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A b s t r a c t  Nitric oxide (NO) has been suggested as a non- 
adrenergic non-cholinergic neurotransmitter in the uro- 
genital tract and has previously been shown to have a 
smooth muscle relaxing effect in the urogenital organs 
both in various animals and in humans. It has been 
shown that NO is a mediator of the erection and the 
dilatation of  the bladder neck and urethra. The aim of  
the study was to analyse nitric oxide synthase (NOS) 
activity in the human urogenital tract. NOS activity was 
measured by the conversion of  L-[U-14C] arginine to 
L-[U-I*C] citrulline. In the upper urinary tract there was 
Ca 2 +-dependent NOS activity in the renal pelvis, but no 
significant NOS activity could be found in the ureter. In 
the lower urinary tract we found high Ca 2 +-dependent 
NOS activity in the urethra, intermediate activity in the 
bladder neck and comparatively low activity in the detru- 
sor muscle. In the male genital tract the testis and epi- 
didymis had no significant NOS activity. The vas defer- 
ens, prostate, seminal vesicle and corpus cavernosum 
were found to have high levels of  Ca 2 +-dependent NOS 
activity. CaZ+-independent NOS activity was not ob- 
tained in the urogenital tract. Our results correspond well 
with previous functional studies indicating NO to be an 
important  nerve-induced mediator of  erection and in the 
micturition reflex, but also suggest that NO may be in- 
volved in several other functions in the human urogenital 
tract. 
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Nitric oxide (NO) has been suggested to be a non-adren- 
ergic non-cholinergic neurotransmitter in the lower uri- 
nary tract in several species including sheep [8, 22], rabbit 
[1, 2], pig [16, 17] and man [2, 14]. NO has also been 
implicated as the nerve-induced mediator of  erection in 
rat [3], rabbit [10] and man [4, 9]. It has also been suggest- 
ed that nerve-induced release of  NO mediates the relax- 
ation of  the bladder neck and urethra during the micturi- 
tion reflex in humans [7, 14]. NO synthase (NOS) has 
been shown to be located within nerve fibres in human 
corpus cavernosum and urethra [4, 14], and it has also 
been suggested that nerve stimulation can induce the re- 
lease of NO in both human corpus cavernosum and ure- 
thra [14]. NO is synthesised from the amino acid L- 
arginine by NOS with simultaneous formation of L-cit- 
rulline [15]. Several different NOSs have been suggested 
and three different isoforms, nerve NOS (n-NOS), en- 
dothelial NOS (e-NOS) and inducible NOS (i-NOS), 
have been cloned [13]. n-NOS and e-NOS are Ca 2+ de- 
pendent whereas i-NOS is Ca 2 § -independent and is acti- 
vated as a host defence mechanism [13]. The aim of  our 
study was to investigate the localisation of NOS in the 
human upper and lower urinary tract and in the male 
genital tract in humans. 

Materials and methods 

Specimens from human detrusor, bladder neck, prostatic urethra, 
proximal ureter, renal pelvis, testis, epididymis, vas deferens and 
prostate were obtained from patients subjected to radical surgery 
for cancer. Human corpus cavernosum was obtained from trans- 
sexual males undergoing reassignment surgery. The study was ap- 
proved by the local ethics committee. The tissue samples were im- 
mediately frozen in liquid nitrogen and stored at - 70 ~ until stud- 
ied for NOS activity. NOS activity was studied by a citrulline for- 
mation assay where the conversion of L-(U-14C) arginine to L-[U- 
14C] citrulline was measured [13]. Tissues were homogenised in 
ice-cold homogenisation buffer containing 320 mM sucrose, 10 mM 
hydroxyethylpiperazine ethanesulphonic acid (HEPES), 0.1 mM 
ethylene glycol tetra-acetic acid (EGTA), 1 mM DL-dithiothreitol, 
10 gg/ml trypsin inhibitor, 10 gg/ml leupeptin, phenylmethylsulpho- 
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nyl fluoride 100 gg/ml and 2 p,g/ml aprotinin (adjusted to pH 7.2 at 
20~ with 1 M HC1). The homogenate was centrifuged at 10 000 g 
for 30 rain at 4 ~ and the soluble fraction used for the measurement 
of NO synthase activity. The tissue extract was added to tubes 
prewarmed to 37 ~ containing 100 gl buffer consisting of 50 mM 
potassium phosphate, pH 7.2, 50 mM L-valine, 100 gM NADPH, 
1 mM L-citrulline, 20 txM L-arginine and L-[U-I~C] arginine (Amer- 
sham, 150 000 dpm), 1.2 mM MgC12 and 0.24 mM CaC12 . Dupli- 
cate incubations for 10 rain at 37 ~ were performed for each sample 
in the presence or absence of either EGTA (2 raM) or EGTA plus 
N~-monomethyl-L-arginine (2 mM each), to determine the level of 
the Ca 2 +-dependent and Ca 2 +-independent NOS activity, respec- 
tively. The reaction was terminated by removal of substrate and 
dilution by addition of 1.5 ml 1:1 (v/v) H20/Dowex AF 50W-X8, 
pH 7.5. Five millilitres H20 was added to the incubation mix, and 
2 ml supernatant was removed and examined for the presence of 
L-[U-14C] citrulline by liquid scintillation counting. The level of 
citrulline is expressed as picomoles per gram tissue (wet weight) per 
minute. Drugs manufacturers were as follows: aprotinin, L-arginine, 
L-citrulline, Dowex AF 50W-X8, DL-dithiothreitol, NADPH, 
trypsin inhibitor, phenylmethylsulphonly fluoride and L-valine (Sig- 
ma, USA); L-[U-I~C] arginine (150 000 dpm, Amersham, UK); leu- 
peptin (Peninsula Labs., USA); N~-monomethyl-I.-arginine (Well- 
come Research Laboratories, UK). 

Results 

Human upper urinary tract 

In the human renal pelvis Ca 2 +-dependent NOS activity 
was found (n = 6, P <  0.01), whereas there was no signifi- 
cant Ca2~-independent NOS activity (Fig. 1). In the 
proximal ureter (n = 5) no significant Ca 2 +-dependent or 
Ca2+-independent NOS activity was obtained (Fig. 1). 

Human lower urinary tract 

In the human detrusor ( n = l l ,  P<0.01),  bladder neck 
(n = 17, P < 0.001) and proximal urethra (n = 7, P < 0.05), 
Ca 2 +-dependent NOS activity was evident (Fig. 2). The 
NOS activity in the urethra (P<0.05) and the bladder 
neck (P < 0.05) was significantly higher than in the detru- 
sor smooth muscle (Fig. 2). There was no Ca 2 +-indepen- 
dent NOS activity in the human lower urinary tract under 
these clinical conditions (Fig. 2). 

Human male genital tract 

In the testis (n = 4) and epididymis (n = 5) no significant 
CaZ+-dependent or CaZ+-independent NOS activity 
could be found (Fig. 3). In the vas deferens (n=10, 
P < 0.01), seminal vesicle (n = 9, P < 0.001) and prostate 
(n = 1 ],  P <  0.001) Ca  2 + - d e p e n d e n t  N O S  ac t iv i ty  was  ob-  
t a i n e d  but not CaZ+-independent activity was evident 
(Fig. 3). In the corpus cavernosum there was C a  2 +-de- 
pendent NOS activity (n = 2), but no Ca 2 +-independent 
activity was found (Fig. 3). 
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Calcium-dependent ~'[led bars) and calcium-independent Fig. 1 
(blank bars) NO synthase (NOS) activity in the human upper uri- 
nary tract as measured by citrulline formation (pmol/min per gram). 
There was a significant Ca z +-dependent NOS activity in the renal 
pelvis (n = 6) but not in the ureter (n = 5), and no significant Ca 2 +- 
independent NOS activity could be found. Statistics are according 
to Student's t-test for paired data. ** P<0.01. Means•  
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Fig. 2 Calcium-dependent (filled bars) and calcium-independent 
(blank bars) NO synthase (NOS) activity in the human lower uri- 
nary tract as measured by citrulline formation (pmol/min per gram). 
Both the urethra (n = 7) and the bladder neck (n = 17) showed signif- 
icantly higher NOS activity than the detrusor muscle (n= 11), de- 
noted by *. Statistic are according to Student's t-test for unpaired 
data~ * P<0.05. Means+_SEM 



Fig. 3 Calcium-dependent 
(filled bars) and calcium-inde- 
pendent (blank bars) NO syn- 
thase (NOS) activity in the 
male genital tract as measured 
by citrulline formation (pmol/ 
min per gram). Significant cal- 
cium-dependent NOS activity 
was found in the vas deferens 
(n= 10), seminal vesicle (n=9), 
prostate (n= 11) and corpus 
cavernosum (n = 2) but not in 
the testis (n = 4) or epididymis 
(n = 5). No significant calcium- 
independent NOS activity was 
found in the male reproductive 
organs. Statistics are according 
to Student's t-test for paired 
data. ** P<0.01, *** P<0.001. 
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Discussion 

In this study we have analysed the NOS activity in differ- 
ent parts of the human urogenital tract. In both upper 
and lower urinary tract as well as in the male genital tract 
we found evidence for NOS activity, which was found to 
be Ca2+-dependent. Both nerve NOS (n-NOS) and en- 
dothelial NOS (e-NOS) are Ca2§ There are 
several indications suggesting that the NOS activity in the 
urogenital tract is due to n-NOS activity. Thus both im- 
munohistochemical and NADPH-diaphorase staining 
have shown the presence of n-NOS in neurons in the 
urogenital tract [3, 4, 17]. Furthermore, nerve-induced 
relaxations are attenuated by NOS inhibitors [1, 8, 10, 12] 
and nerve stimulation elicits the release of NO metabo- 
lites in the urogenital tract [14]. It has been shown that 
nerve-induced smooth muscle responses in the lower uri- 
nary tract are in good agreement with the localisation of 
NOS activity [7]. However, it is possible that some of the 
Ca 2 +-dependent NOS activity was due to e-NOS activ- 
ity. As expected, we were unable to demonstrate i-NOS 
activity in the human urogenital tract. Ca 2 +-independent 
NOS activity is induced by various cytokines and toxins 
[15] and is not expected to be present in the urogenital 
tract under these clinical conditions. 

In the upper urinary tract we found significant Ca z +- 
dependent NOS activity in the renal pelvis. There are 
studies suggesting that neuropeptide Y and vasoactive 
intestinal peptide (VIP) can control the smooth muscle 
tone in the renal pelvis and the pyeloureteral junction 
[20]. Our findings suggest that NO might be of impor- 
tance in regulating the tone in the renal pelvis, causing 
relaxation of the smooth muscle fibres, since it has been 
shown that NO induces relaxation in the renal pelvis and 
inhibits the spontaneous smooth muscle activity (Iversen 
et al., unpublished data). The innervation of the ureter is 
sparse, especially in the upper third [23], which is in good 
agreement with our results showing no significant NOS 
activity in the proximal ureter. 

In the lower urinary tract NO has been suggested to 
play a major role as a nerve-induced mediator during the 
micturition reflex in a range of species [1, 2, 8, 16, 17, 22] 
including man [2, 7, 14]. Our results, showing high activ- 
ity of Ca 2 § NOS both in the human urethra 
and bladder neck, are in good agreement with previous 
studies [4, 7, 14]. 

In the male genital tract several studies have shown 
that NO is a mediator of erection in animals such as rat 
[3], rabbit [10] and humans [9, 12, 14]. NOS-containing 
nerves are present in the human corpus cavernosum 
[4, 14] and the NO metabolites NO~- and NO~- can be 
measured after nerve stimulation in erectile tissue [14]. 
Our finding of NOS activity in the human corpus caver- 
nosum correlates well with previous studies [14, 18]. The 
Ca 2 +-dependent NOS activities measured in the prostate, 
seminal vesicle and vas deferens were found to be high 
compared with the other urogenital tissues studied. How- 
ever, the functional importance of NO production in 
these organs is unclear but since they are innervated from 
the same nerves as the bladder, urethra and penis [21] it 
is likely that this NOS activity is also of the n-NOS type. 
NOS-staining nerve fibres from the pelvic plexus have 
been described as penetrating the peripheral human 
prostate [4]. It is well known that there is a-adrenergic 
sympathetic innervation in the prostate [5, 6]. It is possi- 
ble that the a-adrenergic innervation may be antagonised 
by an NANC-induced relaxation mediated by NO. It has 
been suggested that in the vas deferens of rodents the 
sympathetic noradrenergic nerves provides a general tone 
in the proximal part whereas purinergic nerves cause 
rapid contracts in the prostatic part [19]. NO may also 
have a role here as an antagonist. In the seminal vesicle 
the very high NOS activity could be of importance in 
relaxing the smooth muscle to enable the vesicle to har- 
bor large amounts of seminal fluid and NO may also be 
involved in the ejaculation reflex. 
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Conclusion 

Ca a + -dependen t  N O S  act ivi ty  was f o u n d  in va r ious  pa r t s  
o f  the h u m a n  u rogen i t a l  t ract .  The  results  cor re la te  well 
wi th  prev ious  studies ind ica t ing  N O  to be an  i m p o r t a n t  
ne rve- induced  m e d i a t o r  in the mic tu r i t i on  reflex and  o f  
erect ion.  The  d a t a  also sugges ted  tha t  N O S  act ivi ty  is 
involved  in several  o ther  funct ions  in the h u m a n  urogen-  
i ta l  t rac t  since the abi l i ty  to synthesis  N O  is p resen t  in 
several  a reas  o f  the u rogen i t a l  t ract .  

Acknowledgements This project was supported by Maud and 
Birger Gustafssons Stiftelse, Loo and Hans Ostermans Stiftelse, 
NHR and the Swedish Medical Research Council (project 11199). 

References 

1. Andersson K-E, Garcia-Pascual A, Forman A, Tottrup A 
(1991) Non-adrenergic non-cholinergie nerve-mediated relax- 
ation of rabbit urethra is caused by nitric oxide. Acta Physiol 
Scand 141:133 

2. Andersson K-E, Garcia-Pascual A, Persson K, Forman A, Tot- 
trup A (1992) Electrically-induced nerve-mediated relaxation of 
rabbit urethra involves nitric oxide. J Urol 147:253 

3. Burnett AL, Lowenstein CJ, Bredt DS, Chang TSK, Snyder SH 
(1992) Nitric oxide: A physiologic mediator of penile erection. 
Science 257:401 

4. Burnett AL, Tillman SL, Chang TSK, Epstein JI, Lowenstein 
CJ, Bredt DS, Synder SH, Walsh PC (1993) Immunohistochem- 
ical localisation of nitric oxide synthase in the autonomic inner- 
vation of the human penis. J Urol 150:73 

5. Caine M, Raz S, Zeigler M (1975) Adrenergie and eholinergic 
receptors in the human prostate, prostatic capsule and bladder 
neck. Br J Urol 47:193 

6. Chapple CR, Aubry ML, James S, Greengrass PM, Burnstock 
G, Turner-Warwick RT, Milroy EJG, Davey MJ (1989) Charac- 
terisation of human prostatic adrenoreceptors using pharma- 
cology receptor binding and localisation. Br J Urol 63:487 

7. Ehr6u I, Iversen H, Jansson O, Adolfsson J, Wiklund NP (1994) 
Localisation of nitric oxide synthase activity in the human low- 
er urinary tract and its correlation with neuroeffector respons- 
es. Urology 44:683 

8. Garcia-Pascual A, Costa G, Garcia-Sacristan A, Andersson 
K-E (1991) Relaxation of sheep urethral muscles induced by 
electrical stimulation of nerves: involvement of nitric oxide. 
Acta Physiol Scand 141:531 

9. Holmqvist F, Hedlund H, Andersson K-E (1992) Characterisa- 
tion of inhibitory neurotransmission in the isolated corpus cav- 
ernosum from rabbit and man. J Physiol 449:295 

10. Ignarro LJ, Bush PA, Buga GM, Wood KS, Fukuto JM, Rajfer 
J (1990) Nitric oxide and cyclic GMP formation upon electrical 
field stimulation cause relaxation of corpus cavernosum 
smooth muscle. Biochem Biophys Res Commun 170:843 

11. Reference deleted 
12. Kim N, Azadzoi KM, Goldstein I, Saenz De Tejada I (1991) A 

nitric oxide-like factors mediates non-adrenergic non-choliner- 
gic neurogenic relaxation of penile corpus cavernosum smooth 
muscle. J Clin Invest 88:112 

13. Knowles RG, Moncada S (1994) Nitric oxide synthases in 
mammals. Biochem J 298:249 

14. Leone AM, Wiklund NP, H6kfelt T, Brundin L, Moncada S 
(1994) Release of nitric oxide by nerve stimulation in the human 
urogenital tract. Neuroreport 5:733 

15. Moncada S (1992) The L-arginine: nitric oxide pathway. The 
1991 Ulf von Euler lecture. Acta Physiol Scand 145:201 

16. Persson K, Andersson K-E (1992) Nitric oxide and relaxation 
of pig lower urinary tract. Br J Pharmacol 106:416 

17. Persson K, Alto P, Johansson K, Larsson B, Andersson K-E 
(1993) Nitric oxide synthase in pig lower urinary tract: im- 
munohistochemistry, NADPH diaphorase histochemistry and 
functional effects. Br J Pharmacol 110:521 

18. Rajfer J, Aronson WJ, Bush PA, Dorey FJ, Ignarro LJ (1992) 
Nitric oxide as a mediator of relaxation of the corpus caverno- 
sum in response to nonadrenergic, noncholinergic neurotrans- 
mission. N Engl J Med 326:90 

19. Sneddon P, Machaly M (1992) Regional variation in purinergic 
and adrenergic responses in isolated vas deferens of rat, rabbit 
and guinea pig. J Auton Pharmacol 12:421 

20. Tainio H, Kylm/il/i T, Heikkinen A (1992) Peptidergic innerva- 
tion of the normal and obstructed human pyeloureteral junc- 
tions. Urol Int 48:31 

21. Tanagho E (1992) Anatomy of the lower urinary tract. In: 
Walsh PC, Retik AB, Stamey TA, Vaughan DE, Jr (eds) Camp- 
bell's urology. WB Saunders, p 63 

22. Thornbury KD, Hollywood MA, McHale NG (1992) Media- 
tion by nitric oxide of neurogenic relaxation of the urinary 
bladder neck muscle in sheep. J Physiol 451:133 

23. Vaalasti A, Tainio H, Pelto-Huikko M, Hervonen A (1986) 
Light and electron microscope demonstration of VIP- and 
enkephalin-immunoreactive nerves in the human male geni- 
tourinary tract. Anat Rec 215:21 


