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Abstract The distribution and co-localization of nitric
oxide synthase (NOS) and vasoactive intestinal polypep-
tide (VIP) were examined by means of immunohisto-
chemistry and NADPH diaphorase (NADPH-d) histo-
chemistry in the gut of patients with Hirschsprung’s dis-
ease. In the normoganglionic segment, many nitrergic
nerve cells were localized in Auerbach’s plexus and
nerve fibres were observed preferentially in the circular
muscle. The submucosal nitrergic nerve cells were main-
ly situated in Schabadasch’s plexus with occasional cells
demonstrable in Meissner’s plexus. NOS and VIP were
co-localized in most ganglion cells of Auerbach’s plexus.
In the oligoganglionic segment, a marked reduction of
NOS- and VIP- positive nerve cells and fibres was no-
ticed in both the myenteric and submucosal plexuses,
and nitrergic fibres had disappeared in the inner layer of
the circular muscle. In the aganglionic segment, NOS
and VIP were revealed only in extrinsic nerve fasciculi
and rami and co-localized in a few fibres. From these ob-
servations, the inner layer of the circular muscle of the
oligoganglionic segment and the whole of the muscularis
propria of the aganglionic segment were considered to be
totally lacking in nitrergic innervation. Nitrergic nerves
of the human colon comprise both intrinsic and extrinsic
elements and the majority of intrinsic nitrergic nerve
cells contain VIP. Very low numbers of extrinsic nitre-
rgic fibres contain VIP.
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Introduction

Hirschsprung’s disease (HD) has been defined pathologi-
cally as a congenital absence of the intramural ganglia in
the non-peristaltic segment of the bowel. The extrinsic
innervation of the gut is disorganized and hyperplastic
[23, 24, 45]. Physiological experiments have shown that
the lack of non-adrenergic and non-cholinergic (NANC)
inhibitory innervation leads to contraction of the affected
segment in HD [14, 27]. Immunohistochemical and en-
zyme-histochemical studies have also revealed that
NANC nerves are deficient in the aganglionic bowel with
HD. Adenosine 5’-triphosphate (ATP) and vasoactive in-
testinal polypeptide (VIP) have been proposed as candi-
dates for the neurotransmitter involved in NANC relax-
ation of smooth muscles in the bowel [6, 15, 19]. It has
been suggested that the lack of intrinsic VIP-nergic in-
nervation may be a significant factor in the non-peristal-
tic state of the dysfunctional bowel [28, 37, 41, 42]. Re-
cently, there is an increasing body of evidence which
suggests that nitric oxide (NO) may act as another im-
portant NANC neurotransmitter for the mediation of re-
laxation in the smooth muscle of the gastrointestinal
tract [5, 34].

Immunohistochemical assays have elucidated that NO
synthase (NOS), an enzyme capable of synthesizing of
NO, occurrs in the enteric nervous system of several
mammals including humans [8, 13, 17]. Since nitrergic
nerve cells have NADPH diaphorase (NADPH-d) activi-
ty [10], these nerve cells can also be demonstrated by
NADPH-d histochemistry as well as by NOS immuno-
histochemistry [3, 44, 47]. A considerable body of data
is available with regard to the localization of nitrergic
nerves in colons affected by HD [2, 9, 32, 43]. Neverthe-
less, there is little information concerning the nitrergic
nerve supply in the oligoganglionic segments of the af-
fected colons. In the present study, the origin and distri-
bution of nitrergic nerves were explored in cases of both
short and long segment aganglionosis.
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Materials and methods

The bowel specimens were obtained from 12 Japanese children
aged 3 months to 10 years, in whom HD was diagnosed using ace-
tylcholinesterase staining. Of these patients 9 cases were short
segment aganglionosis and 3 cases were long segment agangliono-
sis (1 case was total colonic aganglionosis). Two control speci-
mens of colon were obtained from children with anal atresia un-
dergoing a closure of colostomy. The resected gut was immediate-
ly flushed with 0.01 M phosphate-buffered saline (PBS, pH 7.4)
and opened along the mesenteric border, slightly stretched and
pinned onto balsa wood. All tissue samples were fixed in PLP fix-
ative [31] for 2 h at 4° C and washed in 0.05 M phosphate buffer
(PB, pH 7.3) containing 7% sucrose, cut into small pieces (about
2x1 cm) and then left overnight at 4° C. After being immersed in
PB containing 15% sucrose for at least 1 h, they were further cut
into small blocks (about 1x1 cm) and embedded in an embedding
matrix (Lipshaw, Pittsburgh, Pa., USA). Cryostat sections of 14
pm thickness were cut, placed onto gelatine-coated glass slides
and then air-dried for 10 min with an electric fan. Whole-mount
preparations were made according to the method of Costa et al.
[7].

The sections were stained by the immunofluorescence tech-
nique using biotin-streptavidin-fluorescein isothiocyanate (FITC;
Vector Laboratories, Calif., USA) and -Texas red complex (Mole-
cular Probes, Eugene, Ore., USA). The cryostat sections were in-
cubated for 30 min with 10% normal goat serum in a humid box.
Excess normal serum was blotted and the sections were incubated
overnight at 4° C with primary antiserum to human brain NOS
(bNOS), VIP or protein gene product (PGP) 9.5 (Table 1). The
sections were washed twice for 10 min each in PBS and incubated
for 1 h at room temperature with biotinylated goat anti-rabbit IgG
antiserum (Vector), washed in PBS and incubated for 30 min at
room temperature with streptavidin-FITC (0.5 pg/ml). After wash-
ing, the sections were mounted with a mounting medium for fluo-
rescence microscopy (Vector). Double immunostaining for NOS
and VIP was performed by use of rabbit anti-bNOS and guinea-
pig anti-VIP antisera. The preparations were preincubated for 30
min with 10% normal goat serum and succesively incubated over-
night at 4° C with rabbit anti-bNOS antiserum. They were washed
in PBS, then incubated for 30 min with biotinylated goat anti-rab-
bit IgG antiserum, washed in PBS, incubated for 30 min with Tex-
as red-streptavidin (0.5 pg/ml), then washed in PBS. Subsequent-
ly, the same preparations were treated for 30 min with 10% normal
goat serum, incubated overnight at 4° C with guinea-pig anti-VIP
antiserum, washed in PBS, and then incubated for 30 min with flu-

Table 1 Details of antisera used for single or double immunostaining

orescein-conjugated goat anti-rabbit IgG antiserum (5 pg/ml, Vec-
tor). After being washed in PBS and air-dried, they were mounted
with a mounting medium. The preparations were examined and
photographed under a Zeiss fluorescence microscope (Axioskop
50, Germany) equipped with an epi-illumination system.

NADPH-d activity was demonstrated according to the method
of Scherer-Singler et al. [35]. Briefly, cryostat sections and whole-
mount preparations were incubated in a solution containing 0.25
mg/ml nitroblue tetrazolium, 1 mg/mi -NADPH and 0.5% Triton
X-100 in 0.1 M TRIS-hydrochloric acid buffer (pH 7.6) for 10-30
min at 37° C.

For combined NOS and NADPH-d, or VIP and NADPH-d
staining, cryostat sections were immunostained for NOS or VIP,
and then photographed. Subsequently, covers slips were carefully
removed and sections were incubated for NADPH-d staining. The
same area photographed for fluorescence microscopy was exam-
ined and rephotographed under either a Nomarski optics or fluo-
rescence microscope.

Results

The observations on short and long segment agangliono-
sis differed in a few respects, although essentially they
were similar. The following descriptions were made
from the diseased colons in short segment aganglionosis,
except where otherwise stated. The results obtained are
summarized in Table 2.

The distribution pattern of NOS-containing nerves in
the normoganglionic segments was indistinguishable
from that in controls. Numerous nerve cell bodies and fi-
bres immunoreactive for NOS were localized in Auer-
bach’s plexus, while they were much less numerous in
the submucosal plexus. In the submucosal plexus, the
positive cell bodies were mainly located in Schabadash’s
plexus (in the outer layer of submucosa) and infrequent
in Meissner’s plexus (in the inner layer of submucosa).
NOS-positive nerve fibres were found exclusively in the
circular muscle and were aligned parallel with muscle fi-
bres. A scarce supply of NOS-positive nerve fibres was
observed in the longitudinal muscle (Fig. 1). No NOS-

Antigen Host species Code number Dilution Source (reference)
Human brain nitric oxide synthase (bNOS) Rabbit N31020 1:100 Transduction Laboratories, USA
Vasoactive intestinal polypeptide (VIP) Rabbit R502 1:2000 Yanaihara et al. [46]
VIP Guinea-pig 029301-2 1:1000 Peninsula Laboratories, USA
Protein gene product 9.5 (PGPg.5) Rabbit RA95101 1:4000 Ultraclone Limited, UK
Table 2 Localization of NOS .. . .. ..
(NADPH-diaphorase) and VIP Normoganglionic Oligoganglionic Aganglionic
in the colons of patients with
Hirschsprung’s disease (MM short type long type
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Fig. 1 Fluorescence micrograph of normoganglionic segment,
showing nitric oxide synthase (NOS)-like immunoreactivity in
nerve cells and fibres. Several nerve cells in Auerbach’s plexus are
found to be immunopositive for NOS. The circular muscle has a
dense nerve supply of positive fibres throughout the entire thick-
ness (cm circular musele, im longitudinal muscle). x200 )
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Fig. 2a-c¢ Light micrographs of normoganglionic segment, show-
ing nicotinamide adenine dinucleotide phosphate, reduced-diapho-
rase (NADPH-d) activity in enteric nerve cells and nerve fibres. a
Positive nerve cells are located in Auerbach’s plexus and numer-
ous fibres are evenly distributed in the circular muscle. b Positive
nerve cells in Schabadash’s plexus. Note that an elongated axon
process (arrow) is extending into the circular muscle. ¢ Positive
nerve cells in Meissner’s plexus (mm muscularis mucosae). X200
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Fig. 3a, b Light micrographs of normoganglionic segment, show-
ing NADPH-d staining in whole-mount preparations. a Myenteric
plexus. b Submucosal plexus (is internodal strand). x400

Fig. 4a, b Fluorescence micrographs of normoganglionic seg-
ment, showing double immunostaining for NOS and vasoactive in-
testinal polypeptide (VIP) in the myenteric plexus. a NOS-like im-
munoreactivity. b VIP-like immunoreactivity. Some nerve cells
(large arrows) are immunoreactive for NOS and VIP, while others
(small arrows) are positive for only NOS. x400

positive fibres were demonstrable in either the muscu-
laris mucosae or the lamina propria. NADPH-d staining
revealed a distribution pattern similar to that of NOS im-
munostaining (Fig. 2a—c). The nerve cells and fibres pos-
itive for NADPH-d were identical to those positive for
NOS, as shown by combined NOS and NADPH-d stain-
ing. In whole-mount preparations of the longitudinal
muscle with Auerbach’s plexus, NADPH-d activity oc-
curred in perikarya and nerve fibres. The positive cells
often appeared in clusters and had multiple, short lamel-
lar processes, which are characteristic of the Dogiel type
I. The internodal strands with varicosities also labelled
for NADPH-d and were found to form meshworks (Fig.
3a). A small number of positive nerve cells were scat-
tered in the submucosal plexus and formed smaller

Fig. Sa—d Fluorescence micrographs of the circular musculature
of the oligoganglionic segment. a NOS-, b PGP 9.5- and ¢ VIP-
like immunoreactivites in long segment aganglionosis. d VIP-like
immunoreactive nerve fibres in short segment aganglionosis. The
three kinds of immunostaining fibres are different in density. Note
that no nerve fibres are found in the inner layer of the circular
muscle in long segment aganglionosis (im inner layer of the circu-
lar muscle). x200
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Fig. 6 Fluorescence micrograph of aganglionic segment showing
NOS-like immunoreactivity in hypertrophic nerve bundles. Extrin-
sic nerve bundles in the submucosal connective tissue consist of a
large number of NOS-like immunoreactive fibres. x400

Fig. 7a, b Fluorescence micrographs of aganglionic segment
showing double immunostaining for NOS and VIP in extrinsic
small nerve bundles. a NOS-like immunoreactivity in the small
nerve bundles of the lamina propria and muscularis mucosae. b
VIP-like immunoreactivity in the same small nerve bundles. Some
nerve fibres (arrowheads) are positive for both NOS and VIP and
others (arrows) are reactive for only VIP. x400

meshworks (Fig. 3b). These cells had the Dogiel type 1
morphology similar to those of Auerbach’s plexus.

VIP-positive nerve cell bodies were found not only in
Auerbach’s plexus, but also in Schabadasch’s and Meiss-
ner’s plexuses of the submucosa. VIP-positive nerve fi-
bres were numerous within the circular muscle, but
sparse within the longitudinal muscle.

The co-localization of NOS- and VIP-immunoreactiv-
ity was confirmed by NOS/VIP double staining. In Auer-
bach’s plexus, most of the NOS-positive nerve cells were
found to contain VIP and only a few cells were immuno-

positive for either NOS or VIP (Fig. 4a, b). The vast ma-
jority of intramuscular nerve fibres were labelled by both
NOS and VIP antisera. However, no doubly labelled
cells were seen in the submucosal plexus.

In the oligoganglionic segment of colon the size of
the myenteric and submucosal plexuses was smaller than
that of control plexuses. The individual nerve cells were
reduced in number. The number of NOS-positive nerve
cells was apparently reduced in Auerbach’s plexus,
whereas they were hardly ever observed in Schabadash’s
or Meissner’s plexuses. The intramuscular innervation
was also decreased and disordered. The co-localization
of NOS and VIP was found in a subpopulation of nerve
cells of Auerbach’s plexus and in the intramuscular
nerve fibres. The co-localization patterns were compara-
ble with that in the normoganglionic segment. In long
segment aganglionosis, the inner layer of the circular
muscle was devoid of nerve fibres positive for NOS,
PGP 9.5 and VIP (Fig. 5a—c), while the other part of the
circular muscle showed fewer of those nerve fibres. In
short segment aganglionosis, the inner layer of the circu-
lar muscle had no NOS-positive fibres, but had a few
nerve fibres positive for PGP 9.5 and VIP (Fig. 5d).



In the aganglionic segment of colon neither NOS nor
VIP cell bodies were detected in the myenteric or sub-
mucosal plexuses. However, NOS and VIP immunoreac-
tivity was seen within the extrinsic, hypertrophic nerve
bundles and their rami, which are often situated in the in-
termuscular zone between the circular and longitudinal
muscle layers. Small nerve bundles containing NOS and
VIP were found consistently in the submucosal connec-
tive tissue and occasional fibres penetrated through the
muscularis mucosae into the lamina propria (Fig. 6, 7a).
NOS and VIP were found to co-exist to a lesser extent in
a subpopulation of extrinsic nerve fibres (Fig. 7a, b). In
addition, a few VIP-positive fibres were present within
the muscularis propria. In contrast, there were no NOS-
positive fibres within both the muscle layers.

In whole-mount preparations, the meshwork form of
Auerbach’s and submucosal plexuses was no longer de-
tectable by NADPH-d staining. Instead, the extrinsic
nerve bundies with a snake fence appearance were situat-
ed in the intermuscular and submucosal layers and were
intensely stained by NADPH-d reaction.

Discussion

Motility of the gastrointestinal tract is directly controlled
by the enteric inhibitory and excitatory motor neurons
that innervate the smooth muscle layers. NANC nerves
have been widely accepted to be the intrinsic inhibitory
nerves regulating the motility of the gastrointestinal tract
in several animals and man [16, 20, 40]. HD has been
characterized by the functional obstruction of the bowel
due to the defect of NANC inhibitory innervation in the
aganglionic segment [14, 27, 29]. Besides VIP, recent
works indicated that another putative NANC inhibitory
neurotransmitter, NO, plays an important role in nerve-
mediated relaxation of enteric smooth muscle [5, 34].
Physiological and histochemical studies have demon-
strated that nitrergic nerves have a widespread distribu-
tion in the gut of mammalian species, including humans
[17, 26]. It has also been shown that nitrergic nerves are
densely present in the colon of the normoganglionic seg-
ment of HD, but almost completely lacking in the agan-
glionic segment [2, 32]. Therefore, it seems likely that
the deficiency of nitrergic nerves causes the functional
obstruction of the aganglionic segment.

Double staining for NOS immunohistochemistry and
NADPH-d histochemistry showed that the two kinds of
staining for nitrergic innervation were entirely superi-
mposable in the human colon, as has been demonstrated
in several animal experiments [3, 44, 47]. Therefore, the
distribution of the intramural nitrergic nerves has been
examined by using either NOS immunohistochemical or
NADPH-d histochemical staining.

In the normoganglionic segment, the majority of ni-
trergic nerve cells were found in Auerbach’s and Scha-
badasch’s plexuses and occasionally in Meissner’s plex-
us. The positive nerve fibres were more abundant in the
circular muscle layer than in the longitudinal one.
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These findings consisted with those of previous reports
[2,32].

There has, as yet, been little information concerning
the pattern of nitrergic innervation in the oligoganglionic
segment [43]. NOS-containing nerve cells within Auer-
bach’s and Schabadash’s plexuses were reduced in num-
ber when compared with those of the normal colon.
Moreover, the axons extending from nitrergic nerve cells
were also decreased, and whole-mount preparations elu-
cidated that the positive internodal strands were in a state
of disorder. The density of nitrergic fibres was sparse in
the circular muscle layer of the oligoganglionic segment.
In the normal colon, the circular muscle layer is dually
innervated by motor neurons derived from both Auer-
bach’s and Schabadash’s plexuses, and the nerve supply
to the inner layer of the circular muscle mainly origi-
nates from Schabadasch’s plexus [11, 18, 39, 40]. This
characteristic innervation may imply that the inner layer
of the circular muscle plays a key mediating role during
peristalsis. It is noteworthy here that nitrergic fibres had
totally disappeared in the inner layer of the circular mus-
cle of the oligoganglionic segment. The deficient inner-
vation in the inner layer of the circular muscle might ac-
count for the failure of circular muscle relaxation.

Several investigators have reported that the spontane-
ous oscillating contractile activity in the circular muscle
is controlled in part by slow waves, which originate from
a group of pacemaker cells situated along the submucos-
al surface of the circular muscle [22, 36]. This area is
densely innervated by nitrergic nerve fibres [44]. The in-
tersitial cells of Cajal (ICCs) have been suggested to be
pacemaker cells in the intestinal musculature of several
mammals, including humans [4, 12]. Ultrastructural ob-
servations also indicated that 1CCs are present between
the two smooth muscle layers as well as in the inner lay-
er of the circular muscle, where they form a network and
have a close contact with nerve terminals and smooth
muscle cells [33, 48]. In the colon affected by HD, it is
assumed that the lack of nitrergic nerve fibres in the in-
ner layer of the circular muscle influences the activity of
ICCs and/or the nerve-ICC junctions. In our unpublished
immunohistochemical study ICCs positive for anti-hu-
man c-kit antiserum have disappeared from the inner lay-
er of the circular muscle of the oligoganglionic segment.
The absence of ICCs might be in relation with denerva-
tion of nitrergic fibres. Therefore, the functional obsiruc-
tion of the colon in HD might occur in the oligogangli-
onic segment, although it has not yet been documented
by pathophysiological examination.

NO is not the only substance involved in the nerve-me-
diated inhibition in the human enteric nervous system.
VIP has been established as another putative NANC neu-
rotransmitter [19]. Both NO and VIP have been believed
to be important in the smooth muscle relaxation of gut.
Grider et al. [20] stated that rat colonic relaxation may be
caused by the combined effects of VIP and NO on smooth
muscle cells, and that VIP release is enhanced by NO. In
the guinea-pig gastric fundus, VIP release stimulates NO
production in target smooth muscle cells [21]. Costa et al.
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[8] revealed that NOS in the small and large intestines of
the guinea-pig is completely co-localized with VIP. How-
ever, there is only limited co-localization of NOS with
VIP in the intestines of the rat and toad [1, 30] and the de-
gree of co-localization of NO and VIP in enteric nerves
clearly varies. Bealer et al. [2] reported that an entire pep-
tidergic-NANC inhibitory axis (VIP-NO) might be present
in the normal human bowel. It seems plausible that the
normal motility of the human colon is dependent on the
interplay between VIP and NO [2]. It our study, double
immunostaining for NOS and VIP showed that most
NOS-positive nerve cells and fibres contained VIP, but a
few VIP-positive cells did not contain NOS in control and
normoganglionic colons. This means that the majority of
intrinsic nitrergic nerve cell bodies and fibres are co-local-
ized with VIP in the human colon.

Neither VIP-positive nor NOS-positive fibres were lo-
calized in the inner layer of the circular muscle of the
oligoganglionic segment in cases of long segment agan-
glionosis. In contrast, only VIP-positive fibres were
found in this layer in cases of short segment agangliono-
sis. The immunoreactivity for VIP was elucidated in the
extrinsic nerve bundles and their rami, which are often
found in the submucosal connective tissue [37]. Thus, it
seems reasonable to consider that VIP-positive fibres
within the inner layer of the circular muscle might origi-
nate from the extrinsic nerve bundles. Previous studies
have indicated that the distribution of extrinsic nerves is
different between short and long segment aganglionosis
[38]. According to Kawana et al. [25], the extrinsic nerve
bundles in short segment aganglionisis can reach the oli-
goganglionic parts of the colon, and their branches are
distributed in the circular muscle layer of the proximal
aganglionic and oligoganglionic parts. The extrinsic
nerve bundles in long segment aganglionsis are not seen
in the oligoganglionic part.

In the aganglionic segments of the colon, both NOS-
and VIP-containing fibres were found in association with
the extrinsic hypertrophic nerve fasciculi situated in the
submucous connective tissue and the intermuscular zone,
where NOS and VIP were co-localized in occasional fi-
bres of the nerve fasciculi. A few NOS- and VIP-positive
fibres were situated in the circular muscle layer of this
segment. Kubota et al. [27] reported that the contraction
of the aganglionic segment is induced by electrical stim-
ulation, but is not followed by relaxation. Tsuto et al.
[42] have shown that VIP-immunoreactive synaptic con-
tacts with other neuronal components are lacking in the
aganglionic segment. It seems reasonable to consider
that extrinsic nitrergic and VIP-nergic nerves do not af-
fect the motility of the dysfunctional bowel, even if the
two transmitters substances are released.
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