ABSTRACT

VAN WETTERE, ARNAUD J.N.J. Pathogenesis of Liver Fibrosis and Regeneration in the
Japanese Medak@®(yzias latipes. (Under the direction of Br Seth Kullman and Mac

Law).

Animal models ohuman diseases are essential to elucidatmtiiecularmechanisms of
diseasandto develop and evaluate diagnostic and therapeutic appro&éblesre attractive
model organisms due to the easy and economical maintenance, large number of embryos
produced, external development of transparent embryos, lokwgimacd incidence of

neoplasia, well annotated genome, availability of inbred strains and established techniques to
manipulate gene expression and create mutant lines. Consequently, it is not surprising that
fish are increasingly used in biomedical reskahighthroughput screening of chemicals,

and environmental monitoring. It is known that notable mechanistic differences in disease
pathogenesis often exist between humans and the relevant animal models used. These
differences do not preclude using a spe@s a model of human disease but it is important to
know and understand these differences and the limitations/special characteristics that apply.
In fact, the degree of similarity of fish models have with appropriate mouse models and
humans has becomedtical issue. Although it is established that certain aspects of tissue
and cellular organization, reaction to injury, and neoplasms are remarkably similar
histologically between humans and fish, little is known regarding the specific molecular
mechanims leading to liver pathologies in piscine models. In this dissertation, the medaka
fish was use@s a model for investigating liver fibrosis and regeneration following injury.

In chapter 2we developed a dimethylnitrosamine (DMMducedfish model of kepatic

injury in Japanese Medak®(yzias latipey andanchoretxpressiorof key genes involved



in thepathogenesis of fibroswith the developmenif hepatic fibrosiand neoplasia. We
demonstrate that the main cellular and molecular events in theqgehesis of hepatic

fibrosis in mammals and medaka fish exposed to DMNanservedHepatocellular injury

is followed by activation ofiepatic stellate cellSGFb pat hway activation,
balance betweematrix metalloproteinasemndtissue imibitors of metalloproteinasesd
increase in collageproduction with the end resudf excessive deposition of collagenous
extracellular matrixThese datalso confirm the medaka as a useful animal modeéphtic
fibrosis. In chapter 3he immunohitochemicaknd ultrastructuratharacteristics of the
putative piscin@val cell/progenitocell compartment aftexcute anahronictoxic hepatic
injury were determineth orderto characterize the calars lineages and differentiation
processs in medak The studydemonstratethatfish oval cellshepatic progenitor cells

(HPQO) shared similar morphology and immunoreactivity with rodent oval cells and human
HPCs, and hadimilar bipotentialineage pathways. This provided additional evidence of the
striking morphological similarities in the hepatic regenerative process between fish and
mammals. In chapter 4, label retention cell assay was performed to identify the location of
the HPCs in the Japanese Medikar. Labeling was performed either duringdr
development in embryos and physiological growth was used to dilute the label in hepatic
cells, or following acute hepatic necrosis in adult medaka and the subsequent hepatic
regeneration phase was used to wash out the Rimtotypic characteristiciycation and
double immunolabelling were used to confirm the identity of the BrdU retaining lcalis)
retention was observed in three possible HPC nidiegsatocytes, bile preductular epithelial
cells, and cholangiocyteshese data demonstrated ttied process of hepatic regeneration is

a complexsystem relying on multiple HPC niches as observed in mice.



Collectively, theresults of our investigationsiprove comparative understanding of the
l iverds response t @andddmonsateithe utilitynof thermgdala mmodels st a

for hepatic injury studies.
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CHAPTER 1: Literature R eview

Animal models of human diseases are essential to elucidate the moleath@anmms of
disease progressi@nd develop and evaluate diagnostic and therapeutic appsoache
Fish models with their easy and economical maintenance, large number of embryos
produced, external development of transparent embryos, low background incidence of
neoplasms as well as their well annotated genome, availability of inbred strains and
estallished techniques to modulagene expression and create mutant lines make them an
attractive model organissnResponsible use of laboratory animals seeks to reduce, refine and
replace use of higher vertebrates by lower vertebrates, invertebrateatar systems and
therefore supports the use of fish as animal mdtels, 2003) Consequently, it is not
surprising that fish are increasingly used in biomedical researchthmighaghput screening
of chemicals, and eiranmental monitoringTorten et al., 1996; Okihiro and Hinton, 1999;
Wakamatstet al., 2001; Shima and Mitani, 2004; Hardman et al., 2007; Hardman et al.,
2008b; Hinton et al., 2009)

It is known that notable mechanistic differences in disease pathogenesis exist between
humans and the various animal model species used. Thesertitsrin molecular
mechanisms do not preclude using an animal species as a model of human disease but it is
important to know and understand these differences and the limitations of the model selected
(Hinton et al.,2009) How similar fish models are to the relevant mouse models and humans
has become a fundamental issue. Although it is well accepted that tissue and cellular

organization, reaction to injury and neoplasms are typically similar histologically between



humans and fish, little is known regarding the similarity of specific molecular mechanisms
leading to liver pathologie$n this thesis, we investigated the medaka liver reaction to

injury, and more specifically, the pathogenesis of hepatic fibrosis araditieggeneration

1. The Japanese Medaka: an Alternative Animal Model

The Japanese medakaryza latipe$is a teleost fish native to Japan, Taiwan and Southeast
Asia that has been increasingly usedarious biological fields including genetic regulation

of development, carcinogenesis, hitjinoughput screening of chemicals, and environmental
monitoring as well as models of human dised3esten et al., 1996; Okihiro and Hinton,

1999; Wakamatsu et al., 2001; Shima and Mitani, 2004, Hardman et al., 2007; Hardman et
al., 2008b; Hinton et al., 2009)he medaka fish has mabenefitsas a model organism.
Medaka are small (2-3.0 cm in length), hardy, prolific, tolerate a wide range of water
temperatures (@0° C) and salinity, and are highly resistant to dis@asgbrodt et al., 2002;
FurutaniSeiki and Wittbrodt, 2004; Shima and Mitani, 200%)ey also have an extremely

low incidence of background neoplasia (<0.5% in most studies) which is advantageous to
perform low dose chemical exposeiexperimentgLaw et al., 1998; Williams et al., 2009)
Medaka are oviparous fish. Mating, egg laying and fertilization occurs when lights are turned
on under artificial lighting conditionsr@t dawn in natural conditions. More precisely,
ovulation take place approximately 1 hour before first light, and oviposition occurs from 1
hour before to 1 hour after light ongetramatsu2004; Shima and Mitani, 2004n the
laboratory, a daylight cycle of 14 hours light and 10 hours dagknerally recommended

(lwamatsu, 2004; Shima and Mitani, 200Femperatures rangirfgppm 25 to 28°C are



optinalfor successful breeding in the laboratory. Females will spawn from 10 to 30 eggs
daily during the reproductive season. At 26°C, the eggs develop and hatch after 9 to 10 days
(lwamatsu, 2004; Shima and Mitani, 200Mpwever, embryogenesis can be slowed down
significantly by reducing the ambient temperat{8gima and Mitani, 2004)'’he normal

stages of medaka development&éeen described in detail by Iwamatsu, 20@&amatsu,

2004)

The life span of medaka is sensitive to temperature. It is reported that medaka maintained
at 27°C have a life span of approximately 1 year whildithespan in natural conditions at
lower temperatures outdoors in Japan can be up to five {@airea and Mitani, 2004)
Experience in our laboratory has shown that orange red medaka tend to live at least 1.5to 2
years at 26°C.

Multiple outbred, inbred and transgenic fish lines have been developed in medaka and
many of them are available at the National Bio Resource Project Medaka Mutant Stock
Project Two of these strains, the STII and 8Htrains, alongvith the zebrafishanio
rerio) mutant straircasper arethe only vertebrate animal models which are transparent in
the adult stag@/Vakamatstet al., 2001; Shima and Mitani, 2004; Hardman et al., 2008b;
White et al., 2008) The STII strain has no expression of leucophores and melanophores, and
minimal expression of xanthophores and iridophores while the STIII strain is recessive for all
pigmert genes exhibiting no expression of chromatoph@féskamatsu et al., 2001)hese

characteristics make them an ideal animal model to study tissue response and gene

expression noimvasivelyin-vivoand itispossbe t o perform high resol



microscopy invivo and generate threaimensional (3D) reconstructions for in vivo imaging
(Hardman et al., 2008b; Hasegawa et al., 2009)

Systematic mutgenesis studies in medaka have generated gene mutations that affected
liver development and/or metaboligiata et al., 2007 Several of these mutants have been
characterized and will be useful models to study lieemition, function and disease.
The medaka has the smallest genome of all vertebrate genetic model gygitonedt et
al., 2002) Its genome is approximately 800 Mb which is about half the size of the zebrafish
genome and onthird of the mouse and human genome. They have 48 chromosomes
including heterogametic XY sex chromosomes with the malasérmining gene located
on the Y chromosom@ondo et al., 2006)Orthologe tanammaliangenes involved in
various biologic functions can be found in the medaka genomes and allows comparison and
extrapolation between fish and mammalian systé@nsussard et al., 2009or example,
genesihked to DNA repair (e.g. AIkB, Apex1, Mgmt, Mrella, Msh2, XPA,), carcinogenesis
(e.g. Brcal, CDKN2A/B, «Ki-ras1, p53, RAB1, RAB2, RB1, Revl, Rev3, XPV), and
immunity (e.g. CD4, CD8, CXCR4, IgM, 10, IL-12,INFo, MHC |, MHC |1, R
TCRU, ©DHCR TLR) are f oun d(Broussatdhbtal, 20@9aak a gen o me
additional orthologous genes can be found and several excellent online genomic resources

are available, such as the Medaka Whole Genome She@fluencing data by the National

Institute of Genetics and the University of Tokyutp://dolphin.lab.nig.ac.jp/medaBand

the Esembl project from the European Bioinformatics Institute, EuropearciMaéBiology
Laboratory, and the Wellcome Trust Sanger Institute in Hinxton, UK

(http://luseast.ensembl.org/Oryzias latipes/Info/Index



http://dolphin.lab.nig.ac.jp/medaka/
http://useast.ensembl.org/Oryzias_latipes/Info/Index

2. Medaka Hepatic Anatomy and Histology

The anatomyand histology of the medaka liver have been thoroughly desdliteedman et

al., 2007) Here we will briefly review the anatomy and point out shéentdifferences

between medaka and mammalian livers. The mammbkepatobiliary structure/function
relationship is characterized by anastomosing 1 to 2 cell thick plate of hepatocytes
(muralium) for ming nmfish,she hepafocyte organizatomhtag | 6 | o b
been classicallgescribed as blindnded anastomosing, and branching tubules formed by

two rows of hepatocytes with their apical membrane forming a biliary preductule and their
basal membrane in contact with a sinusoid. However, a recent three dimensional
reconstruction of the medaka fish livdradlenged this vieWHardman et al., 2007Hardman

R.C. et al, 2007, have found that the medaka hepatic parenchyma is organized more in a 2 to
3 cell thick muralium than tubules. The liver parenchyma has numenastoanosing bile
preductules formed by hepatocytes and bile preductular epithelial cells (BPDEC) which are
the equivalent to the canal of Hering in mammals but are distributed throughout the
parenchyma rather than present only in the periportal areasinsoids with their

fenestrated endothelium and underlying space of Disse are organized similarly to mammals
(Hardman et al., 2007; Hinton et al., 200Bprtal triads are rarely presemfish (Akiyoshi

and Inoue, 2004)Small fish species like the medaka lack these vascular / biliary tract
structures in their hepatic parenchyma while reminiscent anatomical structures such as
venous biliary artedlar tracts, venous arteriolar tracts, venous biliary tracts, biliary tracts,
and arteriolar tracts are found in larger fish species. In medaka, an arborizing biliary tree

similar to mammals is absent. Their intrahepatic biliary system consists of axomtected



network of canaliculi and bile preductules that connect with a few branching bile ducts
located at the hilus. Overall, the single lobed liver of the medaka is best regarded as the
analogue to one or one part of a mammalian hepatic lobule widinybrenous tracts (portal
tract equivalent) located at the hilus and an hepatic parenchyma composed of 2 to 3 cell
thick muralium rather than the mammalian 1 cell thick muraljtigrdman et al., 2007)

Other micoanatomical differences in medaka and most fish include the lack of lymphatic
drainage system and Kupffer cgl&ailendri and Muthukkaruppan, 1975; Hardman et al.,
2007; Hinton et al., 2008Although Kupffer cells are absent, small numbers of
perisinusoidal macrophages are scattered in between hepatocytes along the space of Disse
(Hinton et al., 2008) Hepatic stellate cells are present in the space of Disse of medaka,
although in smaller numbers than in mammals. Last, rare and small aggregates of pigmented
macrophages (previously called melanomacrophage centers) ardsdseeal in the liver
parenchyma of healthy medafdinton et al., 2008)

Medaka liver embryology

In medaka liver anlage from the ventral foregut occurs at approximately 2 days post
fertilization (dpf) (50 hourpost fertilization (hpfy 18 somites stage 25). By 58hpf, the
gallbladder is formed next to left lateral longitudinal liver leaflet. A primitive hepatic tubule
organization is first seen at 62hpf (28 somitetage 28) and CYP activity is first detedt

At this time only arterial blood supply is perfusing the liver. In the third dpf, (86 Bpf
somitesi stage 30)a single prehepatic vein begittsdrain the caudal liver into the left duct
of Cuvier. Pigmentation of the gallbladder fluid is visibie88dpf and suggests that

metabolism of yolk by the liver is occurring. At 8dpf (stage 38), the gall bladder starts to



descend form the upper left lateral position to the ventral surface of the abdominal cavity.
By 10dpf (stage 40), the liver has contpteits descent in the coelomic cavity and a single
hepatic vein drains into the sinus venosus directly. The liver and gall bladder rotate 90
degrees clockwise (ventral view) to a transverse position. Merger of the sinus venosus and
the hepatic vein is olesved at 12dpf and the hepatic portal vein is first observed at 13dpf. By
16dpf, the liver and gallbladder have achieved adult phen@iypenatsu, 2004; Hinton et

al., 2008)

3. The MedakaMorphologic Hepatic Response to Injury

In general, there are more similarities than differences between fish and mammalian
morphological hepatic response to injury. In regards to their response to toxic ingury, t
maindifferencebetween fish and mamnsak that fish do not display a zonal response
pattern to hepatic intoxication. Thasfference in histological pattern of toxicity due to the
absence of metabolic zonation in fish compared to the mammaliar(Bieerman et al.,

1997; Wolf and Wolfe, 2005; Hinton et al., 2008hother important difference ihat, in
general, for the same exposure concentration, hepatic injury tends to be less severe in fish
than in mammaléWolf and Wolfe, 2005; Hinton et al., 2008)his relative resistare may

be due to several factors. The perfusion rate of the fish liver is lower and contact between
sinusoidal blood flow and hepatocyte is limited to the basal and basolateral hepatocyte
membranes in fish. Also the metabolic enzyme machinery is homodgni@isbuted and
some enzymes do not seem as readily inducible as in manimeisstingly, cholestasis

(impairment of bile transport), a common consequence of hepatobiliary system injury in



mammals, is rarely if ever observed histologically in {dfolf and Wolfe, 2005; Hardman

et al., 2008a; Hinton et al., 2008jowever, norinvasive high resolution in vivo imaging of
Unaphthylisothiocyanate (ANIT) induced hepatobiliary toxicity in STl medaka revealed an
increased canalicular volume thus suggesting cholestatsis occurred in vivo but was not
detectable histologicalliHardman et al., 2008dh response to toxic injury, stress, disease
or decreased nutrition, fish hepatocytes frequently lose their glycogen andf@olgent.
Conversely, decrease hepatocellular glycogen content dwgifasting tends to occur less
rapidly in fish than in mammsy(Blasco et al., 1992; Wolf and Wolfe, 2005; Ferguson,
2006) Toxic hepatocellular injury can algesult in the opposite, an increase in
hepatocellular glycogen and/or lipid content. If adequate controls are not available, it can be
problematic to determine if the vacuolization observed is within normal limits or excessive
(hepatic lipidosisjWolf and Wolfe, 2005; Ferguson, 2006; Hinton et al., 20B&h have

the ability to store large amounts of lipid in their liver and hepatocellular lipid accunmulatio
can be prominent in many fish species and is greatly influenced by th@\fftand Wolfe,
2005) Cystic degeneration, or spongiosis hepatibefcysts are multilocular, &sfrequent

but nonspecific degeerative change observed in fish livéirinton et al., 2008, Wolf and
Wolfe, 2005; Ferguson, 2006; Boorman et al., 198@patocyte hyalinization is another
degenerative change observed in fish and consists of enlarged hepatocytes with bright
eosinophiliccytoplasm or eosinophilic hyaline intracytoplasmic 5 to 15 um dreplet
(Boorman et al., 1997; Wolf and Wolfe, 2005)jngle cell necrosis or apoptosis as well as
coagulative or liquefdaose necrosis occurs in fish like in mammals with the exception that

zonal distribution does not occurs as mentioned edBeormanet al., 1997; Wolf and



Wolfe, 2005; Ferguson, 2006; Hinton et al., 200%8) increase in number and size of
pigmented macrophage aggregates canbserved following exposure toxicans but also
with other causes where increased cell turn over andeath occur such as in infectious
diseas€Boorman et al., 1997; Wolf and Wolfe, 2005; Ferguson, 2006; Hinton et al.,.2008)
Pigmente macrophage numbers also increase with age. These pigmented macrophage
aggregates are not always easily distinguished from granulomas. A granuloma is a more
organized inflammatory response with a center of densely packed macrophages or necrotic
material sirrounded by macrophages that can be epithdligasdrman et al., 1997; Ferguson,
2006) A lymphocytic infiltrate can be present at the periphery of the granuloma.
Interestingly, unlikemammals, parenchymal hepatic fibrosis and cirrhosis is rarely observed
as a consequence of chronic hepatic injury in (Wholf and Wolfe, 2005; Ferguson, 2006;
Hobbie et al., 2011)Conversely, concentric fibrosis centered around bile duct,
cholangiofibrosis, is more commonly observed and results from toxic or infectious etiologies
(Wolf and Wolfe,2005; Ferguson, 2006)

In regards to proliferative lesions, fish develop altered foci similar to rodents and they are
classified as eosinophilic, basophilic, clear cell, and vacuolatedBoorman et al., 197).
Bile duct hyperplasia can also occur in reaction to injury to the biliary tree in fish. Primary
neoplasms of the liver of fish include hepatocellular adenoma, hepatocellular carcinoma,
cholangioma, cholangiocarcinoma atambined hepatocellulatholangiocarcinoma
(Boorman et al., 1997; Okihiro and Hinton, 1999; Ferguson, 2B06)iferative neoplastic

masses composed of spindle gtilat sometimes whirl atmd blood vessels have been



observed in fish liveréBoorman et al., 1997When the characteristic whirling pattern is
present, they are called hemangiopericytoma, although the cell or origin remains unknown.
The gandardization of diagnostic criteria and nomenclature is essential to harmonize the
reporting of hepatic lesions across studies and detailed description and classification of the
proliferative and nosproliferative medaka hepatic response to injury been published by a

National Toxicology Program Pathology Working Graigmorman et al., 1997)

4. Mechanism of Hepatic Regeneration

To date, our knowledge of the liver repair mechanisms is derived mainly éent studies
(Michalopoulos and DeFrances, 1997; Michalopoulos, 20Q0)nparatively, our
understanding of the mechanisms in fish liver regeneration is much more |{Sdtekbr et

al., 2007; Goessling et al., 2008; Kan et al., 200Bg process of liver regeneration or
compensatory growth is complex and involves coordinated interactions bediviaar cell
types and the extracellular matrix (ECM) to produce the favorable microenvironment
necessary for regenerati@®@antoriRugiu et al., 2005; Riehle et al., 201Ryogression
through the regenerative process can be artificially divided into 3 phases: the priming or
initiation phase, the proliferation or growth phase and the termination or growth inhibition
phase. Each phase is not an independent event but théactars involved in each phase
are different. Priming factors will prepare the hepatocytes for replication, growth factors will
promote cellular replication and growth inhibitory fastesill suppress cell replication.

After partial hepatectomy the regaative process is initiated by cytoksreleased

principally by Kupffer cellswhich activate hepatocyte initiation and production of growth
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factors. Priming for replication and transition fromy@ G; of hepatocytes is triggered by
interleukin (IL) 6 ad tumor necrosis factor alpha (TNF) s e ¢ r e-paeenchyimal n o n
cells, Kupffer cells, endothelial cells and hepatic stellate @dlishalopoulos, 2010; Riehle
et al., 2Q1). Subsequent to hepatocyte primipgogression through {& dependent on
hepatocyte growth factor (HGF) and transforming growth factor (TGF) alpha. The HGF
producedoy nonparenchymal cellgapped in the extracellulamatrix is released following
patial hepatectomy anbinds its receptor, €Met, on the cell membrara hepatocytes
Several other secondary ligafgignaling factorassist with progession through the cell
cycleincludng:e pi der mal growth factor (EGF), TGFU,
EGFlike growth factor (HBEGF) (Michalopoulos, 2010; Riehle et al., 201The
bioavailability of gowth factors is dependent on their release from the extracellular matrix
(ECM) by the action of urokinase plasminogen activator, plasmin, matrix metalloproteinase
(MMP) and their inhibitors (TIMPJHaruyama et al., 2000; Mohammed et al., 2005; Riehle
et al., 2011) The Wnt pathway is also activated during hepatic regeneration and its role is
mainly in activation, expansion and differentiation of hepatigpnitor cells (HPC)
(Goessling et al., 2008; Lade and Monga, 2011; Ngaken and Monga, 2011; Riehle et
al., 2011) Proliferaton of norparenchymal cells, stellate cells, biliary epithelial cells and
endothelial cells, lags 24h to 48h behind hepatocyte proliferation and is probably responding
to other proliferation signakvichalopoulos and DeFrances, 1997; Michalopoulos, 2010;
Riehle et al., 2011)

I n addition to the Aclassical o pathways me

and complex process of hepatigeaeration. The peripheral nervous system has been
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implicated in liver regeneration. However, the mechanisms by which the nervous system
influences hepatic regeneratiare not clear. Direct influenad sympathetic and
parasympathetic mediators on hepgtes and nofparenchymal cells as well as effect on
blood flow regulation are suspectéhkaguchi and Liu, 2002; Oben and Diehl, 2004;
Michalopoulos, 2010)Platdets and plateletlerived serotonin have been shown to play an
important role in liver regeneration, however the exact mechanisms are presently uncertain
(Lesutel et al., 2006; Nocito et al., 2007; Riehle et al., 2011)

Pathways initiating and promoting the liver regeneration process have been well studied;
but, the mechanisms involved in the termination of liver regeneration are still poorly
understood. Onctine hepatic mass is restored, cessation of the proliferative response is
mediated at least in partby TdBF a n d @Ilchalopoulos and DeFrances, 1997,
Michalopoulos, 2010)TGFb 1 whi ch is produced mainly by H
well-known potent inhibitor of hepatocyte proliferati@®antoniRugiu et al., 2005; Nguyen
et al., 2007)Its effect § mediated mainly by downregulation efiyc and upregulation of
cyclin-dependent kinase inhibitors p15ink4b and p21@@dassen and Hann, 2000; Pardali
et al., 2000; Seane et al., 2001)t also suppresses HGF production and receptor activation
(Gohda et al., 1992; Mars et al., 1998)the early phase of regeneration, hepatocytes are not
sensitive to the inbitory effectof TGFb b ecause of -bdecreape oirn TGI
expression and the high level of T&GF p r o @Houckert Michalopoulos, 1989; Chari et
al., 1995) Then during the termination pb TGFb 1 ex pr essi on peaks, he
replication is inhibited but production of ECM proteins is stimuldiepper et al., 1993;

Michalopoulos and DeFraes, 1997; Michalopoulos, 2010y addition, TGFb 1 al s o | i ke
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promotes reformation of the sinusoidal vascular network. The extracellular matrix itself also
plays an important role in regulating termination phase. Intdigited kinases present in the
ECM are known to be critical for termination of liver regeneration once the hepatic mass has
been restore(Ppte et al., 2009; Michalopoulos, 2010)

In mammals, liver regeneration candeparated in 2 physiological forms depending on
the type of liver injury. When the injurious event targets hepatocytes or after partial
hepatectomy, liver regeneration is achieved by proliferation of mature hepatausto
and Campbell, 2003; Michalopoulos, 2010; Riehle et al., 204dyever, after severe
hepatic injury or when hepatocyte division is impaired, a second system of reparative
mechanims isactivated and HPCs patrticipatetire healing proceq&varts et al., 1989;
Fausto and Campbell, 2003; Riehle et al., 20jodents and humans,stwell accepted
that the HPC niche is located in the transition canal between bile ductules and canaliculi
called the canals of Herin@raun and Sandgre2000; Fausto and Campbell, 2003;
Hardman et al., 2007; Zhou et al., 200Hpwever, this idikely an over simplificatiorand
multiple HPC niches probably ex@uwahara et al.2008; Riehle et al., 20L1Work by
Kuwara et al., 2008 proposed that there are maybe up to four HPC niches in the rodent liver:
1) the oval cells in the canal of Hering, 2) some epithelial cells in the intralobular bile ducts,
3) some periductalmonoaul ear fAnull 0o cell s, an@ uwlharas o me
et al., 2008)In fish, the piscine oval cell equivalent, tBEDECsare the purported liver
tissue progenitor cell@ardman et al., 2007; Hinton et al., 2008)

An additional mechanism of hepatic regeneration is fusion or transdifferentiation of

hematopoietic or bone marrow stem cells into hepatocytes, however, this process is not
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considered clinically significanfHatch et al., 2002; Menthena et al., 2004; Oh et al., 2007)
Bone marrow stem cells may also contribute to repopulation of myofibroblastssnausdidal

endothelial cells, and thus may play additional roles in liver tissue r@fxliis et al., 2007)

5. Mechanism of Hepatic Fibrosis

Following an acute injury, the liver regenerative response usuallifg@suestoration of the
normal hepatic architecture and function. However, when the injurious cause persists,
chronic inflammation and scar tissue deposition ocaurd,progressive hepatic fibrosis
developsChronic hepatic injury leads to cirrhosike endstage of fibrosis, with profound
morphological and metabolic consequences that are often (étla#lhce et al., 2008;
Hernandez5ea and Friedman, 2010)

Hepatic fibrosis is the redudf the liver woundhealing response to repeated injury. When
the cause of hepatic injury persists, the liver regenerative mechanisms are compromised and
deposition of excessive ECM, scar tissue, occurs. The distribution of the fibrous tissue
depositionm the liver depends on cause of the injury. Fibrosis first occurs around portal
tracts and progresses to pofpairtal and portatentral bridging fibrotic septa in chronic viral
diseases and diseases affecting the biliary tree. Iratoomolic fatty live disease and
alcohotinduced liver disease, fibrosis occurs in the pericentral and perisinusoidal regions
along the space of Disse and results in a chickies pattern(Wallace et al., 2008
HernandezGea and Friedman, 201Q)ith time, portalportal and portatentral bridging
fibrosis develop as well. The excessive deposition of ECM matrix and the loss of fenestration

in the basal | amina along t hefthegnasoidgdisat of Di s s
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resultin significant impairment in metabolic exchange between sinusoidal blood flow and
hepatocyteg¢Schaffner and Poper, 1963; Wallace et al., 2008)

Hepatic fibrosis @ésults from complex interactions between infammatory cells and the
various hepatic cell types. Hepatocellular injury due to numerous etiologies such as viruses,
bile acids, and hepatotoxicants results in the release of reactive oxygen species (ROS) and
cytokines that initiate an inflammatory reacti(ilzer et al., 2006; Hernand€zea and
Friedman, 2010; Jaeschke, 201dypffer cells in the area of hepatocyte injaistect the
release of intracellular contents and apoptotic cells and secrete chemokines (e.g. MCP1,
MIP2) that activate local resident leukocytes and stimulate chemotaxis of circulating
leukocyteqCanbay et al., 2003; Canbay et al., 2004, Bilzer et al., 2006; Jaeschke,|2011)
addition, the Kupffer cells, but also the lymphocytes and polymanptiear cells, produce
cytokines (e.g. TNWJ, TGF PGF PDGF) that activate HSCs
extracellular matrix, chemokines, MMPs, TIMPs, and cytokines such asbTGEF t h a't
modulate matrix deposition and the immunological readi@asini et al., 1997; Vinas et al.,
2003; Winau et al., 2007; Winau et al., 2008; Atzori et al., 200@)en the injury is centered
on thebiliary tree like in cholestatic diseases or cholangitis, biliary epithelial cell damage
triggers the inflammatory reaction and activation of the portal myofibroblast and HSCs that
cause deposition of ECM predominantly around bile d(iGisnman and Housset, 2002;
Kinnman et al., 2003; Magness et al., 2004; Pesterreicher et al., 20L1Release of
cytokines like TGFb 1 p r e s e n tdueitonnjuty anel th&idfldnmatory reaction also
promotes HSC activation and fiborogendgiaittel et al., 2000; Gressner et al., 2002;

Hemmann et al., 200.AVith the angoing cell death due to repeat or continuous exposure to
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a hepatoxic etiologic agent and thdanfimatory reaction, a vicious cyatewhich
inflammatory and fibrogenic cells stimulate each other is likelyetestablisled (Wallace et
al., 2008; Winau et al., 2008; Hernandgea and Friedman, 2018SCs are multifaceted
cells that have a central role in the pathogenesis of hepatic fibrosis. Following chronic injury,
HSGCs transdifferentiate (activate) into myofibrobltike cells that have contractile,
proinfammatory, and fibrogenic properties. They migrate to the sites of tissue repair and
secrete ECM components (e.g. collagen 1 and 3, fibronectin, proteoglycannesgt(kg.
IL-6, IL-10) and growth factors (e.g. PDGF, HGF, FGF, CTGF, IGF) that promote cell
proliferation and ECM accumulatiqiautekeete anGeerts, 1997; Wallace et al., 2008;
Atzori et al., 2009; Hernandezea and Friedman, 2010)ith some variation between
species, they express neuroendocrine markers (e.g., reelin, nestin, neurotregiNg,N
synaptophysin, and glidibrillary acidicpr ot ei n) , adi pocyte markers
1c, and leptin), and bear receptors for neurotransmitiserts, 2001; Oben et al., 2003;
Sato et al., 2003Atzori et al., 2009)When activated, they express myogenic markers (e.qg.
desmin, U smooth muscle actin). Hepatic stel
cells and stimulate natural killer cells, CD8 and CD4 T d&Isas et al., 2003; Winau et al.,
2007; Winau et al., 2008)

HSCs are the main fibrogenic cell when injury occurs in the pericentral areas while portal
myofibroblasts predominate when liver injurycsntered on portal trac{slagness et al.,
2004) Yet, the bone marrow is also an important source of fibrogenic cells in the injured
liver. Bone marrow derived HSCs and myofibroblasts make significant contnisutio the

myofibroblastic cell populations in fibrotic live(Russo et al., 2006; Miyata et al., 2008)
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(Scholten et al., 2011However, these bonearrow derived cells may not be the main
producer of ECMHigashiyama et al., 2009The relative contribution to fibrosis of liver or
bone marrow derived HSCs and myofibroblasts likely depends on the typer arjivg
(Kisseleva et al., 2006; Russo et al., 2006; Miyata et al., 2008)le duct ligatiorinduced

liver injury in mice, HSCs were not recruited but collageadudng fibrocytes were

recruited from the bone marrdisseleva et al., 2006Presently, the precise contribution

of bone marrow cells versus the liver derived collagen producing cells to liver fibrogenesis
following various types of injuries is unclear and additional studies are necessary.

It has been suggested that epithelssenchymal transition of hepatocytes and
cholangiocytes to myofibroblasts contribute to liver fiorogen@&smori et al., 2007,

Zeisberg et al., 2007; Rygiel et al., 2008; Harada et al., 26@8yever, results of other
studies did not support the occurrence of epithélmesenchymatansition in liver fibrosis
(Scholten et al., 2010; Taura et al., 20I)e concept of epithelimhesenchymal transition
itself is still debated and, even in the kidney, where epithelial mbgerat transition was

first described and seems most accepted, this concept has been chéliemgptreys et al.,
2010) To date, in light of the evidence for epithélimlesenchymal transition in chronic liver
disease, it appears that hepatocytes and cholangiocytes can acquire mesenchymal markers
associated with cell survival and migration ability but are not involved in active
collagen/ECM secretio(Pinzani, 2011)Therefae they are not true piibrogenic cells.
Further, Pinzani, 2011 suggests the possibility that the acquisition of mesenchymal markers
and migration of these epithelial cells away from the injury site is gsatiéctive

mechanism that could also be ainmadimiting fibrogenesigPinzani, 2011)

17



The process of hepatic regeneration and fibrosis are intimately linked andatkdsstween

HPCs and HSCs has been documeli®aku et al., 2001; SanteRugiu et al., 2005;

Roskams, 2006 HSCs are a significant source of growth factors that act on hepatocytes and
HPCssuchasTGB, BGF HGF and FGF. Inflammatory cell
a source of factors that activate hepatocytes and HPCs but also HSCs. In a mouse model of
hepatic fibrosis, activation of HSCs and ECM deposition preceded expamsintPC

population(Van Hul et al., 2009)

In normal livers, the ECM synthesis and degradation is a dynamic process that is strictly
regulated. In liver fibrosis, the balance between synthesis and degradatiened and the
accumulation of ECM results from both increased synthesis and decreased degradation
(Kossakowska et al., 1998; Hemmann et2lQ7; Wallace et al., 2008; Hernandeea and
Friedman, 2010)The decrease in ECM degradation is essentially due to an increase in
expression of TIMPs by HSCs and myofibroblgstsrbst et al., 1997; Kossakowska et al.,
1998; Knittel et al., 2000; Hemmann et al., 200/hile the ECM deposited during liver
fibrosis is excessive, it also differs in quality with increbhsesslinking compared tohte
ECM present in normal liver@ssa et al., 2004; Wallace et al., 2008; Hernar@ea and
Friedman, 2010)The ECM deposited during fibrosis includes collagens (laig V),
fibronectin, laminin, elastin, hyaluronan, and proteoglyd&tesnmann et al., 2007 The
ECM plays a critical role in cell polarization, adhesion, migration, proliferation, and survival,
and the interactiobetween ECM and adjacent cells is bidirectional. Therefore, after injury,
change in the ECM influence the activation and proliferation of HSC, regeneration,

angiogenesis as well as the availability of growth factors (e.g-AGF TUNF PDGF, HGF)
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and MMPs(Olaso et al., 2001; Schuppan et al., 2001; Hernatdezand Friedman, 2010)
For example, collagen 1 has been shown to stimulate HSCs activation and proliferation via

their discoidin domain receptor 2 and integri@daso et al., 2001)

a. TGF-b Signaling Paibrtsways i n Liver F

TGF-b is a multifunctional [tactivatds H3Cs, stimulatds key
production of ECM, potentially suppresses the proliferation of hepatocytes and can mediate
apoptosigDooley et al., 2001; Gressner et al., 2002; Leask and Abraham, 2904)

mammalsTGFb has t hr ee mabjlo r -OlNiZxFo fa ehrd3vs dsl@Htio GaF

isoform, TGFb 6 , i s phriechiding medaké~unkeinsein et al.,, 20100GFb 1 i s

the primaryisoform involved in liveffibrosis and is produced predominatly monocytes,

macrophages and HS(I3e Bleser et al., 1997; Gressner et al., 2002; Leask and Abraham,
2004)TGFb1 is stored in the ECM in an inactive
action of MMPs and inflammatory reacti@idaruyama et al., 2000; Mohammed et al., 2005;

Riehle et al., 2011Once activated, TGB si gnal s t hrough a serinel/
membrane receptor consisting of tyg@GFbRI) and type Il (TGFbRII) components.

Bindingof TGFb t o - GiggerKkheteromerization with and activation of TGFbR

The signal is propagated through phosphorylation of receptmiated Smads (Smad2 and

3; R-Smads), which combine with ttemmon mediator Smad4 (@mad). The

phosphorylated Smads 2 or 3 with Smad4 complexskaate to the nucleus, wheraffects

transcription of target genélseask and Abraham, 2004lthough TGFb s i gnal i ng o c

through both canonical (Smad) and noncanonical pathw&mad3 appears to be the primary
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transducing protein mediating the gibrotic effect of TGFb (Flanders, 2004; Roberts et
al., 2006)
In fibrosis, TGFb pl ays a maj or role in HSC and myo
considered necessary for the development of fib(@iet al., 1999; Nakamura et al., 2000;
Gressner et al., 2002; Arias et al., 2003; de Gouville et al., 2005; Liu et al., 2006; Roberts et
al., 2006; Patsenker et al., 2008; Patsenker et al., 2008; Fu et al.,l 20d&yer, TGFb 1
alone is not sufficient for HSC activation and 3 conditions are required for HSC activation to
occurt high levels of TGFb 1pyesence of fibronectin splice variant EDA and increase local
mechanical tensiofHinz et al., 2007Serinietal., 1998)IGFb 1 al so acts on si
endotheliatells to upregulate the production of fibronectin EDA. Transcription of several
genes involved in fibrosiare upregulated g TGFb 1Upregulation of collagenQOL1A1,
COL3A1, COL5A2, COL6AL, COL6AETGEF plasminogen activator inhibitdype 1
(SERPINE), andTIMP1 genes has been directly linkedto TBF si gnal i ng activa
(Grande et al., 1997; Dennler et al., 1998; Holmes et al., 2001; Verrecchia et al., 2001)
TGF-b s i gnal i nrge nptbrdym Isepasic filkresig but also in carcinogenesis. The
role of TGRb thenlatteris complex and intricatBNVakefield and Roberts, 2002; Mikula et
al., 2006; Massague, 2008; Mishra et al., 200§~b a c t wsnorawgpressot regulating
cell proliferation but also as a tumor promoter exacerbating neoplastic cell motility and
invasion. This dual role is well documented but the mechanisms of how neoplastic cells
escape the suppressor effect of 6F wh i | e grespomsseitorthe promoter effect are
still unclear(Wakefield and Roberts, 2002; Massague, 20086~b s i gnal i ng t umor

suppressor activity is derived, in part, from its inhibitory groefflect on epithelial and
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lymphoid cells which is mediated mainly by downregulation-afyec and upregulation of
cyclin-dependent kinase inhibitors p15ink4b and p21@@dassen and Hann, 2000; Pardali

et al., 2000; Seoane et al., 2001; Wakefield and Roberts,.ZlBE)b al so pr omot es
differentiation and apoptosis. Conversely, FGF h a s donaogemwiceffepts am the

tumor cells themseés and indirect promoting effects on the stromal environment and

immune cells. Mechanisms of tumor promotionby ’&F i nc |l ude der-egul ati o
dependent kinase inhibitors, microenvironment modification, evasion of inmune surveillance

and increasedmgiogenesigWakefield and Roberts, 2002; Massague, 2008yeneral,
decreased or altered TdF- s i gn al responsiveness afmd incre
ligand is observed during tumprogression to metastatic dise@éékefield and Roberts,

2002; Massague, 2008nh hepatic neoplasia, malignant cells are frequently associated with

intra- and peritumoral accumulation oftevated HSCs, myofibroblasts and increased ECM.

These activated HSCs and myofibroblasts are involvedina®GFd e pendent manne
carcinogenesis by promoting autocrine FBF s i gn al i n egcatenin dccumulatidne ar b

in neoplastic hepatocytéBlikula et al., 2006)

6. Dimethylnitrosamine Induced Hepatic Cirrhosis Model

a. Dimethylnitrosamine (DMN)

Dimethylnitrosamine (DMN)pf the nitrosamine familyis a potent hepatotoxin and
genotoxic carcinogen withothinitiating and promoting capabilitigSwenberg et al., 1991;
Hasegawa et al., 1998)his model compountas been used to study fibrosis in rodents and

cardnogenesis inte rat, mouse, hamster, and Japanese médakkins et al., 1985;
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Swenberg et al., 1991; Hobbie et al., 20Ngoplasms induced by carcinogenic
nitrosamines have been reported in over 40 animal spéSiesnberg et al., 1991; Hasegawa
et al., 1998)DMN induced neoplasms have been reported in various tissues but liver and to
a lesseextert kidney, esophagus, lung, and nasopharynx are the predominant tissue types
(Couch and Courtney, 1987; Peto et al., 198iong liver tumors, hepatocellular
neoplasms predominate in rode(Reto et al., 1991)n medaka, hepatocellular carcinoma
predominateas well but the proportion of biliary neoplasms and mixed neoplasms is higher
than in rodents (see chapter(Bpbbieet al., 2011)Low level natural DMN exposure in
humans is common, and studies have shown that daily exposures to DMN results in an
increased risks of gastric, esophageal, oropharyngeal, and lung ategdo ard Meek,
2001) Human DMN exposure occurs through tobacco smoke, automobile exhaust, and diet
(nitrate- and nitrite treated food and certain beverages) as well as endogenous formation in
the gastrointestinal tra¢Kyrtopoulos, 1998; Liteplo and Meek, 2001; Souliotis et al., 2002)
Given the rsults fromstudies of animal models atite factthat DMN metabolism is
gualitatively comparable in humans and rats, sxpes to DMN is a significant health hazard
in humangKyrtopoulos, 1998; Liteplo and Meek, 200DMN has initiation and promotion
abilities. The initiation mechanism of DMN resultsfidNA alkylation but its promotion
mechanism is less well understa@buliotis et al., 2002)Promotion is thought to result
from release of mitogenic stimuli from damaged cells inducing cellular proliferation
(Souliotis et al., 2002)

DMN-induced celluladamage results from 2 predoming@athways: 1) formation of

DNA and protein adducts and 2) oxidative stress. In rodents, DMN is rapidly absorbed by
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ingestion or inhaltion, has a wide tissue distribution, is metabolized in the liver and other
tissues, and is excreted in urifhateplo and Meek, 2001 Metabolic activation of DMN in
theliver of rodents is dependent egtochrome P450 2E1 (CYP 2E1) via enzymatic
denitrosation and/or alpha hydroxylatififyrtopoulos, 1998; Liteplo and Meek, 2001
Souliotis et al., 2004)n alpha hydroxylation, the unstable intermediate metabolite,
hydroxymethyimethyknitrosamine (HOCH2CH3MNN=0) is formed and quickly
transformed into formaldehyde and methyldiazonium ion [@HBI]+ (Frei et al., 1999)
Cellular damage results from formation of nucleic acid and protein adducts caused by
methyldiazonium ion alkylation of DNA, RNA, and proteins. Methyldiazonium ions also
react with water to form methanol and nitrogen gas ((R&)i et al., 2001; Liteplo and Meek,
2001) DNA adducts caused by methyldiazonium i
DNA includeN7-methylguanineN7-MeG), O6-methylguanine@6-MeG), N3-
methyladenineN3-MeA), O4-methylthymine Q4-MeT), as well a®other minor adducts
(Dobo et al., 1998)Although not the main DNAdducts formedO6-MeG andO4-MeT are
the most premutageni©6-MeG results in GEAT transitions by direct mispairing of
guanine with thymine an@4-MeT giving rise to ATGC transitions through mispairing of
adenine with cytosine during DNA replicatigidobo et al., 1998)DMN-induced mutations
includetransversions (GOA, GC-CG, AT-TA, and AT-CG) as well as frameshifts,
deletions, and insertior{Shane et al., 2000%ister chromatid exchanges, chromosome
aberrations, and recombination have also been docum(mest al., 1999; Margison et al.,

2002) Cytotoxicity also results from generation of reactive oxygen species that lead to
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oxidative stress, glutathione (GSH) depletion, lipid peroxydatiot 880HdG adduct

formation(Lin et al., 1998; Lin and Hollenberg, 2001)

b. DMN Induced Rat Model of Hepatic Fibrosis

In addition to its carcinogenic properties, DMN is a potent hepatotoxin that isnussetents

to model human hepatic fibrosis and cirrhddszequel et al., 198%hiba et al., 1998;

George and Chandrakasan, 2000; Nakamura et al., 2000; Tada et al., 2001; de Gouville et al.,
2005; Hyon et al., 2011Anecdotally, unintended acute and chronic exposure to DMN in
humans has resulted in hepatic cirrhosis and subsedeatft further supporting the validity

of this model[Liteplo and Meek, 2001)Among thke animal models of hepatic
fibrosis/cirrhosisthe DMN induced rodent models are attractive and commonly usedsnodel
due to sinilar aspects of the resultgpathology inducedo the human disease counterpart
(Nakamura et al., 2000; Tada et al., 2004 Gbuville et al., 2005; Wallace et al., 2008;

Hyon et al., 2011)Hepatic fibrosis develops withinv@eels after exposure, antthe

morphological changes induced such as fibrous septa formation, nodular regeneration, portal
hypertension, and developmeritascites resemble the human disgdsakins et al., 1985;
Ala-Kokko et al., 1987; George and Chandraka2a00; George et al., 2001; Tada et al.,

2001; de Gouville et al., 2009protocols for the induction of hepatic fibrosis in rats are

variable but all involve multiple intraperitoneal (IP) injections of DMN over several days to a
few weekqJenkins et al., 1985; Alokko et al., 1987; George and Chandrakasan, 1996;
Shiba et al., 198; George et al., 2001; de Gouville et al., 2005; Ohara et al.,.2ZDRN

administration results in centrilobular hemorrhagic necrosis followed by neutrophilic
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inflammation and progressive lagen deposition over a 3 wepkriod. By day 21 after the

first dose of DMN, bridging necrosis and fibrosis surrounding the central veins, multifocal

fatty degeneration, inflammation, ductular reaction and nodular regeneration are present
(Jenkins et al., 1985; Aldokko et al., 1987; George et al., 2001; George et al., 2004;

George, 2006)Metabolic abnormalities documented in rats include hypoproteinemia,
hypocholesterolemia, hypophosgtbmia, impaired glucose tolerance with insulin resistance,
elevated serum and urinary hydroxyproline and uric acid l€@dsrge and Chandrakasan,

2000) Elevated malondialdehyde levels in liver and serum wereohlserved indicating

increased lipid peroxidation and oxidative dam@george and Chandrakasan, 2000)

Activation of HSCs, which is a critical event in the pathogenesis of hepatic fibrosis, was
documented in rats asall. Stellate cell activation was demonstrated by an increase in

smooth muscle actin positive telsingi mmuno hi st o esmeothimsscleactih i n U
MRNA and in KLF5 (also known as BTEB2) a regulator of the phenotypic modulation of
mesenchymal cell&eorge et al., 2004; Ohara et al., 200i¢reased deposition of collagen

fibrils, fibrosis, was associated with an increase in type |, lll and IV collagen and MMP1

MRNA (Ala-Kokko et al., 1987; Shiba et al., 1998he collagen deposited fibrotic liver

had increased crogimkage compared to control livéGeorge and Chandrakasan, 1998)e

TGF-b pat hway, an essential pathway in the pat
critical importance in this rat model. Inhibitionof T&F s i gnal i ngb by eit her
inhibitors like pirferidone or ALK5, or injection of an adenovirus exgieg a truncated type

Il TGF-beta receptor resulted adecrease oevenresolution of hepatic fibrosidNakamura

et al., 2000; Garea et al., 2002; de Gouville &al., 2005) Takentogether, the results of the
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many studiegvestigating the pathogenesis of fibrosis or treatment options have shown that
the DMN-induced ramodel is gparticularly well characterized and valuable model.

Recently, Japanese medaka {i€hyzias latipesexposed to DMN have been shown to

develop morphological hepatic changes similar to those observed in human fibrotic livers and
the DMN-induced rat model of hepatic fibrog&la-Kokko et al., 1987; Jezequel et al.,

1987; Ohara et al., 2007; Hobbie et al., 2011; Hyon et al., 2011)

7. Microcystin LR Induced Hepatic Injury

a. Microcystins T General Information

Cyanobacteria (blugreen algae) are photosynthetic prokaryotes that are among the oldest
forms of life and are widespread in aquatic environments, especially in freshwater lakes and
reservoirdFerracFilho Ada and KozlowskySuzuki, 2011)Cyanobacteria produce many

types of cyanotoxins thatre usuallyclassified into two broad categories based on 1) their
mechanism of action (e.g. hepatotoxins, neurotg>an®) heir chemical structure (e.qg.

cyclic peptdes, alkaloids or lipopolyssacharideSjewart et al., 2006; Ferrdalho Ada and
Kozlowsky-Suzuki, 2011)

The principahepatotoxins are the microcystins, nodularins and cylindrosgesins.
Among thecyanotoxins, microcystins are particularly well characterhzeplatotoxins.
Microcystins are produced Wicrocystis Oscillatoria, AnabaenaPlankthotrixandNostoc
cyanobacterigpecies and are among the most lethal toxins known wiitbcaan lethal dose
(LD 50) of only 43 pg/kg of bodyweight in mice for microcystin LR (MCL{&upta et al.,

2003; Ferrad-ilho Ada and Kozlowskysuzuki, 2011) They are a welknown causef
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poisoning in animals and humaf&ewart et al., 2006; Ferrdalho Ada and Kozlowsky
Suzuki, 2011)More than 60 microcystin variasmhave been described; they differ by the
amino acids in positi?2 and 4, and by the methylation stadé amino acids in positions 3
and 7(Codd et al., 1997; llbrouck and Kestemont, 2006; Ferfaitho Ada and
Kozlowsky-Suzuki, 2011)Microcystins are monocyclic heptapeptides with the following
general structure: cyclo {8lla*-X?-d-MeAsp*-X4-Adde&-d-Glu®-Mdhd) (Codd et al., 1997;
Malbrouck and Kestemont, 2006) MCLR the variable amino acids areléu and Larg.
Natural routs of microcystin exposure in fish include water immersion and ingestion. In
addition, IP exposure is also commonly perfodnrethe laboratory. Exposure by immersion
is considerably less harmful than by ingestion or IP expd&Umdips et al., 1985; Tencalla
et al., 1994; Mallouck and Kestemont, 200@xperimental studies in fish and mammals
have demonstrated that microcystins are absorbed across the intestine, gill, or lung
membranes and preferentially accumulate in hepato{temegar et al., 1995a; Fischer et
al., 2005) Absorption across the intestine and accumulation in hepatocytes is mediated
thought the bile salt organic anions transport polypeptides (Ofdri®sson et al., 1990;
Runnegar et al., 1991; Falconer et al., 1992; Runnegar et al., 1995a; Fischer et al., 2005)
Alternatively, some microcystins that are légsirophilic may be able to pass through cell
membranes by diffusion dinrough use obther transport systenfkotak et al., 1996)With
variation between species, microcystins can also accumulate in kidneynatesiil skeletal
muscle of mammals and fish suggesting the presence of OATPs in these(Kmjak®t al.,
1996; Fischer and Dietrich, 2000; Ito et al., 2001; Mohamed et al., 2003; Xie et al., 2005;

Meier-Abt et al., 2007) Yet, the presence of OATPs able to transport micocystin have only
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been definitely established in liver and brafra few species such asam, Xenopus laevis

and thdittle skate(Leucorajaerinace) for example(Fischer et al., 2005; Meigkbt et al.,

2007) Once nside hepatocytesicrocystins do not require microsomal &ation and they
inhibit protein phosphatases 1 and 2A, leading to hyperphosphorylation of cytosolic and
nuclear proteins, cytoskeletal organization and signaling pathway disruption, and ultimately
cell death(Runnegar and Falconer, 1986; Eriksson et al., 1990; Khan et al., 1rtigiélly,
phosphatase inhibition nelss from a noncovalent interaction and is reversible, but
subsequently becomes irreversible due to entdink formation with cy273 on protein
phosphatase 1 and ¢266 on protein phosphatase 2A of their catalyticsnib(Toivola et

al., 1994; MacKintosh et al., 1995; Runnegar et al., 1995b; Guzman et al., 20&@Jlition
microcystins cause cell damage by inducing the formation of reactive oxygen species and
decreasing antioxidant mechanisms, thus causing oxidative stres&raaiid DNA

oxidative damage and cell dedihing et al., 2001; Zegura et al., 2008here is also some
evidence that other enzymes sucma®chondrial aldehyde dehydrogenase, Ashithase

and acetylcholinesterase may be inhibited by microcystins aghweélionen et al., 2003;
Mikhailov et al., 2003; Chen et al., 2008)icrocystins also have a tumpronoting activity

that has been demsinated in several organs (esgin, stomach and live(J-ujiki and
Suganuma, 2009Metabolism and elimination of microcystins takes place by conjugation to
glutathione (GSH) via gkathione Sransferase and excretion in urine and @flendo et al.,

1992; Kondo et al., 1996; Sahin et al., 1996; Pflugmacher et al.,.1998)
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b. Microcystin LR in Fish
Microcystin toxicity has been investigated in multiple fish speiciekidingrainbow trout
(Oncorhynchus mykigsbrown trout Salmo truttd, Tilapia fish (Oreochromis sp.), hardhead
catfish @Arisu felig, gulf killifish (Fundulus grandiy roach Rutilus rutilug, goldfish
(Carassius auratys common carpQyprinus carpi¢ and silver carpHypophthalmichthys
molitrix) and Japanese medgHancalla et al., 1994; Kotak et al., 1996; Fournie and
Courtney, 2002; Malbrouck et al., 2003; Atencio et2008; Djediat et al., 2010; Djediat et
al., 2011; Trinchet et al., 2011; Marie et al., 20Ie effect of kort term dietary and
intraperitoneal exposures, and short and medium term aqueous expeswesaluated.
Medaka in particular have been useda model to study the effect of MCs in embryos and
adults relatively frequently in the last decddacquet et al., 2004; Huy+ibelerme et al.,
2005; Malecot et al., 2009; Deng et al., 2010; Djediat et al., 2010; Djediat et al., 2011;
Malécot et al.2011; Trinchet et al., 2011; Marie et al., 2Q1&though there are differences
in MCLR susceptibility between species, fish are less susceptible than mammals with a LD50
likely above 500 pg/kg for most specigibergh et al., 1991; Andersen et al., 1993; Kotak
et al., 1996; Fischer and Dietrich, 200B)terestingly, despite fish have been used to study
MCLR toxicity frequently, a literatr search failed to reveal published studies determining
specific LD50 for microcystins in fish species.

After oral ingestion or IP exposurée main histological lesion induced by MCs in fish is
hepatocyte dissociation, necrosis and apop{Esitak et al., 1996; Fischer and Dietrich,
2000; Fischer et al., 2000; Fournie and Cowrfr2902; Malbrouck et al., 2003; Li et al.,

2005; Djediat et al., 2010The prominent hemorrhages often observed in mammalian livers
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do not seem to occur in fish species. When the hepatic necrosis everdaghagrcomplete
hepatic regeneration canaur within days post exposufeournie and Courtney, 2002)
Elevation in enzyme activity classically associated with liver damage such as aspartate
aminotransferase, alanine aminotransferadactate dehydrogese andlkaline

phosphatase wembservedRabergh et al., 1991; Malbrouck et al., 2003; Li et al., 2004;
Atencio et al., 2008)Microcystinscan also induce degenerative lesions and necrosis in other
organs such as the kidney, intestine, spleen and gdKatik et al., 1996; Fischer and

Dietrich, 2000; Ernst et al., 2006; Atencio et al., 2008; Djediat et al., 2010; Trinchet et al.,
2011) In aqueous exposure of zebrafish embryos, uptake of MCLR through the chorion was
associated with activian of detoxification enzyme@Viegand et al., 1999)njection of

MCLR in the vitellus of medaka embryo resulted in embryo mortalities and erfdomad
digestive tract developmental abnormalii@acquet et al., 2004; Huysibelerme et al.,

2005)

8. Study Significance and Specific Aim(s)

Small aquarium teleost fish have been used to study genetic regulation of development,
carcinogends, highthroughput screening of chemicals, and environmental monitoring as
well as models of human diseagBinton et al., 2009)The process of chronic hepatic
injury, regeneration and carcinogenesis are cldgeted but our understanding of the fish
liver regenerative response and response to chronic irgorgins limitedWolf and Wolfe,
2005; Sadler et al., 2007; Hinton et al., 2008; Alison et al., 2009; Kan et al., 2009)

accurately extrapolate findings obtained using aquatic models, it is essential to understand
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thesimilarities as well as the differences in organ stmgtresponse to injury and relevant
molecular mechanisms amofigh and mammalian models, and humans. Therefore, the
overall goal of this dissertatiaa to examine theegenerative and fibrotic liver response in
the Japanese medaka. Chapter 2 focusdseopathogenesis of hepatic fibrosis following
chronic hepatic injury induced by DMN while chapters 3 and 4 focus on the process of
hepatic regeneration and more specifically, hepatic progenitor cells. The identification of
conserved cellular response andlecular pathways will strengthen the rationale for using
laboratory fish as a model of human diseasewell as fotoxicity testing and environmental

monitoring.

a. Molecular M echansm of Hepatic Fibrosis in Medaka
When studying the effect diifferencesn the mutagenicity of DMN between medaka and
rats, hepatic fibrosis/cirrhosigas incidentallinduced in medakédobbie et al., 2009;
Hobbie et al., 2011)They demonstrated by immunohistechistry an increase in muscle
specific actin (MSA), TGFb1 and SMAD 3 in the fibrotic | i\
myofibroblastic transdifferentiation of HSCs, andnegulation ofthe TGFb p at hway s,
occurs infibrotic medaka live{Hobbie et al., 2011)n this study, we refined the DMN
exposure parameters to reliably induce severe hepatic fibrosis/cirrhosis in medaka and
determine if the main cellular and molecular events associated with development of hepatic
fibrosis are conserved between fish, rodentshamdans.

Our research hypothesis statieathepatic stellate cell activation angregulation of the

canonical TGFb pathways, relevant MMP and TIMP gerags critical steps in the

31



development of hepatic fibrosis after DMhduced hepatic injury in Japanese medaka. To
address this hypothesis wachored the expression of key genes involved in the
pathogenesis of fibristo the activation of medaka hepatic stellate cells and deposition of

collagenous matrix.

b. Differentiation Processes of Fish Hepatici®genitor Cells

In studies evaluating hepatic regeneration, response to toxic injury and hepatocarcinogenesis
in various fish species, proliferation of cells resembling rodent oval cells has been
documented, and differentiation towards hepatocytes infé@@edch and Courtney, 1987,

Hinton et al., 1988; Nunez et al., 1990; Okihiro and Hinton, 2000; Fournie and Courtney,
2002; Kan et al., 2009; Hobbie et al., 20Histologically, the fish liver raction to injury

appears similar to that in mammals but it has not been determined if thikewalls

(BPDEC:S in fish), are the biological equivalent to the human HPCs and rodent oval cells.

Our research hypothesis was ttieg ovallike cells observe histologically in the injured
medaka liver are HPCs and are capable of differentiation along hepatocyte anaéiliary
lineages. To test the hypothesis, the cell lineages and differentiation process of these putative
progenitor cells were determineding histology, immunohistochemistry and ultrastructural

characteristics after acute and chronic toxic hepatic injury.

c. Localization of the Hepatic Progenitor Cell in the Japanese Mdaka
Despite the importance of HPCs in tissue homeostasis, repair anmbgaresis, very little

is known about their specific spatial and temporal characteristicsh models. Given the
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morphological similarities and spatial location between the mammalian HPC/oval cells and
the fish BPDECSs, it has been suggested that theE&Rare likely the piscine HPC
(Hardman et al., 2007; Hinton et al., 2008)

We hypothesized that the medaka liver contains a populatiBi?GE that can be
detected by cell label retention techniques and are found in anatomical locations that
correlate with BPDECSIo test this hypothesis, we performed a BrdU label retention cell
assay during embryologic development and afterte liver injury in medaka and identified

the label retaining cell type bhyistology and immunohistochemistry.
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ABSTRACT

Fish have been used as a laboratoodel to study hepatic development and carcinogenesis
but not in hepathogenesis of hepatic fibrosis. A dimethylnitrosamintiiced fish model of
hepatic injury was developed hereJmpanese medak@rfyzias latipeyandgene expression
was anchored witthe development of hepatic fibrosis and neoplasia. Tréatsd

exhibited mild hepatocellular degenerative changes 2 weeksppassure. Within six weeks
hepatic fibrosis/cirrhosis was evident with development of neoplasia by 10 weeks.
Predictably, genexpression changes preceded the morphological alterations. Stellate cell
activation and development of fibrosis was associated with upregulatigfbaftgfb

receptor 2, smad3 1 of 2, smad3 2 of 2, ctnnbhyc, mmp2, mmp14 1 of 2, mmpl4 2 of 2,
timp2a timp2b, timp3, collal 1 of 2, and collal 2 ca2d a less pronounced increase in
mmpl3andcoldalexpressionTgfb receptor kexpression was unchanged.
Immunohistochemistry suggested that biliary epithelial cells and stellate cells were the main
produces of TGF-b1. This study demonstrates regulation of a group of candidate genes
likely to be involved in the development of hepatic fibrosis, and that thebrghway

likely plays a major role in the pathogenesis. These resutigort the medaka as a

potentially useful fish model of hepatic fibrosis.
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INTRODUCTION

Small aquarium teleost fish have been increasingly used in the last 4 decades to study genetic
regulation of development, carcinogenesis, Higloughput screening of chemicals, and
envirormental monitoringHinton et al., 2009) In order to accurately extrapolate findings
obtained from aquatic models to humans, it is critical to understand the differences and
similarities in organ structure, resp@ns injury and molecular mechanisms between these
phylogenetically distant species. Given its fundamental function in metabolizing chemicals,

the liver is an important target organ of toxicity and has received considerable attention.
However the informabn available regarding the fish hepatic cellular response to injury and
molecular mechanism(s) involved remain limi®dolf and Wolfe, 2005)

In mammals, irrespective of the cause, chronic liver injury resulispatic fibrosis, the
endstage of which is called cirrhosis, and is associated with chronic liver functional
impairment. In the United States, chronic liver disease was the 12th leading cause of death in
2006 (Heronet al., 2009)Abusive alcohol consumption, hepatotoxins (e.g. Aflatoxin B1),
autoimmunity, nonalcoholic fatty liver disease (NAFLD) and infections with Hepatitis B
(HBV) and Hepatitis &viruses (HCV) are the main cause of chronic hepd8teerman,

2010) Chronic liver injury, ultimately predisposes to liver can@®ellace et al., 2008)
Hepatocellular carcinoma (HCC) alone is the fifth most common cause for cancer and the
third cause of canceelated death worlgvide (Parkin et al., 2001; Wallace et al., 2008)
Given the very limited therapeutic options, understanding the intricate cellular interactions

implicated in liver fibrogenesis and subsequent progression to neoplasia is crucial.
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Major events in the development of hepatic fibrosis in mammals involve activation of the
TGF-b pathway and hepatic stellate cells (HSC) that results in an increased production of
collagen, altered balance between metalloproteinases (MMP) and tissue inhibitors of
metalloproteinases (TIMP) and, as an end result, excessive deposition of collagenous
extracellular matrix in the hepatic parenchy(HarnandezGea and Friedman, 2010)
Dimethynitrosamine (DMN) is a potent carcinogenic hepatotoxin that has previously been
used in rodents to model human hepatic fibrosis, cirrhosis and hepatocellular carcinoma
(HCCO), (Ala-Kokko et al., 1987; Jezequel et al., 1987; George et al., 2001; Tada et al., 2001;
Hyon et al., 2011)In a comparative model, Hobbie et al. (2011) repditiatiJapanese
medaka fishQryzias latipeyexposed to DMN developed morphological hepatic changes
similar to those observed in human fibrotic liver and the-esthblished DMNnduced rat
model of hepatic fibrosifAla-Kokko et al., 1987; Jezequel et al., 1987; Ohara et al., 2007,
Hobbie et al., 2011; Hyon et al., 2011)o date, however, knowledge of the mechanism of
hepatic fibrosis and progression to neoplasia in fish is very limited. Using
immunohistochemical approaches, Hobbie et al. (2011) demonstrated that an increase in
muscle specific actin (MSA), TGB1 and SMAD 3 | abeled cells
DMN exposed medaka. These results suggested that myofibroblastic transdifferentiation of
HSCs, and upegulation ofthe TGFb pat hways occur i n medaka
that observed in rodent models and hum&iabbie et al., 2011)

We have refined the DMéxposure parameters to reliably induce severe hepatic
fibrosis/cirrhosis in medaka and hypothesized that activation of hepatic stellate cells and

upregulation of the canonical T&-pathways, MMPs and TIMPs ges are critical steps in
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the development of hepatic fibrosis after DMMNIuced hepatic injury in Japanese medaka.
In this studywe anchored the expression of key genes involved in the pathogenesis of
fibrosis in mammals in relation to the activation ofdaka hepatic stellate cells and
deposition of collagenous matrix. Our overarching aim achieved in a fish model, was to

enhance our knowledge of the comparative vertebrate pathogenesis of hepatic fibrosis.

MATERIALS and METHODS

Chemicals

Dimethylnitrosanme (DMN, C2H6N20; 99.9%, CAS 6259, MW 74.08 g/mol) was

obtained from Sigm#ldrich (St. Louis, MO). The air tight brown bottle of DMN was

stored within a metal container at 4°C. All chemicals and reagents used in this study were of

the highest purityvailable from commercial resources.

Medaka and DMN Exposures

Threemonthold, male and female, oranged Japanese medaka (Oryzias latipes) were
obtained from irfhouse stock population maintained under recirculating freshwater
aquaculture conditions die Department of Molecular and Environmental Toxicology,
North Carolina State University (NCSU), Raleigh, NC. Fish betwem@®nths in age were
acclimated for 2 weeks in 10 gallon aquarium tanks filled with reconstituted (0.5 g/liter
Instant Ocean® salt®\quarium System Inc. Mentor, OH) reverse osnigsisified (RO)

water within a recirculating, freshwater culture system under an artificial light photoperiod

(16 hours light/8 hours dark) at a temperature of 26°C + 0.5°C, a pH6d&f and a
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conductivity of 600 to 800 uS. Dry food (Otohime B1, Reed Mariculture, Campbell, CA)
was fed several times per day through automated feeders. Animal care and use were in
conformity with protocols approved by the NCSU Institutional Animal Cack ldse
Committee in accordance with the National Academy of Sciences Guide for the Care and
Use of Laboratory Animals.

One hundred and seventy medaka (male and f
DMN for 2 weeks in the ambient water. Ninety medaka (rantkfemale) were used as
controls. All fish were exposed inlder glass beakers containing 3 liters of reconstituted RO
water as described above. For all exposures, medaka were randomly distributed diteong 4
glass beakers, 122 fish per beaker. THeeakers were placed within a recirculating, heated
water bath to maintain temperature at 26°C + 0.5°C throughout the exposures. DMN was
replaced every 3 days to allow for photodegradation of the compblaimbie et &, 2011)

DMN dilutions were made from the DMN stock solution (igd) and prepared new prior to
each treatment. Water quality was maintained with 95% water changes prior to each DMN
treatment. Ammonia levels remained under 0.25 mg/liter throughoahtire study. Fish

were fed once daily with dry fish food (Otohime B1) and observed twice daily for behavioral
responses and signs of overt toxicity. Followexgposure durations @weels, fish were
removed from the exposure beakers, gently rinsed inv&®r, and replaced in their 10

gallons aquarium tanks for up to 12 weeks (40 fish per tank).
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Sampling Method and Tissue Processing

Twenty four exposed and 14 control fish were euthanatized with an overdose of tricaine
methanesulfonate (300 mg/liter;9vR22, Argent Laboratories, Redmond, WA) at 2, 4, 6, and
10 weeks post exposure. The liver of 20 exposed and 10 control fish were inspected
macroscopically, harvested and cut into two approximately exzed pieces. One was snap
frozen in liquid nitrogerior RNA isolation and quantitative PCR (QPCR) analysis. The other
piece was fixed in freshly made 4% paraformaldehyde solution for 24 hours, and transferred
to 70% ethanol for histopathology. A few small samples (1 x 1 mm) of 4 exposed and control
livers were fixed in 4F:1G fixative (4% formaldehyde and 1% glutaraldehyde buffered in
monobasic sodium phosphate, pH-7.2) for transmission electron microscafwcDowell

and Trump, 1976)To detect infectious disease background lesions in organs other than

the liver that could have influenced the study results, a subset of fish was examined whole by
histology. The coelom of four control and exposed fish was incised along the ventral midline
to enhance fixative perration and the fish were fixed whole in 4% paraformaldehyde

solution for 24 hours, demineralized in 10% formic acid for 24 hours, and transferred to 70%

ethanol for histopathology.

Histology

Paraformaldehydgfixed livers were processed, and embeddquhiraffin according to

routine histologic techniques. Sectiong)fa thick, were stained with hematoxylin and eosin

(HE) and examined by light microscopy. Sect.i

trichrome stain according to standard methods. Madia&r lesions were identified based on
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criteria set by a consensus of the US National Toxicology Program pathology working group
and the International Harmonization of Nomenclature and Diagnostic Criteria for Lesions in

Rats and Mice (INHAND) projecBoorman et al., 1997; Thoolen et al., 2010)

Immunohistochemistry

Immunohistochemical studies were performed using single and double staining techniques.
Five-micrometer thick paraffin sectierfrom all livers were used for MSA and

pancytokeratin (CK) immunohistochemistry. The MSA primary antibody used was a mouse
monoclonal antibody that recognizes ald2 protein specific for actin in skeletal, cardiac,

and smooth muscl&{oGenexLaboratoris, San Ramon, CA. Catalogue # MUA9Q). The

CK AE1/AE3 antibody used is a cocktail of 2 mouse monoclonal antibodies that recognize
several acidic (10, 14 to 16, 19), and all basi@jlthuman cytokeratin8joGenex

Laboratories, San Ramon, CA. CatalogudM0751-5M). The TGFb 1 ant i body was
rabbit polyclonal antibody that recognizes the human-bGF -te@ninus (Santa Cruz
Biotechnology Inc., Santa Cruz, CA. Catalogue # sc 146). Tissue sections we
deparaffinized in xyleneghydratedn a graded seriesf ethanol and rinsed in distilled

water. Antigen retrieval was performed for CK staining by heating the slides at 99°C in a 10
mM sodium citrate solution at pH 6 for 10 minutes in a vegetable steamer (Oster 5712 food
steamer, Maitland, FL). Following agén retrieval a cool down period of 10 minutes in the
warm sodium citrate buffer preceded rinsing of the slides in 1X phosphéftred saline

(PBS). Slides were treated with 3% hydrogen peroxide for 10 minutes to block activity of

endogenous peroxidas&soat serum was applied for 20 minutes to prevent nonspecific
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binding of the secondary antibodgigGenexSan Ramon, CA). For single staining, avidin

and biotin block were applied successively for 15 minutes e@®@ibGenexSan Ramon,

CA). Tissues werencubated with the MSA antibody (1/100 dilution) or CK antibody (sold
prediluted) for 30 mintes at room temperature, orwiththe F6FL ant i body ( 1/ 500(
overnight at 4°C. For double staining, tissues were incubated with a primary antibody

cocktailof MSAand TGFb 1 or CKb ananfTGFodies overnight a
were rinsed in 1X PBS. Faingle staining, the slides were incubated with the secondary

antibody for 20 minuteBjoGenexSan Ramon, CA). After a wash in 1X PBS, tissue

sections were then treated for 20 minutes with streptavidin peroxidesgenexSan

Ramon, CA). For double stang the slides were incubated with a polymer cocktail detection

system for 30 minutes at room temperature {artuse/horseradish peroxidase (HRP) +anti
rabbit/alkaline phosphatase (AR)ultiVision Polymer Detection System, Thermo Fisher

Scientific, L& Vision Corporation, Fremont, QAFollowing a final wash in 1X PBS,

development was achieved by treatment of tissue with liquidid/Binobenzidine (DAB)

chromogen for 15 second to 1 minutes (Vector Lab, Burlingame, CA). For double staining,
developmenwas achieved using first LVBIludiermo Fisher Scientific, Lab Vision

Corporation, Fremont, Cor AP activity followed by DAB for HRP activity. After a wash

in tap water, the slides with single stainin
for 20i 40 seconds and cover slipped. The slides with double staining were counterstained

lightly with methyl green and cover slipped. For each immunohistochemical reaction,

appropriate controls were run. The primary antibody was omitted and replaced-by non
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immune serum of the same animal source in the negative control. Tissue serving as positive

control was included in each slide (normal intestine and liver).

Morphometry
The number of activated stellate cells was determined by measuring the percentage area
ocaupied by MSA immunoreactivity. Faach liver histology section, 15 randomly selected
sites were photographed at 600X usingdympusDP 25 digital microscope camera with
the CellSens® digital imaging software mounted on an Olympus BH 51 microscope
(Olympus Corporation, Tokyo, Japan). The images were manually thresholded to highlight
the MSA immunoreactive cells and background was subtracted using Adobe Photoshop CS4
(PhotoshopCS4 Adobes Systems, Park Avenue, San Jose, CA, USA). The same setting was
usedfor all images in a given data set. The best setting for background subtraction was
determined empirically by testing images with the lowest and highest amount of MSA
iImmunopositivity. Finally, the area fraction covered with the MSA positive cells, sspde
as a percentage of the picture surface area, was measured using automatic image analysis
system (Imaged, NIH, Bethesda, MD).

The extent of liver fibrosis was determined semuantitatively and assigned a 0 to 3
score using Mas s glide§.ghetsaale usbddrwasmgfollews:®:ina fmsis;
1, mild fibrosis (small amourdf fibrous tissue dissectingetween the hepatocyte tubules); 2,
moderate fibrosis (moderate amount of fibrous tissue dissecting in between hepatocytes

tubules with occaenal presence of hepatocellular nodules; and, 3, marked fibrosis/cirrhosis

72



(frequent large fibrous tissue septa dissecting and isolating variably sized aggregates of

hepatocytes, and frequent hepatocellular nodule).

Electron Microscopy

Liver samples fied in 4F:1G fixative were processed routinely for transmission electron
microscopy, dehydrated in alcohol, and embedded in Spurr(2gkstra, 1993) To

determine whether structures of interest were ingrlaections of the block face, semithin
sections, 0.5 em thick, stained with 1% tolu
under a light microscopelltrathin sections, 90 nm thick, of appropriate blocks were stained

with uranyl acetate and leadreite and examined with a FEI/Philips EM 208S transmission

electron microscope (Laboratory for Advanced Electron and Light Optical Methods, NCSU).

Reverse transcription and redagime PCR

Liver samples were homogenized usingBudlet Blender(Next AdvanceAverill Park, NY)

with 0.5 mm zirconium oxide beads (setting 6 for 3 minutes) and total RNA was extracted

using RNA Bee (Tellest Inc., Friendswood, TX) according to the manufacturer's

instructions. RNA purity (260/280 ratio) and quantity were determirsgty a NanoDrop

ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). RNA quality was
determined using RNA Nano chips with an Agilent Bioanalyzer 2100 (Agilent Technologies,

Palo Alto, CA). Only RNA samples with RNA integrity number > 7 an@60/280 ration

bet ween 1.75 and 2.05 were used for gPCR ana

minimize degradation.
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RNA was reverse transcribed into cDNA using 1 ug total RNA and thedaighcity cDNA

master kit from Applied Biosystems (FostenyCICA) as per the manufacturer's instructions

with random hexamer as primer and processed using quantitativipred®CR (QPCR).

Selected genes were identified in the medaka genome

(http://Iwww.ensembl.org/Oryzias_ latipes/Info/Indlend specific primers were designed for:
tgfbl,tgfbrl, tgfbr2, smad3 1 of 2, smad3 2 of 2, ctnnkhyc, mmp2, mmpl13, mmpl4 1 of

2, mmpl4 2 of 2, timp2a, timp2b, timp3, collal 1 of 2, collal 2avfiZzpol4al(Table 1).

The efficiency of each primer was tedte fall between 90 and 110%#DNAs were PCR

amplified separately in triplicate using a-@@ll PCR plate and an ABI PRISM 7000

Sequence Detection System (Applied Biosystems, Foster City, CAtielevels of the

genes transcripts of interest listed above were measured using gPCR and normalized to
ribosomal protein L7 (RPIZ) (Zhang and Hu, 2007) E a c h -@nte PER reactiena |
consisted of Z.t5 amnld (CIDNAQY €8 )ewa tReNsais el e |  of
primer, 1 ¢l of 10eM reverse primer, and 12.
applied biosystems). Retaiine PCR reactioconditions were 50° for 2 minutes, 95°C for 10
minutes followed by 41 cycles of 95°C for 15 s, 60°C for 1 minute, and a last cycle at 95°C
for 15 s and 60°C for 15 seconds. Relative quantitation of gene expression within each

reaction was calculated follang the method of Livak and Schittgen (2001).

Data analysis and statistics
Liver phenotype, MSA area datand fibrosis score were compiled in spreadsheets,

organized by fish case number using Microsoft Excel softwdrer¢soft Redmond, WA).
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The fishwere grouped by phenotypes and the MSA percentage area and fibrosis score mean

+ SEM calculated for each phenotype. All gPCR data were expressed as the mean mRNA

level + SEM. The difference in gene expression levels or MSA positive areas between the
phenoypes was determined using thlanni Whitney U test. The difference in fibrosis

scores between phenotypes was determined usi
was considered significant. Correlation between MSA percentage area and fibrosts score

gene expression and fibrosis score was determined using the Spearman rank correlation test.
The Fisher s exact SAS¥easion aMaBdor Wiredows (SASrirestitutey s i n g
Cary, NC). TheManni Whitney U tests and Spearman rank correlationstestre performed

using Sigma Stat 3.0 (SPSS Inc., Chicago, IL, USA).

RESULTS

Among the 170 fish exposed to DMN, 22 (12.9%) fish died or were euthanized for humane
reasons during the grow out period. Given that autolysis occurs rapidly in tank water
maintaned at 26°C, 14 fish were moderately to severely autolysed at the time they were
found and were discarded. All of the remaining 8 fish evaluated by histology had severe
hepatic fibrosis/cirrhosis. None of the control fish died or were euthanized on gtbicads

during the duration of the study. For quality control, four additionaltineeted and four

exposed fish at each time point were processed for whole animal histology to evaluate for the
presence of an undetected infectious disease or backglesiowl in organs other than the

liver that could influence the study results. We found no evidence of infectious disease or
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significant morphological change in one or two whole body sagittal sections in all animals

examined, except in the liver of expodsth.

Gross findings

Among the exposed fish, no macroscopic lesions were noted in the fish with hepatocellular
degeneration doile preductulaepithelial cell (BPDEChyperplasiaalthough some of the
livers were subjectively paler than the majorityttoé control livers. The fish with hepatic
fibrosis had a mildly to markedly bosselated surface and their overall size was subjectively
within normal limits or rarely reduced (Fig.1a). Among the 32 livers diagnosed with hepatic
neoplasia on histology, 15/&rs had a discrete hepatic tumor that was grossly visible. The

overall liver size was markedly increased and filled most of the coelomic cavity in 2 fish.

Histology

Ninety-five half livers from the exposed fish and 56 half livers of control fish werkiatex

by histology. Morphological changes and categorization of the liver was performed using
H&E and Mas s estaided liver sections.Toe mantrol fish showed normal hepatic
architecture with the exception of 2 fish collected at 10 weekseppsisure that had

multifocal aggregates of macrophages within the hepatic parenchyma. AN&elsen stain

did not reveal the presence of atast bacteria. The cause of the macrophage aggregates in
these 2 fish was not determined. They were treated Asretor the remainder of the study.
Histologic lesions observed in the liver of exposed fish included hepatocellular vacuolar

degeneration, Mallory bodyke inclusion, hepatocyte hypertrophy, karyomegaly, altered
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foci, necrosis, collapse of the hepatichitecture, histiocytic inflammatioBPDEC

hyperplasia (presumed fish liver bipotential stem cell), HSCs hyperplasia, biliary
hyperplasia, fibrosis, hepatocellular regeneration, and multinodular reorganization of the
liver architecture. Cholangiocar@ma (CC), HCC, combined hepatocellular
cholangiocarcinoma (CHC) and spindle cell neoplasroadled hemangiopericytoma in fish
(Fig. 1). A summary of the histologic lesions is presented in Table 2.

The morphological liver changes were classified in Zedéiht phenotypes: 0) normal liver,

1) hepatocellular degeneration),BPDEC hyperplasia3) hepatic fibrosis and 4) hepatic
fibrosis and neoplasia. A normal liver phenotype was defined as a liver with a normal
architecture and an absence to moderate anodumgpatocellular vacuolization (Fig. 1b)
(Hardman et al., 2007Yhe hepatocellular degeneration phenotype was characterized by an
increase in hepatocellular vacuolization, presence of globular eosinophilicytd@asmic
inclusions and scattered apoptotic hepatocytes (Fig. 1¢). The BPDEC hyperplasia phenotype
was characterized by proliferation of small elongated wath a hyperchromatic round to
elongated nuclei that separated the hepatocyte tubules antinsesygurrounded individual
hepatocytes (Fig. 1d). The BPDEC hyperplasia phenotype closely resembled the oval cell
hyperplasia observed in rodeift$hoolen et al., 2010)The hepatocytes were often variably
sized, hyereosinophilic and with reduced amounts of glycogen. The hepatic fibrosis
phenotype was characterized by increased fibrous connective tissue separating hepatocyte
tubules. In advanced fibrosis stages, the collagenous stroma separated and individualized
single or small groups of hepatocytes and hepatocyte tubules (fig. 1e). The hepatic fibrosis

with neoplasia phenotype was defined as a fibrotic liver with the presence of a hepatic
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neoplasm (hepatocellular carcinoma or cholangiocellular carcinoma) (Figvittn

treatment groupthere were 41 (43%) males and 54 (56%) females and 1 (1%) mafdaka
undetermined genden the control group we identified 31 (55%) males and 25 (45%)
females. Four fish (4%) in the treatment group had no hepatic $§8ibanotye 0); 22

(23%) had evidence of degenerative hepatocellular changes (phenotype 1); 19 (20%) had
marked BPDEC hyperplasia (phenotype 2); 34 (36%) had hepatic fibrosis (phenotype 3); and
16 (17%) developed liver neoplasia (phenotype 4). Among the liverdejitatic neoplasms,

10 fish (63% )were identifiedwith HCC (2 males and 8 females), 3 (19%) with CC (1 males
and 2 female), 2 (12%) fish with HCC and a CC (females), and 1 (6%) fish with
hemangiopericytoma (unknown sex). The liver of 1 fish (1%) colledt@diseeks post

exposure was lost during processing for histology. The rate of occurrence of thddgltisto
phenotypes observed at4, 6 and 10 weeks pestposure are presented in figure 2. At 2
weeks post exposure, 3 (13%) male fish had no hepabogs3 (13%) male and 13 (57%)
female had hepatocellular degenerativengfes, and 4 (17%) male had BPDE¢perplasia.

At 4 weeks post exposure, 1 (4%) male fish had a normal liver, 2 (8%) female had evidence
of hepatocellular degeneration, 7 (29%) maid & (4%) female had BPDEC hyperplasia and
13 (54%) female had hepatic fibrosis. At 6 weeks post exposure, 4 (17%) female had
hepatocellular degenerative changes, 4 (17%) male had BPDEC hyperplasia, 2 (8%) male
and 12 (50%) female had hepatic fibrosis 2r(8%) female had hepatic neoplasm on
background of hepatic fibrosis. At 10 weeks post exposure, 3 (12%) male had BPDEC
hyperplasia, 4 (17%) male and 3 (12%) female had hepatic fibrosis, and 5 (21%) male and 9

(38%) femaléhadhepatic neoplasms.
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Ovenll, there was a defined progression with time of the hepatic lesions following DMN
treatment towards fibrosis and neoplasia. First hepatocellular degeneration was observed,
followed by BPDEC hyperplasia, hepatic fibrosis, and ultimately hepatic fibratkis w

neoplasm overtime. The females progressed faster to hepatic fibrosis and neoplasia than did
the males (i.e., lagging approximately 2 weeks, data not shown) as reported previously

following diethylnitrosamine exposuf@&eh and Hinton, 1998)

Transmission electron microscopy

To confirm that the HSC acquired fibrobldike characteristics and that collagen was the
ECM deposited, control and fibrotic liver were examined by TEM. In control liver cells with
HSC maphologic characteristics were extremely rare and no cells demonstrated fibroblast
like features. However, in fibrotic liver, HSC were more frequent, adjacent to collagen fibrils
and had acquired myofibroblast characteristics such as cytoplasmic inteenfaaiiaent

bundles, loss of lipid vacuoles and occasigukntialcollagen secretion granules (Fig. 3 to

5). Collagen fibrils in space of Disse were very rare in control liver but frequently observed

in fibrotic liver.

Morphometry

Muscle specific actirMorphometric quantitation of MSA immunolabeling was used as a
measure of stellate cell myofibroblastic transdifferentiation (Fig. 6). Liver sections from 22
controls, 12 phenotype 1, 8 phenotype 2, 16 phenotype 3 and 12 phenotype 4 had adequate

MSA immurohistochemical labeling for morphometric analysis. The relationship between
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phenotype anthe percent area occupied by the MSA immunohistochemiczdigtive cells

is presented in figure 7. Tipercent area of MSAtaining was significantly different

betwesn phenotype except between control and phenotype 1 (hepatic degeneration) (P <.05).

All MSA -positive cells were included for the morphometric analysis although a significant

number where likely myofibroblast€ells located in the hepatic parenchyma and

immunoreactive for MSA were interpreted as activated stellate cells.clelidy

surrounding bile ducts @ve interpreted as myofibroblasts. In control liver, M@@sitive

cells were only observed closely surrounding bile ducts.

Massondés tr g.chMoornpeh osmeatirniicn quantitation of M
performed as a measure of collagen deposition and fibrosis (Fig. 8). Liver sections from 22
controls, 12 phenotype 1, 9 phenotype 2, 17 phenotype 3 and 12 phenotype 4 samples had
adequate Massn 6s trichrome staining for morphometr
phenotype and the fibrosis score is presented in figure 8. The fibrosis score were significantly
different between all phenotypes. The MSA percentage area was significantlytedrveté

the fibrosis score (P < .05, r = .903)

Gene expression

Gene expression levels were determined only in liver samples that had an adequate mRNA
guality matching with adequate tissue slides for morphometric analysis: 25 controls, 12
phenotype 1, 9lpenotype 2, 18 phenotype 3 and 12 phenotype 4 samples were evaluated.
Messenger RNA expression levels of multiple fibrosis related genes were evaluated in

relation to the liver phenotypes (Fig. 9 to 13). Change in expression of the following genes
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significantly correlated with the fibrosis score in phenotype 1 angff21,tgfbr2, mmp2,

mmpl4 1 of 2, mmpl4 2 of 2, timp2a, timp3, collal 1 of 2, and collal(@o«205, r >

.99). At later time points, when fibrosis was established and continued togzogre

(phenotype 3 and 4), the expression levels of thegjeted above remained elevated but
werelower than observed in phenotype 2, and therefore, correlation between gene expression
level and fibrosis score was lost. No correlation was observed bet)@aerexpression of

tgfbrl, smad3 1 of 2, smad3 2 of 2, coldal, mmpl3, timpRlyce ctnnbland fibrosis score

in phenotype 1 and 2 livers

TGF-b1 | ocalisation

Immunohistoclemistry was used to localizells producing TGFb 1 . I n control I i
exposed liver with phenotype 1, Td@Flimmunolabelling was present diffusely in the

cytoplasm of cholangiocytes forming bile ducts, the BPDECs tkeaattered along the

biliary canaliculi and few scattered macrophages (Fig. 14 and 15). In exposed liver

displaying phenotype 2 to 4, the number of cells immunolabeled withbBfGF was mar ke d |
increased due mainly to hypertrophy and hyperplasia of BPOi&iGg biliary canaliculi and

bile duct hyperplasia. Cholangiocytes and BPDECs were strongly immunoreactive. Weak to
moderate positivity was present in a small number of macrophages. Occasional intermediate
hepatocytes were weakly positive. No immunonedgtior TGF-b 1 was detected i
population of small elongated cells resembling rodent oval cells in the BPDEC hyperplasia
phenotype. TGFb 1 i mmunoreacti vity was detected in &

hepatocytes had weak to moderate cytoplasmimunoreactivity while neoplastic
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cholangiocytes were consistently strongly positive (Fig. 16 to 18). In order to confirm the

identity of the norhepatocyte cells expressing TGFL i n t he hepatic parer
of consecutive tissue sections as weltauble inmunolabelling for CK, MSA and T 1

was performed. Most cells immunolabeled with T8 and | ocated in betw
were positive for CK but negative for MSA, thsispporting the notiothat they were

BPDECs. A smaller number of MSApostive cells, often located along sinusoids, and

interpreted as activated HSCs, were also pesitv TGFb 1 ( Fi g . 14 and 15) .

DISCUSSION
The use of small fish models in biomedical and environmental research continues to expand.
In order to utilize thesmodels to their full potential it is imperative to understand the
similarities and differences in diseasechanisms amorfgiman mammaliarand fish
animal models. The anatomical and histological differences between mammalian and piscine
liver have beenhoroughly studied in several species and especially the Japanese medaka
(Hardman et al., 2007; Hardman et al., 2008¢daka have a single lobed liver with
microvasculature resembling a singlammalian hepatocytic lobule making it an ideal
model to study the effect of hepatotoxicfidardman et al., 2007)et, our understanding of
the piscine response to injury at the molecular level is still limited.

Hepatic fibrosis is a common wowealing response to chronic liver injuries in
mammals but is less often observed in fish sp€¥ikdf and Wolfe, 2005)Liver fibrosis
has however been described in medaka segdo DMN and methylazoxymethanol acetate

(MAM -Ac) (Hatanaka et al., 1982; Hobbie et al., 2014 this study, the expressions of key
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genes in the pathogenesis of hepatic fibrosis wssecited with morphological changes

that occur during development of hepatic fibrosis/cirrhosis in Dé4Nosed medaka.

The DMN exposure protocol used in this study reliably produced morphological pathological
liver changes similar to those reported in medakabserved in rodent models of hepatic
fibrosis such as the DMiWhduced rat moddWallace et al., 2008; Hobbie et al., 2011)
Progression to neoplasia was much faster in medaka than in rodénteeplasia present in

8% and 67% of the fish collected at 6 and 10 weeks post exposspectivelyPeto et al.,

1991)

Given the anatomical and functional differences between medaka and mammalian livers,
some lesia patterns expected in mammals were ahseich as centrilobular necrosis and
bridging fibrosis(Hinton et al., 2008)Zonal necrosis patterns are not observed in fish as they
lack hepatocellular metabolic zdma. As the entireanedaka liver is approximately the
anatomical equivalent of one mammalian hepatic lobule and their bianrgus tracts
(portal tract equivalent) are mainly located near the hilus aety iarthe parenchyma, it is
not expected to sdwidging fibrosis similar tahatoccurring in a mammalian livéHardman
et al., 2007) The pattern of fibrosis that best characterizes the fibrotic changes observed in
medaka is pericellular (perisinusoidal) fisme. In pericellular fibrosis collagenous matrix
extends along the sinusoids and surrounds single or small groups of hepatocytes resulting in a
chickenwire odatticework appearance.

In mammals, liver injury is associated with an increase in HSC numbehan
acquisition by the quiescent HSC of a myofibroblé&st phenotype. The activated HSCs

express s mectt HSMA)@ddcatgeire tbntractile properties. In human and
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rodent |ivers, i mBMA i donsidered thengeldnstasddo igentifyo r - U
and localize activated HSC and myofibroblasts, and used as a marker of active fibrogenesis
(Hautekeete and Geerts, 1997; Kweon et al., 200pedaka, perisinusoidal cells legveen

shown by IHC to express actin in fibrotic liver induced by DMN and hepatocellular

carcinoma induced by DMN, DEN or MAMc (Bunton, 1995; Hobbie et al., 2011 this

study, evaluation aontrol and fibrotic liver by TEMonfirmed HSCs were more numerous

in fibrotic liver and had acquired fibroblakke characteristics, thus supporting the MSA

staining results. Additionally, an increased amount of collagen fibrils was observed in the

pei si nusoidal spaces of fibrotic |iver and s
trichrome stained liver sections. We quantified dh@untof actinpositive cells following

DMN injury and demonstrated a significant increase in gotisitive cell umber that
correlated with development and progression
trichrome slides. These results indicate that the medaka liver response is similar as observed

in mammals where HSCs acquire a fibrobldst phenotype andrpliferate in fibrotic liver.

We did not attempt to separate agqimsitive cells (activated HSCs and
myofibroblasts/smooth muscle cells) for morphometric analysis. The surface of all MSA
positive cells was used for the analysis. Therefore, it was netndlieed if the increased
amountof actin-positive cells results from an increase in activated HSCs alone or in
combination with an increase in myofibroblasts. An increase in both activated HSCs and
myofibroblasts is most likely.

Teleost fish often havevb or more copies of singleopy mammalian genes

(Postlethwait, 2007)The reason is presently unresolved but the whole genome duplication
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theory appears to be the most concrete explanation for teleosteasugdioation
(Postlethwait, 2007) Therefore we evaluated the expression levels of both gene copies when
present in this studfcollall of 2,andcollal2 of 2 smad3l of 2andsmad32 of 2
mmpHX4 1 of 2ard mmpl14 2 of P
Overall, genexpression pattern over time was simitarall genes evaluated. A
moderate increase in transcription level during the early stage of hepatic degeneration
(phenotype 1) was followed by a marked increase peaking when BPDig@plasia
(phenotype 2) occurred. Subsequently, gene expression decreased but remained significantly

elevated when fibrosis (phenotype 3) was established and neoplasm(s) (phenotype 4) were

developing.
In mammals,the TGB pat hway is centr al i n mediating
ECM production and resorbtion, and cellular proliferation. MGE i s a pot ent

antiproliferative cytokine that suppresses the proliferation of epithelial cell, including
hepatocytes, and regulates the function of H&Zsessner et al., 2002)GFb s i gnal i ng
stimulates the synthesis of ECM components, such as type I, type Ill and IV collagen and
reduced ECM degradation by-uggulding the expression of antiproteases such as TIMP
(Gressner et al., 2002)

In this study, datahowed that activation ofthe TG pat hway occurs i n n
after hepatic injury. Increasedfbl expressiorcorrelated with activation of HSCs and
abnormal connective tissue deposition during onset and progression of fibrosis. A significant
increase in expression tyffbl andtgfbr2 was accompanied by a delayed and lesser increase

in smad3 1 of 2andsmad3 2 of expression. Expression tffbrl remained unchanged.
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Since the type Il receptor is critical in receptor activation byibgpthe TGFb | i gand and
activating TGFbRI, the increasetigfbr2 would presumably amplify activation of the TF
pathway. Similarlytgfbr2 level is upregulated in other fibrotic disease such as in
glomerulosclerosiand tubulointerstitial fibrosis afiabetic nephropathy, wound healing
disorders, or keloid formatiofChin et al., 2001; Hong et al., 2001; Schulitesgau et al.,
2003) In patients with chroniaver disease, Calabrese et flynd an increase in expression
of TGFBR2 with colocalizatonof TGB1 and SMAD on hepatocytes
increased fibrosis sco(€alabrese et al., 2003dditionally, impairingthe TGH p at hway
in rat expsed to DMN using an adenoviral vector expressing a truncated TGFR2 resulted in
a marked reduction in hepatic fibro$@i et al., 1999)However, Roulot et al., found that
fibrotic livers in humans and rats exhibited @idased i gfbr2expression and an increased
in Tgfbrlexpression in correlation with proliferation of HSCs and increased fibfiesislot
et al., 1999) These data suggest that there remains an inconsistent exprassie with
TGF-b s i gancdorrelatipn to fibrosi;m mammals

We also observed significant increase 8mad3 1 of 2ndsmad3 2 of Zevels within
BPDEC hyperplasia and fibrotic livers, however, the fold induction was much lower than
observed vih tgfblortgfbr2. We chose to examirtemad3expression due to previous
studies in mammals that demonstratedgymtic activities of TGFb wer e medi at ed
SMAD3 in several organs including liv@flanders, 2004; Roberts et al., 200B)e
significant but lower change Bmad3xpression is likely due to the fact that T6FL
stimulation ofSmad3s mediated mostly through an increase in SMAD3 phosphorylation

rather than a modificain insmad3mRNA expression.
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The TGFb pat hway is implicated in a number of
In the earlystage of carcinogenesis, the ™8F pat hway acts mainly as &
but later acts as a tumor promoférakefield and Roberts, 2002; Musch et al., 2005;

Mamiya et al., 2010) The results of this study suggest that upregulation of theBlGF

canonical pathway occurs in the fish liver nespia like in the spontaneous mouse and

human HCC. Immunoreactivity for TGB 1 was present in the neopl
expression offgfbl,tgfbr2,andsmad3 1 of 2emainedupregulated in the fibrotic liver with

neoplasms. We did not separate neoldissue from fibrotic liver tissue during mRNA

isolation. Therefore the expression level measured is not representative of the neoplasm

alone and a definitive conclusion regarding the upregulation of thebTGpp at hway i n t
liver carcinomas cannot Imeade.

Expression and localization tffbr2is also known to be altered in cancer. However, its
role remains unclear and expression has been shown to be increased, unchanged or decreased
in HCC in human or rodent mod@iss et al., 1997; Abohady et al., 1999; Mamiya et al.,

2010; Hoenerhoff et al., 2011y this studyfgfbr2 remained upregulated when neoplasms
developed in thébrotic liver.

Thetrend in expression levels tgfbl andtgfbr2 paralleled those afollall of 2,
collal 2 of 2and to a lesser extemd col4al.Upregulation otgfbl,tgfbr2, collall of 2,
and collal 2 of Zorrelated with activation of HSCs and deposition GME Our findings
arein accordance with those in humans and mammalian models, in which increased collagen
gene expression and deposition of collagen in hepatic fibrosis accompanies increased TGF

bl pr o@Gressheredat, 2002)
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TGF-b1 i mmunohistochemistry in fibrotic |iver:
BPDECSs, cholangiocytes, and in some macrophages, HSCs, and rarely in intermediate
hepatocytes. These results are consistent with the one previously reported in medaka, and rat
after hepatic injuryfJakowlew et al., 1991; Milani et al., 1991; Tao et al., 2000; Hobbie et al.,
2011) They suggests that in fish, like in mammadsident and recruited inflammatory cells
(macrophageand Kupffercells) and proliferating biliary epithelial cells promote
fibrogenesis through increased production T6HARoth et al., 1998; Chantal, 2000;
Matsuzaki, 2009)Although the antibody used in this study is sold as an ER#-b 1
antibody, the manufacturer states that it ciessts with TGFb 2. Gi ven t hat its
in fish species is unknown, it is possible that the immunoreactivity observed in the
cholangiocytesrad BPDECs isdueto TGEF2 and -lmb.t EXGETef@mRNAN o f
Is known to occur in cholangiocytes of proliferating bile ducts in rat and human fibrotic liver
(Milani et al., 1991) It is interesting to note th&wupffer cells, an important source of TGF
bl after hepatic injury in mammaHasdmanatr e abse
al., 2007; Hinton et al., 2008However, fish liver®ften have interhepatocytic,
perisinusoidal macrophages (IPM) thratrease in number and phagocytize cellular debris
following hepatic injury(Boorman et al., 1990Qkihiro and Hinton, 1999; Okihiro and
Hinton, 2000) Given that immunoreactivity for TGB1 of some | PM was o0obs
study, it is possible that IPM play a ra@@nilar to Kupffer cellsn the pathogenesis of
hepatic fibrogenesis.

A significant increase in expressionromp2, mmp14 1 of 2, mmf2 of 2, timp2a,

timp2b,andtimp3was observed during development of hepatic fibrosis and neoplasia. A
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much smaller but significant increasenimp13was also present. Trends in expression levels
of the MMP and TIMP genes evaluated were paralleled byphegulation of other genes
typically expressed in fibrosis likgfblandcollal These results are similarthose

reported in human and rodents studies wivttgp2andMmpl4 expression levels gradually
increase with disease progression while the isgr@aVmpl3expression is transient, taking
place mainly during early phase of fibrosis and during recovery from fibj@&sitanabe et

al., 2000; Lichtinghagen et a2p03; Hemmann et al., 200 Bxpression oTimp-1, 2 and 3

also increased following liver injury in human and rodents and persisted as fibrosis
progressedlredale et al., 1996; Herbst et al., 1997; Kossakowska et al., 1998; Yoshiji et al.,
2000) TIMP1 is the collagenase inhibitor most often evaluated in human and rodents studies
and is considered an essential player in the development of hdpatas. Unfortunately,

an orthologous gene was not identified in the medaka genome.

The results suggest that this part of the pathogenesis in the medaka model is likely similar
to the one irmammals where activation ofthe T®F pat hways and HSCs r es
alteration in the balance between production and resorption of ECM components. The net
accumulation of collagen rekssi predominantly from increase transcription of collagen
genes, maiy type | collagen, and impaired degradation due to changes in the balance
between MMPs and TIMRKossakowska et al., 1998; Hemmann et al., 20@&tyudies of
fibrosis in various organsatuding the liver indicate that an increase in TIMP/MMP ratio
promotes fibrosiglredale et al., 1996; Yoshiji et al., 2000; Madtes et al., 200dhdson et

al., 2002)
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The Wnt signaling pathway has been implicated in organ fibrosis, including liver fibrosis,
and neoplasiéShackel et al., 2001; Kim et al., 2005; Myurigak, 2007) There is evidence
that the profibrogenic role of Wnt signaling occurs through HSC activation and promotion of
survival(Myung et al., 2007; Cheng et al., 200Bpwever, the role ahe Wnt pathway in
hepatic fibrosis is still poorly understood compared to its role in hepatic neoplasia
(Thompson and Monga, 2007)cé#tenin is the chief downstream effector of the canonical
Wnt signaling pathwa Binding of the Wnt ligands to the frizzled family receptor induces
activati on an dcatenin,entryintd thernucteus, andfactization of target
geneg Thompson and Monga, 2007 this study, ther was upregulation atnnbl
suggesting upregulation of the Wnt canonical pathways during development and progression
of hepatic fibrosis as it is the case in mamni@lsackéet al., 2001; Myung et al., 2007;
Cheng et al., 2008However, we did not evaluate if nuclear translocation of catenin
occurred to provide direct evidence and confirm activation of the canonical Wnt pathways in
this fish model. Additionallyctnnblupregulation was observed in fibrotic medaka liver with
neoplasia suggesting dysregulation of the Wnt pathway may be occurring in medaka liver
carcinomas. Dysregulation of t h-eateptoteip at hway
is an important factor ithe development and progression of HCCs in zebrafish, rodent and
human(Harada et al., 2004; Haramis et al., 2006; Kim et al., 200&yever, HCCs were
not separated from treirrounding fibrotic liver and it cannot be determined if this increase
is part of the fibrotic process, HCCs or both.

MYC is a ubiquitous transcription factor regulating the transcription of numerous genes

that are involved in many functions includitige control of cell proliferation and
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differentiation(Oster et al., 2002)Jp-regulation ofMyc occurs following activation of
various mitogenic signaling pathways including the Wnt pathwathignstudy mycwas up
regulated in all phenotypes evaluated including livers with neoplasia, thus suggesting
possible roles in hepatocyte proliferation and neoplasia in medaka. Temporagulaiion
of Mycis known to occur during hepatic regeneration while sustainedguation is linked
to neoplasia in rodent and hum@uantoniRugiu et al., 1996; Michalopoulos and DeFrances,
1997) Sustaineanycexpression in hepatocytes of transgenic zebrafishraatthka
overexpressingiycresulted in hyperplasia and, in zebrafish only, possibpatocellular
adenomdGong et al., 201, IMenescal et al., 2012)

In conclusion, theesultsof this study demonstrate that the main cellalad molecular
events in the pathogenesis of hepatic fibrosis in mammals and medaka fish exposed to DMN
are conserved. Hepatocellular injury is followed by activation of HSCs;G@GFp at h way
activation, change in the balance between MMPs and TIMPs an@secrecollagen
production with the end result of excessive deposition of collagenous ECM. These data also
support the medaka as a potentially useful alternative animal model of hepatic fibrosis and

improves the comparative understanding t h e ploriserte ahronsc injurg across taxa
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TABLES

Table 1. Sequences for primers used in quantitativefirralPCR

Ensembl gene

Primer name N Sequence (5NjY3Nj
identifying number*

tgfbl F ENSORLGO0000000127: AAGTGGCTGTCCTTTGACG
tgfbl R ENSORLGO0000000127. TATCCGCTTCTTCTCCATCC
tgfbrl F ENSORLGO0000001838 AAAGATAACGGGACGTGGAC
tgfbrl R ENSORLGO0000001838¢ ACGTGCCATTCTTCTTCACC
tgfbr2 F ENSORLGO0000001415¢ GCCAACGTGTGTAAATGGTG
tgfbr2 R ENSORLGO0000001415¢ ATAACAGGCGAGGGTTGATG

smad3 1of2F ENSORLG0000000220° GGAAGAAGGGAGAACAGAACG
smad3 1of 2R ENSORLG0000000220° AGACGACCATCCAAAGACC
smad32of2F ENSORLG0000000680: GCTTTGAGGCAGTCTACCAG
smad32o0f2R ENSORLG0000000803 GGGAATAGACCTCTTCCTAAG

ctnnbl F ENSORLGO0000000584! CCACCAGAGCAATACCAGAAC
ctnnbl R ENSORLGO0000000584! AGCCGTTTCCACATCGTTAG
c-myc F ENSORLGO0000000702: ACAAGCGCATGACTCACAAC
c-myc R ENSORLGO0000000702: TCTCAGGATCACCACCTTTG
mmp2 F ENSORLGO0000001368! ACTGAGGGCAGAGATGATGG
mmp2 R ENSORLGO0000001368¢ TTTCAGGGCAGAAGCCATAG
mmp13 F ENSORLGO0000001445: AACGGCAAGAAGGTGAAGC
mmp13 R ENSORLGO0000001445: CTCAGCTCTGGATCACATCG

mmpl4 1 of 2F ENSORLG0000001215! AGGACAAGACGAAGGAGAAGG
mmpl4 1 of 2R ENSORLG0000001215! ACAGGAATAACGGCAAGACC
mmpl4 2 of 2F ENSORLGO0000000731i CAGGGTCTGAAGTGGGAGAA
mmpl4 2 of 2R ENSORLGO0000000731i ACGGAAGGTGAGTGGGATAA

timp2a F ENSORLGO0000001090¢ AGCAGGCTTGAAAACAGTGC
timp2a R ENSORLGO0000001090¢ ATCCTCTTGATGGGGTTTCC
timp2b F ENSORLGO0000000589 AGTTCTGACCCCAACATCG
timp2b R ENSORLGO0000000768! GCCGTCCTACCAATTTTGC
timp3 F ENSORLGO0000000921i GCCTTTTGGAACGATACGC
timp3 R ENSORLGO0000000921¢ ACCTTGCCATCATACACACG

collal 1l of2F ENSORLG0000001127: GGTTCTGCTGGTAACGATGG
collal 1l of 2R ENSORLG0000011273 CCAGGCATTCCAATAAGACC
collal 2 of 2 F ENSORLG0000001701: AAGAAGCACGTCTGGTTTGG
collal 2 of 2R ENSORLG0000001701: AAA CAG ACG GGT CCA ACTTC

coldal F ENSORLGO0000001801t CCAGGAGATGTTGTCATTGC
Col4alR ENSORLGO0000001801( CCCTTGATGCCTTCTTTAGC
rpl7 F ENSORLGO0000000796° CGCCAGATCTTCAACGGTGTAT
rpl7 R ENSORLGO0000000796° AGGCTCAGCAATCCTCAGCAT

* (http://www.ensembl.org/index.html
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Table 2. Degenerative and Proliferative Hepatic Lesions in Medaka exposed to 100 ppm DimethylInitrosamine for 2 weeks.

Week st Cellular Spongiosis Necrosis / Archite- BPDECa Bile duct . : Cellular  Neopt
exposure degenera hepatis  apoptosis ctural pro'llfer& hyperplasia Fibrosis dysplasia  asia
tion change tion
2 weeks 21/23 3/23 18/23 7/23 6/23 0/23 2/23 5/23 0/23
4 weeks 18/24 15/24 22/24 22/24 21/24 10/24 20/24 18/24 0/24
6 weeks 20/24 18/24 23/24 21/24 19/24 15/24 19/24 17124 224
10 weeks  24/24 19/24 24/24 12/24 23/24 22/24 22/24 22/24 14/24

2Bile preductular epithelial cell
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Figure 1.Gross appearance and histolagycontrol and DMN exposed livet: Gross

appearance of a normal medaka liver (left) and 2 livers with severe hepatic fibrosis (center
and right). The liver on the right has a grossly visible neoplasm diagnosed as a hepatocellular
carcinoma by histologyBar = 1 mm. B: Histology of a normal female medaka liver

(phenotype 0). C: Hepatocellular degeneration (phenotype 1) characterized by increased
hepatocellular vacuolization, presence of globular eosinophilicayt@lasmic inclusions

(arrow) and scatted apoptotic hepatocytes. Insert: Clageof an eosinophilic intra

cytoplasmic inclusion. 100X. D: Biliary preductular epithelial cell hyperplasia (phenotype 2)
characterized by proliferation of small spindle cell with a hyperchromatic elongated nuclei
that separated the hepatocytes tubules and sometime surrounded individual hepatocytes. E:
Hepatic fibrosis (phenotype 3) characterized by increase connective tissue separating
hepatocytes tubules and individualizing single or small group of hepatocytdee Repatic

fibrosis and neoplasia phenotype (phenotype 4) was defined as hepatic fibrosis with presence
of a hepatic neoplasm (Hepatocellular carcinoma or cholangiocellular carcinoma).

Hematoxylin and eosin. Bar = 50 pm 40X
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Figure 2. Rate ofaurrence of the 5 histologic liver phenotypes observed at the 2, 4, 6 and
10 weeks collection times.
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Figure 3 Transmission electron microscopy of an activated hepatic stellatédoedctivated
hepatic stellate cell (HSC) is adjacent to agéilular collagen fibrils (C) and a macrophage

(M) in the space of Disse. This HSC has lost its lipid vacuole(s) and a bundle of intermediate
filaments (arrow head) is present in the cytoplasm. E: endothelial cell. RBC: red blood cell.
Bar =1 pum. X 8900.
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Figure4. Bundle of intermediate filamemt ithe cytoplasm of aactivated HSCHigher

magnification view of the bundle of intermediate filament present in the cytoplasm of the
activated HSC in figure 3. Bar = 200 nm. X 44000.
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Figure 5 Presurptive collagen secretion granules in the cytoplasm of an activated HSC. Bar
=100 nm. X 71000.
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Figure 6. Immunolabeling for MSA as a measure of stellate cell myofibroblastic
transdifferentiation. Representative picture of a control liver (left) medWith hepatic
fibrosis (right). 40X bar = 50um
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Figure 7. Morphometric quantitation of MSA immunolabelling as a measure of stellate cell
myofibroblastic transdifferentiation. The relationship between phenotype and the area

percentage occupied byatlMSA immunostained cells.
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Figure 8. Massono6s tquanttative measure sficalagenidepgsiticm.s a
Representative picture of control liver (A); grade 2, moderate fibrosis (B); Grade 3, severe
fibrosis/cirrhosis (C). 40X bar=56u D:Semiquant i t ati ve scoring of
stained slides as a measure of collagen deposition. Relationship between phenotype and the

fibrosis grade.
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Figure 9. Relationship between the liver phenotypes observed following DMN exposure and
the mMRNA expression level of collagen | and IV genes for each phenotype. Mean £+ SEM.

* Statistical difference (P < 0.05) in gene expression level between phenotypes.
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Figure 10. Relationship between the liver phenotypes observed following DMN egposlir
the mRNA expression levelof T&-1, -br GFrecept or 1 and 2, and S
phenotype. Mean + SEM.

* Statistical difference (P < 0.05) in gene expression level between phenotypes.
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Figure 11. Relationship between the liver phenotypseved following DMN exposure and
the mMRNA expression level of matrix metalloproteinase 2, 13 and 14 genes for each
phenotype. Mean + SEM.

* Statistical difference (P < 0.05) in gene expression level between phenotypes.
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Figure 12. Relationship b&een the liver phenotypes observed following DMN exposure and
the mMRNA expression level of tissue inhibitor of matrix metalloproteinase 2 and 3 genes for
each phenotype. Mean = SEM.

* Statistical difference (P < 0.05) in gene expression level betweemnypes.
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Figure 13. Relationship between the liver phenotypes observed following DMN exposure and
t he mMRNA expr eaesin and Myt genes for each phénotype. Mean £ SEM.

* Statistical difference (P < 0.05) in gene expression level betywhenotypes.
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Figure 14. Hepatic fibrosis. Double immunolabelling for MSA (brown) and-bGF ( b | ue) ,
methyl green counterstain. Representative picture of a control liver (left). No

immunoreactivity for MSA is observed in the hepatic parenchyma-BGEF

immunoreactivity is observed in BPDEC. Representative picture of a liver with hepatic

fibrosis (right). BPDEC are increased in number, hypertrophied and strongly positive for

TGF-b 1. Myofibroblasts (asterisk) amMdA.HSCs ( a
Some HSCs is immunoreactive for MSAand FGFL ( ar r ow) . Bar = 20 Om
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Figure 15. Hepatic fibrosis. Double immunolabelling for MSA (red) and-bGF ( br own ) ,
hematoxylin counterstain. BPDEC are increased in number, hypertrophied arglystro
positive for TGFb1. HSCs (arrow head) are i mmunoreac:
immunoreactive forMSAand TGP 1 (arr ow) . Bar = 20 Om 100X

121



- I
’ - .
.y A NS
3 d }

A N S S \*‘">\
AN TN L e

"N
-
- u' - .

Figure 16. Hepatocellular carcinoma. Immunolabelling MGE ( br own) , hemat ox
counterstain. Most mplastic hepatocytes display moderate cytoplasmic immunoreactivity

forTGRb1. The BPDECs in the adjacent compresse
positve forTGFb 1 as i n contr ol i ver Bar = 50 Om 4
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Figure 17. Hepatocellular carcinoma. lmmnolabeling TGFb 1 ( br own) , hemat o X
counterstain. Neoplastic hepatocytes display weak to moderate cytoplasmic
immunoreactivity for TGFb 1. BPDECs within the HCC and in
hepatic parenchyma are moderately to strongly positivé@®+b 1 as wel | . 40X be
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Figure 18. Cholangiocarcinoma. Immunolabeling 62 ( br own) , hemat oxyl
counterstain. Neoplastic cholangiocytes display strong cytoplasmic immunoreactivity for
TGFb1. 60X bar = 30um
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ABSTRACT

Hepatic progenitor cells (HPC), called oval cells in rodents, participate in liver regeneration
following severe injury or impaired hepatocyte replication, and are precursor of both
hepatocytes and cholangiocytes. In fish, dika cells are observed injured and

regenerting liver. Here, the process of oval cell differentiation is defined in fish liver using
histopathology, immunohistochemistry and transmission electron microscopy. To generate
oval cell proliferation, hepatic injury was induced usditiper microcystin LR or
dimethylnitrosamine exposure in Japanese medakaig latipeg. A transgenic medaka

strain expressing a red fluorescent protein (RPF) exclusively in the hepatocytes was used to
label hepatocytes. The morphological responsejtmyirwith ductular reaction copmised of
cytokeratin AE1/AE3 (CK) positive oval cells progressing to intermediate hepatobiliary cells
variably positive for CK and RFP and mature hepatocytes and cholangiocytes supported a
differentiation pathway of fish ovaklls towards hepatocytes and cholangiocytes.
Ultrastructural morphology confirmed the presence of oval cells and differentiation towards
hepatocytes. These results demonstrate clear similarities between piscine and mammalian
liver patterns of@action tanjury, and supporputative bipotential lineage capabilities of the

piscine HPC/oval cell.
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INTRODUCTION

It is wellkknown that the liver of mammals has the ability to regenerate following injury
(Michalopoulos, 2010; Riehle et al., 201¥kt, in several diseases such as in chronic
hepatitis and cirrhosis, these regenerative mechanisms are impaired or insufficient and
restoration of the hepatic mass and function do¢®ocur(Wallace et al., 2008; Riehle et
al., 2011) In order to better understand and potentially control hepatic regeneration for
therapeutic purposes, the cellular and moleculachanisms have been studied extensively
using a variety of animal modgBalmes and Spiegel, 2004; Sadler et al., 2007; Kan et al.,
2009; Michalopoulos, 2010)Although small fish species are considered robust models to
study regenerative processes such as fin and heart, the process of hepatic regeneration in fish
has received considerably less atten{®oss et al., 2003; Sadler et al., 2007)

In mammals, liver regeneration (compensatory growth) after injury is accomplished
primarily by proliferation of mature hepatocytg&ehleet al., 2011)However after severe
hepatic injury or when hepatocyte division is impaired, hepatic progenitor cells (HPC), called
oval cells in rodents, participate in the regenerative process and are the alleged precursor
cells of hepatocytes and chotocytegEvarts et al., 1989; Fausto and Campbell, 2003;

Riehle et al., 2011)These HPCsare also considered a possible cell of origin of hepatic
neoplasmsfurther stressing the importance of understanding their bidMdghail and He,

2011) A third pathway of liver regeneration by fusion or transdifferentiation of bone marrow
stem cells into hepatocytes has beecudeented, although this pathway is not considered

clinically significant(Oh et al., 2007; Riehle et al., 2011)
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Studies investigating the regenerative liver response in fish havendénated that the
two predominant pathways of mammalian hepatic regenerative response occur in fish
(Okihiro and Hinton, 2000; Sadler et al., 2007 k&t al., 2009; Hobbie et al., 2011)
Following partial hepatectomy, compensatory liver growth in zebrafigimi@ rerio) and
rainbow trout Oncorhynchus mykiyeccurs vigoroliferation of mature hepatocytes, or a
combination of hepatocytes and cellesurmed to be progenitor cells due to their
morphological resemblance to rodent oval c@lkihiro and Hinton, 2000; Sadler et al.,
2007; Kan et al., 2009)n studies evalating the hepatic response to toxic injury and
hepatocarcinogenesis in various fish species, proliferation of cells resembling rodent oval
cells has been documented, and their presumptive differentiation towards hepatocytes
inferred(Couch and Courtney, 1987; Hinton et al., 1988; Nunez et al., 1990; Okihiro and
Hinton, 2000; Fournie and Courtney, 208bbbie et al., 2011)

The terminology used to describe HPC/oval cells in histology sections can be confusing.

I n humans, the descriptive term fAoval cell o
considered not exactly comparable with their humpmue val ent ; the term AH
(Roskams etal.,,2004) However, in rodent animal model s,

recommended terifThoolen et al., 2010)n fish, thesesmall cells with high nuclear
cytoplasmic ratio have been termedheiibil e pre
similarity of location with that of mammaliasval cells/THPCgCouch and Courtney, 1987,

Hinton et al., 1988; Nunez et al., 1990; Okihiro and Hinton, 2000; Fournie and Courtney,

2002; Hobbie et al., 2011The fish liver has numerousdpreductules that are transition

canals between the biliary canaliculi formed by adjacent hepatocytes and the bile ductules
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which are entirely lined by biliary epithelial ce(Hardman et al., 2007Bile preductles are

formed by BPDECs and hepatocy{emrdman et al., 2007Hence, BPDECs reside in a

location equivalent to mammalian oval cells in the canal of Hering. Further supporting their
probabl e equi v@sloe,ncreo deinsth fifoBWPaDE cel | so and h
ultrastructural morphology. They have junctional complexes with hepatocytes and/or biliary

cells. They have a round to oval nucleus, scant cytoplasm, few organelles, variable amounts

of intermediate faments and no basal lamiffeactor et al., 1994; Hardman et al., 2007;
Sobanied_otowska et al., 2007Moreover, in trout liver primary cultures, the longigng

cells shared morphologic features and immunoreactivity (CK AE1/AE3) with BPDECs

(Ostrander et al., 1995)hich further supports the hypothesis that BPDECs are the HPC in

fish, since this longevity isevc at i ve of a fAlasthepmsentstudy,thei keodo st
terminology defined by thimternationaHarmonization olNomenclature an®iagnostic

Criteria for Lesions in Rats and Mice (INHAND) project and the descriptive ¢eahcellin

fish will be gplied. Although fish HPC/oval cells might be derived from BPDEC, use of the

term oval cell will allow distinction between quiescent BPDECs and the activated transient
amplifying population of HPC that resemble rodent oval cells. The latter will be defined

elongated to round cells with a high nuclesitoplasmic ratio and round to oval

hyperchromatic nuclei that are often organized in a single or double row in linear arrays and
pseudeductlike structures (Fig. &and 2) whicharecalledl d u ct ul ¢ irre alcu mans
Aoval cel |l hy p(Roskainsesal., 2004; Thoolen et dl.e2010)s

Histologically, the fish liver reaction to injury appears similar to their mammalian

counterpar However, it hasiot been determined if the oval cells observed in the fish liver
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are the biological equivalent to the HR@d rodent oval cells. It is hypothesized that the fish
oval cells are the piscine hepatic progenitor cells and have bipoteffea¢dtiation abilities

in the hepatocyte and biliary cell lineages. The aim of the present study is to determine the
immunohistochemical and ultrastructural characteristics of the putative piscine progenitor
cell compartment after acute and chronic tdwepatic injury. The putative fish progenitor

cell compartment was studied in the medaka fish model using two chemical hepatotoxicants,
MCLR and DMN to induce acute and chronic hepatic injuggpectively. The HPC

population response after hepatic injurgsacharacterized using histology, single and double
immunohistochemistry, and transmission electron microscopy (DMN exposure only) to
characterize the cells lineages and differentiation process. The effects of microcystins have
been evaluated in severaltiispecies and they are known be potent hepatot@aibrouck

and Kestemont, 2006pimethynitrosamine (DMN) is a potent carcinogenic hepatotoxin that
has previously been used in rodents and fish to model huepatit fibrosis, cirrhosis and
hepatocellular carcinom@la-Kokko et al., 1987; Jezequel et al., 1987; George et al., 2001;
Tadaet al., 2001; Hyon et al., 20YRJa-Kokko et al., 1987; Jezequel et al., 1987; Ohara et

al., 2007; Hobbie et al., 201#yon et al., 2011)

MATERIALS and METHODS

To label hepatocytes, we employed a transgenic oresdyenedaka fish line Tg(zfL

fabp:DsRed) which expressed a red fluorescent protein (RFP) under the regulatory control of
the 2.8kb fragment of the zebrafidiver fatty acid binding protein AFABP) promoter

(Korzh et al., 2008)The founder EFABP transgenic medaka for our colony were originally
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obtained from Drs. Joerg Renn and Christoph Winkler, Department afgisall Sciences,

National University of Singapore. This stable transgenic line exhibited standard Mendelian
inheritance from F2 generation onwards. The offspring were screened by observation of
embryos or larvae for RFP protein expression in the liver.colteny of Tg(zfl-fabp:DsRed)
medaka was housed under recirculating freshwater aguaculture conditions at the Department
of Molecular and Environmental Toxicology, North Carolina State University (NCSU),
Raleigh, NC. Water temperature and pH were monitdedgt and maintained at23 6 U C
andD 7.2, respectively, and the fish were kept under a defineddigik cycle (16 h light, 8

h dark). Dry food (Otohime B1, Reed Mariculture, Campbell, CA) was fed several times per

day through automated feeders, and lgdvatchedArtemia naupliiwere fed once per day.

DMN and MCLR exposures

Threemonthold male and female medaka frahestock colony were acclimated for 2
weeks in 10 gallon aquarium tanks filled with reconstituted reverse osmosigd (RO)
water (05 g/liter Instant Ocean® salts, Aquarium System Inc. Mentor, OH) within a static ,
freshwater culture system. The artificial light photoperiod was 16 hours light/8 hours dark.
The water temperature was maintained at 26°C * 0.5°C, the waterpBl. &tand the water
conductivity between 600 to 800 uS. Dry food (Otohime B1) was fed throughout the day
using automated feedessnimal care and use conformed with protoaygproved by the
NCSU Animal Care and Use Committee in accordance with the Nafcademy of

Sciences Guide for the Care and Use of Laboratory Animals. For the DMN and MCLR

exposures, medaka were randomly distributed amditgrdglass beakers, 102 fish per
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beaker, containing 3 liters of reconstituted RO water as described alb@iedkers were
placed within a recirculating, heated water bath to maintain temperature at 26°C + 0.5°C
throughout the exposures. Fish were fed once daily. Animals were observed twice daily for

behavioral responses and signs of overt toxicity.

DMN exposte

Eighteen Tg(zftf abp: Ds Red) medaka were exposed to
dimethylnitrosamine (DMN) for 2 weeks in the ambient water. Nine fish were used as
controls. DMN was replaced every 3 days to compensate for photodegradation of the
compoundHobbie et al., 2011)DMN dilutions were made new from the DMN stock

solution before each renewal. Water quality was maintained with 95% water changes prior to
each DMN treatment. Ammonia levels remained under 0.25 mgtitli times. After the 2

week exposures, fish were returned to the 10 gallon aquarium tanks for up to 8 weeks after a

gentle rinse in RO water.

MCLR exposure

Twenty one, twenty seven and twelve Tgébp:DsRed) medaka received a single
intracoelomic mjection of microcystilLlR (MCLR) dosed at 100, 250 and 500 +£25 ug/kg,
respectively. The MCLR stock solution was dissolved in sterile phosphéfered saline
(PBS) (pH 7.2) at a concentration of 0.025 pg/uL. Fish were briefly anesthetized using
tricainemethanesulfonate (120 mg/liter; M22, Argent Laboratories, Redmond, WA),

weighed, placed in right lateral recumbency, and injected intraperitoneally using a glass 25
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pL Hamilton syringe (PB500 Repeating Dispenser, Hamilton, Reno, NV), equipped with a
32 gauge needle (Hamilton, Reno, NV) . Twenty control fish were anesthetized and injected

with 4pL of sterile PBS.

Sampling Method and Tissue Processing

Six DMN-exposed and 3 control fish were euthanized with an overdose of tricaine
methanesulfonate (300 . at 4, 6 and 8 weeks post exposure. Individual fish livers were
harvested and fixed for 24 hours in freshly made 4% paraformaldehyde solution for
histopathology. Samples of each liver were also fixed in 4F:1G fixative (4% formaldehyde
and 1% gluteraldgide buffered in monobasic sodium phosphate, pH/ 42 for

transmission electron microscofMicDowell and Trump, 1976)

A subset of at least 2 MCL-Bxposed and 1 control medaka were euthanized with an
overdose ofricaine methanesulfonate (300 mg/L) at 1, 2, 4, 6 and 8 days post exposure for
whole body histology. The coelom of control and exposed fish was incised along the ventral
midline to enhance penetration of the fixative solution. The fish were fixed whé¥
paraformaldehyde solution for 24 hours, demineralized in 10% formic acid for 24 hours, and
transferred to 70% ethanol for histopathology.

Paraformaldehydéxed livers and whole fish were processed using standard histological
techniques, embeddedpnar af f i n, sectioned at 5 em, and s
(HE). All liver sections as well as paramedian and midsagittal sections of whole fish were

evaluated by light microscopy and liver lesions were classified based on criteria set by a
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consessus of the US National Toxicology Program pathology working group and the

INHAND guide (Boorman et al., 1997; Thoolen et al., 2010)

Liver samples fixed in 4F:1G fixative were processed nalfifor transmission electron

microscopy, dehydrated in alcohol, and embedded in Spurr @ykstra, 1993)Semithin
sections, O0.5egm thick, were stained with 1%
sections, 90nm thick, were stained with uranyl acetate and lead citrate and examined with a
FEI/Philips EM 208S transmission electron microscope (LaborddorAdvanced Electron

and Light Optical Methods, NCSU, Raleigh, NC).

Immunohistochemistry

Five-micrometer thick paraffin serial sections of the liver were used for single and double
immunohistochemistry. Primary antibodies used includedamdkeratinAE1/AE3 (CK),
antimusclespecific actin (MSA), antied fluorescent protein (RFP) and aotoliferating

cell nuclear antigen (PCNA) (Table Biotinylated goat antrabbit and goat anrtnouse
immunoglobulin G were used as secondary antibo@ieg3enexSan Ramon, CA). Tissue
sections were deparaffinized in xylene and rehydrated in a graded series of ethanol and rinsed
in distilled water. For antigen retrieval the slides were heated at 99°C in a 10 mM sodium
citrate solution at pH6 for 10 minutes usingemetable steamer (Oster 5712 food steamer,
Maitland, FL). Slides were left for an additional 10 minutes in the warm sodium citrate
buffer and then rinsed in 1X PBS. Endogenous peroxidases activities were blocked by
exposing the tissues to 3% hydrogenop@te for 10 minutes. Goat serum, avidin and biotin

blocks were applied successively for 20 and 15 minugspectivelyto prevent nonspecific
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binding of the secondary antibody and streptavidin conjugBie&€énexSan Ramon, CA).

Tissues were incubatedth a primary antibody for 30 minutes at room temperature, rinsed

in 1X PBS, and then incubated with the secondary antibody for 20 minutes. After a wash in

1X PBS, tissue sections were then treated for 20 minutes with streptavidin peroxidase.

Following afinal wash in 1X PBS, development was achieved by treatment of tissue with

liguid 3,3-diaminobenzidine (DAB, Vector Lab, Burlingame, CA) chromogen for 30 second

to 2 minutes or NovaRED (Vector Lab) for 1 to 5 minutes. Subsequently the slides were
washedint ap water, counterst ai neid0sacondhandtavgrer 6 s |
slipped. For double immunohistochemistry tissues were incubated with a primary antibody

cocktail made of CK and RFP, MSA and RFP, or CK and MSA antibodies at room

temperaturedr 30 minutes. The slides were rinsed in 1X PBS and incubated with a polymer
cocktail detection system for 30 minutes at room temperaturenfause/horseradish

peroxidase (HRP) + antabbit/alkaline phosphatase (AR)ultiVision Polymer Detection

System Thermo Fisher Scientific, Lab Vision Corporation, Fremont).CA

After rinsing in 1X PBS, development was achieved using first DAB (Vector Lab) for HRP

activity followed by NovaRED (Vector Lab) for AP activity. Following a wash in tap water,
theslideswee counterstained wi ti#0sddangseanddceverh e mat o x \
slipped. For negative controls, the primary antibody was omitted aroimouane serum of

the same species as the primary antibody was applied. For positive controls, sections of

intestne and liver were included in each slide.
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RESULTS
Histopathology and immunohistochemistry: DMN exposure
The morphological changes in the liver of DMN exposed fish were similar to those
previously described by Hobbie et al., 2011 (Table 2). Histolegions included
hepatocellular vacuolar degeneration, Mallory bdiklg inclusions altered foci, necrosis
collapse of the hepatic architecture, histiocytic inflammation, oval cell hyperplasia, hepatic
stellate cell hyperplasia, biliary hyperplasiardibis, hepatocellular regeneration, and
multinodular reorganization of the liver architecture. No remarkable microscopic
abnormalities were seen in the liver of the control medaka other than occasional small areas
of spongiosis hepatis in 3 of 9 (33%) canid (3/6 female and 0/3 male). Among the 18 fish
exposed to DMN, 4 (22%3 males and 1 female) were sampled at the time their liver
displayed a distinct phenotype where oval hyperplasia was a prominent feature (Fig. 1). The
remaining fish (67% 10 femaés and 2 males) had moderate hepatic fibrosis. Two of the 12
(17%) fish, both female had hepatic fibrosis with neoplasia; one hepatocellular carcinoma
and one cholangiocellular carcinoma. Two fish (11%) died during the grow out period; one
of them was evahted by histology and had severe hepatic fibrosis/cirrhosis. The other one
was autolyzed and not evaluated.

Oval cell hyperplasia phenotype was characterized by diffuse loss of hepatocellular
glycogen, scattered individual hepatocellular apoptosis @osis, and marked proliferation
of thin, elongated cells (oval cell) with oval hyperchromatic nuclei that extended and
sometimes surrounded hepatocytes. Hepatocytes were variably sized, often hypertrophied,

with a variable degree of hydropic degeneratloyalinization) (Fig. 1). In the fibrotic livers,
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deposition of collagenous extracellular matrix was mild to moderate, separated hepatocyte
tubules and individualized single or small groups of hepatocytes. In livers with oval cell
hyperplasia and to a lessextent in the fibrotic livers, individualized or small groups of cells
with a phenotype intermediate between oval cell and hepatocytes (intermediate hepatobiliary
cells- IHBC) were observed (Fig. 1).

Immunostaining of serial liver sections revealedtithe oval cells had intense, diffuse
cytoplasmic immunoreactivity for CK and were negative for RFP and MSA (Figs. 2).
Intermediate hepatobiliary cells had variable cytoplasmic immunoreactivity for CK and RFP
and were negative for MSA (Figs. 2 and 3).ub&e immunohistochemistry for CK and RFP
revealed occasional double cytoplasmic immunoreactivity in IHBCs (Fig. 2). No cells
demonstrated double immunoreactivity for CK and MSA or RFP and MSA.
Immunohistochemistry for MSA showed cytoplasmic immunoredgtiai activated stellate
cells present along sinusoids and in spindle cells surrounding mature bile ducts (Fig. 3).
Similar MSAimmunoreactivity was present in spindle cells that formed a fin rim
surrounding clusters of IHBCs, some of which had a smatfaenmen or where organized
in distinct immature bile ducts (Fig. 3). These Mp#@sitive spindle cells were interpreted to
be myofibroblasts surrounding clusters of IHBCs that were differentiating into
cholangiocytes and organizing into bile ducts. Hepgies, cholangiocytes and
myofibroblasts surrounding bile ducts and blood vessels served as internal positive controls
and had diffuse intense cytoplasmic immunoreactivity for RFP, CK and MSA, respectively.
Identification of the proliferating cells was e using PCNA immunohistochemistry.

Immunoreactivity wasbserved in the hepatocytes, cholangiocytes, IHBC and in the oval
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cells (Fig. 1). Immunoreactivity for PCNA of hepatocytes or cholangiocytes was rare in
control livers. Positive PCNA immunoreactivity the transient amplifying cells of the
intestinal crypts served as positive controls. Results from immunohistochemical staining are

summarized in table 4.

Histopathology and immunohistochemistry: MCLR exposure
Among the fish exposed to MCLR, 4 of 219¢%), 5 of 27 (19%) and 3 of 12 (25%) exposed
to 100, 250 and 500 + 25 pg/kg respectively showed massive hepatic necrosis with evidence
of hepatic regeneration. At the exception of 2 fish, all fish that were euthanized had no
morphological liver changes. @rish exposed to 250 pg/kg and euthanized 8 days after
exposure had a small focus of hepatocytes resembling IHBCs admixed with a moderate
number of macrophages filled with cell debris. MCLR exposure results are presented in
Table 3.

In the fish that premnted morphological hepatic changes, the reaction to injury was
similar in character and time independent of the MCLR dose administefecseDmassive
coagulative hepatocellular necrosis with few scattered clusters and short cords of polygonal
basophiliccells were observed throughout the parenchyma at 14 to 36h post exposure (Fig.
4). These cells were interpreted as proliferating oval cells. By 36 to 48h post exposure, cords
and tubules of basophilic cells were more numerous, longer and started toantlerge
adjacent cords. In between the cords of regenerating cells, macrophages where numerous and
filled with cell debris (Fig. 4). At 48 to 72h post exposure, the number and size of the

basophilic cells had further increased and they resembled IHBC ortsepallocytes (Fig.
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4). The number of macrophages had subjectively decreased. At 96h post exposure, the
morphology and organization of the basophilic cells was progressing toward a hepatocyte
phenotype and restoration of normal liver architecture (Figii¥g.macrophage numbers had
further decreased. Surprisingly, mitotic figures were rarely observed in the oval cells (less
than 1 per 40X field). However, most cells between 24 to 96h post exposure displayed strong
nuclear immunoreactivity for PCNA, signifyg that very active cell proliferation was
occurring. Increase in PCNA nuclear positivity was observed in the focus of IHBCs and
small hepatocytes. present in the liver of the fish exposed tagkQ and euthanized at 8
days post exposurblo remarkablenicroscopic abnormalities were seen in the liver or other
organs of the control animals.

At 24 and 48h post exposure, the basophilic proliferating oval cells displayed strong
diffuse cytoplasmic immunoreactivity for CK. However CK immunoreactivity sides@hd
was markedly decreased or absent by 96h post exposure (Figs. 5). These oval cells were
negative for RFP at 24 and 48h post exposure. However livers of the fish collected at 96h
post exposure had rare IHBCs cells with faint cytoplasmic RFP immurnivigadn one
liver mild to moderate immunoreactivity for RFP was present in IHBCs. Extracellular cell
debris and the cytoplasm of macrophages were immunoreactive for RFP at 24 and 48h post
exposure but immunoreactivity was weaker or occasionally abs86ékhaost exposure.

Results from immunohistochemical staining are summarized in table 4.
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Transmission electron microscopic findings

The oval cells observed in the liver of the fish exposed to DMN showed ultrastructural
characteristics similar to rodeaval cells or human HPC (Figs. 6). These fusiform to

polygonal cells were located next to or in between differentiated or intermediate (immature)
hepatocytes. They were located consistently away from sinusoids and, occasionally, contact
with BPDEC was edent (Fig. 7). The fish oval cells had scant to moderate amounts of
organellepoor cytoplasm and no basal lamina. Few mitochondria and occasional scant
endoplasmic reticulum and presumptive lysosomes were present. The adjacent intermediate
(immature) hepmcytes showed features of hepatocyte differentiation. They had increased
amounts of cytoplasm with more numerous mitochondria; increased amounts of glycogen;
and showed development of rough endoplasmic reticulum. The livers FIGh&-exposed

fish were ot evaluated by transmission electron microscopy.

DISCUSSION

Animal models of human diseases are essential to elut¢idaterolecular mechanisms and
develop diagnostic and therapeutic approache
and its tissueesponse to injury is crucial to select an appropriate model and interpret study

results accurately. We investigated the putative fish progenitor cell compartment and its

response to acute or chronic injury in the medaka fish model using histology,asidgle

double immunohistochemistry, and transmission electron microscopy (DMN exposure only).

Use of cytokeratin AE1/AE3 antibody was selected because it reliably labels many epithelial

cell types including cholangiocytes and BPDHitit not hepatocytes irsfi, including
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medakaBunton, 1993; Bunton, 1994; Okihiro and Hinton, 20@hough in mammals
cytokeratin 18 labels hepatocytes, an-amnitinan cytokeratin 18 antibod¢ytokeratin 18,
clone Ks 18.04, Cat. #: 10B161A, Fitzgerald Industries International, Inc, Concord MA.)
has been used to label the biliary tree in zebrafign Eyken and Desmet, 1993; kot et
al., 2004) However, immunoreactivity for CK18 using the antibody listed above was not
observed in medaka hepatocytes or cholangiocytes (AVW unpublished data). To overcome
the lack of a fish hepatocyte marker, we used a transgenic medaka fiskptrestsedraRFP
exclusively in mature hepatocytes. In rodents and human, antibodies to cytokeratin 7 and 19,
and HepParl can be used to characterize cell lineages in tissue sections and are well accepted
biliary epithelium/oval cell marker and hepatocyitarker respectivelfessey and de la
Hall, 2001; Zhou et al., 2007; Bird et al., 2008nfortunately, attempts at
immunohistochemical staining for CK7 (Cytokeratin 7, cl@é-TL 12/30, Cat. #: M7018,
Dako, Carpinteria, CA), and Hep Par 1 (Hepatocyte, Clone OCH1E5, Cat. #: M7158, Dako)
in medaka were unproductive (AVW unpublished data). Imnmunolabeling with MSA is
known to react with smooth muscle actin in medaka and wadeglecshow that the
presumptive ovatells were not in fact activated stellate cells or myofibroblgisiton,
1995; Hobbie et al., 2011)

Microcystins are known to be potent hepatotoXMalbrouck and Kestemont, 2006)n
this study, exposure to MCLR was performed to induce severe acute hepatic necrosis
followed by regeneration and evaluate the immunoreactivity of the resulting regenerative cell
population as these new cells likely represent the transient amplifying population derived

from the HPCqFournie and Courtney, 2002; Fausto and Campbel3;2R&hle et al.,
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2011) Unfortunately, the response to MCLR was highly variable between fish and its use did
not prove to be a reliable method to induce aletimal event of hepatic necrosis followed by
regeneration. Approximately 80% of the fish dat show any hepatic response to MCLR
exposure while in the other 20% the hepatic necrosis induced was very severe and lethal. It is
unclear why the fish that survive the acute hepatic necrosis phase and had histologic evidence
of hepatic regeneration di&lto 4 days after exposure. No histologic lesions were observed
in the other organs. The range of microscopic regenerative changes observed was similar to
the changes described in other fish species like the hardhead aatiishfélig, gulf
killifish (Fundulus grandisor rainbow trou{Kotak et al., 1996; Fournie and Courtney,
2002) In the subset of fish that developed hepatic necrosis and survived long enough to show
evidence of a regnerative response, liver regeneration occurred by proliferation of CK
positive oval cells that organized in tubules and resembled human ductular reaction type 3
(Desmet, 2011)Acquisition of hepatocyte morpholp@t a later time was concomitant with
loss of CK immunoreactivity and acquisition of RFP immunoreactivity. Our findings are in
accordance with studies in humans and rats where oval and hepatobiliary cells are positive
for CK7/19 but CK7/19 expression ssit as hepatocytic differentiation progresgassmet,
2011) Surprisingly mitotic figures were rarely observed in this transit amplifying oval cell
population. However, PCNA immunohistochemistry confirmed thedettells were actively
proliferating.

Interestingly extracellular cell debris and the cytoplasm of macrophages were
immunoreactive for RFP in the peracute phaileepatic necrosis but immunoreactivity was

slowly lost overtime as the extracellular dshsiere phagocytized and processed by the
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macrophages. This observation demonstrated that phagocytosis of the necrotic hepatocellular
debris was occurring and that the phagocytized cellular debris and RFP protein were
degraded by macrophages overtime.

Exposure to DMN was used to induce chronic hepatic injury and oval cell hyperplasia as
reported by Hobbie et a[Thoolen et al., 2010; Hobbie et al., 201D)methylnitrosamine is
a potent carcinogec hepatotoxin that has been used to induce hepatic fibrosis and neoplasia
in a number of fish species, including medaka, and rodéetkins etl., 1985; Swenberg et
al., 1991; Hasegawa et al., 1998; Hobbie et al., 201 subset of DMN exposed liver that
exhibited prominent oval cell hyperplasia was selected and evaluated by
immunohistochemistry and TEM. The CK immunoreactivity and ulwasaral features of
the fish oval cell were consistenith that reportedn mammalgFactor et al., 1994; Tan et
al., 2002; Sobaniecotowska et al., 2007; Desmet, 201The variable immunoreactivity
and occasional double reactivity for CK and RFP of the cells with a histologic morphology
transitional between HPC and hepatocytes supported that they were (RBCst al., 2002;
Desmet, 2011)The observation of intermediate hepatobiliary cells organizing in ductules
was indicative of differentiation towards a biliary epithelial cell phenotype.
Immunohistochemistry for MSA revealéal be useful in highlighting the IHBCs
differentiating towards cholangiocytes. A thin rim of MSA positive spindle cells surrounded
small clusters of intermediate hepatobiliary cells with sometimes a visible small central
lumen as well as immature bile dules. These spindle cells were usually not discernible on
H&E slide alone and interpreted as being likely myofibroblasts. The lack of oval cell MSA

immunoreactivity was supportive that the cells similar to rodent oval cells in fish liver were
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not activate stellate cells or myofibroblasts. A mix of oval cells, IHBCs, hepatocytes and
cholangiocytes were positive for PCNA, thus suggesting that replication of all cell types
occurred during hepatic regeneration after DMN injury. It was expected that most of
proliferating cells would be oval cells and IHBCs but a similar number of hepatocytes were
positive for PCNA. Since PCNA has a long Hiit and is also involved in DNA repair, it is
possible that some tiie immunoreactivity observed was not indicativactve cell

division.

Although, the double immunoreactivity for CK and RFP of IHBCs must be interpreted
with caution, the immunohistochemistry results support a bipotential lineage relationship of
the oval cells towards hepatocytes and cholangio€ifigs8). Observations made here
supportdifferentiation of oval cells into intermediate hepatobiliary cells and then hepatocytes
and cholangiocytes. However, the dedifferentiation of hepatocytes into proliferating
progenitorlike cells cannot be excludéBraun and Sandgren, 2000; Chen et al., 20T28)I
lineage tracing studies would be necessary to confirm this postulate
In order to provide additional evidence that the oval cells observedtofobisare liver
progenitor cellsSTEM was performed on the DMN exposed liver displaying an oval cell
hyperplasia phenotype. The ultrastructural features of the oval cells and intermediate
hepatobiliary cells were similar to those in rodents and hufaactor et al., 1994; Hardman
et al., 2007; Sobanidootowska et al., 2007)The lack of distinguishing features (i.e. cell
morphology, and type and amount of gfie organelles) of the oval cells was supportive of
a nondifferentiated / stem celike state. The observation of larger cells with hepatocytes

features, adjacent to oval cells, correlated well with intermediate hepatobiliary cells
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differentiating towads hepatocytes. The close association and shared characteristics of oval
cells and BPDEC supported the hypothesis BRIDECs are the bipotential HPC in the fish
liver.

Collectively, this study demonstratdsat fish oval cells share similar morphologyda
immunoreactivity with rodent oval cells and human HPC, and have similar bipotential
lineage pathways. It also proveladditional evidence of the striking morphological

similarities in the hepatic regenerative prodessveen fish and mammals.
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TABLES

Table 1. Function and Cellular Activity of Immunohistochemical marker in Toxicant

Exposed Medaka Fish

Name Company Type Antibody Function Reactivity
dilution
Cytokeratin  BioGenex Mouse  Prediluted Recognizes Bile duct
AE1/AE3* Laboratories monoclonal antibody high- and low epithelium,
, San molecular BPDECs and
Ramon, CA. weight intermediate
catalogue # cytokeratins cells
AMO0751-
5M
Muscle BioGenex Mouse 1/100 Reacts with 42  Periductal
Specific  Laboratories monoclonal kD protein ~ smooth muscle
actin , San (HHF35), specific for  cells, activated
(MSA) Ramon, CA IgG1 actin in skele  stellate cells
Catalogue # tal, cardiac, anc
MUO090-UC smooth muscle
Proliferatin ~ BioGenex Mouse 1/250 React with an  Cell in the G
gCell Laboratories monoclonal 36 kD non 1, Sand
Nuclear , San (PC10), histone nuclear G2/M-phases
Antigen Ramon, CA IgG2a protein of cell cycle
(PCNA) Catalogue # auxiliary of
MU252-UC DNA polymer
rasand:i
enzymes
necessary for
DNA synthesis
Red Abcam, Rabbit 1/500 Reacts with Transgenic
fluorescent Cambridge, polyclonal RFP protein hepatocytes
protein MA. full length expressing the
Catalogue # amino acid RFP
ab34771 sequence

(234a) from
the mushroom
polyp coral
Discosoma

2 AE1 recognizes 10,14, 15, 16, and 19; AE3 recognizes 1, 2, 3, 4, 5, 6, and 8.
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Table 2. Degenerative and Proliferative Hepatic Lesions in Medaka exposed to 100 pgitmyitnosamine for 2 weeks.

Week Cellular  Spongioe BPDEC*  Bile duct

Necrosis / Architect

post degenera sis proliferat  hyperpt  Fibrosis Cellular — Neopt
. . apoptosis ural change : . dysplasia  asia
exposure tion hepatis ion asia
4 weeks 5/5 4/5 5/5 5/5 5/5 4/5 4/5 5/5 0/5
6 weeks 6/6 5/6 6/6 6/6 5/6 5/6 4/6 6/6 1/6
8 weeks 4/4 4/4 4/4 4/4 214 4/4 4/4 4/4 1/6

2Bile preductular epithelial cell
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Table 3. Microcystin LR exposure: histopathology results.

100 pg/kg (n = 21) 250 pg/kg (n =2y 500 pg/kg (n = 12)
Time post
exposure
Died Euthanized Died Euthanized Died Euthanized
HN: 2 ]
14h HNR: 1 HN: 2
NL: 5 ] HN: 2
24h HNR: 1 NNRZ LNR-1
] HN: 1
36h HNR: 1 HNR: 2
NL: 2 HN: 1 )
48h HNR: 1 HNR: 2 NL: 2
HR: 1 .
72h U1 HNR: 1
96h NL: 2 HR: 2
144h NL: 6 NL: 4
) NL: 4 NL: 2
192h NL: 8 FHR: 1

U: Unknown due to marked autolysis; NL: no lesion; HN: hepatic necrosis; HNR; hepatic

necrosis with regeneration (diffuse hepatic necrosis with multifocal tubules and/or aggregates

of polygonal basphilic cells); HR: hepatic regeneration (liver composed of small

hepatocytes/IHBCs and numerous individual and aggregate of macrophages). FHR: Focus of

hepatic regeneration (normal liver with a focal area of small hepatocytes/IHBCs and

moderate number ahacrophages filled with cell debris).
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Table 4. Summary of Immunohistochemical Expression Analysis

Name Hepatocyte Cholangie Oval cell Lr:e;rtr;iciiiizte I\g?gtlb;ga
P y cyte pcell Y activated
stellate cell
Cytokeratin
AE1/AE3 - +++ +++ +(+) -
RFFﬁ +++ _ _ +(+) -
b
MSA - - - - +++
PCNA°
(DMN¢ ++ ++ + ++ -
exposure)
PCNA°
(MCLR® + + F++ + -
exposure)

” Red fluorescent protein

P Muscle specific actin
“Proliferating cell nuclear antigen
4Dimethylnitrosamine

® Microcystin LR
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Figure 1 Histology of control liver, and liver with oval cell hyperplasia, and intermediate
hepatobiliary cellsA: Histology of a normal female medaka liver. 100X Bar = 20um. B:

Oval cell hyperplasia characterized by proliferation of small spindle cell with a
hyperdiromatic elongated nuclei that separated the hepatocytes tubules and sometime
surrounded individual hepatocytes. Hematoxylin and eosin, 100X Bar = 20um. C:
Intermediate hepatobiliary cells characterized by a phenotype in between hepatocytes and
oval cell.Hematoxylin and eosin, 100X Bar = 20um. D: Liver, oval cell hyperplasia after
DMN exposure. Oval cells, intermediate hepatobiliary cells, hepatocytes and cholangiocytes
demonstrate nuclear immunoreactivity for PCNA of variable intensity - RGNA

antibody/, hematoxylin counterstain. 40X Bar = 50um.
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Figure 2.Single and double immunolabelling for CK AE1/AE3 and red fluorescent protein
liver with oval cell hyperplasia and intermediate hepatobiliary .ogil&iver, oval cell
hyperplasia following DMN eposure. Oval cells are positive for CK (brown). CK AE1/AE3
immunohistochemistry, hematoxylin @oterstain. 100X Bar = 20um.-: Liver,

intermediate hepatobiliary cells (IHBC) admixed with hepatocytes after DMN exposure. B:
Hepatocytes are positive fRFP (red). Absent or weak to occasionally moderate
immunoreactivity is present in the IHBCs. RFP Immunohistochemistry, hematoxylin
counterstain. 100X Bar = 20um. C and D: IHBCs positive for CK (brown) and hepatocytes
positive for RFP (red) are admixed withiBCs positive for RFP and CK (arrow). CK

positive IHBCs are forming immature bile ducts (arrow). Double immunohistochemistry for
CK and RFP, hematoxylin counterstain. 100X Bar = 20um.
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Figure 3.Single immunolabelling for MSA and double immunolabelliog MSA and red

fluorescent proteinf liver with oval cell hyperplasia andtermediate hepatobiliary cells.

A: Liver, oval cell hyperplasia after DMN exposure. Activated stellate cells (Arrow) and
myofibroblasts (arrow head) are positive for MSA. MB#munohistochemistry,

hematoxylin counterstain. 40X Bar = 50um. B: Liver, intermediate hepatobiliary cells

(IHBC) admixed with hepatocytes after DMN exposure. Two immature bile duct formed by
RFP negative IHBCs are surrounded by a thin rim of MSA posseligbrowni arrow).

Other RFP negative IHBCs are surrounded by a rim of MSA positive cells but no duct lumen
has formed yet. Double immunohistochemistry for MSA and RFP, hematoxylin counterstain.
100X Bar = 20um.

159



Figure4. Histology of theregenerative liver response following microcystin LR exposure

A. Liver, severe diffuse peracute hepatic necrosis 14h after MCLR exposure. The hepatic
parenchyma is composed of dissociated rounded hepatocytes with pyknotic nuclei (arrow).
Hematoxylin andeosin, 60X Bar = 30um. B. Liver, early hepatic regeneration 24h after
MCLR exposure. Basophilic oval cells (arrow) organized in clusters and tubules resembling
human ductular reaction are scattered within the necrotic hepatocellular parenchyma.
Hematoxylinand eosin, 60X Bar = 30um. C: Liver, early hepatic regeneration 36h after
MCLR exposure. Tubules formed by basophilic oval cells often have a visible slit like lumen
(arrow) and are interconnected. In between the oval cells, numerous macrophages have
infiltrated the parenchyma (asterisk). They are filled with bright red cell debris due to
ingestion of the hepatocytic RFP. Hematoxylin and eosin, 60X Bar = 30um. D: Liver, hepatic
regeneration 48h post exposure. The hepatic parenchyma is mostly composetnediate
hepatobiliary cells and macrophages (asterisk) infiltrate is reduced. Hematoxylin and eosin,
60X Bar = 30um. All figures: red blood cells (arrow head).
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