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Abstract

Chronic liver diseases commonly result in liver fibrosis,
and eventually liver cirrhosis. In the last decade, a new
theory explaining liver fibrosis has been established.
Accordingly, the development of liver fibrosis due to chronic
liver diseases is thought to be mediated by inflammatory
cells. They release fibrogenic mediators such as transforming
growth factors (TGF)-beta, which are considered to be
responsible for the activation and transformation of fat-
storing cells. Recently, the involvement of mast cells and
peripheral and autonomic nervous system in the fibrogenesis
has been suggested. This study was aimed to establish the
presence and distribution of mast cells and nerve fibers in
the rat liver in the light of their implication in liver
inflammatory and fibrotic disorders. Mast cells and afferent
(sensory) fibers were detected immunohistochemically. An
immunofluorescent method was applied to demonstrate
tryptase and serotonin (SER) in the mast cells, while the
primary sensory neuronal processes were identified by using
antibodies against their marker calcitonin gene-related
peptide (CGRP) and the proinflammatory mediator substance
P (SP). The portal tracts and fibrous septa contained
numerous mast cells, which exhibited strong immuno-
reactivity to tryptase and SER. SER-positive nerve fibers
were also found. It is generally accepted that no nerve fibers
are present in the hepatic lobules, but the current
investigation clearly demonstrates availability of CGRP-, SP,
and SER-immunoreactive nerve fibers there.

Our results indicate that in the rat liver portal tracts and
hepatic lobules there are numerous mast cells, sensory and
autonomic nerve fibers, which may be involved in liver
injury by the inflammatory mediators they release.
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Rezumat

Hepatopatiile cronice conduc frecvent la fibroza,
eventual cirozd hepatica. In ultimul deceniu a fost elaborati
o noua teorie despre fibroza hepaticd. Conform acesteia,
dezvoltarea fibrozei este mediata de celulele inflamatorii. Ele
elibereazd mediatori fibrogenetici precum factorii de
transformare a cresterii-beta (TGF-beta), care sunt
considerati responsabili pentru activarea si transformarea
celulelor de Inmagazinare a grasimii (fat-storing cells). De
curand a fost sugeratd implicarea mastocitelor si a sistemului
nervos periferic si vegetativ in fibrogeneza. Acest studiu
are scopul de a stabili prezenta si distributia mastocitelor
fibrelor nervoase in ficatul de sobolan prin prisma implicarii
lor in inflamatia si fibroza hepatica. Mastocitele si fibrele
aferente (senzitive) au fost detectate prin imunohistochimie.
A fost aplicatd o metodd de imunofluorescenta care
detecteaza triptaza si serotonina (SER) din mastocite, in timp
ce procesele neuronale senzitive primare au fost identificate
prin anticorpi contra markerilor acestora: peptidul calcitonin
gene-related (CGRP) si mediatorul proinflamator substanta
P (SP). Canalele porte si septele fibroase au prezentat
numeroase mastocite, care prezentau o puternica
imunoreactivitate la triptazd si SER. Au fost gasite de
asemenea fibre nervoase SER-pozitive. Se accepta In general
ca nu exista fibre nervoase 1n lobulii hepatici, dar acest studiu
demonstreaza existenta fibrelor nervoase imunoreactive la
CGRP, SPsi SER.

Aceste rezultate indica faptul cd in ficatul de sobolan
ramurile porte si lobulii hepatici cuprind numeroase
mastocite, fibre nervoase senzitive i motorii, care pot fi
implicate in leziunile hepatice, prin eliberarea de mediatori
inflamatori.
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Introduction

Chronic hepatocellular damage commonly results in liver
fibrosis, and eventually liver cirrhosis. Over the past decade,
a new theory regarding liver fibrosis has been established.
Accordingly, the development of fibrosis due to chronic
liver diseases is thought to be mediated by inflammatory
cells. They release fibrogenic mediators such as the
transforming growth factor (TGF)-beta (1), which is
considered to be responsible for the activation and
transformation of fat-storing (Ito) cells. In addition, the
involvement of mast cells and liver innervation in the
fibrogenesis has been recently suggested.

Mast cells have an established role in a variety of patholo-
gical processes including immediate and delayed hyper-
sensitivity reactions, inflammatory and fibrotic conditions
of unknown etiology (2) and inflammatory bowel diseases
(3). They have the capacity to release significant amounts
of pro-inflammatory mediators, cytokines and growth factors
(4). Furthermore, increasing evidence suggests that the
secretory function of mast cells is regulated by the nervous
system (5). Substance P (SP) is a mediator of the non-
adrenergic non-cholinergic (NANC) part of the nervous
system and is mainly present in the peripheral sensory
nerves, particularly in small unmyelinated fibers. Besides
its function as a neuromediator, SP is a non-immunologic
secretagogue, which was reported to cause a degranulation
of mast cells (5). This neuropeptide, in addition to classic
adrenergic and cholinergic components, may play an
important role in the regulation of the blood flow. On the
other hand, mast cells, acting via histamine and nitric oxide,
are responsible for increasing the blood flow in animal
models, probably through the release of SP (6) and calcitonin
gene-related peptide (CGRP) (7), which is considered to be
a marker peptide for the primary sensory neurons.

Several studies on the distribution of nerve fibers in the
normal liver (8-12) and in experimental hepatic injury (13)
have been published. They suggest that both autonomic
and sensory innervation play a significant role in the
development of liver diseases (14). Patients with cirrhosis
are known to have sympathetic hyperactivity that is
manifested by increased nerve discharge rates, increased
catecholamine levels and parasympathetic dysfunction (15,
16). These changes have been implicated in causing a
hyperdynamic circulatory state and are frequently associated
with an increased metabolic rate (17).

It is generally accepted that no sensory fibers are present
in the hepatic lobules but in our previous studies we
demonstrated CGRP-immunorective (IR) innervation of the
hepatic lobules in the human liver (14, 18). SP and CGRP are
involved in the regulation not only of the hepatic
microcirculation, but in the control of the hepatocyte
functions (19, 20, 21). In addition, numerous studies have
demonstrated a close microanatomical association between
mast cells and nerves in some tissues (22, 23).

As mast cells and hepatic lobule innervation are relevant
to liver injury, this study aims to establish immunocyto-

chemically the presence and distribution of mast cells and
nerve fibers in the rat liver and to estimate their possible
role in liver inflammatory and fibrotic disorders.

Material and methods

Twelve adult Sprague-Dawley rats of either sex weighting
250-300 g and provided by authorized suppliers were used
in this study. The animals were deeply anesthetized with
Ketanest (50 mg/kg i.p.) and perfused through the ascending
aorta with 100 ml 1% heparine in cold 0.9% NaCl, followed
by 500 ml Zamboni’s fixative. Liver specimens were obtained
and postfixed in the same fixative for 6 hours at 4 °C, and
then immersed overnight at 4°C in 0.01 M Tris-buffer , pH
7.4, with 20% sucrose for cryoprotection. The specimens
were embedded in TissueTek OCT compound, frozen and
sectioned at 20 pm in a cryostat at -20°C. The sections were
separated into five series. After rinsing in 0.1 M phosphate
buffer saline (PBS), pH 7.4, each complete series of one-in-
five sections was processed for indirect immunofluorescent
technique of Coons (24). All processing was made on free-
floating sections, which were incubated in a 1:1 000 dilution
of polyclonal rabbit primary antibodies against SP or CGRP,
polyclonal rabbit anti-SER antibody (Incstar Corporation,
Stillwater MA, USA) in a dilution 1:5 000, or with polyclonal
mouse anti-mast cell tryptase (DAKO, Glostrup, Denmark)
in a dilution 1:50, at room temperature (RT) for 24 h.
Afterwards, the specimens were incubated in a solution with
goat anti-rabbit [gG conjugated to fluorescein isotiocyanate
(FITC) or Texas Red (both Amersham, Buckinghamshire,
UK), dilution 1:50 in PBS. Between the main steps, sections
were rinsed in cold PBS.

Co-localization of SP and tryptase was demonstrated
by the indirect immunoflourescence technique. After
rinsing in 0.1 M PBS, pH 7.4, the sections were incubated in
a solution containing polyclonal rabbit anti-SP and
polyclonal mouse anti-tryptase antibody (DAKO, Glosrup,
Denmark) in a dilution 1:1 000 and 1:100, respectively, at
RT for 24 h. The second step was incubation in a solution
with a goat anti-rabbit IgG conjugated to fluorescein
isotiocyanate (FITC) (Amersham, dilution 1:50 in PBS)
and biotinilated sheep anti-mouse Ig (1:100) for 3 h at RT.
As a third step streptavidin Texas Red (Amersham),
diluted 1:100 in 0.1 M PBS, pH 7.4 was applied. The
incubation was followed by rinsing in 0.1 M PBS, pH 8.6,
and the preparations were mounted and coverslipped with
glycerol, diluted 3:1 in 0.1 M PBS, pH 8.6. All specimens
were examined and photographed with a Leitz Laborlux S
microscope, equipped with a 100 W super high pressure
mercury lamp and appropriate filter sets for FITC and Texas
Red.

Negative controls included incubating some sections in
the absence of the primary antibody or replacement with a
non-immune normal serum using the same concentration,
as well as antigen-antibody preabsorption experiments with
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the native antigen (10 mg/ml) at 4°C for 48 h. In all cases, this
resulted in the total absence of staining.

Results

Ten randomly taken sections from each series of rat liver
parenchyma were investigated in order to determine the
presence and localization of neuronal fibers and mast cells.
In the normal livers, the intrahepatic structures (portal tracts
and liver lobule with hepatic cords, sinusoids and central
vein) were observed. The larger intrahepatic branches of
hepatic artery, portal vein and bile duct were also observed
in the connective tissue near the hilum of the liver lobule.
Neuronal fibers were demonstrated immunocytochemically
with dark field microscopy using antibodies against three
of their neurotransmitters — SP, CGRP and SER.
Immunoreactivity to SP and CGRP in neuronal fibers and
terminal-like arborizations was present abundantly in the
portal tracts. Many immunolabeled axonal varicosities were
observed in close contact with hepatic arteries and portal
veins. A striking accumulation of CGRP-positive neuronal
terminals was found in the portal vein where they crossed
the vessel’s wall and ended below the endothelial cells
(Fig.1). Some varicose neuronal branches could be followed
further inside hepatic lobules along sinusoids (Fig.1).
However, when compared with CGRP-IR neuronal processes,
SP-IR nerves had more widespread distribution in the lobules
near the sinusoidal cells (Fig.2). In cross sections of portal
tracts SP- and CGRP-IR fibers and terminal-like arborizations
were mainly found within the artery and bile duct walls. The
nerves were denser around the branches of the hepatic artery

Fig.1 Dark field microphotograph of a larger intrahepatic
branch of portal vein in the connective tissue near the hepatic
lobule. CGRP-IR fibers and terminal-like arborizations within
the vessel wall (arrow). Some labelled varicose neuronal branches
can be followed further into the hepatic lobule (arrowheads).
x 250.

as compared with those found around the portal vein
branches. Some of the fibers were present underneath the
endothelial layers of the interlobular vessels. Positivity for
SP and CGRP occurred more frequently than positivity for

SER. The number of SER-labeled neuronal fibers was smaller
in portal tracts and septa compared to the number of SP-
and CGRP-stained varicosities, and they were found in
extremely low numbers in perisinusoidal spaces (Fig.3). In
cross sections of the portal tract immunostaining with
tryptase (Fig.4) and SER (Figs.5, 6) demonstrated numerous
mast cells in close contact with bile duct and parenchymal
cells. When single incubation of hepatic specimens with
anti-SP antibody was applied, a significant number of
positive cells were observed in the portal tracts (Fig.7).
Double labeling of the sections with anti-tryptase (Fig.8a)
and anti-SP antibodies (Fig.8b) revealed that all of the SP-
containing cells are tryptase-positive, and thus they were
identified as mast cells. Mast cells containing both SP and
tryptase were found dispersed throughout the lobule and
did not have a specific location.

Fig.2 Photomicrograph of varicose SP-IR neuronal processes
(bright white) near sinusoids of normal liver. This location suggests
a close apposition to the Ito cells. When compared with CGRP-
IR neuronal processes, SP-IR nerves have more widespread
distribution in the lobules. x 250.

Fig.3 The number of serotonin (SER)- IR neuronal fibers is smaller
in portal tracts and septa, and extremely low in perisinusoidal
spaces (arrows). x 250.

Discussion

The present study shows that in the normal liver of the
rat SP-, CGRP-, and SER-IR nerves are not restricted to the
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Fig.4 Cross section of portal tract with numerous tryptase-positive
mast cells (arrows) in close contact with bile duct (BD) and
parenchymal cells. x 250.

T b A
Fig.5 Dark field photograph of SER-labelled mast cells (bright
white) in the portal tract. Many of them are in contact with
hepatocytes. x 250.

Fig.6 Microphotograph showing numerous SER-IR mast cells
(bright white) in the portal tract. x 400.

portal tracts, but part of them also run into the hepatic
lobules. Innervation of the liver plays a significant role in its
physiology (9, 25) and pathology (26). The exact function
of neuropeptide-containing fibers is not completely
elucidated yet, but it is clear that glucose and lipid
metabolisms are regulated by neuronal projections into the

Fig.7 Single labelling of SP-IR mast cells (bright white) in the
portal tract, in close contact with the interlobular vessels and
parenchymal cells. PV portal vein, BD bile duct, H hepatocyte.
x 250.

Fig.8 Double labelling of mast cells with tryptase (a) and SP (b).
Some of the mast cells are SP-positive (arrows). x 250.

liver parenchyma. This neuronal control could be exerted
directly upon parenchymal and non-parenchymal liver cells
by release and diffusion of neurotransmitters, or indirectly
as a result of alterations in the blood flow (27). This
suggestion is well illustrated by the present findings of
neuronal processes in the blood vessel walls. A direct
sensory innervation of the parenchymal and sinusoidal cells
in the rat liver is also clearly demonstrated. Our data support
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the hypothesis that neuronal fibers might affect inflamma-
tory and immunological processes in the sinusoids (28, 29).

CGRP and SP are present in the sensory-motor nerves
(30). A widespread distribution of CGRP- and SP-IR nerves
was observed in the normal rat liver and it was reported that
they might play some role in the control of intrahepatic blood
vessel tone (31). CGRP is capable of causing some relaxation
of'the rat hepatic artery (32). Availability of CGRP- and SP-
positive nerve terminals near the sinusoidal wall
demonstrated in our study suggests a close apposition to
the Ito cells and leads to the idea that in the liver tissue
peptidergic neuronal fibers affect Ito cells in their
transformation into the myofibroblastic phenotype. It is
known that SP stimulates the production of interleukin-1 in
activated macrophages (33), which is one of the stimulators
of Ito cell transformation (34). These transformed cells play
a central role in the regulation of portal hypertension by
enhanced contractility, leading to their bulging into
sinusoidal lumina (35, 36).

In the human liver, CGRP-positive neuronal fibers had
been found only in portal tracts, mainly in the fibromuscular
layer of the biliary tree, surrounding the portal vein, and in
the stromal interlobular compartment of the portal tracts.
According to many investigators, these fibers are not
present in hepatic parenchymal lobule (37). In the present
investigation, a close apposition of GCRP-immunoreactive
nerve processes to hepatocytes and sinusoidal cells in the
lobules is clearly demonstrated. Specific CGRP receptors
linked to cAMP accumulation have been evidenced in the
rat liver (38, 39) and it has been established that CGRP
inhibits insulin-stimulated glycogen synthesis in isolated
rat hepatocytes (40). Experiments in capsaicin-pretreated
rats and cultured Ito cells (41, 42) suggest that local release
of sensory neuropeptides such as SP and CGRP may be
involved in the genesis of liver fibrosis (43). In rats, CGRP
stimulates production of glycosaminoglycans by Ito cells
(41). On the other hand, SP stimulates collagen type I
production via NK-1 receptors but not that of glycosamino-
glycans (42). Therefore, these two neuropeptides, which
we found in neuronal processes innervating rat liver
parenchyma, probably act in a coordinated manner to
stimulate, via specific receptor-mediated mechanisms, the
production of the two main components of the extracellular
matrix. These data support the hypothesis that local release
of sensory neuropeptides may contribute to the development
of fibrotic tissue during cirrhosis (44).

Numerous mast cells can be detected in the connective
tissue of the portal tracts and only single ones were in close
contact with parenchymal cells. The mechanism by which
SP activates mast cells remains unclear. Evidence was
produced that mast cells release histamine in response to a
specific activation of neurokinin receptors (45, 46). On the
other hand, it was suggested that SP activated mast cells
throuth a nonreceptor mediated interaction (47), possibly
through an interaction with cell surface sialic acid residues
(48) or other NK1 and NK2 receptor-independent
mechanisms.

Although application of SP in pharmacologic doses
elicits histamine release from the mast cells, this has no
effect on the blood flow. These findings are more consistent
with SP playing a role as a cofactor rather than acting as a
key mediator that initiates mast cells degranulation and a
hyperemic response (47). SP and CGRP have been found to
have synergistic effects on mast cell exocytosis (49). In
addition, differential effects on mast cells and vascular tone
could account for the present findings. The increase in
histamine release via SP- and CGRP-IR neuronal fiber
stimulation, shows that mast cells, which are numerous in
the portal tracts, some of them being in close apposition to
the hepatic parenchyma, are capable of responding to
neuronal signals.

Recently, SP-containing human mast cells have been
demonstrated for the first time in the skin (50). The finding
that the amount of SP in mast cells in dermatitis is larger
than that in normal skin suggests that SP is synthesized
within mast cell granules as a newly generated mediator
under environmental stimulation, such as inflammation (50).
Using a double labelling for tryptase and SP in this study,
we for the first time demonstrate SP-containing mast cells in
the rat liver.

Serotonin (or 5-hydroxytriptamine (5-HT)) is a small
molecule of the indoleamine family, which has been identified
as a neurochemical messenger (51). It has a wide distribution
across animal species and is present in several tissues (52).
Physiological investigations performed in the cat have
shown that SER has some effects on nociception and
cardiovascular parameters mediated via 5-HT1a receptors
(53, 54). It is shown that SER may increase the discharge of
vagal afferent fibers from the stomach and proximal intestine
in ferrets (55), and stimulate vagal nodose ganglia activities
in rats (56). In the current study, we demonstrate numerous
SER-containing mast cells localized in the liver portal tracts
and in the vicinity of the hepatocytes. It is likely that SER
released from these mast cells and SER-IR neuronal fibers
may stimulate vagal and spinal afferent nerve endings
innervating lobules and thus activating hepatocytes. This
conclusion is in consent with the previously reported role
of SER in the upper gastrointestinal tract (57).

Taken together, all these facts suggest that activation of
sensory nerves in the liver might be involved in the
histamine, SP and SER release from mast cells. In view of the
significant role of SP and SER in the inflammation, this study
provides further evidence for the important role of mast
cells in the pathogenesis of inflammatory and fibrotic liver
diseases, and a new insight into the neuroimmune
interaction that is likely to occur during these processes.

The present data help to elucidate the role of
neuropeptides and mast cell-nerve interaction in the
inflammatory- and fibrotic-type response of the liver
triggered by different factors.

Although a lot of unresolved questions remain, we
may conclude that mast cells and innervation of the liver
may play an important role in the pathogenesis of circula-
tory and metabolic changes by stimulating sinusoidal
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vasoconstriction, Ito cell transformation and liver
fibrogenesis. Moreover, it may also influence the course of
the liver disease. A close relationship has been
demonstrated between some neuromediators like
catecholamines and survival, so plasma levels of
noradrenalin might serve as an independent prognostic
factor in cirrhosis (58, 59). Alterations in the density and
distribution of neural elements have been described in
different liver diseases including cirrhosis (60). A better
understanding of the role of mast cells, liver innervation
and their alterations under pathological conditions might
contribute to the development of specific pharmacological
agents for the treatment of chronic liver disease.

Acknowledgements

The author would like to thank Prof. Dr. C. Pilgrim
from Department of Anatomy and Cell Biology, University
of Ulm, Germany, for the kind gift of the anti-tryptase
antibody.

References

1. Zheng M, Ruan Y, Wu Z. Correlation study of TGF beta
expression in diethylnitrosamine-induced rat liver cancer and
mast cells in its vicinity. Zhonghua Zhong Liu Za Zhi 2000;
22: 463-465.

2. Gruber BL. Mast cells in scleroderma. Clin Dermatol 1994; 12:
397-406.

3. Dvorak AM, McLeod RS, Onderdonk A et al. Ultrastructural
evidence for piecemeal and anaphylactic degranulation of
human gut mucosal mast cells in vivo. Int Arch Allergy Immunol
1992; 91: 74-83.

4. Qu Z, Liebler JM, Powers MR et al. Mast cells are a major
source of basic fibroblast growth factor in chronic inflammation
and cutaneous hemangioma. Am J Pathol 1995 147: 564-
573.

5. Hua XY, Back SM, Tam EK. Substance P enhances electrical
field stimulation-induced mast cell degranulation in rat traches.
Am J Physiol 1996; 270: L985-L991.

6. Sandler AD, Schmidt C, Richardson K et al. Regulation of dista
esophageal blood flow: The roles of nitric oxide and substance
P. Surgery 1993; 114: 285-294.

7. McKie LD, Dunkin BJ, Pennannen MF et al. Esophageal
mucosal blood flow: A central role for calcitonin gene-related
peptide. Surgery 1994; 16: 409-418.

8. Friedman MI. Hepatic nerve function. In: The liver: biology
and pathobiology. Arias IM , Jakoby WB, Popper BJ, Schachter
D, Schafritz DA (Eds). 2nd Ed. New York: Raven Press; 1988.
pp. 949-959.

9. Bioulac-Sage P, Lafon ME, Saric J, et al. Nerves and peri-
sinusoidal cells in human liver. J Hepatol 1990; 10: 105-
112.

10. Ueno T, Inuzuka S, Torimura T et al. Distribution of substance
P and vasoactive intestinal peptide in human liver: Light and
electron immunoperoxidase methods of observation. Am J
Gastroenterol 1991; 86: 1633-1637.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Ding W-G, Fuijmura M, Mori A et al. Light and electron
microscopy of neuropeptide Y-containing nerves in human
liver, gall bladder, and pancreas. Gastroenterology 1991; 101:
1054-1059

Feher E. Peptidergic innervation of the liver. In: Liver and
nervous system. Héaussinger D, Jungermann K (Eds). Dordrecht:
Kluwer; 1998. pp. 39-51.

Iwai M, Saheki S, Ohta Y et al. Footshock stress accelerates
carbon-tetrachloride liver injury in rats: Implication of the
sympathetic nervous system. Biomed Res 1986; 7: 145-
154.

Stoyanova I, Gulubova M. Immunocytochemical study on the
liver innervation in patients with cirrhosis. Acta histochem
2000; 102: 391-402.

Braillon A, Cales P, Valla D et al. Influence of the degree of
liver failure on systemic and splanchnic haemodinamics and
on response to propranolol in patients with cirrhosis. Gut 1986;
37: 1204-1209.

Braillon A, Gaudin C, Pool JL et al. Plasma catecholamine
concentrations are reliable index of sympathetic vascular
tone in patients with cirrhosis. Hepatology 1992; 36: 231-
237.

Jaskiewicz K, Voigt MD, Robson SC. Distribution of hepatic
nerve fibres in liver diseases. Digestion1994; 55: 247-252.
Stoyanova I, Gulubova M. Peptidergic nerve fibers in the human
liver. Acta histochem 1998; 100: 245-256.

Sasaki Y, Kamada T, Hayashi N et al. Vasoactive polypeptide in
hepatic vasculature of the rat. Hepatology 1984; 4: 1184-
1189.

Taborsky GJ, Beltramini LM, Brown M et al. Canine liver
releases neuropeptide Y during sympathetic nerve stimulation.
Am J Physiol 1994; 266: E804-E812.

Tanikawa K. Hepatic sinusoidal cells and sinusoidal circulation.
J Gastroenterol Hepatol 1995; 10 (Suppl.1): S8-S11.

Arizono N, Matsuda S, Hattori T et al. Anatomical variation in
mast cell nerve association in the rat small intestine, heart,
lung, and skin. Similarities of distances between neural processes
and mast cells, eosinophils, or plasma cells in the jejunal lamina
propria. Lab Invest 1990; 62: 626-634.

Cross LJM, Heaney LG, Ennis M. Further characteristics of
substance P induced histamine release from human broncho-
alveolage lavage mast cells. Inflamm Res 1996; 45: S11-S12.
Coons AH. Fluorescent abtibody method. In: General Cyto-
chemical Methods. Danieli JF (editor). New York: Academic
Press; 1958. pp. 399-422.

Miyazawa Y, Fukuda Y, Imoto M et al. Immunohistochemical
studies on the distribution of nerve fibers in chronic liver
diseases. Am J Gastroenterol 1988; 83: 1108-1114.
Henriksen JH, Moller S, Ring-Larsen H et al. The sympathetic
nervous system in liver disease. J Hepatol 1998; 29: 328-
341.

Gilula NB, Herzberg EL (1982) Communication and gap
junctions. In: The liver: biology and pathobiology. Arias IW,
Popper H, Schachter D, Shafritz DA (Eds). New York: Raven
Press; 1982. pp. 615-623.

Theodorou V, Fioramonti J, Bueno L. Integrative neuro-
immunology of the digestive tract. Vet Res 1996; 27: 427-
442

Berthoud HR, Neuhuber WL. Peripheral and central functional
neuroanatomy of sensory and motor innervation of the portal-
hepatic axis and biliary system. In: Liver and nervous system.



Mast cells, hepatic lobule innervation and liver injury

209

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Haussinger D, Jungermann K (Eds). Dordrecht: Kluwer; 1998.
pp. 17-33.

Burnstock G. Integration of factors controlling vascular tone.
Anesthesiology 1993; 79: 1368-1380.

Ashraf S, Loizidou M, Crowe R et al. Blood vessels in liver
metastases from both sarcoma and carcinoma lack perivascular
innervation and smooth muscle cells. Clin Exp Metastasis
1997; 15: 484-498.

Zugmunt PM, Ryman I, Hogestatt ED. Regional differences in
endothelium dependent relaxation in the rat: contribution of
NO and NO-independent mechanisms. Acta Physiol Scand 1995;
155: 257-266.

Laurenzi MA, Persson MAA, Dalgaard CJ et al. The neuropeptide
substance P stimulates production of interleukine-1 in
human blood monocytes: activated cells are preferentially
influenced by the neuropeptide. Scand J Immunol 1990; 31:
529-533.

Gressner AM (1995) Cytokines and cellular crosstalk involved
in the activation of fat-storing cells. J Hepatol 22 (Suppl.2):
28-36

Kawada N, Tran Thi TA, Klein H et al. The contraction of
hepatic stellate (Ito) cells stimulated with vasoactive substances.
Possible involvement of endothelin 1 and nitric oxide in the
regulation of the sinusoidal tonus. Eur J Biochem 1993; 213:
815-823.

Zimmermann H, Fellay M, Zimmermann A. Hepatic stellate
cells (Ito cells) but not collagen IV may partly be responsible
for lower portal pressure after reversing secondary biliary
cirrhosis in the rat. J] Hepatol 1997; 26: 158-166.

Akiyoshi H, Gonda T, Terada T. A comparative histochemical
and immunohistochemical study of aminergic, cholinergic and
peptidergic innervation in rat, hamster, guinea pig, dog and
human livers. Liver 1998; 18:352-359.

Yamaguchi A, Chiba T, Okimura Y et al. Receptors for CGRP
on the rat liver plasma membranes. Biochem Biophys Res
Commun 1988; 152: 383-391.

Chantry A, Leighton B, Day AJ. Cross-reactivity of amylin
with CGRP binding sites in rat liver and skeletal muscle
membranes. Biochem J 1991; 277: 139-143.

Gomez-Foix AM, Rodriguez-Gil JE, Guinovart JJ. Anti-insulin
effects of amylin and CGRP on hepatic glycogen metabolism.
Biochem J 1991; 276: 607-610.

Casini A, Galli G, Salzano R et al. CGRP increases the production
of glycosaminoglicans but not of collagen type I and III in
cultures of rat fat storing cells. Life Sci 1991; 49: PL163-
PL168.

Casini A, Galli G, Maggi CA et al. Effect of NK-1, NK-2, NK-
3 agonists and CGRP on collagen and glycosaminoglycan
production by cultured livet fat storing cells. Gastroenterology
1992; 102: A789.

Casini A, Lippe ITh, Evangelista S et al. Effect of sensory
denervation with capsaicin on liver fibrosis induced by
common bile duct ligation in rat. J Hepatol 1990; 11: 302-
312.

Maggi CA. Tachykinins and calcitonin gene-related peptide
(CGRP) as co-transmitters released from peripheral endings of
sensory nerves. Prog Neurobiol 1995; 45: 1-98.

Krumins SA, Broomfield CA. Evidence of NK1 and NK2

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

tachykinin receptors and their involvement in histamine
release in a murin mast cell line. Neuropeptides 1992; 21: 65-
72.

Lilly CM, Hall AE, Rodger IW et al. Substance P-induced
histamine release in tracheally perfused guinea pig lungs. J Appl
Physiol 1995; 78: 1234-1241.

Feldman MJ, Morris GP, Paterson WG. Role of ubstance P and
calcitonin gene-related peptide in acid-induced augmentation
of opossum esophageal blood flow. Dig Dis Sci 2001; 46: 1194-
1199.

Cocchiara R, Bongiovanni A, Albeggiani G et al. Inhibitory
effect of neuraminidase on SP-induced histamine release and
TNF-alpha mRNA in rat mast cells: evidence of a receptor-
independent mechanism. J Neuroimmunol 1997; 75: 9-
18.

Reymer-Rebuffel AM, Mathiau P, Callebert J et al. Substance P,
calcitonin gene-related peptide, and capsaicin release serotonin
from cerebrovascular mast cells. Am J Physiol 1994; 267:
1421-1429.

Toyoda M, Makino T, Kagoura M et al. Immunolocalization of
substance P in human skin mast cells. Arch Dermatol Res 2000;
292: 418-421.

Bloom FE. Neurotransmitters: past, present and future directions.
FASEB J 1988; 2: 32-41.

WWw.
polypeptides-angiotensin and kinins. In: The pharmacological
basis of therapeutics. Goodman LS, Gilman A (eds). New York:
MacMillan; 1967. pp. 644-664.

Vayssettes-Courchay C, Bouysset F, Verbeuren TJ et al. Role of

Douglas 5-Hydroxytryptamine and antagonist;

the lateral tegmental field in the cerebral sympatho-
inhibitory effect
tetralin in the cat. Eur J Pharmacol 1993; 236:
130.

Leger L, Charnay Y, Hof PR et al. Anatomical distribution of
serotonin-containing neurons and axons in the central

of 8-hydroxy-2-(di-n-propylamino)
121-

nervous system of the cat. J] Comp Neurol 2001; 433: 157-
182.

Blackshaw LA, Grundy D. Effects of 5-hydroxytryptamine on
discharge of vagal mucosal afferent fibers from the upper
gastrointestinal tract of the ferret. J] Auton Nerv Syst 1993;
45: 41-50.

Zhu JX, Owyang C, Li Y. Sensitivity of vagal mucosal afferents
to serotonin and its role in the mediation of non-CCK-
stimulated pancreatic secretion. Dig Dis Sci 1998; 43:
A30.

Li Y, Hao Y, Zhu J et al. Serotonin released from intestinal
enterochromaffin cells mediates luminal non-cholecystokinin-
stimulated pancreatic secretion in rats. Gastroenterology 2000;
118: 1197-1207.

Tage-Jensen U, Henriksen JH, Christensen E et al. Plasma
catecholamine level and portal venous pressure as guides in
patients with cirrhosis. J Hepatol 1988; 6: 350-380.

Gines A, Escorsell A, Gines P et al. Incidence, predictive
factors, and prognosis of the hepatorenal syndrome in cirrhosis
with ascites. Gastroenterology 1993; 105: 229-236.

Ueno T, Sata M, Sakata R et al. Hepatic stelate cells and
intralobular innervation in human liver cirrhosis. Human Pathol
1997; 28: 953-959.



