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Introduction

The mammalian liver is composed of polyhedral lobule 
structures, in which hepatic cords are distributed radially 
along hepatic sinusoids from the central to peripheral 
regions. The portal triad consisting of the portal vein, 
hepatic artery and intrahepatic bile duct is formed in the 
periphery of the lobule. This mammalian type of hepatic 
architecture is detectable in many vertebrates, including 
the agnatha, cartilageous fishes, amphibians, reptiles, 
birds, and actinopterygians before the Elopomorpha1–4). 
Surprisingly the hepatic architecture of the lungfish, 
which shares its origin with amphibians, resembles that of 
the Actinopterygii after the Elopomorpha rather than that 
of amphibians in terms of intrahepatic bile duct distri-
bution4–7). The biological meaning of this is unknown at 
present. The hepatic architecture of the coelacanth, which 
together with the lungfish belongs to the Sarcopterygii, 

but is an endangered species, has not been examined yet 
for portal triad formation. Millot et al. (1978)8) reported 
on its lobulation in young specimens and hematopoiesis 
near the hepatic capsule. Thus, the hepatic architecture of 
the coelacanth is worth examining in terms of evolution 
of hepatic architecture in tetrapods. The results of this 
study might provide insights into why or how the conver-
gent evolution of the hepatic architecture in the lungfish 
and fishes after the Elopomorpha occurred.

In the present study, we histochemically examined 
the histological structure of the coelacanth liver, and 
compared it with those of other vertebrates. Our results 
indicate that the coelacanth liver had a mammalian-type 
architecture, although its fine architecture was not well 
preserved due to inappropriate fixation and/or long stor-
age of the sample.
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Materials and Methods

Materials
Liver pieces of the coelacanth (Latimeria chalumnae) 

were generously donated from Numazu Deepsea Aquar-
ium & Coelacanth Museum (Numazu, Japan). Although 
the precise conditions for fixation and long storage were 
unknown, the donated sample was believed to have been 
immersed in 10% formalin. Liver samples of hagfish, 
sharks, lungfish, western clawed frog, and fish of the 
Actinopterygii, which were fixed in a cold mixture of 
95% ethanol and acetic acid (99:1 v/v) or 10% formalin, 
were examined as references for hepatic architecture 
(Table 1). All experiments were carried out in compliance 
with the “Guide for Care and Use of Laboratory Animals” 
of Shizuoka University.

Histology
Tissues were embedded in paraffin after dehydration in 

alcohol series. Dewaxed sections were stained with hema-
toxylin-eosin (H-E) and periodic acid-Schiff-hematoxylin 
(PAS-H). Collagen distribution was visualized with Pi-
crosirius staining9). The presence of hemosiderin pigment 
was assessed by Berlin blue staining. Sudan Black B 
staining was carried out to demonstrate fat accumulation 
in frozen sections of the coelacanth liver.

Cytokeratin immunohistochemistry
When a peroxidase-labeled secondary antibody was 

used, endogenous peroxidase activity in dewaxed sections 
was blocked by treatment with phosphate-buffered saline 
(PBS) containing 3% H2O2 for 10 min before incubation 
with the primary antibody. Dewaxed sections were incu-
bated for 2 hr at room temperature with a rabbit anti-calf 
keratin antibody (Dako, Carpinteria, CA, USA) at 1/300 
dilution in PBS containing 1% bovine serum albumin 
(BSA). After thorough washing with PBS, sections were 
incubated with a Cy3- or peroxidase-labeled donkey 
anti-rabbit IgG antibody (Jackson ImmunoResearch Lab., 
West Grove, PA, USA) (1/500 dilution for the Cy3-labeled  
antibody and 1/200 dilution for the peroxidase-labeled 
antibody) for 1 hr at room temperature. After thorough 
washing, sections were mounted in buffered glycerol con-
taining p-phenylenediamine for immunofluorescence. For 
the immunoperoxidase method, after washing, sections 
were stained with 3, 3’-diaminobenzidine (DAB), and 
then with hematoxylin. Control incubations were carried 
out in PBS containing 1% BSA instead of the primary 
antibody.

Electron microscopy
Liver tissues of the coelacanth were again fixed in 2.5% 

glutaraldehyde in phosphate buffer (pH 7.2) overnight on 
ice. After washing, the tissues were fixed in 1% OsO4 for 
1 hr on ice. Tissue specimens were ordinarily processed 
for transmission electron microscopical observation 

(JEM-1011; JEOL, Akishima, Japan).

Results

Histology of the coelacanth liver
The coelacanth liver lobe examined was dark brownish 

and thick (15 × 20 cm; 1.5 cm in thickness), and floated 
in a formalin fixative with large amounts of oil droplets 
that were derived from the liver sample itself. The his-
tology of the liver tissue in H-E-stained preparations was 
not well preserved, possibly due to inappropriate fixation 
and too long immersion in formalin solution without 
renewal. Most nuclei of hepatocytes appeared to be lost 
(Fig. 1A–C), although some nuclei of nonparenchymal 
cells such as biliary cells and capsule cells were present 
(Fig. 1D, H). The cytoplasm of hepatocytes contained 
scanty spaces, and stored fatty substances, which were 
positive for Sudan Black B staining (Fig. 2A). Berlin blue 
staining also demonstrated that hepatocytes accumulated 
hemosiderin pigments (Fig. 2B). Melanomacrophages 
were scattered in the liver parenchyma (Fig. 1A, B). Sev-
eral large vessels having abundant connective tissue were 
noted in some places. Sirius red staining demonstrated 
that the vessels had abundant collagen fibril or fiber depo-
sition (Fig. 3A, B). In the connective tissue, bile duct-
like structures, which were composed of epithelial cells, 
were observed (Fig. 1C, D). The epithelial cells were apt 
to disperse into single cells, possibly due to inappropriate 
fixation. They were positively immunostained with the 
anti-calf keratin antibody, although the background stain-
ing was comparatively high (Fig. 1E). However, the thick 
connective tissue layer was negatively immunostained. 
The antibody also detected ductular structures around 
vessels (Fig. 1F). The thick portal connective tissue 
contained several spaces without epithelial-like cells, 
and might have been a hepatic artery, suggesting that the 
coelacanth liver had a portal triad. The liver tissue was 
covered with adipose tissue or a capsule layer (Fig. 1G, H). 
Hematopoiesis was not observed near the capsule layer.

Transmission electron microscopical analyses con-
firmed that the ultrastructure of hepatocytes was not well 
preserved (Fig. 4A), and that the melanomacrophages 
abundantly seen in the liver contained many melanosomes 
(Fig. 4B).

Histology of other vertebrate livers
For reference, the livers of various vertebrates, includ-

ing hagfish, shark, lungfish, frog, bichir, sturgeon, bowfin, 
spotted gar, silver arowana, Japanese eel, goldfish and 
thread-sail filefish, were histologically examined. The 
hagfish, shark, bichir, sturgeon, bowfin, spotted gar and 
silver arowana livers had periportal bile ducts, whereas 
most intrahepatic bile ducts of the lungfish examined (four 
species) were independent of the distribution of the portal 
vein as seen in most Actinopterygii after the Elopomorpha 
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Table 1.  Liver samples of various vertebrates used in the present study

Taxonomy English name Scientific name Sample description

Agnatha
Myxini

Myxiniformes
Hagfish Eptatretus burgeri 3 males; 3 females (Suruga Bay)

Gnathostomata
Chondrichthyes

Holocephali
Chimaeriformes

Silver chimaera Chimaera phantasma 1 sample (male; Suruga Bay)
Elasmobranchii

Neoselachii
Selachii

Galeomorphii
Heterodontiformes

Japanese bullhead shark Heterodontus japonicus 2 samples (1 male, 1 female; Sagami Bay)
Squalomorphi

Hexanchiformes
Frilled shark Chlamydoselachus anguineus 1 sample (Suruga Bay)

Sarcopterygii
Coelacanthimorpha

Coelacanthiformes
Coelacanth Latimeria chalumnae 1 sample (a kind donation from Numazu 

Deepsea Aquarium & Coelacanth Museum)
Dipnoi

Lepidosireniformes
African lungfish Protopterus annectens 2 samples (50 cm, 20 cm; local distributor)
African lungfish Protopterus droi 2 samples (females, 15 cm; local distributor)
African lungfish Protopterus aethiopicus 1 sample (15 cm; local distributor)
South American lungfish Lepidosiren paradoxa 2 samples (15cm; local distributor)

Actinopterygii
Branchiopterygii

Polypteriformes
Bichir Polypterus endlicheri endlicheri 2 samples (20 cm; local distributor)

Chondrostei
Acipenseriformes

Sterlet Acipenser ruthenus 1 sample (15 cm; local distributor)
Neopterygii

Lepisosteiformes
Spotted gar Lepisosteus oculatus 1 sample (female, 45 cm; local distributor)

Amiiformes
Bowfin Amia calva 2 samples (10 cm; local distributor)

Teleostei
Osteoglossomorpha

Osteoglossiformes
Silver arowana Osteoglossum bicirrhosum 2 samples (15 cm;  local distributor)

Elopomorpha
Anguilliformes

Japanese eel Anguilla japonica 5 samples (local distributor)
Otocephala

Ostariophysi
Cypriniformes

Goldfish Carassius auratus auratus 3 samples (1 male, 2 females; local distributor)
Euteleostei

Acanthopterygii
   Percomorpha

Tetraodontiformes
Thread-sail filefish Stephanolepis cirrhifer 3 samples (Sagami Bay)

Amphibia
Lissamphibia

Anura
Western clawed frog Xenopus tropicalis 2 males; 2 females
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Fig. 1.　Histology of the coelacanth liver. (A–D, 
G, H) H-E staining. (E, F) Cytokeratin im-
munohistochemistry. A large blood vessel 
surrounded by abundant connective tissue 
is observed (A). Scattered melanomac-
rophages are visible (white arrowheads). 
The large blood vessel possesses an 
intrahepatic bile duct (arrow) and artery 
(black arrowhead), and is concluded to 
be a portal vein (B). Epithelial cells of 
intrahepatic bile ducts, each of which 
is disaggregated, are observed in the 
connective tissue of the portal vein (arrow, 
C, D). Epithelial cells of intrahepatic bile 
ducts around the portal vein are positively 
immunostained for cytokeratin (arrow, E). 
Ductular cells showing strongly positive 
cytokeratin immunostaining are noted 
around a smaller portal vein (arrow, F). 
The coelacanth liver was covered with ad-
ipose tissue (asterisk in G) or a Glissonian 
capsule (H). pv, portal vein.

Fig. 2.　Fat and hemosiderin accumulation of the coelacanth liver. (A) Sudan black B staining. (B) Berlin blue staining. Hepatocytes accumulate fat 
(A) and show hemosiderin reaction (B). v, vessel.
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Fig. 3.　Collagen deposition in the livers of 
various vertebrates. (A, B) Coelacanth. (C, 
D) Silver chimaera. (E, F) Bichir. (G, H) 
African lungfish (Protopterus annectens). 
Sirius red staining. Dense collagen depo-
sition (red) is marked in the connective 
tissue of the portal vein of the coelacanth 
and bichir livers (A, B, E, F). Collagen 
deposition in the blood vessels is moder-
ately detectable in the silver chimaera and 
African lungfish livers (C, D, G, H). Pos-
itive Sirius red staining is not observed in 
the parenchymal region. Arrows indicate 
intrahepatic bile ducts. pv, portal vein; v, 
vessel.

Fig. 4.　Transmission electron micrograph of 
the coelacanth liver. (A) Liver parenchyma. 
(B) Melanomacrophage. The liver paren-
chyma does not show good ultrastructural 
preservation (A). Lipid droplets (asterisks) 
are abundant. The melanomacrophage has 
many melanosomes (B). 
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(Figs. 5, 6). The Japanese eel had periportal intrahepatic 
bile ducts, which also entered the liver parenchyma inde-
pendent of portal veins. In vertebrate livers with peripor-
tal bile ducts, periportal arteries were also noted (“portal 
triad”). Immunohistochemical analyses of cytokeratin ex-

pression also demonstrated that the hagfish and frog livers 
had periportal bile ducts whereas the lungfish and thread-
sail filefish, which is one of the Euteleostei, had isolated 
bile ducts independently developing in the liver paren-
chyma (Fig. 7). Melanomacrophages were distributed in 

Fig. 5.　Intrahepatic bile duct distribution in livers of various vertebrates. (A) Hagfish. (B) Silver chimaera. (C) Frilled shark. (D) African lungfish 
(Protopterus annectens). (E) Marbled lungfish (Protopterus aethiopics). (F) Spotted African lungfish (Protopterus dolloi). (G) South Ameri-
can lungfish (Protopterus lepidosiren). (H) Xenopus tropicalis. H-E staining. Intrahepatic bile ducts or ductules are developed around portal 
veins in livers of the hagfish, silver chimaera, frilled shark and X. tropicalis (arrows, A–C, H). The histology of the frilled shark liver closely 
resembles that of the adipose tissue well (C). In the lungfish livers, intrahepatic bile ducts do not always run along blood vessels (arrows, D–E). 
Either intrahepatic bile ducts around blood vessels or developing in the parenchyma are observed (G). Black arrowheads indicate the hepatic 
artery. White arrowheads indicate melanomacrophages. cv, central vein; pv, portal vein, v, vessel.
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the livers of shark, frog, bichir and arowana (Fig. 5A–C, 
E, H; Fig. 6A–E). Collagen deposition demonstrated with 
Sirius red staining was detectable in the connective tissue 
around large blood vessels (Fig. 3C–H). Heavy collagen 
deposition was noted in those of the bichir liver, just like 

the coelacanth liver (Fig. 3A, B, E, F). The Glissonian 
capsules varied among the animals examined (Fig. 8).  
The capsules covering the hagfish, shark, bichir and 
lungfish livers were thick compared with those of mam-
malian livers. The bichir liver was also covered with 

Fig. 6.　Intrahepatic bile duct distribution in livers of various Actinopterygii. (A) Bichir. (B) Sterlet. (C) Spotted gar. (D) Bowfin. (E) Silver arow-
ana. (F) Japanese eel. (G) Goldfish. (H) Thread-sail filefish. H-E staining. Intrahepatic bile ducts run along portal veins in the livers of the 
bichir, sterlet, spotted gar, bowfin, and silver arowana (arrows, A–E). Exocrine tissues of the pancreas are observed around portal vein in the 
liver of the spotted gar (asterisk, C). In the liver of the Japanese eel, intrahepatic bile ducts are noted around portal veins and in the paren-
chyma (arrows, F). Bile ducts are located near portal veins in the hilum, but intrahepatic bile ducts are distributed independently of the portal 
vein configuration in the goldfish (arrows, G). In the filefish liver, intrahepatic bile ducts develop independently of portal vein configuration 
(H). Portal veins are accompanied by the pancreatic tissue (asterisk). Black arrowheads indicate the hepatic artery. White arrowheads indicate 
melanomacrophages. cv, central vein; pv, portal vein.
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adipose tissue as seen in the coelacanth liver (Fig. 8D). 
Hematopoiesis occurred under the Glissonian capsule in 
the frog liver (Fig. 8H). The histological characteristics 
of the shark and bichir livers, including development of 
periportal connective tissue, abundant fat accumulation 
and distribution of melanomacrophages, resembled those 
of the coelacanth liver.

Discussion

Portal triad formation in the coelacanth and tetrapod liv-
ers

Although the coelacanth liver was not histologically 
well preserved, the present study demonstrated that it 
had a mammalian-type hepatic architecture with a portal 
triad in which intrahepatic bile ducts ran parallel to portal 

veins, and a hepatic artery was also detectable in portal 
connective tissues (Fig. 9). The hepatic architecture of the 
coelacanth highly contrasted with those of the four species 
of lungfish examined, in which the configurations of the 
intrahepatic bile ducts and portal veins were independent 
(Fig. 9). At present, it is unknown why the architecture 
of the two phylogenetically related sarcopterygians was 
different. The hepatic architecture of the lungfish rather 
resembled that of actinopterygian fishes after Elopomor-
pha in terms of bile duct and ductular distribution in the 
liver parenchyma, and may be an example of convergent 
evolution (Fig. 9)4). Their ductular development in the 
liver parenchyma might also be related to oval cell pro-
liferation in injured mammalian livers, in which another 
pathway for bile transportation possibly works to com-
pensate for abnormal bile canalicular function of hepato-
cytes10). The ancestors of the lungfish and actinopterygian 

Fig. 7.　Cytokeratin immunohistochemistry in various vertebrate livers. (A) Hagfish. (B) Japanese bullhead shark. (C) Bichir. (D) Thread-sail file-
fish. (E) Marbled lungfish (Protopterus aethiopics). (F) Xenopus tropicalis. The anti-cytokeratin antibody used reacts with biliary epithelial 
cells and ductular cells around portal veins in the hagfish, bullhead shark, bichir and X. tropicalis livers (A, B, C, F). Bile ducts, which are 
positive for cytokeratin immunostaining, are developed independently of blood vessels in the livers of the marbled lungfish and filefish (D, E). 
Arrows indicate bile ducts or bile ductules. cv, central vein; pv, portal vein.
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fishes after Elopomorpha, both of which may have lived 
in freshwater environments, might have adapted to sim-
ilar severe environments, which could cause liver injury 
inducing ductular reaction, with the non-portal triad-type 
liver architecture4). In this regard, it may be of note that 
the coelacanth survives in the deep sea of specific areas 

(near the Comoro Islands off the east coast of Africa, and 
in the waters off Sulawesi, Indonesia), maintaining the 
portal triad-type hepatic architecture, although its ancestor 
may have been distributed worldwide in both marine and 
freshwater environments11, 12). Our data on the coelacanth  
liver also suggest that the prototype for the hepatic archi-

Fig. 8.　Heterogeneous capsule tissues of various vertebrate livers. (A) Hagfish. (B) Silver chimaera. (C) Frilled shark. (D, E) Bichir. (F) Starlet. 
(G) African lungfish (Protopterus annectens). (H) Xenopus tropicalis. PAS-H staining (A). H-E staining (B–H). All livers are covered with 
various capsule tissues (arrowhead) (A–H). The thickness of the capsule varies among the animals examined. The capsules covering the 
hagfish, shark, bichir and lungfish livers are thick compared with those of mammalian livers (A–C, E, G). The bichir liver is partially covered 
with adipose tissue as seen in the coelacanth liver (asterisk in D). Hematopoiesis is observed under the capsule in the frog liver (H). White 
arrowhead indicates partial thickening of the coelomic epithelium in the frilled shark liver (C). v, vessel.
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tecture with the portal triad may have been generated when  
the agnathans appeared, and be conserved in tetrapod 
livers through the evolution of vertebrates (Fig. 9)4, 13). 
The ancestors of tetrapods, including extinct species such 
as the Acanthostega and Ichthyostega, may have had the 
portal triad-type hepatic architecture. It would be intrigu-
ing to study how the lungfish liver differs from amphibian 
and coelacanth livers in terms of hepatic functions, 
including bile secretion, as well as hepatic architecture. In 
the Actinopterygii, the whole genome duplication occur-
ring before the divergence of Osteoglossomorpha might 
be related to a change in hepatic architecture4, 14). Thus, it 
is important to analyze lungfish liver development from 
the standpoint of genome duplication of genes involving 
biliary duct formation, including the Jag1 gene, which 
codes for one of the bile duct inducers acting on periportal 
hepatoblasts during mammalian liver development15–17). 

Histological characteristics of the coelacanth liver
The coelacanth liver was also remarkably fatty like 

those of the sharks and bichir in the present study. The 
fatty liver may be used for buoyancy control with the 
fatty air bladder, which does not function as a respiratory 
organ8). It has recently been reported that a potentially 
functional, well-developed lung is present at the early 
embryonic stage of the coelacanth, and that its growth 
is arrested at later ontogenetic stages, when the lung is 
vestigial18, 19). The present study demonstrated abundant 
depositions of collagen fibrils or fibers in the thick con-
nective tissue layer of portal veins in the coelacanth liver. 
Melanomacrophages were also noted. These histological  
characteristics, in addition to the development of peri-
portal bile ducts, may resemble those of the bichir and 
shark livers in addition to the development of periportal 
bile ducts, implying that these species may be phyloge-
netically related or may have developed similar histo-
logical structures of the liver to adapt to their habitats. 
Furthermore, it may be noteworthy that the adipose tissue 

partially covered the liver parenchyma with the Glisso-
nian capsule in the coelacanth liver like the bichir liver, 
suggesting that it may be similar to the bichir liver in 
histology.

Conclusion

The coelacanth liver has a mammalian-type hepatic 
architecture with a portal triad. The ancestors of tetrapod 
animals may have had a portal triad-type liver architec-
ture. Fresh, intact coelacanth livers will be required for 
precise examination of the hepatic architecture in the 
future.
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