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Abstract Nitric oxide synthase (NOS) immunohis-
tochemistry and nicotinamide adenine dinucleotide
phosphate diaphorase (NADPH-d) histochemistry
were used to investigate the distribution of nitroxergic,
i.e., nitric oxide-synthesizing, neuronal perikarya and
processes in the human ureterovesical junction (UVJ).
Tissue specimens obtained from two cadaver kidney
donors and two patients undergoing radical cystec-
tomy for bladder cancer were examined. Clusters of
NOS-immunoreactive neurons were localized in extra-
mural ureterovesical ganglia. NOS-containing nerve
fibers traveled within large extramural nerve trunks
and marched among smooth muscle bundles. Extra-
mural and intramural blood vessels were encircled by
varicose NOS-positive axonal processes. The distribu-
tion of NOS immunoreactivity paralleled the staining
pattern for NADPH-d activity. Urothelium stained
strongly for NADPH-d activity but showed no NOS
immunolabeling. Specimens from all four patients in-
vestigated showed similar staining patterns. Our results
suggest that nitric oxide, a potent smooth-muscle-re-
laxing neurotransmitter in the autonomic nervous sys-
tem, plays a physiologic role in opening the human
UVlJ.
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The ureterovesical junction (UVJ) acts as a one-way
valve in protecting the kidney from the deleterious
consequences of chronic reflux, namely infection and
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scarring. Besides the two “classical” neurotransmitters
norepinephrine and acetylcholine [18], several neuro-
active peptides, such as vasoactive intestinal peptide
and calcitonin-gene-related peptide, have recently been
localized immunohistochemically in the human UVJ
[5]. However, the physiologic role of these substances
in regulating the motility of the terminal and intravesi-
cal ureter is still obscure.

Nitric oxide (NO), a neurotransmitter that is wide-
spread in the autonomic nervous system [7, 10, 14, 15,
17, 197, is a physiologic relaxor of penile [11], urethral
[16] and bladder neck [16] smooth muscle. With re-
gard to the strong inhibitory effects of NO on ureteral
contraction [3], we investigated innervation of the hu-
man UVJ by NO-synthesizing (nitroxergic) nerves.

Nitroxergic nerves were demonstrated through im-
munohistochemical staining with antibodies against
neuronal nitric oxide synthase (NOS) [12], the enzyme
responsible for NO generation from its precursor
L-arginine [12,15]. Instead of this technique, many
investigators use the inexpensive and easily performed
NADPH-diaphorase (NADPH-d) reaction as a marker
for NOS in the autonomic nervous system [4, 6, 9, 22].
Therefore, we studied colocalization of NOS-im-
munoreactive and NADPH-d-positive neurons in the
human UV]J.

Materials and methods

We obtained specimens of the terminal ureter (3 cm) and bladder
cuff (diameter about 1.5 cm) from two cadaver kidney domors (a
19-year-old man and a 54-year-old women) and two patients under-
going radical cystectomy for invasive bladder cancer (a 63-year-old
man and a 74-year-old women). Specimens were dissected only from
unaffected areas. No patient had a history of voiding disorder. The
samples were immersed in 4% formaldehyde, buffered with 0.1 M
sodium phosphate at a pH of 7.4 for 18-24 h at 4°C, washed in
0.1 M phosphate-buffered saline (PBS) containing 15% sucrose for
24-48 h at 4°C, and snap frozen in liquid N,. Sections (10-20 um)
were cut in a cryostat (Frigocut 2700 Reichert-Jung, Heidelberg,
FRG), mounted onto chromalum/gelatin-coated glass slides, and
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either processed for anti-NOS immunofluorescence detection [8] or
for NADPH-d activity detection [9]. For immunohistochemical
analysis, the sections were incubated in a rabbit polyclonal anti-
serum against NOS purified from porcine cerebellum [12] at a dilu-
tion of 1:1000 in 0.1 M PBS containing 0.3% (v/v) Triton X-100 for
18 h at room temperature. The bound anti-NOS antibody was
detected by indirect immunofluorescence with Cy3-conjugated goat
anti-rabbit IgG (Jackson, West Grove, USA) at a dilution of 1:80 for
1h at room temperature. PBS, instead of the primary antiserum,
served as negative control. After photography, the cover slips were
removed, and the representative sections were stained for NADPH-d
activity. The histochemical technique consisted of incubating the
sections in 0.1 M TRIS-HCI buffer containing 2.2 mM S-NADPH
(Biomol, Hamburg, FRG), 0.3 mM nitroblue tetrazolium (Serva,
Heidelberg, FRG), and 0.3% Triton X-~100 (v/v) for 30-60 min at
37°C. The reaction was stopped by rinsing the sections in ice-cold
PBS. The sections were embedded in a mixture of PBS and glycerol
at a 1:1 ratio.

Results

NADPH-d-reactive (Fig. 1) and NOS-immunoreactive
(NOS-IR) nerve fibers were contained in nerve trunks
which approached the adventitial layer of the distal
ureter. Fine varicose fibers marched in the connective
tissue septa in the muscle layer of the terminal and
intravesical ureter. Bundles of NADPH-d-reactive and
NOS-IR (Fig. 2) fibres were set running parallel to
smooth muscle fascicles. A well-developed plexus of
mostly smooth NADPH-d-reactive and NOS-IR
(Fig. 3) axons was found in the lamina propria of the
mucosa. NADPH-d-reactive (Fig. 4) and NOS-IR
nerve terminals were observed around extramural and
intramural blood vessels (mostly arteries). NADPH-d-
reactive (Fig. 5) and NOS-IR nerve cells encompassed
a subpopulation of neurons in extramural ureterovesi-
cal ganglia. Double-staining experiments showed that
the neuronal elements labeled by NOS antibody could
equally well be stained by the NADPH-d reaction. All
the NADPH-d-labeled neuronal structures that were
encountered contained NOS immunoreactivity; this
suggests a one-to-one colocalization of NOS protein
with NADPH-d activity in neurons (Fig. 6). Strong
reactivity for NADPH-d was found in the urothelium,
but no NOS immunoreactivity. Specimens {rom
all four patients investigated showed similar staining
patterns.

Discussion

NADPH-d-positive perikarya and nerve fibers, which
are particularly numerous at the UVJ, were recently
described in the mouse lower urinary tract [6]. Al-
though distribution of neurons staining positive for
NADPH-d usually resembles the staining pattern of
NOS immunoreactivity in the autonomic nervous sys-
tem [4, 9, 23], Belai et al. [ 1] were not able to detect all
NOS-positive neurons in the rat gut with NADPH-d

Fig. 1 NADPH-d-reactive fiber bundles in adventitial nerve trunk

Fig. 2 Longitudinal section of terminal ureter showing NOS-IR
axonal processes in the muscle layer

Fig. 3 Longitudinal section of distal ureter showing a plexus of
NOS-IR nerve fibers in lamina propria of the mucosa. E, epithelium,
LP, lamina propria
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staining. Therefore, NADPH-d staining of neuronal
structures cannot automatically be considered as
a valid substitute for NOS immunohistochemical ana-
lysis. A parallel staining pattern with the use of both
techniques has not yet been demonstrated in animal or
human UV]J. Strict colcalization of NOS immunoreact-
ivity and NADPH-d activity within nerve cell bodies
and fibers in the UVJ indicates that the easily per-
formed and inexpensive NADPH-d technique can be
used as a valid diagonostic tool for pathologic condi-
tions of the UVJ. In the case of megaureter, for
example, this technique might be able to demonstrate
a possible selective loss of relaxing nitroxergic nerves
distal to ureteral dilation, as has been shown in similar
diseases of the gastrointestinal tract, such as achalasia
[13], infantile pyloric stenosis [10, 22] and megacolon
(Hirschsprung’s disease) [23].

Demonstration of nitroxergic axons surrounding
blood vessels around the UVJ supports the presump-
tion that neuronal NO release not only regulates
smooth muscle tone of the UV] itself but also controls
local blood flow by inducing vasodilation. Nitroxergic
innervation of dog mesenteric and cerebral arteries was
shown by Toda and Okamura [20]. The vascular tissue
of human corpus cavernosum [2, 117 and, apparently,
cavernous artery [2] also has thin innervation pattern.

The observation that urothelium displayed a strong
staining for NADPH-d but showed no NOS immuno-
reactivity might be attributed to mucosal NADPH-d
that represents an isoform of NOS that is not readily
detectable with the antiserum against neuronal NOS
(NOS-I) used in our study [12]. Alternatively, selective
staining of urothelium for NADPH-d only might be
caused by other reducing urothelial enzymes that have
no NOS activity at all.

Our immunohistochemical and histochemical results
support the presumption that nitroxergic innervation
of the UVJ exists in humans. Besides histologic evi-
dence, demonstration of neuronal NO release is re-
quired to confirm a neurotransmitter role of NO in the
UVI. However, neuronal NO release has not yet been
shown with electric field stimulation [11, 21] of isolated
tissue from the human UVIJ]. The bladder trigone,
a muscular continuation of the distal ureter and its
sheet of Waldeyer [24], relaxes after neurogenically
induced NO release [16]. The ureter itself can be
strongly relaxed by NO [3]. In conclusion our his-
tologic results indicate a role for NO as a physiologic
neurotransmitter that opens the human UVJ. Our



Fig. 4 NADPH-d-positive
axons surround extramural
small artery

Fig. 5 NADPH-d-reactive
neuronal perikarya within
ureterovesical ganglion.
Population of neurons in this
ganglion is not stained; most
contain lipofuscin pigment

Fig. 6a,b Paired micrographs of
ureteric ganglion. NOS-IR
neurons (a) are also
histochemically stained by
NADPH-d activity (b)
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results might have clinical implications: treatment of
prevesical ureteral stones and colic with NO-releasing
drugs applied through a percutancous-nephrostomy
catheter or through retrograde instillation into the af-
fected ureter might have therapeutic value.

Acknowledgements We are indebted to Dr. B. Mayer, Department
of Pharmacology, University of Graz, Austria, for donation of NOS
antisesrum.

References

1. Belai A, Schmidt HH, Hoyle CH, Hassall CJ, Saffrey MJ, Moss
J, Forstermann U, Murad F, Burnstock G (1992) Colocalization
of nitric oxide synthase and NADPH-diaphorase in the myen-
teric plexus of the rat gut. Neurosci Lett 143:60

2. Burnett AL, Tillman SL, Chang TSK, Epstein JI, Lowenstein
CL, Bredt DS, Synder SH, Walsh PC (1993) Immunohis-
tochemical localization of nitric oxide synthase in the auton-
omic innervation of the human penis. J Urol 150:73

3. Chiu AW, Babayan RK, Krane RJ, Saenz de Tejada I (1994)
Effects of nitric oxide on ureteral contraction. J Urol 151
[Suppl]:335A

4. Dawson TM, Bredt DS, Fotuhi M, Hwang PM, Snyder SH
(1991) Nitric oxide synthase and neuronal NADPH diaphorase
are identical in brain and peripheral tissues. Proc Natl Acad Sci
USA 88:7797

5. Dixon JS, Canning DA, Gearhart JP, Gosling JA (1994) An
immunohistochemical study of the innervation of the
ureterovesical junction in infancy and childhood. Br J Urol
73:292

6. Grozdanovic Z, Baumgarten HG, Briining G (1992) Histochem-
istry of NADPH-diaphorase, a marker for neuronal nitric oxide
synthase, in the peripheral autonomic nervous system of the
mouse. Neuroscience 48:225

7. Grozdanovic Z, Briining G, Baumgarten HG (1994) Nitric oxide
—a novel autonomic neurotransmitter. Acta Anat (Basel) 150:16

8. Grozdanovic Z, Mayer B, Baumgarten HG, Briining G (1994)
Nitric oxide synthase-containing nerve fibers and neurons in the
genital tract of the female mouse. Cell Tissue Res 275:355

9. Hope BT, Michael GJ, Knigge KM, Vincent SR (1991) Neur-
onal NADPH diaphorase is a nitric oxide synthase. Proc Natl
Acad Sci USA 88:2811

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22

23.

24.

Huang PL, Dawson TM, Bredt DS, Snyder SH, Fishman MC
(1993) Targeted disruption of the neuronal nitric oxide synthase
gene. Cell 75:1273

Knispel HH, Goessl C, Beckmann R (1992) Nitric oxide me-
diates neurogenic relaxation in rabbit and human corpus cav-
ernosum smooth muscle. Urol Res 20:253

Mayer B, John M, Béhme E (1990) Purification of Ca®*/cal-
modulin-dependent nitric oxide synthase from porcine
cerebellum: cofactor role of tetrahydrobiopterin. FEBS Lett
277:215

Mearin F, Mourelle M, Guarner F, Salas A, Riveros-Moreno V,
Moncada S, Malagelada JR (1993) Patienfs with achalasia lack
nitric oxide synthase in the gastro-oesophageal junction. Eur
J Clin Invest 23:724

Mevorach RA, Bogaert GA, Kogan BA (1994) Role of nitric
oxide in fetal lower urinary tract function. J Urol 152:510
Moncada S, Higgs A (1993) The r-arginine—nitric oxide path-
way. Engl J Med 329:2002

Persson K, Igawa Y, Mattiasson A, Andersson K-E (1991)
Inhibition of the arginine/nitric oxide pathway causes bladder
hyperactivity in the rat. Acta Physiol Scand 144:107

Rand MJ (1992) Nitrergic transmission: nitric oxide as a medi-
ator of non-adrenergic, noncholinergic neuro-effector transmis-
sion. Clin Exp Pharmacol Physiol 19:147

Schulman CC, Duarte-Escalante O, Boyarsky S (1972) The
ureterovesical innervation. Br J Urol 44:698

Sneddon P, Graham A (1992) Role of nitric oxide in the
autonomic innervation of smooth muscle. J Auton Pharmacol
12:445

Toda N, Okamura T (1990) Modification by L-N%-monomethyl
arginine (L-NMMA) of the response to nerve stimulation in
isolated dog mesenteric and cerebral arteries. Jpn J Pharmacol
52:170

Triguero D, Prieto D, Garcia-Pascual A (1993) NADPH-
diaphorase and NANC relaxations are correlated in the sheep
urinary tract. Neurosci Lett 163:93

Vanderwinden JM, Mailleux P, Schiffmann SN, Vanderhaeghen
1J, De Laet MH (1992) Nitric oxide synthase activity in infantile
hypertrophic pyloric stenosis. N Engl J Med 327:511
Vanderwinden JM, DeLaet MH, Schiffmann SN, Mailleux P,
Lowenstein CJ, Snyder SH, Vanderhaeghen JJ (1993) Nitric
oxide synthase distribution in the enteric nervous system of
Hirschsprung’s disease. Gastroenterology 105:969

Waldeyer W (1982) Ureterscheide. Verh Anat Ges 6:259



