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Abstract 22 

 23 

     The mammalian liver has a lobule structure with a portal triad consisting of the portal vein, 24 

hepatic artery and bile duct, which exhibits zonal gene expression, whereas those of teleosts do not 25 

have a portal triad. It remains to be demonstrated what kind of the unit structures they have, 26 

including their gene expression patterns. The aims of the present study were to demonstrate the 27 

unit structure of the teleost liver and discuss it in terms of evolution and adaptation in vertebrates 28 

and the use of teleosts as an alternative model for human disease. The zebrafish liver was examined 29 

as a representative of teleosts with respect to its morphological architecture and gene expression. 30 

A novel, polygonal lobule structure was detected in the zebrafish liver. In it portal veins and central 31 

veins were distributed at the periphery and center, respectively. Sinusoids connected both veins. 32 

Anxa4-positive preductules were incorporated into the tubular lumen of two rows of hepatocytes 33 

in sections.  Intrahepatic bile ducts resided randomly in the liver lobule. Zebrafish livers did not 34 

have zonal gene expression for metabolic pathways examined. The lobules of the zebrafish liver 35 

with preductules located in the tubular lumina of hepatocytes may resemble the oval cell reaction 36 

of injured livers of mammals, and might convey bile to the intestine more safely than mammalian 37 

livers. The gene expression pattern in liver lobules and our liver lobule model of the zebrafish may 38 

be important to discuss data obtained in experiments using this animal as an alternative model for 39 

human disease. 40 

(250 words) 41 

 42 
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Introduction 53 

 54 

     In mammalian livers, the hepatic lobule is the smallest histological unit, a polygonal pillar 55 

structure, in which hepatocytes and sinusoidal endothelial cells are radially aligned from the center.  56 

The lobule is nourished by a dual vascular system, the hepatic artery from the heart, and the portal 57 

vein from the intestinal tract, both of which are located in the periphery of the lobule.  Their blood 58 

may mix in the periphery of the lobule, after which it passes through sinusoids, is collected in the 59 

central vein of the lobule, and then flows out of the liver.  In the periphery of the lobule, the portal 60 

triad consisting of the portal vein, hepatic artery and intrahepatic bile duct is formed.  Bile 61 

produced by hepatocytes flows through bile canaliculi, ductules, intrahepatic bile ducts along portal 62 

veins, and subsequently through the extrahepatic bile duct to the intestine.  In mammalian livers, 63 

zonal gene expression in the lobule is established (Moorman et al. 1988; Doi et al. 2007; Gerbal-64 

Chaloin et al. 2014). This leads to efficient metabolism of various substances, including ammonia 65 

and glucose (Ohno et al. 2008; Ghafoory et al. 2013).  66 

     By contrast, we have recently shown that, among vertebrates, the teleost may have evolved 67 

a specialized liver architecture with independent configuration of portal veins and intrahepatic bile 68 

ducts in contrast to the portal triad found in mammalian livers (Shiojiri et al. 2017; Ota et al. 2021).  69 

The ancestral portal triad is detected in the cyclostomes and cartilaginous fishes that may have 70 

branched off from the early vertebrates as well as tetrapods (Umezu et al. 2012). Among the ray-71 

finned fish, the early branched species have a portal triad, but this feature is not found in teleosts 72 

such as the zebrafish and medaka.  In other words, the portal triad is a structural feature that may 73 
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be conserved from the birth of the liver during vertebrate evolution, and teleosts may have acquired 74 

a novel liver architecture that may have evolved from the ancestral one having the portal triad. 75 

Although the unit structure of the teleost has been postulated to be a hepatic tubule or hepatic lobule, 76 

this has remained controversial (Hampton et al. 1988; Rocha et al. 1994; Petcoff et al. 2006; 77 

Hardman et al. 2007; Yao et al. 2012; Faccioli et al. 2014).  In addition, little is known about the 78 

hepatic zonation in the teleost except for some fish, including the Salmonidae species (Schär et al. 79 

1985). Thus, studying the characteristics of newly acquired liver architectures of the teleost from 80 

various aspects, including the tubule/lobule structure and zonation, may make a significant 81 

contribution to understanding of the evolution and adaptation mechanisms of the ray-finned fish.   82 

     In recent years, from the viewpoint of research cost, there are many uses of alternative 83 

organisms to laboratory animal mammals when conducting research on the treatment or 84 

regeneration of human liver, toxicity tests, research on genetic diseases and so on （Lorent et al. 85 

2004; Matthews et al. 2004; Cui et al. 2013; Lu et al. 2015).  On the other hand, caution should 86 

be paid when the zebrafish is used to replace mammals in liver research because the liver structure 87 

is different between teleosts and mammals (Shiojiri et al. 2017; Ota et al. 2021).  A detailed 88 

comparison of the liver architectures of teleosts and mammals, and an accurate model of the liver 89 

lobule of teleosts may be important to evaluate the usefulness and limitations of the zebrafish liver 90 

as an alternative for mammalian livers.  91 

The present study is a detailed histological and gene expression analysis of the zebrafish 92 

liver in comparison with the mammalian mouse liver, based on the fact that the teleost liver has a 93 

novel structure that may have evolved from a mammalian-type structure.  A novel liver lobule 94 
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model of the zebrafish is proposed and discussed in terms of the evolution and adaptation of liver 95 

structures in vertebrates, and the use of the zebrafish as an alternative model for human liver disease.  96 

 97 

Materials and Methods 98 

 99 

Animals 100 

 Wild-type zebrafish (Line: RIKEN WT) were obtained from the “National BioResource 101 

Project, Zebrafish, NBRP/Brain Science Institute, RIKEN”, and adult fish 3 to 5 months old (males 102 

and females), which were kept at 27°C, were used in the present study.  C3H/HeSlc mice 3 to 6 103 

month old (Japan SLC, Hamamatsu, Japan) were also used.  All animal experiments were carried 104 

out in compliance with the “Guide for Care and Use of Laboratory Animals of Shizuoka 105 

University”. 106 

Histology and immunohistochemistry  107 

Livers and associated organs, including the extrahepatic bile duct, pancreas and intestine, 108 

were fixed in a cold mixture of 95% ethanol and acetic acid (99:1 v/v) overnight. After dehydration, 109 

tissues were embedded in paraffin. Dewaxed serial sections were stained with hematoxylin-eosin 110 

(H-E), periodic acid-Schiff-hematoxylin (PAS-H) and for alkaline phosphatase (ALP) activity 111 

(Umezu et al. 2012).   112 

Dewaxed sections were also incubated overnight at 4°C with the primary antibodies listed 113 

in Supplementary Table 1.  In the case of immunofluorescence, after thorough washing with PBS, 114 

sections were incubated with the secondary antibodies listed in Supplementary Table 2, and 4’,6-115 
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diamidine-2’-phenylindole dihydrochloride (DAPI), for 1 hr at room temperature, washed again, 116 

and mounted in buffered glycerol containing p-phenylenediamine.  117 

When a peroxidase-labeled secondary antibody was used, endogenous peroxidase activity 118 

in dewaxed sections was blocked by treatment with phosphate-buffered saline (PBS) containing 119 

3% H2O2 for 10 min before incubation with the primary antibodies. Then, after thorough washing 120 

with PBS, sections were incubated with the secondary antibodies listed in Supplementary Table 2 121 

for 1 hr at room temperature. After thorough washing again, the sections were stained with 3,3’-122 

diaminobenzidine (DAB), and followed by hematoxylin. 123 

Three-dimensional (3D) reconstruction of sinusoidal ALP activity staining 124 

Serial sections of zebrafish livers stained for ALP activity (10 or 13 sections) were 125 

manually aligned using MIcrosoft® PowerPoint® 2016, and exported as PNG image data.  The 126 

aligned image data were processed using the “3D viewer” in Fiji, which is an image processing 127 

package (Schmid et al. 2010; Schindelin et al. 2012). 128 

RT-PCR 129 

     Total RNA was extracted from liver samples using ISOGEN Ⅱ (Nippon Gene Co.). cDNA 130 

was synthesized from the total RNA, and the PCR reaction was conducted according to Akai et al. 131 

(2014). The primers used are shown in Supplementary Table 3. 132 

In situ hybridization (ISH) 133 

Liver tissues used for ISH were fixed at 4°C in MEMFA solution (0.1M 3-134 

morpholinopropanesulfonic acid [MOPS], 2.0 mM O,O'-bis(2-aminoethyl)ethyleneglycol-135 

N,N,N',N'-tetraacetic acid [EGTA], 1.0 mM magnesium sulfate, 3.7% formaldehyde) overnight.  136 
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After replacing the fixed solution with 30% sucrose solution, the tissues were embedded with 137 

Tissue-Tek O.C.T compound (Sakura Finetek Japan Co., Ltd.) in liquid nitrogen.  138 

Sense and antisense digoxigenin-labeled riboprobes for zebrafish mRNAs were directly 139 

prepared using a DIG RNA labeling kit (Roche Diagnostics) with T7 and Sp6 RNA polymerases 140 

from PCR fragments that were flanked by T7 and Sp6 promoters on each side. In situ hybridization 141 

of frozen sections was carried out according to Akai et al. (2014).  The probes used are shown in 142 

Supplementary Table 4. 143 

 144 

Results 145 

 146 

1. Anatomical location and morphology of the zebrafish liver 147 

 The liver of the adult zebrafish (male and female) surrounded the intestinal tract, which 148 

was folded twice in the body cavity (Supplementary Fig. 1a-c).  The liver was a parenchymal 149 

mass, but divided into three lobes posteriorly (Supplementary Fig. 1b, c).  The pancreas, which 150 

had no definite shape, was widely distributed between the liver and intestinal tract (Supplementary 151 

Fig. 1c), but sometimes invaded the liver along portal veins (Fig. 1a-d; Supplementary Fig. 2a-c).  152 

     The zebrafish had a single extrahepatic bile duct that connected with the small intestine, but 153 

it branched into several ducts (hepatic ducts) in the extrahepatic region before connecting with 154 

intrahepatic bile ducts (Fig. 1a-i).  Direct connections between the extrahepatic bile duct and 155 

intrahepatic bile ducts were not found in all three lobes, but only the lobe closest to the intestinal 156 

tract had a direct connection with the extrahepatic bile duct (data not shown). It sent intrahepatic 157 
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bile ducts to the other lobes. Although the extrahepatic bile duct and main pancreatic duct directly 158 

joining the pancreas and duodenum ran closely near the small intestine, they independently entered 159 

the intestinal tract in the zebrafish, which was in contrast to those of humans and mice (Fig. 1a).   160 

     Portal veins or afferent vessels from the most anterior segment of the intestinal tract entered 161 

the liver from multiple sites that were independent of the course of bile ducts (Fig. 2a).  This 162 

configuration was different from that of mammals, in which a single portal vein branches in the 163 

hilum and enters the liver along bile ducts.  Histochemical analyses of ALP activity showed that 164 

the ALP-positive hepatic artery entered the liver along bile ducts (Supplementary Fig. 3a-d).  165 

ALP-positive vessels in the periportal pancreatic tissue invading the liver, which may also be 166 

hepatic arteries, joined hepatic sinusoids (Supplementary Fig. 2a-c). Central veins or efferent 167 

vessels exited from several places of the liver but joined into a large vein running to the heart. In 168 

addition, a blood vessel from the gonad connected with a central vein in the liver (Supplementary 169 

Fig. 4a-e). Portal and central veins did not have any ALP activity. 170 

 171 

2. Lobule structure in zebrafish liver 172 

2-1. Vasculature  173 

Sinusoidal endothelial cells, which were positive in ALP activity staining, directly 174 

connected portal veins with central veins in the zebrafish liver as in mammalian livers (Fig. 2b).  175 

When portal and central veins were identified in serial sections from their connections with the 176 

intestine and heart, polygonal leaflet structures were detected. In these, central and portal veins 177 

were located at the center and periphery, respectively (Fig. 3a, b). When serial sections of ALP 178 
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activity staining were processed to reconstruct three-dimensional images of the sinusoidal 179 

orientation using Fiji, sinusoids ran centripetally from several portal veins in their periphery to a 180 

central vein in three dimensions (Fig. 3c; Supplementary movies 1 and 2). Tubules of hepatocytes 181 

resided between sinusoids. In terms of the vascular and tubule configuration, the polygonal 182 

structures may be lobular units of the zebrafish liver.  However, the configuration of the hepatic 183 

artery in the zebrafish liver was different from that found in mammalian livers.  In the zebrafish, 184 

the hepatic artery entered the liver along with bile ducts and portal veins.  The hepatic artery 185 

resided inside and at the periphery of the lobule, which contrasted with its position (only the 186 

periphery of the liver lobule) in mammalian livers (Supplementary Figs. 2a-c, 3a-d).  187 

2-2. Biliary system 188 

In the lobule, intrahepatic bile ducts did not have any correlation to the configuration of 189 

portal veins, and frequently resided inside the lobule (Fig. 3a-c).  Anxa4-positive 190 

preductules/ductules were reticulated in the entire lobule unit, and cholangiocyets of preductules 191 

penetrated into the apical sides of hepatocytes having a tubular lumen, which formed 2-cell plates 192 

in section (Fig. 4a, b; Supplementary Fig. 5a, b).  Anxa4-positive ductule cells also connected 193 

preductules across sinusoids. In the ISH data of anxa4, its mRNA exhibited the same expression 194 

pattern as in anxa4 immunohistochemistry, indicating that these preductules and ductules were not 195 

a substructure made in hepatocytes such as a bile canaliculus (Fig. 4c).   196 

2-3. Hepatocytes 197 

Because glycogen accumulation and gene expression of ammonia- or drug-metabolizing 198 

enzymes and cell adhesion molecules show zonal distribution in liver lobules of humans and mice 199 
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(Jungermann and Thurman 1992; Ghafoory et al. 2013), we investigated whether the zebrafish liver 200 

develops similar zonation. RT-PCR data for gene expression of various mammalian hepatic marker 201 

genes in the zebrafish liver, including zonation markers, are shown in Supplementary Table 5.  202 

The accumulation of PAS-positive glycogen was uniform in livers of the zebrafish (Fig. 203 

5a, h). Whereas phosphoenolpyruvate carboxykinase (PEPCK; Pck1) is involved in 204 

gluconeogenesis and expressed periportally in mammalian livers (Bartels et al. 1989), expression 205 

of pck1, which is the ortholog of mouse Pck1 in the zebrafish, was not restricted to the periportal 206 

region, but found throughout the liver (Supplementary Fig. 6c).   207 

 We next examined gene expression of oat, arg1, cps1 and glul (ortholog of mammalian 208 

glutamine synthase), which are the major components of ammonia decomposition and have 209 

complementary zonal expression in mammalian livers (Moorman et al. 1988; Kuo et al. 1991; Yu 210 

et al. 2003).  When their gene expression was examined using RT-PCR, oat, glula and glulb were 211 

expressed, but expression of arg1 and cps1 could not be confirmed in the zebrafish liver 212 

(Supplementary Table 5).  On the other hand, expression of another gene arg2, which may have 213 

the same function as arg1, was confirmed. In mammals, Arg2 is not expressed in the liver (Yu et 214 

al. 2003). ISH analysis of the zebrafish liver demonstrated that oat, glul (glula and glulb) and arg2 215 

were uniformly expressed in the whole hepatic lobule (Fig. 5i, Supplementary Fig. 6a, b, d), 216 

although in mouse livers GS and Oat were expressed in pericentral hepatocytes (Fig. 5b), and Arg1 217 

was expressed in non-pericentral regions (Yu et al. 2003). 218 

 In mammalian livers, drug-metabolizing enzymes, including Cyp1a2 and Cyp2e1, show 219 

zonal expression (Gerbal-Chaloin et al. 2014).  In the zebrafish liver, we analyzed the expression 220 
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of their orthologues cyp1a and cyp2y3.  Expression of both genes was confirmed by RT-PCR 221 

(Supplementary Table 5). ISH analyses indicated that cyp1a and cyp2y3 were expressed in the 222 

whole liver of the zebrafish whereas both enzyme proteins were restricted to pericentral regions in 223 

mice (Fig. 5c, d, j, k).   224 

In mammalian livers, E-cadherin and N-cadherin show a zonal expression (Doi et al. 2007; 225 

Hempel et al. 2015). In the mouse livers, E-cadherin was expressed in hepatocytes around portal 226 

veins but not in hepatocytes around central veins. In contrast, N-cadherin was expressed throughout 227 

but upregulated toward hepatocytes around central veins (Fig. 5e-g).  In the zebrafish liver, when 228 

expression analysis of cdh1 (E-cadherin) and cdh2 (N-cadherin) was performed using RT-PCR, 229 

expression of both genes was confirmed (Supplementary Table 5). Next, when their localization 230 

was examined with ISH, cdh1 was found to be expressed in bile duct epithelial cells and ductules, 231 

but not in hepatocytes in any region of the liver lobule (Fig. 5l; Supplementary Fig. 7a-c). On the 232 

other hand, cdh2 was strongly expressed in hepatocytes of the whole liver (Fig. 5m; Supplementary 233 

Fig. 7d-f).  In the zebrafish hepatic lobule, cdh1 and cdh2 did not show any zonal expression. 234 

 235 

3. Gene expression in extrahepatic and intrahepatic bile duct system 236 

 In mammalian livers, gene expression differs in each compartment of the biliary duct 237 

system; i.e., the preductules/ductules, intrahepatic bile ducts and extrahepatic bile ducts (Sumazaki 238 

et al., 2004; Igarashi et al., 2012). Gene expression in the bile duct system of the zebrafish was 239 

examined with RT-PCR and ISH for genes whose expression was confirmed in bile ducts of mice.  240 

Although spp1 and cftr were not detected, epcam, hnf1ba, hnf1bb and slc4a2b were found to be 241 
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expressed in RT-PCR analyses of the zebrafish liver (Supplementary Table 5).  When their 242 

expression was next examined with ISH, anxa4, cdh1, and epcam were found to be expressed in 243 

all epithelial cells of preductules/ductules, intrahepatic bile ducts, and the extrahepatic bile duct 244 

(Fig. 6a-f).  Genes whose expression was confirmed in epithelial cells of intrahepatic and 245 

extrahepatic bile ducts but not in preductules/ductules were slc4a2b, hnf1ba and hnf1bb (Fig. 6g-246 

l).  pdx1 was expressed only in extrahepatic bile duct cells (Fig. 6m-o).  Genes whose expression 247 

was restricted only to preductules/ductules or epithelial cells of intrahepatic bile ducts were not 248 

identified in the zebrafish liver (Fig. 7). 249 

 250 

4. Comparison of gene expression between portal veins and central veins 251 

 In mouse and chicken livers, it has been demonstrated that the expression of several genes, 252 

including Jag1 and Gja5, differs between endothelia of portal veins and central veins, and their 253 

supporting connective tissues (Jones et al. 2000; Shiojiri et al. 2006).  We investigated how the 254 

portal vein-specific genes in mouse and chicken livers were expressed in the vasculature of the 255 

zebrafish liver. The portal vein-specific expression pattern was not observed for their orthologs 256 

jag1a, jag1b, gja5a, and gja5b (Fig. 8a-d). 257 

 258 

Discussion 259 

 260 

1. Novel lobule structure in zebrafish liver and evolution 261 
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Several reports have shown that a typical lobule structure like that of mammals is not 262 

observed in the liver of the teleost, which is often explained as having a “hepatic tubule” as an 263 

alternative to the mammalian “hepatic lobule” (Hampton et al. 1988; Rocha et al. 1994; Petcoff et 264 

al. 2006; Faccioli et al. 2014). On the other hand, in the medaka liver, the hepatobiliary architecture 265 

is based on a polyhedral (hexagonal) structural motif, and parenchymal architecture is more related 266 

to that of the mammalian liver than previously believed (Hardman et al. 2007). Yao et al. (2012) 267 

has indicated that the hepatic tubules or cords and sinusoids distribute radially around a central 268 

vein in the zebrafish liver. In the present study, from detailed three-dimensional analyses of the 269 

vascular configuration, including the exact positions of the portal and central veins, we found for 270 

the first time that the zebrafish liver had lobules with polygonal structures, in which central veins 271 

and portal veins were located at the center and periphery of the lobule, respectively (Fig. 8). 272 

Sinusoids connected both veins. Although the lobule found in the zebrafish liver may be conserved 273 

in terms of the vascular architecture of the porto-sinusoid-central axis during vertebrate evolution, 274 

it had several differences from that of mammals (Fig. 8). These differences may be traits or 275 

advantages acquired by teleosts over mammalian-type liver architectures. 276 

The first difference is found in its hepatobiliary system in the lobule (Fig. 8).  In 277 

mammalian livers, bile produced by hepatocytes flows through bile canaliculi across the hepatic 278 

lobule to ductules, and then to intrahepatic bile ducts around portal veins. Mammalian hepatocytes 279 

form 1-cell plate. On the other hand, in the zebrafish, intrahepatic bile ducts were not confined to 280 

periportal regions, and appeared to be randomly distributed in the liver lobule. Instead of a bile 281 

canalicular network in the mammalian liver lobule, the zebrafish liver lobule formed a network of 282 
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preductules, which resided on the apical membrane of hepatocytes forming a tubular (canalicular) 283 

lumen, and ductules. Hepatocytes formed 2-cell plates in sections in the zebrafish. These data 284 

indicated that the major pathway for bile transportation across the hepatic lobule was bile canaliculi 285 

in mammals, but tubules/preductules and ductules with bile canaliculi in the zebrafish or teleosts. 286 

It is known that when the mammalian liver is damaged by some chemical toxins, the adhesion 287 

between hepatocytes is weakened, and the bile canaliculus does not normally function, which 288 

causes bile to leak out (Kamimoto et al. 2020).  Under such conditions, ductule cells around portal 289 

veins proliferate and infiltrate into the liver parenchyma, thereby transporting bile compensatorily 290 

(Kamimoto et al. 2020).  The bile transport system of preductules and ductules in the liver lobule 291 

of the zebrafish may be related to this infiltration of ductule cells in liver injury of mammals.  The 292 

bile might be transported more safely in the zebrafish or teleost livers with well-developed 293 

preductules/ductules than in other vertebrates having a mammalian-type bile transport system.  294 

Two-hepatocyte cell plates in the zebrafish liver may resemble those of amphibians and 295 

birds, although preductules are not detectable in the latter (Shiojiri et al. 2017). Two-hepatocyte 296 

cell plates have been shown in fetal human livers (Elias 1955; Severn 1972).  Thus, it is 297 

conceivable that teleosts, amphibians, birds and mammalian fetuses have a common architecture 298 

in terms of hepatocyte configuration. 299 

Second, the position of hepatic artery in the lobule may be different between mammals 300 

and zebrafish (Fig. 8).  In the former, the hepatic artery is present around portal veins or bile ducts 301 

at the periphery of the lobule, and supplies the arterial blood to sinusoids. Thus, the arterial blood 302 

may be efficiently supplied to all hepatocytes within the hepatic lobule through sinusoids. However, 303 
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in the latter, the hepatic artery was located midway between sinusoids (around bile ducts) and along 304 

portal veins. Thus, substances from the arterial blood, including oxygen and hormones, may form 305 

a more complex pattern in the lobule of the zebrafish than that in mammals.   306 

Third, zonation was not found in the liver lobule of zebrafish (Fig. 8). Genes for cell 307 

adhesion molecules, metabolic pathways, and the detoxification-related reactions examined, all of 308 

which show zonation in mammalian livers, were expressed throughout the hepatic lobule. 309 

Furthermore, there was no difference between endothelial cells of portal veins and central veins 310 

in expression of genes that are expressed only in portal endothelial cells in mammalian livers. 311 

These data indicated that the zebrafish might have acquired a novel functional liver unit from the 312 

ancestral one with the portal triad. It has been reported that, in some fishes, multiple genes with 313 

normally uniform expression patterns show zonation after treatment such as fasting or liver 314 

resection (Schär et al. 1985; Wolf and Wolfe 2005; Olsvik et al. 2007; Zheng et al. 2016). Thus, 315 

hepatic zonation can also be formed in the zebrafish liver under stress conditions. More data are 316 

required to clarify this issue, including those of gene expression of the Wnt/-catenin pathway, 317 

which plays a key role in hepatic zonation of the mouse (Benhamouche et al. 2006).  Although 318 

hepatic zonation is detectable in livers of various mammals, but not in those of some birds and 319 

amphibians (Smith and Campbell 1988; Wagenaar et al. 1994; Ohno et al. 2008), it is not known 320 

whether other tetrapods or primitive vertebrates (e.g., chondrichthyes and hagfish) have hepatic 321 

zonation as well. It would be intriguing to analyze the evolutionary trend of hepatic zonation, and 322 

clarify when and how mammalian hepatic zonation was established with that of the 323 

actinopterygians during vertebrate evolution.  324 
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Fourth, the composition of portal blood might be different depending on lobules in the 325 

zebrafish (Fig. 8).  In the zebrafish, blood was supplied to the liver separately from different 326 

segments of the small intestine, which might lead to distinct metabolic loads from lobule to lobule.  327 

In contrast, in mammals, mesenteric veins enter the liver after being integrated into a single portal 328 

vein, so that each hepatic lobule receives blood with the same composition. In fetal and neonatal 329 

mammals, differential hepatic gene expression between the left and right lobes has been 330 

demonstrated (Gruenwald 1949; Zhang and Byrne 2000; Cox et al. 2006), which is probably 331 

derived from the differential blood supply of the umbilical vein having high oxygenation to the left 332 

lobe. Although the gene expression patterns for liver functions examined in this study did not show 333 

zonation in the entire liver, detailed analyses of gene expression possibly detect lobar differences 334 

or zonation in the zebrafish liver. In the future, elucidation of the biological role of the unique 335 

configuration of portal veins in the zebrafish liver will be important to reveal the morphological 336 

evolution of actinopterygian livers.  337 

 338 

2. Gene expression in the biliary tract system of zebrafish 339 

The present study demonstrated that the biliary tract system of zebrafish had different gene 340 

expression patterns depending on the parts according to ISH analyses (Fig. 7). In mice, Pdx1-341 

positive extrahepatic bile ducts can be distinguished from Pdx1-negative intrahepatic bile ducts 342 

(Sumazaki et al., 2004; Igarashi et al., 2012).  This was also the case in the zebrafish biliary system.  343 

In addition, zebrafish orthologs of Hnf1b, important for the development of intrahepatic bile ducts 344 

in mammals, and orthologs of Slc4a2b, important for the barrier mechanism of bile ducts, were 345 
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expressed in both extrahepatic and intrahepatic bile ducts, but not in preductules/ductules.  These 346 

data indicated that there was a significant difference in gene expression between intrahepatic bile 347 

ducts and preductules/ductules in the zebrafish, suggesting that their properties or functions may 348 

be different.  On the other hand, the present study confirmed expression of cdh1 and epcam in the 349 

entire biliary tract system, including preductules/ductules, in addition to anxa4, which can detect 350 

preductules/ductules in the zebrafish liver (Zhang et al., 2014).  Gene expression of pdx1, hnf1b, 351 

slc4a2b, anxa4, cdh1 and epcam will be useful for analyzing biliary tract development of the 352 

zebrafish liver in the future.  353 

 354 

3. Use of the zebrafish as an alternative model for human disease 355 

     The zebrafish has become an important vertebrate model for embryonic development, 356 

toxicity, drug screening and human diseases (Lorent et al. 2004; Matthews et al. 2004; Cui et al. 357 

2013). The gene expression patterns in liver lobules and each segment of the bile duct system, and 358 

our liver lobule model of the zebrafish may be important to discuss data obtained in experiments 359 

using this animal as an alternative model for such purposes. Oval or liver progenitor cell reaction, 360 

which may be postulated for ductule cell activation, might occur in a different way in zebrafish 361 

livers from in mammal livers. The presence or absence of hepatic zonation in human and zebrafish 362 

livers might generate their different responses to various carcinogens or drugs. 363 
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Supplementary materials:  540 

 541 

Legends for Supplementary Tables 542 

 543 

Supplementary Table 1. Primary antibodies used in immunohistochemistry 544 

Supplementary Table 2. Secondary antibodies used in immunohistochemistry 545 

Supplementary Table 3. Primers used in RT-PCR analysis 546 

Supplementary Table 4.  Probes used in in situ hybridization analysis 547 

Supplementary Table 5. Expression of various mammalian hepatic marker genes in the zebrafish 548 

liver 549 

 550 

Legends for Supplementary Figures 551 

 552 

Supplementary Fig. 1 Anatomy and morphology of the zebrafish liver. a, Left thoraco-laparotomy 553 

of the zebrafish.  b, Internal organs dissected out.  c, H-E staining of serial sections of internal 554 

organs. The liver is around the intestine, which is folded twice in the body cavity (a, c). Although 555 

it consists of three lobes, they fuse in the anterior part (b). The pancreas resides between the 556 

intestine and liver with no definite shape (c).  He, heart; In, intestine; Li, liver; Ov, ovary; Pa, 557 

pancreas 558 

 559 
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Supplementary Fig. 2 Blood vessels in the pancreas connect with hepatic sinusoids. a, b, ALP 560 

staining of near sections.  c, ALP staining in serial sections at intervals of 10 µm.  Portal veins 561 

often enter the liver with accompanying pancreatic tissue around them (yellow area in a’ and b’)(a, 562 

b). The pancreatic tissue has ALP-positive blood vessels (arrowheads), which connect with hepatic 563 

sinusoids (c). Areas surrounded by red lines indicate portal veins. Pa, pancreas; PV, portal vein 564 

 565 

Supplementary Fig. 3 Distribution of the hepatic artery in the zebrafish liver.  a-d, ALP staining 566 

in serial sections. In the liver, the ALP-positive hepatic artery (red arrowhead) resides around 567 

intrahepatic bile ducts (a, b).  In the extrahepatic area, the hepatic artery is located around the 568 

extrahepatic bile duct, and enters the liver with the bile duct (c, d). Yellow dotted line indicates the 569 

border between the inside and outside of the liver. BD, bile duct; CV, central vein; EHBD, 570 

extrahepatic bile duct  571 

 572 

Supplementary Fig. 4 Blood vessel from gonads enters the central vein of the zebrafish liver. a, 573 

image under dissection microscope. b-e, ALP staining. Blood vessels (arrowheads) from the ovary 574 

enter the liver (surrounded by green dotted line)(a). ALP-negative blood vessels (orange ellipse) 575 

merge with the central vein of the liver in serial sections at intervals of 30 µm (b-e). Red frame 576 

area of b corresponds to c. CV, central vein; In, intestine; Li, liver; Ov, ovary 577 

 578 

Supplementary Fig. 5 Penetration of cholangiocytes of preductules into the canalicular region of 579 

hepatocytes in the zebrafish liver. a, H-E staining. b, anxa4 immunohistochemistry poststained with 580 
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hematoxylin. Cholangiocytes of preductules (white and black arrows) penetrate into the bile 581 

canalicular region of hepatocytes (a, b). BD, bile duct; V, vein 582 

  583 

Supplementary Fig. 6 Gene expression analysis of orthologs of mammalian zonation markers in 584 

the zebrafish liver with ISH. a-d, arg2, oat, pck1 and glulb expression, respectively. Although Arg, 585 

Oat, Pepck1 and Glul are known to be genes showing expression patterns of zonation in the mouse 586 

liver, their orthologs arg2, oat, pck1 and glulb have uniform expression patterns in hepatocytes of 587 

the zebrafish (a-d).  CV, central vein; PV, portal vein  588 

 589 

Supplementary Fig. 7 Control experiments of ISH for cdh1 and cdh2 expression in the small 590 

intestine, pancreas and liver of the zebrafish. a, d, antisense probes for cdh1 and cdh2, respectively. 591 

b, c, sense probes for cdh1. e, f, sense probes for cdh2. cdh1 is specifically expressed in the 592 

intestinal mucosal epithelium (a). Antisense probe of cdh2 reacts with cells of the islet of 593 

Langerhans (d). Sense probes of cdh1 and cdh2 give negative or very weak signals in the intestine 594 

(b), islet of Langerhans (e) and liver (c, f). Red arrowheads indicate the islet of Langerhans. V, vein 595 

 596 

Supplementary Fig. 8 Gene expression analysis of orthologs of mammalian portal vein markers 597 

in the zebrafish liver with ISH. a-d, gja5a, gja5b, jag1a and jag1b expression, respectively. 598 

Although expression of Gja5 and Jag1 is detected in endothelial cells of portal veins in the mouse 599 

liver, that of their orthologs gja5a, gja5b, jag1a and jag1b was not restricted to portal veins (a-d). 600 

BD, bile duct; CV, central vein; PV, portal vein 601 
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 602 

 603 

Legend for Supplementary movies  604 

 605 

Supplementary movies 1 and 2 Movies for three-dimensional reconstruction of sinusoidal ALP 606 

staining shown in Fig. 3 at low (10 sections) and high (13 sections) magnification, respectively. 607 

Portal veins, central veins and intrahepatic bile ducts are indicated as filled red, blue and green 608 

areas, respectively 609 

 610 

 611 

 612 

 613 

 614 

 615 

 616 

 617 

 618 

 619 

 620 

 621 

 622 
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Legends for Figures 623 

 624 

Fig. 1 Entry of the extrahepatic bile duct into the liver of the zebrafish. a-i, H-E staining of serial 625 

sections of the extrahepatic bile duct at every 30 µm. Although only one extrahepatic bile duct 626 

connects the liver with the intestine, it does not merge with the main pancreatic duct, which enters 627 

the intestinal tract independently (a).  Branches of the extrahepatic bile duct enter the liver at 628 

multiple sites (arrowheads) (a-i).  There is no association of the entry of bile ducts with portal 629 

veins.  EHBD, extrahepatic bile duct; In, intestine; Li, liver; MPD, main pancreatic duct; Pa, 630 

pancreas; PV, portal vein  631 

 632 

Fig. 2 Visualization of sinusoidal orientation in the zebrafish liver by ALP activity staining. a, ALP 633 

staining.  b, b’, ALP staining and its binary processing image with Image, respectively. Three 634 

branches of portal veins enter the liver at different locations (a’, a’’, and a’’’ in a). Typical portal 635 

veins in adjoining sections of a, which enter the liver from the locations a’, a’’ and a’’’, are shown 636 

at a higher magnification. Sinusoids run between the portal vein and central vein (b). A thick red 637 

line indicates a sinusoid connecting the portal vein and central vein (b’). In a and b, some portal 638 

and central veins are surrounded by red and blue lines, respectively.  CV, central vein; In, 639 

intestine; Li, Liver; Pa, pancreas, PV, portal vein  640 

 641 

Fig. 3 Visualization of liver lobule by three-dimensional reconstruction of sinusoid orientation. a, 642 

b, ALP staining.  c, three-dimensional reconstruction of sinusoidal ALP staining (10 serial 643 
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sections). Locations of the portal vein (filled red areas) and central vein (filled blue areas), and 644 

orientation of sinusoids in the zebrafish liver are similar to those of mammalian hepatic lobules (a’, 645 

b’), and have a polygonal leaflet structure indicated by yellow lines and the area in purple (a”, a”). 646 

Intrahepatic bile ducts (filled green areas) are located inside the lobule (a”, b”). Three-dimensional 647 

reconstruction analysis indicates that spatial sinusoidal orientation is radial from the central vein to 648 

peripheral portal veins (c, c’). BD, bile duct; CV, central vein; In, intestine; Ov, ovary; PV, portal 649 

vein  650 

 651 

Fig. 4 Visualization of bile preductule/ductule network by detection of anxa4 expression in the 652 

zebrafish liver. a, b, double staining of sinusoidal ALP activity and anxa4 immunohistochemistry.  653 

c, c’, ISH analyses of anxa4 expression.  anxa4-positive preductules, which penetrate a tubular 654 

lumen of hepatocytes, and ductules, are reticulated in the entire lobule unit (a, b).  Gene 655 

expression of anxa4 is found in preductules and ductules (c, c’), which is similar to the 656 

immunohistochemical detection of anxa4.  White and red arrowheads indicate bile ducts and 657 

preductules/ductules, respectively.  BD, bile duct; V, vein 658 

 659 

Fig. 5 Zonation in mouse and zebrafish livers. a-g, mouse liver. h-m, zebrafish liver. a, h, PAS 660 

staining. b-g, immunohistochemistry of GS, Cyp1a2, Cyp2e1, E-cadherin, and N-cadherin, and 661 

double immunostaining of E-cadherin and N-cadherin, respectively.  i-m, ISH of glula, cyp1a, 662 

cyp2y3, cdh1 and cdh2 expression, respectively.  Glycogen accumulation is different in periportal 663 

and pericentral hepatocytes of the mouse liver, but uniformly observed in hepatocytes of the 664 
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zebrafish liver (a, h). Expression of GS, Cyp1a2, and Cyp2e1 is observed in pericentral hepatocytes, 665 

but not in periportal hepatocytes of the mouse liver (b-d). Their orthologue mRNAs are uniformly 666 

expressed in hepatic lobules of the zebrafish liver (i-k). In the mouse liver, expression of E-cadherin 667 

(Cdh1) and N-cadherin (Cdh2) is restricted to periportal and pericentral hepatocytes, respectively 668 

(e-g).  In contrast, in the zebrafish liver, cdh1 is not detectable in hepatocytes, but cdh2 is 669 

uniformly expressed in all hepatocytes (l, m). Expression of cdh1 is found in preductule/ductule 670 

cells residing throughout the zebrafish liver (l). CV, central vein; PV, portal vein; V, vein 671 

 672 

Fig. 6 Gene expression in the bile duct/ductule system of zebrafish analyzed with ISH. a-c, cdh1 673 

expression. d-f, epcam expression. g-i, hnf1ba expression. j-l, slc4a2b expression. m-o, pdx1 674 

expression. Expression of cdh1 and epcam is confirmed in all epithelial cells of extrahepatic bile 675 

ducts, intrahepatic bile ducts and preductules/ductules, similarly to anxa4 expression (a-f). On the 676 

other hand, gene expression of hnf1ba and slc4a2b and is detected in epithelial cells of extra- and 677 

intrahepatic bile ducts, but not in preductules/ductules (g-l).  Expression of pdx1 is confirmed 678 

only in epithelial cells of the extrahepatic bile duct (m-o). Extrahepatic bile ducts, intrahepatic bile 679 

ducts and preductules/ductules are indicated by green arrowheads, red circles and red arrowheads, 680 

respectively.  EHBD, extrahepatic bile duct; IHBD, intrahepatic bile duct  681 

 682 

Fig. 7 Comparison of gene expression in the biliary systems of the mouse and zebrafish. In the 683 

mouse, intrahepatic bile duct cells basically share marker genes with ductule cells. However, in the 684 

zebrafish, some markers such as bile duct-specific cytokeratin, hnf1ba and hnf1bb are expressed in 685 
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intrahepatic bile duct cells, but not in preductule/ductule cells. In both the mouse and zebrafish, 686 

Pdx1 is expressed in extrahepatic bile ducts.  Intrahepatic bile ducts and preductules/ductules do 687 

not express Pdx1. CK, cytokeratin; EHBD, extrahepatic bile duct; IHBD, intrahepatic bile duct  688 

 689 

Fig. 8 Unit structures of the mouse and zebrafish livers. Both mouse and zebrafish livers are 690 

composed of histological units with polygonal structures (polygonal pillars in the mouse). 691 

Although the unit in the zebrafish is thought hepatic lobules, it has several traits different from 692 

those of the mouse. In the mouse, intrahepatic bile ducts are restricted to periportal areas, whereas 693 

in the zebrafish they are randomly distributed in hepatic lobules. The major bile transport across 694 

hepatic lobules is performed through bile canaliculi of hepatocytes in the mouse, but through 695 

hepatic tubules with preductules in the zebrafish, which form a reticulate network in the liver. The 696 

hepatic zonation characteristic of mammalian livers is not confirmed in the zebrafish liver. In the 697 

mouse, the portal vein is a single blood vessel, and branches before entering the liver. Multiple 698 

portal veins enter the liver independently from the intestine in the zebrafish. CV, central vein; PV, 699 

portal vein  700 

 701 
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