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Abstract

BACKGROUND

The role of the hepatic nervous system in liver development remains unclear. We
previously created functional human micro-hepatic tissue in mice by co-culturing
human hepatic endodermal cells with endothelial and mesenchymal cells.
However, they lacked Glisson’s sheath [the portal tract (PT)]. The PT consists of
branches of the hepatic artery (HA), portal vein, and intrahepatic bile duct
(IHBD), collectively called the portal triad, together with autonomic nerves.

AIM

To evaluate the development of the mouse hepatic nervous network in the PT
using immunohistochemistry.

METHODS

Liver samples from C57BL/6] mice were harvested at different developmental
time periods, from embryonic day (E) 10.5 to postnatal day (P) 56. Thin sections of
the surface cut through the hepatic hilus were examined using protein gene
product 9.5 (PGP9.5) and cytokeratin 19 (CK19) antibodies, markers of nerve
fibers (NFs), and biliary epithelial cells (BECs), respectively. The numbers of NFs
and IHBDs were separately counted in a PT around the hepatic hilus (center) and
the peripheral area (periphery) of the liver, comparing the average values
between the center and the periphery at each developmental stage. NF-IHBD and
NF-HA contacts in a PT were counted, and their relationship was quantified. SRY-
related high mobility group-box gene 9 (SOX9), another BEC marker; hepatocyte
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nuclear factor 40 (HNF4a), a marker of hepatocytes; and Jagged-1, a Notch ligand, were also
immunostained to observe the PT development.

RESULTS

HNF40 was expressed in the nucleus, and Jagged-1 was diffusely positive in the primitive liver at
E10.5; however, the PGP9.5 and CK19 were negative in the fetal liver. SOX9-positive cells were
scattered in the periportal area in the liver at E12.5. The Jagged-1 was mainly expressed in the
periportal tissue, and the number of SOX9-positive cells increased at E16.5. SOX9-positive cells
constructed the ductal plate and primitive IHBDs mainly at the center, and SOX-9-positive IHBDs
partly acquired CK19 positivity at the same period. PGP9.5-positive bodies were first found at
E16.5 and HAs were first found at PO in the periportal tissue of the center. Therefore, primitive PT
structures were first constructed at PO in the center. Along with remodeling of the periportal
tissue, the number of CK19-positive IHBDs and PGP9.5-positive NFs gradually increased, and PTs
were also formed in the periphery until P5. The numbers of NFs and IHBDs were significantly
higher in the center than in the periphery from E16.5 to P5. The numbers of NFs and IHBDs
reached the adult level at P28, with decreased differences between the center and periphery. NFs
associated more frequently with HAs than IHBDs in PTs at the early phase after birth, after which
the number of NF-IHBD contacts gradually increased.

CONCLUSION

Mouse hepatic NFs first emerge at the center just before birth and extend toward the periphery.
The interaction between NFs and IHBDs or HAs plays important roles in the morphogenesis of PT
structure.

Key Words: Nervous system; Liver; Portal tract; Hepatic artery; Immunohistochemistry; Tissue engineering

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The portal tract (PT) consists of branches of the hepatic artery (HA), portal vein, intrahepatic bile
ducts (IHBD), and autonomic nerves. This study evaluated the mouse hepatic nervous system
development using immunohistochemistry. Hepatic nerve fibers (NFs) first emerge at the hepatic hilus just
before birth and extend toward the periphery with IHBD in the PT after birth. The hepatic NFs associated
more frequently with the HA than the IHBD in the PT after birth. The hepatic NFs may play important
roles in the morphogenesis and stabilization of the PT during development of the liver.

Citation: Koike N, Tadokoro T, Ueno Y, Okamoto S, Kobayashi T, Murata S, Taniguchi H. Development of the
nervous system in mouse liver. World J Hepatol 2022; 14(2): 386-399

URL: https://www.wjgnet.com/1948-5182/full/v14/i2/386.htm

DOI: https://dx.doi.org/10.4254/wjh.v14.i2.386

INTRODUCTION

Recently, structures resembling whole organs, termed organoids, have been generated from stem cells
through the development of three-dimensional culture systems[1]. The liver is the largest organ in the
abdomen and is a pivotal center of metabolism, detoxification, and digestion. The mammalian liver has
a structural and functional unit called the liver lobule, and in the periphery of the lobule, Glisson’s
sheath, also known as the portal tract (PT) consisting of the portal vein (PV), bile duct (BD), and hepatic
artery (HA), develops[2]. We previously created the three-dimensional vascularized functional human
micro-hepatic tissue in mice by co-culturing human hepatic endodermal cells with endothelial and
mesenchymal cells derived from human-induced pluripotent stem cells (iPSCs)[3]; however, they lacked
PTs. The construction of stable blood vessels is a fundamental challenge for tissue engineering in
regenerative medicine[4]. During evolution, organs have come to perform complex functions, requiring
an increased degree of information processing by neurons and a supply of nutrients by blood vessels
[5]. Therefore, neurons, which arose earlier in evolution than vessel, may also should be important to
construct functional artificial organs. No current organoid systems contain an integrated peripheral
nervous system; however, Workman et al[6] successfully generated human-iPSC-derived intestinal
tissue with a functional enteric nervous system[6]. The hepatic nervous system exerts important roles in
the overall regulation of the organism, for example, in the glucose and lipid metabolism, circadian
rhythm, regeneration, hepatic blood flow, food intake and obesity[7-9]. Development of vessels and BDs
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in the liver have been thoroughly explored[10]. It has been known for many years that intrahepatic bile
duct (IHBD) development is initiated near the hilum of the liver before progressing toward the
periphery of the lobes[10]. At the late phase of mouse embryonic development, differentiated cholan-
giocytes [biliary epithelial cells (BECs)] are discontinuously scattered in the periportal mesenchyme and
form ductal plate (DP) and biliary cysts followed by the development of ductal structure and
incorporation into the continuous network structure after birth[11,12]. In addition, the angiogenic
growth factors produced by periportal mesenchymal cells and BECs seem to provide a molecular link
between the developing biliary and arterial structures[13]. However, the role of the hepatic nervous
system has not been elucidated in liver development[14]. Recently, Tanimizu et al[15] reported that
IHBDs guide the extension of nerve fibers (NFs) by secreting nerve growth factor (NGF) during their
development. NFs with IHBDs extend through the PT from the hepatic hilus to the periphery[15]. But it
has not been clarified if the hepatic nerve network plays important roles in the morphogenesis and
stabilization of the PTs after birth.

In this work, we histologically observed the mouse liver and evaluated the developmental process of
PTs, with a special focus on the hepatic nervous system in PTs and the correlation between NFs and BDs
or vessels using immunohistochemistry. This study aims to explore the role of nerve cells in the
development of the liver and whether the addition of nerve cells is useful for constructing liver
organoids with PT structures.

MATERIALS AND METHODS

Animals

Pregnant female C57BL/6] mice were purchased from Sankyo Labo Service Corporation, Inc. (Tokyo,
Japan) to acquire embryos and newborn mice for the experiments. Adult male mice (8-wk-old) were also
purchased from Sankyo Labo Service Corporation, Inc. (Tokyo, Japan). The mice were bred and
maintained according to the Yokohama City University institutional guidelines for the use of laboratory
animals. All experimental procedures were approved by the institutional review board of the Animal
Research Center, Yokohama City University School of Medicine (No. 075). Liver samples of C57BL/6]
mice were collected at different developmental periods, beginning at embryonic day (E) 10.5 until 8-
week-old [adult animals; postnatal day (P) 56]. Specifically, samples were collected at E10.5, E11.5,
E12.5, E13.5, E15.5, E16.5, E17.5, PO, P3, P5, P7, P28, and P56 (n = 4 for each stage).

Hematoxylin-eosin staining and immunostaining

Neonatal and adult liver tissues were fixed in 4% paraformaldehyde and were paraffin-embedded.
Then, 3-pm thin sections of cut surface through the hepatic hilus were examined for hematoxylin-eosin
(HE) and immunostaining. The primary antibodies used for immunostaining are listed in Table 1. We
used protein gene product 9.5 (PGP9.5) as a marker of neurons and cytokeratin 19 (CK19) as a marker of
BEC. A preliminary immunohistochemical study was performed to select antibodies appropriate for
identifying NFs. Control fetal liver specimens were immunohistochemically stained for a panel of
antibodies for PGP9.5 (monoclonal, Abcam, Cambridge, MA, United States), S100 protein (polyclonal,
Agilent, Santa Clara, CA, United States), and p tubulin III (monoclonal, Merk. Darmstadt, Germany). As
a result, immunostaining of PGP9.5 most clearly and specifically identified NFs. Therefore, we used
PGP9.5 for the study. SRY-related high mobility group-box gene 9 (SOX9), another BEC marker;
hepatocyte nuclear factor 4a (HNF40), a marker of hepatocytes; and Jagged-1, a Notch ligand, were also
immunostained to observe the PT ontogeny.

Immunohistochemistry was performed using the Envision method according to the manufacturer’s
instructions (Agilent). Each thin section was deparaffinized, and antigens were retrieved for immuno-
histochemical reactions (pH 9.0, 20 min) by PT Link (Agilent). After blocking the endogenous
peroxidase with hydrogen peroxide, slides were incubated with primary antibodies overnight at 4 °C.
The sections were then washed, and the antigen was visualized using the DAKO Autostainer using the
Envision flex kit (Agilent). The slides were counterstained with hematoxylin for 30 s and dehydrated
and sealed with coverslips. The slides were then examined microscopically. Positive and negative
control tissues were stained in each run. Images were acquired using a light microscope (Olympus
Corporation, Tokyo, Japan).

The HAs in the PT were identified under HE staining as vessels with thick walls composed by a
tunica media layer that contains concentric rings of smooth muscle.

Observations and quantitative analysis

It has been known for many years that IHBD development is initiated near the hilum of the liver before
progressing toward the periphery of the lobes[10]. The development of IHBDs and NFs were examined
near the hepatic hilus (center) and in the peripheral region (periphery) separately. Figure 1 indicates the
center and the periphery. Inside and outside of the red line were defined as the center (around the
hepatic hilus) and periphery, respectively (Figure 1). In addition, thin sections of the surface cut through
the hepatic hilus (center) were examined using PGP9.5 and CK19 antibodies, which are markers of NFs
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Table 1 Antibodies used for immunohistochemistry

Antibody Origin Dilution Source

PGP9.5 (13C4/13C4) monoclonal Mouse x 500 Abcam

CK-19 (EP1580Y) monoclonal Rabbit x 200 Abcam

SOX9 polyclonal Rabbit %1000 Chemicon International
HNF4a (K9218) monoclonal Mouse x 100 Thermo Fisher Scientific
Jagged-1 (EPR4290) monoclonal Rabbit x 300 Abcam

Figure 1 Anatomy of the mouse liver. Schema of the mouse liver and microphotograph of the mouse liver at postnatal day 7. The inside and outside of the red
line were defined as the center (around the hepatic hilus) and periphery, respectively. Histologically, cytokeratin 19-positive hilar bile duct (yellow arrows) and portal
vein (blue arrows) were found in the center. Scale bar = 1 mm. A: Schema of the mouse liver; B: Microphotograph of the mouse liver at postnatal day 7.

JBaishideng®

and BDs, respectively. Primitive BDs and NFs in the liver have been reported to emerge in the periportal
mesenchyme around the newborn period. Then, PVs and periportal mesenchyme evolve into PTs. The
numbers of NFs and BDs were separately counted in three randomly selected PVs with periportal tissue
or a PT in the center and the periphery of the liver, with the average values being compared between the
center and periphery at each developmental time point.

Quantification of the relationship between NFs and IHBDs or NFs and HAs in PTs was made by
manually counting the numbers of NFs that contacted IHBDs or HAs in the same three selected PTs in
which the number of NFs was counted using a light microscope.

Statistical analyses

means * SD are typically reported. Statistical analyses were performed using the an unpaired-t test
using GraphPad Prism v9.02 (GraphPad, La Jolla, CA, United States). Differences at P < 0.05 were
considered to be statistically significant.

RESULTS

Histology of mouse PTs

PTs of adult mice (P56) consist of PV, HA, BD, lymphatic vessels, and autonomic nerve branches. These
components are also found in human PTs. Many small NFs were observed (as PGP9.5-positive staining)
around the PV, HA, and BD, and they produced plexuses (Figure 2).

Development of hepatic NFs and IHBD in the hepatogenesis
The hepatocyte maker HNF4a is already expressed in the nuclei of many cells in the primitive liver at
E10.5; however, PGP9.5 expression was mainly found in the neural tube at the dorsal area of the
embryo. PGP9.5 and CK19 were not found in the liver from E10.5 to E11.5, indicating that there is no
evidence for the formation of NFs and BDs at this stage (Figure 3).

At E12.5, the Notch ligand Jagged-1 was diffusely positive in the liver, and SOX9-positive cells (BECs)
were scattered in the periportal area; however, CK19- and PGP9.5-positive cells were not found in the
fetal liver from E12.5 to E15.5 (Figure 4). Hilar BD (extrahepatic BD) strongly expressed SOX9 and

weakly expressed CK19. PGP9.5-positive bodies were found in the mesenchyme around the hilar BD
(Figure 4B).
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Figure 2 Histology of the portal tract of a postnatal day 56 mouse. A: Morphological analysis of a portal tract via hematoxylin-eosin staining; B and C:
Neurons and bile ducts formed around the portal tract are shown by protein gene product 9.5 staining (B) and cytokeratin 19 staining (C), respectively. PV: Portal
vein; HA: Hepatic artery; BD: Bile duct; Ly: Lymphatic vessel. Scale bar = 50 pym.
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Figure 3 Immunohistochemical analysis of the liver at embryonic day 11.5 by hepatocyte nuclear factor 4a and protein gene product 9.5.
A and B: Hepatic progenitors were observed by hepatocyte nuclear factor 4o (HNF4a) immunostaining; B: Liver tissue at a higher magnification than shown in A; C
and D: Neurons or neural progenitors were observed by protein gene product 9.5 (PGP9.5) immunostaining; D: Liver tissue at a higher magnification than shown in C.
HNF4o was expressed in the nuclei of many cells in the primitive liver; however, PGP9.5 expression was mainly found in the neural tube at the dorsal area of the
embryo and but not found in the liver. Scale bar = 200 pm.
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Subsequently, DPs and primitive IHBDs were formed around PVs from E16.5 to P3 (Figures 5 and 6).
Jagged-1 was mainly expressed in the periportal tissue, and no cells in the periportal tissue expressed
HNF4a in this phase. SOX9-positive cells formed DPs and primitive IHBDs, and CK19-positive cells
were first expressed at E16.5 in several SOX9-positive ductal structures, especially around large PVs in
the center. PGP9.5-positive bodies were also first found in the periportal tissue in the center at E16.5
(Figure 5). HA emerged at PO, and thus primitive PTs were constructed at first in the center. The
numbers of NFs and CK19-positive IHBDs initially increased in the center and then increased in the
periphery as well. Jagged-1-positive periportal tissue was thinner in the periphery than in the center,
and the number of NFs and IHBDs was smaller in the periphery than in the center in this phase

Figure 6).

( Zlong)with periportal tissue remodeling, excess periportal cells underwent regression, and CK19-
positive cells constructed IHBDs not only in the center but also in the periphery from P5 to P7. The
distribution of PGP9.5-positive NFs was primarily found in contact with the HA and PV branches and
less in contact with IHBD (Figure 7).
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Figure 4 Inmunohistochemical analysis. A: Inmunohistochemical analysis of the liver at embryonic day 12.5. Jagged-1 was diffusely positive in the liver
(lower left panel), and SRY-related high mobility group-box gene 9 (SOX9)-positive bile duct progenitor cells were found around the large vessels presumably defined
as portal veins (upper right panel); however, cytokeratin 19 (CK19) (another marker for bile duct)- and protein gene product 9.5 (PGP9.5) (a marker for neurons)-
positive cells were not found (shown in the upper left panel and lower right panels, respectively). Arrows indicate portal veins; B: Inmunohistochemical analysis of the
center of the liver at embryonic day 15.5. SOX9-positive bile duct progenitor cells were found around the large vessel presumably defined as portal veins. The hilar
bile duct strongly expressed SOX9 and weakly expressed CK19. PGP9.5-positive bodies were only found in the parenchyma around the hilar bile duct (red arrow).
Scale bars = 200 ym. CK19: Cytokeratin 19; SOX9: SRY-related high mobility group-box gene 9; PGP9.5: Protein gene product 9.5.
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Figure 5 Inmunohistochemical analysis of the center of the liver at embryonic day 16.5 and embryonic day 17.5. A-D: Embryonic day 16.5; E
and F: E17.5; A: Protein gene product 9.5 (PGP9.5)-positive bodies were found in the periportal tissue; B: Cytokeratin 19 (CK19) was partly positive in SRY-related
high mobility group-box gene 9 (SOX9)-positive structures; C and D: SOX9-positive cells partly from double-layered cylindrical structures called ductal plates
(arrowhead) and partly form ductal structures; C: The arrow indicates the hilar bile duct; E: Jagged-1 was mainly expressed in the periportal tissue (thick arrow); F:
Hepatocyte nuclear factor 4o was expressed in the liver parenchyma but not in the Jagged-1-positive periportal tissue (thick arrow). Scale bars = 200 um. CK19:
Cytokeratin 19; SOX9: SRY-related high mobility group-box gene 9; PGP9.5: Protein gene product 9.5; HNF4a: Hepatocyte nuclear factor 4a.

PT formation reached the adult level at P28. PV, BD, NF, and HA were found in PTs both in the
center and periphery. According to PGP9.5-positive staining, many small NFs were found around the
PVs, and they seemed to produce nerve plexuses surrounding the PVs. However, NFs were found only
in the PTs and not in the liver parenchyma. Jagged-1 expression was mainly found in the BD and PV
(Figure 8). HNF4a was clearly expressed in the nuclei of hepatocytes, and SOX9 was expressed in the
nuclei of BEC during the entire period of this experiment.

Quantitative analysis of the NF and IHBD

NFs and BDs were first found in the periportal tissue of the center at E16.5. Figure 9 shows quanti-
fication of the NF and IHBD in a PT during mouse liver development. In our results, the entire process
of PGP9.5-positive NFs and CK19-positive IHBD development progressed from around the hepatic
hilus to the peripheral PTs. The numbers of NFs and IHBDs in the PT were larger in the center than in
the periphery at the early phase of NF and IHBD development, and the differences were statistically
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Figure 6 Inmunohistochemical analysis of the area around the portal vein at postnatal day 0. A-F: Center of the liver; A-C: Many SRY-related high
mobility group-box gene 9 (SOX9)-positive cells were found in Jagged-1-positive periportal tissue, and they formed cytokeratin 19 (CK19)-positive bile ducts in the
center; D: Protein gene product 9.5 (PGP9.5)-positive nerve fibers were found in the periportal tissue in the center; E and F: Branching of the hepatic artery was
found in the periportal tissue (white arrow); G-J: Periphery of the liver. The Jagged-1-positive periportal tissue was thinner in the periphery than in the center, and the
number of biliary structures was smaller in the periphery. Neither CK19-positive bile ducts nor PGP9.5-positive nerve fibers were found in the periphery. Scale bars =
200 ym. HE: Hematoxylin-eosin; CK19: Cytokeratin 19; SOX9: SRY-related high mobility group-box gene 9; PGP9.5: Protein gene product 9.5.

significant at E17.5, PO, and P5 for NFs and at E17.5 for IHBDs. Their numbers gradually increased in
the PTs until P7 and then plateaued in the center. On the other hand, their numbers increased even after
P7 in the periphery. These results indicate that NFs first emerge at the center just before birth, extend
toward the periphery with BDs after birth.

Quantification of NF-IHBD and NF-HA interactions

Quantification of NF-IHBD and NF-HA interactions in a PT was made by counting the numbers of NFs
that contacted with IHBDs or HAs after birth (Figure 10). NF contacts were observed earlier with HA
than with IHBD. The number of NF-HA contacts was larger than the number of NF-IHBD contacts in
the center, and the difference was statistically significant from PO to P7. NF contacts also emerged in the
periphery after P3. The number of NF-HA contacts was larger than the number of NF-IHBD contacts in
the periphery as well. These results indicate that NF-HA interactions may begin earlier than NF-IHBD
interactions.

DISCUSSION

In-depth studies of both the differentiation and morphogenesis of the liver are prerequisites for in vitro
and in vivo reconstitution of hepatic tissue for regenerative medicine. Our study describes morpho-
logical and immunohistochemical analyses mainly focused on the development of mouse intrahepatic
nerve networks. Organogenesis of the liver and biliary tract occurs from the ventral posterior foregut
endoderm near the cardiac mesenchyme as the hepatic diverticulum. The liver is largely composed of
hepatocytes and cholangiocytes, which are differentiated from bipotent liver progenitors, the hepato-
blasts[10]. It has been known for many years that BD development is initiated near the hepatic hilum
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PGP9.5

IS0X9.

Figure 7 Immunohistochemical analysis of the portal tract at postnatal day 7. A-C: Center of the liver. Distribution of protein gene product 9.5
(PGP9.5)-positive nerve fibers were mainly observed around the hepatic artery (C, thick arrow) and portal vein branches, with less association with bile ducts (B and
C); D-F: Periphery of the liver. SRY-related high mobility group-box gene 9-positive cells constructed cytokeratin 19 (CK19)-positive bile ducts not only in the center
but also in the periphery. The number of PGP9.5-positive nerve fibers increased in the portal tracts even in the periphery. Scale bar = 200 ym. PV: Portal vein; HA:
Hepatic artery; BD: Bile duct; HE: Hematoxylin-eosin; CK19: Cytokeratin 19; SOX9: SRY-related high mobility group-box gene 9; PGP9.5: Protein gene product 9.5.

SOX9

Jagged-1

Figure 8 Imnmunohistochemical analysis of the portal tract in the periphery of the liver at postnatal day 28. A: SRY-related high mobility group-
box gene 9 (SOX9) was expressed in the nuclei of biliary cells; B, C and F: Many cytokeratin 19-positive biliary cells (B) and protein gene product 9.5-positive nerve
fibers (C and F) were found in the portal tracts even in the periphery. No nerve fibers were found in the liver parenchyma; D: Jagged-1 expression was mainly found
in the bile ducts and vessels; E: Hepatocyte nuclear factor 4o was expressed in the entire liver parenchyma. Scale bars = 200 um. PV: Portal vein; HA: Hepatic
artery; BD: Bile duct; Ly: Lymphatic vessel; CK19: Cytokeratin 19; SOX9: SRY-related high mobility group-box gene 9; PGP9.5: Protein gene product 9.5.

before progressing toward the periphery of the lobes. Our understanding of the BD morphogenesis has
recently improved with advanced three-dimensional imaging and computer-assisted analysis and with
retrograde ink injection enabling visualization of the BD lumina in the whole liver[11,12,16,17].
However, the studies have not sufficiently investigated the embryological development of liver
innervation.

Tanimizu et al[15] demonstrated that morphogenesis of IHBDs in the mouse liver gradually spread
along the periportal tissue from the hepatic hilus toward the periphery, and the formation of nerve
networks followed IHBD development after birth[15]. In addition, they suspected that IHBDs mainly
guide the extension of NFs by secreting NGF during NF development in the mouse liver. We previously
prepared total RNA from CD45- and Ter119-negative murine liver cells at various developmental stages
(E10.5, E11.5, E13.5, E15.5, E17.5, E19.5, PO, P3, and postnatal week 8) using an RNeasy Mini Kit (Qiagen,
Venlo, Netherlands). RNA for gene expression profiling was hybridized to the Whole Mouse Genome
Agilent 4 x 44K v2 Oligonucleotide Microarray (Agilent) according to the manufacturer’s instructions
[3]. To analyze gene expression changes associated with liver development based on microarray data,
the processed raw signal intensity of each probe was subjected to 75" percentile normalization. The
microarray data also showed an elevated Ngf RNA level in the liver just before birth (Supplemen-
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Figure 9 The number of the nerve fibers and intrahepatic bile ducts during murine liver development. A: NF; B: BD. Nerve fibers and bile ducts
were first found in the periportal area of the center at embryonic day 16.5. The numbers of nerve fibers and bile ducts were significantly larger, especially at the early
phase of development, in the center than in the periphery. Their numbers gradually increased in the portal tracts until postnatal day 7 in the center and increased
thereafter in the periphery. NF: Nerve fiber; BD: Bile duct; E: Embryonic day; P: Postnatal day. 2P < 0.05.
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Figure 10 Number of contacts between nerve fibers and hepatic arteries or intrahepatic bile ducts. A: Center; B: Periphery. Nerve fiber (NF)
contacts were observed at an earlier phase in the hepatic artery (HA) than in the intrahepatic bile duct (IHBD). The number of NF-HA contacts was significantly larger
than that of NF-IHBD contacts from PO to P7 in the center. NF contacts emerged also in the periphery after P3. The number of NF-HA contacts was larger than that of
NF-IHBD contacts in the periphery as well. NF: Nerve fiber; BD: Bile duct; HA: Hepatic artery; E: Embryonic day; P: Postnatal day. 2P < 0.05.

tary Figure 1). However, our mouse histological and quantitative studies demonstrated that IHBDs and
NFs simultaneously appeared in the periportal tissue around the hepatic hilus just before birth and
thereafter gradually spread toward the periphery. This difference was thought to occur because we
counted the number of IHBD using the BEC marker CK19, which is expressed at a later phase than
SOX9.

The primary function of the fetal liver is hematopoiesis, and the liver receives little innervation
during early development. After birth, the role of the liver changes to bile production, metabolism, and
protein synthesis, and many different nerve types modulate these functions[18]. The innervation of the
liver is different from that of the gastrointestinal tract, which consists of intrinsic ganglionated plexuses
situated between the muscle layers of the gut wall. The liver is thought not to contain neural crest-
derived intrinsic neurons[18]. For example, experimental studies using a quail/ chick interspecies
grafting technique in the chicken embryos supported evidence for this apparent lack of intrinsic neurons
in the liver[19]. An ontogenetic study of neuropeptide Y (Npy), a marker of sympathetic nerves showed
that sympathetic NFs were not apparent for most of the embryonic period of development until E19.
After birth, the density of sympathetic NFs increases to reach a maximum level at 1 wk. In conclusion,
the authors suggested that sympathetic NFs derive from extrinsic sources because no neuronal somata
were positive for Npy in the fetal liver. In addition, they suspected that sympathetic NFs might enter the
liver via the hepatic hilus with HA and PV. Intriguingly, the density of Npy-positive NFs decreased
after 1 wk and reached adult level at 2 wk postnatally. Therefore, they thought that transient Npy
expression might play an important role in the developing liver[20,21]. In our experiment, neuronal
marker-positive bodies were not found during most of the embryonic period in the liver and were only
found in the parenchyma of the hilar BD until E15.5. Neuronal marker-positive bodies first emerged
around the hepatic hilus at E16.5 and spread toward the periphery thereafter. These results are
consistent with results of previous studies.
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The NFs are classified by neurotransmitters into aminergic, cholinergic, peptidergic, and nitrergic
NFs[22]. The distribution and role of each type of NF have been extensively studied. In addition, in the
normal human adult liver, many types of immunoreactive peptidergic nerves have been detected[23-
26]. Tiniakos et al[14] reported that Npy-positive NFs, which were examined closely in mouse liver by
Ding et al[20,21], were the most abundant peptidergic NFs in the human adult liver and were
distributed in PTs and in the acinus along sinusoids. However, no Npy-positive NFs were found in the
human fetal liver[14]. On the other hand, during the third trimester, other peptidergic NFs were
identified within PTs with a transient expression of galanin, somatostatin and calcitonin-gene-related
peptide (CGRP) in the human fetal liver, but these NFs were not observed in the human adult liver.
Therefore, the authors suspected that the intrahepatic peptidergic network might play an important role
in liver morphogenesis, as Ding et al[20,21] suggested. Our previous microarray data in mice also
showed transient elevation of Npy and Cgrp RNA levels around birth; however, galanin and
somatostatin RNA was kept at a high level even after birth, different from human studies (Supple-
mentary Figure 1).

The innervation of the mammalian liver is largely classified as either PT innervation or parenchymal
innervation. Parenchymal innervation is composed of NFs present in the hepatic parenchyma. There are
no significant differences in PT innervation among species. In contrast, parenchymal innervation is
found in humans and guinea pigs but not found in mice and rats[27-30]. Our observations in mice also
showed no NFs in the liver parenchyma even in the adult stage. Similarly, the timing of hepatic
innervation is different among species. In some human histological studies, NFs emerge before birth in
the human liver, much earlier than in the mouse liver. IHBD morphogenesis is thought to start in the
fetal liver with the alignment of BEC, which constitute the double-layered cylindrical DP in the PT[17,
31]. The DP and primitive IHBD in humans also emerge earlier than in the mouse, and the DP is first
found at weeks of gestation (GW) 7 in the hepatic hilus[32,33]. However, many NFs were already found
in the hepatic hilus at GW 7, and direct innervation into the DP has also been reported[22]. Therefore,
the process of development of the intrahepatic nerve network in humans may be different from in the
mouse liver. As already mentioned, many studies have reported that the liver does not appear to be
colonized by intrinsic neurons[14,18-20]. To the contrary, Terada reported in a human study that a few
neural marker-positive bodies emerged in large PTs at GW 8 and small PTs in the periphery at GW 11;
then, the number increased thereafter. Therefore, the neural marker-positive bodies were thought to
arise from the intrinsic portal mesenchyme to develop the nerve network in the human liver. However,
how intrahepatic NFs connect with the extrinsic nervous system remains unclear[22].

In our study, during PT development, the PV was initially found as a large vessel and constituted a
periportal tissue for the development of the IHBDs, HA branching, and NFs. Fabris et al[13] reported
that the periportal mesenchyme instructs IHBD development, and VEGF secreted from BECs promotes
HA morphogenesis. The interaction between developing BDs and HAs may slightly differ between
humans and mice, since arterial morphogenesis in humans occurs along the DP in the fetal liver[34],
whereas in mice, HAs emerged around birth in the periportal tissue in our study. Tiniakos et al[30]
reported that adrenergic nerves form an intrinsic plexus around the walls of blood vessels but less
frequently in relation to BD radicles in PTs in their rodent study. They also showed in their human
study a rich neural supply of PTs, mainly around HA and PV branches with less in relation to
intralobular BDs[14]. Our study also indicated that NF-HA contacts occur more frequently than NF-BD
contacts in the early period of PT development. In adult peripheral tissues, nerves often run along larger
blood vessels, reflecting their need for oxygen and nutrients, as well as their physiological control of
vasoconstriction and dilation[35]. Similarly, NFs in PTs also regulate hemodynamics in the liver[26].
Arterial vessels are reported to secrete neurotrophic factors such as NGF, neurotrophin 3 (NTF3), and
brain-derived neurotrophic factor in some organs[5,36]. A study by Mukouyama et al[37] suggested that
VEGEF secretion from peripheral nerves provides a template that determines the organotypic pattern of
blood vessel branching and arterial differentiation in the skin. Brunet et al[38] indicated that the
sympathetic innervation of arteries was facilitated by secretion of the axon guidance molecule netrin-1
by arterial vascular smooth muscle cells in the mesentery. As already mentioned, several key molecules
which guide NFs and HA development have already been determined in the BECs[15,17]. On the other
hand, the molecules that co-regulate NF and HA development still have not been found. However, the
present study showed NF-HA contacts found in an earlier phase than NF-BD contacts and our previous
microarray data indicated elevation of Ntf3 and Netrinl RNA level around birth (Supplemen-
tary Figure 1). These results suggest that not only BECs but also HAs guide the NF development and the
NF-HA interaction strongly influences PT morphogenesis and liver development. Small blood vessels
such as capillaries are thought to be stabilized by covering endothelial cells with pericytes[4].
Considering that the BD formation was followed by the development of a neural network, NF may also
play a role in stabilizing PT structure by contacting intralobular vessels and BDs within the PT.

Finally, hepatic autonomic nerves are thought to play a role in the liver regeneration. Denervation of
the liver NF by vagotomy, operations, or transplantation causes no significant problems in liver
functions. This indicates that the autonomous nervous system is not very important regarding lifestyle
and life expectancy. However, Hamada ef al[39] reported that total hepatic denervation enhanced liver
regeneration after a partial hepatectomy. On the contrary, Ikeda et al[40] reported that the parasym-
pathetic system (vagus nerve) contributed to liver regeneration after hepatectomy by stimulating
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interleukin-6 release from Kupffer cells followed by signal transducer and activator of transcription 3
activation in hepatocytes using mouse experiments. Izumi et al[41] also showed that a vagus-
macrophage-hepatocyte link regulates acute liver regeneration after liver injury in mice. Histologically,
the DP is directory innervated in a report of Terada. The neural cell adhesion molecule, chromogranin,
and synaptophysin are among the markers of hepatic stem/precursor cells (HSPCs). In that study, DP
cells were labeled by these molecules, indicating that the DPs contained many HSPCs; therefore, the
development of HSPCs might be controlled by NF in the fetus life[22]. Zanchi et al[42] reported the
possibility of a widespread interface between nerves and the smallest branches of the proximal biliary
tree in human. HSPCs are also thought to be located in the canal of Hering, which is included in the
proximal biliary tree in human adult liver. These results suggest that hepatic autonomic nerves impact
the development of the liver.

CONCLUSION

In conclusion, hepatic NFs first emerge at the center just before birth and extend toward the periphery
with the IHBDs mainly after birth in mice. Our work and previous reports provide the possibility that
the nerve network in the liver plays an important role not only in liver function but also in liver
morphogenesis and stabilization of PT structures by interaction between NFs, BDs, and HAs.
Furthermore, NFs in the liver may regulate liver progenitor cells. Therefore, nerve progenitor cells may
be an additional cell source, along with hepatic, endothelial, and mesenchymal progenitor cells, when
liver organoids are constructed.

ARTICLE HIGHLIGHTS

Research background
The hepatic nervous system plays important roles in organisms. However, the role of the hepatic
nervous system in liver development remains unclear.

Research motivation

We previously created functional human micro-hepatic tissue in mice by co-culturing human hepatic
endodermal cells with endothelial and mesenchymal cells. However, they lacked Glisson’s sheath [the
portal tract (PT)]. The PT consists of branches of the hepatic artery (HA), portal vein, and intrahepatic
bile duct (IHBD), collectively called the portal triad, together with autonomic nerves. In-depth studies of
both the differentiation and morphogenesis of the liver are prerequisites for in vitro and in vivo reconsti-
tution of hepatic tissue for regenerative medicine.

Research objectives
This study describes morphological and immunohistochemical analyses, mainly focusing on the
development of mouse intrahepatic nerve networks.

Research methods

Liver samples from C57BL/6] mice were harvested at different developmental time periods, from
embryonic day (E) 10.5 to postnatal day (P) 56. Thin sections of the surface cut through the hepatic hilus
were examined using protein gene product 9.5 (PGP9.5) and cytokeratin 19 (CK19) antibodies, markers
of nerve fibers (NFs), and biliary epithelial cells. The numbers of NFs and IHBDs were separately
counted in a PT around the hepatic hilus (center) and the peripheral area (periphery) of the liver,
comparing the average values between the center and the periphery at each developmental stage. NF-
IHBD and NF-HA contacts in a PT were also counted, and their relationship was quantified.

Research results

Primitive IHBDs at the center partly acquired CK19 positivity at E16.5. PGP9.5-positive bodies were first
observed at this time point, and HAs were first detected at PO in the periportal tissue of the center.
Therefore, primitive PT structures were first constructed at PO in the center. Along with remodeling of
the periportal tissue, the number of CK19-positive IHBDs and PGP9.5-positive NFs gradually increased,
and PTs also formed in the periphery until P5. The numbers of NFs and IHBDs were significantly higher
in the center than in the periphery from E16.5 to P5. The numbers of NFs and IHBDs reached the adult
level at P28, with fewer differences between the center and periphery. NFs were more frequently
associated with HAs than IHBDs in PTs at the early phase after birth, after which the number of NF-
IHBD contacts gradually increased.
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Research conclusions

Mouse hepatic NFs first emerge at the center just before birth and extend toward the periphery. The
interaction between NFs and IHBDs or HAs plays important roles in the morphogenesis and stabil-
ization of the PT structure by interaction between NFs, BDs, and HAs.

Research perspectives
Nerve progenitor cells may be an additional cell source, along with hepatic, endothelial, and
mesenchymal progenitor cells, when liver organoids are constructed.
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