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In veterinary medicine, canine and feline liver disease is a common phenomenon. Most dogs 
are diagnosed with hepatitis, whereas cats often have cholangitis, hepatic lipidosis, and less 
frequently acute fulminant hepatitis 115.Chronic hepatitis/ cirrhosis is uncommon in cats 115. 
Interestingly, feline hepatic lipidosis shares many morphological similarities with human non-
alcoholic steato-hepatitis (NASH) 11, 115. 
As outcome of clinical liver disease is often unfavorable 115, extension of current limited 
therapeutic potential is much sought-after. Present therapeutic options have been derived from 
human hepatology. Also, in-depth studies into spontaneous liver pathology were restricted to 
man; therefore species specific knowledge of canine liver pathology is limited. In this respect, 
improved insight into the species specific reaction pattern of the dog is urgently needed to 
provide a solid basis for inventing new therapeutic strategies. This thesis concentrates upon 
identification of cells taking part in the complex pattern of liver tissue repair in acute and 
chronic liver diseases of dogs and cats.  
 
Etiology of canine and feline hepatitis 
An infectious etiology is often suspected in canine hepatitis, but despite the existence of many 
known etiologic factors, the etiology of individual canine cases stays largely unknown 10. 
Identified infectious agents include viruses (canine adenovirus-1/ Rubarth virus: infectious 
canine hepatitis or ICH and feline infectious peritonitis virus; Herpesviruses), bacteria 
(Clostridium piliformis: Tyzzer’s disease; Leptospira spp.; Helicobacter canis and septicemic 
diseases), protozoa (Toxoplasma gondii, Neospora, Leishmania chagasi) or fungi 
(Histoplasma capsulatum) 21, 43, 115. Several toxic agents are also known to inflict hepatitis, 
such as toxins synthesized by poisonous mushrooms (Amanitum spp.) or blue green algae 
(Cyanophyaceae). Also, idiosyncratic drug reactions to therapeutical drugs can give rise to 
severe liver necrosis, e.g. benzodiazepine, acetaminophen, trimetoprim sulfonamide, carprofen 
and amiodrone 115. Copper toxicosis is a common cause of hepatitis in dogs. Mostly, this is a 
breed related disease, frequently occurring in Bedlington terriers, Doberman pinschers, Sky 
terriers, West Highland white terriers, Dalmatians, Anatolian shepherds, American and 
English Cocker spaniels and Labrador retrievers. This breed-association suggests an 
underlying genetic defect, which so far has been identified in the Bedlington terrier only, a 
mutation in the MURR1 (COMMD1) gene associated with reduced bile copper excretion 66, 

125, 131. Copper toxicosis has been reported only once in the cat 83 
 
Histological changes in canine and feline hepatitis 
Hepatitis in veterinary hepatology always includes hepatocellular cell death: necrosis and/or 
apoptosis, and an inflammatory infiltrate varying in type and extent 115. Furthermore, acute 
hepatitis (AH) sometimes features regeneration, whereas chronic hepatitis (CH) always 
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conveys regeneration and fibrosis. Fibrosis is defined as detectable deposit of extracellular 
matrix 4. It can develop into cirrhosis, characterized by disruption of the normal hepatic 
architecture by fibrous septa into structurally abnormal nodules, associated with porto-central 
vascular anastomosis 115. Lobular dissecting hepatitis (LDH) is a special form of cirrhosis 
typically occurring in younger dogs 115, 132. Its fierce clinical course rapidly progresses to a 
fatal outcome. Histological changes include complete disruption of the lobular architecture by 
fine fibrotic septa which encompass individual hepatocytes, or small groups of hepatocytes. 
LDH bears resemblance to human neonatal hepatitis in morphological distribution and 
occurrence at young age, but seems to have a poorer prognosis 60. To date, it is unknown 
which factors determine the LDH reaction pattern versus “normal” cirrhosis.  
 
Liver tissue repair  
Species specific knowledge regarding liver tissue repair in the dog is limited, as most studies 
were performed in rodents 84. 
Following injury, the liver elicits a tissue repair response in order to regain its physiological 
function. This reaction pattern comprises two balanced actions: a) parenchymal regeneration 
(of hepatocytes and/or cholangiocytes) and b) supported by regular wound healing, which is a 
mesenchymal regenerative process. Generally, the term “liver regeneration” is solely reserved 
for the parenchymal regeneration; this custom will be followed in the next discussion.  
When the balance between regeneration and fibrosis is extremely charged, liver function is no 
longer safeguarded and clinical symptoms develop, in worst case with a fatal outcome. On the 
one hand, the wound healing process can give rise to adverse fibrosis or even develop into 
cirrhosis. On the other hand, the replicative capacity of the remaining hepatocytes may fall 
short 64, 119. Hepatocellular regeneration in hepatitis can occur by two means: replication of 
mature hepatocytes and, in case of hampered hepatocytic reproduction, also by proliferation of 
the local progenitor cell population, in rodents called “oval cells” 64, 85, 113, 119. A third 
(theoretical) route by fusion or transdifferentiation of hemopoetic or bone marrow stem cells 
into hepatocytes, is not regarded clinically important 30, 47, 63, 97. However, bone marrow stem 
cells may contribute to repopulation of myofibroblasts or sinusoidal endothelial cells, and thus 
play a role in liver tissue repair 63.  
Liver tissue repair is a tightly regulated, very complex process involving orchestrated interplay 
between all resident liver cell types, stroma and signaling molecules/ growth modulators. 
These factors cooperatively create a favorable microenvironment which is compulsory for 
successful regeneration 119. Liver regeneration features a priming phase, growth phase and 
growth inhibitory phase, which requires priming factors, growth factors and growth inhibitory 
factors, respectively 119. To unravel the discussion regarding the complex pattern of liver 
tissue repair, the following evaluation is divided as follows: first, major signaling pathways 
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are described (I), followed by cell types (II) and finally, an integrated outline of events is 
presented (III).  
 
I.  Signaling pathways liver regeneration 
Hepatocyte growth factor (HGF) and transforming growth factor-β-1 (TGF-β-1) are two main 
players in the liver tissue repair response. HGF is mainly produced by activated hepatic 
stellate cells and induces liver regeneration by mitogenic and motogenic effects on 
hepatocytes 84, 88. On the other hand, TGF-β-1 which is also produced by activated hepatic 
stellate cells, exerts opposite effects in promoting fibrosis and hepatocellular apoptosis 29, 84. 
 
Hepatocyte growth factor (HGF) 
HGF, also called scatter-factor (HGF/SF), is synthesized and secreted as its single-chain 
precursor form 40. This inactive single-chain HGF is bound to hepatic matrix (to the 
glycosaminoglycan  heparin) 84 and is released during matrix remodeling 79, 80. 
Metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) play an 
important role in regulating the release of HGF from the matrix and its availability for 
activation 101. Matrix serine proteases modulate inactive single chain HGF into its active two-
chain form 40. These proteases include HGF activator or HGF-converting enzyme, urokinase-
type plasminogen activator (uPA) and Factor Xa 40, 102. Proteolytically activated HGF, 
consisting of a 69 kDa α-subunit and a 34 kDa β-subunit 40,  is locally available, but also 
overflows into the circulation 76. 
All effects of HGF on hepatocytes are mediated by its receptor c-Met 92. Matrix 
glycosaminoglycans heparin, CD44 and dermatan sulfate function as co-receptors potentiating 
c-Met activation in vitro 49, 82, 116. C-Met is a dimeric membrane-spanning tyrosine kinase type 
receptor composed of an extracellular 50-kDa α-chain and a transmembrane 145 kDa β-chain. 
Both α and β units are required for high-affinity receptor binding of HGF 127. Intracellular 
signaling pathways driven by HGF-c-Met coupling lead to mitogenic (stimulating 
proliferation), motogenic (stimulation cell movement), morphogenic (stimulating maturation), 
branching  (stimulating formation of branching ductules), angiogenic and anti-apoptotic 
activities 40, 127, 133. At least in hepatocytes, c-Met binds and sequesters, thus inactivates death 
receptor Fas 133. These different effects of c-Met activation are mediated by different 
intracellular transducers 42. Noteworthy, c-Met was initially identified as an oncogene 18 and 
has attracted considerable interest in tumor biology ever since, due to its control of growth, 
invasion and metastasis 8, 103, 130. 
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Fig.1 Changes in the amount and composition of collagens I, III, IV, V and VI (left) and of glycosaminoglycans (right) 
from normal to cirrhotic human liver. Numbers give the concentrations for collagen in mg/ wet weight and for 
glycosaminoglycans in mol hexosamine/ 100g dry weight. (Reproduced with kind permission from 44).  
 
 
Transforming growth factor β-1 (TGF-β-1)    
The three closely related isoforms (TGF-β-1, TGF-β-2 and TGF-β-3) of the TGF-β family 
elicit distinct biological responses in vivo 44. Of these, TGF-β-1 is considered of main 
importance in liver tissue repair 44, 84. TGF-β’s are synthesized as inactive precursors. The 
biologically active form is a disulfide linked 25 kDa dimer 44.  
In normal liver, TGF-β-1 is stored in matrix by binding to decorin 51. It exercises competing 
tonic effects on hepatocytes, opposing effects of other matrix-bound growth factors, thus 
keeping hepatocytes in quiescent state 51, 68. Besides, latent TGF-β-1 is also stored in 
extracellular matrix by complexes of latent TGF-β with binding glycoproteins (fibronectin and 
latent TGF-β binding protein) which is mediated by heparan sulfate proteoglycans (HSPGs) 17. 
Collagen type IV, fibrinogen and urokinase type plasminogen activator activate latent TGF-β-
1 45. At matrix remodeling during tissue injury and repair TGF-β-1 is released from matrix 
deposits by proteases thrombospondin, tissue plasminogen activator (tPA) and MMPs 20, 22. 
When TGF-β-1 is released into the circulation, it is bound and inactivated by α-2-
macroglobulin 70.  
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Fig.2 Tissue inhibitors of metalloproteinase (TIMPs) 
secreted by activated hepatic stellate cells prevent 
matrix degradation by inhibiting enzymatic activity of 
matrix degrading metalloproteinases (MMPs) 
(Reproduced with kind permission from 55) 
 

 
 
A network of three types of TGF-β receptors (TGF-β-R) and several intracellular signaling 
mediators (Smad proteins) mediate the biological effects of TGF-β 32, 71. The most important 
receptors are TGF-β-R1 and TGF-β-R2, transmembrane serine/threonine kinases. TGF-β first 
attaches to TGF-β-R2 which subsequently activates TGF-β-R1. This eventually leads to 
translocation of receptor-regulated Smad (Smad 2 or 3) protein complexes from the cytoplasm 
to the nucleus, followed by direct binding to DNA sequences 87. Smad3 is a main fibrogenic 
mediator in hepatic stellate cells (HSCs) 44. In the nucleus, target genes are either suppressed 
or stimulated (like Smad7). By association with activated TGF-β-R1 Smad7 prevents 
phosphorylation of receptor regulated Smads thus supplying a negative feedback loop44. 
TGF-β-1 stimulates fibrosis by simultaneously inducing upregulation and release of many 
extracellular matrix (ECM) components: collagen type I, III, IV, V and VI; 
glycosaminoglycans (hyaluronan, heparan sulfate, dermatan sulfate, chondroitin sulfate: see 
Fig.1) and other glycoconjugates like the structural  glycoproteins tenascin, laminin, 
fibronectin and  proteoglycan core-protein decorin; as well as tissue inhibitors of 
metalloproteinases (TIMPs), which prevent ECM breakdown 15, 53 (Fig.2). Additionally, 
integrin expression is also modulated resulting in increased cell-matrix adhesion 77.    
 
HGF and TGF-β-1 signaling in the dog 
In the dog, Spee et al. 123, 124 investigated the role of HGF and TGF-β-1 pathways in canine 
liver disease. c-Met levels were reduced in canine hepatitis and cirrhosis, but major 
downstream regenerative pathways were still activated. This pattern proved highly comparable 
to man. Also, fibrosis in spontaneous dog liver diseases (AH, CH, cirrhosis, LDH) was found 
highly comparable to man. There was upregulation of the TGF-β pathway with enhanced 
deposition of collagen I and III. 
 



 
General introduction, scope and aims 

 

 13

Other key regulators 
Interleukin-6 (IL-6) binding to its receptor Glycoprotein 80 (Gp80), which is either soluble or 
located on the hepatocellular surface, and Gp130 results in activation of Janus tyrosine kinases 
(JAKs) and downstream activation of signal transducer and activator of transcription-3 
(STAT3)65, 78, 119. Subsequently, proliferation promoting factors are upregulated 119. 
Interestingly, other members of the IL-6 cytokine family, such as leukemia inhibitory factor 
(LIF) and oncostatin M (OSM) may also be implicated in progenitor cell-mediated liver 
regeneration 119.  
Transforming growth factor-α (TGF-α) is synthesized by hepatocytes 119. TGF-α is related to 
epithelial growth factor (EGF) that is produced continuously in Brunner´s glands in the 
duodenum.  Both growth factors use EGFR, a transmembrane tyrosine kinase receptor to 
induce proliferative effects on target cells, e.g. hepatocytes 118, 119. 
In the regulation of liver regeneration more factors do play a role, such as norepinephrine, bile 
acids, xenobiotics, serotonin (from platelets), leptin  and insulin levels, or Notch and Jagged 
expression on hepatocytes and cholangiocytes 84. 
Platelet derived growth factor (PDGF) and connective tissue growth factor (CTGF) have 
emerged as additional mediators for fibrogenesis 54.    
 
II Cells and matrix in liver disease 
Kupffer cells are resident macrophages, located in the sinusoidal space (Fig.3). Activation of 
these cells is an early key issue in liver tissue repair (reviewed in 7. They are either directly 
activated by portal vein delivered lipopolysaccharids (LPS) from the gut or by activated 
complement factors 3a and 5a (C3a, C5a). LPS binds to a complex of toll-like receptor 4 
(TLR4) and CD14 receptor. This results via translocation of nuclear factor κB (NF-κB) to the 
nucleus in elevated output of signaling molecules such as tumor necrosis factor alpha (TNFα), 
interleukins 1 and 6 (IL-1, IL-6) and nitric oxide (NO). Signal transduction for C3a and C5a is 
attributed to G-proteins which regulate phospholipase C and eventually leads to production of 
prostaglandins D2, E2 and F2α, thromboxane A2 and free radical superoxide anion 7.  
Furthermore, Kupffer cells also excrete PDGF and matrix degrading metalloproteinase 
enzymes (MMPs) 3, 5. 
 
Platelets store HGF, TGF-β and serotonin. The latter may have an effect on release of HGF 
and TGF-β 73, 84. 
 
Endothelial cells do produce HGF. In rats after PHx, proliferating endothelial cells upregulate 
their vascular endothelial growth factor (VEGF) receptors 1 and 2, platelet derived growth 
factor (PDGF) receptor and angiopoetin receptors Tie-1 and Tie-2 84. 
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Fig.3. Sinusoidal changes during liver injury. Left: normal liver, and right: injured liver. Liver injury leads to 
activation of Kupffer cells, which reside in the sinusoidal space. Kupffer cell activation contributes to activation of 
hepatic stellate cells, located in the subendothelial space (Disse’s space). Stellate cells deposit large amounts of fibril 
forming (scar) matrix. This deposition leads to loss of hepatocytic microvilli and sinusoidal fenestrae which results in 
deterioration of hepatic function. (Reproduced with kind permission from 35 http://www.jbc.com). 
 
 
  

 
Fig.4 Sinusoidal endothelial cell layer (with one oval nucleus) covered by a perisinusoidally located hepatic stellate 
cell (HSC) in extracellular matrix. Emerging mechanisms of matrix degradation, fibrosis progression and fibrosis 
resolution in chronic liver disease. Left top: Activation of HSCs will be associated with pathological matrix 
degradation because of increased production of membrane type matrix metalloproteinase (MT1-MMP), matrix 
metalloproteinase-2 (MMP-2) and tissue inhibitor of metalloproteinases-2 (TIMP2), eventually leading to 
replacement by interstitial collagen or scar matrix. Middle panel: During progression of fibrosis, sustained 
expression of TIMP-1 and -2 prevents matrix breakdown and apoptosis of activated HSCs. Right top: Fibrosis 
regression is associated with increased apoptosis of activated HSCs. Apoptosis and the following matrix regression 
requires decreased levels of TIMP-1 leading to a net increase in protease activity. This may correspond with MMP 
synthesis (likely MMP1 in man, and MMP13 in rodents). However, the producing cells (possibly Kupffer cells) have 
not been positively identified yet in vivo. (Reproduced with permission of Wiley-Liss, Inc. a subsidiary of John Wiley 
& Sons, Inc. 36).  
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Activated fibroblasts, which transdifferentiate into myofibroblasts (MFs), play an essential 
role in hepatic fibrogenesis 117, 122. Based on location and immunohistochemical profile three 
MF subpopulations were described 16, 67. These comprise 1) portal or septal MFs, present in 
the portal areas or in newly formed fibrous septa, 2) interface MFs, present at the interface 
between parenchyma and stroma of the portal areas or newly formed fibrous septa, and 3) the 
perisinusoidally located hepatic stellate cells (HSCs) (Figs.3,4). All types have fibrogenic 
potential, but many investigators regard HSCs as the principal fibrocompetent cell in the liver 
4, 109, 129. Depending on the primary site of injury the resulting fibrosis may be restricted to the 
portal areas, as in most biliary diseases, or may be present in the hepatic parenchyma as seen 
in chronic hepatitis and cirrhosis.  
Although incompletely understood, the activation or transdifferentiation of MFs/HSCs is a key 
event in liver tissue repair. This activation has been subdivided into two tightly associated 
successive steps: initiation and perpetuation 26, 74, and may be followed by regression 4. The 
activated or transdifferentiated state is characterized by increased proliferation, contractility 
and migration, as well as loss of vitamin-A containing lipid vacuoles and enhanced expression 
of α-SMA and desmin 4, 12, 117, 120. Furthermore, HSCs produce opposing growth factors HGF 
and TGF-β as well as matrix metalloproteinases (MMPs) and inhibitors of metalloproteinases 
(TIMP1 and TIMP2) and abundant amounts of extracellular matrix components including 
collagens, proteoglycans and glycosaminoglycans 3, 4, 109, 120, 122(Figs.3,4). 

A very early trigger in HSC activation results from edema. Edema leads to increased matrix 
stiffness which attributes to HSC activation 44, 134. Furthermore, TGF-β plays a pivotal role in 
initiation, promotion and progression of MF transdifferentiation 44. Initially, TGF-β-1 is 
delivered by necrotic hepatocytes 77, platelets and inflammatory cells, including Kupffer cells 4 
and is quickly released from matrix deposits 20, 22, 45. Later on, during perpetuation, activated 
HSCs themselves become the major source of TGF-β-1, with autocrine and paracrine 
stimulating effects 4. Moreover, HSC activation includes de novo expression of TGF-β 
receptors, thus further enhancing TGF-β effects 4. Platelet derived growth factor (PDGF), 
mainly produced by Kupffer cells but also by hepatocytes, is the predominant mitogen for 
activated HSCs 14, 84, 135. Also oxidative stress and lipid peroxidation are important contributors 
to MF/HSC stimulation by formation of reactive oxygen species (ROS) 4, 128. Well known 
inducers of oxidative stress in the liver include exogenous compounds like  acetaminophen 
and 2-N acetyl aminofluorene, which are often used to reduce replicative capacity of 
hepatocytes in rodent animal models Other activating factors include TNF-α, interferon-γ, IL-
6, epidermal growth factor (EGF), insulin like growth factor (IGF), CD40, C-C chemokine 
ligand 21 (CCl21)3. Likewise, matrix fibrillar collagens (collagens I, III, V, all upregulated 
during fibrosis) can activate MFs by binding to HSC surface expressed discoidin domain 
receptor (DDR2) and integrins 98. Interestingly, human HSCs express neuroendocrine markers 
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Fig.5 Liver cirrhosis as wound healing. Damage to the normal liver (i) results in hepatitis (ii) and activation of 
hepatic stellate cells to secrete collagen, culminating in the development of fibrosis (iii) and ultimately in cirrhosis 
(iv). Withdrawal of the injurious agent may allow remodeling of the fibrillar matrix, leaving attenuated cirrhosis (v). 
Spontaneous resolution of fibrosis after removal of injury results in a return to near normal architecture (vi). Whether 
“complete” resolution of cirrhosis can occur is currently unknown. (Reproduced with kind permission from 55).   

 (reelin, nestin,neurotrophins, synaptophysin, glial fibrillar acidic protein) and also receptors 
for neurotransmitters 3; therefore they are likely also entangled in incompletely unraveled 
neural control mechanisms 112.  

As described above, for the activation of hepatic MFs a plethora of factors are identified. 
However, concerning the equally important regression into quiescence or apoptosis of stellate 
cells/myofibroblasts, many questions remain open (Fig.4). Reversion of HSC activation is 
considered to attribute to fibrosis regression 4, 36(Figs.4,5). Peroxisome proliferator activated 
receptor (PPAR)-γ was able to induce reversal of HSC activation 69. Nerve growth factor, 
expressed by hepatocytes during injury, may drive HSC apoptosis 96. Apoptosis of activated 
HSCs is successfully blocked by sustained TIMP1 expression 56, 58, 136, with activated NF-κB 
to preserve the activated state 94, 95. 

Hepatocellular proliferation is subdivided into three phases: priming, growth and growth 
inhibition. Priming is required to exert full effects of growth factor stimulation 119. The 
priming factors TNF-α and IL-6 4 initiate, at least in part, hepatocellular proliferation by 
translocation of  NF-κB and STAT3 to the nucleus 7. In the rat PHx model (2/3 partial 
hepatectomy), early intracellular changes include translocation of Notch intracellular domain 
(NICD) and β-catenin to the nucleus 84.  
After priming, growth is stimulated by three main growth factors: HGF, transforming growth 
factor-α (TGF-α) and epithelial growth factor (EGF). After liver tissue injury, increased uPA 
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activity is observed within 5 minutes, leading to release of matrix bound HGF 84. HGF and 
EGF receptors are activated within 30-60 minutes after PHx in rats 84.  
Hepatocytes synthesize growth factors for stellate cells (e.g. PDGF) and endothelial cells, such 
as VEGF, fibroblast growth factor (FGF), angiopoetin, transforming growth factor α (TGFα). 
TGF-β inhibits hepatocellular and ductular proliferation 107. However, due to timing and 
duration of its upregulation, it can not be the sole responsible factor for cessation of 
hepatocellular regeneration 84. Likely activin, also belonging to the TGF-β family of 
cytokines, plays a major role in termination of hepatocellular proliferation 31, 84. 
 
Progenitor cells are activated when hepatocellular proliferative capacity falls short. They 
ultimately differentiate into new hepatocytes or biliary epithelial cells 64, 85, 113, 119. The 
progenitor cell compartment consists of resident progenitor cells in normal liver, and ductular 
reaction and intermediate hepatobiliary cells in the diseased liver. In the normal liver, resident 
progenitor cells are located in the finest branches of the biliary tree, the canals of Hering 113. 
To date, no unique factor for identifying progenitor cells has been identified in man or dog. 
With some species specificity, the different subsets of progenitor cells transiently express 
combinations of markers, including stem cell markers, cholangiocytic, hepatocellular and 
neural markers, leading to extensive debate regarding the origin of these cells 84, 112, 119. 
The regulation process of progenitor cell versus hepatocellular proliferation is incompletely 
unraveled (comprehensive review in 119). Like in regeneration by mature hepatocytes, three 
phases are discerned: priming, growth/differentiation and growth inhibition 119. 
So far, only one factor selectively stimulated mitosis in mouse hepatic oval cells: TNF family 
member TWEAK (TNF-like weak inducer of apoptosis) 62. Furthermore, progenitor cells 
share many priming factors with hepatocytes, e.g. TNF-α and IL-6. Moreover, IL-6 also acts 
as progenitor cell mitogen 91. After priming, shared growth factors inducing proliferation and 
differentiation include HGF, TGF-α and acidic fibroblast growth factor (aFGF)/FGF1 27, 89, 119. 
HSCs, proliferating simultaneously and in close contact with progenitor cells 100, 112, 119 are the 
main source of these growth factors (HGF, TGF-α and aFGF), suggesting paracrine regulation 
119. Interestingly, upregulation of FGF-receptors (FGFRs) differs in amount and subtype 
(FGFR-1 and -2) between hepatocytes, progenitor cells and stellate cells providing a possible 
explanation of different reaction patterns between progenitor cells and hepatocytes 50. 
In contrast to its effect on hepatocytes, the stem cell factor (SCF)/c-kit growth factor receptor 
system is suggested to play a role in the initial activation of the progenitor cells 38, 39, 90, 119. 
Reduction of progenitor cell activation is mediated by TGF-β. In addition to the surrounding 
HSCs, TGF-β is also synthesized by progenitor cells synthesize TGF-β during early phases of 
their differentiation 90. Thus a negative feedback loop is supplied on excessive progenitor cell 
proliferation. 
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Moreover, intercellular interaction between HSCs and progenitor cells is partly mediated by 
cell-specific matrix proteoglycans such as heparan sulfate. These proteoglycans also mediate 
binding of growth factors to their receptors and regulate interactions between the progenitor 
cells and ECM (reviewed in 112).  
Other factors exerting opposite effects on mature hepatocytes (growth inhibition) versus 
progenitor cells (stimulation) are IFN-γ and similarly functioning lymphotoxin-β (LT-β) 9, 119. 
Intercellular adhesion molecule-1 (ICAM-1) expression on progenitor cells indicates 
involvement of immune system cells in the microenvironment 9. 
Also, the chemokine stromal cell-derived factor-1 (SDF-1) and its receptor CXCR4 were 
likely involved in activation and early expansion of the liver progenitor cell compartment in a 
rat liver model 47, 81. 
  
Matrix 
The extracellular matrix (ECM) is composed of collagens (Table 1), structural glycoproteins 
(like laminin, fibronectin, tenascin, elastin) and proteoglycans consisting of a core-protein 
(like decorin, syndecan, perlecan) which is linked to multiple glycoaminoglycan side chains 
(heparansulfate, chondroitin sulphate)44. High turnover takes place during necro-inflammatory 
activity, tissue repair and fibrosis, with overt changes in amount, composition and distribution 
of ECM components (Fig.1). Changes in ECM composition can directly stimulate 
fibrogenesis, and during fibrosis a net deposition of ECM takes place 3. ECM changes leading 
to stimulation of fibrogenesis comprise the presence of free collagen IV, fibrinogen and 
urokinase type plasminogen activator (uPA) which activate latent cytokines as TGF-β (bound 
to decorin)45, 84. What is more, the ECM functions as a binding place and reservoir for other 
important factors like HGF (bound to heparan sulfate) and MMPs, like MMP9 46, 84, 98. 
Increased ECM deposition is the result of increased production combined with decreased 
breakdown 3. In fibrotic dog livers, increased deposition of fibrillar collagens I and III was 
reported 124. ECM components in scars are highly stable cross-linked molecules insensitive to 
most human proteases 4. Only matrix metalloproteinases (MMPs), a group of calcium and 
zinc-dependent enzymes, can destruct ECM 4. MMPs form five categories, with high substrate 
specificity for their “own” group of ECM components, and some species specific aspects, see 
Table 1 3, 4, 44. To our knowledge, studies regarding MMPs in canine liver have not been 
conducted.  
In tissue culture, rodent HSCs transiently express MMP3 (stromelysin) and -13 (collagenase 
3), followed by MMP2 (gelatinase A), -9 (gelatinase B) and -14 (MT1-MMP) 54. Of these 
MMP, only MMP2, 9 and 13 are reported to occur in rodent livers in vivo 3. In man, during 
early fibrogenesis, MMP2 and -9 are upregulated facilitating breakdown of collagen IV from 
basement membranes, whereas MMP1 (degrading fibrillar collagens I, III, V) is  
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collagen present 
collagen type in liver matrix degraded by MMP
fibrillar I, III, V interstitial collagenases man: MMP1,-8,-13; rodents: MMP13
nonfibrillar IV (reticulin), VI gelatinases MMP 1, 2 (man and rodents)  
Table 1  Liver collagens and matrix metalloproteinases (MMP) 
 
downregulated 57. HSCs are the main source of MMP production during liver fibrosis 2, 86, 
although Kupffer cells and other inflammatory cells can also produce MMPs 36, 54. Even 
hepatocellular MMP9 production is reported, in vitro, likely induced by TNF signaling 46.  
MMP activation is balanced by binding to inhibitors known as tissue inhibitors of 
metalloproteinases (TIMPs, Fig.2) 55. In rat and man, fibrosis is characterized by upregulation 
in HSCs of TIMP1 and TIMP2, followed by increased synthesis of ECM fibrillar collagen I 6, 

57, 59. Thus, HSCs prevent breakdown of their freshly produced matrix, which leads to fibrosis. 
MMP/TIMP levels, resulting from local HGF/ TGF-β balance, seem to contribute to scar 
resolution or formation respectively 36, 37 
 
Few aspects of regression of fibrosis were unveiled. Indeed, it has yet to be established 
whether all types of fibrosis do regress in a similar way 3. First of all, eradication of the 
primary insult is required, as ongoing necroinflammatory activity prevents HSC inactivation 
and induces hepatocellular apoptosis by TGF-β signaling 4. In fibrosis regression, previously 
activated HSCs are either inactivated or removed by apoptosis 3, 4, 34. Subsequently, a rapid 
decrease in TIMP1 expression in HSCs unlocks MMP activity (Fig.2). This results in 
increased collagenolytic activity and enables ECM breakdown 1. In man, increased MMP2 
expression is associated with HSC apoptosis 106, 137. Also, stimulation of Fas death receptors in 
activated HSCs and decreased expression of survival factors like TIMP-1 and NF-κB is 
reported to induce HSC apoptosis 3.  
 
III Interplay of cells, matrix and signaling molecules 
Liver regenerative attempt is a concerted action involving all resident liver cell types, the 
attracted incoming inflammatory cells as well as signaling molecules produced by these cells 
and the extracellular matrix. Three phases are distinguished: initiating, perpetuation and 
termination of the tissue repair response. Even in well controlled experimental settings, many 
questions regarding the regulation of this process, especially the initiation and termination 
phases, remain unanswered 84. In patients the situation is likely even more complicated. The 
morphology of the liver reaction pattern appears similar between dog and man52, 111. Also at 
the molecular level, large similarities were observed between man and dog 123, 124.  
The individual characteristics and actions of the resident liver cell types, signaling molecules 
produced by these cells and the extracellular matrix have been described above. An outline of 
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the major order of these events, as concerted actions and in chronological order, occurring 
after primary liver injury  now follows.  
 
The primary event always is cellular degeneration or death, whether necrosis or apoptosis, of 
hepatocytes or cholangiocytes. Subsequently, reactive oxygen species (ROS) and fibrogenic 
mediators are released, and lymphocytes and neutrophils are recruited 3. Formation of ROS 
is the result of oxidative stress and lipid peroxidation and includes intermediate reactive 
metabolites, free radicals and nitric oxides. These are generated by damaged hepatocytes, 
attracted neutrophils and activated Kupffer cells 4. ROS lead to HSC stimulation 128.  
Activated Kupffer cells secrete elevated levels of TGF-β, TNFα, epidermal growth factor 
(EGF) and insulin like growth factor (IGF), IL-1, IL-6, ROS, prostaglandins D2, E2 and F2α 

and thromboxane A2 3, 7. 
Subsequently, TNFα and IL-6 can prime proliferation of both hepatocytes as well as 
progenitor cells 7, 119. 
Myofibroblasts (MFs), including hepatic stellate cells (HSCs) are activated by Kupffer cell 
products ROS, TGF-β-1, TNF-α, IL-6 and IGF. MFs are not only activated by Kupffer cells, 
but also by T-lymphocytes, especially the Th2 subset (by IL-6, interferon-γ (IFN-γ), CD40, C-
C chemokine ligand 21(CCL21)) and by degenerated hepatocytes (by ROS, TGF-β-1, TNF-α, 
EGF and IGF). Also, apoptosis of hepatocytes stimulates fibrogenic actions of MFs/HSCs 13. 
Finally, changes in the composition of ECM can directly stimulate fibrogenesis by 
MFs/HSCs. Collagen type IV, fibrinogen and urokinase type plasminogen activator activate 
latent TGF-β 45 which activates MFs/HSCs. Activated MFs/HSCs have contractile, 
proinflammatory and fibrogenic properties. They migrate and accumulate at the sites of tissue 
repair, produce HGF and TGF-β, secrete large amounts of fibril forming ECM and regulate 
ECM degradation 3, 4, 109, 120, 122. These accumulating events result in fibrosis, as depicted in 
Fig.3.   
Hepatocytes are primed for proliferation by Kupffer cell derived TNF-α and IL-6 119. 
Hepatocellular proliferation itself is stimulated by HGF (from MFs, endothelial cells and 
plateles), TGF-α (from hepatocytes and matrix stores) and EGF (from Kupffer cells) 119. 
Hepatocytes and endothelial cells mutually support proliferation: hepatocellular VEGF 
induces endothelial cells to synthesize HGF 72. Endothelial cell mitogenic factors produced by 
hepatocytes include FGF1 and 2, angiopoetins 1 and 2 and TGFα. Thus, neovascularization of 
newly proliferated hepatocytes seems to be secured 84. 
Activated MFs/HSCs are likely to play a role in termination of hepatocellular proliferation by 
production of TGF-β and activin 31, 84, 121.  
Progenitor cells are activated when hepatocellular proliferative capacity falls short 64, 119. 
HSCs, proliferating simultaneously and in close contact with progenitor cells 28, 100, 112 are the 
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main source of stimulating growth factors HGF, TGF-α and aFGF, suggesting paracrine 
regulation 27, 89, 119. Moreover, intercellular interaction between HSCs and progenitor cells is 
partly mediated by cell-specific matrix proteoglycans such as heparan sulfate. These 
proteoglycans also mediate binding of growth factors to their receptors and regulate 
interactions between the progenitor cells and ECM (reviewed in 112). In addition to the 
surrounding HSCs, also progenitor cells synthesize TGF-β during early phases of their 
differentiation, probably supplying a negative feedback loop on further proliferation 90. Also 
IFN-γ (produced by activated CD 4+ T cells, NK cells, hepatocytes) leads to priming and 
maintaining the progenitor cell response 9. Additionally, Kupffer cells attribute to progenitor 
cell proliferation by synthesis and excretion of stimulating lymphotoxin-β (LT-β) 119. 
 
Diagnosis of liver pathology  
Histological examination is considered essential for a good diagnosis of liver disease 114. Liver 
biopsies secure assessment of necroinflammatory type, pattern and extent, a possible cause 
and presence, pattern and extent of fibrosis and regeneration 52. In biomedical research, 
combination of histology and molecular studies yields more information than either of these 
methods separately. Where ideally, one biopsy should be suitable for use of all chosen 
techniques, in reality multiple biopsies and associated preservation methods are required to 
combine all surveys. Unfortunately, taking liver biopsies is an invasive technique, and 
sampling error can occur, especially in small biopsies 3, 19. Therefore, there is an increased call 
for non-invasive techniques, especially to differentiate intermediate grades of fibrosis 3. 
Several ideas were suggested, such as the use of biomarkers or surrogate markers for liver 
fibrosis (serum levels of hyaluronic acid, TIMP1),33, 110 and the use of imaging techniques as 
ultrasonography 3, 36, 37. However, to date no method has yet replaced the golden standard of 
histological evaluation 3, 36, 37. In our opinion this is not surprising, as “classical” pathological 
evaluation by a well-trained pathologist will provide essential microscopical spatial insights 
not to be delivered by any other method. The specific microarchitecture of the liver is critical 
for its function. 
Nowadays, immense possibilities unfold to investigate canine liver pathology, e.g. by genome 
wide screening, using dog-specific micro-arrays75, 99, 104. Elegant combinations of spatial, 
morphological evaluation with molecular techniques by in situ hybridization and laser micro-
dissection promise improved, detailed insight into canine liver disease. Developments in this 
field will be beneficial to translational medicine.  
 
Future directions 
Research into the reversal of hepatic fibrosis now concentrates on two areas: eradication of the 
primary insult, and secondly a direct attack on the pathways of fibrogenesis 34. 
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Compiling evidence challenged the old dogma of hepatic fibrosis being static and irreversible 
34. Documented cases of spontaneous resolution of fibrosis in animal models appeared 
simultaneously with new antiviral trials in man. Surprisingly, successful viral eradication 
appeared to associate with fibrosis regression in human patients 23-25, 54, 56, 61, 105(Fig.5). 
However, to date no antifibrotic therapy is clinically available. In case of development of 
hepatic decompensation in cirrhosis, liver transplantation remains the only option in man 34.  
Interestingly, as regression of cirrhosis seemed to be related to the extent of collagen cross-
linking 61, the need of determining different degrees and characteristics of fibrosis and 
cirrhosis has arisen 34, 41. Many targets of therapeutic intervention are conceivable, varying 
from pharmacological treatment to gene therapeutical approaches 37, 44, 48, 54, 77, 108.  
In this light, further identification of injurious agents will remain a challenge in veterinary 
hepatology. Furthermore, the increased appreciation of spontaneously diseased dogs, 
mimicking human patients in a better way than artificially induced rodent models, may have 
mutual advances for veterinary and human patients93, 123, 124, 126. Dogs may be able to bridge the 
existent gap between rodents and man. Thus, newly designed anti-fibrotic therapies may be 
reliably tested in a clinical situation in canine liver disease and may become available even 
sooner in veterinary and human medicine if the two research fields combine their efforts.  
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Scope and aims  
The research in this thesis is designed to contribute to a further analysis of liver regeneration, 
fibrosis and cirrhosis in dogs and cats, in order to improve diagnostic possibilities, to evaluate 
therapeutic measures and to improve prognosis of animals with hepatic disease.  
Liver tissue repair is a balanced reaction between fibrosis and regeneration of parenchymal 
cells (cholangiocytes and hepatocytes). Imbalances in this process result in cirrhosis 
(extensive fibrosis), tumorigenesis (excessive growth) or acute organ failure (severe loss of 
hepatocytes/ insufficient regeneration). The outcome is largely, but surely not solely, directed 
by the local balance of TGF-β-1 and HGF, regulating fibrosis and regeneration, respectively. 
Dissection of the pathways involved in these pathological processes may reveal potential 
therapeutic intervention strategies. The number of canine patients, and consequently the 
number of properly stored clinical material, with hepatic diseases is larger than the number of 
feline clinical cases referred to the university clinic. The molecular tools, partially due to the 
more detailed knowledge of the canine genome compared to the feline genome, are much 
better evaluated in dogs than in cats. Finally, detailed gene expression profiles are described 
for canine hepatic samples. Together this explains the emphasis on dogs over cats in this 
thesis. The complete sequencing of the feline genome and the expected increased number of 
cats as pets will narrow the inter-species discrepancy in the near future. 
 
In view of the abovementioned scope, the next questions regarding the canine and feline liver 
are addressed in this thesis:  

• Which immunohistochemical markers are useful to identify hepatocytes, 
cholangiocytes and (activated) myofibroblasts populations in the canine 
liver?  

• What are the ultrastructural characteristics of hepatic stellate cells?  
• Is a progenitor cell compartment present in the canine liver?  
• What are immunohistochemical markers of these canine progenitor cells?  
• What are the morphological relations between the hepatic progenitor cell 

compartment and other cell types in the normal liver and in acute and chronic 
hepatitis?  

• What is the morphological distribution of the HGF/-c-Met signaling pathway in 
normal liver and during hepatitis?  

• How does the morphological HGF/c-Met distribution and intensity relate to 
previously determined mRNA and protein expression levels in normal liver and 
during hepatitis?  

• What is the morphological distribution of the TGF-β-1/TGF-β-R1 signaling pathway 
in normal liver and during hepatitis?  
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• How does the morphological TGF-β-1/TGF-β-R1 distribution and intensity relate to 
previously determined mRNA and protein expression levels in normal liver and 
during hepatitis?  

• Do local changes in the balance between HGF/TGF-β-1 relate to specific cell types or 
subpopulations of cells?  

• Is enhanced expression of the matrix component tenascin-C in hepatitis related to 
necro-inflammatory activity and increased fibrotic stage? 

•  Is the localization of enhanced tenascin-C expression in hepatitis associated with 
progenitor cells, activated myofibroblasts or T-lymphocytes?  

• What are immunohistochemical characteristics of the feline progenitor cell 
compartment?  

• What is the optimal way to preserve hepatic biopsies for immunohistochemical and 
molecular studies, mindful of minimizing patient burdening and maximizing possible 
combined use for all diagnostic purposes? 
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Abstract  
Background: Hepatic fibrosis is a common outcome of hepatic injury in both man and dog. 
Activated fibroblasts which develop myofibroblastic characteristics play an essential role in 
hepatic fibrogenesis, and are comprised of three subpopulations: 1) portal or septal myofibro-
blasts, 2) interface myofibroblasts and 3) the perisinusoidally located hepatic stellate cells 
(HSC). The present study was performed to investigate the immunohistochemical characteris-
tics of canine portal myofibroblasts (MF) and HSC in the normal unaffected liver as a basis 
for further studies on fibrogenesis in canine liver disease.  
Results: In the formalin fixed and paraffin embedded normal canine liver vimentin showed 
staining of hepatic fibroblasts probably including MF in portal areas and around hepatic veins; 
however, HSC were in general negative. Desmin proved to react with both portal MF and 
HSC. A unique feature of these HSC was positive immunostaining for alpha-smooth muscle 
actin (α-SMA) and muscle-specific actin clone HHF35 (HHF35), also portal MF stained posi-
tive with these antibodies. Synaptophysin and glial fibrillary acidic protein (GFAP) were con-
sistently negative in the normal canine liver. In a frozen chronic hepatitis case (with expected 
activated hepatic MF and HSC), HSC were negative to synaptophysin, GFAP and  
NCAM.Transmission electron microscopy (TEM) immuno goldlabelling for α-SMA and 
HHF35 recognized the positive cells as HSC situated in the space of Disse. 
Conclusions: In the normal formalin-fixed paraffin embedded canine liver hepatic portal MF 
and HSC can be identified by α-SMA, HHF35  and to a lesser extent desmin immunostaining. 
These antibodies can thus be used in further studies on hepatic fibrosis. Synaptophysin, GFAP 
and NCAM do not seem suitable for marking of canine HSC. The positivity of HSC for α-
SMA and HHF35 in the normal canine liver may eventually reflect a more active regulation of 
hepatic sinusoidal flow by these HSC compared to other species. 
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Background  
Hepatic fibrosis is a common outcome of hepatic injury in both man and dog. 
Depending on the primary site of injury the fibrosis may be restricted to the portal areas as in 
most biliary diseases or may be present in the hepatic parenchyma as seen in chronic hepatitis 
and cirrhosis. Chronic hepatittis is often diagnosed in pet-dogs. Treatment provides only lim-
ited results and the underlying mechanism of fibrosis is unclear. Activated fibroblasts which 
develop myofibroblasts (MF) characteristics play an essential role in hepatic fibrogenesis [1]. 
Three different MF-like cells have been described in rat and man based on location and im-
munohistochemical profile [2,3,4]. These comprise 1) portal or septal MF, present in the portal 
areas or in newly formed fibrous septa, 2) interface MF, present at the interface between pa-
renchyma and stroma of the portal areas or newly formed fibrous septa, and 3) the perisinu-
soidally located hepatic stellate cells (HSC), also known as vitamin A-storing HSC, Ito-cells, 
hepatic lipocytes, lipid-laden cells, fat-storing cells or perisinusoidal lining cells. Debate exists 
regarding the origin of portal and interface MF and HSC. They may have a common origin in 
the primitive mesenchyme of the embryonal septum transversum. It remains to be elucidated 
which circumstances then lead to a different phenotype for the portal and interface MF and the 
HSC [5,6]. If stromal environment may promote transition and differentiation of HSC towards 
stromal MF, this might have therapeutic implications in patients. 

Although portal and interface MF have been considered to have fibrogenic potential [7,8], 
most investigators regard the HSC as the principal fibrocompetent cell in the liver [5,9,10]. 
HSC are located in Disse’s space, in between the hepatocytes and the sinusoidal endothelium, 
and play an important role in normal and diseased liver as they 1) produce the extracellular 
matrix, 2) act in a pericyte like manner around the sinusoids thus regulating sinusoidal blood 
flow, and 3) are the major site of vitamin-A storage in lipid vacuoles [9,10].  

HSC have species-specific immunohistochemical expression profiles. All HSC express 
vimentin (rat), desmin (rat) and actin (man and rat), but alpha-smooth muscle actin (α-SMA) 
is classically considered as an indicator of activation (man and rat) [6,9,11]. However, in man 
α-SMA HSC reactivity proved to be strongly dependent on immunostaining conditions [12]. 
In addition to these myofibroblastic markers, human HSC also display some neuroendocrine 
features distinguishing them from the other hepatic MF-like cells in fibrotic liver [2]. They 
express synaptophysin [13], nerve growth factor (NGF), brain derived nerve growth factor 
(BDNF), neurotrophin-3 (NT-3), NT-receptors tyrosine kinase (Trk)-B and -C, and low-
affinity nerve growth receptor p-75 (Trk-A), while other neuroendocrine markers as neural 
cell adhesion molecule (NCAM), glial fibrillary acidic protein (GFAP), NT-4, and alpha B-
crystallin are expressed to a much higher extent in HSC than in the other hepatic MF subpopu-
lations [2]. With parenchymal injury HSC transfer from a quiescent phenotype into an acti-
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vated or transdifferentiated state characterised by increased proliferation, contractility and mi-
gration, as well as loss of vitamin-A containing lipid vacuoles and enhanced expression of α-
SMA and desmin  [9,11,14-16]. Furthermore, HSC produce growth factors as hepatocyte 
growth factor (HGF), transforming growth factor beta (TGF-β) as well as matrix metallopro-
teinases and abundant amounts of extracellular matrix components including collagen, pro-
teoglycans and adhesive glycoprotein [5,9,16-18]. In dogs portal and interface MF and HSC 
have only been studied with α-SMA in activated HSC in a CCl4 intoxication model [19]. 

The purpose of this study was to investigate immunohistochemical characteristics of canine 
portal and interface MF and HSC in the normal unaffected liver, as a basis for further studies 
on fibrosis in canine liver disease.  

Materials and Methods 
Dogs 
Normal liver tissue was obtained from ten dogs for immunohistochemistry: either patients 
with liver unrelated pathology (n=8) or normal control animals euthanized for liver-unrelated 
research projects (n=2). Laboratory exams regarding liver function were not performed. One 
frozen sample of a dog with chronic hepatitis was additionally used. Patients were submitted 
for their individual diagnostic purposes to the Department of Clinical Sciences of Companion 
Animals, or to the Department of Pathology, Faculty of Veterinary Medicine, Utrecht Univer-
sity. No tissue was taken purposely for the reported study. Projects were approved by the re-
sponsible ethical committees for the use of experimental animals and for use of client-owned 
animals according to Dutch legislation. After euthanasia as part of the research projects, we 
were allowed to take liver tissue of the two control animals.  
Included were six females and four males. Mean age was 13 months (± 15 months). 

Immunohistochemistry  
Liver specimens were taken within 1 hour post mortem (n=9), or in a surgical biopsy proce-
dure (n=1). The normal liver samples were fixed in 10% neutral buffered formalin and rou-
tinely embedded in paraffin, while the chronic hepatitis sample was snap-frozen in liquid ni-
trogen cooled isopentane and stored at –70°C.  Sections (3 µm) were stained with haematoxy-
lin and eosin for routine histology. Immunohistochemistry was performed for α-SMA, 
HHF35, desmin, vimentin, GFAP and synaptophysin on all normal liver sections, the frozen 
sections (chronic hepatitis) was subjected to GFAP, NCAM and synaptophysin immunohisto-
chemical staining. Antibody characteristics, manufacturer, source and dilution are given in 
Table 1. 
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Table 1: Used antibodies 

Antibody Manufacturer Catalogue Type Clone Dilution Tissue
no. fixation

α-SMA BioGenex MU 128-UC mouse monoclonal 1A4 1:1200 formalin
Desmin Eurodiagnostica 2203PDE rabbit polyclonal - 1:80 formalin
GFAP ICN Biomedicals 10555 rabbit polyclonal - 1:80 formalin
GFAP BioGenex mouse monoclonal - 1:40 frozen
Muscle actin Dako M0635 mouse monoclonal HHF35 1:300 formalin
NCAM Chemicon rabbit polyclonal - 1:50 frozen
Synaptophysin Dako rabbit polyclonal - 1:50 frozen
Vimentin BioGenex MU074-UC mouse monoclonal V9 1:150 formalin
Vimentin Dako M0776 mouse monoclonal SY38 1:100 formalin  

 
Hereto, sections (3 µm) were mounted on poly-L lysine coated slides and stored for a maxi-
mum of 48 hours at room temperature until use. Then slides were deparaffinized. Endogenous 
peroxidase activity was blocked by 1% H2O2 in methanol for 30 minutes at RT. As the proto-
cols for demonstration of desmin and synaptophysin required an antigen retrieval step [21-13] 
sections were treated by heating in 10 mM citrate pH 6.0 in a microwave oven for 10 minutes, 
cooled down for 10 minutes at room temperature (RT). After washing with PBS buffer con-
taining 0.1% Tween-20, background staining was blocked by incubating the sections with 
normal horse serum 1:10 diluted for 15 minutes at RT for α-SMA, HHF35, synaptophysin and 
vimentin. Desmin and GFAP sections were blocked with normal goat serum 1:10 diluted for 
15 minutes at RT. Sections were incubated 60 minutes at RT with the primary antibody to α-
SMA, desmin, GFAP or HHF35, and 30 minutes at RT for vimentin, while sections for synap-
tophysin were incubated overnight at 4ºC. After washing in PBS-Tween, slides to be marked 
with mouse antibodies were incubated in horse-anti-mouse biotin (Vector Laboratories, Bur-
lingame, CA, USA) diluted 1:125 for 30 minutes at RT. GFAP and desmin sections were in-
cubated in goat anti rabbit biotin diluted 1:250 for 30 minutes at RT. After washing in PBS-
Tween, sections were incubated in avidin-biotin peroxidase complex (Vector Laboratories). 
The colour was developed in 3-3′-diaminobenzidine, sections were counterstained with 10% 
Mayer's haematoxylin. Negative controls consisted of omission of the primary antibody, and 
replacement by non-immune serum. Formalin fixed paraffin embedded canine adrenal medulla 
served as positive control tissue for synaptophysin. The other antibodies had internal controls: 
for GFAP this were  nerves in the larger portal tracts, while for α-SMA, desmin, HHF35 and 
vimentin arterial smooth muscle cells served as positive control tissue.   
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Immunogold ultrastructural localization 
For TEM, additional liver samples were taken from two female dogs, three and seven years 
old. Both were normal control animals euthanized for liver-unrelated research projects. Pro-
jects were approved by the responsible ethical committees for the use of experimental animals 
as required under Dutch legislation. After euthanasia as part of the projects, we were allowed 
to take liver tissue. Liver samples were taken immediately postmortem, fixed in 4% parafor-
maldehyde for 2 days, subsequently washed and transferred in methanol to an auto freezing 
device from Reichert. Freeze substitution was performed 36h at -85°C in methanol, tempera-
ture was gradually raised in 5°C-steps to -45°C, followed by serial substitution from methanol 
to Lowicryl HM20 from methanol:HM20 = 2:1 (2 x 1 h) to methanol:HM20 = 1:2 (2 x 1h) and 
pure HM20 2h at -45°C. Polymerisation was performed for 36h at -45°C, then temperature 
was raised in 5°C-steps for 13 h up to 20°C. Temperature stayed 20°C for 150h all under UV-
light. After ultrathin sectioning grids were labelled according to the procedure for single label-
ling. Free aldehyde groups were blocked in 50 mM glycine in PBS for 15 min, followed by 30 
min aurion blocking solution for goat gold conjugates and washed in BSA-c buffer (PBS + 
0.1% BSA-c, pH 7.4), 3 x 5 min. Overnight incubation of the primary antibodies α-SMA and 
HHF35 diluted in BSA-c buffer (1:1200 and 1:300 respectively) was followed by BSA-c 
buffer wash (6 x 5 min) and incubation of goat-anti-mouse IgG ultra small gold diluted 1:50 in 
BSA-c buffer (2 h). BSA-c buffer wash (6 x 5 min) and PBS wash (3 x 5 min) was done pre-
vious to postfixation in 2% glutaraldehyde in PBS (5 min), followed by wash in PBS (5 min) 
and distilled water (5 x 2 minutes). Signal enhancement was done using Aurion R-Gent SE-
EM (30 min.), and subsequent washing in distilled water (5 x 2 min). Grids were then stained 
with uranyl acetate and lead citrate. For sample evaluation a Philips CM 10 TEM was used. 

Results  
General observations 
Routine haematoxylin and eosin (H&E) sections in all dogs revealed a normal liver. With 
large individual differences, presumptive vit A-storing HSC were regularly seen with a single 
large vacuole (vitamin A-storing lipid droplet) and a dislocated nucleus. HSC without a vit A-
storing vacuole (“empty HSC”) could not be identified on H&E sections. Negative controls 
were negative. 
Vimentin 
There was strong variation between slides. In the portal area, vimentin showed positive stain-
ing cells in smooth muscle cells of portal vasculature, most spindle-shaped stromal cells and 
neural cells (Fig. 1a). Cells in Glisson’s capsule as well as all stromal cells around the 
sublobular hepatic vein reacted positively to vimentin antibody. However, HSC were gener-
ally negative, although some individual positive cells were present (Fig.1b). 
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Figure 1 Vimentin. Normal canine liver, stained with vimentin antibody. a) In the portal area, smooth muscle cells of 
portal vasculature, most spindle-shaped stromal cells and neural cells (arrows) are positive. b) HSC were generally 
negative, although some individual positive cells are present (arrows). 
 

Figure 2 Desmin. Normal canine liver, stained with desmin antibody. a) A HSC (right) is positive in the perinuclear 
cytoplasm, weakly extending into a cytoplasmic process; also a negative vitamin A-storing HSC (arrow) is present. b) 
In the portal area a moderate to strong staining is present in the smooth muscle cells of the arterial tunica muscularis 
and in the perivenular smooth muscle cells of the portal vein. HSC are weakly positive in the perinuclear cytoplasm. 
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Figure 3 Alpha-SMA. Normal canine liver, stained with α-SMA antibody. a) Portal areas show positivity around the 
bile ducts, in the arterial tunica media, and in the wall of the portal veins. There is slightly irregular moderate stain-
ing in the perisinusoidal spaces throughout the parenchyma. b) HSC stain positive, producing a thin irregular posi-
tive band lining the sinusoids. c) HSC stain positive. A positive cell containing one large vacuole (arrow-head is 
placed in vacuole) and a dislocated nucleus is seen. d) In the portal area there is strong positivity around the bile 
ducts and in the arterial tunica media, and moderate positivity in the wall of the portal veins, while endothelial cells 
remain negative (horizontal arrow). A portal MF with moderate positivity (vertical arrow) is present. 
 

Figure 4 HHF35 (muscle-specific actin, clone HHF35). Normal canine liver, stained with HHF35 antibody. a) HSC 
stain positive. Cells with few, small vacuoles stain positive (arrowhead). b) HSC stain positive. A vitamin A-storing 
HSC is negative (arrow). 
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Figure 5 TEM of α-SMA. Immunogold labelling for α-SMA. The HSC is located in Disse’s space between the endo-
thelial cell and the hepatocyte. It has subendothelial cytoplasmic extensions and a prominent large lipid vacuole. The  
positive signal is present in the extensions (arrows). E = endothelial cell, HSC = hepatic stellate cell, L=  lipid vacu-
ole, S = sinusoid. 
Figure 6 TEM of HHF35  (muscle-specific actin, clone HHF35). Immunogold labelling for HHF35. The positive sig-
nal (arrows) is present in the  subendothelial cellular extensions of the hepatic stellate cell situated in Disse’s space. 
E= endothelial cell, H= hepatocyte, MV= hepatocytic microvilli, S = sinusoid. 
 
Desmin 
There was also marked variation between slides. In general, HSC were weakly positive in the 
perinuclear cytoplasm, but vitamin A-storing HSC were predominantly negative (Fig. 2a). In 
the portal areas moderate to strong staining was present in the smooth muscle cells of the arte-
rial tunica muscularis and in the perivenular smooth muscle cells of the portal vein (Fig. 2b). 
In addition, few positive spindle-shaped stromal cells were seen throughout the portal stroma 
and in the periductal location. In the sublobular hepatic veins smooth muscle cells were posi-
tive, in the surrounding stroma some MF appeared weakly positive. Incidentally, some posi-
tive cells were seen in Glisson’s capsule. 
α-SMA 
Consistently in all slides, this marker showed a slightly irregular (1-3 µm wide) moderate 
staining in the perisinusoidal spaces throughout the hepatic parenchyma (Figs.3a and b), and 
with higher magnification positive staining cells were observed containing small lipid vacu-
oles consistent with HSC (Fig.3c). Vitamin A-storing HSC mostly showed positive cytoplas-
mic staining. Around the terminal and sublobular hepatic veins positive staining of pericytes 
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and smooth muscle cells was observed, endothelial cells were consistently negative. Portal ar-
eas showed strong positivity around the bile ducts and in the arterial tunica media, and moder-
ate positivity in the wall of the portal veins, while endothelial cells remained negative (Fig. 
3d). Some portal MF, particularly in larger portal triads, showed weak to moderate α-SMA 
positivity (Fig.3d). Glisson’s capsule showed few positive cells.  
Muscle-specific actin (clone HHF35) 
Staining for this marker generally rendered similar results as α-SMA, consistently in all slides. 
In the portal areas, the terminal and sublobular hepatic veins, and in Glisson’s capsule identi-
cal staining was observed (Fig.4a). In the hepatic parenchyma moderate positive staining was 
seen in the HSC (Fig. 4b). In comparison with α-SMA, HHF35 accentuated the perinuclear 
cytoplasm. As with α-SMA, regularly positive staining cells were seen with 1 to 3 small cyto-
plasmic lipid vacuoles (Fig.4a). However, cells with a single large vitamin A-storing vacuole 
were mostly negative (Fig.4b). 
GFAP, synaptophysin and NCAM 
In formalin fixed normal canine liver tissue GFAP staining revealed few positive nerves lo-
cated in larger portal areas (internal positive control) but no other positive staining was ob-
served in any other location in these sections. Despite strong staining for synaptophysin in the 
adrenal medulla (external positive control), no staining was observed in any of the formalin 
fixed normal liver sections. In the frozen chronic hepatitis case (with expected activated he-
patic MF and HSC), only nerves in larger portal areas reacted positively to GFAP and NCAM, 
while synaptophysin did not provoke any signal at all.  

Immunogold ultrastructural localization 
Transmission electron microscopy (TEM) for α-SMA and HHF35 revealed a strong granular 
cytoplasmic staining restricted to subendothelial cells with long cytoplasmic extensions lo-
cated in Disse’s space (Figs. 5,6). These cells often contained several smaller or one larger 
empty vacuole, interpreted as fat vacuoles (Fig. 5). Very slight, inevitable background staining 
was present in sinusoids and cells as small irregular spots, to be distinguished from the posi-
tive gold granules by a smaller and more irregular size. Both location and morphology of the 
positively staining cells identified them as HSC. 

Discussion  
No antibody used in this study is species specific for the dog, but they still can be used due to 
interspecies cross-reactivity. All antibodies have been used previously in multiple other canine 
studies [20-26]. 

Variation in vimentin and desmin staining pattern was widely present. This might be due to 
the varying epitope sensibility, caused by the intrinsic patient material variability regarding 



 
Portal myofibroblasts and hepatic stellate cells in the normal dog liver 

 

  41

time of postmortal sampling and fixation, the age of the paraffin blocks, and age, sex and 
breed variation of the animals. However, the used material reflects similar variability in in-
tended patient populations to be studied for spontaneously occurring hepatic fibrosis, and thus 
provides useful insight in normal baseline variation. 

In the formalin fixed paraffin embedded normal canine liver vimentin staining did not differ-
entiate between fibroblasts and MF in the portal area and the perivenous stromal tissue. More-
over, HSC stained generally negative. Therefore, we conclude that vimentin antibody is not 
useful in paraffin sections as a marker for canine portal MF or HSC. Desmin stained MF in the 
portal area, around the sublobular hepatic vein and in Glisson’s capsule. HSC stained inconsis-
tently, with large variation between slides, so we conclude that desmin is not a sensitive 
marker for canine HSC. This is in contrast to man [6], but in accordance to rat [3]. 

In our laboratory, both α-SMA and HHF35 do identify myoepithelial cells in canine mammary 
gland. These monoclonal antibodies recognise different epitopes: a NH2 terminal decapeptide 
(α-SMA), and α and γ muscle actin (HHF35). The chance of formalin-induced epitope mask-
ing was regarded smaller by use of two different monoclonal antibodies for the same peptide. 
Therefore, both markers were investigated in related (regarding possible contractility) cells in 
the liver, being HSC and portal MF. In formalin fixed paraffin sections these cells can be eas-
ily identified in the normal canine liver by immunohistochemical staining for both α-SMA and 
HHF35. Both antibodies produced almost identical results and stained both solitary MF in the 
portal areas as well as HSC in the hepatic parenchyma. The presence of small lipid vacuoles in 
positively staining perisinusoidal cells as well as the TEM immunohistochemical results con-
firms the nature of the latter cells as HSC. The vitamin A-storing HSC usually stained positive 
for α-SMA but reacted only rarely to HHF35, suggesting differentiation in staining character-
istics between less contractile vitamin A-storing HSC and more contractile HSC. The present 
finding of α-SMA reactivity which was diffusely present throughout the hepatic parenchyma 
in the normal canine liver is in contrast with findings in normal human and rat liver, where the 
majority of hepatic lobules are devoid of α-SMA positive HSC, or only show weak positivity 
[2,6,9,12]. In our opinion, this indicates a species-specific expression pattern for the dog. Rat 
and human HSC upregulate α-SMA expression upon activation [2,6,28] and this positive 
staining of activated HSC is considered to represent increased contractility of the cells [29,30].  

Debate still exists regarding the contribution of non-activated quiescent HSC to sinusoidal 
blood flow and blood pressure in man and rat [9,11]. Our findings of α-SMA staining in HSC 
of normal dogs may suggest a more active role in controlling microvascular blood flow com-
pared to the rat. Interestingly, the dog is unique in that it has a spirally shaped smooth muscle 
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surrounding the sublobular hepatic veins consistent with a more active regulation of the he-
patic blood flow in the dog compared to other species [31].  

Despite positive staining of HSC for α-SMA in normal dogs reflecting contractility we feel it 
appropriate to regard these cells as “quiescent” HSC. This is in line with other species as HSC 
are most likely not activated in the sense of enhanced matrix- or TGF-β production. In the dog 
discrimination between quiescent and activated HSC does not seem possible with antibodies 
directed against α-SMA and HHF35. However, morphological changes or functional changes 
such as increased cell size, loss of lipid vacuoles and enhanced production of TGF-β and other 
substances may be helpful. 

The absence of reactivity of portal MF and HSC in the normal canine liver to synaptophysin 
and GFAP indicates that in contrast to man and rat [2,3,6], canine portal MF and HSC do not 
seem to express the used markers in the normal liver. Moreover, in frozen sections from a dog 
with chronic active hepatitis which likely contained activated MF and HSC, these cells did 
also not react to antibodies for neural crest markers NCAM, GFAP and synaptophysin. As in 
frozen samples antigens retrieval is not necessary, we conclude that not only in the quiescent 
state but also in the activated state, canine portal MF and HSC do not bind the used antibodies 
for NCAM, GFAP and synaptophysin. Although probably limited by species-specificity of the 
antibodies, this study could be expanded by the use of more frozen tissue samples, or by the 
use of other potential markers, reacting positively on hepatic MF in other species, like NGF, 
BDNF, NT-3, NCAM [2], Foxf1 [32] or fibulin-2 [33]. 

Conclusions  
In formalin fixed paraffin sections, canine portal MF and HSC can be identified by α-SMA, 
HHF35  and to a lesser extent desmin immunostaining. In contrast to man, these cells are con-
sistently negative for synaptophysin, GFAP and NCAM, both in formalin-fixed paraffin em-
bedded tissue, as well as in frozen sections. Alpha-SMA and HHF35 positivity of HSC in the 
normal canine liver may reflect a more active regulation of hepatic sinusoidal flow by these 
cells compared to other species. Alpha-SMA and HHF35 can be used for further studies on 
hepatic fibrosis in the dog. 
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Abstract 
The liver progenitor cell compartment in the normal canine liver and in spontaneous canine 
acute (AH) and chronic hepatitis (CH) was morphologically characterised and compared to its 
human equivalents. Immunohistochemical studies were performed for CK7, Hepar1, MRP2 
and BCRP on paraffin and frozen sections from canine and human tissues. In man and dog the 
normal liver showed a similar morphology and immunohistochemical reaction of the progeni-
tor cell compartment. Also a comparable ductular reaction with respect to amount, location 
and immunohistochemistry in canine and human acute and chronic hepatitis was observed. 
CK7 was a good marker for canine progenitor cells including intermediate cells, which were 
positively identified in cases of acute and chronic hepatitis. BCRP antibody yielded identical 
positive results on normal liver hepatocytes and bile ducts, and in ductular reaction in AH and 
CH in both species. MRP2 detected bile canalicular membranes in man and dog. These find-
ings underline the similarities between canine and human liver reaction patterns, and thus may 
offer mutual advantage for comparative research in human and canine spontaneous liver dis-
eases.  
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Introduction 
In both acute (AH) and chronic hepatitis (CH), fatal liver failure may develop in case of insuf-
ficient or impaired hepatic regeneration. Improvement of hepatic regeneration would be a wel-
come extension of the current limited therapeutic range in treating acute and chronic liver dis-
ease. In the liver, regeneration can occur by two means: replication of mature hepatocytes and, 
in case of hampered hepatocytic reproduction, also by proliferation of the local stem cell/ pro-
genitor cell population 8, 13, 18, 22. This progenitor cell compartment consists of resident pro-
genitor cells in normal liver, and ductular reaction and intermediate cells in diseased liver. 
These progenitor cells are located in the smallest branches of the biliary tree. Terms to de-
scribe these branches, including the progenitor cells, can be confusing and differ between ro-
dents and man 1, 3, 21. For a consistent terminology, the definitions established by the consensus 
meeting regarding human liver pathology 21 were applied to the hepatic progenitor cell com-
partment in man and dog. Shortly, in normal liver the hepatocytic bile canaliculi are connected 
to the biliary tree by the canal of Hering which is partially lined by hepatocytes and by small 
cholangiocytes, in this location also called progenitor cells. In a 2-dimensional slide, these 
progenitor cells do appear as periportally located isolated cells typically less than 6 micron in 
size. Bile ductules entirely lined by cholangiocytes form the link between the canals of Hering 
and the interlobular bile ducts in the portal area. In diseased liver, ductular reaction (DR) re-
fers to a reaction of ductular phenotype, possibly but not necessarily of ductular origin 21. This 
DR can arise as a reaction to both hepatocellular and cholangiocellular damage, and may con-
sist of reactive ductules composed of progenitor cells (<6 micron) and of intermediate cells, 
larger than 6 microns in diameter but smaller than a mature hepatocyte. For the dog, only one  
study (n=4 dogs) describing hepatic DR is available 26. As in man, liver disease occurs in 
companion dogs. Generally, the morphological reaction pattern closely mimics that in man 6. 
Moreover, molecular similarities between canine and human pathways leading to hepatic fi-
brosis were already demonstrated 23. The purpose of this study is: 1) to describe the morpho-
logical and immunohistochemical characteristics of the canine progenitor cell compartment in 
the normal liver and in acute and chronic canine hepatitis in comparison with the human pro-
genitor cell compartment, and 2) to evaluate the potential use of spontaneous canine liver dis-
eases as a (therapeutic) model for human liver disease. 
 
Materials and Methods  
Animals 
Projects and procedures were approved by the responsible ethical committees for the use of 
experimental animals and for use of client-owned animals according to Dutch legislation. 
Formalin fixed paraffin embedded normal liver samples were obtained from seven dogs sub-
mitted for post-mortem examination at the Department of Pathobiology for various non-liver 
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related diseases and from surplus tissue from two control dogs subjected for euthanasia as part 
of a liver unrelated research project. Formalin fixed paraffin embedded liver samples with 
acute (AH, n=4) or chronic hepatitis (CH, n=10) were obtained from dogs offered for post-
mortem examination or from dogs referred to the Department of Clinical Sciences of Compan-
ion Animals for clinical examination and diagnostic ultrasound guided liver biopsy. Post-
mortem liver samples were taken within one hour after submission. In addition, liver samples 
from 5 other dogs with chronic hepatitis with cirrhosis were taken immediately after euthana-
sia, snap-frozen in liquid nitrogen cooled isopentane and stored at –70°C.  
Dogs with hepatitis presented with apathy, anorexia, vomiting and/or jaundice and in cases of 
chronic hepatitis often with signs of liver decompensation with ascites and hepatic encephalo-
pathy. The presence of liver disease was confirmed by high levels of serum alkaline phos-
phatase (AP), alanine aminotransferase (ALT) and/or bile acids. Hepatitis was diagnosed his-
tologically on sections (3 µm) stained with haematoxylin and eosin (HE) and for reticulin ac-
cording to Gordon and Sweet, by one board-certified veterinary pathologist and classified ac-
cording to the criteria of the World Small Animal Veterinary Association (WSAVA) Liver 
Diseases and Pathology Research Group 6.  
Patient case selection was based on the presence of DR in both acute and chronic hepatitis. 
The AH group consisted of cases of acute, fulminant hepatitis. The CH group comprised cir-
rhotic livers with an abnormal architecture due to bridging fibrous septa and regenerative par-
enchymal nodules. The normal liver samples had no histological abnormalities.   
Human patients 
Human liver specimens taken from liver explants or needle liver biopsies taken for diagnostic 
purposes were used for this study: normal liver (n=5), acute necrotizing hepatitis (viral, drug 
induced, auto-immune) (n=7) and chronic viral hepatitis (n=15). From each specimen a part 
was snap frozen in liquid nitrogen cooled isopentane and stored at -80° C and a part was fixed 
in formalin 6% or in B5 fixative and embedded in paraffin for routine diagnosis. For assess-
ment of histopathology and fibrosis, the sections were stained with HE, PAS diastase, Hall’s 
bilirubin and Sirius Red. Two normal biopsies were taken from liver at a distance from focal 
nodular hyperplasia and 3 were morphologically completely normal needle biopsies taken to 
exclude auto-immune hepatitis, storage disease and congenital hepatic fibrosis.  
Use of these tissues was approved by the local Commission for Medical ethics and Clinical 
studies of the University of Leuven.  
Immunohistochemistry on dog specimens  
Single immunohistochemical staining was performed on all formalin-fixed paraffin embedded 
liver samples (n=23) for cytokeratin-7 (CK7) and human hepatocyte marker (Hepar1). Single 
staining for multidrug resistance-associated protein-2/ ATP Binding Cassette transporter C2 
(MRP2/ ABCC2, further referred to as MRP2) was performed on fewer samples: normal livers 
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(n=2), AH (n=4) and CH (n=3). Breast Cancer Resistance Protein/ ATP Binding Cassette 
transporter G2 (BCRP/ ABCG2, further referred to as BCRP) antibody was performed on fro-
zen sections of 5 additional CH cases. To evaluate the possible transition of intermediate cells 
into mature hepatocytes, formalin fixed paraffin embedded samples of one normal liver and 
three CH cases were double-stained for CK7 and Hepar1.  
Single staining for CK7 (1:25), Hepar1 (1:50), MRP2 (1:20) and for BCRP (1:10) was per-
formed as described before 5, 25.  
For double staining of CK7 and Hepar1 one antigen retrieval step (room temperature,  40 min. 
proteinase K; Dako (Glostrup, Denmark), proved sufficient for both epitopes. Sections were 
incubated with CK7 antibody (30 min. at 37°C, washed in tris buffered saline-tween (TBST), 
followed by incubation with Horse anti Mouse Biotinylated IgGs (Vector Laboratories), 45 
min. at room temperature (RT). After washing in TBST blocking of any undetected primary 
CK7 antibody was performed by incubating the slides with Goat anti Mouse IgGs (Dako) 1:50 
diluted in TBS (60 min., RT). After washing in TBST sections were incubated with Hepar1 
overnight at 4°C, washed in TBST followed by incubation in streptavidin alkaline phosphatase 
(Dako) 1:50 in TBS (45 min., RT). After washing in TBS and equilibration (in 100 mM Tris 
HCl,  pH 8.2– pH 8.5), the CK7 signal was developed in Vector Red Alkaline Phosphatase 
Substrate Kit I (Vector Laboratories), 15 min., RT. After washing in TBS, Hepar1 signal was 
enhanced by incubation with EnVision+ System-HRP Labelled Polymer Anti-Mouse (Dako) 
for 45 min. at RT. Brown colour was developed in DAB. 
Immunohistochemistry on human specimens 
Single immunostaining was performed on formalin fixed paraffin embedded biopsies for 
BCRP and CK7. Endogenous peroxidase activity was blocked using 0,3 % H2O2 in methanol 
for 20 minutes. Before staining, the paraffin sections were pretreated in citrate buffer (pH 6.0) 
for 30 min in the hot water bath at 98,5 ° C. In short, the sections were incubated with the pri-
mary antibodies against BCRP (1:5) and CK7 (1:50) for 30 min. at room temperature.  Subse-
quently, the paraffin slides were incubated with anti–mouse peroxidase–conjugated EnVision 
antibody (Dako) for 30 min at room temperature.  
 
Results 
Immunohistochemistry, dog 
CK7 
In normal liver, all interlobular bile ducts as well as some isolated small cells in the periportal 
hepatic parenchyma, likely located in the canal of Hering, showed a diffuse cytoplasmic posi-
tivity (Fig.1).  There were no intermediate, positive staining cells present in the normal liver. 
In AH, most portal areas contained multiple CK7 positive interlobular bile ducts usually with 
a small lumen. CK7 positive DR was present in the periportal necrotic or vital parenchyma, in  
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Figure 1 Normal liver, dog. Strong cytoplasmic staining (red) of the bile ducts in the portal areas (asterisk) and iso-
lated small oval-shaped cells in the periportal parenchyma (arrowheads). Paraffin section, anti-CK7 antibody. 
Figure 2 Acute hepatitis, dog. Cytoplasmic staining (red) of bile ducts in the portal area (asterisk) and of the ductular 
reaction in the necrotic parenchyma. In the ductular reaction both strong and diffusely staining progenitor cells, as 
intermediate cells with less intense and/or submembranous staining are present (arrows). Paraffin section, anti-CK7 
antibody. 

 
 
 
 
 
 
 
 
 
Figure 3 Chronic hepatitis, dog. A marked  CK7 positive (red) 
ductular reaction is present in a broad fibrous septum 
surrounding a hyperplastic regenerative nodule. Similar 
ductules and isolated CK7 positive progenitor cells are 
present within the hyperplastic nodule. Paraffin section, anti-
CK7 antibody.  

 

 
Figure 4a Chronic hepatitis, dog. CK7 positive (red) ductular reaction in an interface location consists of small, 
strong and diffusely positive cells (arrowhead) and larger intermediate cells which display a prominent submembra-
nous staining (arrows). Paraffin section, anti-CK7 antibody. Figure 4b Acute hepatitis, man. CK7 positive (brown) 
reactive ductules are present in the hepatic parenchyma. These ductules are composed of progenitor cells with strong 
cytoplasmic positivity (horizontal arrow) and intermediate cells, which display a clear submembranous staining (ver-
tical arrows). Paraffin section, anti-CK7 antibody. Original magnification 200x. 
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Figure 5 Chronic hepatitis, dog. CK7 positive (red) ductular reaction in an interface location consists of small, 
strong and diffusely positive staining progenitor cells (horizontal arrowheads) and larger intermediate cells which 
display a moderate, clearly submembranous positivity (arrows). Transition of intermediate cells into mature hepato-
cytes is suggested by partial loss of CK7 reactivity (between vertical arrowheads). Paraffin section, anti-CK7 anti-
body. Figure 6 Normal liver, dog. Bile ductules in the portal tract stain specifically for CK7 and  hepatocytes stain 
exclusively for Hepar1; no overlap of the two signals is seen. Paraffin section double stained for anti-CK7 (red) and 
anti-Hepar1 (brown) antibody.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7 Chronic hepatitis, dog. CK7 positive ductular reaction is present in close association,  and sometimes in 
continuation with plates of mature hepatocytes. Overlap between the two signals is not clearly seen. Paraffin section 
double stained with  anti-CK7 (red) and anti-Hepar1 (brown) antibody. Figure 8 Normal liver, dog. A strong signal 
(brown) is seen in the hepatocytic canalicular membrane. In the portal area (arrowheads) no staining is observed. 
Paraffin section, anti-MRP2 antibody. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig 9a Chronic hepatitis, dog. The portal area is indicated by an asterisk. Epithelial cells in ductular reaction display 
cytoplasmic positivity (horizontal arrow), while sequestered periportal hepatocytes (vertical arrow) show circumfer-
ential submembranous positive signal. Mature hepatocytes in intact structures had a canalicular positive signal (ar-
rowhead). Frozen section, anti-BCRP antibody. Fig 9b Chronic hepatitis, man. BCRP positivity (brown) is present on 
the canalicular surface of hepatocytes (asterisk), on the apical cytoplasm of bile ducts (horizontal arrow) and in reac-
tive ductules (vertical arrow). Paraffin section, anti- BCRP antibody. Original magnification 200x.  



 
Chapter 3 
 

 52

Hepar1 
Human hepatocyte marker Hepar1 yielded strong granular cytoplasmic staining exclusively in 
hepatocytes in the normal liver, AH and CH. In some normal livers, periportal hepatocytes 
stained slightly stronger than centrilobular hepatocytes.   
Double staining CK7 and Hepar1 
In the normal liver (Fig.6) as well as in CH (Fig.7) there was no unambiguous overlap in posi-
tivity for CK7 and Hepar1, but clearly showed that DR was continuous with surrounding 
hepatocytes.  
MRP2 
In normal liver MRP2 stained the hepatocellular canalicular membrane throughout the paren-
chyma (Fig.8). Reactivity varied from weak to strong. In AH and CH canaliculi of viable ma-
ture hepatocytes were MRP2 positive. DR was negative.  
BCRP 
Some intrasectional difference in staining intensity was seen. Hepatocytes showed canalicular 
and basolateral membranous staining, and bile ducts and DR had cytoplasmic immunoreactiv-
ity (Fig.9a). Periportal and paraseptal sequestered hepatocytes had a circumferential positivity 
(Fig.9a). In addition portal tract vascular endothelial cells and nerve fibres stained positive. 
Immunohisrochemistry, human liver 
CK7 
In normal human liver, strong cytoplasmic positivity for CK7 was observed in the interlobular 
bile duct and in the canal of Hering. In acute and chronic hepatitis, progenitor cells/reactive 
ductules positive for CK7 were located mostly in the periportal area, irradiating into the pa-
renchyma. A varying number of intermediate hepatocytes, smaller in size than normal hepato-
cytes showed a submembranous CK7 staining pattern. In chronic hepatitis, the DR/ progenitor  
cells were surrounded by more stroma. As previously published, the degree of DR/ progenitor 
cell activation correlated with the degree of parenchymal loss in acute hepatits and with the 
degree of inflammation and the stage of the disease in chronic hepatitis 8, 10, 11. 
BCRP 
In normal human liver tissue, BCRP-positivity was present on the canalicular surface of hepa-
tocytes, on the endothelium of small veins, small arteries and capillaries and in nerve bundles. 
The epithelium lining the bile ducts showed clear apical BCRP-positivity. In AH and CH the 
same structures as in normal liver were BCRP-positive. Additionally, expression of BCRP in 
hepatic progenitor cells/reactive ductules was observed. 
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Discussion 
To date, canine DR has been studied once by immunohistochemistry in four animals with re-
spectively CH, cirrhosis, hepatic fibrosis and cholangiocellular carcinoma 26. The present im-
munohistochemical study explored the progenitor cell compartment in the normal canine liver 
and in dogs with acute and chronic hepatitis with a different range of antibodies, and com-
pared the results with their human counterparts.  
The presence in normal canine liver of periportally located individual CK7 positive small cells 
(Fig.1) is equivalent to the human situation, where these cells are identified as progenitor cells 
located in the canal of Hering 19, 21, 24. As in man, these isolated periportal cells fail to react to 
Hepar1 or MRP2. In both species in acute fulminant hepatitis as well as in chronic hepatitis a 
morphologically similar DR is induced (Figs.2,3,4a,4b,5). In man this is interpreted as a re-
generative attempt in case of hampered hepatocytic replication 8, 13, 18, 22. The morphological 
similarities in AH and CH warrant a similar conclusion for the dog. Therefore, the presence of 
DR in cases of fulminant AH reflected the urgent need for new hepatocytes which could not 
be met by hepatocellular replication, since mature hepatocytes were almost completely absent 
in these cases. In the dog intermediate cells with submembranous staining for CK7 were seen 
in both fulminant AH and in CH. Locally even transition from intermediate cells into mature 
hepatocytes was suggested by partial loss of CK7 staining (Fig.5). Summarized, CK7 pro-
vided a very useful marker of canine hepatic progenitor cells including intermediate cells. The 
existence of intermediate type cells in the dog liver has also been suggested by Yoshioka et al. 
(2004) who found in one case a modest double staining for albumin (a marker of well differ-
entiated hepatocytes) and combined antibodies to CK10, 14, 16, 19. 
Hepar1 staining in paraffin sections of the canine normal and diseased livers was expressed 
solely in large, mature hepatocytes as described previously 15. Double staining on paraffin sec-
tions of canine CH tissues for CK7 and Hepar1 showed no definite double staining of hepato-
cytic or ductular cells (Fig.7). Double staining clearly showed that DR was continuous with 
surrounding hepatocytes, displaying the potential of liver progenitor cells to differentiate into 
hepatocytes.  This finding is in line with a recently proposed model of cell lineage differentia-
tion in human DR, where Hepar1 positivity is only present in mature hepatocytes 27.  
MRP2 in the normal dog liver proved to be a canalicular marker of mature hepatocytes, like in 
man 2. A similar reaction was seen in mature hepatocytes in canine AH and CH. The immuno-
reactivity to anti-BCRP antibody in the dog is largely similar to man 25 (Figs.9a, 9b). In both 
man and dog, BCRP expression is seen in the hepatocellular canalicular membrane, whereas 
DR shows cytoplasmic staining in the dog (Fig.9a) and apical staining in man (Fig.9b). The 
circumferential staining observed in sequestered hepatocytes can be explained by loss of cellu-
lar polarization similar to cells in culture 17. Expression of excretion pump BCRP may attrib-
ute to a more resistant phenotype to toxic substances 2, 16. This resistant phenotype may enable 
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progenitor cells to proliferate in the identical environmental setting where hepatocytic replica-
tion is hampered 20.   
Interestingly, in CH most of the DR was confined to broad fibrous septa and often contained a 
lumen. This could indicate arrest of proliferation or a cholangiocellular instead of hepatocellu-
lar differentiation, possibly induced by soluble factors or cellular-matrix interactions in the fi-
brous micro-environment. Such impaired progenitor cell proliferation was suggested as PCNA 
staining was negative in DR in a dog with CH/cirrhosis (n=1), but present in hepatocytes 26. 
Expression studies of local factors such as HGF or TGF-β by immunohistochemistry, or gene 
expression studies of selected cases with different types of DR as in AH and CH may provide 
insight in the role of microenvironmental local factors. HGF and TGF-β signaling stimulate 
and inhibit proliferation of hepatic stem cells, respectively 4, 9, 12, 14.  
Yoshioka et al. (2004) used the terms typical and atypical ductular reaction, derived from ro-
dent terminology, to describe the canine DR; they already indicated that this terminology was 
very confusing. Here, we applied the later established terminology for human lesions as settled 
by the consensus meeting regarding human liver pathology 21. In our experience, this provided 
a useful tool to describe the canine progenitor cell compartment. Furthermore, the extent, 
morphology and immunoreactivity of the canine DR described in this study, is very similar to 
the human hepatic reaction pattern. This provides another justification of the use of human de-
scriptive terminology in the dog.  
Apart from the morphological and likely functional similarities in the hepatic reaction pattern 
between man and dog, in both species the lesions are present in spontaneous liver diseases. 
This is in contrast to the highly standardized induced rodent animal models. By the need to 
cure canine liver disease, the existing gap between pre-clinical human studies and rodent ani-
mal models 7 might be bridged.  
 
Conclusion 
Immunohistochemistry on normal canine and human livers shows identical expression pat-
terns of markers for mature hepatocytes, canalicular hepatocellular membranes and reactive 
ductules/ progenitor cells including intermediate cells. Both species also displayed an equal 
reaction pattern in acute and chronic hepatitis with a similar amount and location of DR. No-
menclature for human liver progenitor cells/ DR could be adequately used to describe the cor-
responding canine situation. Furthermore, CK7 proved a very useful marker of the canine liver 
progenitor cell compartment, including intermediate cells. Anti-BCRP antibody showed a 
largely comparable staining pattern of DR and mature hepatocytes in man and dog. These 
findings underline the similarities between canine and human liver reaction patterns, and thus 
offer mutual advantage for research in human and canine spontaneous liver diseases. 
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Abstract 
Hepatocyte growth factor (HGF) and transforming growth factor β (TGF-β) are two major fac-
tors determining the outcome of hepatic tissue repair. The present study investigates the im-
munohistochemical localization of HGF, HGF receptor (c-Met) and  
TGF-β-receptor1 (TGF-β-R1) in spontaneous canine hepatitis, and relates it to previously de-
termined associated mRNA and protein expression levels in comparable patient groups. For-
malin fixed, paraffin embedded archival liver specimens were used of dogs with acute hepati-
tis (AH, n=7), chronic hepatitis/ cirrhosis (CH, n=13), and lobular dissecting hepatitis (LDH, 
n=5) and compared to normal liver tissue (n=8). In our canine patient material, absolute HGF 
availability did not seem the limiting factor in hepatic regeneration. In AH, upregulation of 
HGF expression by hepatic stellate cells in AH was restricted to locations adjacent to necrotic 
areas. Most likely, TGF-β derived from damaged hepatocytes and Kupffer cells at the primary 
site of injury played a paracrine role in this upregulation. All reactive ductules showed similar 
mitogenic stimulation by their HGF/c-Met positivity. Likely, septal reactive ductules were re-
strained from further differentiation by TGF-β signaling from encompassing TGF-β-R1 posi-
tive mesenchymal cells. Finally, immunohistochemical results regarding HGF, c-Met or TGF-
β-R1 reactivity of LDH closely mimicked CH interface locations. The diffuse presence of this 
active phenotype in LDH could possibly explain the large differences in clinical presentation 
of CH versus LDH patients. 
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Introduction 
Organ homeostasis is a balance between proliferation, differentiation, senescence, necrosis, 
and apoptosis. In the liver damaged cells can either be replaced by proliferating hepatocytes or 
damaged cells can be replenished by proliferating and differentiating liver progenitor cells, 
depending on the type and severity of the damage 23. Liver progenitor cells are small cells (< 6 
micron) which reside in the smallest branches of the biliary tree, just periportally in the canal 
of Hering. In case of liver damage with insufficient hepatocellular replication, progenitor cells 
are activated, proliferate into reactive ductules and can finally differentiate into new hepato-
cytes or cholangiocytes 11, 18, 23, 25. Intermediate sized cells display a phenotype between ductu-
lar reactive epithelial cells and mature hepatocytes, and are considered to reflect hepatocellular 
differentiation of the ductular reactive epithelial cells. Depending on location, parenchymal 
ductular reaction in the dog can be subdivided into two types 7: 1) embedded in newly formed 
fibrous septa, further referred to as “septal ductular reaction”; and 2) at the interface between 
septum/ portal area and the parenchyma, or in the parenchyma, further referred to as “interface 
ductular reaction”.   
In the canine liver, tissue repair often is the sequel of hepatitis, together with hepatic fibrosis. 
Activated fibroblasts which develop myofibroblastic characteristics play an important role in 
hepatic fibrogenesis 3, 6, 7, 16 and comprise three subpopulations: 1) portal or septal myofibro-
blasts; 2) interface myofibroblasts and 3) perisinusoidally located hepatic stellate cells. 
Hepatocyte growth factor (HGF) and transforming growth factor-β-1 (TGF-β-1) are two im-
portant players in the liver tissue repair response. HGF is mainly produced by activated he-
patic stellate cells and induces liver regeneration by mitogenic and motogenic effects on hepa-
tocytes 17, 19. On the other hand, TGF-β-1, which is also produced by activated hepatic stellate 
cells, exerts opposite effects in promoting fibrosis and hepatocellular apoptosis 4, 17. In hepati-
tis, these opposing signalling cascades may be (temporarily) out of balance. In the dog, such 
imbalances were reported in acute hepatitis (AH), chronic hepatitis (CH) and lobular dissect-
ing hepatitis (LDH) 26, 27. However, these investigations by means of quantitative PCR (QPCR, 
for mRNA) and Western blotting (for protein expression) are limited by the lack of the associ-
ated histological expression pattern.  The aim of the present study was to determine the cell 
types responsible for the differences in HGF/ TGF expression in commonly encountered 
forms of canine hepatitis. 
AH and CH, eventually evolving into cirrhosis, are commonly encountered diseases in the dog 
24. LDH is a special form of cirrhosis typically occurring in younger dogs and has a rapidly 
progressing fatal course 24, 29. Histological changes of LDH are characterized by complete dis-
ruption of the lobular architecture by fine fibrotic septa which encompass individual hepato-
cytes, or small groups of hepatocytes. To investigate whether local changes in HGF/ TGF-β 
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signaling could attribute to the development of LDH, this disease was enclosed in the present 
study.   
 
Materials and methods 
Animals 
Projects and procedures were approved by the responsible ethical committees for the use of 
experimental animals and for use of client-owned animals according to Dutch legislation. 
Formalin fixed paraffin embedded normal liver samples were obtained from six dogs submit-
ted for post-mortem examination at the Department of Pathobiology for various non-liver re-
lated diseases and from surplus tissue from two control dogs (case #6 and 7) subjected for 
euthanasia as part of a liver unrelated research project. Formalin fixed paraffin embedded liver 
samples with acute (AH, n=8) or chronic hepatitis /cirrhosis (CH, n=13) or with lobular dis-
secting hepatitis (LDH , n=5) were obtained from dogs (Table 1) offered for post-mortem ex-
amination or from dogs referred to the Department of Clinical Sciences of Companion Ani-
mals for clinical examination and diagnostic ultrasound guided liver biopsy. Post-mortem liver 
samples were taken within one hour after submission. 
Dogs with hepatitis presented with apathy, anorexia, vomition and/or jaundice and in cases of 
chronic hepatitis often with signs of liver decompensation with ascites and hepatic encephalo-
pathy. The presence of liver disease was confirmed by finding high levels of serum alkaline 
phosphatase (AP), alanine aminotransferase (ALT) and/or bile acids. Hepatitis was diagnosed 
histologically on sections (3 µm) stained with haematoxylin and eosin (HE) and the reticulin 
stain according to Gordon and Sweet by one board-certified veterinary pathologist and classi-
fied according to internationally established standards 24.  
Due to possible interference in the pathogenesis 21, animals that  had received previous corti-
costeroid therapy were excluded from this study.  AH cases included in this study generally 
had extensive necrosis, centrilobular or panlobular, inflammatory infiltrate and often peripor-
tally located interface reactive ductules. The CH group comprised cirrhotic livers with an ab-
normal architecture due to bridging fibrous septa and regenerative parenchymal nodules. 
Lobular dissecting hepatitis was characterized by small fibrous septa surrounding individual 
hepatocytes, or small groups of hepatocytes resulting in complete disruption of the hepatic 
lobular architecture. The normal liver samples did not reveal any histological changes.  
 
Immunohistochemistry 
Immunohistochemical staining for hepatocyte growth factor (HGF), HGF receptor c-Met (c-
Met), transforming growth factor beta receptor1 (TGF-β-R1) was performed on all samples. 
Primary antibody characteristics, manufacturer, dilution and antigen retrieval methods are 
summarized in Table 2; all steps were executed at room temperature, unless specified other-  
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Table 1 Animals 
Case# breed sex age (y) diagnosis

Normal liver (n=8)
1 beagle m <1 normal liver
2 golden retriever f <1 normal liver
3 Cairn terrier f 1 normal liver
4 golden retriever f 4 normal liver
5 German shepherd dog m <1 normal liver
6 beagle m 1 normal liver
7 beagle m <1 normal liver
8 markiesje f <1 normal liver

Acute hepatitis (n=7)
7 Am C spaniel m <1 acute fulminant hepatitis
8 stabijhoun m <1 severe, acute hepatitis
9 tervuerense herder m 7 subacute fulminant hepatits with hemorrhagic diathesis
10 Maltese f* 7 acute hepatitis, moderately active
11 Boxer f 2 acute hepatitis, possibly due to shock
12 bearded collie f 12 acute and subacute severe hepatitis
13 Mongrel m 3 acute hepatitis, highly active; canine Adenovirus1

Chronic hepatitis/ cirrhosis (n=13)
14 Spanish Mastiff f 2 cirrhosis
15 Maltese dog m* 6 cirrhosis
16 Maltese dog m* 8 cirrhosis
17 German shepherd dog m* 3 cirrhosis
18 Mongrel f* 2 cirrhosis
19 west highland white f 5 cirrhosis
20 terrier, type unknown f* 8 chronic pericholangiolitis, ductular proliferation and cholestasis 
21 west highland white m 10 cirrhosis
22 west highland white m 7 chronic hepatitis
23 Hungarian shepherd f 6 cirrhosis
24 labrador retriever f 8 cirrhosis
25 Mongrel f* 4 chronic hepatitis
26 Scottish terrier f* 11 cirrhosis

lobular dissecting hepatitis (n=5)
27 Welsh Springer Spaniel f* 2 lobular dissecting hepatitis
28 Border Collie f* <1 lobular dissecting hepatitis
29 west highland white f 9 lobular dissecting hepatitis
30 Berner Sennen m <1 lobular dissecting hepatitis
31 Newfoundland dog f 5 lobular dissecting hepatitis  

 m = male; m* = male, neutered; f = female; f* = female, neutered 
 
Table 2  Immunohistochemical reagents and methods 
Antibody Type Antigen retrieval Dilution Code Source
Anti-c-Met goat polyclonal 3 min. pepsin at RT* 1:50 AF276 R&D Systems, 

(Dako, Glostrup, Denmark)   Abbington, UK
Anti-HGF goat polyclonal 20 min. at 37°C 0.1% trypsin 1:50 AF-294-NA R&D Systems,

in 0.05 M Tris-HCl buffer pH 7.4   Abbington, UK
Anti-TGF-β-R1 mouse monoclonal 10 min. microwave (850W) 1:50 NCL-TGFBR1 Novocastra, 

in 10 mM Tris EDTA pH 9.0   Newcastle-upon-Tyne, UK
cooled down 10 min. at RT*  

RT* = room temperature 
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wise. Sections (3 µm) were mounted on poly-L lysine coated slides, dried overnight at 50°C, 
rehydrated in graded alcohols and incubated in 0.3% H2O2 in methanol for 30 minutes to block 
endogenous peroxidase activity. After rinsing in phosphate buffered saline (PBS), slides were 
subjected to antigen retrieval methods (Table 2), followed by incubation with normal horse se-
rum (1:10; c-Met and HGF) or normal goat serum (1:10; TGF-β-R1) for 30 minutes to omit 
unspecific background staining. Consecutively, sections were incubated with the primary anti-
body at 4°C overnight in a humidified chamber. For HGF and TGF-β-R1 the primary antibody 
dilution was supplemented with 1% bovine serum albumin. After washing, TGF-β-R1 slides 
were incubated with EnVision+ System- HRP Labeled Polymer Anti-mouse (Dako, Glostrup, 
Denmark) for 45 minutes. HGF and c-Met slides were incubated in horse-anti-goat Biotin 
(Vector Laboratories, Burlingame, CA, USA) diluted 1:250 for 60 minutes. After washing, 
HGF and c-Met sections were incubated in avidin-biotin peroxidase complex (Vector Labora-
tories), 45 minutes at RT. In all slides color was developed with 3-3′-diaminobenzidine tetra-
hydrochloride (DAB; Sigma Chemicals, St Louis, MO). Sections were counterstained with 
10% Mayer's haematoxylin (Merck KgaA, Darmstadt, Germany), dehydrated and mounted 
with Eukitt (O. Kindler GmBH, Freiburg, Germany).  
Positive controls consisted of paraffin embedded canine specimens of normal salivary gland 
(positive duct epithelium) for HGF 28, normal liver hepatocytes for c-Met, and gastric fundus 
glands for TGFβ-R1 12, 20. Negative controls consisted of omission of the primary antibody. 
 
Results 
All positive and negative controls proved positive and negative respectively, verifying the 
specificity of the antibodies. 
 
Hepatocyte growth factor (HGF) 
In the portal area of normal liver tissue, immunoreactivity was strongest in the cholangiocytic 
cytoplasm. Also, the smooth musculature of the hepatic artery stained positive, while the por-
tal stroma was negative. In the parenchyma moderate cytoplasmic and often nuclear hepato-
cellular positivity was present. In + 50% of the cases there was enhanced periportal immuno-
reactivity which varied from 1-2 hepatocytes to the complete periportal zone I (Fig.1). 
(Peri)sinusoidal cells (Kupffer cells and hepatic stellate cells) were incidentally positive. The 
unapparent parenchymal stroma was negative. Some background staining was observed in 
blood plasma and erythrocytes. 
In acute hepatitis (AH) cholangiocytes displayed strong positivity, whereas vital hepatocytes and 
ductular reaction had moderate cytoplasmic positivity. Zonal changes had disappeared. 
(Peri)sinusoidal cells adjacent to the negative necrotic parenchyma displayed enhanced positivity 
(Fig.2). Reactivity of the portal stroma and vascular smooth musculature remained unchanged. 
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Fig. 1 Normal liver, dog, case 5. In the portal area (asterisk) reactivity is present in the cholangiocytes and in the ar-
terial smooth muscle. The arrow indicates the transition of positive periportal hepatocytes (left of arrow) versus nega-
tive centrilobular hepatocytes (right of arrow). HGF immunolabeling, Mayer’s haematoxylin counterstain. Bar = 100 
micron. Fig. 2 Acute hepatitis, dog, case 13. Activated hepatic stellate cells (arrows) adjacent to necrotic parenchyma 
(right top) display enhanced reactivity. Intact hepatocytes also show moderate cytoplasmic and infrequently nuclear 
reactivity. HGF immunolabeling, Mayer’s haematoxylin counterstain. Bar = 20 micron. 

 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 

Fig. 3 Chronic hepatitis/cirrhosis, dog, case 23. Positive epithelial cells in reactive ductules (arrow), in a loosely ar-
ranged part of a fibrous septum, are encompassed by positively reacting fibroblasts (arrowheads). HGF immu-
nolabeling, Mayer’s haematoxylin counterstain. Bar = 20 micron.Fig. 4 Normal liver, dog, case 6. In the portal tract, 
cholangiocytes reveal a cytoplasmic staining pattern, with locally submembranous accentuation (arrowhead). Peri-
portal hepatocytes (asterisk) show slightly stronger reactivity than other hepatocytes (right). c-Met immunolabelling, 
Mayer’s haematoxylin counterstain. Bar = 100 micron. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Acute hepatitis, dog, case 12. In remaining vital hepatocytes a moderate cytoplasmic reactivity with some mild 
submembranous accentuation (arrow) is present. c-Met immunolabelling, Mayer’s haematoxylin counterstain. Bar = 
20 micron. Fig. 6 Chronic hepatitis/ cirrhosis, dog, case 19. Positive epithelial cells in septal ductular reaction (ar-
rowhead) and submemebranous accentuation of the cytoplasmic hepatocellular reactivity (arrow) in the parenchyma. 
c-Met immunolabelling, Mayer’s haematoxylin counterstain. Bar = 20 micron. 
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Fig. 7 Normal liver, dog, case 1. The portal area contains positive cholangiocytes (membranous reactivity), endothe-
lial cells and myofibroblasts (arrowhead). In the parenchyma, positive signal is elicited in some (peri)sinusoidal cells 
(arrow). TGF-ß-R1 immunolabeling Mayer’s haematoxylin counterstain. Bar = 50 micron. Fig. 8 Acute hepatitis, 
dog, case 7. At the transition from the relatively unaffected periportal parenchyma (asterisk) towards the collapsed 
necrotic parenchyma (down, right), the presence and reactivity of perisinusoidal cells is enhanced (arrow) just as the 
myofibroblasts in the portal area. TGF-ß-R1 immunolabeling Mayer’s haematoxylin counterstain. Bar = 100 micron. 

 
 
 
 
 
 
 
 
 
 
 
Fig. 9 Chronic hepatitis/ cirrhosis, dog, case 23. In the 
hepatic parenchyma, a negatively staining reactive ductule 
(asterisk) is closely surrounded by positive hepatic stellate 
cells (arrow). TGF-ß-R1 immunolabeling Mayer’s haema-
toxylin counterstain. Bar = 20 micron. 
 

 
  
In chronic hepatitis (CH) and lobular dissecting hepatitis (LDH) varying positivity was present in 
all vital epithelial cells (cholangiocytes, hepatocytes and ductular reaction), in the absence of a 
zonal pattern. Vascular smooth musculature and the portal stroma were unchanged. Active myo-
fibroblasts in LDH and in the more loosely arranged areas in fibrous septa in CH displayed posi-
tive cytoplasm (Fig.3), while fibrocytes in cell-poor, dense connective tissue were negative. 
Slight to moderate background staining in blood plasma and fibrous septa was present. 
 
HGF receptor (c-Met) 
In the portal tract of normal liver tissue the cholangiocytic cytoplasm was strongly positive, 
often with a membranous pattern. Also, arterial tunica media appeared moderately positive 
while the portal stroma was negative. In the parenchyma, all hepatocytes showed mild to 
moderate, often membranous, cytoplasmic and nuclear immunoreactivity. A mild zonal pat-



 
Liver regeneration and fibrosis in canine hepatitis 

 

 65

tern was caused by stronger staining of the first ring of periportal hepatocytes (Fig.4). All 
other cells proved unapparent, some background staining was present in the blood plasma. 
In AH cholangiocellular staining, often membranous, was similar to that in the remaining, 
mostly periportally located, vital hepatocytes and the interface ductular reaction (Fig.5). The 
extensively present necrotic areas solely showed background staining. Kupffer cells and he-
patic stellate cells were negative.  
In both CH and LDH the cytoplasm of cholangiocytes and hepatocytes stained moderately to 
strongly. Infrequently mild stronger staining of paraseptal hepatocytes was present in CH hy-
perplastic nodules. Septal ductular reaction was generally less intensely positive than in the 
hepatocytes and could show membranous accentuation of staining (Fig.6), whereas interface 
ductular reaction was negative. (Peri)sinusoidal cells and septal non-parenchymal cells were 
negative, but some fibroblasts around the central vein were moderately to strongly positive. 
 
Transforming growth factor β-receptor 1 (TGF-β-R1) 
In the normal liver the cytoplasm of portal myofibroblasts was strongly positive, as well as in-
terface myofibroblasts and the endothelial cells of the large portal vessels. In the parenchyma, 
hepatic stellate cells and Kupffer cells were positive (Fig.7). Epithelial cells (cholangiocytes, 
hepatocytes) and blood plasma showed mild background staining. 
In AH, the positive portal- and limiting plate myofibroblasts were enlarged (activated). In the 
surviving parenchyma, notably at the transition to necrotic areas, hepatic stellate cells were ac-
tivated and proved strongly positive (Fig.8). The negatively staining interface ductular reac-
tion was surrounded by many activated hepatic stellate cells, resulting in close contact be-
tween these two cell types.  Also Kupffer cells and lymphocytes reacted positive. 
In CH positive hepatic stellate cells encompassed negative portal and septal ductular reaction 
(Fig.9) The also negative interface reactive ductules did not have such a close anatomical rela-
tion to hepatic stellate cells. Hepatocytes were negative. Heavily vacuolated (degenerated) 
hepatocytes were surrounded by positively staining activated (enlarged) hepatic stellate cells.  
In LDH, moderately to strongly positive staining activated hepatic stellate cells/ myofibro-
blasts were diffusely present.  
 
Discussion 
This study focused upon the immunohistochemical localization of hepatocyte growth factor 
(HGF)/HGF receptor (c-Met) and transforming growth factor β- receptor1 (TGF-β-R1) in 
acute and chronic hepatitis in dogs. These growth factor and receptors play an important role 
during liver tissue repair 17; and localization of these factors could contribute to the under-
standing of the regulation of the tissue repair response. 
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Table 3 Comparisonof Q-PCR (mRNA), Western blot (protein) and immunohistochemistry in canine hepatitis 
immunohistochemistry

Protein Group of dogs Q-PCR § Western blot § chol hep Ductular reaction Kupffer MF/ HSC
HGF normal 1 1 +/ ++ + x + +

AH 0.8 1.2 ++ (n↓↓) + + +/ ++ +/ ++
CH 3* 1.8 +/ ++ (n↓) +/ ++ +/ ++ (n↑) active MF: +, fibrocytes:- 
LDH 5.3* 1.7 +/ ++ (n↓) +/ ++ +/ ++ (n↑) active MF: +, fibrocytes:- 

c-Met normal 1 1 ++ +/ + x -- --
AH 0.3* ↓ +/ + (n↓↓) +/ + +/ + -- --
CH 0.7* ↓ +/ ++ (n↓) +/ ++ septal: +; interface: - -- (n↑) --
LDH 0.3* ↓ +/ ++ (n↓) +/ ++ septal: +; interface: - -- (n↑) --

TGF-β-R1 normal 1 x -- -- x + +
AH 1 x -- (n↓↓) -- -- + +/ ++
CH 3.8* x -- (n↓) -- -- + (n↑) +/ ++
LDH 3.6* x -- (n↓) -- -- + (n↑) +/ ++  

* = significant difference in Q-PCR §: Spee et al., 2006 and 2007 chol = cholangiocytes 
x = not determined/ not present     hep = hepatocytes 
(n↓)= decreased amount of cells     MF = myofibroblast 
(n↑)= increased amount of cells     HSC = hepatic stellate cell   
 
 
As HGF is synthesized by non-parenchymal cells 22, the present signal on hepatocytes, 
cholangiocytes and epithelial cells of ductular reaction could best be explained by detection of 
receptor-bound HGF, as has also been found in  man and mice 10, 14. In this study, we showed 
incidental HGF expression in the HGF producing non-parenchymal cells in the normal liver 
parenchyma (Fig.1) and prominent upregulation of the HGF signal in non-parenchymal cells 
in acute hepatitis (AH) and chronic hepatitis/ cirrhosis (CH). However, our method did not 
elicit a signal in stromal bound HGF, a major source of HGF in inflammation 17. Interestingly, 
a previous study of Spee et al. 26, showed unchanged HGF mRNA and protein levels in canine 
AH while they were up-regulated in CH (Table 3). Hence, the locally increased HGF expres-
sion in AH was not reflected in the (unchanged) amount of HGF mRNA. On the other hand, 
increased HGF mRNA levels in CH could be the sole result of the increased proportion of 
myofibroblasts (MF) in the total vital cell population. Whether these cells also displayed in-
creased HGF expression per cell could not be appreciated from the Q-PCR data. Although in 
contrast to Q-PCR, immunohistochemistry is an inadequate for quantification purposes the 
present immunohistochemical pattern clearly indicated increased HGF production by activated 
hepatic stellate cells (HSCs) in areas adjacent to parenchymal necrosis in AH, and of activated 
MF/ HSC in CH. The simultaneous upregulation of TGF-β-R1 in AH by the same HSCs 
(Fig.8) implicates concurrent activation of mitogenic and fibrotic pathways in the acute re-
sponse, which is restricted to areas of parenchymal loss. Therefore, paracrine signaling from 
the necrotic tissue to the neighboring hepatic stellate cells is more likely. 
 



 
Liver regeneration and fibrosis in canine hepatitis 

 

 67

Reactive ductules representing local liver progenitor cell driven regeneration 23 showed HGF, 
interpreted as receptor bound HGF. Moreover, in AH, and in cell poor areas of fibrous septa in 
CH, these reactive ductules (interface in AH, septal in CH) were surrounded by activated 
MF/HSC also expressing increased amounts of HGF (Fig.3). Therefore, as was previously in-
dicated by mRNA and protein assays 26, HGF availability in itself  does not seem the limiting 
factor in hepatic regeneration. Interestingly, myofibroblasts in dense fibrous septa in CH 
proved HGF negative opposed to those in loosely arranged areas (Fig.3) and in lobular dis-
secting hepatitis (LDH). This difference in micro-environment could affect replicative capac-
ity of the related reactive ductules, possibly also affecting their chances to differentiate into 
fully functional hepatocytes and thus mirror the outcome of the regeneration attempt. In this 
study, developmental arrest is suggested by lack of differentiation of septal reactive ductules 
located in dense fibrous septa.     
 
The expression of the HGF receptor c-Met in normal dog liver (Fig. 4) is similar to that in 
mouse normal liver 10 and is mainly expressed by epithelial cells. In all our patient groups, the 
relative amount of epithelial cells, being largely hepatocytes, was reduced compared to the 
other cell types: in AH due to hepatocellular necrosis, in CH/LDH to a combination of hepato-
cellular loss and an increased amount of MF/HSCs. Consequently, the found reduction of c-
Met expression at mRNA and protein level in comparable canine patient groups 26 (Table 3) 
can be explained by the reduced presence of parenchymal cells in a patient biopsy. In human 
AH c-Met was more strongly expressed on hepatocytes than on interface ductular reaction 14, 
whereas in canine AH the positivity of interface ductular reaction proved equal to that in the 
surviving hepatocytes (Fig. 4). Besides, all types of canine ductular reaction in AH, CH and 
LDH were HGF/ c-Met positive (Figs.3,6), save interface ductular reaction in CH which 
showed HGF-positive/ c-Met negative cells. This is most likely a false-negative finding: as the 
present HGF signal on epithelial cells most likely reflects receptor bound HGF 10, 14 it indi-
cates the presence of c-Met molecules also at these interface reactive ductules in CH. Con-
comitant HGF/c-Met expression by hepatocytes and reactive ductules in diseased livers, con-
firmed by increased HGF protein levels in Western blot 26 indicated increased mitogenic sig-
naling in hepatitis. HGF/c-Met expression may induce enhanced motility and differentiation of 
reactive ductules, contributing to development and fate of these ductules 14. Hence, reactive 
ductules in the canine patients demonstrated their mitogenic stimulation by HGF/c-Met im-
munoreactivity. However, increased mitogenic stimulation does not necessarily lead to suffi-
cient or timely replication, but depends on the seriousness and duration of the primary lesion 8, 

13 and the net balance with inhibitory signals such as TGF-β 15, 25. TGF-β expressed by dam-
aged hepatocytes, activated Kupffer cells and subsequently by activated hepatic stellate cells 
exerts paracrine and autocrine stimulatory effects on hepatic stellate cells 1, 9. Activated he-
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patic stellate cells synthesize HGF as well as TGF-β, and generate increased amounts of ex-
tracellular matrix, leading to fibrosis 1, 4, 9. As a result, TGF-β staining should have been a suit-
able extension of the present study but unfortunately, reliable immunohistochemical staining 
results regarding TGF-β could not be obtained. Nevertheless, immunohistochemistry for its 
receptor TGF-β-R1 reflected increased possibilitiy for TGF-β binding and subsequent signal-
ing.  
 
In the normal and diseased dog liver TGF-β-R1 typically outlined hepatic stellate cells and 
Kupffer cells (Figs.7,8,9). In hepatic disease, this has also been reported in man 5, 14 but these 
reports generate conflicting results regarding hepatic stellate cells in normal liver. In our 
study, TGF-β-R1 is upregulated in AH in enlarged (activated) hepatic stellate cells adjacent to 
necrosis (Fig.8), concurrently with enhanced HGF expression by these cells. This suggests in-
creased influence of TGF-β signaling, as has been reported previously by de novo expression 
of TGF-β receptors by activated MF 2. Therefore, TGF-β, most likely expressed by damaged 
hepatocytes or Kupffer cells at the site of primary injury 1, 9, acted as the previously suggested 
paracrine signaling molecule from the necrotic tissue on hepatic stellate cells. Interestingly, 
TGF-β-R1 mRNA levels 27 were unchanged in AH (Table 3), which reflects the inherent in-
sensitivity of Q-PCR for local changes in expression patterns, as was discussed for HGF ex-
pression before. However, the immunohistochemical reflections of protein upregulation do not 
predict the outcome of HGF/ TGF-β balance, which finally dictates the outcome of the tissue 
repair response into regeneration or fibrosis. 
In the fibrotic patient groups (CH and LDH), the present immunohistochemical study con-
firmed the two to almost four fold increased mRNA and protein levels of TGF-β-R1 27. This 
proved to be due to the increased number of MF/HSC, but also to the enhanced TGF-β-R1 ex-
pression per cell.  
 
The HGF/c-Met positive canine septal reactive ductules in CH were surrounded by two types 
of mesenchymal cells: 1): HGF negative/ TGF-β-R1 positive fibrocytes located in dense con-
nective tissue; and 2): HGF positive/ TGF-β-R1 positive myofibroblasts (Fig.3) located in 
more loosely arranged connective tissue. In contrast, interface reactive ductules in AH as well 
as in CH, did not have such a close anatomical relation to TGF-β-R1 positive mesenchymal 
cells. Interestingly, intermediate cells which indicate hepatocellular differentiation of hepatic 
progenitor   cells were solely present in interface reactive ductules. Both septal and interface 
reactive ductules possessed the same HGF/c-Met related proliferative stimulation. We do ex-
pect that the encompassing TGF-β-R1 positive mesenchymal cells, by TGF-β signaling, re-
strained septal reactive ductules from further differentiation. Differences in HGF positivity of 
these fibrocytes and fibroblasts within the fibrous septa reflect their activity state. 
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Generally, CH and lobular dissecting hepatitis (LDH) showed similar immunohistochemical 
results. At closer view, LDH fibrosis closely mimicked the interface locations of fibrous septa 
and parenchyma in CH, whereas the cell poor, “quiet” fibrotic septa lacked in LDH. More-
over, this diffuse “interface” phenotype of LDH was also reflected in the immunohistochemi-
cal parameters. Possibly, this “interface” aspect may facilitate all signaling routes by close 
proximity of all cell types. Additionaly, hemodynamic changes in LDH may be even more se-
vere than in the CH group due to the diffuse presence of interface type fibrotic septa in LDH. 
Also, patches of phenotypically less-affected parenchyma in CH regenerative nodules may 
prove essential to short-term survival in chronic hepatitis. Consequently, the underlying sig-
naling routes may be very similarly affected 26, 27 (Table 3); the (immuno)histological features 
of LDH may explain its rapidly progressive  clinical course. .  
 
In conclusion, in canine formalin fixed patient material, absolute HGF availability does not 
seem the limiting factor in hepatic regeneration. Upregulation of HGF expression by hepatic 
stellate cells in AH was restricted to locations adjacent to necrotic areas. Most likely, TGF-β 
derived from damaged hepatocytes and Kupffer cells at the primary site of injury played a 
paracrine role in this upregulation. Reactive ductules in AH, CH and LDH showed similar mi-
togenic stimulation by HGF/c-Met positivity. Likely, septal reactive ductules were restrained 
from further differentiation by TGF-β signaling originating from encompassing TGF-β-R1 
positive mesenchymal cells. Immunohistochemical results regarding HGF, c-Met or TGF-β-
R1 reactivity of LDH closely mimicked CH interface locations. The diffuse presence of this 
active phenotype in LDH could possibly explain the large difference in clinical presentation of 
CH versus LDH patients. 
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Abstract 
During fibrosis the extracellular matrix (ECM) is continuously remodelled and increases in 
volume due to the production of various proteins. We studied the distribution of tenascin-C 
(TN-C) and the correlation of TN-C with the necro-inflammatory activity, and expression of 
α- smooth muscle actin (α-SMA), cytokeratin 7 (CK7) and CD3+-T- lymphocytes in canine 
chronic hepatitis. This was analyzed using immunohistochemistry and semi-quantitative scor-
ing. Three groups (n=19) of dogs were used: group 1 (n=5) with neonatal hepatitis/lobular dis-
secting hepatitis (NH/LDH), group 2 (n=8) with chronic hepatitis/cirrhosis (CH/CIRR) and 
group 3 (n=6) consisting of healthy animals. In normal livers TN-C was localized in Disse's 
space and around bile ducts and blood vessels. In CH/CIRR livers TN-C was localized at the 
periphery of the regenerating nodules and was conspicuous in the bridging fibrous bands. In 
NH/LDH TN-C was diffusely distributed along the reticular fibers that dissected between sin-
gle cells or groups of hepatocytes. α-SMA in the normal hepatic parenchyma showed an ir-
regular distribution along the perisinusoidal linings. In other groups α-SMA was increased in 
fibrotic septa and perisinusoidal linings. In normal livers, CK7 was positive in bile ducts. In 
other groups CK7-expressing cells were conspicuous in the portal-parenchymal interface, the 
periphery of the regenerative nodules and the degenerated parenchyma. The pattern of CD3+-
lymphocytes was inversely proportional to that of TN-C. These results also showed that TN-C 
is strongly correlated with increased fibrotic stage, inflammatory activity, and expression of 
CK7 and α-SMA. TN-C, CK7 and CD3 expression did not differ between diagnostic groups. 
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Introduction 
Regardless of etiology, hepatic fibrosis is a common outcome of liver injury in both man and 
dog. Fibrosis leading to the development of cirrhosis is a major cause of both morbidity and 
mortality in man.2,13 Despite modern diagnostic techniques the etiology of most cases of ca-
nine liver fibrosis remains unknown.5 Several infectious and non-infectious causes have been 
suggested for chronic liver disease of dogs. These include canine adenovirus type 1 (CAV-1), 
Leptospira Spp, canine acidophil cell hepatitis virus, copper accumulation, drug administra-
tion, alpha-1-antitrypsin anomaly and autoimmunity.4,12,14,18,27,33,43,47 However, a recent study 
failed to identify an infectious agent as the underlying etiology of chronic canine hepatitis.6 
Common histological features of canine chronic hepatitis are hepatocellular necrosis and 
apoptosis, inflammation and progressive fibrosis.5 

In fibrosis, the extracellular matrix (ECM) is continuously being remodelled.37 An essential 
feature of fibrosis is an increase and disarray of many ECM proteins. 14 Secretion of cytokines, 
synthesis of matrix proteins and inhibition of the activity of serine proteinase and matrix met-
alloproteinases leads to progressive scar formation.2 Tenascin-C (TN-C) is one of the ECM 
proteins that have both adhesive and anti-adhesive activities. 2, 8,10,29,37 It is a disulfide-linked 
oligomer with subunits that range between 190 and 300 kDa.29 In embryonic development, 
TN-C is present in several developing tissues, and at the cellular borders where epithe-
lial/mesenchymal transformation occurs in organs such as the gut, kidneys and mammary 
glands.28,29,38 In adult tissue, TN-C expression is absent or much reduced. However, expres-
sion is enhanced during processes involving ECM remodeling and cell migration, such as in 
tumor growth, fibrosis and wound healing.8,37  
In the present study we investigated the immunohistochemical localization of TN-C in livers 
of healthy dogs, and dogs with two different types of hepatitis namely chronic hepati-
tis/cirrhosis (CH/CIRR) and neonatal hepatitis/lobular dissecting hepatitis (NH/LDH). Rela-
tionship between hepatocellular degeneration and necrosis, inflammatory activity, fibrotic 
stage, TN-C, α-smooth muscle actin (α-SMA), cytokeratin 7 (CK7) and CD3 expression were 
analysed using semi-quantitative scoring system. Most of the ECM proteins in fibrotic liver 
are known to be produced by activated hepatic stellate cells (HSC) and other fibroblasts. The 
correlation between TN-C and α-SMA in various locations of the liver tissue sections was also 
evaluated to identify the producing cell type. 
 
Materials and methods 
Animals 
Liver samples were obtained from biopsy or necropsy cases submitted to the division of Pa-
thology, Faculty of Veterinary Medicine. Cases of moderate to severe CH/CIRR (n=8) and 
NH/LDH (n=5) were selected based on WSAVA52. The livers of the CH/CIRR group were 
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characterized by broad fibrotic septa and regenerative parenchymal nodules and the NH/LDH 
group were characterized by necrosis, weak to severe fibrosis and disruption of the lobular ar-
chitecture.3,50,52 Six normal liver samples were obtained from dogs used in research projects 
approved by the responsible ethical committees for the use of experimental animals and client-
owned animals according to Dutch legislation and were used as a control group. Animals were 
re-categorized into four sub-categories based on their fibrotic stage (stage 0 to 3) to evaluate 
the expression of TN-C, α-SMA, CK7 and CD3, and necro-inflammatory activity at different 
stages of fibrosis (Table 3).   Included were 11 females and 8 males of various breeds with 
mean age 5.7  (± 3.6) years. 
Histopathology 
Liver specimens were fixed in 10% neutral buffered formalin and paraffin embedded. 
Slides (3µm) were routinely stained with hematoxylin and eosin (HE) and Masson’s trichrome 
to evaluate the necro-inflammatory activity and fibrotic stage. 
Hepatocelullar degeneration was evaluated by the presence of intracellular hepatocytic micro-
vacuoles or ballooning degeneration and pyknotic nuclei (Fig.1), and necrosis by cellular 
shrinkage combined with karyorrhexis. 
Immunohistochemistry 
ABC Peroxidase and Envision techniques of immunohistochemical analysis were performed 
for α-SMA, CD3, CK7 and TN-C.  
Sections (3µm) mounted on poly-L lysine coated slides were deparaffinized and hydrated in 
decreasing concentrations of alcohol (100-70%). Endogenous peroxidase activity was blocked 
by 0.3 % H2O2 in methanol for 30 minutes at room temperature (RT). Antigen retrieval was 
performed for TN-C, CK7 and CD3. TN-C sections were incubated overnight at 370C with 
0.5u/ml chondroitinase ABC (Sigma-Aldrich, Inc., USA) in 0.05M tris/0.06M NaAc, pH-7.8 
to unmask the TN-C from chondroitin sulphate,15 and subsequently treated with 0.1% trypsin 
in 0.05 tris/HCl buffer, pH-7.8. CK7 sections were treated with proteinase-K (DAKO, S3020) 
for 40 minutes at RT. CD3 sections were heated in 10 mM citrate pH 6.0 in a microwave oven 
(765 W, 600ml, 10 minutes). After washing with PBS/Tween-20 (0.01M PBS, 0.1% Tween-
20) for TN-C, α-SMA and CD3 and with Tris/Tween-20 (0.01M Tris buffer, 0.1% Tween-20) 
for CK7, background staining was blocked by incubating the sections with normal horse se-
rum (TN-C and α-SMA) or normal goat serum (CK7 and CD3) at 1:10 dilution for 30 minutes 
at RT. Sections were incubated overnight (40C) with the primary antibodies (anti-TN-C, 
4F10TT, at 1:800 dilutions in PBS/1%BSA, bought from IBL Co., Japan; anti-α-SMA, clone 
1A4, at 1:1200 dilutions in PBS, bought from BioGenex; ant-CK7, OV-TL, at 1:25 dilutions 
in TBS/1%BSA, bought from Dako Cytomation; rabbit polyclonal anti-CD3 antibodies at 
1:300 dilutions in PBS, bought from Dako Cytomation). After washing TN-C and α-SMA sec-
tions were incubated in horse anti-mouse biotin (Vector Laboratories, Burlingame, CA, USA)  
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Table 1a Criteria used in semi-quantitative scoring for canine chronic hepatitis 
 
 

Criteria employed for the scoring Parameters 
Absent (0) Mild (1) Moderate (2) Severe/heavy (3) 

Degenerative  
/necrotic  
hepatocytes1 

 

No apoptosis/ 
degeneration 

Few focal /diffuse 
degenerated/ necrotic  
hepatocytes 

Moderate multifocal or 
semi-zonal/ diffuse 
degeneration /necrosis  

Confluent and bridging 
necrosis containing larger 
areas in random or zonal 
pattern of distribution  

Inflammatory 
activities 
(regardless 
of cell type)1 

 

No inflammatory 
cells  

Small numbers of 
inflammatory cells 
restricted to the portal 
/  
septal and/ or central 
areas 

Moderate numbers of 
inflammatory cells in the 
parenchyma, central, 
septal /portal or 
regenerating  areas  

Diffuse or multifocally 
distributed inflammatory cells 
in the parenchyma, 
perivascular, septal/ portal, 
nodular regeneration  

Stage of 
fibrosis2  
  

No fibrosis Mild portal/  
centrilobular 
 fibrosis 
 

Moderate portal 
/centrilobular fibrosis 
with mild periportal, 
septal and parenchymal 
fibrosis, spurs radiating 
in to the parenchyma 
with normal lobular 
architecture 

Severe fibrosis with marked 
periportal /centrilobular and 
septal fibrosis, bridging 
fibrosis with loss of lobular 
architecture with nodular 
regeneration/cirrhosis  

 
1. based on HE staining 
2. based on Masson’s trichrome staining 

 
 
 
Table 1b Criteria used in immunohistochemical semi-quantitative scoring of canine chronic hepatitis 
 

                                   Criteria employed for the scoring  Parameters 

Absent (0) Mild (1) Moderate (2) Severe/heavy (3) 

Bile duct  
proliferations  
based on CK7  
labeling and  
HE staining 
 

Less than 3 bile 
ducts per portal 
triad/septa 

3 –5 bile  
ducts per  
portal triad/ 
septa  

5-7 bile ducts per portal 
triads/septa plus few bile 
ducts in the parenchyma 
and around regenerating 
nodules 

Greater than 7 bile ducts per 
portal triads/septa and many 
bile ducts in the parenchyma 
and around the regenerating 
nodules 

TN-C and  
α-SMA  

A) Perisinusoidal lining:  absent to strong for each location = 0-3 
     I. in necrotic areas of the lobule, II. in the regenerative nodules, III/ in 
     normal lobule . 
B) Septal/portal triads-: absent to strong for each location = 0-3  
     I. bile ducts, II. blood vessels, III. stroma  
C) Portal- parenchymal interface areas : absent to strong = 0-3 
D) Around the regenerative nodules:  absent to strong = 0-3 

CD3+  - 
T-lymphocytes  

Number of CD3+ cells scored in the parenchyma, the stroma around the regenerative nodules and 
septa/portal triads (40 x magnification): 
low = < 10 / field,  
moderate = 10-25 / field, 
high = > 25 /field  
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diluted 1:125 for 45 minutes and CD3 sections were incubated in goat anti-rabbit biotin di-
luted at 1:250 for 30 minutes at RT. CK7 sections were incubated with envision (DAKO, 
K4001, goat anti-mouse) for 45 minutes at RT. After washing, sections for TN-C, α-SMA and 
CD3 were incubated in avidin-biotin peroxidase complex (Vector Laboratories). The color 
was developed in 3-3′-diaminobenzidine and H2O2 0.02% in Tris buffer, pH 7.8 for TN-C and 
α-SMA, and Vector NovaRed (Vector laboratories Inc. USA) for CK7 and CD3. The sections 
were counterstained with 10% Mayer's hematoxylin. After sections were washed in tap water 
for 10 minutes, they were dehydrated in increasing concentrations of alcohols (70-100%). 
Negative controls were incubated in PBS instead of the primary antibodies. Sections from 
mammary tumors with previously demonstrated TN-C expression was used as positive con-
trols for TN-C. Smooth muscle within the blood vessel walls were used as internal positive 
control for α-SMA. Bile ducts were used as internal positive control for CK7. Normal canine 
lymph nodes were used as a positive control for CD3 immunohistochemical staining. 
Semi-quantitative analyses 
Semi-quantitative scoring for each parameter was performed independently by two of the au-
thors (GAM and HN). The scoring method was based on the system used by Boisclair  et al. 5 

with the modifications as described in Tables 1a and b.   

Statistical analysis 

The scoring results between different groups were analyzed using Kruskal–Wallis H-test. 
Mann-Whitney U tests for post-hoc pair-wise analyses were used to identify the specific group 
demonstrating significant difference. Possible associations between variables were verified by 
Spearman's correlation test. A nominal significance level of P < 0.05, P<0.01 and P<0.001 
were used for the analysis.   

 
Results 
Histopathology: HE 
Hepatocellular degeneration, necrosis and inflammatory activity 
The definition of the scores of these parameters, based on HE staining, is given in Table 1a. In 
normal liver sections, hepatocellular degeneration, inflammation and necrosis were absent. In 
the CH/CIRR group there was extensive, often bridging hepatocellular degeneration and ne-
crosis (Fig. 1). The parenchyma was divided by fibrotic septa, which encompassed regenera-
tive nodules. These septa were mildly or moderately infiltrated with lymphocytes and plasma 
cells. In one dog massive infiltration of neutrophils with lymphocytes and plasma cells oc-
curred without remarkable hepatocellular degeneration. 
Dogs in the NH/LDH group had diffusely or focally disseminated degenerate hepatocytes 
(Fig. 2) with mild to moderate lymphocytic inflammation, which infiltrated along the fibrotic 
septa. However, one dog had massive infiltration with both lymphoid cells and neutrophils.  
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Fig. 1 Liver, dog, group CH/CIRR, bridging (portal-portal) hepatocellular ballooning degeneration and necrosis (ar-
rows), HE stain. Bar =  200 µm. Fig. 2 Liver, dog, group NH/LDH, degenerated hepatocytes are subdivided into 
small groups or individual cell by fine fibrous septa throughout the parenchyma, necrosis is present (arrows), HE 
stain. Bar =  100 µm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Liver, dog, control, labelled for TN-C, moderate perisinusoidal positive reaction, mainly in Zone 2 of hepatic 
acinus, Avidin-biotin peroxidase method counterstained with Mayer’s hematoxylin. Bar =  100 µm. Fig. 4 Same ani-
mal as Fig. 3 at higher magnification, the positive TN-C signal is localized in the space of Disse, Avidin-biotin per-
oxidase method counterstained with Mayer’s hematoxylin. Bar =  50 µm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Liver, dog, group CH/CIRR, labelled for TN-C, intense positive staining in the fibrous stroma (arrow) sur-
rounding a negatively staining regenerative nodule (arrow head), Avidin-biotin peroxidase method counterstained 
with Mayer’s hematoxylin. Bar =  200 µm. Fig. 6 Liver, dog, group CH/CIRR, labelled for TN-C, moderate positive 
reaction in Disse’s space (arrow) associated with hepatocellular ballooning degeneration, Avidin-biotin peroxidase 
method counterstained with Mayer’s hematoxylin. Bar =  100 µm. 
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Fig. 7. Liver, dog, control, labelled for α-SMA, reactive perisinusoidal hepatic stellate cells produce a thin irregular 
positive band lining the sinusoids (arrows), Avidin-biotin peroxidase (ABC-)method counterstained with Mayer’s he-
matoxylin. Bar =  20 µm. Fig. 8. Liver, dog, group CH/CIRR, labelled for α-SMA, the perisinusoidal signal is en-
hanced in intensity and surface area (arrows) depending on the number of activated portal myofibroblasts and acti-
vated (parenchymal) hepatic stellate cells, ABC-method counterstained with Mayer’s hematoxylin. Bar=100 µm. 

 
Fig. 9 Liver, dog, group CH/CIRR, labelled for CK7, ductular proliferation (arrows) was conspicuous in the portal 
areas and fibrous septa, particularly at the portal-parenchymal interface, Envision method counterstained with 
Mayer’s hematoxylin. Bar =  200 µm. Fig. 10 Liver, dog, group CH/CIRR, labelled for CK7, abundant positive reac-
tion in ductular proliferations in a thick fibrous septum along the periphery of the regenerative nodule (arrow) and in 
degenerated parenchyma  (arrow head), Envision method counterstained with Mayer’s hematoxylin. Bar =  200 µm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11 Liver, dog, group NH/LDH, labelled for CK7, CK7 positive cells in the parenchyma, Envision method 
counterstained with Mayer’s hematoxylin. Bar =  100 µm. Fig. 12 Liver, dog, group CH/CIRR, labelled with TN-C, 
TN-C reaction is low or absent in areas with severe lymphocytic infiltrations (arrows), Avidin-biotin peroxidase 
method counterstained with Mayer’s hematoxylin. Bar =  100 µm. 
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The hepatic parenchyma was separated into individual cells or small groups of cells by thin fi-
brotic septa throughout the parenchyma (Fig. 2).   
Fibrotic stage 
The definition of the fibrosis scores, based on Masson trichrome staining, is given in table 1a. 
The control dogs (n=6) showed no sign of fibrosis. Among the chronic CH/CIRR cases (n=8), 
three dogs showed 3rd stage of fibrosis, three dogs 2nd stage, one 1st stage and the other showed 
no fibrosis. In NH/LDH (n=5) cases one dog showed 3rd fibrotic stage, two dogs 2nd stage, one 
showed 1st stage and the other showed no fibrosis. In livers of dogs in both hepatitis categories 
which are based on HE staining, fibrosis intensity may vary from absent to severe. 
Immunohistochemistry 
TN-C 
In normal liver moderate discontinuous reactivity was observed in Disse’s space (between the 
endothelial lining of the sinusoid and hepatocytes) (Figs 3 and 4), randomly distributed 
around few bile ducts and blood vessels and under Glisson’s capsule. These findings were 
consistent in all control livers. 
In CH/CIRR livers, intense positivity for TN-C was shown in the fibrotic areas bordering the 
regenerative nodules (Fig. 5) and in the fibrous bands invading into the parenchyma. Gener-
ally, a prominent signal was present in Disse’s space in the pre-existing parenchyma outside 
the regenerative nodules often associated with ballooning degeneration (Fig. 6), and at random 
around few bile ducts and blood vessels. However, in regenerative nodules reactivity was very 
scant or absent.  In NH/LDH cases the pattern of positivity was associated with the reticulin 
and collagen fibers dissecting individual cells or groups of cells. However, the signal in 
Disse’s space and around the bile ducts and blood vessels was decreased when compared to 
the controls.  
α-SMA 
In the normal liver a slightly irregular (1-3 µm wide) moderate staining was seen in the perisi-
nusoidal spaces throughout the hepatic parenchyma, interpreted as being present in hepatic 
stellate cells (HSC) (Fig. 7). In fibrotic livers (both CH/CIRR and NH/LDH), the perisinusoi-
dal signal was enhanced in intensity and surface area, irregularly distributed among the pre-
existent lobules (Fig. 8). In the regenerative nodules, the signal was reduced or absent. Livers 
with moderate to severe fibrosis showed numerous α-SMA positive cells in the portal triads, 
fibrotic septa and stroma surrounding the regenerative nodules, interpreted as activated myofi-
broblasts. In addition the NH/LDH livers showed numerous α-SMA positive cells associated 
with the reticulin and collagen fibers dissecting individual or groups of hepatocytes. 
CK7 
Normal livers usually contained less than three bile duct cross-sections per portal triad. CK7+ 
cells were present mostly in the bile ducts and rarely in the portal-parenchymal interface. In 
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the cirrhotic sections CK7+ ductular proliferation was conspicuous in the portal areas espe-
cially at the portal-parenchymal interface with some local infiltration into the surrounding pa-
renchyma (Fig. 9). Extensive CK7+ ductular proliferation was also observed in fibrotic septa 
and extending into the periphery of the regenerative nodules (Fig. 10). In three of the 
CH/CIRR livers, clusters of CK7+ cells were diffusely distributed among the sinusoids, asso-
ciated with marked hepatocellular degeneration. In the NH/LDH group, CK7+ cells were pre-
sent in the portal areas, the portal-parenchymal interface and in the parenchyma (Fig. 11). 
Positive cells, individually or in primitive ducts, were diffusely distributed in the parenchyma 
associated with reticular fibers of the smallest fibrotic septa. 
CD3 
Moderate to high numbers of CD3+ T-lymphocytes were observed in six out of eight 
CH/CIRR dogs and in one of the dogs in the NH/LDH group (n=5), while all controls were 
negative (n=6). Some dogs in both CH/CIRR and NH/LDH groups showed no CD3+ T-
lymphocytes. These were associated with moderate to severe infiltrations of primarily neutro-
phils and plasma cells in the portal and periportal areas. The pattern and distribution of CD3+ 
cells was inversely proportional to TN-C reactivity (Fig. 12).  
 
Semi-quantitative scoring and statistical analysis 
Comparison of scores among the groups of dogs 
Hepatocellular degeneration and necrosis, inflammatory activity, fibrotic stage and α-SMA 
expression showed significant differences in their mean scores among the three groups. Fi-
brotic stage, TN-C, α-SMA and CK7 showed higher mean scores in the CH/CIRR group 
compared to the NH/LDH; however, significance was seen only for α-SMA. Inflammatory ac-
tivity and hepatocellular degeneration and necrosis scores were higher in the NH/LDH, al-
though not statistically significant (Table 2). 
 
Table 2 Mean scores of evaluated criteria in canine chronic hepatitis 

Groups based on clinical diagnosis Variables 
NH/LDH 
(n=5) 

CH/CIRR 
(n=8) 

Control 
(n=6) 

 
P values§ 

Hepatocellular degeneration 
and necrosis 

2.5(0.31) a 2.25(0.30) a 0.42(0.15) b 0.004 

Inflammatory activity 2.1(0.29) a 2.0(0.41) a 0(0) b 0.005 
Fibrotic stage 1.4(0.42) a 1.84(0.34) a 0.17(0.10) b 0.015 
TN-C 1.41(0.10)a 1.59(0.23) a 1.04(0.17) a 0.201 
α-SMA 1.19(0.18) a 1.73(0.14)b 0.98(0.19) a 0.026 
CK7 1.5(0.55) a 1.81(0.5) a 0.33(0.17) a 0.124 
CD3+ 1.1(0.1) a 1.48(0.27) a 1.75(0.17) a 0.114 
  

Within parenthesis are standard errors; means with different letters differ each other significantly based on Mann-
Whitney U tests for post-hoc pair-wise analyses, § P values as calculated by Kruskal-Wallis Test 
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Table 3. Mean scores of evaluated criteria at different stage of fibrosis in canine chronic hepatitis 
 

Score per stage of fibrosis Variables 
0 1 2 3 

P values 
§ 

Hepatocellular 
degeneration and 
necrosis 

0.88(0.4)a 1.80(0.7) ab 2.3(0.3) b 2.9(0.1) b 0.029 

Inflammatory activity 0.44(0.3)a 1.2(0.9)a 2.4(0.4)b 2.5(0.2) b 0.017 
TN-C 1.10(0.2)a 1.04(0.3)a 1.67(0.2)a 1.92(0.2)a 0.063 
α-SMA 1.02(0.1)a 1.66(0.1) a 1.38(0.3) a 1.75(0.2)a 0.129 
CK7 0.63(0.3)a 0.33(0.3)a 2.25(0.8) ab 2.25(0.5)b 0.050 
CD3+ 1.63(0.2)a 1.00(0 ) a 1.83(0.5 ) a 1.1(0.1) a 0.141  

Number of slides: total=19, stage 0=8, stage1=3, stage2=4, stage3=4, Numbers in parenthesis are standard errors; 
means with different letters differ significantly based on Mann-Whitney U tests for post-hoc pair-wise analyses;  § P 
values as calculated by Kruskal-Wallis Test  
 
 
Comparison of scores among dogs by fibrotic stage  
The overall pattern and degree of hepatocellular degeneration and necrosis increased with the 
stage of fibrosis (Table 3).  Significant (P<0.05) increase was only observed in dogs with stage 
2 and 3 of fibrosis compared to the control dogs. Also, inflammatory activity was significantly 
higher (P<0.05) in these stages. Hepatic TN-C level increased concurrently with the fibrotic 
stage, although this increase was not significant (P>0.05). The number of α-SMA+ mesen-
chymal cells was higher in dogs with 1st and 3rd stage of fibrosis compared to the controls and 
2nd stage of fibrosis. The signal for CK7 was significantly higher (P<0.05) in stage 3 of fibro-
sis compared to the control group. Although CK7 scores in stage 2 had high variability, the 
overall magnitude of CK7+ ductular proliferation was similar in the 2nd and 3rd stage of fibro-
sis. The number of CD3+ T-lymphocytes was relatively higher in stage 2 and lower in stage 1, 
but the difference was not significant. 
 
Relationship among variables  
Highly significant correlations (P<0.001) were found between the stage of fibrosis, inflamma-
tory activity and hepatocellular degeneration and necrosis (Table 4). The fibrotic stage was 
also positively correlated significantly with all variables, except CD3. Moreover, TN-C also 
positively correlated not only with stage of fibrosis, but also with inflammatory activity, CK7 
and α-SMA scores. Also, CK7 reactivity significantly correlated with stage of fibrosis, in-
flammatory activity, hepatocellular degeneration and necrosis, and with TN-C scores. CD3 
scores significantly correlated with hepatocellular degeneration and necrosis (for values, see 
Table 4). 
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Table 4. Correlations between evaluated criteria analyzed by Spearman's rho test  
Variables Fibrotic stage Deg &necrosis Inflam.activity TN-C  α-SMA CK7 

 Deg. & necrosis 0.72 ** .     
 Inflam. activity 0.74 ** 0.71** .    
 TN-C 0.59(0.008)* 0.31(0.195) 0.52(0.020)* .   

 α-SMA 0.49(0.035)* 0.12(0.619) 0.33(0.165) 0.546(0.018)* .  
 CK7 0.57(0.011)* 0.50(0.029)* 0.65(0.002)* 0.66(0.002)* 0.29(0.221) . 
 CD3+ -0.31(0.205) 0.50(0.028)* -0.15(0.549) 0.18(0.469) 0.12(0.634) 0.23(0.347)

  
* Significant at the level of 0.05, **Significant at the level of 0.001(two tailed), numbers in parenthesis are P-values 
 
 
Relationship between TN-C and α-SMA per location  
The mean scores of TN-C and α-SMA across all dogs regardless of the group showed a statis-
tically significant correlation (P<0.05, R=0.536, Table 4). There was a highly positive correla-
tion (P<0.001) at the perisinusoidal lining in normal dogs and in the stroma encompassing the 
regenerative nodules in CH/CIRR dogs. However, when the scores in various locations (sinu-
soids, septa/portal triads, portal-parenchymal interface and stroma around the regenerative 
nodules) were summarized and analyzed, they showed non-significant positive correlations (r 
= 0.382, P>0.05) (Table 5).  Although not statistically significant, positive correlations were 
also observed in the perisinusoidal linings of the hyperplastic nodules, in areas where degen-
erated cells predominated, in the portal-parenchymal interface, in fibrotic septa and portal tri-
ads excluding blood vessels.  
 
 
Table 5. Localizations and mean scores (0= no signal, 3= heavy signal) of TN-C and α-SMA expression irrespective 
of the stages of fibrosis or hepatitis group  (Spearman’s rhoTest, two tailed) 

TN-C 
(N=19) 

α-SMA 
(n=19) 

Location 

Mean score Mean score 

Correlation 
coefficient(r) 

P-value 

Perisinusoids     
   -Necrotic areas 2 0.8 0.301 0.317 
   -Regeneration nodules 0.6 0.8 0.457 0.216 
   -Normal lobule 1.3 0.1 1.000 0.000** 
Septa and portal triad     
   -Bile ducts 1.5 1.4 .478 0.038* 
   -Blood vessels 1.5 2.0 -0.153 0.531 
   -Stroma 0.9 1.6 0.185 0.449 
Portal-parenchymal interface 1.8 1.4 0.423 0.071 
Stroma around the 
regenerative nodules 

2.7 2.3 1.000 0.000** 

Mean of mean scores based 
on location 

1.54 1.30 0.382 0.351 

  
* Significant at 0.05 level, ** Significant at 0.001 level 
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Discussion 
Histologic and immunopathologic investigations have led to remarkable progress in the under-
standing of chronic liver diseases in both humans and in rat models.1,5 However, the etiology 
and pathogenesis of canine chronic liver disease are still poorly understood. ECM proteins 
play an important role in the progression of hepatic fibrosis. 44,51,55 The ECM protein TN-C is 
expressed in normal and fibrotic livers of humans and rats.19, 35, 48,49,53, TN-C serum level is re-
ported to have a strong correlation with the progression of the fibrosis.54 In canine hepatitis 
there is lack of knowledge of contribution of ECM proteins to the progression of hepatic fibro-
sis.  In the present study we defined the presence and localization of TN-C and the correlation 
with the stage of fibrosis, hepatocellular degeneration and necrosis, inflammatory activity, and 
expression of α-SMA, CK7 and CD3 in canine liver. 
Hepatitis grade is indicated by the degree of necro-inflammatory activity, while the stage of 
hepatitis is reflected by the degree of fibrosis.16,30-32,34,40,42,44,45,51,55 In our study of canine 
chronic hepatitis, necro-inflammatory activity showed a close positive relation with fibrosis, 
and thus hepatitis grade increased with hepatitis stage. This does not hold true for hepatitis in 
general, for the included cases were chronic hepatitis with neutrophilic inflammatory reac-
tions.   Confluent or bridging patterns of hepatocellular degeneration and necrosis were pre-
dominant in the selected CH/CIRR cases. Bridging necrosis indicates progression of the dis-
ease and a poor prognosis.11 When CH/CIRR was compared to NH/LDH, both inflammatory 
activity and degeneration and necrosis showed a non-significant decrease of mean scores. This 
suggests that the NH/LDH cases selected might have had a higher hepatitis grade. Severe in-
flammation has been described as a feature of NH/LDH.3,50  
In this study, the fibrosis in NH/LDH cases was diffusely distributed throughout the paren-
chyma, surrounding individual cells or groups of hepatocytes dissecting the lobular architec-
ture. Conversely, in CH/CIRR fibrotic septa radiated from the portal and/or central areas into 
the parenchyma. In cirrhotic cases the architecture was disrupted by broad bridging fibrous 
septa and regenerative nodular hyperplasia of hepatocytes. These findings are in concordance 
with previous studies.3,7,46,50 Most CH/CIRR dogs showed moderate to severe fibrosis while 
those with NH/LDH showed only moderate fibrosis (Table 2). The increase in the amount of 
fibrous tissue can be explained by the activation, migration and accumulation of hepatic stel-
late cells (HSC) in the parenchyma and myofibroblasts at the other locations. These activated 
cells deposit many ECM proteins in the inflamed areas.17,36 Also, activated HSC synthesize 
inhibitor of metalloproteinase-1 and 2 (TIMP-1 and 2), which inhibits interstitial collagenase 
activity and thus contributes to the accumulation of ECM proteins.5, 9,16  
In the normal canine liver TN-C was located in Disse’s space, around the bile ducts, blood 
vessels and under Glisson’s capsule. This may be related to the TN-C expressing cells, most 
likely HSC in Disse’s space and myofibroblasts in the portal areas, walls of central veins and 
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occasionally in the parenchyma.30,32,45 The localization of TN-C we found in the normal canine 
liver is in agreement with that reported for man and rat.19,35,48,49,53 In contrast to rat and man 
quiescent canine HSC express α-SMA (Fig. 7).25 During hepatic fibrogenesis, HSC in man 
and rat increase in number and differentiate into myofibroblast-like cells with marked expres-
sion of α-SMA.16,36 In the presented cases, canine stellate cells and other hepatic myofibro-
blasts showed dramatic increase in α-SMA expression. This means that in the dog the pres-
ence of activated HSC is not indicated by the presence of α-SMA expression but by the in-
creased α-SMA production, since α-SMA is expressed in normal liver tissue. 
Both TN-C and α-SMA expression increased as the stage of fibrosis increased. This may be 
the result of continuous activation of HSC and other myofibroblasts during hepatitis and syn-
thesis of large amounts of ECM proteins including TN-C. A significant relationship (P<0.05) 
between TN-C and α-SMA was obtained when their correlation was analyzed without consid-
ering the locations. This probably indicates a concurrent upregulation of these proteins in the 
producing cells. However, when their correlation was analyzed per location (Table 5) the rela-
tion was non-significant (P>0.05). The lack of significance may be the result of continuous ac-
tivation of HSC and other myofibroblasts in the liver and their response to tissue injury.45 TN-
C and α-SMA positivity around the bile ducts and blood vessels confirms that myofibroblast 
cells are not uniquely confined to the perisinusoidal areas. These findings indicate that HSC 
and other myofibroblasts contribute to fibrosis in the canine liver, which is in agreement with 
findings in rat and man.32,45  
The demonstration of a considerable number of CK7 positive bile ductular cells in the portal-
parenchymal interface of the fibrotic livers is consistent with previous studies in man.39, 40 A 
possible explanation for their presence could be cholangiocytic metaplasia of periportal hepa-
tocytes and /or proliferation of the local progenitor cell compartment in the canals of Hering.39, 

40 The strong correlation of CK7 with TN-C may indicate the role of the latter in the prolifera-
tion and migration of the progenitor cells.29 Ductular proliferation also increased with the 
stage of fibrosis in this study. Several factors may contribute to this: cytokine induction by 
HGF and TNF-like weak inducer of apoptosis (TWEAK) or possible compression exerted on 
the bile ducts by the fibrotic septa.5,21, 26, 42  
CD3+ T-lymphocytes were not found consistently in all the group dogs in the current study. 
This can be an indication for immunologic reaction evoked by the unknown etiologic agent. 
Our results suggest the possibility of cell-mediated immunity in canine chronic hepatitis.5 In-
terestingly, in the dogs with intense CD3 positivity, the signal for TN-C deposition was weak 
(Fig. 12) compared to similar areas in the same patient without CD3+ cells. This has also been 
reported in tumors.31 Two mutually enhancing factors may play a role: TN-C can suppress 
CD3-mediated T-cell activation,22-24,34,41 while activated CD3+ T-lymphocytes induce plasmi-
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nogen dependent proteolysis of TN-C by secreting u-PA.20 Both may have a negative impact 
on the progression of fibrosis. 
Summarizing the relationship of parameters of hepatocellular degeneration and necrosis, it 
may be concluded that inflammatory activity, fibrotic stage and α-SMA showed significant 
differences while the expression TN-C, CK7 and CD3 did not differ between diagnostic 
groups. When dogs were reclassified on the basis of fibrosis, hepatocellular degeneration and 
necrosis, inflammatory activity and CK7 expression showed significance while TN-C, α-SMA 
and CD3 did not. 
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Abstract  
The hepatic progenitor compartment is of vital importance in liver regeneration when hepato-
cellular replication is impaired, as occurs in acute fulminant hepatitis or severe liver fibrosis. It 
consists of resident progenitor cells in the normal liver, and ductular reaction and intermediate 
hepatobiliary cells in diseased livers.  A histological and immunohistochemical study was 
conducted to demonstrate putative hepatic progenitor cells in the normal liver (n=5) and in a 
range of hepatic diseases (n=13) in the cat. Formalin-fixed paraffin embedded specimens were 
stained with HE, the van Gieson stain and the reticulin stain according to Gordon and Sweet, 
and immunohistochemically  stained for Cytokeratin-7 (CK7), Human Hepatocyte Marker 
1(Hepar1) and Multidrug Resistance Binding Protein-2/ ATP Binding Cassette C2 (MRP2). 
The normal feline liver contains a liver progenitor cell morphologically similar to man and 
dog which resides in the canal of Hering. In a variety of acute and chronic feline liver diseases 
ductular reaction was present, whether in the parenchyma or in a portal or septal location. The 
putative progenitor cells could easily be demonstrated by staining for CK7, while they were 
generally negative for Hepar1 and MRP2. In parenchymal ductular reaction regularly mitotic 
figures and cells with an intermediate hepatobiliary phenotype could be demonstrated. This is 
the first account of hepatic progenitor cells in feline liver. 
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Introduction 
Clinical acute and chronic hepatic disease in man and animals alike may evolve into fatal liver 
failure from insufficient or impaired hepatic regeneration. Better insight into the underlying 
mechanisms of hepatic fibrosis versus regeneration could possibly widen the present limited 
therapeutic possibilities. In the liver, regeneration can occur by two means: replication of ma-
ture hepatocytes and, in case of hampered hepatocytic reproduction, also by proliferation of 
the local stem cell/ progenitor cell population 10, 11, 19, 20. A third (theoretical) route by fusion or 
transdifferentiation of hemopoetic or bone marrow stem cells into hepatocytes is not regarded 
clinically important 3, 4, 9, 13. 
The progenitor cell population, or progenitor cell compartment, is present in normal and dis-
eased liver. In normal liver, it consists of small, resident progenitor cells which are located in 
the finest branches of the biliary tree, the canals of Hering 19. In the diseased liver, the pro-
genitor cell compartment may proliferate and is then expanded by pathological structures 
called “ductular reactions” and intermediate sized hepatobiliary cells. The ductular reaction 
encompasses an epithelial component with a distinct trabecular or tubular structure, but also 
the complex of stroma, inflammatory cells and other structures of diverse systems all of which 
participate in this reactive lesion 19, 25.  This ductular reaction may be populated by small 
cholangiocytes/progenitor cells (<6micron) and by intermediate sized hepatobiliary cells lar-
ger than 6 microns in diameter but smaller than a mature hepatocyte. Ductular reaction should 
not be confused with ductal plate malformations, such as congenital hepatic fibrosis and poly-
cystic disease, as these are malformations and not reactive lesions 19. 
This is the first study to demonstrate the presence of hepatic progenitor cells in the normal fe-
line liver.  In a variety of liver diseases in the cat the regenerative and reparative response of 
the liver called ductular reaction (expansion of the progenitor cell compartment) is character-
ized by histology and immunohistochemistry. 
 
Materials and methods 
All samples were derived from feline tissues examined at the Faculty of Veterinary Medicine, 
Utrecht University, The Netherlands. Normal liver tissue (n=5 cats) was obtained from surplus 
material in research project with normal liver function and morphology. Based upon histologi-
cal evidence of ductular reaction in HE staining, liver specimens from thirteen cats with acute 
or chronic liver diseases were selected from the archives of the Department of Pathobiology. 
Liver samples had been offered as diagnostic biopsy material (n= 1) or were taken from cats 
submitted for postmortem investigation (n=12). Patients were referred between 1994 and 
2005. No tissue was taken purposely for the reported study. Projects were approved by the re-
sponsible ethical committees for the use of experimental animals and for use of client-owned 
animals according to Dutch legislation.  
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Table 1 Case summaries 
Cat Age Sex Breed Diagnosis location
No. (yrs) DR
1 0,5 m EDH normal liver -
2 0,5 m EDH normal liver -
3 0,5 m EDH normal liver -
4 0,5 m EDH normal liver -
5 0,5 m EDH normal liver -
6 0.5 m EDH acute fulminant hepatitis; slight neutrophilic cholangitis pa
7 0,5 m EDH acute fulminant hepatitis pa
8 0,5 x EDH acute fulminant hepatitis pa
9 0,5 f EDH acute fulminant hepatitis pa

10 0,5 m Somalian acute fulminant hepatitis, copper associated; slight neutrophilic cholangitis pa
11 2 m* Karthuizer acute hepatitis pa
12 x f Ragdoll hepatic lipidosis pa
13 3 f* EDH hepatic lipidosis pa
14 x x EDH hepatic lipidosis; slight centrilobular necrosis;  FIP pa
15 4 m* EDH hepatic lipidosis; slight centrilobular necrosis; slight neutrophilic cholangitis pa
16 10 f* EDH T-cel lymphoma; neutrophilic cholangitis s
17 2 m Abyssinian chronic hepatitis, copper associated s
18 10 f* EDH severe neutrophilic cholangitis po  

f = female; m = male; * = neutered; x = unknown 
EDH = European domestic shorthair; FIP = feline infectious peritonitis 
DR = ductular reaction; pa = parenchymal; s = septal; po = portal 
 
Table 2 Immunohistochemical reagents and methods 
Antibody Type Antigen retrieval Dilution Code Source
Anti- Cytokeratin-7 Monoclonal 40 min. Proteinase K . 1:25 OV-TL 12/30 Dako, Glostrup,

(Dako, Glostrup, Denmark) Denmark
Anti-Hepar1 Monoclonal Microwave (850W) 10 min. 1:50 OCH1E5 Dako, Glostrup,

in 10 mM Tris/ 1 mM EDTA pH 9.0 Denmark
cooled down: 10 min. at RT*

Anti-MRP2** Monoclonal Microwave (850W) 10 min. 1:20 M2III-6 Monosan, Uden, 
in 10 mM citrate pH 6.0 The Netherlands
cooled down: 10 min. at RT*  

* RT = room temperature; ** MRP2 = multidrug resistance associated protein-2 
 
 
Wedge biopsies and postmortem samples, taken within one hour after submission, were fixed 
in 10% neutral buffered formalin and routinely paraffin embedded. Sections (3 µm) were rou-
tinely stained with HE, van Gieson stain, the reticulin stain according to Gordon and Sweet, 
and in two cases the rubeanic acid stain for copper (cats 10 and 17). Histopathological diagno-
ses were based upon the criteria of the World Small Animal Veterinary Association 
(WSAVA) Liver Diseases and Pathology Research Group 2, 7, 8, 23, and are summarized in Ta-
ble 1. The used copper scoring method was as described previously for the dog 22. 
Immunohistochemical staining of normal and diseased livers was performed for Cytokeratin-7 
(CK7), Human Hepatocyte Marker-1 (Hepar1) and Multidrug Resistance Associated Protein-
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2/ ATP Binding Cassette C2 (MRP2). Antibody characteristics, manufacturer, dilution and an-
tigen retrieval methods are summarized in Table 2. Sections (3 µm) were mounted on poly-L 
lysine coated slides, were dried overnight at 50°C and stored at room temperature until use. 
Sections were deparaffinized and rehydrated with xylol for 5 minutes, rehydrated in graded al-
cohols and incubated in 0.3% H2O2 in methanol for 30 minutes to block endogenous peroxi-
dase activity. After rinsing in Tris buffered saline (TBS, for CK7) or phosphate buffered saline 
(PBS, for Hepar1 and MRP2), slides were subjected to antigen retrieval methods (Table 2), 
followed by incubation with normal goat serum (1:10) for 30 minutes to omit unspecific back-
ground staining. Consecutively, sections were incubated with the primary antibody at 4°C 
overnight in a humidified chamber. For CK7 the primary antibody dilution was supplemented 
with 1% bovine serum albumin. After washing, all slides were incubated with EnVision+ Sys-
tem- HRP Labeled Polymer Anti-mouse (Dako, Glostrup, Denmark) for 45 minutes. Color 
was developed with NovaRed (Vector Laboratories, Burlingame, CA) for CK7, or in 3-3′-
diaminobenzidine tetrahydrochloride (DAB; Sigma Chemicals, St Louis, MO) for Hepar1 and 
MRP2 antibody. Sections were counterstained with 10% Mayer's haematoxylin (Merck KgaA, 
Darmstadt, Germany), dehydrated and mounted with Eukitt (O. Kindler GmBH, Freiburg, 
Germany). Internal positive controls consisted of bile ducts for CK7, and mature hepatocytes 
for Hepar1 and MRP2. For negative control purposes, the primary antibody was replaced by a 
nonspecific antibody of the same isotype. 
 
Results 
Histology (HE, van Gieson, reticulin, rubeanic acid)  
In the normal liver each portal tract contained one or a few bile ductular cross-sections lined 
by cuboidal to cylindrical cholangiocytes, depending on duct size. The parenchyma did not 
contain any discernable bile ductular structures. In a variety of liver diseases, a ductular  reac-
tion pattern was present. Parenchymal ductular reaction was prominently present in cats with 
acute fulminant hepatitis. Here, ductular reaction consisted of small branching ductules, some-
times containing a small lumen, lined by small and intermediate sized cuboidal epithelial cells 
in the periportal areas (Fig.1). Ductules radiated variably deeply into the parenchyma, some-
times appearing as an isolated structure. Though this is often less obvious in HE staining, duc-
tular reaction with small radiating solid branches in the periportal parenchyma was present in 
severe hepatic lipidosis (Fig.2). Finally, a marked periportal parenchymal ductular reaction 
was seen in one cat with epitheliotropic malignant T-cell lymphoma, associated with moderate 
hepatocellular necrosis, and slight neutrophilic cholangitis (case 16, Fig.3). Septal ductular re-
action was prominently present in a cat with severe copper associated chronic hepatitis (case 
17). In this case regenerative nodules were separated by broad bands containing extensive 
ductular reaction, slight fibrosis, groups of heavily copper loaded intact hepatocytes, some  
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Fig.1 Acute fulminant hepatitis; cat 9. Reactive ductules extend from the portal tract (asterisk) into the necrotic par-
enchyma. Isolated ductules are present beyond the limits of the portal tract (arrow). Inset: mitotic figure in ductule. 
HE stain. Bar = 100 µm. Fig. 2 Hepatic lipidosis, cat 13. Extensive micro- and macrovesicular steatosis in all mature 
hepatocytes. Reactive ductules, mainly without a lumen, extend far into the parenchyma. HE stain. Bar = 100 µm. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Malignant epitheliotropic T-cell lymphoma, cat 16. Branching reactive ductules are present at the porto-
parenchymal interface. HE stain. Bar = 50 micron. Fig . 4 Normal feline liver, cat 4. Strong cytoplasmic staining 
(red) in mature cholangiocytes in the portal area. Few positive cells form a small ductular structure just beyond the 
limits of the portal area (arrow). This suggests the presence of progenitor cells in the canal of Hering. CK7 immu-
nolabeling, Mayer’s hematoxylin counterstain. Bar = 50 micron. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Hepatic lipidosis, cat 14. Small and intermediate sized positive cells (red) compose ductular reaction perpen-
dicular to preexisting bile duct (left top) which is compiled of small, diffusely positive cholangiocytes. The ductular 
reaction is composed of intermediate sized cells with a membranous staining pattern (arrowhead). On the edge of he-
patic cords, also larger intermediate sized cells appear which display less intense cytoplasmic reactivity (arrow). CK7 
immunolabeling, Mayer’s hematoxylin counterstain. Bar = 50 micron. Fig.6 Hepatic lipidosis, cat 13. Branching in-
terface reactive ductules in the hepatic parenchyma. Cytoplasmic CK7 reactivity (red) is present in small cells of a 
preexisting bile duct (arrowhead) and in intermediate cells of varying size (arrow at largest positive cell), which are 
dispersed between hepatocytes with extensive fatty change. CK7 immunolabeling, Mayer’s hematoxylin counterstain. 
Bar = 50 micron. 
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Fig. 7 Normal feline liver, cat 2. In all depicted periportally located hepatocytes a strong positive signal (brown) is 
present. All other cells are negative. Hepar1 immunolabeling, Mayer’s hematoxylin counterstain. Bar = 50 micron. 
Fig. 8 Hepatic lipidosis, cat 14. Epithelial cells in ductular reaction are negative (left top and centre), while larger, 
mature hepatocytes show intense granular cytoplasmic positivity. Hepar1 immunolabeling, Mayer’s hematoxylin 
counterstain. Bar = 50 micron.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9  Acute hepatitis, cat 11. Reactive ductules composed of small epithelial cells are dispersed between degener-
ated hepatocytes (asterisks). Few small, strongly positive (brown) epithelial cells are present (arrow) in the ductules. 
Hepar1 immunolabeling, Mayer’s hematoxylin counterstain. Bar = 20 micron. Fig. 10 Normal liver, cat 1 (P05 4718-
1). Hepatocellular bile canaliculicar membranes react positively (brown). Unapparent cytoplasmic background stain-
ing appears in hepatocytes, all other cells are negative. MRP2 immunolabeling, Mayer’s hematoxylin counterstain. 
Bar = 50 micron. 
 
 
  
 
hepatocellular necrosis and many copper-containing macrophages. The regenerative nodules 
only had slight copper accumulation in hepatocytes, particularly at the periphery of the nod-
ules. A moderate ductular reaction, restricted to the portal areas was present in one cat with 
severe neutrophilic cholangitis. In many cats rare mitotic figures were seen in the parenchymal 
ductular reaction (Fig.1; inset).  
The van Gieson stain as well as the reticulin stain revealed enhanced positivity in fibrous 
septa. 
In both tested cats (10 and 17) copper scores in the rubeanic acid staining were 4+. 
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Immunohistochemistry 
Cytokeratin-7 (CK7) 
In the normal liver bile ducts showed diffuse staining of the cholangiocytic cytoplasm. Also, 
few immediately periportally located small cells, which formed small groups or appeared as 
isolated cells reacted positively (Fig.4). Parenchymal ductular reaction displayed strong cyto-
plasmic positivity of small and intermediate sized cells (Figs.5,6). Furthermore, the intermedi-
ate cells featured a stronger membranous staining, fading away in the largest intermediate 
sized positive cells (Fig.5). Septal and portal ductular reaction present in a cat with chronic  
hepatitis (cat 17) and severe neutrophilic cholangitis (case 18) also reacted positively.  Here, 
ductular reaction was restricted solely to the septa, respectively to the portal areas and no in-
termediate cells were seen.  
 
Hepatocyte paraffin 1 (Hepar1) 
In the normal feline liver Hepar1 provoked strong granular cytoplasmic reactivity exclusively 
in mature hepatocytes (Fig.7). A few, either periportally or centrolobularly located individual 
hepatocytes displayed even more intense staining. In diseased livers, viable hepatocytes had 
granular, strongly positively staining cytoplasm (Fig.8). Most necrotic hepatocytes showed a 
less intense and more smoothly dispersed signal. Ductular reaction, whether parenchymal, 
septal or portal, showed no positive staining in general (Fig.8). However, in acute fulminant 
hepatitis, positively reacting small or intermediate sized cells in or directly adjacent to a ductu-
lar structure were incidentally seen (Fig.9). Besides, some staining of individual cholangio-
cytes in preexistent bile ducts was rarely observed in two cats (# 6 and 11).   
 
Multidrug Resistance- associated Protein-2/ ATP Binding Cassettte C2 (MRP2) 
In the normal liver exclusive linear staining at the canalicular hepatocellular membranes was 
present, consistent with the anatomical location of  bile canaliculi (Fig.10). Centrolobularly, 
the staining was more pronounced than periportally. Besides, slight background staining ap-
peared in the cytoplasm of the hepatocytes. In all sampled diseased livers necrotic hepatocytes 
were negative as well all reactive ductules, whether these were parenchymal, septal or portally 
located. Infrequently, a positive reaction was observed at the junction of ductular reaction and 
mature hepatocytes. 
 
Discussion 
The range of most important hepatobiliary diseases in cats includes cholangitis, hepatic lipido-
sis, and less frequent acute fulminant hepatitis, whereas chronic hepatitis/ cirrhosis is uncom-
mon 8. This is reflected in the selected cases, where compared to canine patients, a preponder-
ance of acute cases (n=11, out of 13 patients, see Table 1) is present. 
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In the normal feline liver Cytokeratin-7 (CK7) immunohistochemistry revealed positive bile 
ducts and highlighted small periportally located cells (Fig.4). Morphology and location of 
these CK7 positive cells were identical to resident hepatic progenitor cells located in the canal 
of Hering as described in man and dogs 6, 19. To the best of our knowledge, such putative he-
patic progenitor cells have never been reported in the cat.  
The term “ductular reaction” (DR) refers to a reaction of ductular phenotype, possibly, but not 
necessarily of (bile) ductular origin 19, as it can arise from either pre-existing cholangiocytes, 
progenitor cells or hepatocytes. Determination of the origin of the epithelial cells in ductules 
of the present cases was beyond the scope of this study, as it requires longitudinal studies and 
multiple markers. Therefore, we preferred the more neutral terminology of ductular reaction, 
above the older term reactive biliary hyperplasia.  
In man, dogs and rodents, the occurrence of DR in the parenchyma indicates impaired hepato-
cellular proliferation at times of demand of hepatic regeneration 10, 11, 15, 18, 20, 24. Our findings 
in the cat are in accordance to those in man, dogs and rodents 5, 6, 18, 21.  
The classical rodent “oval cell” proliferation is very easily provoked and is often dispersed 
throughout the lobules 5. Each case in the present study showed DR to some extent, because 
case selection was based upon the presence of DR in HE staining. Compared to rodent liver, 
the parenchymal ductular reaction in the cat was less extensively present. It varied markedly in 
extent and was located in the periportal parenchyma (Figs.1,2,3). This pattern more closely re-
sembled DR in man and dogs, where it appears less common (though still often) and less ex-
tensive than the rodent “oval cell” proliferation.  
The existence of intermediate sized cells positive for CK7 could indicate differentiation of 
progenitor cells into mature hepatocytes (Figs.5,6). However, as all studied cases were “snap-
shots” in time, dedifferentiation of hepatocytes into proliferating progenitor cells cannot be 
excluded 12, 18, 24.  Parenchymal ductular reaction in the cat was not only associated with mas-
sive hepatic necrosis (acute fulminant hepatitis) and lipidosis, but was also seen in a chronic 
case: epitheliotropic malignant T-cell lymphoma (cat 16). It should be noted that in the latter 
diseases, also some hepatocellular necrosis was present. Compared to other species, cats are 
very sensitive to hepatic lipidosis, which can be a sequel to relatively short anorectic periods, 
with and without any other underlying disease 2. The extensive ductular reaction found in cats 
with severe hepatic lipidosis indicates serious hepatocellular injury in these patients. In man 
and mice, hepatocellular replicative senescence in fatty liver disease has been attributed to 
oxidative stress 17, 24, 24.  
The CK7 staining of the bile ducts and the small cells of portal ductular reaction (cat 18) as 
well as the septal ductular reaction in chronic hepatitis (cat 17) is as described in other species 
(Figs.5,6) 6, 17, 21. The absence of any intermediate cells in the portal and septal ductular reac-
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tion in these cases might indicate that progenitor cell maturation is restricted by this setting 14, 

15.  
In the normal feline liver, staining for mature hepatocyte marker-1 (Hepar1) was restricted to 
mature hepatocytes (Fig.7). Ductular reaction in general appeared negative for Hepar1 (Fig.8). 
However, in some cats with acute fulminant hepatitis a solitary small epithelial in the wall of a 
reactive ductule was positive (Fig.9). These cells always were in close contact with the hepatic 
parenchyma and were located at the interface of ductules and mature hepatocytes. In our opin-
ion, this indicates hepatocellular commitment of the progenitor cells composing these reactive 
ductules. 
Excretion pump Multidrug Resistance-associated Protein-2 (MRP2) stained bile canalicular 
membranes in viable mature hepatocytes in both the normal feline liver and in diseased livers 
(Fig.10). As necrotic hepatocytes appeared negative, this marker could serve as a viability 
marker for hepatocytes. Hepar1 is unsuitable for that matter, due to the fact that necrotic hepa-
tocytes still do react to the antibody in immunohistochemistry. MRP2 has an important func-
tion in the biliary excretion of endogenous metabolites, as well as many exogenous com-
pounds 1. As these detoxification processes are usually concentrated in the centrolobular area, 
this could explain the immunohistochemical accentuation of MRP2 expression in this location. 
In this study, the putative progenitor cell compartment in the cat is identified by CK7 immu-
nohistochemistry, but not as such by mature hepatocyte markers Hepar1 and MRP2. In man 
and rodents, the progenitor cell compartment comprises several cell types, with transient ex-
pression of many different markers during proliferation and differentiation towards the hepa-
tocytic or cholangiocytic cell lineage 16, 20, 25. To the best of our knowledge, MRP2 never 
tested positive in progenitor cells of any species. In one recent study 25 Hepar1 tested positive 
in variably sized epithelial cells, admittedly at the end of the hepatocellular maturation, which 
is in line with the present findings in the cat. Double positivity with CK19 or NCAM, bile 
ductular and progenitor cell markers respectively, was never encountered 25. Therefore, to con-
firm the presence of the feline progenitor cell compartment further immunohistochemical 
characterization could include CK19 and NCAM, among others 16, 20. 
 In conclusion, this study shows that the feline liver exhibits a putative progenitor cell com-
partment which is morphologically very similar to that in the human liver. In the normal feline 
liver resting progenitor cells reside in the canal of Hering. Parenchymal ductular reaction is 
provoked in feline liver diseases with extensive parenchymal damage. These ductules show 
mitotic figures of small progenitor cells as well as differentiation into intermediate cell types. 
Portal ductular reaction remained restricted to the portal area, and did not contain intermediate 
cells. CK7 is a good progenitor cell marker in formalin fixed feline liver. MRP2 may serve as 
a marker for viable mature hepatocytes.  
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Summary  
The aim of this study was to assess different sampling techniques, fixation methods, and stor-
age procedures for canine liver tissue. Our objective was to minimize the necessary number of 
biopsies for molecular and histological research. Three biopsy techniques (wedge biopsy, 
Menghini, and True-cut), four storage media for retrieval of RNA (snap freezing, RNAlater, 
Boonfix, RLT-buffer), two RNA isolation procedures (Trizol and RNAeasy), and 3 different 
fixation protocols for histological studies (10%formaldehyde, RNAlater, Boonfix) were 
compared. Histological evaluation was based on routine Hematoxilin-Eosin (HE) and reticulin 
(fibrogenesis) staining, as well as the rubeanic acid and rhodanine stains for copper. Immuno-
histochemical evaluation was performed for cytokeratin-7 (CK-7), multidrug resistance bind-
ing protein-2 (MRP-2), canalicular membranes, and Hepar-1 .for hepatocytes.  
RNA quality was best guaranteed by the combination of a Menghini biopsy with NaCl, 
followed by RNAlater preservation and RNAeasy mini kit extraction. These results were 
confirmed by quantitative PCR testing. 
Reliable histological assessment of copper by rhodanine or rubeanic acid proved only possible 
in formalin fixed liver tissue. Reduction of the formalin fixation time to 1-4 hrs improved 
immunohistochemical reactivity and preservation of good morphology in small liver biopsies.  
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Introduction 
Expression profiling can be used for disease classification, predictions of clinical outcomes or 
the molecular dissection of affected pathways in hereditary or acquired diseases. Animal mod-
els for human diseases facilitate cause-effect studies under controlled conditions and allow 
comparison with untreated or healthy individuals. Especially the last can be an ethical or logis-
tical problem in human medicine. More than 300 genetic human disorders are described in 
dogs (http://www.ncbi.nlm.nih.gov/sites/entrez). Many of these diseases occur in one or just a 
few of around 400 dog breeds. Single gene diseases are easy to characterize in inbred dog 
populations, and research of complex diseases profits from the fact that dogs share the human 
environment. In addition to similarities between dogs and man with respect to physiology, 
pathobiology, and treatment response, research of breed-related canine behaviour, and pheno-
typic diversity is promising. Therefore dogs were advocated as a model animal in translational 
research [1]. Molecular genetic tools available for such comparable research between dogs and 
men include the in-depth sequencing of the complete dog genome [2, 3], a single-nucleotide 
polymorphism (SNP) data base, containing 2.5 million SNPs [4], and easy access to genetic 
information of several generations of dogs. In addition, the high degree of inbreeding, which 
founded the present dog breeds the last few hundreds years, further facilitates the investiga-
tions in inheritable gene defects [5-7]. Dog specific micro-arrays are available to perform 
functional genomic studies. This kind of high-throughput gene expression profiling requires 
the use of high quality mRNA. Likewise is the quality of mRNA of major impact on the reli-
ability of the results in quantitative RT-PCR (Q-PCR). So far the emphasis in canine molecu-
lar biology was put on the use of internal controls for proper Q-PCR measurements and subse-
quent data analysis [8-10]. However, little information is available that compares different 
methods of retrieval, isolation and storage of canine tissues for molecular research purposes. 
Especially liver, but also heart and jejunum, are difficult tissues for retrieval of high quality 
mRNA [11]. 
Liver biopsies, taken for medical and research purposes, are processed for histopathology in-
cluding immunohistochemistry and RNA and protein isolation. Since these diverse intentions 
require different fixation and storage methods, clinicians and researchers are often faced with 
a multitude of different vials, and fluids in order to retain biopsies. In addition, the applica-
tions of specific fixation protocols can be necessary, which might require additional training, 
time and sophisticated laboratory equipment. Such complexity of tissue handling can chal-
lenge the operating personnel, and therefore introduce mistakes, especially in the setup of a 
multi-centre study, where sampling procedures should be as straightforward as possible. 
Moreover, in small lesions or advanced diseases, the possibility for retrieval of several biop-
sies can be limited. 
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One study described the influence of the size of the biopsy needle in rat liver biopsies on the 
RNA quality in a subsequent micro-array expression study [12]. The aim of our study was to 
assess different sampling techniques (with the optimal needle size as described above), fixa-
tion methods, and storage procedures for canine liver tissue. Our objective was to optimize the 
use of a single liver biopsy, in order to minimize the number of necessary biopsies per patient, 
by evaluation of different methods for RNA isolation and fixation available in our laboratory. 
Two biopsy techniques were compared. RNA quality was assessed by use of a Bioanalyzer, 
measuring the stability of 18S and 28S rRNA. Histological evaluation of different fixation 
methods and fixation times was based on routine hematoxilin-eosin (HE) staining, in addition 
to the reticulin staining according to Gordon and Sweet  as well as the rubeanic acid and rho-
danine stains for copper. Immunohistochemical evaluation was performed for three different 
proteins at different (sub)cellular locations i.e. CK-7, MRP-2  and Hepar-1.  
 
Materials and methods 
Animals 
Projects and procedures were approved by the responsible ethical committees for the use of 
experimental animals and for use of client-owned animals according to Dutch legislation. 
Informed owner consent was obtained for all dogs. 
For this study, liver tissue was obtained from seven dogs. In addition two archival specimens 
were used as positive controls for staining during histologic examinations.  Prior to biopsy 
retrieval a medical history was obtained from all dogs, and a physical examination was per-
formed. From all client owned dogs, blood samples (Sodium-citrate) were taken for analysis 
of a coagulation profile, including prothrombin time (PT), activated partial thromboplastin 
time (aPTT) and fibrinogen. EDTA-blood was sampled for measurement of the platelet count.  
Surplus animals from orthopedic research revealed, histologically confirmed, healthy livers. 
These dogs were euthanized immediately prior to extirpation of the liver, using an overdose of 
pentobarbital via the cephalic vein.  
 
Liver biopsies 
Liver biopsies were taken according to the Menghini technique described by Rothuizen [13] 
and by use of an 16-gauge biopsy needle using an automatic biopsy devicea (biopsy gun). 
Liver biopsies retrieved by use of the Menghini technique were kept in physiologic saline 
solution (0.9% NaCl in sterile water, group Menghini NaCl) or sterile water (group Menghini 
water) until transfer into according preservatives. Liver biopsies retrieved with the True-cut 
gun were kept at room air until transfer into the different storage media. . 
After the biopsy was taken the retrieved material was either immediately processed further, or 
kept for 15 minutes, 20 minutes, 25 minutes and 30 minutes before further workup. Further 
processing included four methods: snap freezing and subsequent storage at minus 70°C, 
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transfer into a sterile 1.5ml vial containing 1ml of RNAlaterb, Boonfixc, or B-RLTd. Biopsies 
in these vials were kept at 4°C for 2 hrs, and later transferred to minus 20°C and minus 70 °C 
freezing for long-term storage (2 weeks to 18 months). Additional biopsies retrieved 
exclusively for histologic examinations were retrieved by the Menghini-NaCl method, and 
immediately deposited at room temperature (RT) per three in 6 ml containers filled with 10% 
neutral buffered formaldehyde (formalin). Wedge biopsies (1x1x1cm) were put in a larger 
container, containing at least 10 cm3 formalin. 
 
Isolation of RNA and reversed transcriptase. 
RNA isolation by means of the RNAeasy kite and Trizolf-mediated RNA isolation were 
performed according to the manufacturers instructions. 
RNA yields were quantified spectrophotometrically using the Nanodrop ND-1000g device and 
set to a 0.1 µg/µl concentration. The Agilent 2100 Bioanalyzerh was used as an independent 
technique to gain information about quantity and quality of the purified RNA. As a control a 
standard marker supplied by Agilent Technologies for quantity and quality was used. One 
microgram of each total RNA sample was used to synthesize cDNA with an Moloney Murine 
Leukemia Virus-derived reverse transcriptase according to manufacturer’s protocoli. After 
synthesis the cDNA samples were diluted two times. Details were described previously [14]. 
RNA quality was measured in two independent ways: By means of the A260/A280 ratio, 
which estimates the amount of protein contamination, and by means of the Bioanalyzer, which 
displays RNA Integrity Number (RIN-values) indicating the stability of 18S and 28S rRNA.  
Quantitative PCR. 
A SYBR Green based quantitative PCR was performed on a Bio-Rad My-IQ detection system 
as described previously [8]. PCR conditions and primer sequences can be retrieved from this 
previous study evaluating canine reference genes for accurate quantification of relative gene 
expressions [8]. 
 
Histology 
After the specified fixation times (1, 2, 3, 4, 5, 6, 7, 8, 24 hrs or 5 days), formalin was replaced 
by 70% ethanol until further processing. Boonfix fixation time varied: 2, 4 or 8 hrs. Tissues were 
immersed in RNAlater (8 hrs) and Boonfix (2, 4, 8 hrs). In addition, also a biopsy fixed in 
RNAlater or Boonfix was kept in a minus 20˚C freezer (as required for RNA/ DNA or protein 
isolation) prior to further processing. After the different fixation procedures and replacement of 
preservatives by ethanol all tissue samples of one individual animal were simultaneously 
dehydrated and paraffin embedded. Paraffin blocks were stored at 4°C until use. 
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Table 1 Animals 

animal# age sex breed remarks
1 1y 8m f Labrador retriever surplus tissue unrelated research
2 1y 8m m Labrador retriever surplus tissue unrelated research
3 1y 8m m Labrador retriever surplus tissue unrelated research
4 5y 10m f Labrador retriever surplus tissue unrelated research
5 3y m Beagle surplus tissue unrelated research
6 6y f* Labrador retriever patient, copper storage no hepatitis
7 2y f Mongrel surplus tissue unrelated research
8 1y m Beagle surplus tissue unrelated research
9 1y 6m m Dobermann Pinscher patient, copper related hepatitis  

 
Routine histology performed on 3 µm sections included HE (all animals save two controls), 
and reticulin staining according to Gordon and Sweet (5 dogs) Primary histological evaluation 
was based on the 24 hrs formalin fixed wedge biopsies. Two cases with known copper storage 
were also subjected to routine copper staining methods, i.e. rhodanine (dog #6, see (Table 1) 
and rubeanic acid (dogs #6 and #7) stains. Moreover, two enhancement methods of rubeanic 
acid staining were performed on sections of dog #6, by 1): washing the slides 5 min. in 10% 
neutral buffered formalin previous to rubeanic acid staining, or 2): after de-waxing, slides 
were placed face downwards over a beaker of HCl 37% for 15 min., followed by 15 min. wash 
in ethanol 90% and routine rubeanic acid staining served as positive copper control. The used 
copper scoring system was described previously [16]. 
Single immunohistochemical staining for CK-7 (all animals, save two controls #8 and #9), 
Hepar1 (dogs #5 and #6) and MRP2 (dogs #5 and #6) was performed as previously described 
[17, 18]. Formalin fixed (24 hrs) normal liver tissue of animal # 8 served as positive control 
for all antibodies.  
 
Results  
The A260/A280 ratios of all samples in this study were between 1.98 and 2.13, demonstrating 
that RNA purity was sufficient.  
RNA isolation: RNAeasy mini kit verus Trizol 
The RNAeasy mini kit isolation was compared to the Trizol mediated isolation protocol in 
RNAlater fixed Menghini biopsies. RNA-quality of RNA isolated with the RNAeasy mini kit 
was consistently superior (1 to 1.5 RIN-values higher) to RNA isolated with the Trizol method 
(Table 2). On the other hand, often the quantity of RNA isolated by the Trizol method was 2-5 
fold higher than the quantity obtained with the RNAeasy mini kit (data not shown). Results 
from assessment of RNA quality prompted us to restrict further comparisons of different RNA 
fixation protocols to RNA isolated with the RNAeasy mini kit.  
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Table 2 RIN-values after RNA isolation with RNAeasy mini kit or Trizol method 
RNAeasy Trizol

8,1 7,3
8,8 7,4
8,2 6,7  

Data of three independent representative isolations. Biopsy was taken with True-cut technique, RNA was stored in 
RNAlater. Independent samples were split and divided over the two isolation procedures. 
 
Table 3 RIN-values after RNA isolation with RNAeasy kit after different fixation protocols 

minus 70˚C Boonfix B-RLT RNA-later
True-cut (dry) 7,9 7 8,7 9,2

8,7 7,3 8,6 8,5
8,4 7,2 8,2 8,6

Blind biopsy (NaCl) 8,1 8,1 9,1 9,1
9,1 7,4 9,3 9,2
9 7,1 9 8,5  

 
Tissue storage for RNA isolation 
RNA quality was compared between four methods of biopsy fixation: snap-freezing, Boonfix, 
B-RLT medium, and RNAlater. Table 3 depicts a comparison for RNA quality after RNA 
isolation with the commercial RNAeasy mini kit. Three independent results per fixation 
protocol were measured combined with two different biopsy techniques (True-cut and blind 
biopsy). Snap-freezing, B-RLT, and RNAlater revealed RIN-values consistently within the 
range required for micro-array (equal to or higher then 8). RIN-values were between 7.9 and 
9.3. A slight tendency for higher RIN-values for blind biopsies compared to True-cut biopsies. 
Since the RNA isolated from liver tissue fixed in Boonfix had RIN-values below 8 (range 7.1-
8.1), we excluded Boonfix from further molecular analysis, yet a RIN-value of 7.0 is still 
considered valuable for Q-PCR testing.  
Biopsy technique 
RIN-values of True-cut derived RNA were slightly lower then biopsies retrieved by the 
Menghini technique. The difference in RIN-values was around 1. 
The effect of the solution used during the Menghini technique on RNA quality was evaluated 
in RNAlater preserved/ RNAeasy mini kit isolated material. The use of Menghini water was 
compared to Menghini NaCl. Biopsies for this comparison were retrieved from surplus tissue 
obtained from one research dog, allowing both measurements of RNA quality and quantity. 
The RNA yield of Menghini NaCl was more than 5 fold higher than Menghini water. The 
RNA quality however was comparable (RIN-values above 8). Comparison of RNA quality 
obtained from biopsies of patients revealed superior quality of Menghini NaCl biopsies 
compared to Menghini water sampling (RIN-values up to 8.8 compared to around RIN-values 
of 6 resp.). 
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Fixation time 
For liver tissue kept in RNAlater additional comparisons were made to reveal a possible 
influence of the time interval from biopsy retrieval to carry over to the preservative. Time lags 
of 15, 20, 25, and 30 minutes between biopsy retrieval with the Menghini NaCl method and 
complete enclosing of the biopsy with RNAlater did not affect RNA quality or quantity. 
In addition freezing of liver biopsies kept in RNAlater at minus 20 °C up to 18 months did not 
affect RNA quality or quantity. 
Gene expression 
The optimal number of reference genes for normalization for both Menghini biopsy 
techniques was determined using the GeNorm programj. The analysis was based on the 
following reference genes: beta-Actin, beta-2-Microglobulin, GAPDH, GUSB, HNRPH, 
RPL8, RPS19, and RPS5, as previously described [8]. This analysis was in favor for Menghini 
NaCl above Menghini water. As little as two to three reference genes (e.g. HPRT, GAPDH or 
a ribosomal gene product like RPS5 or RPS19) gave reliable quantitative data, where as five 
or more were needed for water based Menghini biopsies. Together, the RNA quality was best 
guaranteed by the combination of a Menghini biopsy with NaCl, followed by RNAlater 
preservation and RNAeasy mini kit extraction. 
 
Histology 
Three different fixation protocols designed for histological studies were compared. These 
fixations included 4% neutral buffered formaldehyde (formalin), Boonfix, and RNAlater fixed 
samples.  
Histological evaluation of 24 hrs formalin fixed wedge biopsies revealed normal liver 
histology in dogs #1-#4, and control dog #8. Dog #5 revealed chronic passive congestion with 
centrilobular hepatocellular atrophy and a severe non-specific reactive hepatitis. Dogs #6 and 
#7 showed normal hepatic architecture with moderate hepatocellular yellow-brown pigment 
granulation (copper) in zone III and II and in dispersed Kupffer cells. Hepatitis was not 
present. Positive copper control dog #9 had severe chronic active hepatitis with a copper score 
of 3+ (maximal copper accumulation).  
HE staining was consistent in all formalin fixed slides regardless of duration of the fixation, 
which varied from 1 hr to 5 days). There was well preserved tissue architecture, cellular 
morphology and detail (Fig.1). Delay of fixation by 30 min. storage in NaCl 0,9% did not sort 
any effect. In Boonfix preservative, independent of fixation time, the tissue was well 
conserved with mild cellular pronounciation, and a mildly enhanced eosinophilic cellular 
appearance of all cells save erythrocytes which manifested as non-reacting shadows (Fig.2). 
Pigmentation in hepatocytes and Kupffer cells was comparable to that seen after formalin 
fixation. Insufficient tissue preservation occurred centrally in the RNAlater fixed biopsies.  
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Fig. 1 Normal liver, dog #1, portal area and periportal parenchyma. The tissue architecture is well preserved, with 
good contrast and sufficient cellular morphology reflected in distinct cellular and nuclear membranes, and sufficient 
cytoplasmic details. Needle biopsy, 1 h formalin fixation, HE staining, bar 50 micron. Fig. 2 Normal liver, dog #5, 
portal area with bile duct (arrow) and periportal parenchyma. The tissue is well conserved, and there is mild cellular 
pronounciation and slightly enhanced eosinophilic appearance of all cells save erythrocytes. Needle biopsy, 8 hrs 
Boonfix fixation at room temperature, HE staining, bar 50 micron. 
 

 
Fig. 3 Normal liver, dog #5, portal area and periportal parenchyma. Insufficient conservation of tissue architecture 
in the central part of the biopsy, to the right hand side of the arrow, with ill defined cellular borders, strong 
eosinophilia and shrinkage of hepatocytes, pycnotic nuclei and artificially widened sinusoids. Needle biopsy, 8 hrs 
RNAlater fixation at room temperature, HE staining, bar 50 micron. Fig. 4 Copper related chronic active hepatitis, 
dog #9, parenchyma, control tissue. Many, intensely red staining copper granules appear in the cytoplasm of 
hepatocytes and Kupffer cells, and also an apoptotic body (arrow) is present. Wedge biopsy, 24 hrs formalin fixation, 
rhodanine staining, bar 50 micron. 
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Fig. 5 Liver with copper storage, dog #6, parenchyma. Intracytoplasmic copper granules stain yellow-brown to 
faintly red, therefore no reliable differentiation between copper and lipofuscin granules can be made. Needle biopsy, 
8 hrs formalin fixation, rhodanine staining, bar 50 micron. Fig. 6 Normal liver, dog #2, portal area and periportal 
parenchyma. Cholangiocytes in the portal tract (asterisk) display a strong signal (brown) in the cytoplasm with 
negligible aspecific background staining. Also, the parenchyma contains one small, isolated positive periportal cell 
(arrow), interpreted as a progenitor cell. Needle biopsy, 1 h formalin fixation, CK-7 immunohistochemistry, bar 20 
micron. 
 

 
Fig. 7 Normal liver, dog #5, portal area and periportal parenchyma. All hepatocytes feature strong cytoplasmic 
reactivity, all other cells are negative. Needle biopsy, 1 h formalin fixation, Hepar1 immunostaining, bar 50 micron. 
Fig.8 Normal liver, dog #8, parenchyma, control tissue. Strong signal (brown) is elicited along the canalicular 
membranes of all hepatocytes, insignificant background staining. Wedge biopsy, 24 hrs formalin fixation, MRP-2 
immunostaining, bar 20 micron. 
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Here, cellular borders were ill-defined accompanied by strong eosinophilia and shrinkage of 
hepatocytes with condensed nuclear chromatin (pycnotic nuclei) and widened sinusoids also 
containing cells with pycnotic nuclei (Fig.3). In the well preserved periphery of the biopsy, 
pigment granules (ceroid/ lipofuscin) in hepatocytes and Kupffer cells appeared similar as in 
formalin fixation. Storage in minus 20°C did not alter the appearance for Boonfix or RNAlater 
treated tissue sections. Reticulin staining accentuated the interstitial reticulin fibres strongly 
and uniformly in all formalin fixed slides, irrespective of the duration of fixation or delay of 
fixation by storage for 30 min in 0.9% NaCl. Boonfix treated slides stained similarly. In 
RNAlater, histomorphologic changes in the central core were as described above. In the well 
preserved periphery of the sections reticulin fibers stained strongly.  
 
Copper staining 
Rhodanine stained wedge biopsies of copper related hepatitis (dog #9) displayed intensely 
stained red copper granules in the hepatocellular cytoplasm and Kupffer cells. However, in 
formalin fixed and RNAlater treated Menghini biopsies (dog #6) copper granules stained 
yellow-brown to faintly red, so no reliable differentiation with lipofuscin pigment was 
achievable. Boonfix treated biopsies exhibited only yellowish copper granules.  
In standard rubeanic acid staining many positive black copper granules were present in the 
hepatocellular cytoplasm and in Kupffer cells of the positive formalin fixed control wedge 
biopsy (dog #9) (Fig. 4). Copper granules in the biopsies of dog #6 stained positive (black) in 
formalin fixation, but appeared yellowish in both Boonfix (Fig.5) and RNAlater treated 
sections, thus differentiation with lipofuscin granules was not possible. Previous washing in 
formalin did not change the appearance of the positive control or of the specimens of dog #6. 
However, previous treatment with HCl rendered all tested sections negative, including the 
positive control. 
 
CK-7 
Formalin fixed sections showed specific brown, granular cytoplasmic staining of cholangio-
cytes and periportal progenitor cells with negligible background staining, comparable to 
previous canine studies [17,18] (Fig.6). Strongest intensity appeared centrally in the 24 hrs 
fixed wedge biopsy, with a prominent decrease of signal to the periphery of the section. 
Menghini needle biopsies showed the strongest and most consistent signal up to 3 hrs of 
formalin fixation. With longer fixation, the signal decreased, but remained present up to 5 
days of formalin fixation. Delay of fixation by immersion for 30 min. in 0.9% NaCl 
diminished the signal significantly. Boonfix treated slides varied within slides from negative 
to positive independent of fixation time and also showed increased background staining when 
compared to formalin fixed tissue. After 8 hrs storage in -20˚C no reactivity was left. A strong 
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signal was present in the well preserved areas of RNAlater conserved specimens, with 
extension of background reactivity to all hepatocytes. Storage in minus 20˚C did not change 
reactivity. 
 
Hepar1 
Independent from fixation time or the 30 minutes delay of fixation, formalin fixed slides 
stained for Hepar1 rendered strong to very strong granular cytoplasmic staining in all 
hepatocytes and occasionally some background reactivity on blood plasma (Fig.7). However, 
8 hrs formalin fixed biopsies displayed an irregularly dispersed signal throughout the slide, 
while the biopsy fixed over 5 days reacted as the biopsies fixed up to 4 hrs. The control tissue 
block of dog #8 revealed strongly increased reactivity in individual periportal hepatocytes, 
which was less obvious in the Menghini biopsies (Fig.7). Both Boonfix and RNAlater fixed 
specimens, also after minus 20˚C storage, showed a strong  signal in the  periphery of the 
biopsy, but reacted very poorly in the centre.    
 
MRP-2 
In 24 hrs formalin fixation, the positive control wedge biopsy exhibited a strong brown signal 
along the canalicular membranes of all hepatocytes for MRP-2, with negligible background 
staining (Fig.8). Increase in fixation time up to 5 days significantly decreased reactivity in a 
wedge biopsy. Menghini biopsies fixed from 1 h up to 5 days generally proved negative, with 
some faint signal at 4 hrs. All Boonfix treated specimens were negative. RNAlater preserved 
specimens had a moderate to strong signal at the periphery of the biopsy, unless stored at 
minus 20˚ after which no signal was present.  
 
Discussion 
In search for an easy-to-use method to acquire, fix and store canine liver biopsies, we used the 
stability of 18S and 28S rRNA as markers for totalRNA and mRNA stability. Histological 
evaluation was based on HE, reticulin, rhodanine, rubeanic staining and three different 
immunostainings.  
RNA quality was best guaranteed by the combination of a Menghini biopsy with NaCl, 
followed by RNAlater preservation and RNAeasy mini kit extraction. Under optimal biopsy 
conditions (as was the case for the surplus dog used to compare Menghini NaCl and Menghini 
water in one single dog), no differences in RIN-values between the two techniques were 
observed. Whether this reflects the fact that exactly the same liver was used, or whether time 
delay between the biopsy and the actual RNAlater storage as usually occurs under clinical 
situations causes this difference remains unknown. In favor for the first explanation accounts 
that in the clinical setting the difference was consistent over a large number of biopsies. The 
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evaluation of the optimal number of reference genes needed to obtain reliable data 
strengthened the observation that the combination of a Menghini NaCl biopsy followed by 
RNAlater preservation and an RNAeasy mini kit extraction yield optimal quality canine liver 
biopsies. The size of the biopsy needle used in this study was based on a previous study on rat 
liver biopsy techniques, and turned out to be an optimal balance between quantity and quality 
of the biopsy and the health risks for the animal [12]. This approach of RNA retrieval proved 
to be a rapid and feasible method for storage for further molecular analysis, and is in 
agreement with the findings of others for yeast, human renal and uterine myometrial tissues 
[19-21]. The quality of the obtained RNA in our approach was feasible for micro-array 
analysis, which requires the highest possible RNA quality, preferential a RIN value above 8.0. 
Unfortunately our results show that optimal RNA stabilization was only achieved with media 
that were unsuitable for histology or immunohistochemistry. HE-staining, and reticulin 
staining turned out to be insufficiently discriminative in RNAlater. Furthermore for the 
antibodies tested either the background staining was too high or central staining appeared very 
poor. The best fixative for immunohistochemistry was formalin fixation which was replaced 
by ethanol after a relatively short fixation period of 2-4 hrs.  
The quantity of RNA isolated by use of the Trizol method was 2-5 fold higher than the 
quantity obtained with the RNAeasy mini kit. However, since the initial amount of liver tissue 
was not standardized by us, such comparison of yields can be misleading. A more reliable 
comparison of results from assessment of RNA quality prompted us to restrict further 
comparisons of different RNA fixation protocols to RNA isolated with the RNAeasy mini kit.  
 
In our experience staining artefacts more frequently occur in small formalin fixed paraffin 
embedded biopsies. We hypothesized that in the relatively small biopsies overfixation could 
easily occur. Therefore an effect of the duration of formalin fixation was assessed with 
subsequent immunohistochemical evaluation of antibodies to proteins at three different (sub)-
cellular locations in addition to routine histological staining methods. 
Differences of the immunohistochemical reactivity for all three antibodies were found 
between wedge biopsies and the smaller Menghini tissue samples in this study (Fig.7). The 
observation was most pronounced in MRP-2 stained slides where only a very weak signal was 
evoked in the smaller biopsies. In addition prolonged fixation in formalin caused a signal 
reduction for CK-7, but did not affect routine HE and reticulin staining (Fig.1). The difference 
is most likely due to changes in epitopes required for immunohistochemistry, but less for 
routine HE and reticulin staining  
Indications for possible overfixation by formalin were present in CK-7 and possibly in MRP2 
staining. Signal reduction in CK-7 stained biopsies was associated with increased fixation time 
and was also present in the periphery of wedge biopsies (24 hrs and 5 days fixation). In both 
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situations, prolonged exposure to formalin could explain epitope masking due to protein cross 
linking of the tissues antigens. Consequently, this antigen masking could result in decreased 
antigen-antibody reactivity. Occurrence and intensity of this effect will vary per antibody as 
not all epitopes will be affected similarly [22].  
Formalin fixation proved necessary for assessment of copper accumulation in liver tissue. 
Routine rubeanic acid staining was sufficient in a wedge biopsy (24 hrs) as well as in a 
Menghini biopsy (8 hrs). Reliable rhodanine staining was limited to a wedge biopsy only. 
RNAlater or Boonfix treated slides did not produce a sufficient signal in any of the 
investigated copper stains. Interestingly, previous exposure to HCl damp in rubeanic acid 
staining, as was suggested to enhance copper staining [22], completely inhibited the signal in 
all slides and therefore proved to be ineffective.  
As all tested (immuno)histological methods were optimized for use in formalin fixed (24 hrs) 
wedge biopsy specimens, these slides were used as “golden standard” in this study. Boonfix 
and RNAlater treated specimens generally evoked less intense reactivity, but they might 
perform better in a study where the protocols are tailor-made to these fixatives. Therefore, 
within the limitations of this study, Boonfix fixation gave good morphology and results in 
routine HE and reticulin staining (Fig.2), but proved inadequate for copper evaluation 
(irrespective of fixation time) and was suboptimal for the tested immunohistochemical 
staining methods.  RNAlater fixation yielded poor morphology in routine histology (Fig.3) as 
well as in immunohistochemistry. Most likely, these shortages in morphological evaluation of 
RNAlater treated specimens were related to insufficient tissue fixation.  
Storage in minus 20˚ for Boonfix and RNAlater, as required for molecular purposes, 
significantly worsened tissue morphology. Reliable evaluation of copper storage by rhodanine 
or rubeanic acid was only possible in formalin fixed liver tissue, and the reduction of the 
formalin fixation time to 1-4 hrs improved immunohistochemical reactivity in the biopsies. 
Although Boonfix could be used for immunohistochemical evaluation in liver biopsies, 
formalin fixation (1-4 hrs) replaced by 70% ethanol still proved superior. RNAlater was not 
suitable for any tested histomorphological application. These differences were likely related to 
the composition of the different preservatives. However, Boonfix and RNAlater were of pat-
ented, thus largely unknown, composition. Therefore, the mechanistic background of these 
characteristics remains unclear. 
 
Summarized, in the search to decrease the number of biopsies needed for molecular and 
immunohistochemical analysis, it turned out that at least two biopsies are needed. Since both 
biopsies can be dispersed in relatively non-toxic liquid preservatives, this combination can 
easily provide researchers with material for high throughput expression analysis. Moreover it 
nicely resembles the sample preparation protocols that are commonly used in clinics today. 
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Since biopsies fixed in either RNAlater or formalin (replaced by ethanol within 4 hrs), remain 
stable at room temperature, transport is easy from the clinical situation to the research facility 
for further processing as well as prolonged storage. 
Results of our study showed that a reduction of the formalin fixation time to 1 to 4 hrs will 
generally reduce formalin induced reduced staining and staining artifacts. Therefore, any 
extension of the formalin fixation period should be discouraged when immunohistochemistry 
is considered.     
In view of the large similarities between human and canine liver diseases [14]), it is 
conceivable that the protocols described here can be easily translated into the human 
biomedical field. Consequently, unique and rare human liver biopsies can be obtained, stored 
and subsequently handled without loss of information.  
 
a Pro-Mag Ultra Automatic Biopsy Instrument, Manan Medical Products, PBN Medicals, Stenløse, Denmark. (22-mm 
stroke, serial no. 6527) 
b RNAlater, Applied Biosystems, Nieuwerkerk a/d lJssel , The Netherlands 
c Boonfix, Finetec. CO., Ltd. Tokyo, 183-0044 Japan 
d RLT-buffer, QIAGEN, 5911 KJ Venlo, The Netherlands Wodt de afkorting RLT niet toegelicht door de fabrikant? 
e RNAeasy mini kit, QIAGEN, 5911 KJ Venlo, The Netherlands 
f Trizol, Invitrogen BV De Schelp 26 9351 NV Leek, The Netherlands 
g Nanodrop, Isogen Life Science, IJsselstein, the Netherlands 
h Bioanalyzer, Agilent Technologies Netherlands B.V., Amstelveen, the Netherlands 
i iScript cDNA synthesis kit, Bio-rad, Veenendaal, the Netherlands 
j http://medgen.ugent.be/~jvdesomp/genorm 
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Dogs, cats and liver tissue repair 
In this thesis we focus on liver tissue repair processes in canine and feline hepatitis. Though 
liver disease is certainly not restricted to companion animals, the main proportion of veteri-
nary hepatology patients submitted for therapy consist of dogs, and fewer cats. In contrast to 
husbandry, for companion animals not only economical but also social-emotional arguments 
are of importance and thus these animals are more easily submitted for therapy. Important and 
interesting liver diseases in other domestic animals include e.g. pyrrolizidine alkaloid poison-
ing from Senecio spp. (common groundsel/ tansy ragwort) in horses, hepatitis dietica (Sele-
nium/ vit.E deficiency) in pigs, Rift valley fever, hydatid liver disease (Echinococcus sp.) and 
fasciolasis/ distomiasis (liver flukes) in ruminants or Leptospirosis in many animal species19. 
A large proportion of canine liver disease consists of acute fulminant or chronic hepatitis, gen-
erally of unknown origin (idiopathic), whereas in cats, cholangitis and acute hepatitis occurs 
relatively more often (see general introduction). Meanwhile, the importance of other liver dis-
eases such as portosystemic shunting, primary portal vein hypoplasia or tumors should not be 
underestimated. 
 
Hepatitis is diagnosed histologically on 3 µm sections stained with haematoxylin and eosin 
(HE). In this thesis, the standard criteria for hepatitis were followed 7. In veterinary hepatology 
this always includes hepatocellular cell death: necrosis and/or apoptosis, and an inflammatory 
infiltrate varying in type and extent16. Furthermore, acute hepatitis (AH) sometimes features 
regeneration, whereas chronic hepatitis (CH) always implies regeneration and fibrosis. Fibro-
sis, a detectable deposit of extracellular matrix 2, can develop into cirrhosis, which has a poor 
prognosis. Lobular dissecting hepatitis (LDH) is a special form of cirrhosis typically occurring 
in younger dogs 16, 20. LDH has an even fiercer clinical course which rapidly progresses to a 
fatal outcome. To date, it is unknown which factors determine the LDH reaction pattern versus 
the pathogenesis of “normal” cirrhosis.  New insight regarding this clinical difference arose 
from this thesis (discussed below). 
 
To overcome insults like hepatitis, the liver has an almost mythically large, though not infi-
nite, regenerative capacity 12. However, when liver regeneration is charged too heavily, clini-
cal symptoms develop. Dogs and cats with hepatitis present with apathy, anorexia, vomiting 
and/or jaundice and in cases of chronic hepatitis often with signs of liver decompensation such 
as ascites and hepatic encephalopathy. The presence of liver disease can be confirmed by find-
ing high levels of serum alkaline phosphatase (AP), alanine aminotransferase (ALT) and/or 
bile acids. Unfortunately, therapeutical options are limited. Based on a better understanding of 
the underlying reaction pattern of tissue repair in the liver we hope to be able to develop new 
therapies. 
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Moreover, the liver is a very interesting model organ for tissue repair in general. In contrast to 
most other organs, disease progress and associated tissue repair attempts can be monitored 
relatively easily by needle biopsies. The liver is easily accessible by its location and its size. 
Furthermore, due to its functional organization and large regenerative capacity performing 
needle biopsies does not inflict any organ dysfunction and in the absence of blood clotting 
disorders it is a safe procedure. 
 
Study design 
In order to benefit from our large, 25 year spanning paraffin archive, we studied mainly for-
malin fixed paraffin embedded liver specimens. This enabled us to pick representative samples 
of any disease group, and also to form groups of interesting disease entities which are less of-
ten diagnosed, such as lobular dissecting hepatitis, without waiting for years to collect a suffi-
cient amount of samples. Moreover, we were primarily interested in the complex interactions 
of cells, matrix and signaling factors as they occur in real-life patients submitted to the clinic, 
and the large majority of our archival samples, stored in paraffin blocks, is obtained from 
similar patients. Besides, morphology of formalin fixed, paraffin embedded tissue is excellent. 
A disadvantage of using this archival material is the sampling variability regarding time be-
tween decease of the animal and sampling, variation in cooling of the body after death until 
sampling and duration of formalin fixation. However, these circumstances realistically cov-
ered the medical approach of the patient population of interest. On the other hand, immunohis-
tochemistry on frozen samples would not be hampered by formalin-fixation artifacts and time-
consuming epitope-unmasking strategies. Nevertheless, the very limited availability of frozen 
patient archival material and its lower morphological quality were the basis to choose almost 
exclusively for formalin-fixed samples. 
 
Identification of cell types 
Liver tissue is composed of many cell types which coordinately safeguard hepatic functions. 
In this study, several key cell types regarding fibrosis and regeneration were identified immu-
nohistochemically: hepatocytes (chapter 3 and 6), cholangiocytes (chapter 3 and 6), fibroblasts 
including hepatic stellate cells (chapter 2 and 5) and progenitor cells (chapter 3, 5 and 6). 
Staining results were always related to normal liver tissue, and canine progenitor cells were 
compared to their human counterparts. Immunohistochemical results are summarized in Table 
1. 
 
Hepatocytes 
Hepatocytes in dogs and cats were uniquely identified by human hepatocyte marker (Hepar1) 
in the cytoplasm and Multidrug Resistance Binding Protein-2/ ATP Binding Cassette C2 
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(MRP2) staining in the bile canalicular membrane (chapter 3 and 6). Also, Breast Cancer Re-
sistance Protein/ ATP binding cassette G2 (BCRP) was positive in hepatocytes (chapter 3), as 
in man, but in contrast to rat 21. 
 
Cholangiocytes 
Cholangiocytes were positive for cytokeratin-7 (CK7), but not uniquely as the progenitor cell 
compartment also stained CK7 positive (chapter 3 and 6). Therefore, identification of cholan-
giocytes always includes combination of cellular morphology (form, size) and location. 
 
Myofibroblasts 
Activated fibroblasts which develop myofibroblastic characteristics play an essential role in 
hepatic fibrogenesis. They comprise three subpopulations: 1) portal or septal myofibroblasts, 
2) interface myofibroblasts and 3) the perisinusoidally located hepatic stellate cells (HSCs) 3. 
In chapter 2, we identified markers for myofibroblasts (MFs) in the normal canine liver, in 
chapter 5 we studied staining characteristics of activated MFs and HSCs in chronic hepatitis in 
the dog. Antibodies to alpha-smooth muscle actin (α-SMA), muscle-specific actin clone 
HHF35 (HHF35) and to a lesser extent desmin were useful markers for the canine MF in nor-
mal canine liver, in formalin fixed, paraffin embedded samples. Furthermore, vimentin proved 
less useful for this purpose, due to the generally negative staining of HSCs, in contrast to other  
 
Table 1 Immunohistochemical results in the dog, per cell type. (Formalin-fixed tissue, except *: frozen tissue) 

differentiated progenitor MF
antibody Hep chol N liver DR intermed. quiescent active
Hepar1 + - - - - - -
MRP2 + - - - - - nt
BCRP * + + + + + - -
CK7 - + + + + - -
α-SMA - - - - - + +
HHF35 - - - - - + nt
Desmin - - - - - + nt
Vimentin - - - - - +/- nt
Syn.ph. - - - nt nt - -*
GFAP - - - nt nt - -*
NCAM - - - nt nt - -*  

Legend to Table 1: 
+ positive; - negative; nt = not tested in this thesis 
Progenitor = progenitor cell compartment; MF = myofibroblasts; Hep = hepatocyte; chol = cholangiocyte; N liver = 
normal liver; DR = ductular reaction; intermed = intermediate hepatobiliary cell; Hepar1 = human hepatocyte 
marker1; MRP2 = multidrug resistance protein2/ ATP binding cassette C2; BCRP = breast cancer resistance pro-
tein/ ATP binding cassette G2; CK7 = cytokeratin-7; α-SMA = alpha smooth muscle actin; HHF35 = muscle specific 
actin clone HHF35; syn.ph .= synaptophysin; GFAP = glial fibrillar acidic protein; NCAM = neural cell adhesion 
marker. 
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MFs. Finally, neural crest markers synaptophysin, glial fibrillar acidic protein (GFAP) and 
neural cell adhesion marker (NCAM) did not seem suitable for marking of canine HSCs under 
the studied conditions (formalin fixated, paraffin embedded material).  
The positivity of HSCs for α-SMA and HHF35 in the normal canine liver may eventually re-
flect a more active regulation of hepatic sinusoidal flow by these HSCs compared to other 
species. Possibly, the vanishing of this active α-SMA vascular tone in shock allows the stasis 
of a relative large blood volume in shock. This may explain the fact that in the dog, the liver is 
a so-called “shock” organ. 
In canine livers with chronic hepatitis associated with fibrosis we found that activated HSCs 
and other MFs proved to contribute to fibrosis, which is in agreement with findings in rat and 
man3. In fibrotic livers HSCs and other MFs showed dramatically increased α-SMA expres-
sion. Thus, activation of MF/HSCs was not indicated by the presence of α-SMA expression as 
such, but by the considerable increase in α-SMA production in diseased livers. Also, α-SMA 
expression increased with the stage of fibrosis. In the dog morphological changes or functional 
changes such as increased cell size, loss of lipid vacuoles and enhanced production of TGF-β 
and other substances assist to discriminate between a quiescent and activated phenotype of he-
patic MFs. 

Progenitor cells 
When hepatocytes are not severely injured, like in the classical experimental model of partial 
hepatectomy, liver regeneration starts with a wave of mitoses of hepatocytes12. However, 
when hepatocellular replication is impaired, as occurs in acute fulminant hepatitis or severe 
liver fibrosis, the hepatic progenitor compartment becomes of vital importance in liver regen-
eration 15, 18. In chapter 3, 5 and 6, the progenitor cell compartment of dogs and cats was inves-
tigated (immuno)histochemically. In dogs and cats the normal liver showed a similar mor-
phology and immunohistochemical reaction of the progenitor cell compartment as in man. 
Also a comparable ductular reaction with respect to amount, location and immunohistochem-
istry was observed in canine and human acute and chronic hepatitis. Cytokeratin-7 (CK7) was 
a good marker for canine and feline progenitor cells, though cholangiocytes were positive as 
well. The presence of feline intermediate hepatobiliary cells was confirmed by CK7 staining 
in various liver diseases (chapter 6). In the dog intermediate hepatobiliary cells were identified 
in acute and chronic hepatitis with CK7 (chapter 3). Between man and dog a similar increase 
in size of the progenitor cells was observed when they were differentiating towards the hepa-
tocellular lineage, combined with a gradual decrease in CK7 expression of intermediate cells. 
MRP2 positivity of intermediate cells was suspected in acute and chronic hepatitis (chapter 3). 
Hepatocellular differentiation of intermediate cells could not be confirmed by staining for 
Hepar1 or MRP2 in both cats and dogs. The anti-BCRP antibody yielded identical results in 
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both human and canine progenitor cells and hepatocytes (chapter 3). The classical rodent 
“oval cell” proliferation is very easily provoked and is often dispersed throughout the lobules. 
Compared to rodent liver, the parenchymal ductular reaction in the dog and cat was less exten-
sively present. This pattern more closely resembled the human progenitor cell compartment, 
where it appears less common (though still often) and less extensive than the rodent “oval 
cell” proliferation. 
These findings underline the similarities between canine and human liver reaction patterns, 
and thus offer mutual advantage of research in human and canine spontaneous liver diseases. 
Interestingly, feline hepatic lipidosis may be a spontaneous animal model for human fatty liver 
disease (non-alcoholic steato-hepatitis, NASH) where oxidative stress leads by hepatocellular 
replicative senescence to similarly extensive progenitor cell proliferation in the liver 14, 22. 
 
HGF/TGF-β balance 
Hepatocyte growth factor (HGF) and transforming growth factor β (TGF-β) are two major fac-
tors determining the outcome of hepatic tissue repair triggering hepatocellular replication and 
fibrosis, respectively1, 12. In chapter 4 we investigated the immunohistochemical localization 
of HGF, HGF receptor (c-Met) and TGF-β-receptor1 (TGF-β-R1) in spontaneous canine hepa-
titis, and compared it to previously determined associated mRNA and protein expression lev-
els in comparable canine patient groups. Unfortunately, reliable immunohistochemical stain-
ing results for TGF-β could not be obtained. Formalin fixed, paraffin embedded archival liver 
specimens of dogs with acute hepatitis (AH), chronic hepatitis/ cirrhosis (CH), and lobular 
dissecting hepatitis (LDH) were used and compared with normal liver tissue. In our canine pa-
tient material, absolute HGF availability did not seem the limiting factor in hepatic regenera-
tion. In AH, upregulation of HGF expression by hepatic stellate cells was restricted to loca-
tions adjacent to necrotic areas. Most likely, TGF-β derived from damaged hepatocytes and 
Kupffer cells 1,8 at the primary site of injury played a paracrine role in this upregulation. All 
reactive ductules (proliferating progenitor cells) showed similar mitogenic stimulation as evi-
denced by their HGF/c-Met positivity. Likely, septal reactive ductules were restrained from 
further differentiation by TGF-β signaling from encompassing TGF-β-R1 positive mesenchy-
mal cells. Finally, immunohistochemical results regarding HGF, c-Met or TGF-β-R1 reactivity 
of LDH closely mimicked the findings in interface locations of CH. The structure of the newly 
formed connective tissue in LDH also mimicked the loose structure of the interface location in 
CH, where the inflammatory process usually is more active than in cell-poor fibrotic septa. 
The diffuse presence of this active phenotype in LDH could possibly explain the rapidly pro-
gressive fatal course of LDH compared to CH. 
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Extracellular matrix 
During fibrosis, the extracellular matrix (ECM) is continuously remodeled and increases in 
volume due to the production of various proteins, including shifts in the local balance of ma-
trix metalloproteinases (MMPs) and tissue inhibitors of MMP (TIMPs, see general introduc-
tion)2. In chapter 5, we studied the distribution of the ECM protein tenascin-C (TN-C) which 
is highly upregulated in tissue repair processes, but no data regarding the dog were present to 
date. Its correlation with the necro-inflammatory activity and expression of α-SMA, CK7 and 
CD3+ T-lymphocytes in canine chronic hepatitis is reported. Patient groups included LDH and 
CH and were compared to livers from normal dogs. In normal liver, TN-C was localized in 
Disse’s space and surrounded bile ducts and blood vessels. In the diseased livers, TN-C 
proved to be upregulated, which is in line with other species. The distribution patterns differed 
between the CH and LDH cases. In CH, TN-C was present at the periphery of the regenerating 
nodules and was conspicuous in the bridging fibrous bands. In LDH, TN-C was diffusely dis-
tributed along the reticular fibers that crossed over between single cells or groups of hepato-
cytes. 
The presence and interpretation of α-SMA and CK7 results were already discussed in relation 
to the identification of cell types. The distribution pattern of CD3+ lymphocytes was inversely 
proportional to that of TN-C. This is consistent with other studies, where the mutually oppos-
ing effects of TN-C expression on T-cell activation were described 5, 6, 17. These results under-
line the active role of TN-C specifically, and ECM proteins in general in the tissue repair re-
sponse. 
In our study there was no difference in TN-C, CK7, and CD3 expression between the CH and 
LDH groups. These results showed that TN-C expression strongly correlated with increased 
fibrotic stage, inflammatory activity, and expression of CK7 and α-SMA. 
 
Interestingly, the TN-C distribution in LDH and CH matched the distribution of the active in-
terface phenotype which was also accentuated by the presence of activated α-SMA positive 
MFs, and HGF, c-Met and TGF-β-R1 reactivity. As already suggested, the widespread pres-
ence of this active phenotype may account for the fierce clinical course of LDH. Possibly, TN-
C staining combined with α-SMA could be useful to asses the type or activity of the fibrosing 
process, and HSC activation, respectively. At sites (as seen in CH) with enhanced ECM turn-
over, the disease process is active, with generally a poorer prognosis when widely present (as 
seen in LDH). However, we expect that this activity also implies potential reversibility of fi-
brosis 4, 9, 10, thus an indication of fibrosis activity may predict potential therapeutical accessi-
bility and success rate. 
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Fixation 
During the course of testing of several antibodies a significant difference in staining character-
istics occurred between identically fixed needle biopsies and larger tissue sections (unfortu-
nately these kind of important results are hard to publish). We hypothesized that in the rela-
tively small biopsies strong formalin-induced epitope masking could occur, resulting from 
over-fixation. As combined analysis of molecular data and (immuno)histochemistry is much 
more powerful than application of either single survey, we tried to establish a fixation protocol 
for combined histological and molecular studies of liver biopsies (chapter 7). 
To optimize the use of a single liver biopsy and to minimize the number of biopsies per animal 
we evaluated different fixation- and RNA isolation methods available in our laboratory. 
Moreover, a simplified protocol could reduce sampling variability between institutions and 
enable first-line clinics to participate in studies. This could help to increase the amount of 
samples in tissue banks. 
Evaluated preservatives for histology included formalin with different fixation times, Boonfix, 
RNA-later and snap-freezing. Boonfix is a fixative of patented, thus unknown, composition, 
but free of formalin and based on ethyl alcohol and polyethylene glycol. It is supposed to be 
good for (immuno)histochemical and molecular studies. RNA-later, also of patented, un-
known, composition, is designed for optimal molecular studies. Snap-freezing is used for mo-
lecular studies and can also be applied for immunohistochemical studies, but mostly high 
morphological quality can not be obtained. 
Finally, Boonfix, RNA-later, snap-freezing and Beta-mercaptoethanol supplemented RLT (B-
RLT) preservation was used for molecular studies. Molecular analysis evaluated RNA yields 
and the RNA quality, measured by RIN values. Histological evaluation (chapter 7) was based 
on HE, reticulin (fibrosis), rubeanic acid and rhodanine (copper) staining, and finally on im-
munohistochemistry for CK7 (progenitor cells and cholangiocytes), MRP2 (bile canaliculi) 
and Hepar1 antibody (hepatocytes). 
 
No single fixation method proved reliable for all purposes. 
Standard histological evaluation required formalin or Boonfix fixation. Reliable evaluation of 
copper storage by rhodanine or rubeanic acid was only possible in formalin fixed wedge or 
needle biopsies. Reduction of formalin fixation time to 1-4 hours improved immunohisto-
chemical reactivity in liver biopsies. Although Boonfix could be used for immunohistochemi-
cal evaluation in liver biopsies, formalin fixation (1-4 hrs) still proved superior. RNA-later 
was not suitable for any tested histomorphological application. 
Optimal RNA-quality, assessed by RIN values, was obtained after the Menghini/ NaCl 0,9% 
biopsy technique followed by RNA-later preservation and RNAeasy isolation. 
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Conclusively, we found that at least two biopsies are needed. One for histology (formalin 1-4 
hrs) and one for molecular assays: RNA-later. Since these two biopsies can be dispersed in 
non-toxic liquid preservatives, this combination easily provides researchers with material for 
high-throughput expression analysis. Moreover, biopsies can simply be transported from the 
clinics to the research facilities. Arrived there, the RNA in RNA-later fixed samples will re-
main intact if immediately stored at minus 70˚C. Also, the paraffin embedding after formalin 
fixation of the histological samples guarantees good preservation of tissue morphology and 
consistent, good results in immunohistochemistry. 
 
Future continuation 
A logical next step will be the further identification of relations between all relevant cells and 
their microenvironment: the cellular niche consisting of the surrounding cells, matrix and sig-
naling factors. The cellular niche likely plays a decisive role in the fate of cells 18. Of special 
interest in liver fibrosis and regeneration are myofibroblasts/ hepatic stellate cells and the stem 
cells/ liver progenitor cells respectively. Also, the active role of the matrix in storage and re-
lease of growth factors and the active role of ECM proteins, like tenascin, will deserve atten-
tion. Especially development of markers to asses the potential of scar regression in patients 
justifies great interest. Scar regression potentially means clinical improvement in currently un-
treatable diseases like liver cirrhosis. 
 
Apart from removal of the primary injurious agent, suggested options to induce scar regres-
sion include modulation of HSC activity, disruption of TGF-β synthesis, administration of 
growth factors (e.g.HGF and insulin like growth factor), and degradation of ECM, up to gene 
therapy 1, 8, 11. The studies in this thesis describe several potential antifibrotic targets: HSCs, 
TGF-β, TGF-β-R1 and TN-C. Moreover, stimulation of hepatic regeneration may be helpful, 
by enhancing replicative activity of hepatocytes and/ or progenitor cells, while simultaneously 
avoiding tumor development. Keys to address this subject may be found in temporarily at-
tenuation of the progenitor cell niche. This thesis contains the first description of the presence 
of the liver progenitor cell compartment in the dog and the cat. In addition, the niche of pro-
genitor cells and MF/ HSCs was described in relation to the key players in the tissue repair re-
sponse (HGF, c-Met, TGF-β-R1), and the location and identification of closely located cells 
and ECM protein TN-C. 
 
For further research, suitable molecular/ microbiochemical methods include in situ hybridiza-
tion for localization of mRNA and laser micro dissection of microscopically selected sites fol-
lowed by Q-PCR to assess mRNA levels of various cell types. These methods require another 
fixation than formalin fixation (chapter 7). Likely, new patients will have to be sampled for 
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these purposes, and due to time pressure study groups will be of smaller size. However, the 
combination of modern molecular techniques with histology will yield such an amount of in-
formation, that somewhat smaller group size within one specific disease will not be too big a 
disadvantage. Besides, formalin fixed paraffin embedded specimens remain of utmost impor-
tance to establish a primary histological diagnosis. 
 
Translational medicine 
The work in this thesis further emphasizes similarities in liver diseases and liver reaction pat-
terns between man and animals, particularly dogs and cats. Newly found parallels presented in 
this thesis include the presence of the CK7 positive liver progenitor cell compartment in dogs 
and cats with an analogous distribution and reaction pattern as in man, when compared to ro-
dents. Moreover, also BCRP immunohistochemistry of hepatocytes and progenitor cells mim-
icked that in man, better than rodents. We expect that far more immunohistochemical markers 
will prove to react similarly in the dog as they do in man. Frozen tissue sections will unveil 
immunohistochemical reactivity more easily than formalin fixed samples, as we experienced 
with CK7 and BCRP staining. 
Spontaneous hepatologic canine patients may have large potential as useful animal model to 
human liver disease. First, the dog is one of the very few species, apart from man, in which 
liver diseases are therapeutically treated. Thus, dogs harbor and demonstrate similar complex 
interaction patterns as occur in natural liver disease in man and much less artificial than in ar-
tificially induced rodent models. Second, spontaneous liver pathology in dogs occurs regularly 
and frequently. Third, dogs submitted to a veterinary clinic usually are pet-animals and there-
fore share many environmental factors with man. Finally, dogs have a relatively long life-
span, granting time to the before mentioned environmental factors to inflict disease. Interest-
ingly, dogs were recently advocated as a model animal in translational research 13. 
With the drive to cure privately owned pet animals, the existing gap between rodent animal 
models and clinical practice in man 8could be bridged by veterinary medicine. This offers mul-
tiple promising mutual clinical benefits for both dog and man. 
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Honden, katten en herstel van leverweefsel 
Dit proefschrift behandelt herstelprocessen in de lever van honden en katten met een ontste-
king van de lever (hepatitis). Hoewel leveraandoeningen niet beperkt blijven tot gezelschaps-
dieren, bestaat het leeuwendeel van de veterinaire patiënten met leverproblemen uit honden, 
en in mindere mate uit katten. In tegenstelling tot bedrijfsmatig gehouden dieren, spelen bij 
gezelschapsdieren namelijk ook sociaal-emotionele argumenten een rol, waardoor ze eerder 
voor therapie worden aangeboden. Leverziekten bij de hond bestaan vooral uit chronische en 
acute ontstekingen (hepatitis), overwegend van onbekende oorsprong, en bij de kat voorname-
lijk uit acute hepatitis. Tot andere belangrijke leveraandoeningen bij deze dieren behoren tu-
moren en aangeboren vaatafwijkingen. 
Belangwekkende en intrigerende leverziekten bij andere huisdieren zijn bijvoorbeeld pyrroli-
zidine alkaloïden vergiftiging door Jacobskruiskruid (Senecio jacobea) bij paarden, hepatitis 
dietica (Selenium/ vitamine E deficiëntie) bij varkens, Rift Valley fever, blaaswormen (Echi-
nococcus sp.) en leverbotten bij herkauwers, en de ziekte van Weil (Leptospirose) bij vele 
diersoorten19. 
 
De lever beschikt over een vrijwel eindeloze herstelcapaciteit om schade te herstellen12. Als 
dit herstelvermogen tekortschiet ontstaat leverschade. Honden en katten met hepatitis vertonen 
lusteloosheid, gebrek aan eetlust, braken, geelzucht, en in chronische gevallen een waterbuik 
(ascites), hersenverschijnselen of andere uitingen van een tekortschietende leverfunctie Een 
leveraandoening kan worden bevestigd door het aantonen van zogenoemde “leverenzymen” in 
het bloed: eiwitten die vrijkomen na leverschade zoals alkaline fosfatase (AF), alanine transfe-
rase (ALT) en galzuren. Helaas zijn de therapeutische mogelijkheden beperkt.  
 
De diagnose hepatitis wordt gesteld door microscopisch onderzoek op weefselplakjes van 3 
micrometer dikte, gekleurd met een standaardkleuring (afgekort: HE). Dit proefschrift hanteert 
hiervoor de internationale standaardrichtlijnen7. In de diergeneeskunde behelst hepatitis altijd 
celdood van levercellen, door apoptose (geprogrammeerde celdood/ “zelfmoordprogramma”) 
en/ of door necrose, en een ontstekingsinfiltraat dat sterk kan variëren in uitbreiding en type 
van deelnemende cellen. Daarnaast omvat acute hepatitis soms herstel of regeneratie van le-
verweefsel, terwijl bij chronische hepatitis altijd sprake is van zowel regeneratie als fibrose 
(overmatige bindweefselvorming)2. Fibrose kan verergeren tot cirrhose (vervorming door zeer 
uitgebreide bindweefselvorming, gepaard gaand met ombouw van de normale leverstructuur), 
dat een slechte prognose heeft, en uiteindelijk tot de dood kan leiden Bij jonge honden komt 
een speciale vorm van fibrose voor, “lobular dissecting hepatitis” (LDH), met een dramatisch 
klinisch beeld en een snelle, dodelijke afloop16,20. Het is echter tot nu toe onbekend waardoor 
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het optreden van LDH bepaald wordt ten opzichte van gewone fibrose. Nieuwe inzichten op 
dit gebied worden door deze thesis verstrekt. 
 
Dit proefschrift heeft twee doelen. Allereerst hopen we door groter inzicht in de onderliggende 
reactiepatronen op celniveau nieuwe therapieën te kunnen ontwerpen. Daarnaast is de lever 
een zeer interessant model voor het bestuderen van weefselherstel in het algemeen. In tegen-
stelling tot de meeste andere organen, kunnen ziekteverloop en herstel relatief eenvoudig ge-
volgd worden door naaldbiopten (leverpuncties). Door zijn grootte en ligging is de lever vrij 
eenvoudig te benaderen. Door de functionele organisatie en het grote herstelvermogen van de 
lever veroorzaakt het afnemen van leverpuncties geen enkele orgaandisfunctie, en is het in af-
wezigheid van stollingsstoornissen tevens een veilige procedure. 
 
Opzet van de studie 
Teneinde het grote paraffinearchief van het Departement Pathobiologie, dat 25 jaar beslaat, te 
kunnen benutten hebben we vooral formaline gefixeerde levermonsters onderzocht, opgesla-
gen in paraffineblokjes. Hierdoor beschikten we over representatieve aantallen van elke wille-
keurige ziektegroep, ook van de minder vaak voorkomende aandoeningen zoals LDH, zonder 
eerst jaren te moeten wachten om voldoende materiaal te verzamelen. Bovendien waren we 
vooral geïnteresseerd in het complexe samenspel van cellen, en matrix- en signaalfactoren zo-
als die optreden in de levers van honden en katten in de kliniek. Het overgrote deel van onze 
gearchiveerde monsters, komt juist van soortgelijke patiënten. Daarnaast is de morfologische 
kwaliteit van dit materiaal uitstekend. 
 
Een nadeel dat kleeft aan het gebruik van dit archiefmateriaal is de variabiliteit tussen overlij-
den van het dier en afname van het weefsel, variatie in koeling van het kadaver en de duur van 
de formalinefixatie. De kwaliteit van het verkregen weefsel is hierdoor niet constant. Toch 
weergeeft dit op realistische wijze de medische benadering van de te onderzoeken patiëntpo-
pulatie. Aan de andere kant zou immuno-histochemie op bevroren materiaal niet gehinderd 
worden door omstandigheden die te maken hebben met formalinefixatie en de bijbehorende, 
vaak tijdrovende, epitoop ontmaskeringtechnieken. Desalniettemin vormden de beperkte be-
schikbaarheid van bevroren weefsel en de mindere morfologische kwaliteit ervan de reden om 
deze studies vrijwel uitsluitend op formalinegefixeerd materiaal uit te voeren. 
 
Identificatie van verschillende cel typen 
De lever is opgebouwd uit leverlobjes gerangschikt in een soort honingraatstructuur. De lever-
lobjes worden op nauwkeurig georganiseerde wijze bevolkt door verschillende celtypen die 
samen zorgdragen voor een goede leverfunctie. In deze studie identificeren we de belangrijk-
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ste celtypen verantwoordelijk voor (overmatige) bindweefselvorming en herstel bij de hond 
met behulp van immuno-histochemische kleuringen: hepatocyten (levercellen; hoofdstuk 3 en 
6), cholangiocyten (galgang epitheelcellen; hoofdstuk 3 en 6), fibroblasten inclusief stellaat-
cellen (steuncellen die onder andere bindweefsel produceren; hoofdstuk 2 en 5) en progenitor-
cellen (lokale stamcellen of voorlopercellen; hoofdstuk 3, 5 en 6). Voor de Kupfferse cellen, 
levergebonden macrofagen (“opruim/ stofzuiger” cellen) is geen betrouwbare en specifieke 
merker gevonden. De resultaten worden steeds vergeleken met normaal leverweefsel en bo-
vendien worden progenitorcellen van de hond vergeleken met hun menselijke tegenhangers. 
De resultaten van de immuno-histochemie zijn samengevat in Tabel 1. 
  
Hepatocyten 
Hepatocyten in honden en katten kunnen aangetoond worden door kleuring met menselijke 
hepatocytmerker Hepar1 in het cytoplasma, en Multidrug Resistance Binding Protein-2/ ATP 
Binding Cassette C2 (MRP2) op de membranen van de galcanaliculi (hoofdstuk 3 en 6). Daar-
naast blijkt Breast Cancer Related Protein/ ATP binding cassette G2 (BCRP) een positieve 
reaktie te geven in honden hepatocyten, wat overeenkomt met de situatie in de mens, maar niet 
met de rat21. 
 
 
Tabel 1 Resultaten immuno-histochemie in de hond, per celtype. 
Formalinegefixeerd weefsel, m.u.v. *: vries materiaal 

differentiated progenitor MF
antibody Hep chol N liver DR intermed. quiescent active
Hepar1 + - - - - - -
MRP2 + - - - - - nt
BCRP * + + + + + - -
CK7 - + + + + - -
α-SMA - - - - - + +
HHF35 - - - - - + nt
Desmin - - - - - + nt
Vimentin - - - - - +/- nt
Syn.ph. - - - nt nt - -*
GFAP - - - nt nt - -*
NCAM - - - nt nt - -*  

+ positief; - negatief; nt = niet getest in dit proefschrift 
Progenitor = progenitor cel compartiment; MF = myofibroblasten; Hep = hepatocyt; chol = cholangiocyt; N liver = 
normale lever; DR = ductulaire reactie; intermed = intermediaire hepatobiliaire cel; Hepar1 = human hepatocyte 
marker1; MRP2 = multidrug resistance associated protein2/ ATP binding cassette C2; BCRP = breast cancer related 
protein/ ATP binding cassette G2; CK7 = cytokeratine-7; α-SMA = alpha smooth muscle actin; HHF35 = muscle 
specific actin clone HHF35; syn.ph .= synaptophysin; GFAP = glial fibrillar acidic protein; NCAM = neural cell ad-
hesion marker. 
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Cholangiocyten (galgang epitheelcellen) 
Het aantonen van cholangiocyten gebeurt met cytokeratine-7 (CK7), waar ook het progenitor-
celcompartiment positief op reageert (hoofdstuk 3 en 6). Daarom moet de identificatie van 
cholangiocyten ook altijd gepaard gaan met bepaling van celvorm, grootte en locatie. 
 
Myofibroblasten 
Geactiveerde fibroblasten kunnen zich ontwikkelen tot myofibroblasten, die een essentiële rol 
spelen in de fibrogenese (bindweefselvorming) van de lever. Er bestaan drie subgroepen, die 
op verschillende locaties te vinden zijn: portale of septale myofibroblasten, interface myofi-
broblasten, gelegen op de overgangen tussen de bindweefselsepta (schotjes) en het parenchym, 
en tot slot de perisinusoidaal gelegen stellaatcellen (HSCs). 
In hoofdstuk 2 zijn merkers voor myofibroblasten (MFs) bepaald in de normale hondenlever, 
terwijl in hoofdstuk 5 merkers voor geactiveerde myofibroblasten en stellaatcellen van chroni-
sche hepatitis aan bod komen. Antilichamen voor alpha-smooth muscle actin (α-SMA), mus-
cle-specific actin clone HHF35 (HHF35) en in wat mindere mate desmine bleken nuttige mer-
kers voor myofibroblasten in de normale hondenlever in onze monsters. Vimetine was minder 
geschikt omdat de stellaatcellen daar maar beperkt op reageren. Tot slot waren onder de gege-
ven condities (formalinefixatie, paraffine-inbedding) de neurale-buismerkers synaptophysine, 
glial fibrillar acidic protein (GFAP) en neural cell adhesion marker (NCAM) ongeschikt voor 
detectie van myofibroblasten in hondenlevers. De positiviteit in de normale hondelever van 
stellaatcellen voor α-SMA and HHF35 zou, in vergelijking met andere diersoorten, de weer-
gave kunnen zijn van een actievere rol van deze cellen in het handhaven van de lokale bloed-
druk. Mogelijk kan het wegvallen van een dergelijke α-SMA gereguleerde bloeddruk in shock 
de verklaring zijn voor het ophopen van een relatief groot bloedvolume in de hondelever in 
shock; de lever is bij de hond tenslotte “shock-orgaan”.  
We vonden dat in hondelevers met chronische hepatitis en fibrose, geactiveerde stellaatcellen 
en andere myofibroblasten bijdroegen aan bindweefselvorming, hetgeen overeenkomt met 
zowel mens als rat3. In gefibroseerde levers tonen alle myofibroblasten een enorme toename 
van α-SMA expressie in vergelijking met gezonde levers. Ook blijkt α-SMA expressie toe te 
nemen met toenemende fibrosering. Om in de hond onderscheid te kunnen maken tussen rus-
tende en geactiveerde stellaatcellen is het nodig tevens morfologische veranderingen zoals 
toename in celgrootte, verlies van vetvacuolen en de mogelijke toename in productie van 
TGF-β en andere stoffen te beoordelen. 

Progenitorcellen 
Zolang de hepatocyten niet ernstig beschadigd zijn, begint het herstel van de lever met een 
“golf” van celdelingen12. Als het delend vermogen van de hepatocyten is aangetast, zoals bij 
hevige acute hepatitis of ernstige leverfibrose, wordt het progenitor-celcompartiment van 
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doorslaggevend belang 15, 18. In hoofdstuk 3, 5 en 6 is dit compartiment (immuno)histo-
chemisch onderzocht. De normale lever van hond en kat vertoont een met de mens overeen-
komende morfologie en immuno-histochemisch reactiepatroon. Ook hepatitis – zowel acuut 
als chronisch – bij hond, (kat?) en mens produceert een vergelijkbare reactie in mate, locatie 
en immuno-histochemische reactiviteit van de ductuli (buisjes, prolifererende progenitorcel-
len).  
 
Cytokeratine-7 (CK7) is een goede merker voor progenitorcellen in hond en kat, hoewel het 
ook positief reageert op cholangiocyten. Het bestaan van intermediaire (hepato-biliaire) cellen 
in verschillende leverziekten bij kat en hond wordt bevestigd door CK7 (kat: hoofdstuk 6, 
hond: hoofdstuk 3). Bij mens en hond zie je een overeenkomstige toename in celgrootte van 
de progenitorcellen wanneer deze differentiëren richting hepatocyten, samen met een graduele 
afname in CK7 positiviteit van de intermediaire cellen. Eventuele MRP2 positiviteit van de in-
termediaire cellen was niet overtuigend (hoofdstuk 3). Met Hepar1 kleuring of MRP2 kan dan 
ook niet bevestigd worden of intermediaire cellen zich ontwikkelen tot hepatocyten. Het 
BCRP antilichaam maakt bij mens en hond geen onderscheid tussen progenitorcellen en hepa-
tocyten (hoofdstuk 3). De klassieke progenitor cel reactie (“oval cell” reactie) zoals die op-
treedt bij knaagdieren, wordt zeer gemakkelijk opgewekt en verspreidt zich over het gehele le-
verlobje. Hierbij vergeleken is de reactie in hond en kat veel bescheidener van aard. Het ge-
vonden patroon komt veel sterker overeen met dat van het progenitor-celcompartiment in de 
mens, waar dit minder vaak (maar nog steeds regelmatig) en minder uitgebreid optreedt dan in 
knaagdieren. 
Deze bevindingen onderstrepen de overeenkomsten in reactiepatronen tussen hond en mens, 
dat wederzijdse voordelen heeft voor het onderzoek naar spontaan optredende leverziekten bij 
hond en mens. Leververvetting bij de kat zou mogelijk een spontaan diermodel kunnen vor-
men voor humane leververvetting (niet-alcoholische steato-hepatitis, NASH), waar oxidatieve 
stress door remming van celdelingen van hepatocyten leidt tot een vergelijkbaar uitgebreide 
progenitor-celproliferatie 14, 22.  
 
HGF/TGF-β evenwicht 
De uitkomst van ingezet leverherstel hangt grotendeels af van twee factoren die elkaar tegen-
werken: hepatocyte growth factor (HGF), die de deling van levercellen bepaalt (en daarmee 
groei), en de transforming growth factor β (TGF-β), die leidt tot fibrose 1, 12. In hoofdstuk 4 is 
de immuno-histochemische lokalisatie van HGF, HGF-receptor (c-Met) en TGF-β-receptor1 
(TGF-β-R1) in hondenhepatitis onderzocht, en vergeleken met eerder bepaalde mRNA en ei-
witexpressieniveaus in overeenkomstige patiëntengroepen. Helaas konden er onder de be-
schikbare omstandigheden geen betrouwbare resultaten voor de expressie van TGF-β verkre-
gen worden.  
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Onze archiefmonsters van honden met acute en chronische hepatitis, al dan niet vergezeld van 
cirrhose (CH) en lobular dissecting hepatitis (LDH) worden vergeleken met normaal lever-
weefsel. In de onderzochte honden lijkt de absolute beschikbaarheid van HGF geen remmende 
factor voor de leverregeneratie. In acute hepatitis blijft de toename van HGF in stellaatcellen 
beperkt tot plaatsen direct grenzend aan necrotische gebieden. Hoogstwaarschijnlijk is er een 
paracriene invloed van TGF-β, afkomstig van beschadigde hepatocyten en Kupfferse cellen 1, 8 
op deze toegenomen HGF activiteit. Gezien hun c-Met positiviteit, ondervinden alle reactieve 
ductuli (buisjes) dezelfde stimulatie van delingsactiviteit. Waarschijnlijk kunnen de reactieve 
ductuli gelegen in de fibrotische bindweefselschotjes niet verder tot hepatocyten uitgroeien 
vanwege de omliggende mesenchymale cellen die positief zijn voor TGF- β. Tot slot leken de 
immuno-histochemische resultaten van LDH en chronische hepatis in de interface locaties (de 
raakvlakken tussen parenchym en bindweefselschotten) sterk op elkaar in voor HGF, c-Met en 
TGF-β-R1. Bovendien lijkt ook de structuur van de nieuw gevormde bindweefselschotjes in 
LDH op die van de interface locaties in chronische hepatitis. In chronische hepatitis is het ont-
stekingsproces op deze interface locaties  meestal een stuk actiever is dan in de celarme (oude-
re) septa. De diffuse en uitgebreide aanwezigheid van actieve TGF- β in LDH zou mogelijk 
een verklaring kunnen vormen voor het progressieve en dodelijke verloop van LDH vergele-
ken met chronische hepatitis. 
 
Extracellulaire matrix 
Tijdens het proces van fibrosering wordt de extracellulaire matrix (ECM) voortdurend her-
vormd en uitgedijd door de productie van verschillende eiwitten. Daarbij zijn plaatselijke ver-
schillen in het evenwicht tussen matrix metallo-proteïnases (MMPs) en hun remmers, TIMPs 
bepalend 2. In hoofdstuk 5 bestuderen we het verspreidingspatroon van het ECM-eiwit tenas-
cine-C (TN-C). Tijdens weefselherstel wordt hiervan in het algemeen (bij de mens en labora-
toriumdieren/ knaagdieren) veel geproduceerd, maar tot nu toe waren er over de hond geen 
gegevens beschikbaar. Bij chronische hepatitis bij van honden kijken we naar de correlatie van 
TN-C met ontstekingsactiviteit, en expressiepatronen van α-SMA, CK7 en CD3+ T-
lymfocyten. De monsters van LDH en chronische hepatitis worden vergeleken met de normale 
hondenlever. In de normale lever bevindt TN-C zich in de ruimte van Disse en rondom galwe-
gen en bloedvaten. Net als in andere diersoorten neemt in aangetaste levers de TN-C expressie 
toe, maar het verspreidingpatroon verschilt bij beide ziekten. In chronische hepatitis is TN-C 
vooral aanwezig aan de periferie van de regeneratieve noduli en in de bindweefselschotjes. In 
LDH manifesteert het zich diffuus door de lever langs de reticuline vezels die individuele cel-
len of kleine groepjes cellen afscheiden van hun omgeving. 
Het voorkomen van CD3+ lymfocyten is omgekeerd evenredig met dat van TN-C. Dit komt 
overeen met de literatuur waarin reeds deze wederzijdse tegenwerkende effecten gerappor-
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teerd zijn 5, 6, 17. Onze resultaten benadrukken niet alleen de activerende rol van TN-C in het 
bijzonder, maar ook die van ECN-eiwitten in het algemeen bij weefselherstel.In onze studies 
wordt geen verschil aangetroffen tussen patiënten met LDH en chronische hepatitis in de ex-
pressie van TN-C, CK7 en CD3+ lymfocyten.We ontdekten dat TN-C een sterke correlatie 
vertoont met voortschrijdende fibrose, ontstekingsactiviteit en expressie van CK7 en α-SMA. 
 
Het verspreidingspatroon van TN-C in chronische hepatitis en LDH komt overeen met het ac-
tieve “raakvlakfenotype” (tussen leverweefsel en bindweefselschotjes) dat eveneens wordt ge-
accentueerd door geactiveerde α-SMA positieve myofibroblasten, en HGF, c-Met en TGF-β-1 
reactiviteit. Zoals eerder gesuggereerd zou het wijdverbreide voorkomen van dit actieve feno-
type in LDH verantwoordelijk kunnen zijn voor het snellere en dramatischer verloop van deze 
aandoening vergeleken met chronische hepatitis. Mogelijk kan het combineren van TN-C en 
α-SMA kleuring inzicht verschaffen in zowel het type en de mate van activering van de fibro-
se, als in de mate van stellaatcelactivering. Op plaatsen met toegenomen omzetting van de ex-
tracellulaire matrix is het ziekteproces actief, met in het algemeen een slechtere prognose tot 
gevolg, zeker bij de uitgebreide verspreiding zoals in LDH, maar ook bij ‘gewone’ chronische 
hepatitis. Niettemin is de verwachting dat juist de activiteit van het ontstekingsproces nog de 
mogelijkheid van omkering in zich draagt 4,9,10. Daarmee zou een indicatie van de fibrose-
ringsactiviteit waardevol kunnen zijn om mogelijk therapeutische ontvankelijkheid en mate 
van succes te kunnen voorspellen. 
 
Fixatie 
Tijdens het testen van verschillende antilichamen ontdekten we dat er vaak een significant 
verschil bestaat in immuno-histochemische reactiviteit tussen identiek gefixeerde dikke-
naaldbiopten (leverpuncties) en de grotere weefselblokjes (helaas zijn dit soort resultaten 
nauwelijks publicabel). We vermoeden dat door overfixatie in de relatief kleine naaldbiopten 
gemakkelijker sterke formalinegeïnduceerde epitoopmaskering op zou kunnen treden.  
 
Omdat gecombineerde analyse van (immuno)histochemische data met moleculaire gegevens 
veel waardevoller is dan de losstaande data uit dezelfde methodieken, hebben we gewerkt aan 
een fixatieprotocol wat geschikt is voor zowel histologische als moleculaire evaluatie van le-
verbiopten (hoofdstuk 7). Voor het optimale gebruik van losstaande leverbiopten en het mini-
maliseren van het aantal biopten per dier vergeleken we de verschillende op ons laboratorium 
beschikbare weefselfixatie- en RNA-isolatieprotocollen. Een gesimplificeerd protocol ver-
mindert de variabiliteit van monsters tussen verschillende instituten en maakt het mogelijk 
voor eerstelijnsklinieken om deel te nemen. Dit kan weer leiden tot een gewenste toename van 
het aantal monsters in de weefselbanken.  
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Voor histologisch onderzoek beoordeelden we formaline met verschillende fixatietijden, 
Boonfix, RNA-later en snelvriezen. Boonfix is een fixatief van gepatenteerde en dus geheime 
samenstelling, maar het is formalinevrij en gebaseerd op ethylalcohol en polyethyleen glycol. 
Het zou geschikt zijn voor zowel (immuno)histochemische als moleculaire studies. Snelvrie-
zen is goed bruikbaar voor moleculaire studies en kan worden ingezet voor immuno-
histochemische doeleinden, hoewel dan geen hoge morfologische kwaliteit verwacht mag 
worden. 
Ten slotte zijn voor moleculaire studies Boonfix, RNA-later, snelvriezen en RLT met β-
mercapto-ethanol (B-LRT) geëvalueerd. Moleculaire analyse omvat de RNA-opbrengst en 
RNA-kwaliteit gemeten in RIN-waarden. De histologische beoordeling bestaat uit HE, reticu-
line (fibrosis), rubeanic zuur en rhodanine (koper) kleuring en immuno-histochemie voor CK7 
(progenitorcellen en cholangiocyten), MRP2 (galcanaliculi) en Hepar1 (hepatocyten). 
 
Helaas bleek geen enkele fixatiemethode geschikt voor alle gewenste toepassingen. Voor 
standaardhistologie voldoen formaline of Boonfix. Koperstapeling (rubeanic zuur en rhodani-
ne) kan slechts betrouwbaar worden vastgesteld in formaline gefixeerde naaldbiopten en weef-
selstukjes. Vermindering van de fixatieduur van minimaal 24 uur tot 4 uur verbetert de immu-
no-histochemische reactiviteit van de leverbiopten. Hoewel Boonfix wel gebruikt kan worden 
voor de immuno-histochemische beoordeling van leverbiopten, levert een formalinefixatie van 
een tot vier uur de beste resultaten. RNA-later is ongeschikt voor elke histologische beoorde-
ling. Optimale RNA-kwaliteit, gemeten in RIN-waarden, wordt verkregen uit Menghini-
biopten met 0,9% NaCl gevolgd door opslag in RNA-later, en de RNA-easy isolatie techniek.  
 
Hieruit concluderen we dat er tenminste twee biopten zijn vereist: een voor de histologie 
(formaline fixatie 1-4 uur) en een voor de moleculaire toepassingen, opgeslagen in RNA-later. 
Omdat beide biopten in relatief onschuldige, vloeibare media kunnen worden opgeslagen, ver-
schaft deze combinatie op eenvoudige wijze materiaal dat geschikt is voor geavanceerde ex-
pressiestudies. Bovendien kunnen de monsters makkelijk worden vervoerd van de klinieken 
naar onderzoeksfaciliteiten. Mits direct opgeslagen in min 70°C blijft het RNA in de RNA-
later gefixeerde monsters lange tijd van hoge kwaliteit. Daarnaast garandeert paraffine inslui-
ting van de histologische monsters optimaal behoud van weefselmorfologie en -consistente, en 
daarmee goede resultaten in de immuno-histochemie.  
 
Toekomstscenario’s 
Een logisch vervolg van deze studie ligt in verdere identificatie van de relaties van alle be-
trokken celtypen met hun micromilieu: dit is de cellulaire “niche” die gevormd wordt door 
omringende cellen, en de matrix en signaal transductiefactoren. Deze cellulaire niche speelt 
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waarschijnlijk een beslissende rol in het lot van cellen18. Van eminent belang in leverfibrose 
en regeneratie zijn uiteraard de myofibroblasten, of stellaatcellen, en de stam- of progenitor-
cellen. Daarnaast verdient ook de actieve rol van matrixeiwitten (zoals tenascine) aandacht, 
alsmede de eveneens actieve rol van de matrix in de opslag en afgifte van groeifactoren. Met 
name de ontwikkeling van markers als indicatie voor potentiële regressie van (overmatige) 
bindweefselvorming is van eminent belang. Bindweefselregressie zou klinische verbetering 
kunnen bewerkstelligen in tot nu toe onbehandelbare aandoeningen als levercirrhose. 
 
Naast het bestrijden van de oorzaak van leverziekten, staan in principe vele opties open om lit-
tekenregressie te bewerkstelligen: variërend van het aanpassen van de stellaatcelactiviteit, on-
derbreking van de TGF-β aanmaak, toediening van groeifactoren (HGF en insuline-achtige 
groeifactor), afbraak van de matrix tot aan gentherapie toe 1,8,11. De artikelen in dit proefschrift 
buigen zich over verschillende mogelijk anti-fibrotische doelwitten: stellaatcellen, TGF-β, 
TGF-β-R1 en tenascine. Bovendien zou stimulering van leverregeneratie zinvol kunnen zijn, 
als het mogelijk is de delingscapaciteit van de hepatocyten of de progenitorcellen te stimuleren 
zonder tegelijkertijd tumorvorming te induceren. Oplossingen voor dit probleem liggen moge-
lijk in tijdelijke veranderingen in de leverstamcel- of progenitorcelniche. Deze dissertatie be-
vat de eerste inventarisatie van lever progenitorcellen van hond en kat.  
Geschikte moleculaire en microbiologische methoden voor verder onderzoek zijn in situ hy-
bridisatie teneinde de cellulaire locatie van het m-RNA te bepalen en laser microdissectie ge-
volgd door Q-PCR om de m-RNA niveaus in verschillende celtypen vast te stellen. Deze be-
palingen vereisen een andere fixatie dan formaline (hoofdstuk 7). Dat betekent waarschijnlijk 
een extra (tweede) monster per patiënt, en door de nooit aflatende tijdsdruk zullen de patiën-
tengroepen dan iets kleiner worden. Dit hoeft geen groot probleem te zijn omdat de combina-
tie van moderne moleculaire technieken met histologie zo’n enorme hoeveelheid gegevens zal 
opleveren dat wat kleinere groepen per specifieke aandoening toch geen groot nadeel zal vor-
men. Daarnaast blijft het formaline gefixeerde materiaal van niet te onderschatten belang voor 
het vaststellen van de primaire histologische diagnose.  
 
Diersoortoverschrijdende geneeskunde 
Dit proefschrift onderstreept nogmaals de overeenkomsten tussen mens en dier voor wat be-
treft leverziekten en –reactiepatroon, met name voor hond en kat. Nieuwe aspecten die dit 
werk aantoont zijn het bestaan van een CK7 positief leverstamcel compartiment in hond en kat 
met een analoog verspreidings- en reactiepatroon als van de mens, maar verschillend van 
knaagdieren (rat, muis). Ook de BCRP immuno-histochemie van hepatocyten en lever proge-
nitorcellen bij kat en hond lijkt veel sterker op die van de mens, dan van knaagdieren. De ver-
wachting is dan ook dat er veel meer markers zullen verschijnen met overeenkomende reactie-
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patronen tussen mens en hond. Zoals we ook hebben ondervonden bij CK7 en BCRP, toont 
vriesmateriaal gemakkelijker de immuno-histochemische reactiviteit dan formaline gefixeerd 
weefsel. 
Spontaan zieke honden met leverlijden zouden waardevol kunnen zijn als diermodel voor 
menselijke leveraandoeningen. Ten eerste is de hond, uiteraard naast de mens, een van de zeer 
weinige diersoorten waarbij leverziekten worden behandeld. Bovendien vertonen hond en 
mens overeenkomstige complexe reactiepatronen, die juist vanwege hun complexiteit veel na-
tuurgetrouwer zijn dan de meer kunstmatige proefdiermodellen. Ten tweede komen leverziek-
ten regelmatig voor in de hondenpopulatie. Ten derde zijn deze bij de dierenarts aangeboden 
patiënten over het algemeen huisdieren die vele, mogelijk bepalende, omgevingsfactoren de-
len met de mens. Ten slotte hebben een honden een relatief lange levensduur wat omgevings-
factoren voldoende tijd kan verschaffen om daadwerkelijk tot ziekte te leiden. Mede in dit ka-
der is de hond recent gepromoot als diermodel voor het diersoortoverschrijdend medisch on-
derzoek 13. 
Door de motivatie om privé-huisdieren te behandelen zou de diergeneeskunde kunnen bijdra-
gen aan het dichten van de kloof tussen bestaande diermodellen (rat, muis) en de humaan-
medische kliniek 8. Dit toekomstbeeld biedt veelbelovende wederzijdse kansen voor hond en 
mens. 
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Dankwoord 
Het bestaan en de afronding van dit proefschrift zijn te danken aan de inzet, op vele gebieden, 
van nog veel meer mensen dan die ik hier persoonlijk kan noemen.  
Allereerst Ted van den Ingh en Jan Rothuizen. Ik was blij verrrast toen jullie me vroegen dit 
onderzoek te doen. Jan, ik vond het bijzonder om jou de afgelopen jaren de leveronderzoeks-
groep te zien uitbouwen tot een steed grotere, maar uiterst doelgerichte club. De door jou en 
Titia rijk verzorgde culinaire avondjes onderstrepen het belang wat je hecht aan het sociale as-
pect van samenwerken. Hartelijk dank voor je vertrouwen en commentaar. Jan en Ted, ik ben 
jullie zeer erkentlijk dat jullie de moed niet (merkbaaar) hebben verloren tijdens de verschil-
lende intermezzo’s die het werken aan dit proefschrift heeft gekenmerkt. Ted, jij hebt een gro-
te rol gespeeld in mijn opleiding tot patholoog, en was volstrekt onmisbaar voor dit proef-
schrift. Je constructieve, uitgebreide en verbazingwekkend snelle reorganisaties van mijn 
teksten leidden altijd tot een beter lopend verhaal. Ik heb je blijvende grote inzet voor mijn 
promotie-onderzoek enorm gewaardeerd, ook toen  na je abrupte vervroegde pensioen van da-
gelijkse begeleiding geen sprake meer kon zijn. In de laatste maanden kon ik je per electroni-
sche snelweg tot in la douce France bestoken met nieuwe versies, en je gaf nooit “niet thuis”.  
Daarnaast denk ik met veel genoegen terug aan de bij jou en Corrie thuis georganiseerde di-
ners. Ted, mijn blijvende waardering en bewondering voor je betrokkenheid bij dit proef-
schrift!   
Louis Penning, onze besprekingen meanderden van onderzoek naar fietsvakanties, kinderop-
vang en weer terug, en soms was ik te langzaam om je plotseling opgekomen invallen te vol-
gen. Samen met Jan heb je ervoor gezorgd dat ik naar het inspirerende FASEB congres in Co-
lorado kon, een hoogtepunt (ook letterlijk) in mijn onderzoek. Bedankt voor je altijd hartelijke 
ontvangst en je razendsnelle commentaar op mijn geschriften. 
Tania Roskams, als mijn promotor op afstand ben je inspiratiebron geweest voor mijn onder-
zoek. Je overtuiging van de centrale plaats van de pathologie in het moderne moleculair-
georienteerde onderzoek “goed kijken blijft de basis” is aanstekelijk. Heel veel dank voor het 
warme onthaal tijdens de bezoeken aan Leuven, je medewerking en je opbouwende commen-
taar. Ik ben blij met jou als promotor. 
Jaap van Dijk, je rol als promotor is geleidelijk veranderd. Na je emeritaat heb je je met grote 
toewijding verdiept in dit voor jou relatief onbekend onderwerp. Je hebt dit met verbluffende 
snelheid gedaan, maar juist doordat je enige afstand had kon je de “tunnelvisie” fouten in mijn 
teksten opsporen en aanwijzen. Samen met Jan heb je de ruimte weten te scheppen om de be-
staande gegevens om te smeden tot een proefschrift. Vervolgens hebben jullie mijn strakke 
tijdschema ook echt uitvoerbaar gemaakt door steeds binnen gestelde termijn commentaar te 
leveren. Ik heb me hierdoor zeer gesteund gevoeld, en ben je daar zeer dankbaar voor. 
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Zonder mijn rechterhand Ronald Kisjes was dit boekje nooit tot stand gekomen. Ronald, je 
hebt je met weergaloze gedrevenheid vastgebeten in dit onderzoek, je betrokkenheid heeft me 
enorm gesteund! De resultaten die hier in dit boekje staan spreken nu voor zichzelf, maar daar-
naast staat er veel niet in: je hebt je ook bezig gehouden met immunofluorescentie dubbbel-
kleuringen, in-situ hybridisatie en niet te vergeten het uittesten van alle antilichamen die om 
uiteenlopende redenen toch niet bruikbaar bleken voor onze doeleinden, of die simpelweg nog 
niet gepubliceerd zijn: Ki67, cycline D1, versican, MMP2-9-11-13, MT1+2, AFP, Bmi-1, ni-
trotyrosine, TGF-β1, caspaseIII, 8OHDG, ODC, MAC387, pospho-c-met, TUNEL, VEGF, 
CK8. Ronald, jouw inzet was onontbeerlijk voor dit proefschrift, mijn voortdurende dank 
hiervoor! 
Anne Marie van Ederen, het was destijds jouw en Fons’ voorstel om Ronald op mijn onder-
zoek te zetten, omdat je inzag dat dat weleens nodig mocht blijken. Dat was helemaar waar. 
Samen met Ronald heb je je gebogen over vele labgerelateerde zaken. Samen hebben jullie 
“mijn” studenten steeds goed begeleid op het lab. Daarnaast hebben we tijdens onze gezamen-
lijke lunches op prettige wijze over veel andere dingen kunnen spreken.  
Andrea Gröne, halverwege mijn promotietraject werd je hoofd van mijn departement. Hoewel 
het onderzoek aan onze afdeling sindsdien een andere wending heeft genomen, waardeer ik 
het zeer dat je mogelijkheden het gevonden om mij dit werk te laten afronden.  
 
Ook de technische ondersteuning van alle medewerkers het routine- histologielab kan niet on-
derschat worden. Annette, Natashja, Charlotte, Henny, Helena, Ronald M. en Esther: enorm 
bedankt! Ton Ultee, met jou heb ik meer electronenmicroscopie gedaan dan in dit boekje is te-
rug te vinden. Hartelijk dank voor je inzet en de fraaie beelden. 
De extra inspanningen van mijn collega-pathologen zorgden ervoor dat ik bij gelegenheid ont-
heven kon worden van andere taken. Guy, Jaco, Jan, Edwin, Marten, Nadine en Marja: ik ben 
jullie zeer erkentlijk voor deze zeker niet geringe prestatie in tijden van aanhoudende onderbe-
zetting. Alleen al door het uitvoeren van veel praktisch werk en het geven van onderwijs heb-
ben ook alle sio’s beslist bijgedragen aan de totstandkoming van dit werk. Raoul, Judith,  
Sjoerd, Naomi, Mark, Reinie en Simon: ik dank jullie zeer!  
Ook ben ik erg geholpen door de inzet van onderzoeks-stage studenten: Floortje Zeegers, 
Nynke Ankringa, Nelleke Lub, Willemijn de Klepper en Joëlla Spreeuwenberg die ik hierbij 
graag  wil bedanken voor hun inzet. 
 
Door het bijwonen van de maandagse lunchbesprekingen en andere overleggen van de lever-
onderzoeksgroep kon ik gelukkig zicht blijven houden op het grotere geheel wat zich vooral 
afspeelde aan de “de overkant”. Helaas kon ik niet altijd aanwezig zijn, maar ik voelde me wel 
altijd welkom en deze bijeenkomsten waren voor mij dan ook altijd heel inspirerend. Bedankt 
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voor jullie bijdragen, en ook al hebben ze nog niet altijd geresulteerd in een artikel, dat kan 
nog veranderen: Robert Favier, Gaby Hoffmann, Brigitte Arends, Sacha Booomkens, Bart 
Spee, Anne Kummeling, Astrid van Dongen, Jan Schrikxs, Hille Fieten, Bas Brinkhof, Baukje 
Schotanus en alle anderen (want hier ga ik mensen overslaan…)!  
Verder wil ik mijn mede-auteurs Sara van der Borght, Getnet Mekkonen en Bert Nederbragt 
bedanken voor de samenwerking aan de publicaties. 
 
Mentale bijstand heb ik gelukkig van velen gekregen. Ik denk hierbij zeker aan de goede ge-
sprekken met Wendy, Bouke, Elizabeth, Esther, Juditha, Jeanet en Bert Z, jullie hebben me 
geholpen om het onderzoek in perspectief te blijven zien en om mezelf te blijven.   
Het welgemeende advies van mijn ouders “zorg dat je goed opgeleid wordt” heb ik ter harte 
genomen. Dat dit zo lang door zou gaan hadden jullie niet bedacht, maar het is steeds de moei-
te waard gebleken, ook nu weer. Bedankt voor deze goede raad, en de ondersteuning!  
Tanja, voor geestelijke steun hoef je niet in de buurt te wonen, dat blijkt. Ook niet voor het re-
digeren van de Nederlandse samenvatting waarin je je tanden zette, en dat in de week van 
aankomst op je nieuwe werk in Congo. Jou hoef ik nu niet meer uit te leggen waarmee ik me 
toch heb bezig gehouden. Ik vond het heel fijn dat je dit voor me wilde doen. 
Wim en Willemien, bedankt voor het extra oppassen ik de afgelopen maanden, ook als ik het 
wat laat vroeg, jullie kwamen toch! 
  
Martin, er zit veel meer werk van jou in dit proefschrift dan zichtbaar is. Je hebt mij door mijn 
mindere momenten heen weten te slepen. Ik kan je niet genoeg bedanken voor al je inzet en 
toewijding, maar hier toch een beginnetje: enorm bedankt! Nu kunnen we samen blij zijn dat 
het af is! 
Tenslotte zijn er de twee allerliefste meisjes van de hele wereld: Lucine en Lianne. Jullie zijn 
een groter wonder dan mama’s boekje. “Ga maar lekker met werk, op zolder achter de compu-
ter! Wij gaan leuke dingen doen!” Ik kan nu gelukkig ook weer meedoen.  
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Ch.2 -Figure 1 Vimentin. Normal canine liver, stained with vimentin antibody. a) In the portal area, smooth muscle 
cells of portal vasculature, most spindle-shaped stromal cells and neural cells (arrows) are positive. b) HSC were 
generally negative, although some individual positive cells are present (arrows). 
 

Ch.2 -Figure 2 Desmin. Normal canine liver, stained with desmin antibody. a) A HSC (right) is positive in the peri-
nuclear cytoplasm, weakly extending into a cytoplasmic process; also a negative vitamin A-storing HSC (arrow) is 
present. b) In the portal area a moderate to strong staining is present in the smooth muscle cells of the arterial tunica 
muscularis and in the perivenular smooth muscle cells of the portal vein. HSC are weakly positive in the perinuclear 
cytoplasm. 
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Ch.2 -Figure 3 Alpha-SMA. Normal canine liver, stained with α-SMA antibody. a) Portal areas show positivity 
around the bile ducts, in the arterial tunica media, and in the wall of the portal veins. There is slightly irregular mod-
erate staining in the perisinusoidal spaces throughout the parenchyma. b) HSC stain positive, producing a thin ir-
regular positive band lining the sinusoids. c) HSC stain positive. A positive cell containing one large vacuole (arrow-
head is placed in vacuole) and a dislocated nucleus is seen. d) In the portal area there is strong positivity around the 
bile ducts and in the arterial tunica media, and moderate positivity in the wall of the portal veins, while endothelial 
cells remain negative (horizontal arrow). A portal MF with moderate positivity (vertical arrow) is present. 
 

 
Ch.2 -Figure 4 HHF35 (muscle-specific actin, clone HHF35). Normal canine liver, stained with HHF35 antibody. a) 
HSC stain positive. Cells with few, small vacuoles stain positive (arrowhead). b) HSC stain positive. A vitamin A-
storing HSC is negative (arrow). 
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Ch.3-Figure 1 Normal liver, dog. Strong cytoplasmic staining (red) of the bile ducts in the portal areas (asterisk) and 
isolated small oval-shaped cells in the periportal parenchyma (arrowheads). Paraffin section, anti-CK7 antibody. 
Ch.3 - Figure 2 Acute hepatitis, dog. Cytoplasmic staining (red) of bile ducts in the portal area (asterisk) and of the 
ductular reaction in the necrotic parenchyma. In the ductular reaction both strong and diffusely staining progenitor 
cells, as intermediate cells with less intense and/or submembranous staining are present (arrows). Paraffin section, 
anti-CK7 antibody. 

 
 
 
 
 
 
 
 
Ch.3 - Figure 3 Chronic hepatitis, dog. A marked  CK7 
positive (red) ductular reaction is present in a broad fibrous 
septum surrounding a hyperplastic regenerative nodule. 
Similar ductules and isolated CK7 positive progenitor cells 
are present within the hyperplastic nodule. Paraffin section, 
anti-CK7 antibody.  

 

 
Ch.3 - Figure 4a Chronic hepatitis, dog. CK7 positive (red) ductular reaction in an interface location consists of 
small, strong and diffusely positive cells (arrowhead) and larger intermediate cells which display a prominent sub-
membranous staining (arrows). Paraffin section, anti-CK7 antibody. Ch.3 - Figure 4b Acute hepatitis, man. CK7 
positive (brown) reactive ductules are present in the hepatic parenchyma. These ductules are composed of progenitor 
cells with strong cytoplasmic positivity (horizontal arrow) and intermediate cells, which display a clear submembra-
nous staining (vertical arrows). Paraffin section, anti-CK7 antibody. Original magnification 200x. 
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Ch.3 - Figure 5 Chronic hepatitis, dog. CK7 positive (red) ductular reaction in an interface location consists of 
small, strong and diffusely positive staining progenitor cells (horizontal arrowheads) and larger intermediate cells 
which display a moderate, clearly submembranous positivity (arrows). Transition of intermediate cells into mature 
hepatocytes is suggested by partial loss of CK7 reactivity (between vertical arrowheads). Paraffin section, anti-CK7 
antibody. Ch.3 - Figure 6 Normal liver, dog. Bile ductules in the portal tract stain specifically for CK7 and  hepato-
cytes stain exclusively for Hepar1; no overlap of the two signals is seen. Paraffin section double stained for anti-CK7 
(red) and anti-Hepar1 (brown) antibody.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Ch.3 - Figure 7 Chronic hepatitis, dog. CK7 positive ductular reaction is present in close association,  and sometimes 
in continuation with plates of mature hepatocytes. Overlap between the two signals is not clearly seen. Paraffin sec-
tion double stained with  anti-CK7 (red) and anti-Hepar1 (brown) antibody. Ch.3 - Figure 8 Normal liver, dog. A 
strong signal (brown) is seen in the hepatocytic canalicular membrane. In the portal area (arrowheads) no staining is 
observed. Paraffin section, anti-MRP2 antibody. 

 
 
 
 
 
 
 
 
 
 
 
 

Ch.3 - Fig 9a Chronic hepatitis, dog. The portal area is indicated by an asterisk. Epithelial cells in ductular reaction 
display cytoplasmic positivity (horizontal arrow), while sequestered periportal hepatocytes (vertical arrow) show 
circumferential submembranous positive signal. Mature hepatocytes in intact structures had a canalicular positive 
signal (arrowhead). Frozen section, anti-BCRP antibody. Ch.3 - Fig 9b Chronic hepatitis, man. BCRP positivity 
(brown) is present on the canalicular surface of hepatocytes (asterisk), on the apical cytoplasm of bile ducts (horizon-
tal arrow) and in reactive ductules (vertical arrow). Paraffin section, anti- BCRP antibody. Original magnification 
200x.  
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Ch.4 - Fig. 1 Normal liver, dog, case 5. In the portal area (asterisk) reactivity is present in the cholangiocytes and in 
the arterial smooth muscle. The arrow indicates the transition of positive periportal hepatocytes (left of arrow) versus 
negative centrilobular hepatocytes (right of arrow). HGF immunolabeling, Mayer’s haematoxylin counterstain. Bar = 
100 micron. Ch.4 - Fig. 2 Acute hepatitis, dog, case 13. Activated hepatic stellate cells (arrows) adjacent to necrotic 
parenchyma (right top) display enhanced reactivity. Intact hepatocytes also show moderate cytoplasmic and infre-
quently nuclear reactivity. HGF immunolabeling, Mayer’s haematoxylin counterstain. Bar = 20 micron. 

 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 

Ch.4 - Fig. 3 Chronic hepatitis/cirrhosis, dog, case 23. Positive epithelial cells in reactive ductules (arrow), in a 
loosely arranged part of a fibrous septum, are encompassed by positively reacting fibroblasts (arrowheads). HGF 
immunolabeling, Mayer’s haematoxylin counterstain. Bar = 20 micron. Ch.4 - Fig. 4 Normal liver, dog, case 6. In the 
portal tract, cholangiocytes reveal a cytoplasmic staining pattern, with locally submembranous accentuation (arrow-
head). Periportal hepatocytes (asterisk) show slightly stronger reactivity than other hepatocytes (right). c-Met immu-
nolabelling, Mayer’s haematoxylin counterstain. Bar = 100 micron. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Ch.4 - Fig. 5 Acute hepatitis, dog, case 12. In remaining vital hepatocytes a moderate cytoplasmic reactivity with 
some mild submembranous accentuation (arrow) is present. c-Met immunolabelling, Mayer’s haematoxylin counter-
stain. Bar = 20 micron. Ch.4 - Fig. 6 Chronic hepatitis/ cirrhosis, dog, case 19. Positive epithelial cells in septal duc-
tular reaction (arrowhead) and submemebranous accentuation of the cytoplasmic hepatocellular reactivity (arrow) in 
the parenchyma. c-Met immunolabelling, Mayer’s haematoxylin counterstain. Bar = 20 micron. 
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Ch.4 - Fig. 7 Normal liver, dog, case 1. The portal area contains positive cholangiocytes (membranous reactivity), 
endothelial cells and myofibroblasts (arrowhead). In the parenchyma, positive signal is elicited in some 
(peri)sinusoidal cells (arrow). TGF-ß-R1 immunolabeling Mayer’s haematoxylin counterstain. Bar = 50 micron.  
Ch.4 - Fig. 8 Acute hepatitis, dog, case 7. At the transition from the relatively unaffected periportal parenchyma (as-
terisk) towards the collapsed necrotic parenchyma (down, right), the presence and reactivity of perisinusoidal cells is 
enhanced (arrow) just as the myofibroblasts in the portal area. TGF-ß-R1 immunolabeling Mayer’s haematoxylin 
counterstain. Bar = 100 micron. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Ch.4 - Fig. 9 Chronic hepatitis/ cirrhosis, dog, case 23. In the hepatic parenchyma, a negatively staining reactive 
ductule (asterisk) is closely surrounded by positive hepatic stellate cells (arrow). TGF-ß-R1 immunolabeling Mayer’s 
haematoxylin counterstain. Bar = 20 micron. 
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Ch.5 - Fig. 1 Liver, dog, group CH/CIRR, bridging (portal-portal) hepatocellular ballooning degeneration and ne-
crosis (arrows), HE stain. Bar =  200 µm. Ch.5 - Fig. 2 Liver, dog, group NH/LDH, degenerated hepatocytes are 
subdivided into small groups or individual cell by fine fibrous septa throughout the parenchyma, necrosis is present 
(arrows), HE stain. Bar =  100 µm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Ch.5 -Fig. 3 Liver, dog, control, labelled for TN-C, moderate perisinusoidal positive reaction, mainly in Zone 2 of 
hepatic acinus, Avidin-biotin peroxidase method counterstained with Mayer’s hematoxylin. Bar =  100 µm.  
Ch.5 - Fig. 4 Same animal as Fig. 3 at higher magnification, the positive TN-C signal is localized in the space of 
Disse, Avidin-biotin peroxidase method counterstained with Mayer’s hematoxylin. Bar =  50 µm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Ch.5 - Fig. 5 Liver, dog, group CH/CIRR, labelled for TN-C, intense positive staining in the fibrous stroma (arrow) 
surrounding a negatively staining regenerative nodule (arrow head), Avidin-biotin peroxidase method counterstained 
with Mayer’s hematoxylin. Bar =  200 µm. Ch.5 - Fig. 6 Liver, dog, group CH/CIRR, labelled for TN-C, moderate 
positive reaction in Disse’s space (arrow) associated with hepatocellular ballooning degeneration, Avidin-biotin per-
oxidase method counterstained with Mayer’s hematoxylin. Bar =  100 µm. 
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Ch.5 - Fig. 7 Liver, dog, control, labelled for α-SMA, reactive perisinusoidal hepatic stellate cells produce a thin ir-
regular positive band lining the sinusoids (arrows), Avidin-biotin peroxidase method counterstained with Mayer’s 
hematoxylin. Bar =  20 µm. Ch.5 - Fig. 8. Liver, dog, group CH/CIRR, labeled for α-SMA, the perisinusoidal signal 
is enhanced in intensity and surface area (arrows) depending on the number of activated portal myofibroblasts and 
activated (parenchymal) hepatic stellate cells, Avidin-biotin peroxidase method counterstained with Mayer’s hema-
toxylin. Bar =  100 µm. 

 
Ch.5 - Fig. 9 Liver, dog, group CH/CIRR, labelled for CK7, ductular proliferation (arrows) was conspicuous in the 
portal areas and fibrous septa, particularly at the portal-parenchymal interface, Envision method counterstained with 
Mayer’s hematoxylin. Bar =  200 µm. Ch.5 - Fig. 10 Liver, dog, group CH/CIRR, labelled for CK7, abundant positive 
reaction in ductular proliferations in a thick fibrous septum along the periphery of the regenerative nodule (arrow) 
and in degenerated parenchyma  (arrow head), Envision method counterstained with Mayer’s hematoxylin. Bar =  
200 µm. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Ch.5 - Fig. 11 Liver, dog, group NH/LDH, labelled for CK7, CK7 positive cells in the parenchyma, Envision method 
counterstained with Mayer’s hematoxylin. Bar =  100 µm. Ch.5 - Fig. 12 Liver, dog, group CH/CIRR, labelled with 
TN-C, TN-C reaction is low or absent in areas with severe lymphocytic infiltrations (arrows), Avidin-biotin peroxi-
dase method counterstained with Mayer’s hematoxylin. Bar =  100 µm. 
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Ch.6 -Fig.1 Acute fulminant hepatitis; cat 9. Reactive ductules extend from the portal tract (asterisk) into the necrotic 
parenchyma. Isolated ductules are present beyond the limits of the portal tract (arrow). Inset: mitotic figure in duc-
tule. HE stain. Bar = 100 micron. Ch.6 -Fig. 2 Hepatic lipidosis, cat 13. Extensive micro- and macrovesicular steato-
sis in all mature hepatocytes. Reactive ductules, mainly without a lumen, extend far into the parenchyma. HE stain. 
Bar = 100 micron. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Ch.6 -Fig. 3 Malignant epitheliotropic T-cell lymphoma, cat 16. Branching reactive ductules are present at the porto-
parenchymal interface. HE stain. Bar = 50 micron. Ch.6 -Fig . 4 Normal feline liver, cat 4. Strong cytoplasmic stain-
ing (red) in mature cholangiocytes in the portal area. Few positive cells form a small ductular structure just beyond 
the limits of the portal area (arrow). This suggests the presence of progenitor cells in the canal of Hering. CK7 im-
munolabeling, Mayer’s hematoxylin counterstain. Bar = 50 micron. 

 
 
 
 
 
 
 
 
 
 
 
 

Ch.6 -Fig. 5 Hepatic lipidosis, cat 14. Small and intermediate sized positive cells (red) compose ductular reaction 
perpendicular to preexisting bile duct (left top) which is compiled of small, diffusely positive cholangiocytes. The duc-
tular reaction is composed of intermediate sized cells with a membranous staining pattern (arrowhead). On the edge 
of hepatic cords, also larger intermediate sized cells appear which display less intense cytoplasmic reactivity (arrow). 
CK7 immunolabeling, Mayer’s hematoxylin counterstain. Bar = 50 micron. Ch.6 -Fig.6 Hepatic lipidosis, cat 13. 
Branching interface reactive ductules in the hepatic parenchyma. Cytoplasmic CK7 reactivity (red) is present in small 
cells of a preexisting bile duct (arrowhead) and in intermediate cells of varying size (arrow at largest positive cell), 
which are dispersed between hepatocytes with extensive fatty change. CK7 immunolabeling, Mayer’s hematoxylin 
counterstain. Bar = 50 micron. 
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Ch.6 -Fig. 7 Normal feline liver, cat 2. In all depicted periportally located hepatocytes a strong positive signal 
(brown) is present. All other cells are negative. Hepar1 immunolabeling, Mayer’s hematoxylin counterstain. Bar = 50 
micron. Ch.6 -Fig. 8 Hepatic lipidosis, cat 14. Epithelial cells in ductular reaction are negative (left top and centre), 
while larger, mature hepatocytes show intense granular cytoplasmic positivity. Hepar1 immunolabeling, Mayer’s he-
matoxylin counterstain. Bar = 50 micron.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Ch.6 -Fig. 9  Acute hepatitis, cat 11. Reactive ductules composed of small epithelial cells are dispersed between de-
generated hepatocytes (asterisks). Few small, strongly positive (brown) epithelial cells are present (arrow) in the duc-
tules. Hepar1 immunolabeling, Mayer’s hematoxylin counterstain. Bar = 20 micron. Ch.6 -Fig. 10 Normal liver, cat 
1 (P05 4718-1). Hepatocellular bile canaliculicar membranes react positively (brown). Unapparent cytoplasmic 
background staining appears in hepatocytes, all other cells are negative. MRP2 immunolabeling, Mayer’s hematoxy-
lin counterstain. Bar = 50 micron. 
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Ch.7 -Fig. 1 Normal liver, dog #1, portal area and periportal parenchyma. The tissue architecture is well preserved, 
with good contrast and sufficient cellular morphology reflected in distinct cellular and nuclear membranes, and 
sufficient cytoplasmic details. Needle biopsy, 1 h formalin fixation, HE staining, bar 50 micron. Ch.7 -Fig. 2 Normal 
liver, dog #5, portal area with bile duct (arrow) and periportal parenchyma. The tissue is well conserved, and there is 
mild cellular pronounciation and slightly enhanced eosinophilic appearance of all cells save erythrocytes. Needle 
biopsy, 8 hrs Boonfix fixation at room temperature, HE staining, bar 50 micron. 
 

 
Ch.7 -Fig. 3 Normal liver, dog #5, portal area and periportal parenchyma. Insufficient conservation of tissue 
architecture in the central part of the biopsy, to the right hand side of the arrow, with ill defined cellular borders, 
strong eosinophilia and shrinkage of hepatocytes, pycnotic nuclei and artificially widened sinusoids. Needle biopsy, 
8 hrs RNAlater fixation at room temperature, HE staining, bar 50 micron. Ch.7 -Fig. 4 Copper related chronic active 
hepatitis, dog #9, parenchyma, control tissue. Many, intensely red staining copper granules appear in the cytoplasm 
of hepatocytes and Kupffer cells, and also an apoptotic body (arrow) is present. Wedge biopsy, 24 hrs formalin 
fixation, rhodanine staining, bar 50 micron. 
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Ch.7 -Fig. 5 Liver with copper storage, dog #6, parenchyma. Intracytoplasmic copper granules stain yellow-brown to 
faintly red, therefore no reliable differentiation between copper and lipofuscin granules can be made. Needle biopsy, 
8 hrs formalin fixation, rhodanine staining, bar 50 micron. Ch.7 -Fig. 6 Normal liver, dog #2, portal area and 
periportal parenchyma. Cholangiocytes in the portal tract (asterisk) display a strong signal (brown) in the cytoplasm 
with negligible aspecific background staining. Also, the parenchyma contains one small, isolated positive periportal 
cell (arrow), interpreted as a progenitor cell. Needle biopsy, 1 h formalin fixation, CK-7 immunohistochemistry, bar 
20 micron. 
 

 
Ch.7 -Fig. 7 Normal liver, dog #5, portal area and periportal parenchyma. All hepatocytes feature strong cytoplasmic 
reactivity, all other cells are negative. Needle biopsy, 1 h formalin fixation, Hepar1 immunostaining, bar 50 micron. 
Ch.7 -Fig.8 Normal liver, dog #8, parenchyma, control tissue. Strong signal (brown) is elicited along the canalicular 
membranes of all hepatocytes, insignificant background staining. Wedge biopsy, 24 hrs formalin fixation, MRP-2 
immunostaining, bar 20 micron. 
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