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Abstract

Nitric oxide (NO) has been proposed to function as an inhibitory neurotransmitter  in the lower urinary tract. This study investigates the
distribution of NO-containing neurons and its changes following urethral obstruction in the guinea-pig. By using nicotinamide adenine
dinucleotide phosphate diaphorase (NADPH-d)  histochemistry and NO synthase (NOS) immunohistochemistry, the highest frequency of
NO-containing neurons was observed in the bladder base. Double labelling studies showed that 70.9% of NADPH-d reactive neurons co-
expressed NOS immunoreactivity. Acetylcholinesterase  reactivity was present in the majority of the intramural neurons with 54% of them
expressed NOS immunoreactivity. NADPH-d reactivity was colocalized with vasoactive intestinal polypeptide, calcitonin  gene-related
peptide  and substance P immunoreactivities  in both neurons andfibres.  Colocalization  study also revealed that NADPH-d reactive neurons
formed a distinct cellpopulation  from tyrosine hydroxylasepositive neurons. At 12 hours after urethral obstruction, NADPH-d reactivity
in the intramural ganglion cells was noticeably enhanced and this was sustained till 24 hours whence some intensely stained neurons
appeared to undergo degenerative changes. Neuronal degeneration was more drastic at 48 hours so that the number of NADPH-dpositive
neurons was significantly reduced. The present study suggests that NO is an important neurotransmitter  in the urinary bladder and that
it may be involved in the relaxation activity in the bladder base during micturition. It is speculated that the increased NADPH-d reactivity
in intramural ganglion cells elicited by urethral obstruction may be responsible for the cell death. It is suggested that the resulting cell loss
or bladder denervation  may account for the urinary dysfunction such as frequency and urgency of micturition in patients with urethral
obstruction.
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Introduction

Nitric oxide (NO) has been recognised as a
nonadrenergic noncholinergic (NANC) inhibitory neu-
rotransmitter at various sites in the nervous system.1,2 Its
function as a NANC inhibitory transmitter has been
documented in muscular and sphincter relaxation in the
cardiovascular,3  digestive” and urogenital system.5,h  The
possibility that NO is involved in inhibitory transmis-
sion in the lower urinary tract has recently been investi-
gated in various species including human.7-9
Morphologically, NO-containing neurons have been
detected immunohistochemically using an antibody
against nitric oxide synthase (NOS),lO  and histochemi-
tally by localization of nicotinamide adenine dinucleo-
tide phosphate diaphorase (NADPH-d).2 NOS or
NADPH-d  positive neurons and fibres have been dem-

onstrated in the neural pathways of the lower urinary
tract.“,12

Recently, studies onneuronal NOS have focused on its
plasticity in response to some pathological events.13J4
For example, NADPH-d  reactivity or NOS immunore-
activity has been induced in the motoneurons of the
ventral horn following spinal root avulsion15  and ure-
thral obstruction.16  Upregulated expression of neuronal
NOS and NADPH-d has been also detected in dorsal
root ganglia (DRG) after pelvic nerve injury,17chronic
chemical irritation of the bladdeP  and urethral obstruc-
tion.19

Bladder outlet obstruction is a major urologic problem
and has been the subject of many clinical and experimen-
tal studies.20121  It has been reported that the obstruction
may result in structural and functional alterations of the
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bladder including detrusor hypertrophy, elevated void-
ing pressures and detrusor instability.21  The latter dys-
function was attributed to partial denervation in the
bladder wall, 20-22  changes in the peptide contents in the
bladder nerves,2’3  and alterations of response of detrusor
muscle to autonomic transmitters.21  Previous experi-
mental study has shown that within the first 24 hours
after acute complete urethral obstruction the initial blad-
der overdistension could lead to marked damage in
bladder nerves in rabbitsz4

Although extensive studies on localization of numer-
ous neurochemicals and their functions in the intramu-
ral ganglia of the urinary bladder have been reported,
relatively little is known about that of NO in these
ganglia. There is apparent lack of a systematic study on
the topographic distribution of NO-containing intramu-
ral ganglion cells in the urinary bladder. In fact, virtually
nothing is known about the effect of urethral obstruction
on expression of NADPH-d  and NOS in these cells. This
review summarises the results obtained in our recent
series of studies dealing with the distribution of NO-
containing neurons,2s and colocalization of NADPH-d
and NOS with some common neurochemicals, espe-
cially the peptides2h  in the guinea-pig urinary bladder.
The effect of acute urethral obstruction on the expression
NADPH-d  reactivity in the intramural neurons is also
considered.27

Materials and Methods

Animals

Seventy-five adult male guinea pigs (Laboratory Ani-
mal Centre, NUS, Singapore) weighing between 300 and
350 g were used in the present study.

In the handling and care of all animals, the Interna-
tional Guiding Principles for Animal Research as stipu-
lated by the World Health Organization28  and as adopted
by the Laboratory Animal Centre, National University
of Singapore were followed.

Anaesthesia

Prior to surgery or perfusion, all animals were deeply
anaesthetized by an intraperitoneal injection of 7% chlo-
ral hydrate (5 ml/kg body weight) administered in the
lower abdomen.

Surgical Procedures (Urethral Ligation)

Following anaesthesia, the peritoneal cavity was ex-
posed through a vertical midline incision at the lower
abdomen. The delicate connective tissue over the ante-
rior aspect of the bladder neck was cleared with a pair of
fine scissors. The bladder neck and proximal urethra
were then exposed and secured. A silk thread was
passed around the proximal urethra which was then
ligated tightly. The abdominal incision was closed in
two layers with silk suture. The same surgical procedure

was carried out in sham-operated (control) animals
except for ligation of the urethra. Signs of successful
ligation of urethra in the experimental animals included
the absence of urination and postoperative distension of
the lower abdomen postoperatively. None of these signs
were observed in the control animals. All animals were
sacrificed within 48 hours postoperatively, since the
animals with urethral ligation beyond 48 hours after
operation invariably died from bladder rupture.

Perfusion and Tissue Preparation jbr Light and Electron
Microscopy

Under anaesthesia the animals were perfused with
Ringer ’ s  so lut ion  (pH 7 . 4 )  f o l l o w e d  b y  4 %
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4
(for light microscopy) or 4% paraformaldehyde and
0.2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4
via the intracardiac route. After perfusion, the whole
bladder was removed and postfixed with the similar
fixative for an additional 2 hours and kept in 0.1 M
phosphate buffer (pH 7.4) containing 10% sucrose over-
night at 4°C. The fixed and fully distended bladder was
divided into 3 tissue pieces: caudal  pole, middle portion,
and cranial pole as described by Gabella.  The mucosa
of bladder was stripped off from the muscular layers.

NADPH-d Histochemistry

For light microscopy, the NADPH-d reaction medium
contained 0.3% Triton X-100  (Sigma, St. Louis, USA), 0.3
mM nitroblue tetrazolium (Sigma) and 1.2 mM
P-NADPH  (Sigma) in 0.1 M Tris buffer, pH 7.6. The
reaction was performed at 37°C for 30 minutes and
stopped by washing in 0.1 M Tris buffer (pH 7.6). The
tissue samples were air dried overnight and coverslipped
with Permount.

For electron microscopy, the whole-mount tissue
preparations were incubated at 37°C for 2 hours in a
medium containing 1.2 mM 2-(2’-benzothiazolyl)  -5-
styryl-3- (4’-pathalhydrazidyl)  tetrazolium chloride
(BSPT, Sigma) which was dissolved in 3 to 4 drops of
dimethylformamide and 1.2 mM J3-NADPH  (Sigma) in
0.1 M phosphate buffer, pH 7.6. The reaction was stopped
by washing in phosphate buffer (pH 7.8). The areas of
the whole-mount preparations containing NADPH-d
reactive neurons were identified and trimmed into small
pieces of tissue samples under the light microscope. The
tissue samples were postfixed in 1% 0~0,  in 0.1 M
phosphate buffer (pH 7.4) for 1 hour, then dehydrated in
a graded series of ethanol and finally embedded in
Araldite. Ultrathin sections were double stained with
lead citrate and uranyl acetate and viewed under a
Philips 400T or JEOL 1200EX electron microscope.

Acetylcholinesterase (AChE)  Histochemistry

The tissue samples were first rinsed in ice-
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cold isotonic sodium sulphate for 10 minutes before
transferring to a medium containing the substrate
acetylthiocholine iodide (Sigma) and tetraisopro-
pyropylpyrophosphoramide (ISO-OMPA,  an inhibitor
of non-specific cholinesterase). Following 4 hours of
incubation, the tissue samples were treated in a sodium
sulphide solution in 0.2 N acetic acid (pH 5.5) for 3
minutes and the reaction was stopped by washing the
tissues in 0.1 M phosphate buffer (pH 7.4). The whole-
mount preparations were air-dried overnight at room
temperature (25°C) and then mounted in Permount.

Immunohistochemical Studies

The tissue samples were incubated in the following
primary antibodies: polyclonal antisera from rabbit
against NOS (Transduction Lab, USA), neuron specific
enolase (NSE) (Polysciences, USA), vasoactive intestinal
polypeptide (VIP), substance P (SP) (Incstar, USA) and
calcitonin gene-related peptide  (CGRP) (Amersham,
UK), and monoclonal antiserum from mouse against
tyrosine hydroxylase (TH) (Boehringer Mannheim,
Germany).

Subsequent antibody detection was carried out using
the Vectastain ABC-kit (PK-4001, Vector Laboratories,
Burlingame, CA) against rabbit IgG with 3,3’-diamino-
benzidine (DAB, Sigma) as a peroxidase substrate.

For immunofluorescence, subsequent antibody detec-
tion was carried out by using antirabbit or antimouse
antisera labelled  with fluorescein isothiocyanate (FITC,
Sigma).

Double Labelling Studies ,

For colocalization of NOS and AChE, the tissue sam-
ples were initially processed for NOS immunofluores-
cence and subsequently stained for AChE  histochemistry
according to the method described above (see AChE
Histochemistvy).

For colocalization of NADPH-d and NOS, VIP, TH,
CGRP, SP and NSE, the tissue samples were first proc-
essed for NOS, VIP, TH, CGRP, SP and NSE immun-
ofluorescence and then further histochemically reacted
for NADPH-d according to the method described above
(see NADPH-d  Histochemistuy).

NOS, VIP, TH, CGRP, SP and NSE immunofluores-
cent neurons double stained for NADPH-d or AChE  in
the same region were examined and then photographed
under a microscope (Aristoplan) using an Olympus
ploempak N2 filter for FITC (emission maximum 437
nm; excitationmaximum 436 nm) and a normal filter,
respectively.

Quantitative Study

Cell counts of postively-stained neurons in each group
were performed on whole-mount preparations of the
bladder under a microscope (Aristoplan) by using a
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normal or an Olympus ploempak N2 filter for FITC
(emission maximum 437 nm; excitation maximum 436
nm). All profiles of positively stained cells were identi-
fied and counted in each group of animals. The numbers
of positive neurons in different regions of the bladder of
the respective animal groups were expressed as mean *
SD. Since the NADPH-d positive neurons showed
marked gradation in staining for the enzyme, they were
divided into 3 categories: intense, moderate and weak.
The numbers of double-labelled  cells expressing NOS/
NADPH-d, VIP/NADPH-d, and NOS/AChE were also
counted. The proportions of double-labelled  cells versus
the total NADPH-d  or AChE positive cells were
determined.

Results

1. Distribution and Total Number of NADPH-d  and NOS
Positive Neurons

1. I Topographic Distribution qfNADPH-d  and NOS Positive
Neurons

Numerous NADPH-d  positive neurons were distrib-
uted in the muscular lamina, whereas such NADPH-d
neurons were negligible in the overlying mucosa lamina
that was stripped off. The majority of the NADPH-d
cells were localized in ganglia of different sizes consist-
ing of 2 to 40 neurons each. The ganglia which contained
20 to 40 cells were located preferentially at the base of the
bladder (Fig. lA), others with 10 to 20 cells, or 2 to 10 cells
(Fig. lB), were distributed mainly in the body and dome,
respectively. NADPH-d positive neurons showed a
marked gradation of reactivity for the enzyme, about
one-third of them was heavily stained while the remain-
der being moderately or weakly stained (Fig. 1). Amongst
the NADPH-d positive cells were some unstained neu-
rons (Fig. 1). NADPH-d positive fibres, often showing
varicosities, tended to occur in bundles linking the gan-
glia (Fig. 1) as well as extending into the smooth muscles
of the bladder wall.

NOS-IR was also detected in the intramural ganglion
cells in the muscular lamina. The ganglia containing
about 20 to 30 immunoreactive cells were located
preferentially in the bladder base (Fig. 2A), while those
containing 10 to 20 cells and 2 to 10 cells (Fig. 2B),
were distributed in the body and dome, respectively.
Compared with the NADPH-d  staining, the intensity
of NOS immunoreactive neurons was relatively more
uniform. The NOS positive neurons often displayed
long processes which tended to form nerve bundles
(Fig. 2).

1.2 Number of NADPH-d and NOS Neurons Against Total
Neuronal Population

All the intramural neurons were immunostained for
NSE. The largest ganglia were detected in the bladder
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Fig. I(A,B) Ganglion containing NADPH-dpositive  neurons in the bladder base  (A). Note that some neurons are intensely stained (arrowheads) while others are moderateluv  labelled
(arrows) or M,eakly ctained  &nall arrows) Ganglion contaming  6 neurons in the bladder dome (B). The cells alto exhrbit  different intensities of NADPH-d.  Bar, SO pm.
Fig. Z(A,B).  Ganglion contaming  about 20 cells (A, arrowheads) expressing NOS immunoreactivltJ>  rn the bladder base. Several NOSpositive  processes occur in bundles (arrows).
Ganglion with  2 NOSpositive  neurons (B,  arrowhead) m the bladder dome. Their processes (arrows) appear to project into the smooth muscle (94)  of the bladder wall. Bar, 50  pm.
Fig. 3(A,B)  Large ganglion in the bladder base (A, arrowheads) stained for NSE immunohistochemrstr-??.  Ganglion  in the bladder hod))  stained for NSE (B, arrowhead). Note that the
number of cells labelled  for NSE is greater than those labelled  bv other the 2 methods. Bar, 50 ,~m.

base (Fig. 3A), while the medium-sized ganglia were
distributed in the body (Fig. 3B), and the small-sized
ganglia were in the dome. The number of neurons ex-
pressing NSE-IR was more than that of neurons labelled
for NADPH-d  or NOS (Table I). The results of cell counts
showed that the total number of NSE positive neurons
was 3260 k 42i, being 1668 f 307 in the base, 1122 k 210
in the body and 482 f 130 in the dome, respectively
(Table I). The present cell counts showed that the number
of NADPH-d positive neurons in the entire bladder was
2750 f 150, whereas the number of NOS was about 1470
L- 221 (Table I). This result revealed that NADPH-d

positive neurons accounted for 84% while NOS immu-
noreactive neurons made up 45% of the total neuronal
population (NSE as reference 100%) in the whole blad-
der.

2. Double Labelling Studies

2.1 Colocalization of NOS and NADPH-d

Although most of the intramural neurons were double
labelled  with NOS and NADPH-d, some NADPH-d
positive cells were NOS negative (Fig. 4 A,B). Cell counts
showed that 70.9% of the NADPH-d positive neurons in
the whole bladder expressed NOS-IR (Table II).
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TABLEI: NUMBER (MEAN k SD) OF NADPH-d, NOS AND NSE
POSITIVE INTRAMURAL NEURONS IN DIFFERENT
REGIONS OF THE URINARY BLADDER

Staining n Base Body Dome Whole bladder

NADPH-d 4 1650 f 216 894 k 206 206 k 40 2750 -t 150
NOS 4 810f  114 555 IL 79 105 I!I 71 1470 ?I 221
NSE 4 1668 IL 307 1122k210 482+ 130 326Ok421

2.2 Colocalization  of NSE and NADPH-d

In tissue samples processed sequentially for NSE im-
munofluorescence and NADPH-d histochemistry, the
majority of the NSE immunoreactive neurons (Fig. 5A)

TABLE II: NUMBER (MEAN k SD) AND PROPORTION OF DOUBLE
STAINED (NOS/NADPH-d,  VIP/NADPH-d  AND NOS/
AChE)INTRAMURALNEURONSAGAINSTTHENUMBER
OF NADPH-D*  OR AChE** POSITIVE CELLS IN THE
URINARY BLADDER

Double staining n Number of
double-stained
cells

Number of cells Percentage of
stained with double-stained
NADPH-d* or cells
AChE**

NOS/NADPH-d 3 1425 k 276 2008 k 367* 70.9%
VIP/NADPH-d 3 465 ix 74 2179 k 298* 21.3%
NOS/AChE 3 1333k221 2594 + 394** 5 1.4%

Fig. 4(A,  B). Fluorescence (A) and bright-field (B) photomlcrographs  of same ganglia in the bladder base lahelled  ftir  NOS and NADPH-d,  respective[v.  Note majority of the neurons
co-expresc  NOS immunoreactivi~v  and NADPH-d reactivity. Some NADPH-dpo,itive  neuron.5,  honaever,  are NOS negative  (arrowheads). Bar, 50  pm.
Fig. 5(A,B).  Ganglia stained for NSE (A) and NADPH-d (B), respectivel~~.  Note that one neuron (A, arrowhead) 111 the ganglion is NADPH-d negative (B,  arrowhead). Bar, 50  pm.
Fig. 6(A, B). Fluorescence (A) and bright-field(B) photomicrograph,  of the cameganglion  in the bladder base  labelled  for NOS (A) andAChE (B), reapectivel.v.  Most neurons are double
labelled  with NOS and AChE (A, arrowheads) with some cells showing onlv  AChE  reuctivitv  (B, arronas)  Bur,  50  pm.
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were also stained for NADPH-d (Fig. 5B). Some NSE
positive neurons were unstained for NADPH-d
(Fig. 5A,B).

2.3 Colocalization of NOS and AChE

The majority of the intramural ganglion cells were
stained for AChE, and of these, 51.4% of them co-ex-
pressed NOS immunoreactivity (Fig. 6A,B,  Table II).

2.4 Localization oJ’TH  and NADPH-d

Although TH immunoreactivity and NADPH-d  reac-
tivity occurred in cells of the same ganglion, the two
enzymes were always localized in separate neuronal
populations (Fig. 7A,B). Often, TH immunofluorescent
fibres appeared to surround the NADPH-d positive
neuronal somata.

2.5 Colocalization of VIP and NADPH-d

VIP was also colocalized with NADPH-d in some
intramural neurons and fibres (Fig. 8A,B).  Cell counts
revealed that about 21.3% of the NADPH-d reactive cells
co-expressed VIP immunoreactivity (Table II).

2.6 Colocalization CGRP and NADPH-d

The fibres stained for CGRP appeared to project into
NADPH-d  positive ganglia and surrounded the
NADPH-d  positive cell bodies (Fig. 9A,B). Colocalization
of NADPH-d  and CGRP was seen in some segments of
the nerve fibres (Fig. 9A,B).

2.7 Colocalization of SP and NADPH-d

SF’ positive fibres were also closely associated with
NADPH-d  reactive cell bodies (Fig. lOA,B). The SF’
positive fibres, often beaded, tended to occur in bundles
linking the ganglion cells. Some fibres which exhibited
colocalization of NADPH-d  were present between gan-
glion cells.

3. Alteration of NADPH-d Reactivity in the Intramural Gan-
glia Following Urethral Obstruction

3. I Light Microscopy

In sham-operated control animals, NADPH-d reactiv-
ity in the intramural ganglion cells of the urinary blad-
der was comparable to that of normal animals (Fig. 11A).

At 12 hours after urethral obstruction, the overall
NADPH-d  reactivity in the intramural ganglia was en-
hanced (Fig. 11B).  The frequency of intensely stained
NADPH-d  neurons in this group was significantly higher
than that in the control animals (P ~0.01,  Table III). The
neurites of some cells were grossly dilated (Fig. 11B).

At 24 hours after urethral ligation, some NADPH-d
positive neurons notably the intensely stained cells ap-
peared to undergo degenerative changes (Fig. 1lC). The
outlines of these cells became extremely irregular (Fig.
1lC) due to eruptions of cytoplasm from the cell surface.

The frequency of intensely stained NADPH-d positive
neurons in this group was sustained at a higher level
than in the controls (Table III).

The most dramatic feature in animals sacrificed at 48
hours postoperatively was the wide occurrence of neu-
rons in advanced stages of degeneration in different
parts of the bladder (Fig. 11D).  Cellular debris or frag-
ments were strewn among seemingly normal ganglion
cells and along the nerve processes (Fig. 11D).  Cell
counts showed that the total number of NADPH-d posi-
tive neurons in the entire bladder was significantly
reduced when compared with that in the control ani-
mals (Table III). The proportion of intensely stained
NADPH-d positive neurons was relatively lower than
that in the controls (Table III).

3.2 Electron Microscopy

With NADPH-d  staining, the reaction product was
deposited on the membranes of various subcellular
organelles including certain segments of the nuclear
envelop, the rough endoplasmic reticulum, Golgi
saccules and outer membranes of some mitochondria
(Fig. 12).

At 12 hours after urethral ligation, more NADPH-d
reaction product was present in the intramural neurons
and it tended to be associated with mitochondria which
appeared swollen.

At 24 hours after urethral obstruction, mitochondrial
swelling was more pronounced affecting virtually every
one of them. The Golgi saccules appeared disorganized.

At 48 hours, most mitochondria appeared vacuolated
and lysis as a result of disruption of their cristae. The
Golgi saccules were extremely distorted. On the other
hand, the cisternae of rough endoplasmic reticulum

TABLEIII: NUMBER (MEAN f SD) AND PERCENTAGE (IN
PARENTHESIS) OF INTENSELY STAINED NADPH-
d POSITIVE INTRAMURAL NEURONS AGAINST TOTAL
POPULATION OF NADPH-d POSITIVE INTRAMURAL
NEURONS IN THE URINARY BLADDER IN CONTROL
AND URETHRA-OBSTRUCTED ANIMALS

Groups
of animals

n Number and percentage Total number of
of intensely stained NADPH-d neurons
NADPH-d neurons

Control

12 hours after
operation

24 hours after
operation

48 hours after
operation

8 884 + 142 (32.2%) 2743 I!Z 221

4 1462 k 232 (46.9%)** 2934 f 335

4 1136 f 146 (40.1%)** 2834 f 256

4 426 f 156 (22.9%)** 1858 + 347*

*P co.05 (ANOVA test), **P co.01 (U-test)
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Fig.  7(A,  B). Fluoresc,enc,e  (A) and bright-field (B)photornicrogr~phs  of the cameganglion  la
re.spectivel\~  in the bladder base  A 1s tuken hl*  sunu1taneou.s  illuminutron  of incident  fluoressc
(A, arrowheur1.c)  represent  a sc>prrrnte  cell population from the NADPH-d positive cells (B.
Fig K(A.  B). Double stainmg of VIP (A) and NADPH-d (B) in the sumc  ganglion  111  the hladde
und  NA DPH-d (dark  staining). One NADPH-d positllsc  neuron is VIP negcrtive  (A, B,  arrow/,
p.
Fig. Y(A, B) Double lahelling  of‘CGRP  (A) and NADPH-d (B) 111  the  same rntrumurul  gang1
urrowc)  ujhrch  uppear  to encircle  the NADPH-d positrlae  ganglion (A, B.  aJ terrsks).  Bar, SO
Fig. I ()(A,  B). Double  lahelling  of SP (A) and NADPH-d (B) ln the same mtramural  ganglic
surround the NADPH-d  reuctrvr  neuronul  somutu  (A.B,  a.rterlsh\).  Bar. 50 pm

remained relatively intact (Fig. 13). Degenerative changes
such as clumping of synapticvesicles  and mitochondiial
swelling were also seen in axon terminals near the
neuronal  somata (Fig. 14).

Discussion

1. Topographic Distribution and Population of NADPH-d

(helled  for TH (in?mZlnof121ot,eJcence,  arrowheads)  and NADPH-d (dark!v  labelled,  arrows),
Tent  light and lower-level transmitted white light. Note that TN immunofluorescent  neurons
arrob%))  in the sume ganglion. Bar, 50  pm
r base Three of the neurons (A,B,  arrotias)  are double stained for VIP (immunofluorescence)
reads). Note some nerve fibres also co-express VIP and NADPH-d (double arrows). Bar, 50

ion  in the bladder base  CGRP lmmunofluorescence  1s locnllzed  only in the nerve fibres (A,

m in the bladder base. Note that some SP immunofluorescent,fibres  (A, arrows) appear to

and NOS Positive Neurons

The intramural ganglia embedded in the bladder wall
have been considered to constitute part of the pelvic
ganglia.?O  In the latter, it has been described that both the
sympathetic and parasympathetic information is inte-
grated for regulating the function of the bladder.30  The
intramural ganglia show considerable species variation,
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Fig. I I (A, B,C, D). Intramuralgunglia in the bladder bclse ofshrrni-operute~l  control anunals  (A). Note thrrt  tome neuron>  arc lnter~scl\~  ctulncd  (urrowheuds),  other, al-emoderatel~vlabelled
(urrows)  or \qeah!,  stained (fall urrow~).
Intramuralgang(/LI  in the bluddcrhaseof  uwtllt.uloh.cttirctedat~rtnal.t  I2 hours  ufto.operrrtion  (B) MtrJorlt\.  of the c ontcrrnrngcell,  eshlbrt  lnten,sestar,lrngfor  NADPH-d(B,  urrowheads).
The ncurLte.s of some neurons are tnclrkedly  diluted (B, arron.5).
Intramurulgungl~u  III the bladder baJe of Llretht-alob.structedanrr~~uls  24 YOLKS  ufter  opesatron  (C) The ~ntram~rsalga~~gl~on  cells  uppeas  to undergo degenerative changes as evidenced
by the>  fragmentation of the c~\~toplusm  A portion of the cj3toplu.sm nppearc  to hu\le  detached  fsonl tile  .soma of (I neLrso,l  (C, assort  TMW other cells display  irregular  outlines
(C, arsou,heads)
Intrumusal  gungl~  m the bladder hasc  of urethral obstructed anrmals  48  IIOLISS  after- operatrorl  (0) Sho\vrng  total drsrntt>gsatlon  and lvtrs  of intense!), stained NADPH-d neurons
(0,  urrows)  Bur,  50 pm.
Fig 12. Electron mlcrograph  .shoL1,ingportron  5 of NADPH-d reactive  intramusul  t~e~wo~s  111 the bladder base of shun-operated unrmal The NADPH-d reaction product IS deposited
on the membrane of ?ough  endoplasmic  reticulum (nrrokv),  mltochondrla  (arro,cheadr)  and  some se~~:,nent\  of the nuclear envelope (ustensk~).  Bar,  I pm.

being numerous in the guinea pig,29  fewer in cats, rab-
bits, ferrets and absent in rats and mice.30  Their existence
in the human bladder has also been reported.31  The
intramural nervous control of the urinary bladder is

more complex than has been hitherto assumed.32  In
addition to the classical transmitters noradrenaline and
acetylcholine, numerous neuromodulators including
VIP, ENK, SOM, CGRP, SP and, more recently, NO have
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The total number of intramural ganglion cells of the
guinea pig urinary bladder has been studied using
NADH diaphorase which showed the presence of 2000
to 2500 neurons in the female guinea pig bladder.2”  In the
present study, the total number of neurons was esti-
mated by NSE immunohistochemistry. NSE is an
isoenzyme of the glycolytic enzyme enolase which has
been found to be localized specifically within neuronal
perikarya, dendrites and axons of both the central and
peripheral nervous systems, as well as in cells of the
diffuse neuroendocrine system.33,34  Its presence indi-
cates the expression of y gene which has been identified
in all nerve cells.33  NSE has therefore been used as a
molecular marker for specific localization of neurons.35,36
With this labelling method, the present cell counting has
shown that the total number of intramural ganglion cells
exceeds that estimated by Gabella2”  using NADH dia-
phorase histochemistry also on the wholemount prepa-
rations of the bladder. It has been reported that neuronal
population in the pelvic plexus between male and fe-
male differs and this, in part, may be attributed to sex
difference in the function of the bladder neck and ure-
thra.37  The same explanation may be offered to explain
the difference between the total neuronal population in
the male guinea pig urinary bladder in the present study
and that of Gabella2’  using female animals. Another
possibility would be that the labelled  cells stained by
NADH-d histochemistry do not reflect a full neuronal
population of the bladder.

2. Correlation Between NADPH-d and NOS

Fig. 13. Electron mtcrograph  showatng  portton  of an NADPH-d reacftve  tntrdmural
neuron rn the bladder  base  48hour.s after urethralohstrltction Vtrtually  all tnitochondria
(urrona)  appeur  vacuoluted  The Golgi  sac&es  (arrouaheads)  appear disorganized.
Bar, I pm.
Fig. 14. Electron microgruph  showrng  degenerattve  changes in an axon and Its
vuricositie.\.  Note the clumping of ,lxuptic  vrcicler  (arrowhead) and contents  of’dense
inclzrsions  (arrow9  and mvelinated  figure (asterisks). Bar, 1 ptn.

been identified in nerves supplying the bladder and
urethra. lL+‘IL

Just as in the neonatal guinea pig urinary bladder,12
present results have revealed that NADPH-d reactive
neurons were the most prevalent neuronal  subpopulation
in the urinary bladder of adult guinea pig. Besides
NADPH-d, NOS immunoreactivity was also localized
in the intramural ganglion cells in the wholemount
preparations. Since the majority of the NADPH-d or
NOS positive neurons were concentrated in the bladder
base, it is suggested that nitric oxide might be involved
in the relaxation activity in the base during micturition.
This would be consistent with recent pharmacological
studies which demonstrated that NO was a mediator for
the neurogenic dilation of the bladder neck during the
micturition reflex in different species.7-9

The present double labelling study has revealed that
70.9% of the NADPH-d reactive intramural ganglion
cells co-expressed NOS immunoreactivity. The propor-
tion of NOS/NADPH-d double-labelled  neurons was
higher than that obtained from separate staining for
these two enzymes (NOS = 1470 + 221; NADPH-d = 2750
f 150, NOS/NADPH-d = 54%) in the whole bladder.
One possible explanation for this may be that prior
labelling of NOS immunoreactivity had partially
quenched the expression of NADPH-d reactivity in the
double labelling study.

The lack of total coincidence of the two enzymes may
be attributed to the fact that NOS may occur in different
isoforms.38  It has been generally accepted that NADPH-
d demonstrated histochemically in fixed brain tissue is a
marker for NOS.39  This is supported by the colocalization
of NADPH-d and NOS immunoreactivity in the periph-
eral nervous system. 12110  On the other hand, there are
examples in some parts of the nervous system where the
two enzymes do not co-exist.4*,42  For example, NADPH-
d has been demonstrated in L6 and Sl dorsal root
ganglia innervating the bladder of the rat, but this is not
paralleled by NOS immunoreactivity.43  Lack of immu-
noreactivity to NOS has also been observed in some
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NADPH-d  positive intrinsic neurons of guinea pig heart?”
and in NADPH-d positive cultured myenteric neurons
of newborn guinea pig caecum.45  Dawson et a13”  de-
scribed NADPH-d activity in the adrenal cortex without
coincident localization of NOS-immunoreactivity. It is
known that NOS contains the amino acid sequences and
cofactor binding sites necessary to confer diaphorase
activity. 39 There are, however, enzymes with diaphorase
activity that do not synthesize NO,“” an example being
the cytochrome P-450 reductase. Matsumoto et a146  have
reported that there is a low correlation between brain
areas rich in NADPH-d  activity and NOS immunoreac-
tivity in fresh brain tissue. Fixation reduces much of
NADPH-d  activity, resulting in a much greater correla-
tion between the two enzymatic activities in different
brain regions. Moreover, the type of fixative and the
degree of fixation affect the magnitude of the histo-
chemical staining. 47 It was speculated that neurons with
NADPH-d  activity that do not stain for NOS probably
never produced NO and the diaphorase activity is asso-
ciated with another enzyme that was not affected by
fixation.4x  These results together with the present study
indicate that while NADPH-d  and NOS may be
colocalized in some sites of nervous tissue, a one-to-one
correlation between these two enzymes does not always
exist. In other words, the NOS immunoreactive cells
observed represent probably only a subpopulation of
NADPH-d  neurons. In the present study, since the ma-
jority of the NADPH-d reactive neurons co-expressed
NOS, the former enzyme is still considered to be a useful
marker for NOS.

3. Colocalization  of NOS and Other  Neurotransmitters

i) NOS and AChE

Specifically, anti-choline acetyltransferase (ChAT,  the
enzyme responsible for the synthesis of ACh)  has been
the antiserum of choice for localization of Ach.49,50  How-
ever, preliminary study by us in localizing ChAT immu-
noreactivity in the urinary bladder has not been successful
thus confirming the finding of others.51  In view of this,
AChE  histochemistry as adopted by others2”,“*  instead
has been used for present detection of sites of ACh
activity. Although the reliability of AChE  as a choliner-
gic marker has sometimes been questioned, it is none-
theless a useful marker for cholinergic neurons in the
autonomic ganglia.52 Present results have revealed the
wide occurrence of AChE  positive neurons notably in
the bladder base where the largest ganglia were distrib-
uted. The number of AChE  positive neurons in the
bladder base was comparable to NADPH-d positive
cells, but in the bladder body and dome, it was signifi-
cantly higher. This suggests that ACh is not only the
major neurotransmitter in the bladder base, but it also
plays a major role in the bladder body and dome. Present
results also revealed that the total number of AChE

positive neurons in the whole bladder was about 3110,
contributing to about 89% of the total neuronal popula-
tion (3260 f 421) as estimated earlier by using NSE as the
neuronal marker. This is consistent with results of other
studies2932  which have shown over 80% of the intramural
neurons expressed AChE  reactivity. In view of their
cholinergic nature, it is suggested that the majority of the
intramural ganglion cells in the urinary bladder are
parasympathetic postganglionic neurons.

ii) TH and NADPH-d

The present study has revealed the lack of colocalization
of TH and NADPH-d suggesting that the TH positive
neurons in the urinary bladder represent a separate
neuronal population. This invites speculation that the
sympathetic postganglionic neurons are not capable of
producing NO. TH is an enzyme responsible for the
synthesis of catecholamine (CA).53  The latter is known to
be a sympathetic nerve mediator that serves to maintain
closure of the bladder outlet and internal urethral sphinc-
ter.30  CA-containing nerves have been detected in the
bladder base and some regions of the urethral smooth
muscle in a variety of species including human.54,55  In
agreement with previous studies, present results also
showed that TH reactive neurons were distributed mainly
in the bladder base especially in the trigone  area. This
supports that TH plays a role sympathetically in closure
of the bladder neck and urethra.“Ors6

iii) VIP and NADPH-d

VIP has been implicated to act as a co-transmitter with
ACh in paiasympathetic  nerves.52  In the urinary blad-
der, VIP may function as a neuro-modulator as it causes
relaxant responses to the detrusor, trigone  and neck.s7,58
The distribution of VIP immunoreactivity in the bladder
of human is much the same as that in animals such as the
guinea pig, cat, and pig with a denser innervation at the
bladder base than that in the body.55,59,60  It has been
shown that VIP immunoreactivity was detected in 10%
to 15% of the bladder ganglion cells that are stained
heavily for AChE.“2 Thus, it was suggested that VIP was
very likely colocalized with ACh in some bladder
ganglion cells. 52,61 Although NADPH-d and VIP were
co-expressed in some of the neurons in pancreas,h2
intestine,63  gall bladder64  and vas deferens  in various
species, their functional relationship has remained
uncertain in the urinary bladder. The present study has
demonstrated that some of the VIP immunoreactive
intramural neurons and fibres also expressed NADPH-
d reactivity. Taken together with results of previous
studies,52,61  it is suggested that VIP may be released
together with NO from the parasympathetic postgangli-
onic neurons to act as neuromodulator coordinating the
relaxation of smooth muscle in the bladder base or
urethra.
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iv) CGRP,  SP and NADPH-d

The present study has shown that in the bladder walls
CGRP and SP immunoreactivities were confined exclu-
sively to nerve fibres and some of them were closely
associated with the intramural ganglion cells stained for
NADPH-d. Both SP and CGRP are known to act as
transmitters in sensory nerves.30,66  Indeed SP and CGRP
immunoreactivities have been localized in the dorsal
root ganglion cells identified as supplying the bladder
and urethra by retrograde tracing technique.67  Further
evidence of the sensory origin of CGRP immunoreactive
fibres has been gained from the fact that the immunore-
activity was depleted following the removal of dorsal
root ganglia at Ll, L2, L6 and Sl spinal segments.6R  The
present study has shown the close association of some
positively stained CGRP and SP fibres with neuronal
somata that expressed NADPH-d reactivity. It is postu-
lated that through such unique configuration NO re-
leased from the latter cells may act as a retrograde
transmitter exerting its influence on the sensory afferent
pathways. Furthermore, it has been described that affer-
ent neurons can release neuropeptides from their pe-
ripheral terminals in the viscera.30  Thus, the transmitters
released from the sensory nerve endings in the bladder
may play an efferent role by direct postjunctional effects
on the detrusor muscle.h6  In the light of the above, it is
tempting to speculate that CGRP and SP may also be
released from the sensory terminals in the bladder walls
to reciprocally influence the NADPH-d positive intra-
mural ganglion cells in the urinary bladder.
4. Alteration of NADPH-d Reactivity in the Intramural
Ganglia Following Complete Urethral Obstruction

Acute urinary retention is a common problem in
urologic patients. 69 For example, it has been reported
that in 212 cases with prostatic obstruction 42% of the
patients presented with acute urinary retention.69  Ex-
perimental study has shown that urinary retention in-
duced by acute urethral ligation could lead to a 47%
reduction in muscarinic receptor density and 75% de-
crease in the contractile responses to muscarinic stimu-
lation and field stimulation in rabbits.24 It was speculated
that the neural alterations elicited by acute urinary re-
tention might be attributed to hypoxia as a result of
reduced blood flow as well as mechanical damage due to
high intravesical pressure .24 Moreover, the presence of
inflammation, ischaemic damage and edema in the
overdistended bladder might facilitate such neural al-
terations during the initial period of the urethral ob-
struction.24  Although this and the present animal model,
which conceivably would result in urinary retention, are
different from the human bladder outlet obstruction
which is a slow and gradual process, it has been reported
that neural alterations could occur in the initial period of
urinary retention.24 Clinically, Gosling et a122  have shown
56 per cent reduction in the autonomic innervation of the
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urinary bladder in patients with bladder outlet obstruc-
tion. The significant denervation following outlet ob-
struction may markedly impair the neuromuscular
control of the bladder2*  and is usually associated with
the detrusor instability. 21 The latter which is manifested
by frequency and urgency of micturition is often seen in
patients with bladder outlet obstruction.20~21,30  It may be
alleviated once the urethral obstruction is relieved but
persists in approximately one-third of the patients.70

The present experimental study has revealed that a
sizeable  number of the intramural neurons displayed
signs of degenerative changes in the early stage after
urethral obstruction in the guinea pig. Many neurons
underwent complete disintegration and total lysis as
demonstrated by the wholemount preparations. The
earliest degenerative changes seemed to affect the mito-
chondria which appeared swollen as detected ultrastruc-
turally at 12 hours after urethral obstruction. The
degenerative alteration was progressive so that by 48
hours, almost all mitochondria underwent total vacu-
olation and lysis, a characteristic feature in neuronal
degeneration.71

A striking feature in the present study was the in-
creased NADPH-d  expression in the intramural gan-
glion cells within 12 hours after urethral obstruction.
This was sustained until 24 hours accompanied by neu-
ronal  degenerative changes and consequent cell death.
At 48 hours, the total number NADPH-d positive neu-
rons in the urinary bladder was significantly decreased
(32%). One possible explanation for the marked reduc-
tion may be that some neurons had ceased to express
NADPH-d  reactivity after urethral obstruction. On the
other hand, present morphological results seem to sug-
gest that extensive and irreversible neuronal damage
would have accounted for the major cell loss. In regard
to the alterations in the NADPH-d  expression, recent
studies have shown the considerable plasticity of neuro-
nal NADPH-d  in different pathological events. For ex-
ample, increased NADPH-d activity was observed in
the lumbar spinal cord neurons after inflammation of
the rat hindpaw,13 in the cortical pyramidal neurons
after stab lesions in the rat,72  in rat vagal motor neurons
after axotomy’-? and in the lumbar spinal cord in rats
following rhizotomy.74 It has been suggested that the
upregulated  NADPH-d expression after nerve lesion
was related to both neurodegenerative and
neuroregenerative effects. 72,75 In this connection it has
been reported that small amounts of NO might be ben-
eficial, whereas larger amounts of NO might be detri-
mental as it is known to mediate neuronal death, e.g. in
excitotoxic and hypoxic insults.75  Present results suggest
that the upregulated  NADPH-d  expression after ure-
thral ligation may be attributed to hypoxia and inflam-
mation in the overdistended bladder. To this end, the
increased NADPH-d  expression in the intramural gan-
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glion cells after acute urethral obstruction may be an
harbinger to consequent neuronal degeneration and cell
death as this might indicate elevated NOS expression
and, hence, greater NO production. Activation of neuro-
nal NOS, however, is calcium dependent.76  In the ab-
sence of evidence of Ca++ influx into the intramural
neurons after urethral ligation, the above remains purely
speculative as the cells may produce normal levels
of NO.

Acknowledgements

This work is supported by a research grant (RI’950364)
from the National University of Singapore (NUS) and
forms parts of a thesis submitted to the NUS for the
degree of Doctor of Philosophy. The authors wish to
thank Mr Tajuddin bin M Ali and Mr Yick Tuck Yong for
their excellent technical assistance.

REFERENCES

Bredt D S, Snyder S H. Nitric oxide, a novel neuronal messenger.
Neuron 1992; 8:3-11.

Grozdanovic Z, Bruning G, Baumgarten H G. Nitric oxide a novel auto-
nomic neurotransmitter. Acta  Anat  1994; 150:16-24.

Lowenstein C J,  Dinerman  J L, Snyder S H. Nitric oxide: a physiologic
messenger. Ann Intern Med 1994; 120:227-37.

Sanders K M, Ward S M. Nitric oxide as a mediator of nonadrenergic
noncholinergic neurotransmission. Am J Physiol 1992; G379-G392.

Burnett A L, Saito S, Maguire M I’, Yamaguchi H, Chang T S K, Hanley D
F. Localization of nitric oxide synthase in spinal nuclei innervating pelvic
ganglia. J Urol 1995; 153:212-7. .

Mevorach R A, Bogaert G A, Kogan B A. Role of nitric oxide in fetal lower
urinary tract function. J Urol 1994; 152:510-4.

Dokita S, Morgan W R, Wheeler M A, Yoshida M, Latifpour J.  No-nitro-L-
arginine inhibits non-adrenergic, non-cholinergic relaxation in rabbit ure-
thral smooth muscle. Life Sci 1991; 48:2429-36.

Persson  K, Igawa Y, Mattiason A, Andersson K E. Inhibition of the argin-
ine/nitric oxide pathway causes bladder hyperactivity in the rat. Acta
Physiol Stand 1992; 144:107-g.

James M J,  Birmingham A T, Hill S J.  Partial mediation by nitric oxide of the
relaxation of human isolated detrusor strips in response to electrical field
stimulation. Br J Clin Pharmacol 1993; 35:69-73.

Bredt D S, Hwang I’ M, Snyder S H. Localization of nitric oxide synthase
indicating a neural role for nitric oxide. Nature 1990; 347:768-70.

McNeil1 D L, Traugh Jr N E, Vaidya A M, Hua H T, Papka R E. Origin and
distribution of NADPH-diaphorase-positive neurons and fibres innervat-
ing the urinary bladder of the rat. Neurosci Lett 1992; 147:33-6.

Saffrey M J,  Hassall  C J S, Moules E W, Burnstock G. NADPH-diaphorase
and nitric oxide synthase are expressed by the majority of intramural
neurons in the neonatal guinea pig urinary bladder. J Anat  1994; 185:487-95.

Solodkin A, Traub R J,  Gebhart G F. Unilateral hindpaw  inflammation
produces a bilateral increase in NADPH-diaphorase histochemical staining
in the rat lumber spinal cord. Neuroscience 1992; 51:495-9.

Zhang X U, Verge V, Wiesenfeld-hallin Z, Ju G, Bredt D, Snyder S H, et al.
Nitric oxide synthase-like immunoreactivity in lumbar dorsal root ganglia
and spinal cord of rat and monkey and effect of peripheral axotomy. J Comp
Neurol 1993; 335:563-75.

Wu W T, Li L X. Inhibition of nitric oxide synthase reduces motoneuron
death due to spinal root avulsion. Neurosci Lett 1993; 153:121-4.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Zhou Y, Ling E A. Upregulation of nicotinamide adenine dinucleotide
phosphate-diaphorase reactivity in the ventral horn motoneurons of
laumbosacral spinal cord after urethral obstruction in the guinea pig.
Neurosci Res 1997; 27:169-74.

Vizzard M A, Erdman S L, de Groat W C. Increased expression of neuronal
nitric oxide synthase (NOS) in visceral neurons after nerve injury. J Neurosci
1995; 15:4033-45.

Vizzard M A, Erdman S L, de Groat W C. Increased expression of neuronal
nitric oxide synthase in bladder afferent pathways following chronic blad-
der irritation. J Comp Neurol 1996; 370:191-202.

Zhou Y, Ling E A. Increased NADPH-diaphorase reactivity in bladder
afferent pathways following urethral obstruction in guinea pigs. J Periph
Nerv Syst 1997; 2:333-42.

Speakman  M J,  Breading A F, Gilpin C J,  Dixon J S, Gilpin S A, Gosling J A.
Bladder outflow obstruction-a cause of denervation supersensitivity. J
Urol 1987; 138:1461-6.

Steers W D, Ciambotti J,  Etzel B, Erdman S, de Groat W C. Alterations in
afferent pathways from the urinary bladder of the rat in response to partial
urethral obstruction. J Comp Neuroll991;  310:401-10.

Gosling J A, Gilpin S A, Dixon J S, Gilpin C J.  Decrease in the autonomic
innervation of human detrusor muscle in outflow obstruction. J Urol
1986; 136:501-4.

Andersson I’ 0, Malmgren A, Uvelius B. Cytometrical and in vitro evalu-
ation of urinary bladder function in rats with streptozotocin-induced
diabetes. J Urol 1988; 139:1359-62.

Kitada  S, Wein A J,  Kato K, Levin R M. Effect of acute complete obstruction
on the rabbit urinary bladder. J Urol 1989; 141:166-9.

Zhou Y, Tan S K, Ling E A. Distribution of NADPH-diaphorase and nitric
oxide synthase-containing neurons in the intramural ganglia of guinea pig
urinary bladder. J Anat  1997; 190:135-45.

Zhou Y, Ling E A. Colocalization of nitric oxide synthase and some
neurotransmitters in the intramural ganglia of the guinea pig urinary
bladder. J Comp Neurol 1998; 394:496-505.

Zhou Y, Ling E A. Effects of acute complete outlet obstruction on the
NADPH-diaphorase reactivity in the intramural ganglia of the guinea pig
urinary bladder: light and electron microscopic studies. J Urol
1997; 158:916-23.

World Health Organization. International guiding principles for animal
research. Chronicle 1985; 39:51-6.

Gabella  G. Intramural neurons in the urinary bladder of the guinea pig. Cell
Tissue Res 1990; 261:231-7.

Lincoln J, Burnstock G. Autonomic innervation of the urinary bladder and
urethra. In: Maggi C A, editor. Autonomic Nervous System. Vol III.
Nervous Control of the Urogenital System. London: Harwood Academic
Publishers, 1993:33-68.

Gilpin C J,  Dixon J S, Gilpin S A, Gosling G A. The fine structure of
autonomic neurons in the wall of the human urinary bladder. J Anat
1983; 137:705-13.

Crowe R, Haven A J, Burnstock G. Intramural neurons of the guinea-pig
urinary bladder: histochemical localization of putative neurotransmitters
in cultures and newborn animals. J Autonom Nerv Syst 1986; 15:319-39.

Schmechel DE, Marangbs  P J,  Zis A I’, Brightman M W, Goodwin F K. Brain
enolases as specific marker for neuronal  and glial cells. Science
1978; 199:313-5.

Scheuermann D W, Stach  W, Timmermans J I’, Adriaensen D, Groodt-
Lassee M H A D. Neuron-specific enolase and S-100  protein immunohis-
tochemistry for defining the structure and topographical relationship of the
different enteric nerve plexuses in the small intestine of the pig. Cell Tissue
Res 1989; 256:65-75.

Schmechel D E, Brightman M W, Barker J L. Localization of neuron-specific
enolase in mouse spinal neurons grown in tissue culture. Brain Res
1980; 181:391-400.

Wang X Y, Wong W C, Ling E A. Studies of the lymphatic vessel-associated
neurons in the intestine of the guinea pig. J Anat  1994; 185:65-74.

Janig W, McLanchlan  M. Organization of lumbar spinal outflow to distal
colon and pelvic organs. Physiol Rev 1986; 67:1332-404.

Annals Academy of Medicine



NOS in the Intvumurul  Ganglia of the Urinary Bladder- Y Zhou & E A Ling 61

38

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Forstermann U, Schmidt H H H W, Pollock J S, Sheng H, Mitchell J A,
Warner T D, et al. Isoforms of nitric oxide synthase: characterization and
purification from different cell types. Biochem Pharmacoll991;  42:1849-57.

Dawson T M, Bredt D S, Fotuhi M, Hwang I’ M, Snyder S H. Nitric oxide
synthase and neuronal  NADPH d’iaphorase  are identical in brain and
peripheral tissue. Proc  Nat1 Acad  Sci USA 1991; 887797-801.

Young H M, Furness J B, Shuttleworth C W R, Bredt D S, Synder S H.
Colocalization of nitric oxide synthase immunoreactivity and NADPH
diaphorase staining in neurons of the guinea pig intestine. Histochemistry
1992; 921375-8.

Hope B T, Michael G J, Knigge K M, Vincent S R. Neuronal  NADPH
diaphorase is a nitric oxide synthase. Proc Nat1 Acad Sci USA
1991; 88:2811-4.

Lee J H, Price R H, Williams F G, Mayer B, Beitz A J.  Nitric oxide synthase
is found in some spinothalamic neurons and in neuronal  processes that
appose spinal neurons that express Fos induced by noxious stimulation.
Brain Res 1993; 608:324-33.

Vizzard M A, Erdman S L, Forstermann U, de Groat W C. Differential
distribution of nitric oxide synthase in neural pathways to the urogenital
organs (urethra, penis, urinary bladder) of the rat. Brain Res
1994; 646:279-91.

Hassall C J S, Saffrey M J,  Belai  A, Hoyle C H V, Moules E E W, Mossj S C
H, et al. Nitric oxide synthase-immunoreactivity and NADPH-diaphorase
activity in a subpopulation of intrinsic neurons of the guinea-pig heart.
Neurosci Lett 1992; 143:65-g.

Saffrey M J,  Hassall C J S, Hoyle C H V, Belai  A, Moss J,  et al. Colocalization
of nitric oxide synthase and NADPH-diaphorase in cultured myenteric
neurons. NemoReport  1992; 3:333-6.

Matsumoto T, Masaki N, Pollock J S, Kuk J E, Forstermann  U. A correlation
between soluble brain nitric oxide synthase and NADPH-diaphorase activ-
ity is only seen after exposure of the tissue to fixative. Neurosci Lett
1993; 155:61-4.

Valtschanoff J G, Weinberg R J,  Rustioni A. NADPH diaphorase in the
spinal cord of rats. J Comp Neurol1992;  321:209-22.

Traub R J,  Solodkin A, Meller S T, Gebhart G F. Spinal cord NADPH-
diaphorase histochemical staining but not nitric oxide synthase immunore-
activity increases following carrageenin-produced hindpaw  inflammation
in the rat. Brain Res 1994; 668:204-10.

Furness J B, M Costa, J R Keast. Choline acetyltransferase and peptide
immunoreactivity of submucous  neurons in the small intestine of the
guinea-pig. Cell Tissue Res 1984; 237:329-36.

Wang X Y, Wong W C, Ling E A. Localization of choline acetyltransferase
and NADPH-diaphorase activities in the submucous ganglia of the guinea-
pig colon. Brain Res 1996; 712:107-16.

Vaalasti A, Tainio H, Pelto-Huikko M, Hervonen A. Light and electron
microscope demonstration of VIP- and enkephalin-immunoreactive nerves
in the human male genitourinary tract. Anat  Ret 1986; 215:21-7.

Lundberg J M, Hiikfelt T, Schultzberg M, Uvnas-Wallensten K, Kohler  C,
Said S I. Occurrence of vasoactive intestinal polypeptide (VIP)-like immu-
noreactivity in certain cholinergic neurons of the cat; evidence from com-
bined immunohistochemistry and acetylcholinesterase staining. Neuro-
science 1979; 4:1539-59.

Smet P J,  Edyvane K A, Jonavicius J, Marshall V R. Colocalization of nitric
oxide synthase with vasoactive intestinal peptide, neuropeptide Y, and
tyrosine hydroxylase in nerves supplying the human ureter. J Urol
1994; 152:1292-6.

Khick  I’. The autonomic innervation of the human urinary bladder neck and
urethra: a histochemical study. Anat  Ret 1980; 198:439-47.

Crowe R, Burnstock G. A histochemical and immunohistochemical study of
the autonomic innervation of the lower urinary tract of the female pig.
Is the pig a go6d  model for the human bladder and urethra? J Urol
1989; 141:414-22.

56

57

58

59

60

61

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

de Groat W C, Booth A M. Autonomic systems to the urinary bladder and
sexual organs. In: Dyck  I’ J,  Thomas I’ K, Lambert  E H, Bunge R, editors.
Peripheral Neuropathy, Philadelphia: WB Saunders, 1984:285-99.

Larssen J J,  Ottesen B, Fahrenkrug J, Fahrenkrug L. VIP in the male
genitourinary tract. Concentration and motor effect. Invest Urol
1981; 19:211-3.

Levin R M, Wein  A J.  Effect of vasoactive intestinal peptide on
tility of the rabbit urinary bladder. Urol Res 1981; 9:217-8.

the contrac-

Alm I’, Alumets J,  Hakanson  R, Owman C, Sjiiberg  N-O, Sundler F, et al.
Origin and distribution of VIP ( vasoactive intestinal polypeptide)-nerve in
the genito-urinary tract. Cell Tissue Res 1980; 205:337-47.

Mattiasson A, Ekblad E, Sundler F, Uvelius 8. Origin and distribution of
neuropeptide Y-, vasoactive intestinal peptide-  and substance P-containing
nerve fibres in the urinary bladder of the rat. Cell Tissue Res
1985; 239:141-6.

Kawatani M, Rutigliano M, de Groat W C. Selective facilitatory effect of
vasoactive intestinal polypeptide (VIP) on muscarinic firing in vesical
ganglia of the cat. Brain Res 1985; 3361223-34.

Tay S S W, Moules E W. NADPH-diaphorase is colocalized with nitric oxide
synthase and vasoactive intestinal polypeptide in rat pancreatic neurons in
culture. Arch Histol  Cytol 1994; 57:253-7.

Li Z S, Furness M J B, Young H M, Campbell G. Relationship between nitric
oxide synthase, vasoactive intestinal peptide and substance P immunoreac-
tivities in neurons of the amphibian intestine. J Autonom Nerv syst  1993;
44~197-206.

Talmage E K, Mawe  G M. NADPH-diaphorase and VIP are colocalized in
neurons of gallbladder ganglia. J Autonom Nerv Syst 1993; 43:83-90.

Song Z M, Brookes S J H, Gibbins I L, Costa M. NADPH-diaphorase and
other neuronal  markers in nerves and ganglia supplying the guinea-pig vas
deferens. J Autonom Nerv Syst 1994; 48:31-43.

de Groat W C. Neuropeptides in pelvic afferent pathways. Experientia
1987; 43:801-12.

Papka R E. Some nerve endings in the rat pelvic paracervical autonomic
ganglia and varicosities in the uterus contain calcitonin gene-related pep-
tide and originate from dorsal root ganglia. Neuroscience 1990; 39:173-80.

Senba E, Tohyama M. Calcitonin gene-related peptide containing auto-
nomic efferent pathways to the pelvic ganglia of the rat. Brain Res
1988; 449:386-90.

Christensen M M, Bruskewitz R C. Clinical manifestations of benign
prostatic hyperplasia and indications for therapeutic intervention. Urol
Clin North Am 1990; 17:509-13.

Sibley G N A. An experimental model
strutted pig. Br J Urol 1985; 57:292-8.

of detrusor instability in the ob-

Ling E A, Wong W C. An electron microscopic study of the nodose  (inferior
vagal) ganglion cells in the monkey. J Neurocytol 1988; 17:845-57.

Kitchener I’ D, Van der Zee C E E M, Diamond J.  Lesion-induced NADPH-
diaphorase reactivity in neocortical pyramidal neurons. Neuroreport
1993; 4:487-90.

Wang X Y, Wong W C, Ling E A. NADPH-diaphorase activity in nodose
ganglion of normal and vagotomized guinea-pigs. Cell Tissue Res
1996; 285:141-7.

Vizzard M A, Erdman S L, de Groat W C. The effect of rhizotomy on
NADPH-diaphorase staining in the lumbar spinal cord of the rat. Brain Res
1993; 607:349-53.

Verge V M K, Xu Z, Xu X J, Wiesenfeld-Hallin Z, Hokfelt T. Marked increase
in nitric oxide synthase mRNA  in rat dorsal root ganglia after peripheral
axotomy: in situ hybridization and functional studies. Proc  Nat1 Acad  Sci
USA 1992; 89:11617-21.

Vincent S R. Nitric oxide: a radical neurotransmitter
system. Prog  Neurobiol 1994; 42:129-60.

in the central nervous

January 1999, Vol. 28 No. 1


	Content

