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Location and distribution pattern of nitric oxide synthesizing neuronal cells
in the digestive tract and urinary bladder of mice

Ahmad Aulia Jusuf

Abstrak

Dalam rangka menyelidiki lebih lanjut lokasi dan pola penyebaran sel saraf yang mengandung enzim “nitric oxide synthase” (NOS)
pada susunan saraf perifer otonom saluran cerna dan kandung kemih, organ tersebut diwarnai dengan teknik histokimia untuk
mendeteksi NADPH diaforase. Sejumlah kelompokan sel yang positif terhadap pewarnaan NADPH diaforase terdeteksi di semua
bagian saluran cerna, yaitu esofagus, lambung, usus halus, dan usus besar. Selain itu, sel tersebut juga terdeteksi pada kandung
kemih. Sel-sel ini hadir dalam jumlah yang sangat sedikit pada lapisan submukosa (pleksus submukosa Meissner/ "submucous plexus
of Meissner”) dan dalam jumlah banyak pada daerah antara lapis dalam dan luar otot polos saluran cerna (pleksus mienterikus
Auerbach/“myenteric plexuses of Auerbach”). Pada kandung kemih, sel tersebut terletak pada leher kandung kemih (“bladder neck”),
dan pada lapisan otot polos sebelah dalam. Karena jumlah sel saraf yang mengandung NADPH diaphorase per milimeter persegi
lebih banyak terdapat di lambung dan usus besar, ada kemungkinan kadar “nitric oxide™ di organ tersebut juga lebih banyak. Hal ini
mengesankan fungsi nitric oxide (NO) yang cukup penting di organ-organ tersebut. Selanjutnya, keberadaan sel-sel tersebut pada
daerah leher kandung kemih (“bladder neck”) mungkin menunjukkan bahwa “nitric oxide” (NO) berperan pada fungsi otot sfingter
vesiko-uretra (“vesico-urethral sphincter muscle”’).

Abstract

In order to investigate further the location and distribution pattern of NOS containing neuronal cells in the peripheral autonomic
nerve system of digestive tract and urinary bladder, the digestive and bladder organs were stained by NADPH diaphorase-
histochemical staining. Some groups of NADPH diaphorase positive neuronal cells were detected along all parts of the digestive tract,
including esophagus, stomach, small and large intestine, as well as urinary bladder. In the digestive tract, these cells were existed in a
very small number in the submucous layer (submucous plexuses of Meissner) and ubiquitous in the area between the external and
internal layer of smooth muscle (myenteric plexuses of Auerbach). In the bladder, those cells existed at the bladder neck, and in the
inner layer of the muscle of urinary bladder. Since the number of NADPH diaphorase containing neuronal cells per millimeter square
is more numerous in stomach and large intestine, there is a possibility that the amount of nitric oxide in those organs is also higher.
These facts suggest an important role for nitrict oxice (NO) in those organs. Furthermore, the existence of those cells in the limited
area of urinary bladder i.e. in the bladder neck may suggest the role of nitric oxide (NO) in vesico-urethral sphincter muscle function.
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Nitric oxide (NO) is a simple gas with free radical
chemical properties, but it is often confused with the
chemically distinct nitrous oxide (N2O) which is used
as an anesthetic and is chemically stable. Nitric oxide
is an important messenger molecule produced by
endothelial cells, neurons, skeletal muscle, neutro-
phils, macrophages, pancreatic islets, endometrium,
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epithelium of respiratory and gastrointestinal tract, and
others.! Nitric oxide is an unusual mediator because it
is a gas with unknown storage mechanism. It diffuses
freely across membranes, and is extremely labile with a
biological half life on the order of seconds.

No binds to and activates soluble guanylyl cyclase
resulting in increased c¢GMP level. The exact
mechanism by which ¢GMP exerts its biological
effects are still unknown, although cGMP dependent
protein kinases may be involved. Nitric oxide also
modifies a critical cysteine in glyceraldehyde 3-
phosphate dehydrogenase by adenosine diphosphate
ribosylation,m or S-nitrosylation via NAD interactions.*
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Nitric oxide also binds to a variety of iron- and sulfur-
containing proteins.’

Nitric oxide is synthesized via catalytic actions of
nitric oxide synthase (NOS). Several homologous but
separate genes code for neuronal NOS (nNOS),
endothelial NOS (eNOS), and macrophage-derived
NOS (also known as inducible NOS/iNOS).’
Neuronal NOS and endothelial NOS are produced
constitutively and are calmodulin dependent; their
activity are stimulated by calcium. Those enzymes
also needed reduced nicotinamide adenin dinucleotide
phosphate (NADPH) as an electron donor in their
catalytic activity. Inducible NOS are produced
inducibly by glucocorticoid and cytokines like gamma
interferon and lipopolysaccharide, and does not
depend on calcium for its activity.® All forms of NOS
use arginine as their substrate, and form NO and
citrulline stoichometrically.

In neurons, NOS colocalize with NADPH diaphorase.”®
Hope et al’ also presented strong evidence for the idea
that NADPH diaphorase may correspond to neuronal
nitric oxide synthase. This NADPH- and CA*/
Calmodulin-dependent enzyme (NOS) forms NO by
conversion of arginine to citruline.'® In the presence
of NADPH diaphorase, the reduced form of nitric
oxide synthase can catalyze the conversion of a
soluble tetrazolium to an insoluble visible formazan.'!
This multiple step reaction used in NADPH
diaphorase histochemical staining is illustrated in the
schematic figure below.'?

This NADPH diaphorase histochemical staining is
resistant to formaldehyde fixation and displays the
cahracteristics of an enzymatic reaction.'

0y, Ca¥* / CaM 0., NADPH
Arginine ——— Arginine-OHz—>Citmlline +NO
Ca® / CaM

NOS-flavin —Jp» NOS-flavinH2
NADPH

NBT ———————» NBT formazan
NADPH Diaphorase

CaM = calmodulin

NADPH = nicotinamide adenin dinucleotide phosphate
NO = nitric oxide

NOS = nitric oxide synthase

NBT = Nitro blue tetrazolium

NOS initially receives the electrons from NADPH in a
calcium/calmodulin- and arginine-independent step
that presumably involves reduction of one or both of
the associated flavins. The reduced NOS will be
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rapidly re-oxidized in the presence of an appropriate
electron acceptor, such as nitro blue tetrazolium
(NBT). In the presence of calcium, calmodulin and
molecular oxygen, the reduced NOS will hydroxylate
the guanidino group of arginine in a P-450 like mono-
oxygenase reaction.” The tightly associated hydroxy-
arginine is then further oxidized by NOS to citrulline
and NO.

In the nervous system, nNOS is located to discrete
populations of neurons in the cerebellum, olfactory
bulb, hippocampus, cortex, striatum, basal forebrain,
and brainstem. NOS is also concentrated in the
posterior pituitary gland, supra-optic and para-
ventricular hypothalamic nuclei, and in discrete
ganglion cells of the adrenal medulla."

The localization and distribution pattern of NOS
containing neuronal cells in the peripheral autonomic
nervous system, especially in the digestive tract and
urinary bladder are still unclear. Gabella et al.'® failed
to detect intramural ganglia in the urinary bladder of
the mouse. However, Grozdanovic et al'’ claimed that
they had succesfully demonstrated the occurrence of
intramural neurons in the lower urinary tract of the
mouse. The knowledge of localization and distribution
pattem of NOS containing neuronal cells in the
digestive tract and urinary bladder will give
implication and more stimulation to study the role of
nitric oxide on the function of the digestive tract and
urinary bladder.

In order to investigate further the localization and
distribution pattern of NOS containing neuronal cells
in the peripheral autonomic nervous system of
digestive tract and urinary bladder, we stained both
whole mount and sections of those organs with
NADPH diaphorase histochemical staining and
counted the number (density) of positive cells per-
millimeter square in the digestive tract and the total
number of those cells in the urinary bladder. We also
discussed the possible function of NO in those organs
and the possible correlation between the localization
and distribution pattern of those positive cells and
their natural functions.

METHODS
Animal

Mice (C57BL/6xDBA/2, F1 mice) were purchased
from Japan SLC (Hamamatsu, Japan). Mice were
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maintained in the animal center in a specific pathogen
free condition. In this experiment 3 male and 3 female
mice were used in both group (the experimental and
control group).

Sectioned NADPH diaphorase histochemical staining

Using a wing needle, mice were cardiacly perfused
with 0.1 M phosphate buffer (pH 7.4) containing 4%
paraformaldehyde. The isolated tissues were then
post-fixed with 4% paraformaldehyde equilibrated
with 20% sucrose, for 12 hours. Tissue blocks for
cryostat sections were prepared by embedding each
tissue into a tissue compound and allowed them to be
harden in the cryostat chamber. Using a cryostat,
these blocks were sectioned at 10 pm, and mounted
on the glass slides. The slides were then washed with
0.1 M phosphate buffer (pH 7.4) for 3-5 minutes, and
put on the rack underlied with wet paper towel.

In the experimental group, after washing, the slides
were incubated in 0.1 M phosphate buffer (pH 7.4)
containing 1.0 mg/ml B-NADPH (Sigma, St. Louis,
MO), 0.1 mg/ml nitro blue tetrazolium (NBT) and
0.3% Triton X-100, for 60 minutes, at 37°C. In the
control group, the same procedure were performed,
except the last step. After washing, the control slides
were incubated in 0.1 M phosphate buffer (pH 7.4)
containing only 0.1 mg/ml NBT and 0.3% Triton X-
100, for 60 minutes, at 37°C.

Whole mount NADPH diaphorase histo-chemical
staining

Digestive and urinary bladder tissues were isolated
from cardiacly perfused mice as described above, and
post fixed with 4% paraformaldehyde for 12 hours. In
the experimental group, after washing with PBS,
whole tissues were incubated with 0.1 M phosphate
buffer (pH 7.4) containing 1.0 mg/ml B-NADPH
(Sigma, St. Louis, MO), 0.1 mg/ml nitro blue tetra-
zolium and 0.3% Triton X-100, for 90-120 minutes, at
37°C. In control group, after washing with PBS,
whole tissues were incubated with 0.1 M phosphate
buffer (pH 7.4) containing only 0.1 mg/ml NBT and
0.3% Triton X-100, for 90-120 minutes, at 37°C.

The Number of NADPH diaphorase positive
neuronal cells

The number of NADPH diaphorase positive neuronal
cells in the urinary bladder is very little (only a single
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cell or a cluster of ganglion cells) while they were
particularly numerous in the bladder neck regions.
Therefore, in the whole mount samples, total number
of those cells was counted directly in all microscopic
fields, under light microscope. The number per-
millimeter square (density) of those cells in several
different parts of the digestive tract were counted by
using enlargement of microphotographs of defined
organs. The average and standard deviation values of
the density or total number of those positive cells in
the different parts of the digestive tract or urinary
bladder were statistically calculated from 6 different
observed animals.

RESULT

To investigate the localization and distribution pattern
of nitric oxide synthesizing neuronarl cells in the
digestive tract and urinary bladder, histochemical
staining method to detect NADPH diaphorase was
performed. The diaphorase positive neuronal
perikarya, neuronal fibers and epithelium cells of the
mucosal layer showed blue precipitates obtained from
the conversion of nitro blue tetrazolium into NBT
formazan (Figure 1 and 2). These blue precipitates
were clearly located only in the cytoplasm of neuronal
cells and their nerve fibers.

Digestive tract

The numerous groups of NADPH diaphorase positive
neuronal cells were detected along all part of the
digestive tract, including esophagus, stomach, and
small and large intestine (Figurel and 2A,C). These
cells existed in very limited number in the submucous
plexuses of Meissner located in the submucosal layer.
Furthermore, they were ubiquitous in myenteric
plexuses of Auerbach located in the area between the
external and internal layer, of the smooth muscle coat
(Figure 1 square box areas,and Figure 2C arrow
marked). The epithelial cells in the mucosal layer
along all parts of digestive tract were also reactive for
this NADPH diaphorase histochemical staining. No
NADPH diaphorase positive cell was found in the
digestive tissues of the control samples.

In the large intestine (Figure 2A and C) many
diaphorase positive neuronal perikarya were located
within the primary meshwork of the myenteric plexus
of Auerbach, and in the area between the external and
internal layer of the muscle coat. These neuronal cells
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gave the innervation to the muscle layer of the
digestive tract through the neurites and also to the
submucous plexus of Meissner. The neuronal fibers
which connected the neuronal cells one another could
be detected more clearly in the large intestine than
those in the other parts of the digestive tract. These
NADPH diaphorase positive neuronal cells belong to
bipolar and multi-polar neuronal cells (Figure 1 and 2
A, C).

Urinary bladder

Neuronal perikarya staining for NADPH diaphorase
particularly existed in the urinary bladder at the
bladder base and bladder neck region (around the
ureteral orifices and in the floor of the bladder). These
cells were located inside of the muscle coat of the
bladder wall (Figure 2B and D). As in the digestive
tract, these NADPH diaphorase positive cells had also
fibers that connected the neuronal cells one to another.
Epithelial cells of urinary bladder (urothelium) also
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exhibited positive reaction for NADPH diaphorase
staining. All of the control samples exhibited negative
reaction for NADPH diaphorase staining,

The number of NADPH diaphorase reactive cells
in the digestive tract and urinary bladder

The number of NADPH diaphorase positive neuronal
cells varied among parts of the digestive tract. The
density of those positive cells was higher in the large
intestine and was very low in the esophagus (Figure
3). Since the number of those positive cells was very
little in the bladder, we counted all of the positive
cells presented in the bladder directly from the whole
mount samples under light microscopy. The density of
those cells per-millimeter square in the different parts
of digestive tract were 9 + 0.54 (esophagus); 45 +
3.89 (stomach); 31 + 1.14 (small intestine); and 121 +
12.63 (large intestine). Mean-while, the total number
of those cells in the urinary bladder was 59 + 14.35.

Figure 1. Microphotographs of NADPH diaphorase positive neuronal cells in the esophagus (A and D), stomach (B and E), and small
intestine (C and F). (4, B, and C) are whole mount staining; (D, E, and F) are sectioned-NADPH diaphorase histochemical staining.
The areas in the small square-boxes (D, E, and F) indicate the location of neuronal cells with positive NADPH diaphorase
histochemical staining. MCS, SbMCS, and MUSC indicate the mucous, submucous, and muscle layers. Magnification: 60x (4, B, and
C); 20x (D, E, and F).
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Figure 2. Microphotographs of NADPH diaphorase positive neuronal cells in the large intestine (A and C)
and urinary bladder (B and D). (A and B) are whole mounstaining; (C and D) are sectioned-NADPH
diaphorase histochemical staining. Arrow marks indicate the location of the NADPH diaphorase positive
fibers and neuronal cells in large intestine (A and B), and urinary bladder (B and D). MCS, and MUSC
indicate the mucous and muscle layer. Magnification: 100x (4 and B); 20x (C), and 50x (D).
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Figure 3. Bar-graphic diagram of the
number of neuronal cells with NADPH
diaphorase positive  staining  per-
millimeter square in several different
parts of digestive tract. The density of
neuronal cells per-millimeter square is
highest in the colon (large intestine) and
lowest in the esophagus.
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DISCUSSION

The location of the blue precipitates in the cytoplasm
and nerve fibers indicate that nitric oxide synthase
(NOS) and NADPH diaphorase belongs to cytoplasmic
proteins. However, not only the neuronal cells, the
epithelium cells of mucosal layer in the digestive tract
and urinary bladder were also positively stained.
These results were similar to the other previous
reports.'” So far, there is no report describing whether
these cells really contain nitric oxide synthase or not.
The correlation between the existence of positive
NADPH diaphorase staining in the epithelium layer
and their function is still poorly understood. In their
histochemical studies, Bredt et al’> could not find
nitric oxide synthase in parenchymal or stromal cells
of the liver, heart, lung, spleen, kidney, thymus, testis,
or salivary glands. Despite these observations, it can
not be excluded that mucosal NADPH diaphorase
(that represents an isoform of nitric oxide synthase) is
not readily detectable with the antisera raised against
the neuronal nitric oxide synthase. In fact, these
antisera did not react with nitric oxide synthase of
activated macrophages. Furthermore, if the epithelium
cells really contain nitric oxide, it is supposed that NO
is involved in the cellular process of epithelium cells.

Although NADPH diaphorase activity was detected in
certain nerve cells and neuronal processes along the
digestive tract (Figure 1), the greatest density of
diaphorase positive neuronal cell, which was
indicated as the number of NADPH diaphorase
positive neuronal cells per-millimeter square (Figure
3), was found in the large intestine, followed by that
in stomach. The NADPH diaphorase positive enteric
neuronal cells in the sub-mucous layer were also
easier to be identified in the large intestine (Figure 2
A and C). Since the number of NADPH diaphorase
positive neuronal cell was higher in stomach and large
intestine than in other parts of the digestive tract
(Figure 3), it is supposed that nitric oxide (NO) as a
neurotransmitter is required in a larger amount by the
smooth muscle of the stomach and large intestine for
their adequate movement or peristalsis during the
digestion process of food in the stomach and the
excretion process of feces from the large intestine.

Several studies revealed that nitric oxide, which was
released from inhibitory non-adrenergic non-cholinergic
nerve, served as an inhibitory non-adrenergic non-
cholinergic (NANC) neurotransmitter'® in several
autonomic functions. Nitric oxide is involved in
mediating relaxation of smooth muscles of the
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digestive tract,'*?° which is necessary for facilitating

the passage of material, changing food to a bolus and
generating peristalsis in the digestive tract.'*?° Mice
lacking the nitric oxide synthase (NOS) gene exhibited
grossly enlarged stomachs, with hypertrophy of the
pyloric sphincter and the circular muscle layer."
Meanwhile, mice with hyperinnervation of NADPH
diaphorase positive enteric neuronal cells exhibited
megacolon phenomena with prolonged transit time of
barium throughout the gastrointestinal tract during
barium enema (our unpublished data).

The NADPH diaphorase positive neuronal cells in the
urinary bladder consisted of single cell or group of
cells, which were particularly numerous in the region
of bladder base or bladder neck (around the ureteral
orifices and in the floor of the bladder). Those cells,
which are located in the wall of urinary bladder are
considered to be the source of the parasympathetic
post-ganglionic nerve supply to this organ."’ Since the
vesico-urethral sphincter muscle is also located almost
in the same area as NADPH diaphorase positive
neuronarl cells, nitric oxide is thought to be a
neurotransmitter necessary for facilitating the
relaxation of vesico-urethral sphincter.m’19 However,
its exact function in vivo remains ill-defined. Studies
in fetal sheep demonstrated that nitric oxide inhibition
caused bladder hyperactivity and increased bladder
capacity, perhaps by preventing sphincter relaxation.?!
In rat, inhibitors of the NO system caused bladder
hyperactivity and decreased bladder capacity.? In our
observations, mice with hyper-innervation of NADPH
diaphorase positive neuronal cells showed decreased
bladder capacity and decreased threshold pressure,
perhaps by hyperrelaxation of vesico-urethral sphincter
muscle (our unpublished data).

The exact function and role of nitric oxide (NO) as a
nonadrenergic noncholinergic (NANC) neurotransmitter
in various tissues and organs of the body is still far
from understood. The pharmacological effects of
nitrates are used in clinical conditions, e.g. ischemic
heart diseases, hypertension, and motor disorders of
esophagus. Furthermore, nitroglycerin is used in
Germany (and possibly also in other places) as an
antispasmodic agent in patient complaining of biliary
colic. These observations are interesting because recent
animal studies suggest that the cholexystokinin-
induced relaxation of the sphincter of Oddi is
mediated by the NANC neural pathway operated bzy
an unidentified transmitter substance.”? Burnett et al®*
reported that NO was a physiologic mediator of
erectile function. Neuronal NOS (nNOS) was located
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in rat penile neurons innervating the corpora
cavernosa and in neuronal plexuses in the adventitial
layer of penile arteries. Small dose of NO synthetase
inhibitors abolished electrophysiologically induced
penile erections. Ferrante et al.® reported that
NADPH diaphorase positive neurons were selectively
spared in neurodegenerative diseases such as
Huntington’s diseases. Huang et al'® reported that
mice lacking nitric oxide synthase (NOS) gene
developed grossly enlarged stomachs with hyper-
trophy of the pyloric sphincter and the circular muscle
layer, resembling infantile pyloric stenosis in human,
in which gastric outlet obstruction was associated
with the lack of NADPH diaphorase neurons in the
pylorus. Hatano et al®® and Shirasawa et al® reported
that mice lacking Ncx/Hox 11L.1 gene developed
megacolon with hyperinnervated enteric ganglia.
Those mice can be used as a model for human
neuronal intestinal dysplasia (NID) diseases, in which
myenteric neuronal hyperplasia and megacolon are
seen. Finally the impact of the results of researches in
nitric oxide on clinical aspect of diseases, in which
nitric oxide (NO) may play a special role as the cause,
is very important and might be useful to find the
therapy for such diseases.

CONCLUSION

The numerous groups of NADPH diaphorase positive
neuronal cells were detected along all parts of the
digestive tract, including esophagus, stomach, small
and large intestine as well as urinary bladder. These
cells existed in a very small number in the submucous
plexuses of Meissner located in the submucous layer,
and ubiquitous in myenteric plexuses of Auerbach
located in the area between the external and internal
layer of the smooth muscle of the digestive tract. In
the bladder, those cells existed at the bladder neck,
inside of the muscle coat of urinary bladder.

Since the number of NADPH diaphorase positive
neuronal cells per millimeter square is more numerous
in stomach and large intestine, there is a possibility
that the amount of nitric oxide in those organs is also
higher. This fact suggests the important role of nitric
oxide (NO) in those organs. Furthermore, the
existence of those cells in the limited area of urinary
bladder i.e. in the bladder neck may be correlated with
the function of nitric oxide (NO) for vesico-urethral
sphincter muscle.
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