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Abstract The topographical distribution of the enteric
ganglia has been investigated in the proventriculus of the
duck using protein gene product 9.5 (PGP 9.5) immuno-
histochemistry. Myenteric ganglia were usually located
between the outer longitudinal and the inner circular
muscle layer. Submucous ganglia were sparsely distribut-
ed and seemed to be substituted by ganglia located in the
tunica mucosa. The neurochemical profile of proventric-
ular ganglion cells was also investigated using nicotina-
mide adenine dinucleotide phosphate reduced-diaphorase
(NADPH-d)-histochemistry and pituitary adenylate cy-
clase activating peptide (PACAP)/galanin (Gal) double-
labelling immunohistochemistry. The majority of muco-
sal ganglion cells were shown to contain the NADPH-d
enzyme and both the investigated peptides. These find-
ings provide evidence for the presence of a mucosal
ganglionated plexus in the glandular stomach of birds.
Moreover, the neurochemical characteristics of this
plexus suggest that it plays an important role in regulating
several mucosal functions and, in particular, the produc-
tion and the composition of the gastric juice.
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Introduction

The stomach of birds is divided into two portions: the
proventriculus or glandular stomach, which produces the
gastric juices, and the gizzard or muscular stomach which
grinds the ingested food.

The anatomical structure of the proventriculus is
characterized by the presence of two gland types: the
superficial tubular and the deep compound proventricular
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glands (Chodnik 1947; Calhoun 1954; Farner 1960;
Hodges 1974). Diverging opinions exist among the
authors regarding the position of the deep proventricular
glands and the layering of the tunica muscularis and
muscularis mucosae. Some authors consider these glands
to be located in the tela submucosa, the tunica muscularis
being 3-layered with bands of longitudinal muscle located
inside and outside a circular band (Bradley and Grahame
1960), or double-layered with outer circular and inner
longitudinal bands (Martinez et al. 1991). According to
this organization, the lamina muscularis mucosae is
formed by small, diffuse bundles of longitudinal fibres
lying internal to the deep proventricular glands. Con-
versely, other authors (Calhoun 1954; Farner 1960)
consider the deep proventricular glands to be located in
the mucosal lamina propria. The tunica muscularis is
composed of outer longitudinal and inner circular layers
and the inner strand of longitudinal muscle is identified,
in this case, as the outer portion of the lamina muscularis
mucosae. This latter arrangement is that accepted by the
Nomina Anatomica Avium (McLelland 1993) which
reports that the muscularis mucosae is split by the deep
proventricular glands into a inner and outer layer.

Despite the controversy existing about the layering of
the proventricular wall and the position of the deep
proventricular glands, little attention has been paid to the
topographical distribution of the proventricular enteric
ganglia.

It is commonly accepted that in birds, as in mammals,
the enteric ganglia form two ganglionated plexuses, i.e.
the myenteric and submucous plexuses which are located
between the inner circular and outer longitudinal layers of
the tunica muscularis and in the tela submucosa, respec-
tively (Ali and McLelland 1978, 1979, 1980). Bird enteric
ganglion cells, moreover, have been extensively reported
to contain neuropeptides and the enzyme NADPH-
diaphorase (Vittoria et al. 1992; Boros et al. 1994; Li et
al. 1994; Balaskas et al. 1995; Suzuki et al. 1996;
Mirabella et al. 2000, 2002). In the proventriculus, the
distribution and neurochemistry of enteric ganglia have
been studied in a few species of birds. Immunopositivity
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to vasoactive intestinal peptide (VIP) and/or the enzyme
NOS has been described in proventricular myenteric and
submucous ganglion cells of the chicken (Balaskas et al.
1995; Martinez et al. 2000), quail (Li et al. 1994) and
raptor bird houbara bustard (Mensah-Brown and Law-
rence 2001). However,, in the proventriculus of the duck,
the majority of neuropeptide-containing enteric ganglion
cells have been reported to be located in the tunica
mucosa (Mirabella et al. 2002).

The main purpose of the present study was, therefore,
to clarify the topographical distribution of the avian
proventricular enteric ganglia. Moreover, in order to
improve the knowledge about the role played by nerves in
regulating proventricular activity, the neurochemical
profile of proventricular ganglion cells was investigated
using histochemistry and double-labelling immunohisto-
chemistry.

Material and methods

Adult Campbell khaki ducks (Anas platyrhynchos) of both sexes
were used. They were anesthetized by intramuscular injection of
ketamine (25 mg/kg), sacrificed by exanguination and specimens of
proventriculus were collected.

Tissue preparation
Frozen sections

The specimens were fixed in 4% paraformaldehyde in a 0.1 M
phosphate-buffered saline (PBS) solution at pH 7.5 for 2-3 h and
placed successively in PBS containing 0.1% sodium azide and 10%
sucrose and stored overnight at 4°C. The following day, the
samples were transferred to a mixture of PBS-sucrose-azide and
OCT compound (Tissue Tek, Elkhart, IN) in a ratio of 1:1 for 24 h
before being embedded in 100% OCT. Coronal sections of 10—
20 um thickness were cut.

Paraffin-embedded sections

The specimens were fixed by immersion in Bouin’s fixative for
12 h and stored in 70% ethanol. The pieces were dehydrated
through a graded ethanol series and embedded in paraffin wax.
Coronal sections of 6 um thickness were cut. Several paraffin-
embedded sections were stained with haematoxilin-eosin.

Immunohistochemistry and colocalization studies

The paraffin-embedded sections were treated by the peroxidase
antiperoxidase (PAP) method (Sternberger 1979) using a primary
antibody against PGP 9.5 (rabbit, dilution 1:1000, cod. 7863-0504,
Biogenesis, Poole, UK).

The frozen sections were immunostained according to the
fluorescent technique. They were preincubated in 10% normal goat
serum (NGS) (X0907, Dako A/S, Glostrup, Denmark) in PBS
containing 0.1% Triton X-100 (PBS-T) overnight at 4°C. They
were then rinsed 3x10 min in PBS-T prior to the exposure to the
primary antisera. Antisera against pituitary adenylate cyclase
polypeptide (PACAP)-38 (rabbit, dilution 1:200, cod. IHC 8920,
Peninsula Laboratories) and anti-galanin (Gal) (rabbit, dilution
1:200, cod. IHC 7153, Peninsula Laboratories) were used for single
and double labelling techniques. After an overnight incubation at
4°C, excess serum was washed off with 3x10 min changes in PBS-

T. The sections were then incubated for 1 h at room temperature
with an appropriate rhodamine (TRITC) or fluorescein (FITC)-
conjugated secondary antibody, goat-anti-guinea pig rhodamine
(TRITC) conjugated antibody (cod. AQ 108 R) and goat-anti-rabbit
fluorescein (FITC) conjugated antibody (cod. AQ 132 F, Chemicon
International). After washing 3x10 min in PBS-T, the sections were
mounted in 1:1 PBS-glycerol and then examined and photographed.

The specificity of primary antibodies was tested by preabsorp-
tion of the primary antibody with excess of the appropriate
antigens. The specificity of the immunoreactions was tested by
omitting the primary antibody, using buffer instead. No immuno-
reaction was detected in control tests. For double labelling the
sections were incubated in a 1:1 mixture of primary antisera. Each
antiserum had a final dilution as in the single labelling. After
washing 3x10 min in PBS-T, the sections were incubated in a 1:1
mixture of secondary antibodies with an initial dilution of 1:50. The
secondary antibodies and the incubation times were the same as
those used for single labelling. To ensure that no cross-reactivity of
secondary detection system occurred, the primary antisera were
alternatively omitted in control tests. No cross-reactivity was
observed.

NADPH-diaphorase histochemistry

The frozen sections were hydrated in distilled water, immersed in
several changes of Tris-HCI buffer 0.1 M pH 7.8 (TBS) and
incubated in NADPH-incubating medium in the dark at 37°C for
1 h. The incubating medium was composed of TBS containing
0.2 mg/ml nitroblue tetrazolium (N 6876, Sigma-Aldrich, Milan,
Italy), 2.7 mg/ml l-malic acid (M 9138, Sigma), 1 mg/ml o-
NADPH (N 7505, Sigma-Aldrich, Milan, Italy) and 0.2% Triton X-
100. After incubation, the sections were rinsed in three changes of
TBS, mounted in PBS/glycerol (1:1) and then examined and
photographed.

Results

The wall of the duck proventriculus appeared, from the
outside to the inside, to be composed of the following
layers (Fig. 1a, b): tunica serosa; stratum longitudinale of
the tunica muscularis, stratum circulare of the tunica
muscularis, tela submucosa, tunica mucosa. The lamina
muscularis mucosae was formed by outer and inner layers
which, in turn, enclosed the deep proventricular glands.
The outer layer of the lamina muscularis mucosae was
dense and had a longitudinal direction, whereas, the inner
layer was composed of sparse muscle fibre bundles
having an irregular direction. According to these findings,
the deep proventricular glands were located in the tunica
mucosa.

Almost all the neurons contained in the enteric ganglia
were stained by PGP 9.5 immunohistochemistry. Myen-
teric ganglia were usually located between the outer
longitudinal and the inner circular muscle layer (Fig. 2a).
Occasionally, large positive ganglia were found in a
subserosal position. Positive cells were very rarely
observed in the tela submucosa, where they were isolated
or formed small groups of 2-3 elements. Many PGP 9.5
positive ganglia were found in the tunica mucosa, the
majority of which were located between the inner side of
the outer layer of the muscularis mucosae and the basis of
the deep proventricular glands (Fig. 2b). Small groups or
single cells were, in addition, found in the interglandular



Fig. 1a, b Histological organi-
zation of the wall of the pro-
ventriculus (/m longitudinal
muscle layer, cm circular mus-
cle layer, sm tela submucosa,
omm outer layer of the muscu-
laris mucosae, dpg deep
proventricular glands, /p lamina
propria, imm inner layer of the
muscularis mucosae, spg super-
ficial proventricular glands, ep
lining epithelium of the
proventricular mucosa, myp
mienteric plexus, mup mucosal
plexus). The deep proventricu-
lar glands were located between
the outer and inner layers of the
tunica muscularis mucosae (a).
The tunica muscularis was
formed by outer longitudinal
and inner circular layers (b).
H&E staining, bar=50 pm

septa between the deep proventricular glands (Fig. 2c)
and beneath the proventricular plicae where the superfi-
cial proventricular glands are located (Fig. 2d). Frequent-
ly, the continuity of the outer layer of the lamina
muscularis mucosae was observed to be interrupted by
spaces containing ganglia and nerve bundles (Fig. 2e.f).

NADPH-diaphorase histochemistry showed similar
results to those obtained by PGP 9.5 immunohistochem-
istry. The majority of the cells contained in myenteric
(Fig. 3a) and mucosal (Fig. 3c—f) ganglia were positively
stained. Few, isolated positive stained cells were found in
the tela submucosa (Fig. 2b). Positive nerve fibres were
observed to innervate primarily the circular layer of the
tunica muscularis and blood vessels. The alveolar
epithelium of the deep proventricular glands also stained
positively.

The distribution of the PACAP immunoreactivity in
the duck proventriculus has been previously described
(Mirabella et al. 2002). Double immunostaining for
PACAP and Gal revealed coexistence of these two
neuropeptides in many enteric ganglionic cells and in
nerve fibres. The majority of PACAP/Gal positive cells
were found in the mucosal enteric ganglia (Fig. 4a—d).
PACAP/Gal positive nerve fibres were found to innervate

the circular and longitudinal layers of the tunica muscu-
laris. In addition, these fibres richly innervated the tunica
mucosa. In particular, they innervated the muscularis
mucosae (Fig. 4a—d), the proventricular plicae (Fig. 4e,f)
and the ductal epithelium of the deep proventricular
glands (Fig. 4g.h).

Discussion

The presence of few ganglionic or single neurons in the
lamina propria of the gastrointestinal mucosa has been
well documented in several mammalian species (Drasch
1881; Vau 1932; Stohr 1934, 1944; Lassmann 1975;
Newson et al. 1979; Mestres et al. 1992a, 1992b; Balemba
et al. 1999; Wedel et al. 1999). These neurons have been
also found to contain neuropeptides (Schultzeberg et al.
1980; Korman et al. 1989; Vittoria et al. 1992; Bredkjaer
et al. 1994; Balemba et al. 1998) and the NADPH-d
enzyme (Fang et al. 1993). Neverthless, mucosal ganglia
and single neurons are considered to be ectopic from the
submucous plexus (Stohr 1934; Lassmann 1975) and the
mucous plexus to be aganglionic (Schultzeberg et al.
1980; Costa et al. 1987; Timmermans et al. 1990; Burns
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Fig. 2a—f Distribution of PGP 9.5 immunoreactivity (/m longitu-
dinal muscle layer, cm circular muscle layer, myg myenteric
ganglion, omm outer layer of the muscularis mucosae, mug mucosal
ganglia, Ip lamina propria, dpg deep proventricular glands, imm
inner layer of the muscularis mucosae, spg superficial proventric-
ular glands, sm tela submucosa). Myenteric ganglia were located
between the outer longitudinal and the inner muscular layer of the

and Cummings 1993). Recently, however, the presence of
a ganglionated plexus has been described in the tunica
mucosa of the porcine intestine (Balemba et al. 2002).
The results of the present study have shown that
submucous ganglia are sparcely distributed in the pro-
ventriculus of the duck and substituted by ganglia located
in the tunica mucosa. Up to now, however, the enteric
nervous system in the avian proventriculus has been
considered to be regularly formed by myenteric and

tunica muscularis a. Mucosal ganglia were located at the base of
deep proventricular glands b and within the interglandular septa c.
Positive nerve cells (arrow) were also located in the lamina propria
underneath the superficial proventricular glands d. Frequently,
spaces containing ganglia and nerves e, f were observed to interrupt
the continuity of the outer layer of the muscularis mucosae.
Bar=25 pym

submucous ganglionated plexuses and no presence of
ganglia or single neurons has ever been described in the
tunica mucosa (Li et al. 1994; Balaskas et al. 1995;
Martinez et al. 2000; Mensah-Brown and Lawrence
2001). The reason for this controversy may reside in the
fact that the histological organization of the proventric-
ulus has been given different interpretations. The deep
proventricular glands have been considered to be located
in the tela submucosa and, most unusually, the tunica
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Fig. 3a—f Distribution of NADPH-d histochemistry (/m longitudi-
nal muscle layer, c¢m circular muscle layer, myg myenteric
ganglion, omm outer layer of the muscularis mucosae, sm tela
submucosa, mug mucosal ganglin, /p lamina propria, dpg deep
proventricular glands, bv blood vessels imm inner layer of the
muscularis mucosae, spg superficial proventricular glands, arrows

muscularis to be 3-layered or, alternatively, composed of
outer circular and inner longitudinal layers. In the present
study, we have considered the deep proventricular glands
to be located in the tunica mucosa and the lamina
muscularis mucosae to be divided into inner and outer
layers. Accordingly, the tunica muscularis was formed by
the usual thick, inner, circular and a much thinner, outer,
longitudinal layer. This histological organization, which
is that given in the NAA (McLelland 1993), implies a
topographical distribution of the enteric ganglia that
differs from the pattern of distribution usually occurring
in other sections of the avian (Ali and McLelland 1978,
1979, 1980) and mammalian (Furness and Costa 1987;
Gershon et al. 1994) alimentary canal: proventricular
enteric ganglia are virtually absent in the tela submucosa
but form a true ganglionated plexus in the tunica mucosa.
It can be hypothesized that submucous ganglia are
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NADPH-d-positive nerve cells). Many NADPH-d positive nerve
cells were found in myenteric a and mucous d ganglia. Groups of
positive cells were also found in the outer layer of the muscularis
mucosae ¢, in the interglandular septa e and underneath the
superficial proventricular glands. Single positive cells were rarely
found in the tela submucosa b. Bar=25 ym

displaced from the tela submucosa to the tunica mucosa
during the development. The ganglia would follow the
deep proventricular glands while these glands penetrate
the muscularis mucosae and separate it into inner and
outer layers (Farner 1960). The occurrence of spaces
which interrupt the continuity of the outer layer of the
muscularis mucosae supports this hypothesis. These
spaces may indeed serve as passages for the migration
of the glands, vessels and nerve structures from the tela
submucosa to the tunica mucosa.

NADPH-d histochemistry has demonstrated that nitric
oxide (NO) producing neurons are widely distributed in
myenteric as well as mucosal ganglia of the duck
proventriculus. The presence of NO-producing neurons
has been previously reported in the proventriculus of
several other avian species (Boros et al. 1994; Li et al.
1994; Balaskas et al. 1995; Martinez et al. 2000; Mensah-
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Fig. 4a-h Gal/PACAP colocalization studies. Gal (gal) and PA-
CAP (pacap) were colocalized in neurons a—d and nerve fibres e-h
innervating the proventricular mucosa. Gal/PACAP-positive cell
bodies were found in ganglia located a, b at the base of the deep
proventricular glands and ¢, d within the interglandular septa. Gal/
PACAP positive fibres innervated the outer layer of the muscularis
mucosae a, b, the proventricular plicae e, f and the duct epithelium

Brown and Lawrence 2001) as well as in the mammalian
stomach (Ekblad et al. 1994a, 1994b; Furness et al. 1994,
Shemann et al. 1995; Jarvinen et al. 1999; Vittoria et al.
2000; Miller et al. 2001; Peng et al. 2001). NO has been
shown to be involved in the non-adrenergic, non-cholin-
ergic (NANC) inhibitory neurotransmission regulating the
adaptive relaxation of the stomach (Desai et al. 1991;
Zheng et al. 1999). Moreover, NO has been found to be an
important messenger in the gastric mucosa. It mediates or
modulates several physiological activities such as vaso-
dilation, acid and bicarbonate secretion. In particular, NO
seems to function as a mediator responsible for both
stimulation, via histamine released from enterochromaf-
fin-like (ECL) cells, and inhibition, via inhibition of
parietal cell function, of gastric acid secretion (Yokotani
et al. 1997; Hasebe et al. 1998, 2001; Kato et al. 1998a).

The immunohistochemical findings of the present
study have shown that Gal is widely expressed in both
proventricular ganglion cells and nerve fibres. In partic-
ular, Gal-ir is distributed in neurons and nerve fibres

in the deep proventricular glands g, h (omm outer layer of the
muscularis mucosae, mug mucosal ganglia, dpg deep proventricular
glands, /p lamina propria, bv blood vessels, pp proventricular
plicae, imm inner layer of the muscularis mucosae, dep epithelium
of the deep proventricular gland ducts, arrow a Gal/PACAP
positive mucous nerve cell, bar 25 pm

innervating the tunica mucosa. A widespread Gal-ir has
been also reported in proventricular mucosal nerve fibres
in the houbara bustard (Mensah-Brown and Lawrence
2001). Conversely, no Gal-ir has been observed in the
chicken proventriculus (Martinez et al. 2000) and,
generally, Gal-ir is little expressed in the mucosa of the
mammalian stomach (Ekblad et al. 2000). The action of
Gal on the gastrointestinal smooth musculature is con-
troversial. Gal has been found to have an inhibitory role in
vivo in man (Bauer et al. 1989) and, conversely, an
excitatory role in vitro in rats (Ekblad et al. 1985), pigs
(Botella et al. 1992) and mice (Fontaine and Lebrun,
1989). Both the responses, i.e., inhibition and stimulation,
have been described in guinea pigs and dogs probably on
the basis of the existence of different types of Gal-binding
receptors and of their location (King et al. 1989; Botella
et al. 1995). Gal, moreover, has been ascribed to inhibit
acid gastric secretion by suppression of histamine release
from ECL cells (Lindstrom et al. 1997; Kato et al. 1998b;
Lindstrom and Héakanson 2001).



Double labelling immunohistochemistry disclosed a
high degree of colocalization of Gal and PACAP in nerve
cells and fibres innervating the proventricular mucosa.
Since PACAP has been found to colocalize with the
enzyme nitric oxide synthase (NOS) throughout the duck
gastrointestinal tract (Mirabella et al. 2002), at least a part
of the mucosal nerve cells expressing Gal/PACAP should
also contain NOS. It should be remembered that PACAP
potently stimulates gastric acid secretion by eliciting
histamine release from ECL cells (Lindstrom et al. 1997,
Lindstrom and Hékanson 2001). Thus, in the duck
proventriculus, the same mucosal nerve cell may release
several messengers both excitatory and inhibitory of the
gastric acid secretive function.

In conclusion, the findings of the present study provide
evidence for the presence of a mucosal ganglionated
plexus in the glandular stomach of birds. The morpho-
logical and neurochemical characteristics of this plexus
suggest that it plays an important role in regulating
several mucosal functions and, in particular, the produc-
tion and the composition of the gastric juice.
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