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Abstract The aim of the study was to investigate nerve
fibers (NF) in human fetal livers. An immunohistochemi-
cal study was performed. NF were classified into portal
tract innervation (Pol) and parenchymal innervation (Pal).
The hilum area showed many Pol NF at 7 GW, and NF
increased with gestational week (GW). Direct innerva-
tions to biliary epithelium were recognized. In large por-
tal tracts, a few NCAM-positive mesenchymal cells were
seen at 8 GW and many mesenchymal cells were noted
around 12 GW. Apparent NF emerged around 15 GW,
and NF increased with GW. Many NF plexuses were seen
in 30-40 GW. In small portal tracts, no NF were seen in
7-10 GW. A few NCAM-positive mesenchymal cells
emerged in 11 GW, and they increased thereafter. Apparent
NF were seen around 20 GW and NF increased with GW.
At term (40 GW), Pol NF were still immature. Ductal plate
(DP) was positive for NCAM, NSE, chromogranin and syn-
aptophysin, and direct innervations to DP were seen. The
direct innervations to developing bile ducts and peribiliary
glands were also seen. Pal NF were first seen at 21 GW and
was consistent until 40 GW in which a few NF were seen
in Pal. These observations suggest that Pol NF arise from
committed portal mesenchyme. Pal NF are very immature
at 40 GW. There are direct innervations to bile ducts, peri-
biliary glands, portal veins, hepatic arteries, and DP.

Keywords Liver - Human - Fetus - Nerve fiber -
Innervation - NCAM - NSE - Immunohistochemistry

T. Terada (<))

Department of Pathology, Shizuoka City Shimizu Hospital,
Miyakami 1231, Shimizu-Ku, Shizuoka 424-8636, Japan
e-mail: piyo0111jp@yahoo.co.jp

Introduction

The mammalian liver is innervated by sympathetic and
parasympathetic nerve systems (El-Salhy et al. 1983;
Miyazawa et al. 1988; Goehler et al. 1988; Burt et al.
1989; Feher et al. 1991, 1992; Goehler and Sternini 1991;
Lee et al. 1992; Lin et al. 1995; Jungermann and Stumpel
1999; McCuskey 2004; Berthoud 2004; Oben and Diehl
2004; Piischel 2004; Roskams et al. 2004; Akiyoshi 1989;
Scoazec et al. 1993; Nakatani et al. 1996; Ueno et al.
1991, 2004; Cassiman et al. 2001, 2002, 2007; Oben et
al. 2003, 2004; Ueno and Tanikawa 1996; Bioulac-Sage
et al. 1990; Ding et al. 1997; Delalande et al. 2004; Tini-
akos et al. 2008). Both the autonomous nerve systems
have afferent and efferent nerve fibers (NF) (El-Salhy et
al. 1983; Miyazawa et al. 1988; Goehler et al. 1988; Burt
et al. 1989; Feher et al. 1991, 1992; Goehler and Sternini
1991; Lee et al. 1992; Lin et al. 1995; Jungermann and
Stumpel 1999; McCuskey 2004; Berthoud 2004; Oben and
Diehl 2004; Piischel 2004; Roskams et al. 2004; Akiyoshi
1989; Scoazec et al. 1993; Nakatani et al. 1996; Ueno et
al. 1991, 2004; Cassiman et al. 2001, 2002, 2007; Oben et
al. 2003, 2004; Ueno and Tanikawa 1996; Bioulac-Sage
et al. 1990; Ding et al. 1997; Delalande et al. 2004; Tini-
akos et al. 2008). The NF within liver may be myelinated
or non-myelinated. The NF are classified by neurotransmit-
ters into aminergic, cholinergic, peptidergic, and nitrergic
NF. Some NF are sensory, while others act as motor NF
influencing blood flow. The innervation of the mammalian
liver is largely classified as portal tract innervation (Pol)
and parenchymal innervation (Pal). The Pol is composed
of NF located within the portal tracts. The Pol NF are par-
ticularly dense around the portal veins and bile ducts, sug-
gesting Pol NF play a role of portal blood flow and biliary
functions. There are no significant differences in Pol NF
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among species. In contrast, the Pal is composed of NF pre-
sent in the hepatic parenchyma. The Pal NF are associated
with innervation of hepatocytes, sinusoidal endothelium,
hepatic veins, and probably stellate cells. There are signifi-
cant differences in Pal NF among species. For example, no
Pal was seen in rat and mouse, but well-developed Pal was
present in guinea pig and human. Both Pal and Pol have
an important role of fat and carbohydrate metabolisms,
vascular dilations and contraction, control of portal venous
blood flow, and control of biliary tree functions (El-Salhy
et al. 1983; Miyazawa et al. 1988; Goehler et al. 1988).
Resent evidence suggests that hepatic stem/progenitor
cells (HSPC) (Cassiman et al. 2001, 2002, 2007; Oben et
al. 2003) and hepatic stellate cells (HSC) (also called fat-
storing cells or Ito cells) (Oben et al. 2004; Ueno and Tani-
kawa 1996; Ueno et al. 2004; Bioulac-Sage et al. 1990) are
directly innervated. Now, it is thought that a significant per-
centage of hepatocellular carcinoma and intrahepatic chol-
angiocarcinoma are derived from HSPC, namely stem cell
cancers. HSPC also play an important role as a source pro-
viding cholangiocytes and hepatocytes under various hepa-
tobiliary disorders. The innervation of HSPC implies that
HSPC are controlled by autonomic nervous system (ANS)
(Cassiman et al. 2001, 2002, 2007; Oben et al. 2003). Cas-
siman et al. (2002) showed that vagal nerve stimulates acti-
vation of the HSPC via muscarinic acethylcholine receptor
type 3. HSC also play an important role in control of sinu-
soidal blood flow, producing collages, and fat and vitamin
deposition. The innervation of hepatic stellate cells implies
that sinusoidal blood flow, liver fibrosis, and fat deposi-
tion were controlled by ANS. Oben et al. (2004) demon-
strated that sympathetic neurotransmitters activate HSC
and convert then into myofibroblasts producing collagens.
The degree of Pal and Pol, in particular Pal, is different
from a species to another (El-Salhy et al. 1983; Miyazawa
et al. 1988; Goehler et al. 1988; Burt et al. 1989; Feher et
al. 1991, 1992; Goehler and Sternini 1991; Lee et al. 1992;
Lin et al. 1995; Jungermann and Stumpel 1999; McCuskey
2004; Berthoud 2004; Oben and Diehl 2004; Piischel 2004;
Roskams et al. 2004; Akiyoshi 1989; Scoazec et al. 1993;
Nakatani et al. 1996; Ueno et al. 1991, 2004 ; Cassiman
et al. 2001, 2002, 2007; Oben et al. 2003, 2004; Ueno and
Tanikawa 1996; Bioulac-Sage et al. 1990; Ding et al. 1997;
Delalande et al. 2004; Tiniakos et al. 2008). The NF are
associated with mast cells, and neurotransmitters released
from NF can induce liver fibrosis (Cassiman et al. 2001,
2002, 2007; Oben et al. 2004). It is also suggested that mast
cells themselves are associated with liver fibrosis. These
studies of liver innervation have been performed in animal
models, and the studies of humans are relatively scant. The
human adult livers have well-developed Pol and Pal. Inner-
vation of HSPC and HSC has been suggested to be present
in adult human livers. In human liver diseases, the Pal is
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decreased in chronic hepatitis and Pal disappears in cirrho-
sis (Lee et al. 1992; Ueno and Tanikawa 1996), while Pol is
not decreased but is conversely increased (Miyazawa et al.
1988; Ueno et al. 1991). However, the development of NF
in human fetal livers has rarely been reported.

Materials and methods

The author recently collected 32 human fetal livers. The
livers were abortions (spontaneous and artificial), intrauter-
ine fetal death, and autopsies. The gestational week (GW)
of the 32 fetal livers was as follows: 7, 8, 9 (n = 2), 10
n=3),110n=2),12n=3),13n=2),14n=2),15
(n=2),16 (n = 2), 17, 18, 19, 21, 23, 24, 26, 29, 30, 36,
38, and 40 GW. The sex was unclear. Informed consent was
obtained from each mother. The fetal liver specimens thus
obtained were immediately fixed in formalin and embedded
in paraffin. Many 3-pm-thin sections were cut, and they
were subjected to hematoxylin and eosin (HE) stain and
immunohistochemical analysis.

A preliminary immunohistochemical study was per-
formed to select the antibodies appropriate for identifying
NF. Five control fetal liver specimens were immunohisto-
chemically stained for a panel of antibodies for chromogra-
nin (clone DAK-A3, Dako Corp, Glostrup, Denmark), syn-
aptophysin (polyclonal, Dako), NSE (polyclonal, Dako),
NCAM (clone MOC-1), PgP9.5 (polyclonal, Dako), sero-
tonin (clone SHT-H209, Dako), S100 protein (polyclonal,
Dako), neuropeptide Y (clone 3B5, Abnova Corp), vasoac-
tive intestinal polypeptide (VIP) (polyclonal, IBL, Tokyo,
Japan), substance P (polyclonal, LBL, Tokyo, Japan), calci-
tonin gene-related peptide (polyclonal, ImmunoStar Corp),
myelin basic protein (polyclonal, Dako), neurofilament pro-
tein (clone 2F11, Dako), N-cadherin (clone 6G11, Dako),
gastric (polyclonal, Dako), glucagon (polyclonal, Dako),
somatostatin (polyclonal, Dako). As a result, immunostain-
ings of NCAM and NSE most clearly identified NF. There-
fore, the author used NCAM and NSE for the study in addi-
tion to chromogranin and synaptophysin, both of which are
the most sensitive and specific markers of neuroendocrine
features. NCAM (CD56) is intercellular adhesion molecule
and is normally found in neurons, astrocytes, Schwann
cells, myoblasts, and NK lymphocytes. NCAM is now rec-
ognized as a pan-neuroendocrine antigen, although, like
NSE, the specificity for neuroendocrine marker is relatively
weak, compared to chromogranin and synaptophysin. NSE
is preferentially found in neurons and neuroendocrine cells.
Thus, NSE is used as a pan-neuroendocrine marker. How-
ever, unfortunately NSE is also detected in several other cell
types of normal and neoplastic cells. Thus, the specificity of
NSE for pan-neuroendocrine marker is relatively low, com-
pared to chromogranin and synaptophysin. In other staining
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with more specific NF markers including PgP9.5, VIP, chro-
mogranin, synaptophysin, NF were not labeled occasionally
when HE staining clearly depicts NF, indicating such mark-
ers had less sensitivity than did NSE and NCAM. This may
be due to reduction in antigenicity during the prefixation in
human materials in these stainings. Therefore, the author
decided to investigate the materials by immunohistochemi-
cal procedures using NCAM and NSE.

An immunohistochemical study was performed with
the use of Dako Envision method (Dako Corp) as previ-
ously described (Terada and Nakanuma 1989; Terada et
al. 2002; Terada and Kawaguchi 2005). The antibodies
used were as follows: anti-NCAM (MOC-1, Dako Corp,
dilution = 1:200), anti-NSE (polyclonal, Dako Corp, dilu-
tion = 1:100), anti-chromogranin (clone DAK-A3, Dako
Corp, dilution = 1:100), and anti-synaptophysin (poly-
clonal, Dako Corp, dilution = 1:150). Microwave pretreat-
ment was performed by each immunohistochemical run.
In this study, the term “immature” implies that NF are still
underdeveloped in morphology, compared to NF of adult
and postnatal children livers, which was deduced by the
author’s experience (Terada and Nakanuma 1989) and
immunostains of 5 normal adult livers.

Results
The most useful antigen for highlighting NF was NCAM,

followed in order by NSE, synaptophysin, and chromogra-
nin. Although NCAM can label NK/T cells and HSC, the

distinction from NF was very easy. As mentioned earlier,
the stainings of chromogranin, synaptophysin, PgP9.5,
and VIP, etc. occasionally missed the NF apparent in HE
stainings.

Basically, NF were present in portal tracts = portal tract
innervation (Pol) and parenchyma = parenchymal inner-
vation (Pal). No innervation was seen in the hepatic veins
from 7 to 40 GW. The Pol was classified into hepatic hilum,
large portal tract, and small portal tract.

The hepatic hilum area already showed many POI NF in
7 GW (Fig. 1a). At the 7 GW, the Pol NF were evenly pre-
sent in the hilum portal tract, but NF were relatively dense
around the portal veins, bile duct, and hepatic arteries
(Fig. 1a). Direct innervations of NF to the portal veins, bile
ducts, and hepatic arteries were occasionally seen already
in 7 GW. At 16 GW, the hilum NF increased in number and
were numerous (Fig. 1b), and they tended to accumulate
around the hilum portal structures such as bile ducts, peri-
biliary glands (PG) (Terada and Nakanuma 1993b), portal
veins, hepatic arteries, and peribiliary capillary plexus
(PCP) (Terada and Nakanuma 1993a; Terada et al. 1989).
The NF increased in number with GW. At 20-30 GW, NF
became numerous and large NF appeared. These NF were
distributed evenly in the hilum portal area, but they are par-
ticularly dense around the hilum portal structures such as
bile duct, PB (Terada et al. 1987; Terada and Nakanuma
1987, 1988), portal veins, hepatic arteries, and PCP. At
40 GW, numerous and large, giant, bizarre NF emerged
(Fig. 1c) and various NF plexuses around the portal struc-
tures were seen. However, the NF status was still immature

Fig. 1 Ontogeny of nerve fibers (NF) in hilar area in human fetal liv-
ers. The hilar area already shows many NF in 7 GW (a). NF were
dense around the portal veins, bile duct, and hepatic arteries (a).
Direct innervations or direct touching of NF to the portal veins, bile
ducts, and hepatic arteries were occasionally seen already in 7 GW.
At 16 GW, the numerous NF are seen in the hilar area (b). At 40 GW,
numerous and large, giant, bizarre NF emerge (c¢). However, the NF

status was still immature and does not reach the adult level (c). At
30-40 GW, the NF formed the peribiliary NF plexus (d), periportal
vein NF plexus, perihepatic artery NF plexus (e), peri-peribiliary
glands NF plexus (f), and peri-peribiliary capillary plexus (PCP).
Immunostaining for NCAM: a x40. b x20. ¢ x20. d x80. e x40.
f x50
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Fig. 2 Ontogeny of nerve fibers (NF) of the large portal tract in
human fetal livers. In large portal tracts, only a few round NCAM-
positive NSE-positive NF-like round bodies are already seen at 7 GW
(a). These NCAM- and NSE-positive bodies are round and did not
resemble NF but were very similar to portal mesenchymal cells. They

and did not reach the adult level. At 3040 GW, NF formed
plexuses around the hilum portal structures. Thus, the NF
formed the peribiliary NF plexus (Fig. 1d), periportal vein
NF plexus, perihepatic artery NF plexus (Fig. le), PG NF
plexus (Fig. 1f), and peri-PCP plexus. Direct innervations
of NF to the portal structures were seen; the NF was in
direct continuity with the epithelial cells of bile ducts and
PG, smooth muscle cells of the media of the portal veins
and hepatic arteries, and capillary of PCP. Interestingly,
direct innervations to ductal plate (DP) were occasionally
seen in the hilum lesions at 7-15 GW.

In large portal tracts, only a few round NCAM-positive
NSE-positive NF-like round bodies were already seen at
7 GW (Fig. 2a). These NCAM- and NSE-positive bodies
were round and did not resemble NF but were very simi-
lar to portal mesenchymal cells. In fact, they were the
same except for NSE or NCAM positivity (Fig. 2b). At 8
or 9 GW, a small number of NCAM- and NSE-positive
NF-like round bodies were found in the large portal tracts.
Again, the NCAM- and NSE-positive round bodies did
not take a shape of NF but were almost identical to por-
tal mesenchymal cells except for positive neuron mark-
ers (Fig. 2d). At 11 GW, many NCAM- and NSE-positive
round bodies, large NF-like structures, and fibrilar NF were
noted. Apparent NF emerged around 13 GW (Fig. 2b), and
NF increased in number with GW. At 18 GW, much more
NF emerged, and the NF tended to be localized around the
structures such as bile ducts, PG, portal veins, hepatic arter-
ies, and PCP. Direct contact innervations of these structures
were frequently seen. At 24 GW, the NF were forming
immature peribiliary NF plexus (Fig. 2c), periportal vein
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increased with age (b), and at 24 GW, the NF were forming immature
peribiliary NF plexus (c), periportal vein NF plexus (d), perihepatic
artery NF plexus (e), and peri-PCP NF plexus (f). Immunostaining
for NCAM: a x100. b x200. ¢ x100. d x200. e x100. f x150

NF plexus (Fig. 2d), perihepatic artery NF plexus (Fig. 2e),
PG NF plexus (Fig. 2f), and peri-PCP NF plexus (Fig. 2g).
Interestingly, innervation of DP, and anlagen of cholangio-
cytes, was seen in 8—15 GW. At 26-38 GW, numerous NF
were seen, and there were immature NF plexus including
peribiliary NF plexus, periportal vein NF plexus, perihe-
patic artery NF plexus, periglandular NF plexus, and peri-
capillary NF plexus. The NF of these NF plexuses showed
direct innervations or direct attachments to the epithelial
cells of intrahepatic bile duct and intrahepatic PG and the
medial smooth muscle cells of portal veins and hepatic
arteries. No direct innervations to endothelial cells of por-
tal veins and hepatic arteries were seen. The NF of peri-
PCP did not show direct innervations to the endothelium of
the PCP vessels. At 40 GW, numerous NF were seen. The
plexus formations were well developed. However, the NF
and NF plexus were as yet immature and did not reach the
level of the NF of adult livers.

In small portal tracts, no NF were seen in 7-10 GW.
One or two NSE- and NCAM-positive round stromal cells
emerged in 11 and 12 GW, and they increased thereafter;
many NCAM- and NSE-positive NF-like round cells were
seen in 14 GW (Fig. 3a). Apparent NF were seen around
20 GW and the NF increased with GW. At 35 GW, many
NF were seen. Although at 40 GW NF were located in any
areas in the portal tracts, they were accentuated around the
developing structures of intrahepatic bile ducts (Fig. 3b),
portal veins (Fig. 3c), hepatic arteries (Fig. 3d), and PCP
(Fig. 3e). However, this accentuation was mild, and no
apparent NF plexuses were seen. The NF at 40 GW were
immature and did not reach the adult level. No PG were
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Fig. 3 Ontogeny of nerve fibers (NF) of the small portal tract
in human fetal livers. In small portal tracts, no NF were seen in
7-10 GW. A few NSE- and NCAM-positive round stromal cells
emerged in 11 and 12 GW (b), and they increased thereafter; many
NCAM- and NSE-positive NF-like round cells were seen in 14 GW
(a). Apparent NF were seen around 20 GW (d) and the NF increased
with GW. At 35 GW, many NF were seen (e). Although at 40 GW

seen in small portal tracts. Quite interestingly, direct
touching innervation to DP is frequently seen (Fig. 3f) at
10-18 GW.

Pal was first seen in 21 GW; only a few NF were seen
in the hepatoblasts (Fig. 4a). The degree Pal was consistent
until 40 GW (Fig. 4b). At 40 GW, a small amount of Pal NF
were seen in the periportal parenchyma. Pericentral or periv-
enular parenchyma and hepatic veins were free from NF.

Some cells of DP were positive for NCAM, NSE, chro-
mogranin, and synaptophysin (Fig. 5a—d). Interestingly,
portal tracts showed unidentified cells positive for the four

NF were located in any area in the portal tract (f), they were accentu-
ated around the developing structures of intrahepatic bile ducts (b),
portal veins (c), hepatic arteries (d), and peribiliary capillary plexus
(e). Interestingly, direct touching innervation (open arrows) to DP
(black arrows) is frequently seen (f) at 10-18 GW. Immunostaining
for NCAM: a—f x200

neuroendocrine antigens. These four neuroendocrine mol-
ecules were negative in remodeling DP, remodeled DP, and
immature bile ducts.

Discussion
The origin of NF of the human liver is not known. In
embryonic livers of rodents, CGRP-positive mesenchy-

mal cells are thought to the precursor of NF in portal
tract (Berthoud 2004; Delalande et al. 2004). The present
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Fig. 4 Parenchymal innervation of the human fetal liver. Nerve fibers (NF) first appear in the parenchyma at 21 gestational week (a). They are
persistent at the 40 gestational week (b). Immunostaining for NCAM: a, b x400

Fig. 5 Expression of neuroendocrine antigen in the ductal plate
(DP). Some cells of the DP were positive for NCAM (a), NSE (b),
chromogranin (c¢), and synaptophysin (d). Unidentified cells within

study showed that the hilum area was already Pol inner-
vated at 7 GW. At 40 GW, apparent large and bizarre NF
were noted. The NF in the hepatic hilum portal tract are
thought to be derived from ectodermal ANS. However, in
large and small portal tracts, NCAM-/NSE-positive round
bodies were first seen in portal mesenchyme. These bod-
ies increased in number with GW and transformed into NF.
The NCAM-/NSE-positive round bodies have no characters
of NF, but they were very similar to portal mesenchymal

@ Springer

portal mesenchyme were positive for NCAM (a) and synaptophysin
(e, arrows). a, b, ¢, d, e immunostains. All, x400

cells expert for NCAM/NSE reactivity. Although the origin
of the NCAM-/NSE-positive round bodies cannot be deter-
mined, the author thinks that they are derived from portal
mesenchyme. The presence of small portal tracts without
NF at early stages (7-10 GW) supports this suggestion. It
is unlikely that neuroectodermal ANS entered deep into the
small portal tracts from the hepatic hilum. If such entrance
of ectodermal ANS occurs, the authentic NF, not NCAM-
positive round bodies, should be seen. Thus, the NCAM-/
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NSE-positive round bodies are strongly suggested to have
arisen from portal mesenchymal stromal cells. Similar phe-
nomena are seen in the extra- and intrahepatic bile ducts.
The extrahepatic bile duct arises directly from embryonic
forgot as the hepatopancreatic bud, while intrahepatic bile
ducts are derived from the ductal plate which was thought
to original from hepatoblasts just adjacent to the portal
mesenchyme. The portal mesenchyme is marvelous tis-
sue and appears to have many functions, which are not yet
unraveled. For example, the portal mesenchyme induces
the neighboring hepatocytes to DP, which is a group of pro-
genitor cells of cholangiocytes. DP is interesting fetal liver
structures with potential multifunctional capacities. The
innervation of DF in the present study may show that NF
influence the DP development and differentiation.

The present study revealed that Pol NF increased with
GW. The increase in Pol NF seems to be not NF elongation
but NF proliferation. This point should be elucidated by, for
example, double staining of Ki-67 and NCAM. The authors
recent study revealed high proliferative activity (high Ki-67
labeling index) in the portal parenchyma (unpublished). If
NF proliferate in human fetal life, the mechanism of NF
proliferation should be performed. In general, it is com-
monly thought that NF, like muscles, do not proliferate.
However, the author demonstrated high number of NF in
various chronic hepatobiliary diseases, hepatolithiasis, and
intrahepatic cholangiocarcinoma stroma and demonstrated
high expression of nerve growth factor in hepatolithiasis
(Terada and Nakanuma 1989). These findings apparently
indicate that adult NF can proliferate. Taken together, the
NF in fetal and adult life seem to do proliferate. The mech-
anisms of NF proliferation during human liver ontogeny
should be elucidated.

The present study demonstrated that NF proliferate with
GW and produce NF plexus around the portal structures.
Peri-biliary NF plexus directly innervated the biliary epi-
thelial cells. This phenomenon was already observed in
adult normal livers and hepatolithiasis (Terada and Naka-
numa 1989). Thus, the innervations of the developing bile
ducts by the NF plexus may play a certain role in bile duct
functions such as contraction, bile secretion, absorption,
and mucins secretion. The present study demonstrated that
NF proliferate and form NF plexus around the portal veins
and hepatic arteries. The NF plexus innervated the mus-
cles of the media of the portal vein and hepatic arteries.
These innervations may control portal and arterial blood
flow by contraction and dilation of the innervated muscles.
The NF also formed plexus around intrahepatic peribiliary
glands, in which direct innervations of the glandular epithe-
lium were seen. Intrahepatic peribiliary glands have many
important roles such as mucin secretion, bile absorption,
local immune defense, endocrine features, serous secre-
tion, neuroendocrine features, and secretion of pancreatic

digestive enzymes. Thus, it is conceivable that the NF
plexus that innervate the intrahepatic peribiliary glands
controls these glandular functions. The present study also
showed that the proliferated NF formed a plexus around
PCP. PCP plays an important role in the blood supply to
the portal mesenchyme in infant or portal tracts in postnatal
period. It may also play an important role as bypasses of
portal blood flows. Thus, it seems that the proliferated peri-
PCP NF plexus controls these functions. In the small portal
tracts, there were no well-developed NF plexus, but prolif-
erated NF were accentuated around the bile ducts, portal
veins, hepatic arteries and PCP, and direct innervations to
these portal structures were frequently seen. Thus, the pro-
liferated NF may control bile duct functions and blood flow
of the portal veins, hepatic arteries, and PCP within small
portal tracts. The NF also influence the function of portal
mesenchyme in large and small portal tracts in addition to
the hilum portal tracts.

With regard to Pal innervation, the present study
showed Pal first appeared at 21 GW. The Pal of the pre-
sent human study persisted without changes until term
(40 GW). Unfortunately, the present study did not examine
Pal after birth. Tiniakos et al. first observed Pal at 40 GW
in human NF ontogeny. The difference may be due to dif-
ferent antibodies used or different techniques. The author
and others observed Pal in postnatal and adult human liv-
ers (El-Salhy et al. 1983; Miyazawa et al. 1988; Goehler et
al. 1988; Burt et al. 1989; Feher et al. 1991, 1992; Goehler
and Sternini 1991; Lee et al. 1992; Lin et al. 1995; Jun-
germann and Stumpel 1999; McCuskey 2004; Berthoud
2004; Oben and Diehl 2004; Piischel 2004; Roskams et al.
2004; Akiyoshi 1989; Scoazec et al. 1993; Nakatani et al.
1996; Ueno et al. 1991, 2004; Cassiman et al. 2001, 2002,
2007; Oben et al. 2003, 2004; Ueno and Tanikawa 1996;
Bioulac-Sage et al. 1990; Ding et al. 1997; Delalande et
al. 2004; Tiniakos et al. 2008). In my experience, Pal in
humans reached the adult level around 15 years of age.
In any way, the present study and the study of Taniakos
showed that Pal in the human fetal liver is still underdevel-
oped, and the Pal development of the human livers mainly
occurs at postnatal life.

It is interesting that the DP was directory innervated
in the present study. The DP is a single or double layered
structures with features of cholangiocytes (Terada and
Nakanuma 1994, 1995a, b; Terada et al. 1995, 1997, 1998).
DP has been thought to lead to intrahepatic bile ducts.
Recently, it has been suggested that HSPC and HSC are
innervated because these cells have receptors of neurotrans-
mitters and also because direct observation of the innerva-
tion was made (Cassiman et al. 2001, 2002, 2007; Oben et
al. 2003, 2004; Ueno and Tanikawa 1996; Ueno et al. 2004,
Bioulac-Sage et al. 1990). The HSPC are located in the
Herring ductile just adjacent to the hepatocytes in human
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adult livers. The direct innervations of the DP and intrahe-
patic bile ducts by NF in the large and small portal tracts in
human fetal livers seem novel and important findings. The
development of HSPC and HSC has not been investigated.
The present data and the author’s other data may indicate
that DP gives rise to HSPC and the HSPC are innervated
in the fetus life. It may be possible that the development of
HSPC is controlled by NF. The NCAM, chromogranin, and
synaptophysin are among the markers of HSPC. In the pre-
sent study, some cells of DP were labeled by these mole-
cules, indicating that the DP contains many HSPC and give
rise to HSPC. The direct innervation of ductal plate posi-
tive for HSPC antigens indicate that HSPC are innervated
and are under the controls of autonomous NF. Thus, the DP
innervation seems to be indirect evidence for the innerva-
tion of HSPC.

NCAM can detect HSPC and HSC (Nakatani et al.
1996). However, the immunohistochemical analysis of
NCAM in the present study showed only Pal NF and prob-
able NK lymphocytes. No apparent HSC were found by
NCAM immunostaining in the present study. The develop-
ment of HSC is unknown. Because HSC play an important
role in the sinusoidal blood flow, fat and vitamin deposi-
tion, and hepatic fibrosis fibrogenesis by transformation to
myofibroblasts, and others, its development should be elu-
cidated. The present study suggests that HSC development
was not seen in the fetal life but in postnatal life. However,
since DP showed NCAM and other stellate cell mark-
ers in the current study, it seems possible that DP may be
a candidate of source of HSC because human DP can dif-
ferentiate into hepatocytes. Thus, the present study showed
positive expression of markers of both HSPC and HSC in
the human DP, suggesting that the human DP may give
rise to HSPC and HSC. It is also possible that human DP
which contains HSC markers can differentiate into HSC.
DP was directly innervated in the present study. The HSC
innervations are well explained by these phenomena. In
any way, the present study suggests that the DP, NF, and
HSC are related association structures, as is the case with
DP, NF, and HSPC complexes. Much more studies of the
two important cells of HSPC and HSC in association with
NF are mandatory. It is plausible that HSC are derived from
portal mesenchyme, because the portal mesenchyme has a
capacity to differentiate into many cells types as shown in
the present study. The portal mesenchyme is a multipotent
tissue that merits much more studies.

It was interesting that DP showed cells immunoreactive
for NCAM, synaptophysin, and chromogranin. These data
show that human DP has neuroendocrine features and line-
age, and give rise to neuroendocrine cells in the postnatal
livers. In fact, fetal livers of late gestational area and adult
livers are known to contain endocrine cells (Terada et al.
1997). These antigens are known to be expressed in HSPC
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and HSC. The data suggest that HSPC arise from DP in
fetal period. It is also possible that HSC are derived at least
in part from the DP. Further studies of the development of
HSPC and HSC are mandatory.

Finally, the present study showed innervation of DP,
bile duct, peribiliary glands, portal veins, and hepatic
arteries in the human fetal life. Such NF may be directly
innervated by nerve endings to these structures. These
data suggest that NF play an important role by control-
ling blood flow of portal veins and hepatic arteries and bil-
iary duct functions in fetal livers in which NF was as yet
immature. The adult liver has fully developed NF, and the
NF systems play an important role in controlling the por-
tal and arterial blood flow, bile duct function, peribiliary
glands functions, HSC control, and hepatic stem cell con-
trol. However, although the autonomic nerve fibers in the
liver have important role, the importance appears low. For
example, denervation of the liver NF by vagotomy, opera-
tion, and transplantation cause no significant problems in
the liver functions. These indicate that the autonomous
nerve system is not so important with regard to lifestyles
and life expectancy.
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