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Abstract Nicotinamide adenine dinucleotide phosphate-
diaphorase (NADPH-d) staining can be used in the enteric
nervous system to determine nitrergic neuronal counts,
critical in motility disorders such as intestinal neuronal
dysplasia and hypoganglionosis. The reported incubation
periods of specimens with NADPH-d staining solution has
varied from 2 to 24 h. The aim of this study is to investigate
the impact of the incubation period on the overall NADPH-
d positive cell counts in porcine rectal submucosal plexus.
The submucosal plexus of rectal specimens from 12-week-
old pigs (n=5) were studied. Conventional frozen sections
were used to identify nitrergic neurons while whole-mount
preparations were used to quantify the effect of prolonged
duration of incubation on positively identified ganglion
cells with NADPH-d histochemistry. The same submucosal
ganglia on the conventional sections, and a minimum of 12
ganglia per whole-mount preparation specimen were photo-
graphed sequentially at 2, 6, and 24 h and used to count the
number of nitrergic cells per ganglion. The same staining
solution was used throughout the experiment. Results were
analysed using a one-way ANOVA test. Prolonged incuba-
tion with the staining solution revealed new NADPH-d
positive cells in the ganglia on the conventional sections.
The total number of neurons counted in the 12 adjacent

ganglia in the whole-mount specimens was 180±55, the
mean neuronal cell per ganglion was 15±8 after 2 h of
incubation. This increased to 357±17, and to 29±12 after
6 h (p<0.05). A further increase was observed of 515±19
and 43±17 after 24 h (p<0.05). When the photomicro-
graphs were retrospectively analysed, not even the outline
of the neuronal cells that stained with prolonged incubation
was evident at the earlier time points. NADPH-d positive
cell counts increase in proportion to the duration of
incubation in NADPH-d histochemistry. Comparative stud-
ies attempting to quantify nitrergic cell counts in dysmo-
tility disorders must take into account the variability in
NADPH-d positive cell count associated with prolonged
incubation in NADPH-d histochemistry.
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Introduction

The intrinsic innervation of the human gut can be divided
into three major components with respect to cholinergic and
catecholaminergic phenotypes: cholinergic, catecholamin-
ergic (or adrenergic), and noncholinergic, nonadrenergic
(NANC). Bult et al. have previously provided evidence that
nitric oxide (NO) is released on stimulation of NANC
nerves [1]. Since then, substantial evidence has emerged
indicating that NO acts as a NANC neurotransmitter in the
gut and mediates relaxation of the smooth muscle of the
gastrointestinal tract [2–4].

Deficiency of nitrergic innervation has been shown in
different tissues from patients with Hirschsprung’s disease
[5], infantile hypertrophic pyloric stenosis [6], and internal
anal sphincter achalasia [7] suggesting that a lack of NO
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release may be involved in the pathophysiology of these
disorders.

NO is synthesised by the neuronal nitric oxide synthase
(NOS) in nitrergic neurons. Calcium and nicotinamide
adenine dinucleotide phosphate (NADPH) are required for
this synthesis. There are two techniques available to
identify and quantify nitrergic neurons: NADPH-d histo-
chemistry and NOS immunohistochemistry. Dawson et al.
has previously reported that NOS staining is identical to
NADPH-d staining [8].

Nitrergic neuronal counts, quantified by NADPH-d
histochemistry, have been used as a means of defining
motility disorders such as intestinal neuronal dysplasia and
hypoganglionosis [9, 10]. Several reports in recent years
have attempted to quantify nitrergic neurons within the
ENS using the NADPH-d histochemical technique [11, 12].
However, the duration of staining has varied markedly
between these studies.

The first empirical study was undertaken by Scherer-
Singer to determine the optimum conditions for the
NADPH-d histochemical procedure in rat brain. The dye
nitro blue tetrazolium was tested at different concentrations,
the effects of pH on the staining was examined. Regarding
the duration of the incubation it was only postulated:
“Intense NADPH-diaphorase positive neurons were readily
detected after 15–30 min incubation at 37°C” [13].

Using the NADPH-d histocehmistry and nNOS immu-
nohistochemistry double labelling technique, Timmerman
validated the Scherer-Singler method in the enteric nervous
system and found complete overlap of the two techniques
in the small bowel of the pig. The duration of the
incubation with NADPH-d staining was 10–15 min [14].

Kuo et al. studied the relation of duration of the
incubation and optical density and number of positively
stained cells within the rat CNS and found that increasing
the length of incubation only increased the optical density
of NADPH-d staining, while the number of NADPH-d
positive cells counted was relatively consistent across
incubation times [15]. The effect of the duration of the
incubation in NADPH-d solution on the number of
positively stained cells in the ENS has not been studied.

In this study we have investigated the impact of the
incubation period with NADPH-d solution on the number
of NADPH-d positive cells in the submucous plexus
counted over a period of 24 h.

Materials and Methods

Pig tissue was provided by the Institute of Experimental
Clinical Research, Skejby Sygehus, University of Aarhus
Denmark. The study was approved by the Danish
authorities of animal protection, permission number

200601-068. The entire gastrointestinal tract was removed
and subsequently fixed using perfusion fixation with 4%
paraformaldehyde (PFA) and stored in PBS at 4°C until
needed.

The outer rectal submucous plexus was studied in
specimens from 12-week-old pigs (n=5). Conventional
8 μm thick transverse frozen sections were used to identify
nitrergic neurons while whole-mount preparations were
used to quantify the effect of prolonged incubation duration
on the number of positively identified cells. In whole-
mount preparations, the mucosal layer was removed, the
submucosa was peeled off and the specimens were
subjected to NADPH-d histochemistry.

For NADPH-d histochemistry, the sections and whole-
mount preparations were incubated in 1 mg/ml β-NADPH
(Sigma), 0.25 mg/ml nitro blue tetrazolium, and 0.3%
Triton-X in 0.05 mol/l Tris–HCL buffer (pH 7.6) at 37°C.
Incubation of the whole-mounts was performed using a
free-floating technique in a 12-well cell culture dish.

The submucous ganglia seen in conventional sections
were photographed after 2 and 24 h using a Leica DLMB
light microscope with an attached digital camera. The
whole-mount specimens were mounted sequentially at 2, 6,
and 24 h on polysine slides (BDH) using the original
staining solution as mounting medium, and covered with
cover glass slips. The same 12 ganglia were sequentially
photographed in each specimen, and the number of
NADPH-d positive cells per ganglion was counted on the
micrographs, regardless of the staining intensity. The same
staining solution was used throughout the experiment.
Results were analysed using a one-way ANOVA test.

Results

After 2 h of incubation, clearly labeled NADPH-d ganglion
cells appeared in the conventional sections. All the positive
cells stained with a similar staining intensity. After 24 h, the
neurons that had stained after 2 h became more intensely
stained and new weakly stained cells appeared in some
ganglia, which were not seen on the previous micrographs
(Fig. 1).

After 2 h of incubation with the NADPH-d solution,
nitrergic cells were clearly identified within all ganglia in
the whole-mount specimens (Fig. 2). The primary nerve
bundles were also seen. The total number of positively
identified cells was 180±55 in the 12 adjacent ganglia
examined. The mean neuronal cell count per ganglion was
15±8. The total number of positively stained cells counted
after 2 h staining nearly doubled after 6 h of incubation
(357±17). The mean neuronal cell count also increased
significantly to 29±12 (p<0.05). The NADPH-d positive
cells that were seen following the 2-h incubation period
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were notably more intensely stained after 6 h of incubation,
while those cells that only appeared after the 6 h period
were relatively pale in appearance. The visible density of
the primary nerve bundles increased and secondary bundles
became evident (Fig. 2).

The total number of positively identified cells further
increased by 44% up to 515±19 after 24 h staining and
the mean neuronal cell count also increased significantly
(p<0.05) to 43±17 (Table 1). The optical density of the
neurons and nerve bundle increased as well.

Fig. 1 Conventional frozen
section of the rectum of
12-weeks-old pig: a–a′: the
same submucosal ganglion after
2 h incubation with NADPH-d
staining solution. b–b′: the same
submucosal ganglion after 24 h
incubation with NADPH-d
staining solution. Note the in-
creased number of cells marked
on b′ picture

Fig. 2 Whole-mounts
specimens of the rectum of
12-weeks-old pigs: photographs
of three different ganglia
(a, b, c) after 2 h (left column),
6 h (middle column) and 24 h
(right column) incubation. The
circles indicate the area where
the new cells appeared during
the prolonged incubation
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Discussion

NADPH-d histochemistry with various incubation duration
is used to quantify nitrergic neurons of the ENS, both in the
clinical practice and research situations. It is believed that
the number of NADPH-d positive neurons is independent
of the optical density of the staining, based on observations
in the CNS [15]. Using conventional sections to identify
NADPH-d positive cells and whole-mount preparations to
quantify them, we have discovered in this study that NADPH-
d positive cell counts in the ENS increase in proportion to the
duration of incubation of NADPH-d histochemistry.

We believe that the duration of the incubation in NADPH-d
histochemistry may influence the histological diagnosis in
situations where NADPH-d positive cell counts are used as
diagnostic criteria for motility disorders. For example, a
longer incubation period of NADPH-d staining of a normal
specimen may result in a false positive result, whereas a short
duration of incubation of a specimen with INDmay result in a
false negative diagnosis of giant ganglia.

In published studies involving counting of myenteric
ganglia on NADPH-d stained specimens, groups of
NADPH-d positive neurons were considered ganglia when
there were more than three positive cells in one group and
the distance between the cells exceeded the two cell lengths
[11]. Weakly stained NADPH-d positive cells that only
appear after a long duration of incubation may connect two
or more previously separately counted groups of NADPH-d
positive neurons (ganglia) and therefore altering the final
count of the ganglia per area in the specimen. Thus, the
effect of the duration of incubation on NADPH-d staining
should be considered in studies quantifying positively
stained neurons.

The class of NADPH-d positive neurons has been
subdivided based on the different staining intensity in the
CNS and ENS as well. Three intensities of reactivity of
NADPH-d histochemistry (strong, weak or negative) were
detected in the neurons of nodose ganglia of rat, dog and
guinea pig [16]. Strong, lightly and very lightly stained
NADPH-d positive cells were identified with different
shapes in the monkey amygdaloid complex [17]. In the
submucosa of the porcine rectum, only about one third of
neurons were stained strongly, with the remaining neurons
moderately or weakly stained [12].

The NADPH-d positive cells could also be classified on
the basis of their function. The most well known functional
group of nitrergic neurons is the group of inhibitory motor
neurons that mediates relaxation of the smooth muscle of
the gastrointestinal tract. Apart from this, some elements of
the sensory innervation of the circular musculature may
derive from nitrergic neurons. The rest of the nitrergic
neurons may serve as inhibitory interneurons and control
other (probably excitatory motor) neurons in the myenteric
plexus [18]. In the rat cerebellum, double immunofluores-
cence labelling using anti-glial fibrillary acidic protein
(GFAP) and anti neuronal NOS antibodies have revealed
that a minor population of glial cells presents a strong
neuronal NOS immunostaining [19]. However, to date,
there have been no reports of myenteric glial cells in the
ENS containing NOS.

Cells of the CNS and ENS from various functional
groups contain NOS, and therefore presumably NADPH-d
at differing levels. Increased NADPH-d staining activity
has been found to be associated with increased NOS
immunoreactivity in pigs with Schistosoma japonicum
infection [20]. Thus, the intensity of NADPH-d staining
may represent the activity or content of NOS within the
cell. It has to be considered that NADPH is a general
mitochondrial enzyme, which is naturally present, usually
at lower level, in all eukaryotic cells.

According to these observations, NADPH-d staining
activity may support functional separation of nitregic
NADPH-d positive cells. We hypothesize that neurons that
contain NADPH-d to a lesser extent or with weaker activity
may reduce NBT slowly and therefore become visible only
after longer incubation times. In this study, the cells that
appeared after 2 h of incubation containing the higher
amount of NO/NADPH-d most likely are inhibitory
motorneurons. The cells that appeared after 6 and 24 h of
incubation may be interneurons, sensory neurons or glial
cells. Exact origin of the weakly stained cells needs to be
further classified by double labeling techniques.

In our study, the longest incubation time extended that
used by Kou et al. (24 vs. 8.5 h). In contrast to this study,
we have already observed a significant increase in the
number of NADPH-d positive cells after 6 h. Thus, the

Table 1 Number of NADPH-d positive cells per ganglia counted in
whole-mounts specimens after 2, 6, 24-h duration of incubations. The
cells were counted in 12 adjacent ganglia
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difference between the two studies doesn’t originate solely
from the longer incubation period. Kou et al. does not
specify the staining intensity observed (weakly or strongly
stained neurons) within any one specimen at a given time.
There is probably a homogenous group of NADPH-d
positive neurons in the rat striatum, which might explain
the different results of the two studies.

Whole-mount preparations, providing three-dimensional
views of the ganglia, are more accurate for cell counting
compared to conventional sections. A similar technique,
exposing all three dimensions of the ganglia, is not available
in the CNS as yet. Kou et al. [15] were therefore only able to
use conventional sections in their study. Although we were
also able to identify new weakly stained cells appearing in
some ganglia in the conventional sections after only 24 h,
inaccuracy due to differing thickness of cut cells in
conventional sections for cell counting may be another
reason for any discrepancy between the two studies.
NADPH-d positive cell counts in the ENS increase propor-
tionally with the duration of incubation of NADPH-d
histochemistry. Comparative studies attempting to quantify
NADPH-d positive cell counts in dysmotility disorders must
take into account the variability in NADPH-d positive cell
count associated with prolonged incubation in NADPH-d
histochemistry.

NADPH-d staining with short incubation period (30 min)
is suitable only for qualitative demonstration of the of the
ganglion cells within the enteric nervous system. However
quantitative analysis of ganglion cells based on the NADPH-d
staining is more reliable with extended (24-h) incubation
duration.
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