 Kung JW, Currie IS, Forbes SJ, et  al. Liver development, 
regeneration, and carcinogenesis. J Biomed Biotechnol 2010; 
2010: 984248.

 16 Duncan AW, Dorrell C and Grompe M. Stem cells and 
liver regeneration. Gastroenterology 2009; 137: 466–481.

 17 Kruitwagen HS, Spee B and Schotanus BA. Hepatic pro-
genitor cells in canine and feline medicine: potential for 
regenerative strategies. BMC Vet Res 2014; 10: 137.

 18 Kruitwagen HS, Spee B, Viebahn CS, et  al. The canine 
hepatic progenitor cell niche: molecular characterisation 
in health and disease. Vet J 2014; 201: 345–352.

 19 Lorenzini S, Bird TG, Boulter L, et  al. Characterisation 
of a stereotypical cellular and extracellular adult liver 

 progenitor cell niche in rodents and diseased human 
liver. Gut 2010; 59: 645–654.

 20 Otte CM, Rothuizen J, Favier RP, et  al. A morphological 
and immunohistochemical study of the effects of pred-
nisolone or ursodeoxycholic acid on liver histology in 
feline lymphocytic cholangitis. J Feline Med Surg 2014; 16: 
796–804.

 21 Yovchev MI, Grozdanov PN, Zhou H, et al. Identification 
of adult hepatic progenitor cells capable of repopulating 
injured rat liver. Hepatology 2008; 47: 636–647.

 22 Kruitwagen HS, Spee B, Fieten H, et al. Translation form 
mice to men: are dogs a dodgy intermediate? Eur Med J 
Hepatol 2014; 1: 48–54.

 23 Schotanus BA, Kruitwagen HS, van den Ingh T, et  al. 
Enhanced Wnt/ss-catenin and Notch signalling in the 
activated canine hepatic progenitor cell niche. BMC Vet 
Res 2014; 10: 962.

 24 Herrera MB, Bruno S, Buttiglieri S, et al. Isolation and char-
acterization of a stem cell population from adult human 
liver. Stem Cells 2006; 24: 2840–2850.

 25 Li B, Zheng YW, Sano Y, et al. Evidence for mesenchymal-
epithelial transition associated with mouse hepatic stem 
cell differentiation. PLoS One 2011; 6: e17092.

 26 Gröne HJ, Weber K, Gröne E, et al. Coexpression of keratin 
and vimentin in damaged and regenerating tubular epi-
thelia of the kidney. Am J Pathol 1987; 129: 1–8.

 27 Kallis YN, Robson AJ, Fallowfield JA, et al. Remodelling of 
extracellular matrix is a requirement for the hepatic pro-
genitor cell response. Gut 2011; 60: 525–533.

 28 Dubuquoy L, Louvet A, Lassailly G, et al. Progenitor cell 
expansion and impaired hepatocyte regeneration in 
explanted livers from alcoholic hepatitis. Gut 2015; 64: 
1949–1960.

 29 Lade AG and Monga SP. Beta-catenin signaling in hepatic 
development and progenitors: which way does the WNT 
blow? Dev Dyn 2011; 240: 486–500.

 30 Monga SP. Role and regulation of beta-catenin signaling 
during physiological liver growth. Gene Expr 2014; 16: 51–
62.

 31 Zappulli V, De Cecco S, Trez D, et al. Immunohistochemi-
cal expression of E-cadherin and beta-catenin in feline 
mammary tumours. J Comp Pathol 2012; 147: 161–170.

 32 Wang B, Zhao L, Fish M, et  al. Self-renewing diploid 
Axin2(+) cells fuel homeostatic renewal of the liver. 
Nature 2015; 524: 180–185.

 33 Nijjar SS, Crosby HA, Wallace L, et  al. Notch receptor 
expression in adult human liver: a possible role in bile 
duct formation and hepatic neovascularization. Hepatol-
ogy 2001; 34: 1184–1192.

 34 Ressel L, Else RW, Poli A, et al. Aberrant subcellular 
immunolocalization of NOTCH-1 activated intracellular 
domain in feline mammary tumours. J Comp Pathol 2014; 
150: 366–372.

 35 Ishimura N, Bronk SF and Gores GJ. Inducible nitric oxide 
synthase up-regulates Notch-1 in mouse cholangiocytes: 
implications for carcinogenesis. Gastroenterology 2005; 128: 
1354–1368.

 36 Schotanus BA, Kruitwagen HS, van den Ingh TS, et  al. 
Enhanced Wnt/beta-catenin and Notch signalling in the 
activated canine hepatic progenitor cell niche. BMC Vet 
Res 2014; 10: 309.

09_JFM699723.indd   36 30/11/2017   9:29:22 AM



Otte et al 37

 37 Gil da Costa RM, Santos M, Amorim I, et al. An immuno-
histochemical study of feline endometrial adenocarci-
noma. J Comp Pathol 2009; 140: 254–259.

 38 Korita PV, Wakai T, Ajioka Y, et al. Aberrant expression of 
vimentin correlates with dedifferentiation and poor prog-
nosis in patients with intrahepatic cholangiocarcinoma. 
Anticancer Res 2010; 30: 2279–2285.

 39 Milani S, Herbst H, Schuppan D, et al. Vimentin expression 
of newly formed rat bile duct epithelial cells in second-
ary biliary fibrosis. Virchows Arch A Pathol Anat Histopathol 
1989; 415: 237–242.

 40 Rygiel KA, Robertson H, Marshall HL, et  al. Epithelial-
mesenchymal transition contributes to portal tract fibro-
genesis during human chronic liver disease. Lab Invest 
2008; 88: 112–123.

 41 Sato Y, Harada K, Ozaki S, et  al. Cholangiocytes with 
mesenchymal features contribute to progressive hepatic 
fibrosis of the polycystic kidney rat. Am J Pathol 2007; 171: 
1859–1871.

 42 Xiao Y, Qu C, Ge W, et al. Depletion of thymosin β4 pro-
motes the proliferation, migration, and activation of human 
hepatic stellate cells. Cell Physiol Biochem 2014; 34: 356–367.

 43 Boulter L, Govaere O, Bird TG, et al. Macrophage-derived 
Wnt opposes Notch signaling to specify hepatic progenitor 
cell fate in chronic liver disease. Nat Med 2012; 18: 572–579.

 44 Thompson MD and Monga SP. WNT/beta-catenin signaling 
in liver health and disease. Hepatology 2007; 45: 1298–1305.

 45 Hoffmann G, Ijzer J, Brinkhof B, et al. Comparison of differ-
ent methods to obtain and store liver biopsies for molecular 
and histological research. Comp Hepatol 2009; 8: 3.

09_JFM699723.indd   37 30/11/2017   9:29:22 AM




