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

We have explored the innervation of the rainbow trout (O. mykiss) liver using immunohistochemical

procedures and light microscopy to detect in situ protein gene product 9±5 and neuronal nitric oxide

synthase immunoreactivities (PGP-IR and NOS-IR). The results showed PGP-IR nerve fibres running with

the extralobular biliary duct (EBD), hepatic artery (EHA) and portal vein (EPV) that form the hepatic

hilum, as well as following the spatial distribution of the intrahepatic blood vessel and biliary channels.

These nerve fibres appear as single varicose processes, thin bundles, or thick bundles depending on their

diameter and location in the wall of the blood vessel or biliary duct. No PGP-IR fibres were detected in the

liver parenchyma. NOS-IR nerve fibres were located only in the vessels and ducts that form the hepatic

hilum (EBD, EHA, EPV); in addition, NOS-IR nerve cell bodies were found isolated or forming

ganglionated plexuses in the peribiliary fibromuscular tissue of the EBD. No PGP-IR ganglionated plexuses

were detected in the EBD. The location of the general (PGP-IR) and nitrergic (nNOS-IR) intrinsic nerves of

the trout liver suggest a conserved evolutionary role of the nervous control of hepatic blood flow and

hepatobiliary activity.
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

The liver has sympathetic and parasympathetic in-

nervation. In mammals, both extrinsic and intrinsic

peripheral nerves have been extensively studied

(Friedman, 1988; Berthoud et al. 1992, 1995; Lin et

al. 1995). Although the extrinsic innervation of fish

liver was described long ago (Bertin, 1954), many

aspects of the distribution of intrinsic nerve fibres in

the liver of this vertebrate group remain to be

elucidated.

Protein gene product 9±5 (PGP 9±5) is a soluble

cytoplasmic protein that is used as a general marker of

central and peripheral nervous tissue as well as of

neuroendocrine cells (Thompson et al. 1983; Rode et

al. 1985; Gulbenkian et al. 1987). This protein has

been highly conserved throughout evolution, being

detected from trout liver to the human brain (Jackson
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et al. 1985). PGP 9±5 is located in the nerve fibres of

the liver of different mammalian species, and the

location of these fibres depends on the species (Lin

et al. 1995).

Currently, a promising field in research on auto-

nomic innervation is the study of nitrergic neuro-

effector transmission (Rand & Li, 1995), which

involves the location of the neuronal isoform of nitric

oxide synthase (nNOS), a constitutive enzyme which

catalyses the formation of nitric oxide (NO) and -

citrulline from -arginine (Bredt et al. 1990). Two

other isoforms of this enzyme have been detected in

several animal tissues, one constitutive endothelial

(eNOS) and another isoform that is inducible under

immunological stimuli (iNOS) (Moncada & Higgs,

1993; Griffith & Stuehr, 1995).

Previous studies have demonstrated the presence of

nitrergic structures in the enteric nervous systems of



the dog (Ward et al. 1992), guinea pig (Young et al.

1992; Furness et al. 1994) and rat (Belai et al. 1992,

1995). In addition nNOS immunoreactivity or

NADPH-diaphorase (NADPH-d) activity has also

been found in the enteric nervous systems of elas-

mobranch (Olsson & Karila, 1995), teleost (Li &

Furness, 1993; Olsson & Karila, 1995), amphibian (Li

et al. 1992; Murphy et al. 1994) and avian species (Li

et al. 1994). The neuronal elements in the gallbladder

are derived from the enteric nervous system (Mawe &

Gershon, 1989). Under this assumption, Siou et al.

(1994) demonstrated the presence of a rich NADPH-

d positive ganglionated plexus in the guinea pig

gallbladder. Recently, we demonstrated the presence

and distribution of nNOS in the rat and cat liver

(Esteban et al. 1997, 1998), where we suggested that

nitrergic fibres may be involved in the regulation of

hepatic blood flow, hepatobiliary activity and hepato-

cellular metabolic function. Furthermore, iNOS and

eNOS have been shown to be present in the liver

(Bandaletova et al. 1993; Geller et al., 1993). In

freshly isolated rat hepatocytes (Geller et al. 1993)

iNOS has been induced after stimulation with cyto-

kines and endotoxin (lipopolysaccharide ; LPS). In the

liver, as well as in other tissues, of rats treated with

Propionibacterium acnes and LPS, the presence of

iNOS was detected immunocytochemically in Kupffer

cells, endothelial cells and hepatocytes (Bandaletova

et al. 1993).

In an effort to ascertain the possible conserved

evolutionary distribution both of general and nitrergic

nerve fibres, the aim of this study is to demonstrate, at

the light microscopic level, the distribution of the

general PGP 9±5 immunoreactive (PGP-IR) trout liver

innervation, as well as the location of the nNOS

immunoreactive (nNOS-IR) nerve fibres pervading

the liver vascular supply and the hepatobiliary ducts

of this teleost fish.

  

Immunohistochemical studies were performed on 7

rainbow trout (450–500 g body weight). The specimens

were anaesthetised in water containing 0±3 ml}l

ethyleneglycol-monophenylether (Merck) and hepa-

rinised through the dorsal aorta (500 I.U., Rovi). The

abdominal and heart cavities were exposed, and a

blunt 20 gauge cannula (Abbot) was inserted into the

major tributary to the hepatic portal vein and tied

securely in place. The liver was cleared of blood by an

in situ perfusion with 3–4 ml of 0±01  carbogenated

phosphate buffered saline (PBS, pH 7±4), at room

temperature (R.T.) and at a flow rate of 5±2 ml}

min}kg body weight, using a peristaltic pump (Gilson

minipulse). Immediately after the flow began, a small

cut was made in the tail kidney to permit blood and

perfusate to escape from the portal venous system.

Fixation was carried out with a solution (20–50 ml)

containing 4% paraformaldehyde in 0±1  phosphate

buffer (PB, pH 7±4), at the same flow rate.

After perfusion, fixed livers were removed, cut into

4–5 mm blocks, submerged in additional primary

fixative, and fixed at R.T. for an additional 3 h. The

blocks of livers were then rinsed by immersion

overnight at 4 °C in 0±1  PB, containing 30%

sucrose. After this, the blocks were covered with

O.C.T. compound and frozen 2-methylbutane at

liquid nitrogen temperature. Serial sections (40 µm)

were prepared using a cryostat (2800 Frigocut E,

Reichert-Jung). Endogenous peroxidase was inhibited

on free-floating sections with 0±03% H
#
O

#
in PBS for

30 min, and afterwards the free-floating sections were

incubated overnight with PGP 9±5 (1:400; Ultraclone

Ltd, Isle of Wight, UK) or nNOS (1:2000; Springall

et al. 1992; Riveros-Moreno et al. 1993) antisera

diluted in PBS containing 0±2% Triton X-100 at 4 °C.

After several washes in PBS, the sections were

incubated with biotinylated goat antirabbit IgG

(Vector Laboratories Ltd) followed by peroxidase-

linked ABC. The peroxidase activity was demon-

strated following the nickel-enhanced diamino-

benzidine procedure (Shu et al. 1988). Sections were

then mounted on slides, counterstained with toluidine

blue, dehydrated in graded ascending ethanol series,

and covered using DPX.

Control procedures were carried out on some

sections. No immunolabelling was observed when the

primary antibody was either omitted or replaced with

an equivalent concentration either of preimmune

serum or normal rabbit serum. A similar result was

obtained when the sections were incubated overnight

at 4 °C, with preadsorbed primary antiserum either

with antigen extracted from rat brain or with

2 nmol}ml of full-size pure recombinant rat nNOS

(Riveros-Moreno et al. 1993). For confirmation of

antiserum specificity, an aliquot was preabsorbed with

2 nmol}ml of rat eNOS, which did not alter the

staining of neuronal structures.



PGP-9±5

Extralobular (hepatic hilum) innervation

In general, the extralobular biliary duct, hepatic

artery and portal vein (EBD, EHA, EPV) showed
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PGP-IR fibres (Fig. 1a, b). The EBD presented PGP-

IR in thick bundles of fibres distributed to the

fibromuscular and adventitial layers, forming a rich

plexus (Fig. 1c). In addition, single varicose processes

and thin bundles of fibres were seen at the base of the

peribiliary connective tissue, running in the lamina

propria and beneath the epithelium (Fig. 1d ). In the

EHA, PGP-IR was detected in single varicose nerve

fibres that emerged from thick bundles of nerve fibres

of the surrounding connective tissue; these varicose

fibres ran across the smooth muscular layer, reaching

the lamina propria under the endothelium (Fig. 1e, f ).

The EPV showed single varicose nerve fibres preferen-

tially in a transverse disposition along its wall (Fig.

1g, h) ; these fibres crossed through the adventitia and

muscular layers, reaching the zone under the en-

dothelium. In addition, thin bundles of PGP-IR nerve

fibres were detected in the arteriolar vasa vasorum

surrounding the EPV (Fig. 1h).

Intralobular innervation

Recently, a systematic spatial distribution of the

blood vessels and biliary channels was described in

trout liver (Rocha et al. 1995). Because we have

detected the intrinsic innervation associated with the

vascular supply and biliary ducts, we have used the

nomenclature of Rocha et al. (1995).

Venous-biliary-arteriolar tracts (VBAT ). These

tracts are associations of portal veins (PV), arterioles

(HA) and bile ductules (BD), the large tracts con-

necting to the hepatic hilum. Figure 2a shows a

VBAT with one type of each of the 3 components, in

which PGP-IR nerve fibres appeared not only as

single varicose elements, but also forming thick

bundles. The general disposition of the nerves in

VBAT was almost the same than in the corresponding

vessels or ducts of the hepatic hilum; in fact, the BD

showed single nerve fibres just beneath the epithelium,

although in the trout liver these ductules have no

basal lamina between the epithelium and the hepato-

cytes.

Venous-arteriolar tracts (VAT ), biliary-arteriolar

tracts (BAT ), and venous-biliary tracts (VBT ). In

addition to VBAT, the trout liver also has strict

associations between 2 of these structural components

(Fig. 2b). In the VAT, PGP-IR nerve fibres are

located mainly around the HA; in fact, in PV, only

single varicose nerves were detected (Fig. 2c, d ). BAT

associations showed bundles of immunoreactive fibres

in the connective tissue near the HA and the BD, and

single PGP-IR nerves running along the walls of both

structures (Fig. 2e) ; some thick bundles of nerves

were located in the adjacent connective tissue. VBT

had single PGP-IR nerve fibres in a longitudinal and

transverse disposition in the PV wall, the richer

innervation belonging to the BD (Fig. 2 f ).

Biliary tracts (BT ), arteriolar tracts (AT ) and venous

tracts (VT ). These tracts are formed by individual

structural components. BT are bile ductules, quite

numerous and with different diameters, all with a well-

defined epithelium; they show single PGP-IR nerve

fibres located along the epithelial layer and just under

it, as was described for the biliary duct of the BAT and

VBT elements. AT proved scarce, with only a few fine

single varicose immunoreactive fibres running along

the vessel wall (Fig. 2g). VT are branches of the portal

vein and, as for the BT, were numerous. The PGP-IR

found in these vessels had the same characteristics as

did the other branches of the portal veins described

above (Fig. 2g, h).

nNOS

We detected neuronal nitric oxide positive immuno-

reactive (nNOS-IR) nerve fibres only in the vessels

and ducts that form the hepatic hilum. Thick bundles

of nNOS-IR nerves were located in the fibromuscular

layer of the EBD and in the connective tissue that

surrounds the afferent blood vessels (EHA and EPV)

(Fig. 3a). The peribiliary fibromuscular layer showed

single varicose nerve fibres, these fibres also being

located in the adventitial level of the EHA and EPV,

close to the arterial wall (Fig. 3a). No immuno-

reactivity appeared in the intrahepatic branches of the

EBD, EHA or EPV described above as showing PGP-

IR (Fig. 3 f ).

In the EBD, the peribiliary fibromuscular tissue

contained single varicose branches of the nerve

bundles as well as nNOS-IR large and rounded cell

bodies that were found singly or forming ganglia (Fig.

3b–e). In addition, thick and thin immunoreactive

nerve bundles, as well as single varicose nNOS-IR

nerve fibres were observed in the neuronal plexuses

found in each of the 3 main layers of the EBD:

adventitia, muscularis and lamina propria (Fig. 3b–e).

nNOS-IR ganglia were compact structures con-

taining more than one neuron arranged in a mono-

layer with thick nNOS-IR fibre bundles (Fig. 3b, c).

These ganglia were located in the fibromuscularis

layer (Fig. 3b), or in the adventitial layer just outside

the muscularis (Fig. 3b, c), although we did not find

nNOS-IR ganglia in the plexus located at the lamina

propria level. The single nNOS-IR neurons were
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Fig. 1. Micrographs of PGP 9±5 immunoreactivity in sections of trout hepatic hilum counterstained with toluidine blue. (a, b) Extralobular

biliary duct (EBD), hepatic artery (EHA), and portal vein (EPV); arrowheads: fine single PGP-IR varicose processes at the EPV wall ;

arrows: thin bundles of PGP-IR fibres at the EPV and EHA wall ; asterisk: thin and thick bundles of PGP-IR fibres at the EBD adventitia

(A) and fibromuscular (F) layers ; H : hepatic parenchyma. (c) EBD section showing the rich plexus of fibre bundles distributed among

the adventitial (A) and fibromuscular (F) layers ; bold arrow: thick PGP-IR bundles of fibres ; small arrows: thin PGP-IR bundles of

fibres. (d ) EBD section showing the epithelium (E) and lamina propria (L) ; arrowheads: fine single PGP-IR varicose processes in the

lamina propria and beneath the epithelium; arrows: thin bundles of PGP-IR fibres in peribiliary connective tissue. (e) Section of the hepatic

hilum including the EHA and the EBD; arrowheads: fine single PGP-IR varicose processes at the EHA wall ; arrows: thick PGP-IR bundles

of fibres in the EBD connective tissue. ( f ) EHA branch section; arrowheads: PGP-IR varicose fibres forming a plexus around the EHA;

H : hepatic parenchyma. (g) EPV and EBD section; arrowheads: fine single PGP-IR varicose processes at the EPV wall ; asterisk: thin and

thick bundles of PGP-IV fibres at the EBD adventitial (A) and fibromuscular (F) layers. (h) Detail of the EPV near to the hepatic

parenchyma (H) ; arrowheads: fine single PGP-IR varicose processes at the EPV wall ; arrow: PGP-IR nerve fibres in the arteriolar vasa

vasorum (vv) of the EPV. Bar in (a) 130 µm, (b, c) 50 µm, (d, e, f, g) 30 µm, (h) 12 µm.

244 F. J. Esteban and others



Fig. 2. Micrographs of intralobular PGP 9±5 immunoreactivity in sections of trout liver counterstained with toluidine blue. (a) Venous-

biliary-arteriolar tract ; arrowheads: single PGP-IR nerve fibres ; arrow: thick bundle of PGP-IR nerves ; HA: hepatic artery ; BD: biliary

duct ; PV: portal vein; CV: central vein. (b, c, d, e, f ) Associations of 2 types of component. (c, d ) Venous-arteriolar tracts ; arrowheads:

single PGP-IR nerve fibres in the portal vein (PV) wall ; arrows: a rich plexus of PGP-IR nerves around the hepatic artery (HA). (e) biliary-

arteriolar tracts ; arrowheads: single varicose PGP-IR nerves ; arrows: thin bundles of immunoreactive nerve fibres ; bold arrow: thick bundle

of PGP-IR nerves. ( f ) venous-biliary tract ; arrowheads: single PGP-IR nerve fibres ; arrow: thin bundle of immunoreactive fibres. (g)

arteriolar tract (AT); arrowheads: fine single varicose PGP-IR fibres. (h) venous tract (VT); arrowheads: single PGP-IR fibres. Bars : (a,

b) 50 µm, (c, e, f, g, h) 30 µm, (d ) 12 µm.
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Fig. 3. Micrographs of nNOS immunoreactivity in sections of trout hepatic hilum counterstained with toluidine blue. (a) Extralobular

biliary duct (EBD), hepatic artery (EHA), and portal vein (EPV); arrowheads: fine single nNOS-IR varicose processes at the EPV and EHA

walls ; asterisks: thin and thick bundles of nNOS-IR fibres in the peribiliary and perivascular tissues ; EBD
B
: EBI branch; H : hepatic

parenchyma. (b, c, d ) EBD sections showing the epithelium (E), lamina propria (L), and}or fibromuscular (F) and adventitial (A)

layers ; arrowheads: fine single nNOS-IR varicose processes ; arrows: bundles of nNOS-IR fibres forming nitrergic ganglia ; small arrows:

immunoreactive rounded nerve-cell bodies ; asterisk: thin bundles of nNOS-IR nerves in the advential (A) or fibromuscular (F) layers.

(e) Individual nNOS-IR neurons in the EBD fibromuscular layer (F) ; arrowheads: fine single nNOS-IR varicose processes ; arrow: bundle

of nNOS-IR fibres ; small arrows: immunoreactive individual rounded nerve-cell bodies. ( f ) Nonlabelled intralobular vessels and ducts ; BD:

biliary duct ; HA: hepatic artery ; PV: portal vein; CV: central vein; H : hepatic parenchyma; open arrows: melanomacrophages. Toluidine

blue stained. Bars : (a, f ) 130 µm, (b, c, d, e) 30 µm.

detected in the fibromuscular layer close to nNOS-IR

ganglia (Fig. 3d ) or to other single immunoreactive

neurons (Fig. 3e).

 

In general, the autonomic hepatic nerves reach the

liver through the hepatic hilum, running along the

hepatic artery, the portal vein, and the biliary duct

(Shimazu, 1996). Our results indicate that the PGP-IR

nerve fibres of the trout liver run along the hepatic

artery, portal vein and biliary duct. In accord with the

nomenclature given by Rocha et al. (1995), PGP-IR

nerves were detected in the portal triad forming the

hepatic hilum, as well as in association with all the

spatially organised stromal elements described in the

trout liver : venous-biliary-arteriolar tracts (VBAT),

venous-arteriolar tracts (VAT), biliary-arteriolar

tracts (BAT), venous-biliary tracts (VBT), biliary

tracts (BT), arteriolar tracts (AT), and individual
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veins. These results suggest that the hepatic nerves are

involved in the regulation of hepatic blood flow and in

the regulation of hepatobiliary activity in this teleost

fish. Lin et al. (1995) have studied the presence of

PGP-IR nerve fibres in the liver of 8 different

mammals (mouse, rat, guinea pig, cat, dog, pig,

monkey and human), in which they observed immuno-

reactive bundles in the connective tissue of the

interlobular region in all these species, and in close

contact with the hepatic arteries, portal veins and

biliary ducts of the 8 mammals studied; no PGP 9.-IR

fibres were detected in the parenchyma nor in the

central vein of the mouse or rat liver, although these

authors observed intraparenchymal and centrolobular

immunoreactive nerves in the other species. Given

that we have detected neither intraparenchymal nor

central-vein-associated PGP-IR nerves in the trout

liver, and that the innervation observed is closely

associated with the afferent vessels and biliary

channels, as has been previously shown in the rat and

mouse livers, it seems that the general innervation

of the trout liver resembles that of the lower

mammals.

In the present work, we detected immunoreactive

nitrergic nerves (nNOS-IR) in the blood vessels and

biliary duct of the hepatic hilum, as well as nNOS-IR

ganglionated plexuses in the hepatic branch of the

biliary duct. On the other hand, we have not observed

nNOS-IR nerve fibres in the intralobular hepatic

arteries, portal veins or biliary ducts, nor in the

parenchyma or centrolobular veins. Few nNOS-IR

fibres were detected in relation to the overall number

of PGP-IR nerves. These results partly agree with

those recently obtained by us in the rat (Esteban et al.

1997), where we demonstrated the presence of

nitrergic fibres running along the hepatic artery,

portal vein and biliary duct of the hepatic hilum,

together with some nNOS-IR nerves located in the

wall of the hepatic arteries near the hepatic hilum;

however, we did not detect nNOS-IR neurons in the

nerve plexus of the biliary hepatic branch of the rat.

On the other hand, we detected nitrergic nerves in the

vessels and ducts of the hepatic hilum, in the

intralobular portal triads near the hilum, and some

scarce varicose intraparenchymal nNOS-IR fibres in

cat liver (Esteban et al. 1998) ; in addition, we have

detected nitrergic ganglionated plexuses in the liver of

this higher mammal. As can be seen, the nitrergic

neuroeffector transmission in the trout liver is related

to that of the lower mammals, compared to higher

ones, in the same way as the general liver innervation.

The most remarkable difference between the trout and

rat innervation is the presence of ganglionated plexuses

in the hepatic branch of the biliary duct of the trout.

This difference may exist because fish possess a

gallbladder, as do higher mammals, while the rat does

not. According to this, Goehler & Sternini (1996) did

not detect ganglionated plexuses in the hepatobiliary

tract of the rat, although the presence of intrinsic

neurons has been reported in the hepatobiliary duct of

the guinea pig (Goehler et al. 1988), a species having

a gallbladder.

We have not detected PGP-IR neurons in the

hepatic branch of the trout biliary duct, a fact of no

known significance. Siou et al. (1994) have found

NADPH-stained ganglionic neurons devoid of PGP

immunoreactivity in the gallbladder of the adult

guinea pig, although the functional implications

underlying this lack of immunoreactivity have not

been determined.

The results presented in this work suggest the

possibility that, as in mammals, the nitrergic nerves in

the trout liver may be involved in the control of the

afferent hepatic blood flow and in the autonomic

regulation of hepatobiliary functions. It is widely

accepted that nitrergic fibres contribute to the regu-

lation of peripheral vascular tone by mechanisms

which include the release of NO (Rand, 1992; Rand &

Li, 1995). NO and ATP act as inhibitor neuro-

transmitters in the rabbit portal vein, and the presence

of NADPH-nerves have been detected in the wall of

this blood vessel (Brizzarola et al. 1993).

It has been suggested that NO acts as an inhibitor

neurotransmitter in the gallbladder (Talmage &

Mawe, 1993) where, as mentioned above, NADPH-d

neuronal bodies have been detected. Li & Furness

(1993) studied the distribution of nNOS-IR and

NADPH-d positive nerves in the gastrointestinal tract

of the trout ; they suggested that NO is an important

enteric inhibitor neurotransmitter in this teleost fish,

but they included neither the gallbladder nor the liver

in that study. Later, Karila & Holmgren (1995)

demonstrated the presence of a cholinergic-

serotonegic ascending and a nitrergic inhibitory

descending peristaltic reflex in the intestine of teleost

fish, suggesting that the peristaltic mechanisms were

highly conserved throughout vertebrate evolution.

Our recent results on the distribution of nNOS in

the oesophagus of the cat and monkey (Rodrigo

et al. 1998), are also consistent with the above

reports.

In conclusion, all these facts taken together support

the idea that there is a high degree of evolutionary

conservation in the structure-function relationship of

general liver innervation and in hepatic nitrergic

transmission.
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