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ABSTRACT

Bladder outlet obstruction (BOO) is a common disorder that is associated with urinary 

tract symptoms. Nitric oxide (NO), synthesised by NO synthase (NOS) is a potent 

vasodilator that is present throughout the urinary tract and the corpus cavemosum. 

Endothelin-1 (ET-1), conversely is a potent vasoconstrictor that is similarly distributed 

throughout the urinary tract. ET-1 and NO as well as possessing opposing actions 

regulate each other’s synthesis. The disruption of the balance between ET-1 and NO may 

be associated with various vascular pathologies. However, their potential roles in the 

pathogenesis of urinary tract disorders, secondary to BOO, are unknown.

New Zealand White rabbits with BOO are considered to be a suitable model of the 

human condition. Hence, using this model kidney, bladder and cavemosal tissue was 

obtained to investigate the potential roles of ET-1 and NO in the pathogenesis of urinary 

tract disorders using functional, autoradiographical, tissue culture, immunohistochemical 

and ultrastructural techniques.

These studies demonstrated that: 1) there is a time-dependent up-regulation of ETa and 

down-regulation of ETb receptor binding sites and NOS binding sites in the BOO renal 

medulla. These changes may play a pathophysiological role in renal impairment 

associated with BOO, 2) ET-1 may mediate bladder smooth muscle hyperplasia 

associated with BOO, 3) in the BOO bladder, ETb receptor binding sites were up- 

regulated and mediated detrusor smooth muscle contraction. ETa receptor binding sites 

were also up-regulated and NOS binding sites were down-regulated. These changes may 

be associated with detrusor instability associated with BOO, 4) the down-regulation of



ETb receptor binding sites, in the six-week BOO cavernosa, may play a 

pathophysiological role in erectile dysfunction associated with BOO.

These findings support the concept that an imbalance between ET-1 and NO may be 

associated with the pathogenesis of urinary tract disorders. These findings may have 

therapeutic implications.
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Hypothesis

Bladder outlet obstruction (BOO) is a common disorder that is associated with urinary 

tract symptoms. Hence, numerous studies have been carried out to investigate the 

pathophysiological changes associated with BOO. Despite this, the underlying 

mechanisms involved is still not clearly established. Nitric oxide (NO) is a potent 

vasodilator that is present throughout the urinary tract and the corpus cavemosum. 

Endothelin-1 (ET-1), conversely is a potent vasoconstrictor with mitogenic properties 

that is similarly distributed throughout the urinary tract. ET-1 and NO, as well as 

possessing opposing actions, regulate each other’s synthesis. The disruption of the 

balance between ET-1 and NO is thought to be associated with various vascular 

pathologies. However, their potential roles in the pathogenesis of urinary tract disorders, 

secondary to BOO, are unknown. Therefore, using a rabbit model, I obtained kidney, 

bladder and cavemosal tissue to investigate the potential roles of ET-1 and NO in the 

pathogenesis of urinary tract disorders associated with BOO.

Statement of Originality

This thesis embodies results that were obtained entirely from work carried out by myself. 

Using functional, autoradiographical, tissue culture, immunohistochemical and 

ultrastructural techniques I, for the first time, demonstrated that ET-1 and NO may play a 

role in the pathophysiology of urinary tract symptoms associated with BOO. The thesis 

provides a model for similar studies to be performed in man. A better understanding of 

the mechanisms involved in the pathophysiology associated with BOO may bring us 

closer to providing an effective treatment.
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Rabbit model of bladder outlet obstruction

The rabbit model of partial bladder outlet obstruction (BOO) used in this thesis is a well- 

established model (Malkowicz et al 1986, Levin et al 1994, Butty an et al 1997). This 

model is relatively easy to produce and requires approximately 20 minutes. The 

procedure is performed under general anaesthesia. Once the abdominal fur is shaved, a 

lower mid-line laparotomy is performed. Having divided the linea alba, the peritoneum is 

exposed and subsequently opened. With the opening of the peritoneum the bladder 

becomes immediately obvious as, unlike in man, the whole of the rabbit bladder lies 

superficially within the peritoneum. A size 8-gauge latex Foley catheter is then inserted 

into the bladder urethrally without any resistance. A 2-0 silk ligature is then placed 

around the urethra as distal as possible below the internal urethral meatus but above the 

entrance of the prostatic ducts into the urethra. The silk ligature is placed snugly, without 

any tension, around the urethra so that the catheter can be easily removed without any 

resistance. This is performed in order to avoid any localised trauma and/or ischaemia to 

the urethra.

As the rabbit bladder and urethra are superficial organs they are located well away from 

the cavemosal neurovascular bundle which is, therefore, not involved/injured during the 

surgical procedure.

At the end of the operation the peritoneum is irrigated with about 50 ml of sterile normal 

saline. This is performed to prevent the complication of small bowel obstruction 

secondary to adhesion formation. The initial few operations were performed without 

irrigating the peritoneum and this resulted in an approximately 33% death rate after a few

27



days due to adhesion-induced small bowel obstruction. However, after the introduction of 

peritoneal irrigation we did not experience any further complications.

Having completed the irrigation, the peritoneum is closed using a continuous 2-0 vicryl 

suture. The rectus muscles are then approximated using 2 to 3 interrupted 2-0 vicryl 

sutures. The skin is then closed with interrupted to 2-0 proline. Local anaesthetic 

(lignocaine 1%) is then applied (a few ml) to the wound site. Within a couple of hours 

after the operation the rabbits are fully alert, mobile and feeding.

At the time of removal of the bladder there was no macroscopic evidence of localised 

trauma, ischaemia or fibrosis to the urethra at the ligature site. In order to remove the 

bladder the urethra was divided proximal to the ligature site.

With time, the bladder weights and volumes significantly increased. After three weeks, 

there was an approximately three-fold expansion in bladder volume. This increased to 

approximately eight-fold after six weeks. This phenomena that does not reflect the 

urinary bladder changes in man with BPH. Hence, although this rabbit model is regarded 

as partially representing BOO in man, clearly it does have differences from the clinical 

condition. Therefore, an element of caution needs to be applied when comparing the 

changes detected in the rabbit with those in man.
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1.1 Benign prostatic hyperplasia

Benign prostatic hyperplasia (BPH) is the commonest known benign proliferative 

disorder. At the beginning of this decade almost 50% of all men aged 60-69 years in the 

UK had symptomatic BPH (Garraway et al 1991). It is estimated that in the USA, 75% of 

men over the age of 50 years have symptoms arising from BPH (Walsh 1984). This 

association with increasing age is relevant because epidemiological studies indicate that 

the aging population is increasing. For example, in 1992 there were 28.2 million men 

aged 50 years or more in the USA but by the year 2015 it is estimated that this number 

will rise to 50 million (Current Population Reports 1992). Similar patterns of increased 

longevity are seen elsewhere in the developed world. For example, in Germany the 

proportion of men aged 65 years and over has increased by 8% between 1972 and 1992 

(Statistisches 1974, 1994).

Bladder outlet obstruction (BOO), secondary to BPH, is both a common and debilitating 

disorder that can give rise to both upper and lower urinary tract symptoms (LUTS). Some 

men with BOO can develop impaired renal function (Rodoman et al 1997, Ogbonna et al 

1997, Mandai et al 1996, Liu et al 1991, Sarmina and Resnick 1989). Over 40 years ago 

it was observed that men with urinary obstruction due to prostatic enlargement had their 

glomerular filtration rate and renal plasma flow reduced by a third compared to men of 

similar age with no obstruction (Olbrich et al 1957). It has also been observed that 

chronic interstitial nephritis resulting in renal disease can be caused by chronic 

obstruction (Murray and Golberg 1975). This phenomenon is not confined to men with 

BOO secondary to BPH. This is because vesicoureteric reflux, which may arise from 

BOO, neuropathic bladder or, more commonly, due to a primary anatomical defect at the
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junction of the ureter and bladder is also associated with renal scarring and impaired renal 

function (Feather et al 1996). Despite the known association between BOO and the 

development of impaired renal function, the pathophysiological mechanisms involved in 

this process are unknown.

BOO also results in significant changes in bladder structure and function (Tumer- 

Warwick et al 1973). These include detrusor hypertrophy/ hyperplasia (Ghoniem et al 

1986), elevated voiding pressures (Speakman et al 1987a) and detrusor instability 

(Speakman et al 1987b). Detrusor instability describes a urodynamic phenomenon 

defined in 1988 as ‘the unstable bladder is one that is shown objectively to contract, 

spontaneously or on provocation, during the filling phase while the patient is attempting 

to inhibit micturition’ (International Continence Society 1976). To further understand the 

pathophysiology of BOO, numerous models have been produced in animals including the 

pig (Guan et al 1995), cat (Radzinski et al 1991), guinea pig (Mostwin et al 1991), rat 

(Malmgren et al 1987) and rabbit (Harrison et al 1990). Despite this, our knowledge of 

the underlying pathophysiology of many of these changes, particularly detrusor 

instability, still remains uncertain.

There is growing evidence to suggest that patients with high BPH symptom scores have 

an increased prevalence of ED (Roehrbom 1998, Namasivayam et al 1998). As such, it 

has recently been shown in a prospective, randomised European study of doxazosin vs. 

finasteride vs. a combination of the two agents vs. placebo (PREDICT study) for the 

treatment of BPH, that patients with higher International Prostate Symptom Score (IPSS) 

had a significantly increased incidence of ED (Roehrbom 1998).
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Although erectile dysfunction (ED) is not life threatening, this common problem can 

significantly affect the quality of life and psychological well-being (Hanson-Divers et al

1998). The Massachusetts male ageing study (1,290 men aged 40-70 years) showed that 

52% of men reported some degree of ED (17.1% mild, 25.2% moderate, 9.6% total) 

(Feldman et al 1994). ED is more common with advancing age and since this proportion 

of the population is increasing, the prevalence of ED should also rise (Rubin and Abbot 

1958, Ayta et al 1999). Data extrapolated from the USA in the 1940s estimates that 

currently around 7 to 10 million men in that country have ED (NIK Consensus 

Conference 1993). However, because ED is a sensitive issue it is likely that its prevalence 

is under reported (NIH Consensus Conference 1993). Despite this, ED results in more 

than 400,000 outpatient visits and 30,000 hospital admissions in the USA per year 

(Shabsigh et al 1988, Nelson and Mclemore 1988). Epidemiological studies carried out in 

Europe have demonstrated that 39% of men aged 18-70 years in France have some 

degree of ED (11% have total ED) (Virag and Beck-Archlly 1997). In the UK, an 

estimated 17-19% of men are thought to suffer from ED (Goldmeier et al 1997, Read et 

al 1997). There is growing evidence to suggest that patients with high BPH symptom 

scores have an increased prevalence of ED (Roehrbom 1998, Namasivayam et al 1998).

1.2 £ndothelin-l and the urinary tract

In 1988 Yanagisawa et al. succeeded in isolating an unknown peptide from the 

supernatant of a cell culture of porcine endothelial cells with a previously unattained 

vasoconstrictor potency (Yanagisawa et al 1988). In view of its origin, this peptide was 

named endothelin-1 (ET-1). It is a molecule with two disulphide bridges that consists of
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21 amino acids. Like other biologically active oligopeptides, it is converted into its 

biologically active form via two virtually inactive precursors, preproendotbelin and 

proendotbelin, by means of two endopeptidases. The enzyme that transforms 

proendotbelin (also called big endotbelin) into endotbelin is designated as endotbelin 

converting enzyme (ECE) and acts in a highly specific manner (Obnaka et al 1990). ECE 

cDNA bas been cloned and functionally expressed (Yanagisawa et al 1988, Arai et al 

1990).

Receptor binding studies have so far identified two different endotbelin receptor subtypes 

in mammalian tissue: ETa and ETb (Masaki et al 1991). ETa receptors primarily mediate 

vasoconstrictive and mitogenic effects on smooth muscle cells (SMC) (Levin 1995). ETb 

receptor expression is primarily on endothelial cells and these receptors exert 

vasodilatory effects by stimulating NO formation (Masaki et al 1994). However, there is 

evidence that ETb receptor stimulation may also mediate vasoconstriction (Warner et al

1993) and that the presence of two different ETb receptors is becoming increasingly more 

probable (ETbi on endothelial cells mediating vasodilatation via the NO system and 

ETB2-receptors on SMC mediating contraction) (Warner et al 1993).

Whilst ET-1 is a powerful vasoconstrictor in all vascular beds, the renal circulation 

appears to be particularly susceptible to its effects. Pemow et al. (1988) measured blood 

flow in the renal, bronchial, femoral and coronary vessels and found that the renal 

vasculature was 10 times more sensitive to endotbelin than the other vascular beds. ET-1 

affects several aspects of renal function, including vasoconstriction, regulation of tubule 

function, cellular proliferation and matrix production. Most conspicuously, ET-1 

influences the renal microcirculation. The afferent arteriole constricts more in response to
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ET-1 than the efferent arteriole, but both contribute to reducing the glomerular plasma 

flow rate and filtration. The glomerular capillary ultrafiltration coefficient also decreases 

in response to ET-1 at higher concentrations of the peptide (Badr et al 1989).

The presence of ET-1-like immunoreactivity and ET-1 mRNA in the epithelium, smooth 

muscle and fibroblast of the urinary bladder provides evidence that ET-1 is synthesised 

locally (Saenz de Tejada et al 1992). ET-1 may be a paracrine mediator of bladder 

smooth muscle contraction and proliferation. This proposed paracrine mechanism is 

similar to that observed in vascular tissues where ET-1 is synthesised in the endothelium 

and exerts several physiological and pathological effects on the vascular smooth muscle 

(Rubanyi and Polokoff 1994). Autoradiographic and radioligand binding studies have 

demonstrated the presence of ETa aud ETb receptor subtypes in the epithelium and 

smooth muscle of the bladder in human and animal species (Traish et al 1992).

Several studies have indicated the potential importance of ET-1 in the modulation of 

corpus cavemosal (CC) smooth muscle tone (Lemer et al 1993, Saenz De Tejada et al 

1991, Christ et al 1995). ET-1 binding to its receptor and its subsequent activation leads 

to increased intracellular Ca^  ̂ concentration via both transmembrane Ca^  ̂ influx 

(Yanagisawa et al 1988, Goto et al 1989) and liberation from intracellular storage sites 

(Marsden et al 1989, Berridge 1987, Rasmussen et al 1987). Cultured endothelial cells 

from human CC are capable of expressing endotbelin mRNA (Saenz De Tejada et al 

1989) and specific binding sites for ET-1 on human CC SMCs have been identified 

(Saenz De Tejada et al 1991). The effect of ET-1 on intracellular Ca^  ̂ levels and, 

particularly, the long-lasting and potent contractile effects of ET-1 on human CC smooth 

muscle strips strongly suggest that ET-1 may play a role in the regulation of tone in the
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human penis (Saenz De Tejada et al 1991, Lau et al 1991, Zhao and Christ 1995, 

Holmquist et al 1990).

1.3 Molecular mechanisms of £T-l-mediated smooth muscle contraction

The signal transduction of ET-1 via ETa receptors functions by several second messenger 

systems, among which the phosphatidyl inositol-specific phospholipase C activated via 

various G proteins, seems to play a major role. Both second messengers inositol 1,4,5- 

trisphosphate (Ins(l,4,5)P3) and diacylglycerol are responsible for transmitting the signal. 

The interaction of Ins(l,4,5)P3 with intracellular Ins(l,4,5)P3 receptors linked to Ca^  ̂

stores causes an increase of the Ca^  ̂ concentration in the cytosol. Diacylglycerol 

produces a membrane-based effect by activation of protein kinase C (Schimida et al 

1994). Both second messengers are thus involved in the increase in intracellular Ca^  ̂

concentration (through release from cytosolic deposits or increased passage through the 

cell membrane). Despite the fact that the peak elevations in intracellular Ca^  ̂ are known 

to be transient, ET-1 is able to elicit potent and long lasting contractions. This may be 

mediated via Câ "̂  sensitisation mechanisms, which have been described in diverse 

smooth muscles (Kitazawa and Somlyo 1991).

1.4 Nitric oxide and the urinary tract 

1.4.1. The discovery of Nitric oxide

In 1916 Mitchell et al. first identified that mammals release large amounts of nitrates in 

their urine (Mitchell et al 1916). Some 50 years later, Iyengar et al (1967) showed that 

activated murine macrophages released nitrites. In 1980 Furchgott and Zawadzki reported
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the existence of a labile endothelium-derived relaxing factor (EDRF) (Furchgott and 

Zawadzki 1980), that elicited relaxation of blood vessels. Although, it was soon 

recognised that the endothelium dependent relaxation required Câ "̂  (Griffith et al 1986) 

and cyclic guanosine monophosphate (cGMP) formation (Rapoport et al 1983), the 

identity of EDRF remained elusive for 7 years. In 1987, it became clear that the EDRF 

synthesised by cultured endothelial cells was in fact NO and was dependent on the 

presence of L-arginine (Palmer et al 1987, Ignarro et al 1987). It was later demonstrated 

that there were many similarities between the EDRF and the neurotransmitter involved in 

nonadrenergic noncholinergic (NANC) nerve-mediated smooth muscle relaxation 

(Garthwaite 1991, Gillespie 1987). The definitive evidence that NO was the 

neurotransmitter mediating this effect came from studies on the rat anococcygeus muscle 

(Garthwaite 1991). Subsequently, the role of NO as a neuronal messenger in the urinary 

tract was established in the rabbit urethra (Andersson et al 1991). Since then, a 

considerable amount of information has accumulated on the biochemistry and the role of 

this ubiquitous messenger in the urogenital tract.

1.4.2 Synthesis, release and degradation of NO 

NO is neither pre-stored nor packed in vesicles; instead, it is produced on demand. It then 

diffuses from its site of production in a random manner, being highly membrane 

permeable. Endogenous NO is formed by the hydroxylation of L-arginine to citrulline 

(Palmer and Moncada 1989). The reaction is catalysed by one of the three iso forms of 

NOS (Forstermann et al 1994). Due to the short half-life of NO (0.1-6s) and its high 

reactivity, NO physiology has largely been investigated indirectly by techniques that have 

identified the distribution and activity of the isoforms of NOS which catalyses the
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synthesis of NO. These distinct isoforms of NOS have been named after the cells in 

which they were first isolated, purified and cloned (Forstermann et al 1994). Each NOS 

isoform, endothelial (eNOS), neuronal (nNOS) and macrophage inducible (iNOS) varies 

considerably in sub-cellular location, structure, kinetics, regulation and function 

(Forstermann et al 1994). Each of the enzymes is a product of a unique gene, which is 

located on human chromosomes 7 (eNOS), 12 (nNOS) and 17 (iNOS) (Forstermann et al 

1994). Both nNOS and eNOS are normal constituents of cells and are termed 

constitutive. The activity of both eNOS and nNOS is transient (minutes) and is triggered 

by Ca^  ̂ elevating agonists (Moncada et al 1991). In contrast, iNOS is not present in 

resting cells, but rather induced by certain cytokines or bacterial endotoxins (Moncada et 

al 1991). Under certain circumstances the expression of eNOS and nNOS is also 

inducible. For example, fluid flow (causing endothelial shear stress) up-regulates the 

expression of eNOS; indeed, six shear stress-responsive elements have been identified in 

the promotor region of eNOS (Cooke and Dzua 1997). Unlike the constitutive NOS 

isoforms, iNOS activity is sustained (lasting many days) and is independent of Ca^  ̂

elevation. Structurally, the eNOS NH2 terminus contains a consensus site for N- 

myristoylation that plays a significant role in the membrane localisation of eNOS. This 

attribute explains the observation that eNOS is membrane-associated, whereas iNOS and 

nNOS are cytosolic. Although each of these isoforms contains a calmodulin-binding site, 

iNOS binds to it with a higher affinity so that calmodulin forms a constitutive subunit of 

this isoform. Thus, eNOS and nNOS are dependent on exogenous Ca^  ̂ and calmodulin 

for activation, whereas iNOS is less so. However, common to all three isoforms are heme 

containing enzymes that catalyse the NADPH* and 02 -dependent oxidation of L-arginine
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to NO and citrulline (Cooke and Dzau 1997). All three isoenzymes have been identified 

in the lower urinary tract of several animal species including man (Andersson and 

Persson 1994, Ehren et al 1994, Dokita et al 1991, Burnett et al 1997, Lemack et al 

1999).

1.4.3. Distribution of NOS in the urinary tract

Using immunocytochemistry and nicotinamide adenine dinucleotide phosphate -  

diaphorase (NADPH-d) histochemistry, putative NO synthesis sites have been identified 

in the urinary tract. Neuronal NADPH-d is used as a specific marker for neurons 

producing NO (Dawson et al 1991). NOS activity has been identified in the urothelium, 

smooth muscle, blood vessels and more importantly in the nerves supplying the urinary 

tract.

1.4.3.1 NOS and the kidney

The administration of L-arginine analogues that inhibit the formation of NO have been 

demonstrated to decrease renal blood flow in animals (Beierwaltes et al 1992), as well as 

in humans (Dijkhorst-Oei et al 1997). The kidney is thought to possess at least two 

different functional NO systems, with opposite responses to the same stimulus primarily 

formed by extracellular fluid volume (ECFV) expansion and increases in renal perfusion 

pressure and distal delivery (Braam 1999). Despite the contrasting responses of eNOS 

and nNOS, they exhibit an integrated response to changes in ECFV, leading to the 

restoration of sodium balance.

eNOS is closely associated with the cell membrane and located in caveolae. It has been 

detected throughout the vasculature, including the glomerulus (Bachmann et al 1995). 

The main stimuli for eNOS activation are probably shear stress and pressure stretch
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(Busse et al 1998). Shear stress (Ziegler et al 1998), angiotensin II (ANG II) (Hennington 

et al 1998) and transforming factor-p (TGF-P) have been demonstrated to increase renal 

eNOS mRNA acutely and eNOS protein levels chronically.

Like most vascular beds, the preglomerular vasculature of the kidney has the intrinsic 

property of reacting to a decrease in perfusion pressure with vasodilatation and an 

increase in perfusion pressure (Navar 1998). Blockade of Ca^  ̂ entry into the cell 

completely abolishes autoregulation of renal blood flow and glomerular pressure 

(Carmines et al 1992). Shear stress- and pressure stretch-mediated NO release from the 

endothelial cells has also been coupled to Ca^  ̂ entry, followed by activation of eNOS 

(Davies and Tripathi 1993). Increasing renal perfusion pressure induces increases in shear 

stress, because the autoregulatory response of the vasculature reduces vessel wall radius 

and because imperfection of autoregulation will lead to blood flow increases (Braam 

1999). Numerous studies have indicated that the renal vasculature is under continuous 

and strong influence of NO (Braam 1999). It has thus been proposed that, during 

increases in renal perfusion pressure, NO is released and opposes the autoregulatory 

process.

Both the intrinsic property of the renal vasculature (myogenic response) and the tubulo- 

glomerular feedback (TGF) system participate in autoregulation of renal blood flow 

(RBF) and glomerular filtration rate (GFR) (Blantz 1990, Braam et al 1993). Systemic 

(Kawata et al 1996) or local (Braam and Koomans 1995) application of NO synthesis 

inhibitors consistently results in a strong enhancement of TGF responsiveness, indicating 

tonic depression of TGF responses by NO under physiological conditions. Attenuation of
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TGF responses by NO will contribute to the effects of NO to oppose autoregulation of 

RBF and GFR (Braam 1999),

NO inhibition can affect afferent arteriolar autoregulatory adjustments. At a whole kidney 

level, NO inhibition seems to decrease the lower limit of autoregulation and increase the 

autoregulatory index (Braam 1999). These observations support the view that NO activity 

and renal perfusion pressure are positively correlated and that NO opposes the 

vasoconstriction elicited by autoregulatory adjustments.

During pharmacological blockade of NO, the effects of ANG II are enhanced, so that 

under physiological conditions NO blunts the vasoconstrictor response to ANG II (Braam

1999). Conversely, the tonic influence of NO is decreased during acute inhibition of 

ANG II activity.

It has been well established that both increasing ANG II levels and decreasing NO levels 

enhances the responsiveness of the TGF system (Braam and Koomans 1995). ANG II and 

L-NG-nitroarginine (L-NNA), a NOS inhibitor, increases TGF responsiveness; however, 

combined infusion of the compounds increases TGF responses further (Ito et al 1991). 

Kawata et al (1996) has reported that the enhancement of TGF responses during systemic 

NG-nitro-L-arginine methyl ester (L-NAME) is attenuated by the concomitant systemic 

infusion of an ANG II receptor antagonist. Thus, not only for the isolated vasculature, but 

also for the dynamic regulation of glomerular pressure by the TGF system, ANG II and 

NO seem to be in balance, and increasing ANG II levels will evoke an increase in NO 

dependency of the TGF system.

The issue of interaction between NO and ANG II has also been extensively studied in 

whole kidney experiments (Braam 1999). In a study in dogs (Baylis et al 1994) and
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conscious rats (Schnackenberg et al 1995), the renal vasoconstrictive actions of ANG II 

were more pronounced during NOS inhibition.

In summary, acute variations of ANG II activity are paralleled by changes in NO activity 

and vice versa. It is unclear whether ANG II primarily regulates NO activity in the 

endothelium; however, increases in shear stress and direct stimulation of eNOS by ANG 

II can form the basis for this relationship. Because this balance is observed during acute 

changes in local ANG II and NO activity, it is likely that that this interaction takes place 

in the vasculature.

In contrast to eNOS, nNOS is present within the cytosol and is not closely located to the 

cell membrane. nNOS is also Ca^Vcalmodulin dependent (Forstermann 1994) and is 

expressed in the juxtaglomerular apparatus (Bachmann et al 1995), in the renal medulla 

(Mattson and Bellehumeur 1996), and in the nerve terminals (Bachmann et al 1995). 

nNOS is abundantly present in the cytosol of the macula densa and efferent arteriolar 

cells but not in afferent arteriolar cells (Bachmann et al 1995).

ANG II, macula densa NO and distal delivery are in such a balance that increases in 

distal delivery will result in a simultaneous decrease in macula densa NO and ANG II 

activity by inhibition of renin release and formation (Braam 1999). Increases in distal 

delivery diminishes macula densa nNOS activity, whereas, sustained increases in distal 

delivery decreases macula densa nNOS expression.

The production of NO by both nNOS and eNOS will counteract the effects of high ANG 

II under conditions of sustained low perfusion pressure and distal delivery, whereas acute 

production of NOS by eNOS will account for NO dependency under conditions of high 

perfusion pressure.
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In conclusion, the endothelial NO system modulates the renal vasoconstrictive response 

to increases in renal perfusion pressure, mitigates the actions of ANG 11, and attenuates 

TGF responsiveness. The macula densa NO system is likely to mediate the decrease in 

renal perfusion pressure and distal delivery. Despite the differences between the systems, 

both participate in the restoration of volume balance in response to a change in ECFV.

1.4.3.2 NOS and the lower urinary tract 

The origin of nerves producing NO in the lower urinary tract is not fully established, 

however, they appear to originate in close proximity to the parasympathetic sacral 

nucleus. The presence of NOS in the postganglionic parasympathetic and preganglionic 

sympathetic nerves supplying the rat lower urinary tract support the functional evidence 

that NO may have a role as an inhibitory NANC transmitter (McNeill et al 1992/ The 

major pelvic ganglia (MPG) supplying the urinary tract also exhibit NADPH-d activity 

and NOS-immunoreactivity (NOS-ir) (Vizzard et al 1994a,b). Double immunolabelling 

studies also show that NOS-ir cell bodies in the MPG display choline acetyltransferase 

(ChAT) (Persson et al 1995, Aim et al 1995). Furthermore, removal of the MPG in the rat 

completely abolishes NO-dependent urethral smooth muscle relaxation (Persson et al 

1998), whilst hypogastric nerve transection has no effect. These observations, therefore, 

support the concept of a parasympathetic origin for NO. In addition, the neurons of the 

MPG innervating the urethra exhibit significantly greater NADPH-d activity and NOS-ir 

than those supplying the bladder (Vizzard et al 1994a,b, Keast and Kawatani 1994). 

NADPH-d and NOS-ir positive nerves have also been demonstrated in and around 

muscular bundles of the entire lower urinary tract of several animal species (Keast and 

Kawatani 1994, Persson et al 1993, Triguero et al 1993, Smet et al 1996) and man (Smet
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et al 1994, 1996, Ehren et al 1994). Despite minor interspecies variations in the 

distribution of NOS-containing nerves, the density of these nerves is significantly greater 

in the bladder neck and urethra, compared to the detrusor. Similar regional differences in 

NOS activity as measured by the L-[^"^C]-citrulline formation assay were also observed; 

higher NOS activity in the urethra compared to the detrusor (Persson et al 1993, Ehren et 

al 1994). Functionally, the inhibitory effects of NO correlate with the density and 

distribution of NOS-containing nerves in the lower urinary tract. As such, smooth muscle 

relaxation mediated by NO is significantly greater in the urethra compared to the detrusor 

in most species (Garcia-Pascual et al 1996, Ehren et al 1994b, Saffrey et al 1994). 

NADPH-d positive neuronal bodies are present in the intramural ganglia, as well as in the 

outer layer of the bladder wall (Vizzard et al 1993).

Primary afferent nerves seen beneath and penetrating the urothelium are also considered 

as a possible source of NO, since these nerves exhibit NADPH-d activity (Ehren et al 

1994b, Saffrey et al 1994). In addition, the bladder afferent neurons in the Le and Si 

dorsal root ganglia and in the dorsal horn of the spinal cord exhibit NADPH-d activity, 

although NOS-ir was not identified (Vizzard et al 1993, 1994b).

It is now clear that like the endothelium, the urothelial lining of the lower urinary tract 

also exhibits NOS and produces NO (Brider et al 1998). Both eNOS and iNOS isoforms 

have been identified within this layer (Burnett et al 1997, Lemack et al 1999). NOS in the 

rabbit urothelium has also been demonstrated by using a specific NOS radioligand ([^H]- 

L-NOARG) (Mumtaz et al 1999a). The urothelial cells following exposure to NO donors 

also express cyclic guanosine 3’5’ monophosphate-immunoreactivity (GMP-ir) (Smet et 

al 1996). NO synthesis by the urothelium can be measured using a porphyrinic
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microsensor placed on the surface of the bladder, following stimulation by capsaicin (an 

afferent neurotoxin) and norepinepherine (NA; alpha/beta-adrenergic agonist) (Brider et 

al 1998).

1.4.3.3 NOS in smooth muscle

There is no direct evidence that NO is produced by the smooth muscle. However, NO 

generated by electrically stimulated human detrusor smooth muscle strips mediate 

relaxation via mechanism(s) that are nerve independent (James et al 1993). In both guinea 

pig and human proximal urethra, there is a prominent induction of cGMP-ir in the 

urethral smooth muscle by NO (Smet et al 1996). Despite the presence of significant 

NOS-ir in both human and guinea pig detrusor, cGMP-ir could not be induced in the 

detrusor muscle cells following stimulation with sodium nitroprusside (SNP). Instead, the 

interstitial cells within the detrusor expressed an intense cGMP-ir. These interstitial cells 

appear, therefore, to be the predominant target of NO in the detrusor.

NADPH-d staining is also observed in the connective tissue and in the endothelium of 

small and large arteries supplying the lower urinary tract (Andersson and Persson 1994, 

Persson et al 1993, Mumtaz et al 1999a). It is therefore conceivable that there are several 

sources of putative NO production in the urinary tract: the NANC neurons, the 

urothelium, SMCs and the blood vessels.

1.4.4 Evidence of NO-dependent smooth muscle relaxation

Before the discovery of NO, NANC-nerve mediated relaxations were first reported in the 

female rabbit (Persson and Andersson 1994), porcine urethra (Dokita et al 1994) and 

human bladder neck (Kakizaki and de Groat 1997a). Evidence that NO was involved
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came by blocking the relaxation with L-NNA, a NOS inhibitor (Holmquist et al 1991a, 

1991b). These results were further confirmed using a selective cGMP phosphodiesterase 

inhibitor, which potentiated the relaxation, whereas, methylene blue (guanylyl cyclase 

inhibitor) reduced it (Morrison et al 1996). NANC-mediated relaxation of the bladder 

neck and urethral smooth muscle is associated with increases in cGMP levels (Kakizaki 

et al 1997b). These studies provided compelling evidence that NO is an important 

mediator in the relaxation of isolated urethral and bladder neck smooth muscle. Unlike 

the bladder neck and urethra, there is as yet no convincing evidence that nerve-mediated 

relaxation of the detrusor muscle involves NO as a neurotransmitter. However, 

exogenous NO, as well as endogenous NO produced by the SMCs does induce detrusor 

smooth muscle relaxation (James et al 1993, Chung et al 1996). Inhibiting NOS activity, 

either by the systemic or intravesical administration of NOS inhibitors, decreases the 

bladder capacity as well as increasing the magnitude of bladder contractions (Theobald 

1996, Persson et al 1992). Whilst, the exact role of NO in the detrusor physiology is not 

clear, it may be a factor keeping the bladder relaxed during the filling phase of the 

micturition process. In fact, NO is thought to have a similar function in the stomach, i.e. 

as a mediator of adaptive relaxation to accommodate food or fluid (Desai et al 1991). 

Furthermore, NO has recently been shown to regulate the blood supply to the detrusor 

during the filling and voiding phase of the micturition cycle (Kozlowski et al 1999). In 

experimentally-induced bladder inflammation, both NOS activity and basal blood flow to 

the bladder are reduced (Baselli et al 1999).
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1.4.5 NOS and penile tissue

During erection the local release of NO and/or related factors produces corpus cavemosal 

(CC) relaxation. Several investigators have shown that both acetylcholine (ACh)- and 

neuronally-mediated relaxation in human and rabbit CC involves the release of NO or a 

NO-like substance in vitro (Bush et al 1992a, 1992b, Holmquist et al 1991a, 1991b, 1992, 

1993, Ignarro et al 1990, Kim et al 1991,Knispel et al 1991, 1992a, 1992b, Pickard et al 

1991, 1995, Rajfer et al 1992). Both the nerves innervating the CC and/or the 

endothelium may theoretically be the source of the NO involved in erection. Using 

antiserum to the constitutive NOS found in the rat cerebellum, Burnett et al. (1992) 

demonstrated staining of the pelvic plexus and the axonal processes forming the 

cavernous nerve. The nerve plexus of the adventitia of the deep cavemosal arteries and 

the neuronal processes in the sinusoids and the periphery of the CC were prominently 

stained. Dorsal penile and cavemosal arteries stained for NOS both in the adventitial and 

endothelial layers, although endothelial staining was faint in the cavemosal vessels. Aim 

et al. (1993), using antiserum produced in rabbits against a COOH-terminal fragment of 

the rat cerebellar NOS, confirmed these findings. Bumett et al. (1993) also demonstrated 

NOS staining in human urogenital tissues. NOS was identified in the cavemous nerves 

and their terminal endings within the CC, in the branches of the dorsal penile nerves and 

in nerve plexuses in the adventitia of the deep cavemous arteries. However, NOS 

localised to the endothelium and to the smooth muscle of the CC has not been clearly 

demonstrated by immunohistochemistry. Keast (1992) used NADPH-d staining to 

demonstrate the presence of NOS in the rat penis. He found the enzyme in both the 

endothelial cells lining many blood vessels and within the cavemous spaces. The NOS
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demonstrated in the rat and rabbit CC displayed substantial activity, as monitored by the 

ability to convert [^H]-arginine to [^H]-citrulline (Bumett et al 1993, Bush et al 1992c). In 

the rabbit CC, the enzyme present was shown to be a cytosolic constitutive isoform of 

NOS (Bush et al 1992c), similar to that found in brain neuronal tissue. The endothelium- 

derived NOS is primarily membrane bound (Forstermann et al 1991). This suggests that 

the most important source of NO in penile tissue is neuronal.

Analogues of L-arginine, like NG-monomethyl-L-arginine (L-NMMA) and L-NAME, 

effectively inhibit NOS, and in vitro they inhibit the relaxation of cavemous tissue caused 

by electrical field stimulation (EPS) and muscarinic receptor stimulation (Bush et al 

1992a, 1992b, Holmquist et al 1991a, 1992, 1993, Kim et al 1991, Knispel et al 1991, 

Pickard et al 1991,Bumett et al 1992, 1994). The inhibitory effect can be partially 

counteracted by L-arginine.

L-NNA augmented the contractions induced by EPS or by NA but had little effect on 

resting tension (Pickard et al 1995), suggesting that passive stretching of cavemosal 

tissue is not sufficient to induce NO release but rather continuous release of NO occurs 

during active contraction. In the flaecid state, NO may therefore be involved in the 

minute to minute control of penile blood flow. However, NO production, but not the 

ability of the smooth muscle to respond to NO, seem dependent on the oxygen tension 

(Kim et al 1992, 1993). Electrically-induced relaxations were progressively inhibited as a 

function of decreasing oxygen tension (pO]) at values <50 mmHg and markedly 

attenuated at pO% measured in the flaccid state. This implies that the decreased pO] in the 

flaccid state, despite maintaining contraction of helicine vessels and corporeal tissue, 

would lead to low NOS activity. NO and vasodilators acting through NO released
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enzymatically ornon-enzymatically (Feelisch 1991), like nitro-glycerine, SNP, S-nitroso- 

N-acetylpenicillamine and linsidomine, all cause concentration-dependent relaxation of 

human and rabbit CC. They have also been shown to stimulate soluble guanylate cyclase, 

leading to an increase in the tissue levels of cGMP (Ignarro et al 1990). The relaxation 

induced by EPS can be enhanced by selective inhibition of cGMP phosphodiesterase 

(Bush et al 1992a, 1992b, Holmquist et al 1993, Ignarro et al 1990), supporting the view 

that neuronally-released NO acts by stimulating soluble guanylate cyclase activity.

In rats, the intracavemous injection of dmgs known to act at different levels of the 

adenosine 3’5’ cyclic monophosphate (cAMP) and cGMP pathways revealed that neither 

cAMP nor drugs that stimulate adenylate cyclase activity induced any change in 

intracavemosal pressure (Martinez-Pineiro et al 1993). In contrast, intracavemosal 

injection of cGMP and SNP caused dose-dependent changes in intracavemous pressure 

that could be inhibited by methylene blue. It was therefore concluded that cavemous 

smooth muscle relaxation in the rat is mediated by the activation of guanylate cyclase and 

that the cAMP system had a minimal role (Martinez-Pineiro et al 1993). In vitro results 

obtained from isolated penile tissue strips suggest that the penile L-arginine/NO system is 

essential for normal erection. There is accumulating in vivo data to support this view. In 

anaesthetised rabbits, erections induced by stimulation of the cavemous nerves could be 

dose-dependently inhibited by intracorporeal injection of L-NNA, which is known to 

inhibit NOS activity (Holmquist et al 1991b). In anaesthetised rats, intravenous L-NNA 

inhibited erection induced by the stimulation of the cavemous nerves (Bumett et al 1992). 

Therefore, there is convincing experimental evidence for the assumption that neurogenic 

NO is an important mediator in penile erection.
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TIME-DEPENDENT UP-REGULATION OF ENDOTHELIN-A 

RECEPTORS AND DOWN-REGULATION OF ENDOTHELIN- 

B RECEPTORS AND NITRIC OXIDE SYNTHASE BINDING 

SITES IN THE RENAL MEDULLA OF A RABBIT MODEL OF 

PARTIAL BLADDER OUTLET OBSTRUCTION.
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2.1 Introduction

BOO is both a common and debilitating disorder that may result from BPH (Napalkov et 

al 1995), urethral stricture or congenital anomaly (O’Connor et al 1997). BPH is the 

commonest benign neoplasm in men, affecting 50% by the patient age of 50 years and 

increasing to 90% by the ninth decade of life (Walsh 1986). Some men with obstruction 

secondary to BPH can develop impaired renal function (Rodoman et al 1997, Ogbonna et 

al 1997, Mandai et al 1996, Liu et al 1991, Sarmina and Resnick 1989). Although this 

association has long been recognised, the conditions leading to impaired renal function, 

their mechanisms and the clinical course of these patients is only poorly understood. Over 

40 years ago it was observed that men with urinary obstruction due to prostatic 

enlargement had their GFR and RBF reduced by a third compared to men of similar age 

with no obstruction (Olbrich et al 1957). It has also been observed that chronic interstitial 

nephritis resulting in chronic renal disease can be caused by chronic obstruction (Murray 

and Golberg 1975). This phenomenon is not confined to men with BOO secondary to 

BPH. This is because vesicoureteric reflux, which may arise from BOO, neuropathic 

bladder or, more commonly, due to a primary anatomical defect at the junction of the 

ureter and bladder is also associated with renal scarring and impaired renal function 

(Feather et al 1996). Despite the known association between BOO and the development 

of impaired renal function, the pathophysiological mechanisms involved in this process is 

not established.

ET-1, a known potent vasoconstrictor peptide, consisting of 21 amino acids, acts on two 

different receptor subtypes, which have been identified and cloned: ETa and ETg 

(Yanagisawa et al 1988, Arai et al 1990). ETa receptors mediate the vasoconstrictor
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actions of ET-1 (Levin 1995), whilst binding to its ETb receptors is thought to mediate 

vasorelaxation by stimulating NO formation (Hirata et al 1993). ET-1 is produced by, and 

binds to, most renal cell types (Kohan 1997) and causes a profound and prolonged renal 

vasoconstriction (Chou et al 1990). ET-1 also causes mesangial cell contraction 

(Simonson et al 1989), inhibition of sodium and water reabsorption by the nephron 

(Kamphuis et al 1994, Schnermann 1992), enhanced glomerular cell proliferation (Wang 

et al 1994) and the stimulation of extracellular matrix accumulation (Ruiz-Ortega et al

1994). ET-1 is also thought to play a role in progressive renal disease (Bruzzi and 

Benigni 1996).

The role of ET-1 is modulated by NO (Levin 1995). NO is synthesised from L-arginine 

by NOS (Ehren et al 1994). ET-1 and NO are widespread cell signaling molecules that 

have opposite effects. ET-1, the most potent endogenous vasoconstrictor and NO, the 

most potent endogenous vasodilator, form a paracrine/endocrine control cycle with a 

negative feedback mechanism (Hocher et al 1997). Besides their contrasting and 

antagonistic actions, ET-1 and NO also regulate each other’s synthesis (Albertini and 

Clement 1998). Several techniques have been developed to study the distribution and 

activity of NOS, as an indirect measure of NO. This has previously been studied in the 

urinary tract using the NADPH-d technique (Smet et al 1994) and anti-NOS antibodies 

(Persson et al 1993). These techniques allow the distribution of NOS to be determined 

with greater sensitivity, but cannot quantify the activity of the L-arginine:NO pathway. 

Previous autoradiographic studies have described the localisation of NOS binding sites in 

both brain (Kidd et al 1995) and peripheral tissues (Sullivan et al 1996), using [^H]-L- 

NOARG as a radioligand. This allows a quantitative assessment of receptor binding sites.
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an important factor when attempting to compare the distribution in control and 

experimental tissue.

The rabbit model of partial BOO is thought to be representative of BPH in humans 

(Buttyan et al 1997). Hence, using this model, we investigated whether there are any 

changes in ET receptors, NOS binding sites and NADPH-d staining in the kidneys that 

may play a role in the pathophysiology of impaired renal function associated with BOO.
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2.2 Materials and methods

2.2.1 Animals

Adult male New Zealand White (NZW) rabbits (3 kg) were used (n=6; each for sham 

operated controls, one-week, three-week, four-week and six-week partial BOO). All 

animals were fed ad libitum with special dietary services (SDS) standard plain diet (SDS, 

Witham, UK) and allowed free access to water.

2.2.2 Induction of partial BOO

Under general anaesthesia, a latex urinary catheter (Foley, C.R. Bard international Ltd, 

Crawley, UK) size 8 French gauge was inserted. After performing a lower midline 

laparotomy, a silk ligature was applied around the proximal urethra. The urinary catheter 

was then removed. The laparotomy incision was then closed and the animal allowed to 

recover. Sham operated controls underwent the same surgical procedure without inserting 

a proximal urethral ligature.

2.2.3 Blood sampling

Blood was sampled at weekly intervals, via the ear vein, for plasma creatinine, urea and 

electrolytes.

2.2.4 Preparation of kidnev tissue

Following cervical dislocation, kidneys were excised and weighed from age-matched 

sham operated controls (n=6) and one (n=6), three (n=6), four (n=6) and six-week (n=6) 

partial BOO rabbits. Kidney tissues were stored immediately at -70°C in airtight 

containers. The kidney blocks containing cortex and medulla were dissected and 

subsequently mounted in AMES OCT embedding compound (BDH Laboratory Supplies, 

Poole, UK) and transverse 10 pm sections cut in a cryostat at approximately -20°C and
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thaw-mounted onto gelatinised (for autoradiography) or APES 

(aminopropyltriethoxysilane)-coated (for immunohistochemistry) microscope slides. The 

slides were stored at -70°C in airtight containers until use.

2.2.5 Quantitative assessment of'^^I-ET-1. ' “ I-PD151242 (E T a') and '^^I-B03020 

binding to rabbit kidnev

Serial consecutive 10 pm sections from control, one, three, four and six-week partial 

BOO kidneys (n=18 each for control and BOO; three sections were taken from each 

animal) were pre-incubated in 50mM tris HCl buffer, pH 7.4, for 15 min at 22°C in order 

to reduce endogenous peptide levels. Slide-mounted sections were then incubated for 120 

min at 22°C in buffer (plus 5 mM/L MgCb, 1% bovine serum albumin and 100 k.i.u. 

aprotinin per ml) containing 0.15 nM [*^ Î]-ET-1 or 0.15 nM [^^^I]-PD151242 [ETa 

receptor specific radioligand (Davenport et al 1994)] or 0.15 nM [’̂ ^I]-BQ3020 [ETb 

receptor-specific radioligand (Molenaar et al 1992)]. These concentrations were at the 

approximate Kd values established from previous saturation studies (Sullivan et al 1997). 

The degree of non-specific binding was established by pre-incubating alternate kidney 

sections (n=18, as described above) in the presence of IpM unlabeled ET-1. Slides were 

washed twice in buffer for 10 min, dipped in 4°C distilled water and then dried in a 

stream of cold air. Low-resolution autoradiography was carried out by exposing sections 

to Hyperfilm 3H (Amersham International, Amersham, UK) in X-ray cassettes for 3 

days.

Densitometric analysis was performed using an imaging system (Model GS-700 Imaging 

Densitometer, BIO-RAD, Hertfordshire, UK). Six random areas (1 mm^) from each 

cortex and medulla were routinely measured. Binding was expressed in terms of
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radioligand bound (disintigrations per min; dpm) per unit area (mm^), calculated from 

standard curves generated by microscales (Amersham International, Amersham, UK) 

that were co-exposed with tissue sections.

Microscopic localisation (high-resolution autoradiography) of binding sites was 

performed by post-fixing the tissues in paraformaldehyde vapour (2h at 80°C) and 

coating the slides with molten nuclear emulsion (LM-1, Amersham International, 

Amersham, UK). Slides were then stored in light proof boxes with dessicant for up to 8 

days at 4°C, after which they were processed in D19 high contrast developer (Kodak, 

UK) and fixed (Hypam, Ilford, UK). The underlying tissues were stained with 

haematoxylin and eosin (H&E) and high-resolution autoradiographs were viewed on an 

Olympus BX50 microscope and selected tissues photographed where appropriate.

2.2.6 Quantitative assessment of [^H]-L-NOARG rNOS) bindine to rabbit kidnev 

With a few exceptions, this was carried out essentially the same way as for ET a and ETb 

binding as described above. Consecutive serial sections from the control one, three, four 

and six-week partial BOO kidneys (n=18; as described above) were incubated in Tris 

buffer containing 3 mM CaCb and 10 nM [^H]-L-NOARG (specific activity 55 Ci/mmol; 

Amersham International, Amersham, UK) for 60 min at 4°C. The degree of non-specific 

binding being established by pre-incubating alternate kidney sections (n=18; as described 

above) in the presence of 10 pM unlabelled L-arginine. After incubations, the slides were 

washed four times in buffer, for 2 min, to reduce non-specific binding, dipped in glass 

distilled water (4°C) and dried in stream of cold air. Low-resolution autoradiography was 

carried out by exposing sections to Hyperfilm 3H (Amersham International, Amersham,
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UK) in X-ray cassettes for 12 weeks. Densitometric analysis was performed as described 

above. The degree of binding was also expressed as described above.

2.2.7 NADPH-d histochemistrv

Localisation of putative NO-producing cells was performed by NADPH-d histochemistry 

as previously described (Persson et al 1993). Briefly, control and six-week partial BOO 

kidney sections (n=6 each) as used for autoradiographic analysis, were fixed for 30 min 

in 3% paraformaldehyde at 4°C. They were subsequently rinsed and incubated for 1 h at 

37°C with 1 mg/ml p-NADPH and 0.2 mg/ml nitro blue tétrazolium dissolved in O.IM 

phosphate buffer (pH 7.6) containing 0.2% Triton X-100. The sections were then rinsed 

under running tap water and stained with eosin. The NADPH-d-reactive cells (blue 

staining) were observed by using an Olympus BX50 microscope. In control experiments 

in which NADPH was excluded, no staining occurred. Selected sections were 

photographed.

2.2.8 Ultrastructural examination (Transmission Electron Microscopvl

Immediately following excision of the control (n=6) and six-week BOO (n=6) kidneys, a 

section of kidney tissue was taken and fixed in 1.5% glutaraldehyde/1% 

paraformaldehyde in phosphate buffered saline (PBS) for a minimum of 24h. The 

specimens were subsequently rinsed in PBS, post-fixed in 1% osmium tetraoxide 

(0 s 04)/1.5% potassium ferricyanide in PBS, and dehydrated by immersion in increasing 

concentration of ethanol. They were then infiltrated with LEMIX resin (TAAB 

Laboratories, Reading, UK). Ultrathin sections were then cut from areas of interest with a 

Reichert Ultracut ultramicrotome (Leica, UK). These sections were then double-stained 

with uranyl acetate, contrasted with lead citrate and examined using a Philips CM 120
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transmission electron microscope (Philips Scientific, Cambridge, UK) and photographed 

where appropriate.

2.2.9 Statistical analysis

The results are expressed as median and range. Two-tailed Mann-Whitney U test 

(unpaired values) and Wilcoxon two-tailed test (paired values) were used for the 

statistical analyses.
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2.3 Results

2.3.1 Kidnev weights, plasma creatinine, urea and electrolyte concentrations

There were no significant differences in the kidney weights, plasma creatinine, urea and 

electrolytes in either the control or the partial BOO rabbits (Table 1).

2.3.2 Autoradiography

Receptor binding studies indicated [^^^I]-ET-1, [’^^I]-PD151242 (ETA-specific) and 

BQ3020 (ETB-specific) binding to kidney tissue sections of control and BOO rabbits. The 

non-specific binding in the presence of lp,M unlabelled ET-1 was less than 10% for both 

[ '“ l]-PD151242 and [‘̂ ^I]-BQ3020.

2.3.3 ET_a and ETr receptor binding sites

There was dense '^^I-PD151242 and less marked ’̂ ^I-BQ3020 binding to all the tissue 

sections. ETa and ETb binding sites exhibited regional variations in both the control and 

obstructed kidney tissues. There was significantly greater binding to the medulla, 

compared to the cortex, in the control tissues for both ETa (p<0.0001) and ETb 

(p<0.0001) selective radioligands. A similar binding pattern was also seen in the 

obstructed sections (ETa, p<0.0001; ETb, p<0.0001) (Table 2). Densitometric analysis of 

film images indicated that [^^^I]-PD151242 binding (ETa sites) showed a significant 

increase (p=0.03) and [^^^I]-BQ3020 (ETb receptor binding sites) a significant decrease 

(p=0.03) in the six-week partial BOO medulla. There were no changes in the six-week 

partial BOO cortex (Table 2 and Fig 1).

Examination of the high-resolution autoradiographs revealed striking '^^I-ET-1 receptor- 

binding to the glomeruli, tubules and renal blood vessels (Fig 2).
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2.3.4 r^H1-L-N0ARG binding sites

The specificity of [^H]-L-NOARG binding to tissue sections was confirmed by the

significant reduction (> 90%) in binding in the presence of L-arginine.

NOS binding sites were significantly decreased in the six-week partial BOO medulla 

(p<0.0001) and cortex (p<0.0001) (Table 3 and Fig 3).

2.3.5 NADPH-d histochemistrv

Tissue sections from the control kidneys exhibited positive NADPH-d activity (Fig 4). 

The NADPH-d activity was evident throughout the cortex and the medulla. In the six- 

week partial BOO NADPH-d activity was markedly decreased in the cortex and medulla 

(Fig 4).

2.3.6 Ultrastructural examination (Transmission Electron Microscopvl

The kidney sections from the control rabbits exhibited normal renal architecture (Fig 5). 

However, in the six-week BOO kidney medulla there was evidence of glomerular 

disruption with mesangiosclerosis and congested glomerular capillaries containing 

increased red blood cells. There was also evidence of epithelial cell swelling (Fig 5). 

These changes did not involve the whole of the medulla but approximately 20-30%.
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Table 1. Kidney weights, urea and electrolyte levels in control and 1,3,4 and 6-week 

partial BOO rabbits. Results are expressed as median and (range).

Control One-week

BOO

Three-week

BOO

Four-week

BOO

Six-week

BOO

Kidney weights (g) 3.7 3.8 3.7 3.6 3.6

(2.9-4.2) (2.7-4.1) (2.7-4.3) (2.8-4.2) (2.5-4.3)

Urea (mM/L) 5.8 5.6 5.6 5.8 5.7

(4-7.1) (4-6.8) (3.8-7.2) (4.1-6.9) (4-6.9)

Creatinine (pM/L) 92 89 94 90 92

(77-125) (79-127) (78-121) (75-125) (79-123)

Na^ (mM/L) 144 140 141 142 142

(141-148) (137-146) (139-147) (137-145) (140-147)

K^(mM/L) 4.4 4.7 4.2 4.1 4.5

(3.6-5.2) (3.6-5.3) (3.6-5.1) (3.6-5.0) (3.5-5.4)
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T a b le  2. Photodensitometric analysis of '^^I-PD151242 (ETa) and ^^^I-BQ3020 (ET b) 

receptor binding in the kidney cortex and medulla of control, one-week, three-week, four- 

week and six-week partial bladder outflow obstruction (BOO) rabbits. Results are 

expressed as median and (range).

Receptor binding

(d.p.m. X 1000/mm^)

Control One-week

BOO

Three-week

BOO

Four-week

BOO

Six-week

BOO

Cortex:

ETa 12.5 12.7 14.1 13.3 12.9

(6.8-15.0) (7.8-15.3) (8.9-17.3) (7.1-18.2) (6.4-16.2)

ETb 0.95 0.88 0.91 0.99 1.00

(0.67-1.24) (0.23-1.36) (0.23-1.39) (0.63-1.64) (0.63-1.45)

Medulla:

ETa 60.6 59.2 60.4 63.1 81.6*

(50.2-65.3) (53.8-67.2) (52.2-67.5) (59.3-70.1) (76.6-88.0)

ETb 23.1 22.8 22.9 21.2 14.3*

(16.1-28.2) (16.8-28.9) (15.4-26.4) (17.3-24.4) (9.4-17.0)

ETa binding in the kidney medulla from control, one-week, three-week, four-week partial 

BOO vs six-week partial BOO; *p=0.03
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Table 3. Photodensitometric analysis of [^H]-L-NOARG (NOS) binding sites in the 

kidney cortex and medulla of control and 6-week partial bladder outlet obstruction 

(BOO) rabbits. Results are expressed as median and (range).

Receptor binding 

(d.p.m. X 1000/mm^)

Control Six-week BOO

Cortex:

6.09 4.21*

(4.43-8.15) (1.73-5.47)

Medulla:

7.47 5.06*

(5.16-8.89) (1.07-5.85)

*p<0.0001 for control vs six-week BOO cortex and medulla.
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Fig. 1. Low-resolution autoradiographic images generated from kidney sections of 

control and six-week obstructed rabbits.

Top. Autoradiographs from sections incubated in [’̂ ^I]-ET-1 (mixed ETa/ETb binding). 

Middle. Images from sections incubated in [^^^I]-PD 151242 (ETa binding).

Lower. Images from sections incubated in [^^^I]-BQ 3020 (ETb binding).

Total binding; sections incubated in radioligand alone.

Non-specific binding (N.S.B.); sections incubated in radioligand in the presence of excess 

unlabelled ET-1.

MED = medulla, CTX = cortex.

Scale bar -  2.5 mm.
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Fig. 2. High-resolution autoradiographs of [^^^I]-ET-1 binding to six-week obstructed 

rabbit kidney.

High-resolution autoradiographs generated on nuclear emulsion and counterstained with 

hematoxylin and eosin.

Top. Autoradiographs from sections incubated in [^^^I]-ET-1 alone (total binding). 

Binding evident as dark grain accumulation.

Left. Glomerulus.

Middle. Medulla (renal tubules).

Right. Renal blood vessel.

Lower panels. These show the degree of non-specific binding to an adjacent section 

incubated in the presence of excess ET-1.

Glomerulus = gl, medulla = MED, blood vessel = bv.

Scale bar = 200pm.
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Fig. 3. Nitric oxide synthase on sections from control and obstructed rabbit kidney 

Film images from sections incubated in [^H]-NOARG alone (total binding; TOTAL). 

Non-specific binding (N.S.B.) determined in the presence of lOpM L-arginine.

Control = CON, obstructed = OBS, cortex = CTX, medulla = MED.

Bar = 2.5mm.
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Fig. 4. Nitric oxide synthase on sections from control and obstructed rabbit kidney 

identified by NADPH diapborase histochemistry.

Putative NOS levels demonstrated by red/blue reaction product. Note the marked 

reduction in staining of the cortex (CTX) and medulla (MED) in the obstructed section. 

Control = CON, obstructed = OBS.

Scale bar = 2.5mm.
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Fig. 5. Electron micrographs from control (top panel) and six-week bladder outlet 

obstruction (BOO; lower panel) rabbit kidney sections. Transmission electron micrograph 

of six-week BOO kidney section shows evidence of mesangiosclerosis, congested 

glomerular capillaries and swollen epithelial cells in the medulla.

Ep = epithelial cells; M = mesangium; Ms = mesangiosclerosis; GC = glomerular 

capillary; rbc = red blood cells.

Scale bar = 5pm.
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2.4 Discussion

We have demonstrated, in a rabbit model of partial BOO, that there is a significant time- 

dependent up-regulation of ETa receptors and down-regulation of ETb receptors and 

NOS binding sites in the renal medulla. There is also a significant time-dependent down- 

regulation of NOS binding sites in the cortex. NADPH-d staining demonstrated marked 

decreased staining in both the six-week partial BOO cortex and medulla. High-resolution 

autoradiographs revealed ^^^I-ET-1 receptor binding sites in the glomeruli, tubules and 

renal blood vessels. These results were present against the background of ultrastructural 

changes in the BOO renal medulla (affecting approximately 20-30%) with creatinine, 

urea and electrolyte values not changing significantly from the baseline values.

The kidney changes, secondary to BOO, may have some clinical relevance. This is 

because some men with BOO develop impaired renal function (Rodoman et al 1997, 

Ogbonna et al 1997, Mandai et al 1996, Liu et al 1991, Sarmina and Resnick 1989). 

Impaired renal function can be associated with the presence of glomerulosclerosis that 

develops from processes that progress through a number of stages; from an inflammatory 

to a proliferative response and then finally to scarring (Marshall 1995, El Nahas 1998). 

Endothelial injury is thought to be an early event initiating an inflammatory process 

within the glomeruli (El Nahas 1998). We have demonstrated, using electron microscopy, 

evidence of glomerular disruption with the presence mesangiosclerosis, congested 

glomerular capillaries and swollen epithelial cells, affecting approximately 20-30% of the 

medulla, in the six-week BOO kidney.

The role of ET-1 in renal function is not fully defined. However, glomerular endothelial, 

epithelial and mesangial cells synthesise, bind and respond to ET-1 (Hirata et al 1993,
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Simonson et al 1989). ET-1 causes a profound renal vasoconstriction (both afferent and 

efferent glomerular arterioles) via ETa receptors (Simonson 1993). ETb receptors 

mediate vasorelaxation by stimulating NO formation (Rubanyi and Botelho 1991). 

Moreover, inhibition of NOS has been shown to produce vasoconstriction (Vallance et al 

1989). This is thought to result not simply from the withdrawal of the NO vasodilatory 

stimulus but from the amplification of vasoconstrictor systems such as ET-1 (Richard et 

al 1995). Hence, the up-regulation of ETa receptors and the down-regulation of ETb 

receptors and NOS binding sites may enhance this vasoconstriction. In addition, 

glomerular endothelial injury results in proinflammatory, pro thrombotic and mitogenic 

changes (Savage 1994). Therefore, ET-1-mediated vasoconstriction along with the 

formation of microthrombi could compromise the renal medullary circulation.

ET-1, predominantly through the stimulation of its ETa receptors, also has mitogenic 

properties (Kanse et al 1995). Therefore, the up-regulation of ETa receptors may play a 

role in glomerular mesangial cell proliferation. With further progression, scarring may be 

produced which then proceeds to mesangiosclerosis and fibrosis. Here, TGF-p appears to 

be one of the most fibrogenic growth factors. TGF-P may also initiate glomerulosclerosis 

through the transdifferentiation of mesangial cells into myofibroblasts (Desmouliere et al

1993). ET-1 can induce the expression of TGF-p (Ruiz-Ortega et al 1994). TGF-p is 

increased in the kidney after induced obstruction (Walton et al 1992). Interestingly, the 

treatment of diabetic rats with an ETa receptor antagonist can lead to a reduction in TGF- 

p expression in the glomeruli as well as a decrease in albuminuria and matrix gene 

expression (Nakamura et al 1995). Hence, ET-1 induced expression of TGF-P may be 

mediated via ETa receptor stimulation. It is therefore a possibility that the up-regulation
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of ETa receptors and their subsequent stimulation, in a rabbit model of partial BOO, may 

result in increased production of TGF-p.

In summary, BOO, in some men, can be associated with impaired renal function. We 

bave demonstrated, in a rabbit model of partial BOO, that there are time-dependent 

ultrastructural changes, up-regulation of ETa receptors and down-regulation of ETg 

receptors and NOS binding sites in the medulla. The renal medulla is affected rather than 

the cortex as it has a higher oxygen demand and, therefore, is more susceptible to 

vascular compromise than the cortex. Hence, ET-1, via its ETa receptor, may play a role 

in the development of impaired renal function associated with BOO. These changes 

occurred in the presence of “normal” renal function. Hence, it is worth considering 

whether ET-antagonists, administered at this stage, may prevent/retard the occurrence of 

further changes leading to impaired renal function.
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POSSIBLE ROLE OF ENDOTHELIN-1 IN RABBIT URINARY 

BLADDER HYPERPLASIA SECONDARY TO PARTIAL 

BLADDER OUTLET OBSTRUCTION
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3.1 Introduction

3.1.1 Anatomy of the detrusor and bladder neck

The detrusor of the bladder is made up of smooth muscle fibres that weave in and out to 

form a basket work: distinct layers can only be defined on the trigone and around the 

bladder neck (Woodbume 1960). Between the muscle bundles are thin strands of 

connective tissue. Two more muscle bundles sheathe the ureters and continue down to the 

urethra. There are also a few elastic fibres around the bladder neck along with a rich 

lymphatic plexus within the detrusor muscle. Under electron microscopy it has been 

demonstrated that each detrusor muscle cell is separated from its neighbour by a basal 

lamina except where they come together and plug in by pegs and sockets, which permit 

electrical excitation to pass from one cell to another (Blandy and Fowler 1996).

In the male, the bladder neck is a collar of smooth muscle that merges distally with the 

muscular fibres of the prostate (Blandy and Fowler 1996).

3.1.2 Normal function of the bladder

In humans, the bladder acts as a reservoir for urine: it does not absorb urine and the 

individual expels it under voluntary control. The normal bladder fills with urine at a rate, 

which is determined by input via food and drink, and fluid loss in sweat, faeces and 

respiration. As it fills there is no increase in pressure. A slight sensation of fullness is 

appreciated by most people when the bladder contains about 250 mis of urine. At this 

stage, micturition can normally be postponed for a considerable time, until a stage is 

reached, in most patients when the bladder contains about 500 mis. Here, increases of 

bladder pressure occur up to 100 cm of water, and the discomfort becomes unbearable so 

that the person is prompted to pass urine.
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3.1.3 The urinary bladder in BOO

BOO results in significant alterations in detrusor structure and function (Turner-Warwick 

et al 1973). For example, it is well established that BOO results in hypertrophy and 

hyperplasia of the bladder smooth muscle (Ghoniem et al 1986). In humans and rabbits, 

ET-1 is synthesised by vascular and nonvascular SMC and by fibroblasts in the urinary 

bladder (Saenz de Tejada et al 1992). The extensive distribution of ET-1 synthesis in the 

urinary bladder, occurring in almost all cell types, suggests that this peptide plays a role 

in bladder wall modelling, the control of bladder smooth muscle tone and the regulation 

of local blood flow (Saenz de Tejada et al 1992). The activity of ET-1 is mediated via 

both autocrine (Saenz de Tejada et al 1992) and paracrine (Hocher et al 1997) 

mechanisms. ET-1 elicits concentration-dependent contractions in smooth muscle strips 

from human and rabbit urinary bladders indicating the presence of functional ET 

receptors in both these species (Saenz de Tejada et al 1992, Maggi et al 1989, Latifpour 

et al 1995, Traish et al 1992). ET-1 is also known to have mitogenic properties on 

vascular SMC (Hiratu et al 1980, Bobik et al 1990).

The rabbit model of partial BOO is representative of BPH in humans (Buttyan et al 

1997). Hence, using this model, we investigated the potential role of ET-1 and its 

receptor subtypes in detrusor and bladder neck SMC proliferation using tissue culture 

techniques.
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3.2 Materials and methods

3.2.1 Proliferation assay with rabbit detrusor and bladder neck SMC 

Following cervical dislocation, the urinary bladders from three-week partial BOO rabbits 

were excised and weighed and then divided into detrusor and bladder neck at the level of 

ureteric orifice. The detrusor (n=6) and bladder necks (n=6) were then used for cell 

culture studies. The SMC from the detrusor and bladder neck were obtained in a similar 

manner to previously established methods (Folkman et al 1979). Detrusor (n=6) and 

bladder neck (n=6) smooth muscle segments were dissected from the urothelium and the 

SMC were grown using standard explant methods. The segments were then placed in 

Dulbecco’s modified Eagles medium (DMEM; Sigma Chemical, Poole, UK) 

supplemented with 10% heat inactivated foetal calf serum (FCS) (Gibco, Paisley, UK),

29.2 mg/ml L-glutamine, 10,000 units/ml penicillin G, 10,000 mg/ml streptomycin 

sulphate and left at 37°C in a 5% carbon dioxide (CO2) humidified incubator. The cells 

were grown to confluency and then passaged with 0.05% trypsin -  0.02% 

ethylenediamine tetra-acetic acid (Gibco, Paisley, UK) and sub-cultured at a ratio 1:3. 

Confluent SMC at third passage were sub-cultured into 96 well microtitre tissue culture 

plates (Falcon, Becton Dickinson, Oxford, UK). The cells were then made quiescent by 

changing the medium containing 0.4% FCS (n=6), control rabbit serum (CRS) (n=6) or 

three-week partial BOO serum (BRS) (n=6) and left for further 96 h in a 5% CO2 

humidified incubator. Subsequently, the selective ETa antagonist BQ123 (Sakamoto et al

1994) or the ETb antagonist BQ788 (Kishi et al 1998) (10, 30 or 100 nM) or vehicle were 

dissolved in serum containing 2.5% of the appropriate serum (FCS, CRS or BRS, 

respectively and added to the culture). SMC proliferation was then measured 24h later
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with 5-bromo-2’deoxy-uracil (BrdU), a thymidine analogue (Hamilton et al 1994). This 

substance is taken up by cells actively synthesising deoxyribonucleic acid (DNA) 

(Hamilton et al 1994). Hence, BrdU gives an accurate indication of cell proliferation. 

BrdU measurement was carried out as previously described by our group (Sbukla et al 

1997). In brief, lOpM/L of BrdU was added to each of the wells for 24 b in the presence 

of either ETa or ET b antagonists. The supernatant was then discarded and the cells fixed 

with ethanol. The fixative was then removed and the cells washed with PBS and then 

treated with a nuclease solution and washed three times. A peroxidase-labelled antibody 

to BrdU containing Fab (fragment antigen binding) was then added and incubated at 37°C 

for 30 min. The antibody conjugate was removed and a peroxidase substrate was then 

added. Cells were incubated until a blue colour developed ( 2 - 1 0  min). Sulphuric acid 

was then added and absorbance measured using an enzyme-linked immunosorbant assay 

plate-reader (E960; Metertecb, Watford, UK) at 450 nm (reference wavelength 690 nm).

3.2.2 Cell count

For cell counts, the supernatant was discarded and the cells washed with PBS free of 

calcium and magnesium. Cells were trypsinised (as described above), stained with crystal 

violet and counted in a Neuber baemocytometer. Data are expressed as cells per well.

3.2.3 Immunobistocbemical staining for SMC alpba-actin

In order to confirm that the cells were indeed SMC, immunobistocbemical staining for 

alpba-actin was also performed. However, the initial process involved gathering the cell 

by cytospinning.
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3.2.4 Cytospinning

The cells were obtained by discarding the supernatant from the culture flasks and 

washing with PBS in order to remove any trace of the culture medium. To the flask 5ml 

of trypsin was then added and incubated at 37°C for 10 min so that the cells would 

become dislodged. The cells were then poured into an universal container with an equal 

volume of culture medium. This was then centrifuged for 15min at 3000 revolutions per 

minute (rpm). The supernatant was then removed and 2.5 ml of culture medium was 

added to the universal container and a single cell suspension was formed. Two to three 

drops of the medium was then added to the cytospin tubes (Shandon, Life Services 

International, Runcorn, UK). This was then spun using a cytospin-3 (Shandon, Life 

Services International, Runcorn, UK) for 4 min at 1000 rpm. This resulted in a single 

layer of cells being placed on a slide. The slides were subsequently stored at -20°C until 

used.

Immunobistocbemical staining for SMC alpha-actin was performed by the standard 

avidin-biotin immunoperoxidase complex (ABC) method (Hsu et al 1981). This involved 

using anti-a-smooth muscle actin antibody, a purified mouse IgG, as the first antibody 

(1:100 dilution; DAKO Ltd, Ely, UK). Slides of detrusor and bladder neck cells from 

three-week partial BOO rabbits, prepared by the technique described above, were initially 

stored at -20°C in airtight containers. These were then brought to room temperature. The 

cells were then ringed with a DAKO pen (hydrophobic pen) (DAKO Ltd, Ely, UK). The 

slides were then washed with tris buffered saline (TBS) (NaCl 180g, Tris 13.2g, normal 

hydrochloric acid 83ml, 20L distilled water; pH 7.6) and then covered with 10% normal 

goat serum (DAKO Ltd, Ely, UK) for 10 min at room temperature to prevent non-specific
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binding of the first antibody. The first antibody (diluted 1:100 in TBS) was then added 

and the slides subsequently incubated at room temperature for Ih. The slides were then 

washed in several changes of TBS and treated for 30 min with biotin-conjugated goat 

antimouse secondary antibody (diluted 1:100 in TBS; DAKO Ltd, Ely, UK). The slides 

were then washed again in several changes of TBS and then incubated for 30 min in 

avidin-biotinylated peroxidase complex (ABC; DAKO Ltd, Ely, UK). The slides were 

then washed in further several changes of TBS and 3,3,diaminobenzidine (DAB; Sigma, 

Poole, UK) solution was applied for 10 min. The slides were then washed off with TBS 

and placed in staining racks. After washing in running water, the slides were 

counterstained with 10% Gill’s haematoxylin and differentiation and blue. Finally, the 

slides were dehydrated through up-graded alcohol series, cleared in xylene and 

coversliped in a synthetic mounting medium. The slides were then viewed on an 

Olympus BX50 microscope and appropriate photographs taken.

3.2.5 Statistical analvsis

All the results are presented as median and range.

Statistical analysis was carried out using two-tailed unpaired Mann-Whitney and paired 

Wilcoxon tests.
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3.3 Results

3.3.1 Bladder weights

There was a significant increase (p = 0.002) in the bladder weights of the three-week 

partial BOO rabbits compared to previously obtained age-matched sham operated 

controls (Table 4). However, the weights of the rabbits were not significantly different. 

3.3.2BrdU incorporation

The incorporation of BrdU by both control and BOO detrusor and bladder neck SMC was 

significantly increased in the presence of BRS compared to FCS and CRS (Table 5). The 

incorporation of BrdU was significantly greater in the BOO SMC compared to in the 

controls (TableS). BQ123 and BQ788 did not influence detrusor or bladder neck SMC 

BrdU incorporation in the presence of FCS or CRS. However, in the presence of BRS, 

BQ123 (100 nM/L) and BQ788 (100 nM/L) significantly inhibited detrusor and bladder 

neck SMC BrdU incorporation (Table 6).

3.3.3 Cell count

BOO detrusor and bladder neck SMC counts were significantly greater than controls in 

the presence of BRS (Table 7). In the presence of BQ123 [100 nM/L] and BQ788 [100 

nM/L] BOO detrusor and bladder neck SMC counts were significantly reduced following 

48 h incubation in the presence of BRS (Table 8). However, BQ123 and BQ788 did not 

influence detrusor or bladder neck SMC counts in the presence of FCS or CRS (data not 

shown).

3.3.4 g-Smooth muscle actin

a-SM actin was detected in all the cells obtained from the detrusor (Fig 6) and bladder 

neck (Fig 7).
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Table 4. Animal and bladder weights of age-matched sham operated controls and three- 

week partial bladder outlet obstruction (BOO) rabbits. Results are given as median and 

range.

Control rabbits (n=6) Three-week BOO rabbits (n=6)

Rabbit weights 3.1Kg (2.9-3.3) 3.0Kg (2.S-3.4)

Bladder weights 2.1g(1.9-2.3) *12g (10-16)

Control bladder weight vs three-week BOO bladder weight *p = 0.002
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Table 5. Effect of control rabbit sera (CRS), fetal calf sera (FCS) and BOO rabbit sera 

(BRS) on the level of BrdU incorporation by the control and BOO detrusor and bladder 

neck SMC. The results are expressed as median and range (absorbance at 450nm).

Detrusor Bladder neck

Control BOO Control BOO

BRS 1.1 (0.95-1.16) 1.6(1.67-1.34)* 0.58 (0.52-0.63) 0.82 (0.89-0.68)^

FCS 0.49 (0.45-0.56)** 0.45 (0.43-0.49)** 0.41 (0.37-0.43)** 0.39 (0.35-0.45)**

CRS 0.52 (0.46-0.59)^ 0.47 (0.44-0.50)^^ 0.38 (0.32-0.45)^" 0.37 (0.34-0.44)^

Control vs BOO detrusor in the presence of BRS: *p<0.001 

Control vs BOO bladder neck in the presence of BRS: ^p<0.05 

FCS vs BRS: **p<0.05 

CRS vs BRS: ^p<0.05
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Table 6. Effect of ETa (BQ123) and ETb (BQ788) antagonists on the level of BrdU 

incorporation by three-week BOO detrusor and bladder neck smooth muscle cells in the 

presence BOO rabbit serum (BRS). The results are expressed as median and range 

(absorbance at 450nm).

BRS alone BRS + 100 nM BQ123 

Detrusor 1.6 (1.67-1.34) *1.16 (1.25 - 0.92) 

Bladder neck 0.82 (0.89-0.68) *0.51 (0.55-0.46)

BRS + 100 nM BQ788

*1.18(1.35-1.01) 

*0.50 (0.60 -  0.48)

Detrusor: BRS alone vs BRS + BQ123 *p = 0.008

BRS alone vs BRS + BQ788 *p = 0.008

Bladder Neck: BRS alone vs BRS + BQ123 *p = 0.008

BRS alone vs BRS + BQ788 *p = 0.008
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Table 7. Effect of control rabbit sera (CRS), fetal calf sera (FCS) and BOO rabbit sera 

(BRS) on smooth muscle cell counts in control and BOO detrusor and bladder neck. The 

results are expressed as median and range (x 10  ̂cell/ml).

Detrusor Bladder neck

Control BOO Control BOO

BRS 0.5(0.4-0.7) 0.9 (0.8-1.2)* 0.35 (0.3-0.5) 0.6 (0.5-0.8)^

FCS 0.3 (0.25-0.5)** 0.3 (0.2-0.45) 0.25 (0.2-0.35)** 0.3(0.25-0. 5)**

CRS 0.35 (0.3-0.5)^ 0.4 (0.3-0.50) 0.2 (0.15-0.35)^^ 0.3 (0.2-0.45)^^

Control vs BOO detrusor in the presence of BRS: *p<0.001 

Control vs BOO bladder neck in the presence of BRS: ^p<0,05 

FCS vs BRS: **p<0.05 

CRS vs BRS: ^p<0.05
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Table 8. Effect of ETa (BQ123) and ETb (BQ788) antagonists on three-week BOO 

detrusor and bladder neck smooth muscle cell counts in the presence of BOO rabbit 

serum (BRS). Results are given as median and range (x 10  ̂cells/ml).

BRS alone B R S+ 100 nM BQ123 B R S+ 100 nM BQ788

Detrusor 0.9 (0 .8-1 .2) *0.7 (0 .4-0 .8) **0.6 (0.4 -  0.8)

Bladder neck 0.6 (0.5-0.8) **0.2 (0.01-0.4) **0.4 (0.2 -  0.4)

Detrusor: BRS alone vs BRS + 100 nM BQ123 *p = 0.03 

BRS alone vs BRS + 100 nM BQ788 *p = 0.01 

Bladder neck: BRS alone vs BRS + 100 nM BQ123 *p = 0.01 

BRS alone vs BRS + 100 nM BQ788 *p = 0.01
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Fig. 6. Dense staining of all the cells (obtained from three-week partial BOO detrusor)

for a-smooth muscle actin confirming that the cells are smooth muscle cells.
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Fig. 7. Dense staining of all the cells (obtained from three-week partial BOO bladder

neck) for a-smooth muscle actin confirming that the cells are smooth muscle cells.
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3.4 Discussion

BOO has been shown to induce changes in bladder morphology, physiology and 

pharmacology (Levin et al 1990). These changes include hypertrophy and hyperplasia of 

the bladder smooth muscle (Ghoniem et al 1986). Similarly, one of the most striking 

features of experimentally-induced BOO is the increase in mass of this organ (Malkowich 

et al 1986). This change has been attributed to connective tissue deposition, tissue 

oedema and smooth muscle hypertrophy and/or hyperplasia (Tong et al 1992). The 

structural changes of the urinary bladder after BOO have been extensively studied. At an 

ultrastructural level, short-term obstructive changes are observed in the smooth muscle, 

interstitial and neuronal compartments (Blbadawi et al 1989a). Several studies have 

demonstrated that significant proliferative activity is actually involved in this process 

(Monson et al 1992, Blbadawi and Meyer 1989b). However, it is not known what triggers 

the proliferative process. It has been postulated that the initial signal for DNA synthesis 

might be the primary distension of the bladder following partial BOO. Ischaemia or 

anoxia do not appear to be necessary factors for distension-induced DNA synthesis (Tong 

et al 1992).

Our study, in agreement with others (Malkowich et al 1986), has demonstrated in a rabbit 

model of partial BOO that after three-weeks there is a significant increase (p=0.002) in 

urinary bladder weight. This increase in the rabbit bladder weight is far greater than that 

in man. We have also demonstrated using BrdU and cell count techniques that BTa 

(lOOnmol/L) and BTb (lOOnmol/L) antagonists were able to inhibit SMC proliferation of 

the detrusor and bladder neck in the presence of three-week partial BOO serum. BT-1 is a 

vasoconstrictive peptide with known mitogenic properties (Hiratu et al 1980, Bobik et al
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1990). Hence, the observation that ETa and ETb antagonists were able to inhibit SMC 

proliferation suggests that ET-1 may be involved in the bladder proliferative process seen 

in partial BOO. The finding that ET antagonists were able to inhibit SMC proliferation 

only in the presence of serum obtained from three-week partial BOO rabbits further 

suggests that in these pathological animals there is an increased circulating level of ET-1 

compared to controls. This may be a reflection of an elevated local production of ET-1 by 

the urinary bladder. In humans and rabbits, ET-1 is known to be synthesised by vascular 

and nonvascular SMC and by fibroblasts in the urinary bladder (Saenz de Tejada et al 

1992). Hence, in partial BOO there might be an elevated local and systemic production of 

ET-1 that subsequently leads to bladder SMC proliferation. Diabetes mellitus (DM) is 

another pathological state where an increase in bladder weight is noted in experimental 

models (Jeremy et al 1986). In this condition, there is an elevation in the circulating 

levels of ET-1 (Takahashi et al 1990), further strengthening the association between ET-1 

and increased bladder weight. Unfortunately, it has not been possible to measure 

circulating ET-1 levels in the control and partial BOO rabbits. This is because the kits 

used to measure the circulating levels of ET-1 are based on antibodies that are conjugated 

against the rabbit. Other experimental models that include polyuria (e.g. diabetes 

insipidus) are also associated with bladder hypertrophy (Malmgren et al 1992). Whether 

ET-1 is involved in this process is not yet established.

As we have demonstrated that both ETa and ETb antagonists inhibit SMC proliferation, 

ET-1-mediated SMC proliferation may involve both ETa and ETb receptors.

Our study demonstrated that ETa and ETb antagonists only inhibited SMC proliferation 

at the highest concentration used (lOOnmol/L). The inhibition by the ET antagonists is
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unlikely to be due to toxicity, since the same concentration of these antagonists did not 

inhibit SMC proliferation in the presence of CRS or FCS. At lower concentrations (10 

and 30nmol/L) ETa and ETb antagonists did not inhibit SMC proliferation suggesting 

that the effective inhibitory dose of these antagonists are in the high nanomolar range. 

Other workers have also used ET antagonists, at similar concentrations, in cell culture 

models (Spatz et al 1997, Hasselblatt et al 1998, Haradu et al 1997).

The functional significance of these proliferative processes is not known. However, 

patients with partial BOO can develop elevated voiding pressures (O’Connor et al 1997) 

as part of a compensatory response of the detrusor to the increasing demands created by 

the obstruction to urinary flow. Hence, SMC proliferation may enable the bladder to 

generate higher pressures that are needed to expel its urinary content against greater 

outflow resistance.



UP-REGULATION OF ETb RECEPTORS AND ETg 

RECEPTOR-MEDIATED RABBIT DETRUSOR

CONTRACTION IN PARTIAL BLADDER OUTLET 

OBSTRUCTION
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4.1 Introduction

The functional changes that develop in response to obstruction include detrusor 

instability, elevated voiding pressures and the presence of residual urine (Tumer- 

Warwick 1984). To further understand the pathophysiology of BOO numerous models 

have been produced in animals including the pig (Sibley 1987), cat (Radzinski et al

1991), guinea pig (Mostwin et al 1991), rat (Malmgren et al 1987) and rabbit (Rato et al 

1988). In a recent study using a rat model, seven days following the induction of partial 

BOO, voiding pressure rose sharply and the residual urine volume also significantly 

increased (O'Connor et al 1997). However, the residual volumes diminished and the 

voided volume increased after four weeks. Bladder wall compliance increased in the 

obstructed animals for up to 28 days. Hyperactive detrusor contractions developed in 

89% of obstructed animals as compared to 12% of controls (O'Connor et al 1997).

ET-1 is synthesised by vascular and nonvascular SMCs and by fibroblasts in the urinary 

bladder (Saenz de Tejada et al 1992). It elicits a concentration-dependent contraction in 

smooth muscle strips, from human and rabbit urinary bladders, thereby indicating the 

presence of functional ET receptors in both these species (Saenz de Tejada et al 1992, 

Maggi et al 1989, Latifpour et al 1995). ETa receptors, as prevoiusly described, mediate 

the vasoconstrictor actions of ET-1 (Levin 1995). This response is related to the 

stimulation of phospholipase C activity that leads to the formation of Ins(l,4,5)P3 and 

diacylglycerol. The former increases the intracellular Ca^  ̂ concentration, which in turn 

causes vasoconstriction (Simonson and Dunn 1990). Although ETb receptors are thought 

to mediate ET-1-induced vasorelaxation by stimulating NO formation (Batra et al 1993,
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Masaki et al 1994) there is evidence to support that these receptors may also mediate 

SMC contraction (Warner et al 1993).

DM is associated with atonic or hyper-reflexic bladders (Kaplan and Blavis 1995). These 

abnormalities may relate to the ET receptor density since we have recently documented 

an increased expression of ETb receptors in the detrusor and bladder neck of diabetic 

rabbits (Mumtaz et al 1999b). As BOO is also associated with altered bladder function, 

we investigated the function and density of ETb receptors in the detrusor and bladder 

neck of a rabbit model of partial BOO.
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4.2 Materials and methods
4.2.1 Functional studies

Following cervical dislocation, detrusor and bladder neck strips were taken from control 

(n=14; each for detrusor and bladder neck), one-week (n=14; each for detrusor and 

bladder neck) and three-week (n=14; each for detrusor and bladder neck) BOO rabbit 

urinary bladders. The strips measured approximately 1x1x5mm. The strips were mounted 

vertically in 1.5ml organ baths containing Tyrode’s solution maintained at 37°C by a 

thermoregulated circuit. The Tyrode’s solution was bubbled with a mixture of 95% O2 

and 5% CO2, maintaining pH at 7.4. An initial tension of 2g (detrusor) or Ig (bladder 

neck) was applied to the suspended tissue strips. The tension was recorded with a force 

displacement transducer (FT-03, Grass Instruments, Quincy, Massachusetts, USA) on a 

Grass Polygraph (model 7D). All strips were equilibrated for 45 min. At the end of the 

equilibration period, the strips were challenged with KCl (124 mM). Two reproducible 

contractions varying in magnitude by less than 10% were consistently obtained. 

Concentration response curves (IC'^-IG'^M) were then performed with IRL1620 

(selective ETg-receptor agonist) (Molenaar et al 1992) alone or in the presence of either 

ETa (BQ123) (Sakamoto et al 1994) or ETb (BQ788) (Kishi et al 1998) selective 

antagonists (both at lO'^M). These results were expressed as a percentage of the KCl 

response.

4.2.2 Autoradiographic studies (preliminary binding studies)

Preliminary binding studies (saturation analysis) were performed, where consecutive 

serial 10pm transverse sections were pre-incubated in 50mM Tris HCl buffer, pH 7.4, for 

15 min at 22°C in order to reduce endogenous peptide levels. Incubations were then 

carried out (2h at 22°C) in buffer containing 5mM MgCl2, 1% bovine serum albumin and
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100 kiu/ml aprotonin in the presence of 0.0003-1 nM [^^^I]-ET-1 (Amersham 

International, Amersham, UK). ETa and ETg binding sites were identified using the 

selective radioligands [^^^I]-PD151242 (ETa antagonist) (Davenport et al 1994) and 

[^^^I]-BQ3020 (ETb agonist) (Sakamoto et al 1993) (Amersham International). Non

specific binding was established by pre-incubating adjacent sections in the presence of 

Ipmol/L unlabeled ET-1 (Bachem Fine Chemicals, Switzerland). Sections were then 

washed (twice for lOmin at 4°C) and binding determined by wiping sections from 

microscope slides and measuring ^̂ Î bound in a gamma counter. Receptor affinity (K d) 

was calculated using GraphPad Inplot Software (Graph Pad, San Diego, California, 

USA).

4.2.3 Quantitative assessment of ̂ ^^I-PD151242 ŒT_a) and ^^^I-B03020 ŒTr) binding to 

rabbit urinarv bladder

This was performed as previously described in chapter 2 (2.2.5).

Microscopic localisation (high-resolution autoradiography) was also performed as 

described in chapter 2 (2.2.5).

4.2.4 Statistical Analvsis

All data are presented as median and range. Mann-Whitney two-tailed tests were used for 

the statistical analyses.
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4.3 Results

4.3.1 Functional studies

In the control and one-week partial BOO strips, IRL1620 did not produce any detrusor or 

bladder neck contractions. However, at three weeks there were significant concentration- 

dependent IRL-1620-mediated detrusor contractions (Fig 8). At a concentration of lO'^M 

IRL-1620 produced 12% (9-16%) of KCl response. This was increased to 25% (21-28%) 

and 70% (65-78%) at 10'  ̂and lO'^M, respectively. IRL-1620 did not induce bladder neck 

contractions with any dose tested.

The ETa selective antagonist (BQ123; lO'^M) had no impact on IRL-1620-mediated 

detrusor contractions. However, in contrast, the ETb selective antagonist (BQ788; lO'^M) 

completely abolished this response (Fig 9).

4 .3 .2  Autoradio granhv

Receptor binding studies confirmed that *^^I-PD151242 and ’̂ ^I-BQ3020 both bound in a 

concentration-dependent manner to the detrusor and bladder neck sections. Saturation 

analysis showed that binding was to high affinity sites with Kd values in the sub- 

nanomolar range (‘“ I-PD151242 = 0.07nM and ‘“ I-BQ3020 = 0.09nM) (Fig 10). Fixed 

concentrations of the radioligands (~2 x Ko values) were then subsequently used in the 

autoradiographic experiments.

4.3.3 E T a and ETr receptor binding sites

There was [^^^I]-BQ3020 (ETr) binding to all the detrusor (Fig 11) and bladder neck (Fig 

12) sections in the control and three-week partial BOO rabbits. Similarly, there was also 

[’̂ ^I]-PD151242 (ET a) binding to the detrusor and bladder neck sections in the control
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and three-week partial BOO rabbits. The nonspecific binding in the presence of IpM 

unlabelled ET-1 was less than 10% for both [’̂ ^I]-PD151242 and [*^^I]-BQ3020.

H&E stained sections and bigb-resolution autoradiographs confirmed that the binding 

sites are associated with both the smooth muscle and urotbelium in the detrusor and 

bladder neck.

The density of ET a and ET b receptor binding was similar in the control detrusor and 

bladder neck. The density of ETa and ETb binding was significantly greater (p=0.002) in 

the smooth muscle compared to the urotbelium in both the control and partial BOO 

rabbits. In the three-week partial BOO there was a significant increase (about 40%, 

p=0.003) in E T b receptor binding to the smooth muscle of the detrusor (Table 9). There 

was also a smaller but significant increase (p=0.001) in ETa receptor binding to the 

smooth muscle of the detrusor (control: 44.28 dpm {40.36-46.94} v three-week BOO: 

49.36 dpm {43.29-55.28}). However, there was no significant change in the partial BOO 

bladder neck (Table 9).
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Table 9. Densitometric analysis of ETb receptor binding in the detrusor and bladder neck 

of control and 3-week partial BOO rabbits.

ETb Receptor binding (d.p.m. x 1000/nun^)

Control 

median (range)

3 week partial BOO 

median (range)

Detrusor:

Smooth muscle 43.6 62.1*

(35.1-62.4) (45.6-69.7)

Urotbelium 22.9 22.2

(11.8-31.8) (11.1-31.4)

Bladder neck:

Smooth muscle 42.8 44.4

(35.2-62.4) (35.2-61.6)

Urotbelium 22.5 23.5

(12.4-30.6) (11.27-31.1)

* p=0.003 for ET b receptor binding in the detrusor smooth muscle of control vs 3-week 

BOO rabbits.
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Fig. 8. Cumulative response curves for IRL-1620 from control and three-week BOO 

detrusor strips; n=14.
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Fig. 9. Cumulative response curves for IRL-1620 in the presence of either the ETa 

antagonist BQ123 at lO'^M or the ETb antagonist BQ788 at lO’̂ M, using (n=14) detrusor 

strips from three-week BOO rabbits.
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Fig. 10. E T a and E T b receptor binding to sections of rabbit bladder: saturation analysis. 

Concentration dependent binding of [^^^I]-PD151242 (E T a receptor specific) and 

BQ3020 (E T b receptor specific) [0.0003-1 nM] to slide mounted sections.

Binding expressed as percent maximal specific binding from 4 to 6 sections per slide per 

concentration. Specific binding calculated by subtracting non-specific from total binding.

99



1 0 0 ^

80-

G)
.5 60 -
"G
C

! 5

I  40-
X
m
E

s o  2 0  -

ET
ET

0 . 2 0.60 . 0 0.4 0 . 8 1 . 0

Radioligand concentration (nM)



Fig. 11. ETb binding to control and three-week obstructed rabbit bladder detrusor.

Left: Autoradiographs, generated by hyperfilm ^H, from sections of control (CON, top) 

and three-week obstructed (OBST, bottom panel) rabbit bladder detrusor incubated in 

['“ l]-BQ3020 alone (TOT = total binding).

Right: Autoradiographs showing degree of non-specific binding (NSB) to adjacent tissue 

sections incubated in the presence of unlabelled ET-1.

SM = smooth muscle; Ur = urotbelium.

Bar = 0.5cm.
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Fig. 12. ETb binding to control and three-week obstructed rabbit bladder neck.

Left: Autoradiographs of total ETb binding to control (CON, top) and three-week 

obstructed (OBST, bottom panel) bladder neck, using same conditions as Fig 3.

Right: Non-specific binding established on adjacent sections incubated in the presence of 

unlabelled ET-1.

SM = smooth muscle; Ur = urotbelium.

B ar = 0.5cm.
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4.4 Discussion

Patients with severe BOO can develop elevated voiding pressures, detrusor instability and 

a residual urine volume (O'Connor et al 1997). Numerous animal models have been 

developed in order to study the pathophysiology of BOO (Sibley 1987, Radzinski et al 

1991, Mostwin et al 1991, Malmgren et al 1987, Kato et al 1988). In vivo urodynamic 

studies bave, however, often been carried out on sedated or anaesthetised animals, and 

the modes of obstruction have not always provided an accurate reflection of the 

pathophysiology of BOO. In a recent paper (O'Connor et al 1997) urodynamic studies in 

a conscious rat model of progressively developing partial BOO have shown that at four 

weeks post obstruction these animals developed high pressure voiding and were in a state 

of chronic retention with large post-micturition residual volume. The micturition 

threshold pressure increased significantly with progressive obstruction and there were 

spontaneous contractions superimposed on a steadily rising intravesical pressure prior to 

the initiation of micturition. These changes probably reflect the early development of 

voiding dysfunction secondary to partial BOO.

ET-1 produces potent urinary bladder smooth muscle contractions in humans and rabbits 

(Saenz de Tejada et al 1992). In the present study we demonstrate that IRL-1620, a 

selective ETb agonist (Molenaar et al 1992), produces detrusor smooth muscle 

contraction in a concentration-dependent manner in three-week partial BOO rabbits. IRL- 

1620 had no effect in the control or one-week partial BOO detrusor or bladder neck nor 

did it have any effect in the bladder neck of three-week partial BOO rabbits. The effect of 

IRL-1620 was completely inhibited by the ETb selective antagonist BQ788. However,
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the ETa selective antagonist, BQ123, had no effect on these smooth muscle contractions 

confirming that the actions of IRL-1620 were indeed ETb receptor-mediated.

In vitro autoradiography demonstrated a significant increase in E T b , and a smaller (but 

significant) increase E T a , receptor-binding density in the detrusor smooth muscle of the 

three-week partial BOO rabbits. The fact that ETa receptors mediate detrusor 

contractions is well established (Levin 1995). The up-regulation of E T a receptors is, 

therefore also likely to play a part in detrusor dysfunction. However, the most interesting 

finding is that in this animal model of partial BOO, there is a time-dependent up- 

regulation of ETb receptors in the detrusor smooth muscle. This has been shown to be 

associated with ETB-mediated contractions.

E T b receptors are present in both endothelial cells and vascular SMCs (Levin 1995). It is 

well established that ET-1 stimulates NO synthesis via E T b receptors (Hocher et al 1997), 

thereby resulting in smooth muscle relaxation (Batra et al 1993). However, there is 

increasing evidence to support the view that ET-1 also mediates vascular smooth muscle 

contractions via E T b receptors (Warner et al 1993). E T a and E T b receptor-mediated 

smooth muscle contractions have similar underlying mechanisms (i.e. the activation of 

phospholipase C and the subsequent generation of Ins(l,4,5)P3 and diacylglycerol 

followed by the mobilisation of Ca^^) (Levin 1995). These changes, in turn, induce 

smooth muscle contraction (Simonson and Dunn 1990). Thus, the existence of two 

different E T b receptors is becoming increasingly probable [E T bi on endothelial cells 

mediating smooth muscle relaxation via the NO system and ETb2 on SMC mediating 

contraction (Warner et al 1993)].
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We suggest that the up-regulation of ETb receptors, which have been shown to mediate 

contractile activity, may on stimulation produce elevated detrusor pressure to overcome 

the increased resistance to urinary flow caused by partial BOO. This may reflect the 

improvement in symptoms (urinary flow, hesitancy, nocturia) experienced by some men 

with BPH that are managed by ‘watchful waiting’ (Flanigan et al 1998). However, the 

long-term evolution of this compensation and the mechanisms that cause some obstructed 

bladders to decompensate is unknown (Flanigan et al 1998). The up-regulation of ETe 

receptors in the detrusor smooth muscle along with its contractile action may, in the long 

term, be involved in the development of bladder dysfunction such as detrusor instability 

that is observed in some patients with BOO. If this is the case, ETe antagonists may 

prove to be of benefit in the treatment of BOO associated bladder dysfunction even if 

surgery or medical treatment relieves the obstruction.
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UP-REGULATION OF ENDOTHELIN (E T a AND ETb) 

RECEPTORS AND DOWN-REGULATION OF NITRIC 

OXIDE SYNTHASE IN THE DETRUSOR OF A RABBIT 

MODEL OF PARTIAL BLADDER OUTLET 

OBSTRUCTION
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5.1 Introduction

As previously described, BOO results in significant changes in bladder structure and 

function (Turner-Warwick et al 1973). These include detrusor hypertrophy/ hyperplasia 

(Ghoniem et al 1986), elevated voiding pressures (Speakman et al 1987a) and detrusor 

instability (Speakman et al 1987b). Detrusor instability describes a urodynamic 

phenomenon defined in 1988 as ‘the unstable bladder is one that is shown objectively to 

contract, spontaneously or on provocation, during the filling phase while the patient is 

attempting to inhibit micturition’ (International Continence Society 1976). To further 

understand the pathophysiology of BOO, numerous animal models have been produced 

(Guan et al 1995, Radzinski et al 1991, Mostwin et al 1991, Malmgren et al 1987, 

Harrison et al 1990). Despite this, our knowledge of the underlying pathophysiology of 

many of these changes, particularly detrusor instability, still remains uncertain.

We have previously demonstrated, using a rabbit model of partial BOO for three-weeks, 

that ET-1 may play a role in bladder SMC proliferation associated with BOO (Khan et al 

2000). We have also demonstrated, using the same animal model, that ETb receptors 

mediate detrusor contraction and that there is an up-regulation of this receptor as well as 

ETa receptors (Khan et al 1999a).

ET-1 and NO are widespread cell signaling molecules that have opposite effects. ET-1, 

the most potent endogenous vasoconstrictor and NO, the most potent endogenous 

vasodilator, form a paracrine/endocrine control cycle with a negative feedback 

mechanism (Hocher et al 1997). Besides their contrasting and antagonistic actions, ET-1 

and NO may also regulate each other’s synthesis (Albertini and Clement 1998). We, 

therefore, investigated ET receptors and the density and distribution of NOS binding sites
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as well as NADPH-d immunohistochemistry in the detrusor and bladder neck to 

determine whether there are any changes that may play a role in the pathophysiology of 

BOO. Unlike the previous studies, here BOO was induced for twice as long (i.e. six 

weeks).
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5.2 Materials and methods

5.2.1 Serum creatinine and electrolytes

Blood was sampled at weekly intervals, via the middle ear vein, for serum creatinine, 

urea and electrolytes.

5.2.2 Animal and bladder weights

The animals were weighed at the beginning and then just prior to cervical dislocation. 

The urinary bladders were weighed just after their removal.

5.2.3 Autoradiographic studies

This was performed as previously described in chapter 2 (2.2.5).

5.2.4 Quantitative assessment o f ‘̂ ^I-ET-1. '^^I-PD151242 (E T a). '^^I-B03020 fETp) 

and r^H1-L-NOARG binding to rabbit urinary bladder

This was also performed as previously described in chapter 2 (2.2.5) and chapter 2 

(2.2.6).

5.2.5 NADPH-d histochemistrv

This was performed as previously described in chapter 2 (2.2.7).

5.2.6 Statistical analvsis

All data are presented as median and range. Mann-Whitney two-tailed tests were used for 

the statistical analyses.
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5.3 Results

5.3.1 Serum creatinine, urea and electrolyte concentrations.

There were no significant changes in the serum creatinine, urea and electrolytes in either 

the control or six-partial BOO rabbits (Table 1).

5.3.2 Animal and bladder weights

The starting and final weight in both the control and six-week partial BOO rabbits were 

similar (Table 10). However, the six-week partial BOO rabbit urinary bladders were 

significantly (p = 0.002) heavier than the age matched controls (Table 10).

5.3.3 Autoradiographv

Binding studies confirmed that '^^I-ET-1, ^^^I-PD151242 and ^^^I-BQ3020 all bound in a 

concentration-dependent manner to the detrusor and bladder neck sections. Saturation 

analysis showed that binding was to high affinity sites with Kd values in the sub

nanomolar range. Fixed concentrations of the radioligands (based on the Ko values) were 

then subsequently used in the autoradiographic experiments.

5.3.4 ET-1. E T a. ET r receptor and r^H]-L-NOARG binding sites

There was dense ['^*I]-ET-1, [ '“ l]-PD151242 (ETa), ['^^I]-BQ3020 (ETb) and [^H]-L- 

NOARG binding to all the detrusor (Fig 13 and 14) and bladder neck sections in the 

control and six-week partial BOO rabbits. The non-specific binding in the presence of 

IpM unlabelled ET-1 was less than 10% for [’̂ ^I]-ET-1, ['^^I]-PD151242 and 

BQ3020 (Fig 13). Similarly, the specificity of [^H]-L-NOARG binding to tissue sections 

was confirmed by the significant reduction (> 90%) in binding in the presence of L- 

arginine (Fig 14).
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Intense [^^^I]-ET-1 binding was seen in the urothelium and SMCs of the detrusor and 

bladder neck in the controls and six-week partial BOO rabbits. Densitometric analysis of 

the film images indicated that [^^^I]-ET-1 binding to the detrusor smooth muscle and 

urothelium significantly increased (p=0.04, p=0.002, respectively) in the six-week partial 

BOO rabbits compared to controls (Table 11 and Fig 13).

[’̂ ^1]-PD151242 and [^^^1]-BQ3020 (E T a and E T b receptor binding sites, respectively) 

binding showed a similar distribution to [^^^1]-ET-1 binding (Fig 13). Densitometric 

analysis revealed a significant increase in ETa (p=0.03) and ETb (p=0.04) receptor 

binding sites in the six-week partial BOO detrusor smooth muscle (Table 11 and Fig 13). 

ETa receptor binding was also increased in the six-week partial BOO detrusor urothelium 

(p=0.02) (Table 10 and Fig 13). There was no change in the density of either ETa or ETb 

receptor binding in the bladder neck.

NOS binding sites were significantly decreased in the six-week partial BOO detrusor 

smooth muscle (p=0.003) and urothelium (p=0.0002) (Table 12, Fig 14). In the six-week 

partial BOO bladder neck NOS binding sites were also significantly decreased in the 

urothelium (p=0.003) (Table 12, Fig 15).

Examination of the underlying tissues at high-resolution revealed marked binding of ET- 

1 to the urothelium, SMCs and blood vessels (Fig 16). There was also marked binding of 

E T a and E T b receptors in the SMCs and blood vessels (Fig 17 and 18, respectively). 

[^H]-L-NOARG binding sites were also similarly distributed.

5.3.5 NADPH-d histochemistrv

All the tissue sections from the control detrusor and bladder neck exhibited extensive 

positive NADPH-d activity (Fig 19). The NADPH-d activity was evident predominantly
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in and around the urothelium of all regions (approximately 90-100%) and to a much 

lesser extent, in the smooth muscle (approximately 5-10%). In the six-week partial BOO 

detrusor and bladder neck NADPH-d activity was undetectable (Fig 19).
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Table 10. Comparison between rabbit and bladder weights of control and six-week 

partial bladder outlet obstruction (BOO) rabbits. Results are expressed as median and 

(range). *p= 0.002 for control bladder weights vs six-week BOO bladder weights.

Week-zero 

median (range)

Week-six 

median (range)

Control:

Rabbit weight (kg)

Bladder weight (g)

BOO:

Rabbit weight (kg)

Bladder weight (g)

3.12

(2.9-3.23)

3.09

(3.0-3.15)

3.2 

(3.0-3.31) 

2.1 

(1.8-2.3)

3.15

(3.1-3.27)

23*

(14-28)
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Table 11. Photodensitometric analysis of ET-1, ETa and ETb receptor binding in the 

detrusor smooth muscle and urothelium of control and six-week partial bladder outlet 

obstruction (BOO) rabbits. Results are expressed as median and (range).

Receptor binding 

(d.p.m. X 1000/mm^)

Control 

median (range)

Six-week BOO 

median (range)

Smooth muscle:

ET-1 61.7 69.7*

(54.3-65.9) (59.6-80.3)

ETa 39.0 47.7 **

(23.7-49.5) (39.0-63.6)

ETb 29.6 33.7*

(20.3-42.6) (25.6-57.9)

Urothelium:

ET-1 38.7 57.8*

(33.9-45.5) (49.6-67.4)

ETa 23.0 38.4**

(11.9-31.9) (27.6-49.7)

ETb 21.9 25.2

(14.8-28.7) (19.0-36.7)

Significant difference between corresponding medians *(p=0.04), **(p=0.03),

'(p=0.002), “ (p=0.02).
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Table 12. Photodensitometric analysis of [^H]-L-NOARG (NOS) binding sites in the 

detrusor and bladder neck smooth muscle and urothelium of control and six-week partial 

bladder outlet obstruction (BOO) rabbits. Results are expressed as median and (range).

Receptor binding 

(d.p.m. X 1000/mm^)

Control 

median (range)

Six-week BOO 

median (range)

Detrusor:

Smooth muscle 2.5 2.0"

(2.1-2.7) (1.6-2.6)

Urothelium 2.8 1.5""

(2.1-3.1) (1.1-1.6)

Bladder neck:

Smooth muscle 2.6 2.4

(1.3-4.1) (1.6-3.9)

Urothelium 2.4 1.8"

(1.9-3.7) (1.4-2.6)

Significant difference between corresponding medians *(p=0.003), ^*(p=0.0002).
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Fig. 13. ET receptor distribution on control and obstructed rabbit detrusor.

Film autoradiographs (low-resolution) from control and obstructed sections incubated in 

[>25i ] . e t -1 (ET-1), PD151242 (E T a)  and BQ3020 (E T b) alone (total binding) and in the 

presence of excess unlabelled ET-1 (non-specific binding, N.S.B.)

Ur = urothelium, SM = smooth muscle.

Bar=2.5mm.
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Fig. 14. [^H]-L-NOARG binding to control and obstructed rabbit detrusor (dome).

Film autoradiographs from sections of control (CON) and obstructed (CBS) detrusor 

incubated in [^H]-L-NOARG alone (total binding) (identifying putative regions of NO 

synthase activity). Non-specific binding (NSB) determined in the presence of excess L- 

arginine.

Ur = urothelium, SM = smooth muscle.

Bar=2.5mm.
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Fig. 15. [^H]-L-NOARG binding to control and obstructed rabbit bladder neck (BN). 

Film autoradiographs of [^H]-L-NOARG binding to control (CON) and obstructed 

(CBS) bladder neck, generated as in Fig 14.

Bar=2.5mm.
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Fig. 16. High-resolution autoradiographs of [’^^I]-ET-1 binding to obstructed detrusor. 

Autoradiographs generated on nuclear emulsion from a section of obstructed (six-week) 

detrusor incubated in [^^^I]-ET-1. Binding evident as dark grains. Underlying tissue 

stained with H+E.

Top panels. Section incubated in [^^^I]-ET-1 alone (total binding).

Lower panels. Section incubated in the presence of excess unlabelled ET-1 (non-specific 

binding).

Left: Urothelium = Ur, Middle: Smooth muscle = SM, Right: Blood vessel = bv. 

Bar=100pm.
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Fig. 17. High-resolution autoradiograph of ETa binding to obstructed detrusor. 

Autoradiographs (generated on nuclear emulsion as in Fig 16), from a section incubated 

in ['“ l]-PD151242 (ETa binding).

Left. Focussed on grains (ETa binding sites).

Right. H+E-stained underlying tissue.

SM = smooth muscle, bv = blood vessel.

Bar=100pm
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Fig. 18. High-resolution autoradiograph of ETb binding to obstructed detrusor. 

Autoradiographs (generated on nuclear emulsion as in Fig 16), from a section incubated 

in ['^’l]-BQ3020 (E T a  binding).

Left. Focussed on grains (ETb binding sites).

Right. H+E-stained underlying tissue.

SM = smooth muscle, bv = blood vessel.

Bar=100pm
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Fig. 19. NADPH histochemistry on control and obstructed rabbit detrusor and bladder 

neck.

Photomicrographs from sections of control (CONT) and obstructed (six-week, OBS) 

detrusor (BD) and bladder neck (BN) used for NADPH histochemistry. Blue reaction 

product indicates regions of putative NO synthase activity.

Ur = urothelium, SM = smooth muscle.

Bar=50pm.
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5.4 Discussion

BPH is the commonest known benign proliferative disorder. At the beginning of this 

decade almost 50% of all men aged 60-69 years in the UK had symptomatic BPH 

(Garraway et al 1991). This condition affects more than 800,000 men in the United States 

each year (Walsh 1984). An estimated 85% of all men older than 50 years have 

symptoms arising from BPH (Oesterling 1996). By the ninth decade of life 50% of all 

American men require treatment for symptomatic relief of clinical BPH (Oesterling 

1996). LUTS are the result of urethral narrowing and include a weak stream flow, urinary 

hesitancy, incomplete bladder voiding and terminal dribbling (Joiner et al 1994). Urinary 

frequency, nocturia and urgency are often associated with detrusor instability (Joiner et al 

1994). Detrusor instability has been demonstrated to occur in more than 60% of men with 

BOO due to BPH (Koyanagi et al 1994). Similar results have also been demonstrated in 

animal models of BOO (Speakman et al 1987a).

In this study, using a rabbit model of partial BOO, we have demonstrated that after six 

weeks there is a significant increase in the bladder weights. This increase in the rabbit 

bladder weight is far greater than that in man. We also report a significant increase in ET- 

1, ETa and ETb receptor binding sites in the six-week partial BOO detrusor. High- 

resolution autoradiographs showed receptor binding to be associated with SMCs and 

blood vessels. NOS binding sites were also significantly decreased in the detrusor 

smooth muscle and urothelium and bladder neck urothelium of six-week partial BOO 

rabbits. NADPH-d activity was undetectable in the detrusor and bladder neck of six-week 

partial BOO rabbits compared to controls. This latter finding suggests that there is a 

decrease in NO synthesis.
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BOO has been shown to induce changes in the bladder morphology, physiology and 

pharmacology (Levin et al 1990). These changes include hypertrophy and hyperplasia of 

the bladder smooth muscle (Ghoniem et al 1987). Similarly, one of the most striking 

features of experimentally-induced BOO is the increase in mass of this organ (Malkowich 

et al 1986). This change has been attributed to connective tissue deposition, tissue 

oedema and smooth muscle hypertrophy and/or hyperplasia (Tong et al 1992).

ET-1 is known to induce SMC mitogenesis (Kanse et al 1995). This is thought to 

primarily involve ETa receptors (Kanse et al 1995), although ETb receptors have also 

been shown to play a role in cell proliferation (Lusher et al 1993, Khan et al 2000). 

Hence, the increase in E T a and E T b receptors along with increased ET-1 binding, in the 

rabbit model of partial BOO, may play a role in the increase in bladder weights through 

SMC hyperplasia and hypertrophy. The increase in the bladder weights may be a 

compensatory response to the increased resistance to urinary flow produced in BOO. This 

change may enable the bladder to generate increased intravesical pressure to allow 

micturition to occur.

ET-1 is a potent vasoconstrictor peptide that is known to constrict detrusor smooth 

muscle (Maggi et al 1989). ETa receptors mediate the vasoconstrictor action of ET-1 by 

stimulating phospholipase C, which leads to the formation of Ins(l,4,5)P3 and 

diacylglycerol. The former increases the intracellular calcium concentrations, which in 

turn causes the vasoconstriction (Simonson and Dunn 1990). Currently, two ETb- 

subtypes are thought to exist (ETbi on endothelium cells mediating vasodilation via the 

NO system and ETb2 on smooth muscle mediating contraction) (Warner et al 1993). ET-1 

is produced locally in the urinary bladder (Saenz de Tejada et al 1992) and functions in a
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paracrine/autocrine manner (Saenz de Tejada et al 1992, Hocher et al 1997). Hence, the 

up-regulation of ETa and ETb receptors and their subsequent stimulation by ET-1 may 

result in increased detrusor contractility.

NO synthesised from L-arginine by NOS (Ehren et al 1994) is a potent vasodilator. ET-1 

and NO are thought to regulate each other’s synthesis. ET-1 acts upon ETbi receptors and 

subsequently leads to the activation of the endothelial constitutive isoform of NOS and 

stimulates NO production (Hirata et al 1993). However, NO can inhibit ET-1 synthesis 

(Goligorsky et al 1994). The presence of NOS binding sites and NADPH-d activity in the 

control detrusor and bladder neck indicates that under normal conditions NO may have a 

physiological role (i.e. smooth muscle relaxation) in the urinary bladder. It may also be 

involved in the regulation of ET-1 synthesis and activity in the urinary bladder. However, 

in the six-week partial BOO rabbits, there is reduced urinary bladder NO synthesis 

indicated by a down-regulation of NOS binding sites and NADPH-d activity in the 

detrusor and bladder neck. Since NO inhibits ET-1 synthesis, a decrease in the 

availability of NO in the urinary bladder may be associated with increased ET-1 

production and may account for the increased ET-1 binding demonstrated in the six-week 

partial BOO detrusor. This, in turn, may lead to increased ETa and ETb receptor 

stimulation. Hence, the up-regulation of E T a and E T b receptors along with a down- 

regulation of NOS binding sites and NADPH-d activity may lead to increased detrusor 

contractility associated with partial BOO. These changes may initially be beneficial 

because it may enable the generation of increased intravesical pressure, during 

micturition. This will be needed to overcome increased resistance to urinary flow and 

may reflect any symptomatic improvement when BPH is managed by ‘watchful waiting’
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(Gray 1997). However, detrusor instability can occur in the majority of men with BOO 

due to BPH (Koyanagi et al 1994) and similar results have also been demonstrated in 

animal models of BOO (Speakman et al 1987b). At present, it is thought that post

junctional denervation supersensitivity plays a role in obstructive detrusor instability 

(Sibley 1984), but little is known about how exactly it develops. Hence, with time, the 

up-regulation of ET receptors and down-regulation of NOS binding sites resulting in 

increased bladder contractility may be associated with raised intravesical pressure. 

Ischaemic changes in the vesical wall are thought to result from increased intravesical 

pressure, this in turn results in axonal degeneration associated with detrusor instability 

(Yokoyama et al 1984). Therefore, the up-regulation of ETa and ETb receptors along 

with a decreased availability of NO may contribute to the pathophysiology of detrusor 

instability associated with obstruction. ET antagonists may, therefore, in the future, prove 

useful in the treatment of BOO and its associated symptoms.
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ULTRASTRUCTURAL CHANGES AND DOWN- 

REGULATION OF ENDOTHELIN-B RECEPTOR SITES AND 

UP-REGULATION OF NOS BINDING SITES IN THE 

CAVERNOSAL TISSUE OF A RABBIT MODEL OF PARTIAL 

BLADDER OUTLET OBSTRUCTION.
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6.1 Introduction

6.1.1 Role of NO in penile smooth muscle relaxation

The mechanism of penile smooth muscle relaxation has not been fully elucidated, though 

NO is increasingly recognised as being of importance in the regulation of smooth muscle 

tone, both in the flaccid state (Holmquist et al 1991a) and during erection (Ignarro et al 

1990, Holmquist et al 1991a, 1991b). In vivo evidence for the role of the L-arginine/NO 

pathway in penile erection has also been shown more recently using the rabbit model 

(Holmquist et al 1991b, Carrier et al 1995).

6.1.2 Sources of NO

The source of NO, whether it is released from nerve endings, endothelium or within the 

smooth muscle has been a matter of controversy. Furthermore, the localisation of NO has 

been hampered by its short half-life and gaseous nature. These characteristics have forced 

researchers to study NO production indirectly.

NOS, the enzyme that catalyses the synthesis of NO, has been used to study NO in 

different tissues of the body.

6.1.3 Role of ET-1 in penile smooth muscle contraction

A number of recent studies have suggested that endothelium-derived ET-1 is an 

important modulator of erectile physiology and dysfunction in both rabbit models and 

humans (Saenz de Tejada 1991, Holmquist et al 1990, Christ et al 1995). As such, we 

have recently demonstrated cavemosal ET receptor changes in rabbit models of DM and 

hypercholesterolaemia (Sullivan et al 1997, 1998), where ED has been shown to be 

highly prevalent.
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6.1.4 Prevalence of ED

Although ED is not life threatening, this common problem can significantly affect the 

quality of life and psychological well being (Hanson-Divers et al 1998). The 

Massachusetts male ageing study (1,290 men aged 40-70 years) showed that 52% of men 

reported some degree of ED (17.1% mild, 25.2% moderate, 9.6% total) (Feldman et al 

1994). ED is more common with advancing age and since this proportion of the 

population is increasing, the prevalence of ED should also rise (Rubin and Abbot 1958). 

Data extrapolated from the USA in the 1940s estimates that currently around 7 to 10 

million men in that country has ED (NIH Consensus Conference 1993). However, 

because ED is a sensitive issue it is likely that its prevalence is in fact under reported 

(NIH Consensus Conference 1993). Despite this, ED results in more than 400,000 

outpatient visits and 30,000 hospital admissions in the USA per year (Shabsigh et al 

1988). Epidemiological studies carried out in Europe have demonstrated that 39% of men 

aged 18-70 years in France have some degree of ED (11% have total ED) (Virag and 

Bech-Archlly 1997). In the UK, an estimated 17-19% of men are thought to suffer from 

ED (Read et al 1997).

6.1.5 The prevalence of BPH

BPH is the commonest known benign proliferative disorder (Garraway et al 1991). At the 

beginning of this decade almost 50% of all men aged 60-69 years in the UK had 

symptomatic BPH (Garraway et al 1991). It is estimated that in the USA, 75% of men 

over the age of 50 years have symptoms arising from BPH (Walsh 1984).
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6.1.6 The association between BPH and ED

There is evidence to suggest that patients with high BPH symptom scores have an 

increased prevalence of ED (Namasivayam et al 1998, Roehrbom 1998). As such, it has 

recently been shown in a prospective, randomised European study of doxazosin vs. 

finasteride vs. a combination of the two agents vs. placebo (PREDICT study) in the 

treatment of BPH that patients with higher IPSS had significantly increased incidence of 

ED (Roehrbom 1998).

In the present study, we, therefore, investigated the density and distribution of ET-1 and 

ETa and ETb receptor subtypes as well as NOS binding sites and NADPH-d 

immunohistochemistry, in rabbit cavemosal tissue and assessed changes brought about 

by partial BOO. Electron microscopy was also performed to determine whether there are 

any cavemosal ultrastmctural changes associated with partial BOO.
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6.2 Materials and methods

6.2.1 Induction of partial BOO

This was performed as previously described in Chapter 2 (2.2.2).

6.2.2.0uantitative assessment of'^^T-ET-1. "4-PD151242 and '^^I-B03020 fETp^

binding to rabbit corpus cavemosum

This was performed as previously described in Chapters 2 (2.2.5).

Microscopic localisation (high-resolution autoradiography) of binding sites was 

performed by post-fixing the tissues in paraformaldehyde vapour (2h at 80°C) and 

coating the slides with molten nuclear emulsion (LM-1, Amersham International, 

Amersham, UK). Slides were then stored in light-proof boxes with dessicant for up to 8 

days at 4°C, after which they were processed in D19 high contrast developer (Kodak, 

UK) and fixed (Hypam, Ilford, UK). The underlying tissues were stained with H&E and 

high-resolution autoradiographs were viewed on an Olympus BX50 microscope and 

selected tissues photographed where appropriate.

6.2.3 Quantitative assessment of [^H]-L-NOARG binding to rabbit corpus cavemosum 

This was performed as previously described in Chapter 2 (2.2.6).

Microscopic localisation (high-resolution autoradiography) of binding sites was 

performed in a manner very similar to that above with the exception that the slides were 

stored in light-proof boxes with dessicant for up to 8 days at 4°C. The underlying tissues 

were also stained with H&E and high-resolution autoradiographs were viewed on an 

Olympus BX50 microscope. Selected tissues were photographed where appropriate.
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6.2.4 Ultrastructural examination

Immediately following excision of the penis from each rabbit a section of cavemosal 

tissue was taken and fixed in 1.5% glutaraldehyde/1% paraformaldehyde in PBS for a 

minimum of 24h. Tissue for scanning electron microscopy (ScEM) was rinsed in PBS, 

dehydrated using 2,2 dimethoxypropane and critical point dried with liquid CO2 . The 

dried tissue was then mounted on aluminium stubs and sputter coated with platinum. The 

stubs were then examined using a Philips 501 scanning electron microscope (Philips 

Scientific, Cambridge, UK). The specimens for transmission electron microscopy (TrEM) 

were rinsed in PBS, post-fixed in 1% 0 s0 4 /T 5 % potassium ferricyanide in PBS, and 

dehydrated by immersion in increasing concentration of ethanol. They were then 

infiltrated with LEMIX resin (TAAB Laboratories, Reading, UK). Ultrathin sections 

were then cut from areas of interest with a Reichert Ultracut ultramicrotome (Leica, UK). 

These sections were then double-stained with uranyl acetate, contrasted with lead citrate 

and examined using a Philips CM 120 transmission electron microscope (Philips 

Scientific, Cambridge, UK).

6.2.5 NADPH-d immunohistochemistrv

This was performed as previously describe in Chapter 2 (2.2.7).

Adjacent sections were also used for identification of endothelial and SMCs using the 

appropriate immunohistochemical markers, platelet endothelial cell adhesion molecule-1 

(PECAM) and anti-alpha smooth muscle actin, respectively.

6.2.6 Statistical analvsis

The results were expressed as median and range. A two-tailed Mann-Whitney U test (for 

unpaired values) was used for the statistical analyses.
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6.3 Results

6.3.1 Autoradiography: ET-1. ETa and ETr receptor binding sites

There was dense [*^^I]-ET-1, [^^^I]-PD151242 and [’̂ ^I]-BQ3020 binding to tissue 

sections, which was markedly reduced when incubated in the presence of unlabelled ET- 

1 (Fig 20). [^^^I]-ET-1 binding was most marked in the CC and blood vessels. Within the 

cavemosal tissue, there was intense binding to both the SMC and the endothelium (Fig 21 

and 22). Densitometric analysis of film images indicated that [’̂ ^I]-ET-1 binding to the 

CC was not significantly altered in the partial BOO when compared to controls (Table 

13). Binding of ['^^I]-PD151242 (E T a receptor binding sites) was predominantly to the 

SMC (Fig 21). Photodensitometry showed no significant changes in E T a receptor binding 

sites between control and partial BOO rabbits (Table 13). The binding of [^^^I]-BQ3020 

(E T b receptor binding sites) showed a similar distribution to [^^^I]-ET-1. Examination of 

the underlying tissue at high-resolution revealed marked binding to the endothelium and 

SMC of the CC (Fig 21). There also appeared to be a distinct area of intense ETb binding 

on micro vessels in the region of the subtunical space (Fig 21). Densitometric analysis 

showed a significant (p=0.04) decreases in ETb receptor binding sites in the six-week 

partial BOO CC when compared to controls (Table 13).

6.3.2 NOS binding sites

There was moderate [^H]-L-NOARG binding to tissue sections, which was markedly 

reduced when incubated in the presence of L-arginine (non-specific binding was not 

detectable). [^H]-L-NOARG binding was localised to the corpus cavemosum and urethra 

(Fig 23). Within the corpus cavemosum, there was binding to both the endothelium and 

the SMCs (Fig 24)
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Densitometric analysis of film images indicated [^H]-L-NOARG binding to the corpus 

cavemosum was significantly (p<0.05) increased in the six-week partial BOO rabbits 

when compared to controls (Table 14).

6.3.3 NADPH-d immunohistochemistrv

This demonstrated a marked increase in staining in the six-week partial BOO corpus 

cavernosa compared to controls (Fig 25).

6.3.4 Ultrastmctural examination (ScEM & TrEM)

On ScEM the control rabbit cavemosal sinusoids showed mainly flat endothelial surfaces 

(Fig 26). Occasional WBC’s, collagen and fibrin-like material was seen on the 

endothelial surface (Fig 26). In contrast, in six-week partial BOO rabbit cavemosa, 

increased WBC’s, collagen and more fibrin-like material were seen on the endothelial 

surface (Fig 26).

In the control rabbits TrEM showed that the cavemosal sinusoids were lined with an 

intact layer of endothelium with flattened normal endothelial cells. The sub-endothelial 

SMCs were also intact with normal ultrastmcture (Fig 26). The six-week partial BOO 

group showed the presence of fat cell infiltration, increased collagen deposition and 

smooth muscle dismption affecting approximately 80% of the cavemosa (Fig 26). There 

was also evidence of vacuolar change with the presence of effete and dead cells (Fig 26).

133



Table 13. Photodensitometric analysis of ET-1, ETa and ETb receptor binding in control 

and six-week bladder outlet obstruction (BOO) rabbit corpus cavemosum. Results are 

expressed as median and (range).

Receptor binding 

(d.p.m. X 1 000/mm^)

Control 

median (range)

Six-week BOO 

median (range)

ET-1 83.8 86.5

(68.4-99.8) (64.2-96.3)

ETa 58.3 56.0

(37.6-81.6) (31.1-89.4)

ETb 44.0 35.6*

(27.9-71.5) (12.8-55.7)

Control E T b  v s  s i x - week BOO E T b  * p = 0 . 0 4
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Table 14. Photodensitometric analysis of [^H]-L-NOARG (NOS) binding sites in the 

control and six-week bladder outlet obstruction (BOO) rabbit corpus cavemosum. Results 

are expressed as median and (range).

Receptor binding Control Six-week BOO

(d.p.m. X 1000/mm^)

Corpus cavemosum: 2.14 2.5*

(0. 8-2.9) (2.0-3.5)

Control NOS vs six-week BOO NOS * p < 0.05
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Fig. 20. ET-1, ETa and ETb binding to control and BOO rabbit cavemosa.

Film images (low resolution) of binding to transverse sections of corpus cavemosum 

from control (CON) and obstmcted (BOO) rabbits.

Top panels. Autoradiographs generated from sections incubated in [^^^I]-ET-1 alone 

(total binding, TOT) and non-specific binding (NSB) determined in the presence of 

unlabelled ET-1.

Middle panels. ETa binding identified by incubating sections in [*^^I]-PD151242.

Lower panels. E T b binding identified by incubating sections in [’̂ ^I]-BQ3020.
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Fig. 21. ET-1, ETa and ETb binding sites on 6 week obstructed rabbit penis. 

Microautoradiographs generated on nuclear emulsion, from sections incubated in 

ET-1, ['^^I]-PD151242 (E T a ) and ['^’l]-BQ3020 B T b).

Left: Dark-field illumination photomicrographs, where binding indicated as white grains 

on a dark background.

Right: Haematoxylin and eosin stained underlying tissue.

Scale bar = 75pm.
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Fig. 22. Immunohistochemical identification of smooth muscle (ACTIN) and endothelial 

(PECAM) cells, identified by dark brown staining on adjacent cavemosal sections of the 

bladder outlet obstmction (BOO) rabbits. Note that there is no staining of the tunica 

albuginea (located to the right of upper and bottom of lower panels).

Scale bar = 50pm.
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Fig. 23. [^H]-L-NOARG binding to control and obstructed rabbit cavemosa.

Film autoradiographs from sections of CONTROL and obstmcted (BOO) cavemosa 

incubated in [^H]-L-NOARG alone (TOTAL binding) (identifying putative regions of 

NO synthase activity). Non-specific binding (NSB) determined in the presence of excess 

L-arginine.

Ur = urethra, CC = corpus cavemosum.

Scale bar = 2.5mm.
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Fig. 24. High-resolution autoradiographs of [ H]-L-NOARG binding to obstructed 

cavemosa.

Autoradiographs generated on nuclear emulsion from a section of obstmcted (six-week) 

cavemosa incubated in [^H]-L-NOARG.

Right panel: Dark field illumination photomicrographs, where binding is indicated as 

white grains.

Left panel: Underlying tissue counter-stained with H & E.

Scale bar = 50pm.
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Fig. 25. NADPH-d histochemistry on control and obstructed rabbit cavemosa. 

Photomicrographs from sections of CONTROL and OBSTRUCTED (six-week) 

cavemosa used for NADPH-d histochemistry. Blue reaction product indicates regions of 

putative NO synthase activity.

Scale bar = 100pm.
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Fig. 26. Electron micrographs from representative control and six-week bladder outlet

obstruction (BOO) rabbit cavemosa

Top panels: Transmission electron microscopy

Left: Control cavemosa demonstrating normal architecture.

Right: Six-week BOO cavemosa showing increased collagen deposition and smooth 

muscle dismption. There is also evidence of fat cell infiltration, vacuolar change with the 

presence of effete and dead cells.

Lower panels: Scanning electron microscopy.

Left: Control cavemosa demonstrating normal architecture.

Right: Six-week BOO rabbit cavemosa showing increased wbc, collagen and more fibrin

like material on the endothelial surface.

Coll = collagen, rbc = red blood cells, SM = smooth muscle, ec = effete cells, FC = fat 

cells, V = vacuoles, f  = fibrin, wbc = white blood cells.

Scale bar = 5pm (upper panels), 50pm (lower panels).
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6.4 Discussion

We have demonstrated a significant decrease in ETb receptor binding sites and a 

significant increase in NOS binding sites in the CC of six-week partial BOO rabbits. 

High-resolution autoradiography showed ET b binding to be decreased in both the 

cavemosal SMC and the endothelium lining the cavemosal spaces. It also showed that 

NOS binding was present in both the endothelium and the SMCs. In addition, electron 

microscopy demonstrated ultrastmctural changes in the endothelium and cavemosal 

sinusoids of the six-week partial BOO rabbits. These ultrastmctural changes are unlikely 

to be due to any direct trauma produced by inserting the silk ligature. This is because the 

operative site and the position of the ligature were distant from the penis.

ET-1 has been suggested to be an important modulator of erectile physiology and 

dysfunction (Saenz de Tejada 1991). The role of ET-1 is modulated by NO released by 

the endothelium (Levin 1995). NO is synthesised from L-arginine by the enzyme NOS 

(Ehren et al 1994). ET-1 and NO are widespread cell signalling molecules that have 

opposite effects. ET-1, the most potent endogenous vasoconstrictor and NO, the most 

potent endogenous vasodilator, form a paracrine/endocrine control cycle with a negative 

feedback mechanism (Hocher et al 1997). Besides their contrasting and antagonistic 

actions, ET-1 and NO may regulate each other’s synthesis (Albertini and Clement 1998). 

ET-1 binding to its ETb receptors is thought to mediate vasorelaxation by stimulating NO 

formation (Wamer et al 1989). NO is thought to be the major agent involved in 

cavemosal smooth muscle relaxation (Rajfer et al 1992). The relaxant actions of NO on 

the CC are caused by the activity of soluble guanylyl cyclase and the subsequent
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production of cGMP which acts as a second messenger, resulting in a decrease in 

intracellular Câ '*' and muscle relaxation (Ignarro et al 1990).

The time-dependent down-regulation of CC ETb receptors could play a 

pathophysiological role in ED associated with BOO. This is because, as ETe receptors 

mediate cavemosal smooth muscle relaxation via the release of NO (Sullivan et al 1998), 

the presence of decreased CC ETe receptor-binding sites in the six-week partial BOO 

rabbits may reflect a decrease in the synthesis of NO. Hence, the up-regulation of NOS 

binding sites may be an attempt to compensate for the decreased synthesis of NO.

ET-1 mediates smooth muscle contraction via the stimulation of ETa receptors (Hirata et 

al 1989). The reduction of ETb receptors in the absence any change in ETa receptors may 

allow for a more dominant vasoconstrictive action of ET-1 via its E T a receptor. These 

findings support the concept that an ETa/ETb imbalance in the CC may cause ED and 

that in BOO, endothelium-derived contracting factors become more dominant, whereas 

the formation and/or effects of relaxing factors is impaired. Furthermore, in disorders 

such as hyperlipidaemia and DM where there is a high incidence of ED, increased plasma 

ET-1 concentrations have been reported (Sullivan et al 1997,1998). NO has been shown 

to decrease ET-1 release from cultured endothelial cells and terminate ET-1 signalling by 

dissociating the peptide from its receptor and modulating post-receptor phenomena 

(Goligorsky et al 1994). Therefore, the down-regulation ETb binding sites in the six-week 

partial BOO CC may indicate a decreased NO synthesis and an increased ET-1 synthesis. 

It is also a possibility that in BOO there may be increased plasma levels of ET-1. If this is 

the case, then it could further enhance CC vasoconstriction. Unfortunately, the antibodies
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available for the detection of plasma ET-1 are produced in the rabbit. As such, we were 

not able to investigate plasma ET-1 levels in the control and partial BOO rabbits.

ET-1, predominantly through the stimulation of its ETa receptors, is mitogenic (Hirat et 

al 1989) and can also induce the expression of the fibrogenic growth factor TGF-P (Ruiz- 

Ortega et al 1994). Hence, in BOO, the down-regulation of ETb receptors may swing the 

balance between E T a and E T b receptors in favour of E T a receptors resulting in increased 

stimulation of ETa receptors in the CC. This could result in increased cavemosal 

mitogenesis and TGF-P synthesis. This effect may, in turn, account for the ultrastmctural 

changes detected in the six-week partial BOO rabbit CC.

In summary, we have demonstrated, in a rabbit model of partial BOO, that there is a 

time-dependent down-regulation of ETb receptors and an up-regulation of NOS binding 

sites along with ultrastmctural changes in the CC. These changes may play a role in the 

pathophysiology of ED associated with BOO. These findings provide a possible rationale 

for the investigation of the effect of ET-1 antagonists in the treatment of ED associated 

with BOO.
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GENERAL DISCUSSION

146



The following discussion combines the information presented in this thesis, into a 

coherent explanation of the cellular changes observed in the kidney, urinary bladder and 

CC following the onset of partial BOO. The possible role of these changes in the 

pathophysiology of urinary disorders associated with partial BOO is also discussed.

In view of the difficulties in ‘standardising’ partial BOO in man, a rabbit model of partial 

BOO was used as it is regarded to be representative of BPH in humans (Buttyan et al

1997). This model appears to be useful for the investigation of the mechanisms 

responsible for the complications associated with partial BOO. Access to tissue is one 

obvious advantage. This model also provides a ‘test bed’ for experimental drugs. The 

duration of partial BOO observed in the present studies is relatively short and probably 

represents an ‘early’ model of partial BOO.

The autoradiographic, immunohistochemical, ultrastructural, tissue culture and functional 

experiments provided several important findings with regards to the pathophysiology of 

urinary tract disorders associated with partial BOO.

Using autoradiography, we demonstrated that there is a significant time-dependent up- 

regulation of E T a receptors and dovm-regulation of E T b receptors and NOS binding sites 

in the partial BOO renal medulla. There is also a significant time-dependent down- 

regulation of NOS binding sites in the cortex. NADPH-d staining demonstrated marked 

decreased staining in both the six-week partial BOO cortex and medulla. High-resolution 

autoradiographs revealed ’̂ ^I-ET-1 receptor-binding sites in the glomeruli, tubules and 

renal blood vessels. These results were present against the background of ultrastructural 

changes in the BOO renal medulla with creatinine, urea and electrolyte values not 

changing significantly from the baseline values. These kidney changes, secondary to
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BOO, may have some clinical relevance. This is because some men with BOO can 

develop impaired renal function (Rodoman et al 1997, Ogbonna et al 1997, Mandai et al 

1996, Liu et al 1991, Sarmina and Resnick 1989). Impaired renal function can be 

associated with the presence of glomerulosclerosis that develops from processes that 

progress through a number of stages; from an inflammatory to a proliferative response 

and then finally to scarring (Marshall 1995, El Nahas 1998). Endothelial injury is thought 

to be an early event initiating an inflammatory process within the glomeruli (El Nahas

1998). We have also demonstrated, using electron microscopy, evidence of glomerular 

disruption with the presence mesangiosclerosis, congested glomerular capillaries and 

swollen epithelial cells, affecting approximately 20-30% of the medulla, in the six-week 

BOO kidney. Although the role of ET-1 in renal function is not fully defined, glomerular 

endothelial, epithelial and mesangial cells synthesise, bind and respond to ET-1 (Hirata et 

al 1993, Simonson et al 1989) and ET-1 produces a profound renal vasoconstriction (both 

afferent and efferent glomerular arterioles) via ETa receptors (Simonson 1993). ETb 

receptors mediate vasorelaxation by stimulating NO formation (Rubanyi and Botelho 

1991). Moreover, inhibition of NOS has been shown to produce vasoconstriction 

(Vallance et al 1989). This is thought to result not simply from the withdrawal of the NO 

vasodilator stimulus but from the amplification of vasoconstrictor systems such as ET-1 

(Richard et al 1995). Hence, the up-regulation of E T a receptors and the down-regulation 

of ETb receptors and NOS binding sites may, therefore, enhance this vasoconstriction. In 

addition, glomerular endothelial injury results in proinflammatory, prothrombotic and 

mitogenic changes (Savage 1994). Therefore, ET-1-mediated vasoconstriction along with 

the formation of microthrombi could compromise the renal medullary circulation.
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ET-1, predominantly through the stimulation of its E T a receptors, also has mitogenic 

properties (Kanse et al 1995). Therefore, the up-regulation of ETa receptors may play a 

role in glomerular mesangial cell proliferation. With further progression, scarring may be 

produced which then proceeds to mesangiosclerosis and fibrosis. Here, TGF-P appears to 

be one of the most fibrogenic growth factors. TGF-P may also initiate glomerulosclerosis 

through the transdifferentiation of mesangial cells into myofibroblasts (Desmouliere et al

1993). ET-1 can induce the expression of TGF-p (Ruiz-Ortega et al 1994). TGF-p is 

increased in the kidney after induced obstruction (Walton et al 1992). Interestingly, the 

treatment of diabetic rats with an ETa receptor antagonist can lead to a reduction in TGF- 

p expression in the glomeruli as well as a decrease in albuminuria and matrix gene 

expression (Nakamura et al 1995). Hence, ET-1 induced expression of TGF-P may be 

mediated via ETa receptor stimulation. It is, therefore, a possibility that the up-regulation 

of ETa receptors and their subsequent stimulation may result in increased production of 

TGF-p. Hence, ET-1, via its E T a receptor, may play a role in the development of 

impaired renal function associated with partial BOO. As these changes occurred in the 

presence of “normal” renal function it is worth considering whether ET-antagonists, 

administered at this stage, may prevent/retard the occurrence of further changes leading 

to impaired renal function. These changes in ET receptors and NOS binding sites are not 

confined to BOO as we have previously demonstrated similar changes in the diabetic 

rabbit kidney associated with mild renal impairment (Khan et al 1999b,c). Hence, it 

appears that changes in ET receptors and NOS binding sites are involved in a common 

pathway leading to impaired renal function irrespective of the underlying disease.
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BOO has been shown to induce changes in the bladder morphology, physiology and 

pharmacology (Levin et al 1990). These changes include hypertrophy and hyperplasia of 

the bladder smooth muscle (Ghoniem et al 1986). We have demonstrated, in agreement 

with others (Malkowich et al 1986), that after three-weeks of partial BOO there is a 

significant increase in the urinary bladder weight. This increase in rabbit bladder weight 

is far greater than that in man. We have also found that E T a and E T b antagonists were 

able to inhibit SMC proliferation of the detrusor and bladder neck. ET-1 is a 

vasoconstrictive peptide with known mitogenic properties (Hirata et al 1989, Bobik et al 

1990). Hence, the observation that E T a and E T b antagonists were able to inhibit SMC 

proliferation suggests that ET-1 may be involved in the bladder proliferative process seen 

in partial BOO. The finding that ET antagonists were able to inhibit SMC proliferation 

only in the presence of serum obtained from three-week partial BOO rabbits suggests that 

in these pathological animals there is an increased circulating level of ET-1 compared to 

controls. This may be a reflection of an elevated local production of ET-1 by the urinary 

bladder. In humans and rabbits, ET-1 is synthesised by vascular and nonvascular SMC 

and by fibroblasts in the urinary bladder (Saenz de Tejada et al 1992). Hence, in partial 

BOO there might be an elevated local and systemic production of ET-1 that subsequently 

leads to bladder SMC proliferation. DM is another pathological state where an increase in 

bladder weight is noted in experimental models (Jeremy et al 1986). In this condition, 

there is an elevation in the circulating levels of ET-1 (Takahashi et al 1990), further 

strengthening the association between ET-1 and increased bladder weight. As we have 

demonstrated that both E T a and E T b antagonists inhibit SMC proliferation, ET-1- 

mediated SMC proliferation may involve both ET a and E T b receptors. BOO rabbit serum
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may contain something else that is stable and stimulates the bladder to produce excessive 

amounts of ET-1. If such a mediator exists, then its identification will be very important. 

This mechanism may explain the findings if ET-1 were to be unstable in rabbit serum. 

IRL-1620, a selective ETb agonist (Molenaar et al 1992), produced detrusor smooth 

muscle contraction in a concentration-dependent manner in the three-week partial BOO 

rabbits. In addition, in vitro autoradiography demonstrated a significant increase in ETe, 

and a smaller (but significant) increase E T a , receptor-binding density in the detrusor 

smooth muscle. The fact that E T a receptors mediate detrusor contractions is well 

established (Levin 1995). However, the most interesting finding is that, there is a time- 

dependent up-regulation of E T e receptors in the detrusor smooth muscle. This 

phenomenon has been shown to be associated with ETg-mediated contractions. ETe 

receptors are present in both endothelial cells and vascular SMCs (Levin 1995). It is well 

established that ET-1 stimulates NO synthesis via ETb receptors (Hocher et al 1997), 

thereby resulting in smooth muscle relaxation (Batra et al 1993). However, there is 

increasing evidence to support the view that ET-1 also mediates vascular smooth muscle 

contractions via ETb receptors (Warner et al 1993). Thus, the existence of two different 

E T b receptors is becoming increasingly probable [ET bi on endothelial cells mediating 

smooth muscle relaxation via the NO system and ETb2 on SMC mediating contraction 

(Warner; 1993)].

After six weeks induction of partial BOO, as well as demonstrating a significant increase 

in the bladder weights, again far greater than that in man, and an increase in ET-1, ETa 

and ETb receptor binding sites in the detrusor, NOS binding sites were concomitantly 

significantly decreased in the detrusor smooth muscle and urothelium and bladder neck
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urothelium. NADPH-d activity was undetectable in the detrusor and bladder neck of six- 

week partial BOO rabbits compared to controls. Since NO inhibits ET-1, a decrease in 

the availability of NO in the urinary bladder may be associated with increased ET-1 

production and may account for the increased ET-1 binding demonstrated in the six-week 

partial BOO detrusor. This, in turn, may lead to increased ETa and ETb receptor 

stimulation. Hence, the up-regulation of ETa and ETb receptors along with a down- 

regulation of NOS binding sites and NADPH-d activity may lead to increased detrusor 

contractility associated with partial BOO.

The up-regulation of ETb receptors, which have been shown to mediate contractile 

activity, along with the up-regulation of ETa receptors and down-regulation of NOS 

binding sites may result in elevated detrusor pressure needed to overcome the increased 

resistance to urinary flow caused by partial BOO. This may reflect the improvement in 

LUTS (e.g. urinary flow, hesitancy, nocturia) experienced by some men with BPH that 

are managed by ‘watchful waiting’ (Flanigan et al 1998). However, the long-term 

evolution of this compensation and the mechanisms that cause some obstructed bladders 

to decompensate is unknown (Flanigan et al 1998). These changes may, in the long term, 

be involved in the development of bladder dysfunction such as detrusor instability that is 

observed in some patients with BOO due to BPH (Koyanagi et al 1994). Similar results 

have also been demonstrated in animal models of BOO (Speakman et al 1987b). At 

present, it is thought that post-junctional denervation supersensitivity plays a role in 

obstructive detrusor instability (Sibley 1984), but little is known about how exactly it 

develops. Hence, with time, the up-regulation of ET receptors and down-regulation of 

NOS binding sites resulting in increased bladder contractility may be associated with

152



raised intravesical pressure. Ischaemic changes in the vesical wall are thought to result 

from increased intravesical pressure, this, in turn results in axonal degeneration 

associated with detrusor instability (Yokoyama et al 1984). Therefore, the up-regulation 

of E T a and E T b receptors along with a decreased availability of NO may contribute to the 

pathophysiology of detrusor instability associated with obstruction. ET antagonists may, 

therefore, in the future, prove useful in the treatment of BOO, when surgery or medical 

treatment relieves the obstruction.

There was a significant decrease in ETb receptor binding sites and a significant increase 

in NOS binding sites in the corpus cavernosa of the six-week partial BOO rabbits. High- 

resolution autoradiography showed binding to be decreased in both the cavemosal SMC 

and the endothelium lining the cavemosal spaces. Electron microscopy demonstrated 

ultrastmctural changes in the endothelium and cavemosal sinusoids of the six-week 

partial BOO rabbits.

ET-1 has been suggested to be an important modulator of erectile physiology and 

dysfunction (Saenz de Tejada et al 1991). Therefore, the time-dependent down-regulation 

of corpus cavemosal ETb receptors could play a pathophysiological role in ED associated 

with BOO. This is because, as E T b receptors mediate cavemosal smooth muscle 

relaxation via the release of NO (Sullivan et al 1998), the presence of decreased 

cavemosal E T b receptor-binding sites in the six-week partial BOO rabbits may reflect a 

decrease in the synthesis of NO. Hence, the up-regulation of NOS binding sites may be 

an attempt to compensate for this. ET-1 mediates smooth muscle contraction via the 

stimulation of ETa receptors (Hirata et al 1989). The reduction of ETb receptors in the 

absence of any change in ETa receptors may allow for a more dominant vasoconstrictive
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action of ET-1 via its E T a receptor. These findings support the concept that an E T a/E T b 

imbalance in the corpus cavernosa may cause ED and that in BOO, endothelium-derived 

contracting factors become more dominant, whereas the formation and/or effects of 

relaxing factors are impaired. Furthermore, in disorders such as DM and hyperlipidaemia, 

where there is a high incidence of ED, increased plasma ET-1 concentrations have been 

reported (Takahashi et al 1990, Sullivan et al 1998). NO has been shown to decrease ET- 

1 release from cultured endothelial cells and terminate ET-1 signalling by dissociating the 

peptide from its receptor and modulating post-receptor phenomena (Goligorsky et al

1994). Therefore, the down-regulation ETb binding sites in the six-week partial BOO 

cavernosa may indicate a decreased NO synthesis and an increased ET-1 synthesis. It is 

also a possibility that in BOO there may be increased plasma levels of ET-1. If this is the 

case, then it could further enhance corpus cavemosal vasoconstriction. As stated earlier, 

ET-1, predominantly through the stimulation of its ETa receptors, is mitogenic (Hirata et 

al 1989) and can also induce the expression of the TGF-p (Ruiz-Ortega et al; 1994). 

Hence, in BOO, the down-regulation of ETb receptors may swing the balance between 

ETa and ETb receptors in favour of ETa receptors resulting in increased stimulation of 

ETa receptors in the corpus cavemosum. This could, in turn, result in increased 

cavemosal mitogenesis and TGF-p synthesis. This effect may, in tum, account for the 

ultrastmctural changes detected in the six-week partial BOO rabbit cavemosa. Our 

findings provide a possible rationale for the investigation of the effect of ET-1 

antagonists in the treatment of ED associated with BOO.

In summary, there is growing evidence to support the view that ET-1 and NO have 

important regulatory roles in maintaining normal physiological functions. There is
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already evidence emerging that disruption in the balance between ET-1 and NO may be 

associated with numerous vascular disorders. As such, the pharmaceutical industry is 

developing ET antagonists that may effectively treat these disorders. We have 

demonstrated, in a rabbit model of partial BOO, using a variety of techniques, that there 

is disruption of the ET-1 and NO balance throughout the urinary tract, including the CC, 

that may be associated with the various complications detected in patients with BPH. Our 

studies provide a platform for the evaluation of the effect of ET-antagonists in the 

treatment of upper and lower urinary tract disorders/symptoms secondary to BPH.
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Suggestions for Further studies

There are several areas of study, which I suggest should be pursued as a result of the

findings in this thesis. This work should provide further insight into the pathophysiology

of urinary disorders associated with partial BOO.

1. The effect of a longer duration of partial BOO should be investigated. We should 

especially focus on the kidneys to determine whether there are any further changes 

that may be associated with impaired renal function.

2. The effect of treating the partial BOO by removing the silk ligature should be studied. 

This will determine if the renal, bladder and cavemosal ‘changes’ can be reversed or 

slowed down.

3. Urinary bladder and cavemosal functional studies should be performed to determine 

whether the demonstrated binding site changes result in altered tissue function.

4. The development of an in vivo animal model would provide a more accurate picture 

of the dynamic functional changes in the urinary bladder and cavemosa associated 

with partial BOO in relation to the demonstrated altered receptor and binding site 

changes.

5. Bladder and cavemosal biopsies, from men with partial BOO, could be used to repeat 

the studies performed in this thesis. This work would assess the relevance of our
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findings to man. If similar findings were seen, then it would further strengthen the 

justification for clinical trials using NO donors and/or ET antagonists in the treatment 

of urinary and penile disorders associated with partial BOO.
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Although erectile dysfunction (ED) is not life threatening, this common 
problem can significantly affect the quality of life and psychological and 
social well-being. The Massachusetts male ageing study (1,290 men aged 40 
- 70 years) showed that 52% of men reported some degree of ED (17.1% 
mild, 25.2% moderate, 9.6% total). In the UK, an estimated 17 -19% of men 
are thought to suffer from ED. This problem is more common with 
advancing age and since this proportion of the population is increasing, the 
prevalence of ED is expected* to rise. Endothelin-1 (ET-1) belongs to a 
family of potent vasoconstrictor peptides consisting of 21 amino acids. We 
review the evidence showing that ET-1 plays a role ina (ETa and ETb 
receptors) in the regulation of cavemosal smooth muscle tone. We also 
consider the various risk factors that are involved in the pathogenesis of ED 
and how these relate to the action of ET-1. In particular, the role of diabetes, 
hypertension, smoking and dyslipidaemia are discussed. The pharmaceu
tical industry has declared an interest in the development of ET antagonists 
for use in the treatment of various diseases including ED. We briefly 
comment on experimental ET-1 antagonists that may be of therapeutic 
benefit in ED.

Keywords: cardiovascular disease, diabetes, endothelin, erectile dysfunction, 
smoking

Exp. Opin. Invest Drugs (1998) 7(11):I759-I767

1. Introduction

1.1 Prevalence of erectile dysfunction
Although erectile dysfunction (ED) is not life threatening, this common 
problem can significantly affect quality of life and psychological and social 
well-being [1]. The Massachusetts male ageing study (1,290 men aged 40 - 
70 years) showed that 52% of men reported some degree of ED (17 .1% mild, 
25.2% moderate, 9.6% total) [2]. ED is more common with advancing age 
and since this proportion of the population is increasing, the prevalence of 
ED is expected to increase as well 13,4]. Data extrapolated from the USA in 
the 1940s estimates that currently, around 7 - 1 0  million men in the USA 
have ED [5,61. However, because ED is a sensitive issue it is likely that its 
prevalence is under reported [51. Despite this, ED results in more than
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400,000 outpatient visits and 30,000 hospital 
admissions m the USA per year [7-91. Epidemiological 
studies carried out in Europe have demonstrated that 
39% of men aged 18 - 70 years in France have some 
degree of ED (11% have total ED) [10]. In the UK, an 
estimated 17 - 19% of men are thought to suffer from 
ED [11,121.

2. Anatomy and physiology of the penis

Three corpora lie within the penis: the ventral corpus 
spongiosum and the 2 dorsal corpora cavernosa (CC), 
which are surrounded by the tunica albuginea. The 
cavemosal arteries, which are branches of the penile 
artery, provide the blood supply. Helidne arteries, 
which are branches of the cavemosal arteries, open 
directly into the cavemosal spaces. Blood drains hom 
here into post-cavemous venules, which coalesce to 
form larger veins that pierce the tunica albuginea 
before joining the deep dorsal vein, or the cavemosal 
and crural veins [131. .

The penile blood vessels and trabecular smooth 
muscle have both motor sympathetic and parasympa
thetic innervation from fibres arising in the 
thoracolumbar and lumbosacral regions [131. 
Lumbosacral somatic nerves innervate the striated 
muscles outside the tunica albuginea [131. The 
sympathetic, parasympathetic and somatic systems 
act in a co-ordinated way.

In the flaccid state, smooth muscle cells of the penile 
arteries and the CC are in a state of contraction. 
Relaxation of the smooth muscle (arterial and 
cavemosal) causes increased inflow of blood into the 
lacunar spaces of the CC [141. The arterial pressure 
expands the relaxed trabecular walls and the tunica 
albuginea widi subsequent elongation and compres
sion of the draining venules. This mechanism of 
veno-ocdusion restricts the outflow of blood. These 
steps result in tumescence.

Normal erectile function involves a delicate balance 
between the effects of contracting and relaxing factors 
at the level of the CC smooth musde [15,161. When 
this balance is disrupted ED can result. ED is defined 
as consistent inability to attain and maintain an 
erection suffident to permit satisfactory sexual 
performance [51.

Penile smooth musde relaxation is under the control 
of the pelvic parasympathetic nerves [17-191. It has 
been shown that CC smooth musde relaxes markedly

in response to stimulation by nonadreneigic, noncho- 
linergic (NANC) neurones [20,211. This relaxation is 
mediated by a chemical substance derived from the 
endothelium [201. Nitric oxide (NO) is assumed to be 
the NANC mediator [22-251 and the main neurotrans
mitter of this process. It is synthesised via conversion 
of L-arginine into dtruUine by NO synthase (NOS) [261. 
Acetylcholine is thought to stimulate the formation of 
NO [271. The relaxant actions of NO on the CC are 
caused by the activity of soluble guanylate cyclase and 
the subsequent production of cyclic GMP (cGMP) 
which acts as a second messenger, resulting in a 
decrease in intracellular caldum (Ca^^ and musde 
relaxation [281.

3. Endothelin___________________________

Endothelin-l CET-1) belongs to a family of potent 
vasoconstrictor peptides consisting of 21 amino adds 
[29,301. To date, 2 major ET receptors have been 
identified and  cloned: ETa and ETg [31-331. 
Endothelin is considered a physiological antagonist of 
NO [34,351. Several stupes have indicated the 
potential importance of ET-1 in the modulation of CC 
smooth musde tone [15,36-401. ET-1 b in ^ g  to its 
receptor and its subsequent activation leads to 
increased intracellular Câ '*’ çoncerilrâtipg^ (/Aa both 
transmembrane Ca^* influx [29̂ 411 ah&lif^âtion from 
intraceUul^ storage sites [42-44lv has been 
shown to elicit a transient and concentration^ 
dependent increase in cytdSblic arid nudear Ca^^ 
levels in cultured human CC smooth musde cells in 
patients with BD [451. Although the same study 
demonstrated a similar result in normal subjects, the 
increase in nudear Ca^  ̂ levels was much more 
pronounced in cells from patients with organic ED 
than in ‘normals' [451. Despite the fact that thé peak 
elevations in intracellular Ca^* are known to be 
transient, ET-1 is able to elidt long-lasting and 
sustained contractile responses in diverse vascular 
tissues, including CC smooth musde. This may be 
mediated via Ca^^ sensitisation mechanisms, which 
have been described in diverse smooth musdes 
[46-501. Ca^^ sensitisation allows sustained force 
generation in the face of lower, perhaps near resting, 
cytosolic Ca^^ levels. Hence, it is reasonable to 
assume that the presence of Ca^^ sensitisation 
mechanisms in corporal smooth musde, as in other 
vascular and nonvascular smooth musde, provides an 
effident mechanism for maintaining and sustaining 
both aj-adrenergic and ET-l-induced contractile
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responses. In fact, this would be a very desirable and 
almost necessary feature in a smooth muscle that is 
usually tonically contracted.

Cultured endothelial cells from human CC are capable 
of expressing endothelin mRNA [511 and specific 
binding sites for ET-1 on human CC smooth muscle 
cells have been identified [361. The effect of ET-1 on 
intracellular Ca^^ levels and particularly, the 
long-lasting and potent contractile effects of ET-1 on 
human CC smoodi muscle strips strongly suggest that 
ET-1 may play a vital role in the regulation of tone in 
the human penis [36,39,45,521.

4. ED and risk factors for vascular disease

4.1 ED and hypertension
There is a histological and pharmacological similarity 
between human CC and other vascular tissue 
[15,51,53-541. Hence, it is possible that factors 
involved in the pathogen^is of vascular disease nuy 
also adversely affect penile function [55,561. As such, 
an association between hypertension (HT) and ED is 
well-documented [571. This link is illustrated by 
abnormal penile vascular responses, as shown by 
dynamic testing (e.g., using papaverine and Duplex 
sonography) in hypertensives 157,581. As expected, 
HT acts synergistically with other vascular risk factors 
(e.g., diabetes and smoking) in terms of increasing the 
probability of ED [57-591. This situation is analogous 
to that observed with ischaemic heart disease [57-591. 
In addition, several antihypertensive agents (e.g., 
p-blockers or thiazides) may cause further impaired 
penile function [571. These drugs probably affect 
compliance of the erectile tissue resulting in venous 
leakage [571.

ET-1 is thought to be a significant aetiological factor in 
HT [60,611. ET-1 has been reported to have a direct 
potentiating action on the contractile response of 
vascular smooth muscle to other spasmogens [62-641. 
Therefore, the physiological relevance of ET-1 to CC 
physiology may be related to its ability to augment the 
contractile responses of other vasomodulators present 
in the human CC [381. For example, threshold concen
trations of ET-1 are capable of augmenting the 
contractile response to ai-adrenergic activation with 
phenylephrine [38,651. This evidence is compatible 
with the observed increased a^-adrenergic contrac
tility of CC smooth muscle isolated from men with 
organic ED [66-681.

ET-l-induced potentiation of tti-adrenergic contrac
tion may be related to increases in the influx of Ca^  ̂
into cells or the sensitivity of the cells to Ca^ .̂ Since 
threshold or sub-threshold concentrations of ET-1 
exist in plasma [691, the modulation of intracellular 
Ca^* concentration and vascular smooth muscle tone 
by ET-1 may be of physiological and pathological 
importance. It has been shown that ET-1 concentra
tions that by-themselves produce little or no 
contractile responses (that is, threshold concentra
tions), potentiate contractile responses to several 
physiologically relevant spasmogens including 
noradrenaline, serotonin and angiotensin n  in diverse 
vascular beds [64,70-771. Moreover, ageing and HT 
further exacerbate these indirect potentiating effects 
of threshold and sub-threshold levels of ET-1 
[64,71-731.

4.2 ED and smoking

Smoking is a well-known risk factor in peripheral 
vascular disease (PVD) [78-80], a condition where ED 
is highly prevalent Epidemiological evidence shows 
that smoking is a major risk factor in the development 
of ED [2,59,81-831, probably as a result of adverse 
effects on the vasculature [841 and peripheral nerves 
[85,861. At the biochemical level, there is evidence that 
NO-related vascular relaxation is affected in smokers 
[871 and this is consistent with a lower systemic NO 
synthesis in smokers [88,891. In a rat experimental 
model exposed to long-term passive smoking there 
was a considerable reduction in penile NOS activity 
and neuronal NOS isoform (nNOS) content [901.

Prostacyclin (PGI2) is a vasodilator that is synthesised 
by the endothelium, the CC smooth muscle and 
associated vasculature. PGIg is thought to play a role 
in erection [911. Our group has demonstrated that 
cigarette smoking results in a reduction in penile PGI2 
production [921. We have also shown that cigarette 
smoke extracts markedly attenuate the already 
depressed synthesis of PGI2 in the diabetic rat penis 
[92-941. Since the synthesis of this vasodilator is 
decreased in smoking (and diabetes mellitus [DM]) it 
may also contribute to ED, especially if patients have 
an increased bioactivity of a very potent vasocon
strictor like ET.

Cigarette smoking has been shown to transiently 
increase plasma ET-1 levels [951. Transient effects of 
smoking have also been observed on penile blood 
flow and papaverine-induced erection [96,971. This
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provides a further link between circulating ET-1 levels 
and erection,

A3 ED and hypercholesterolaemia
Hypercholesterolaemia CHC) is a cardiovascular risk 
factor and also a predictor of ED in both humans and 
animal models [58,98-991- Impaired endothelium- 
dependent relaxation of the CC smooth muscle has 
been documented in a HC rabbit model [98]. Our 
group has recently demonstrated, in this model, that 
there is a significant decrease in ETg-receptor binding 
sites in CC tissue compared with age-matched healthy 
controls [1001. Hence, it is suggested that ET-1 may 
play a role in the pathophysiology of ED in HC, These 
effects may partly be due to enhanced vasoconstrictor 
actions and smooth muscle cell proliferation, as a 
consequence of a reduction  in endothelial 
ETs-receptors [1001.

AA ED and diabetes mellitus
The prevalence of ED in DM has been reported to be 
as high as 50% [lOll. The neuroloÿcal and vascular 
complications of DM are presumed to be responsible 
for this high prevalence. Studies in animal and human 
models of DM have revealed pathological changes in 
the penile arteries [102,1031, morphological altera
tions of autonomic nerves [104,1051 and a depletion of 
neurotransmitters within the CC [106-1081. DM has 
been shown to cause changes in the physiological 
mechanisms that modulate CC smooth muscle relaxa
tion [92,1091. In DM with ED, there is impairment in 
both the autonomic- and the endothelium-dependent 
mechanisms that mediate relaxation of the CC [22], 
Hence, normal ET-1 levels in the presence of reduced 
vasorelaxing factor availability may lead to ED. 
However, plasma ET-1 concentrations have also been 
shown to be elevated in diabetics with ED [110,1111. 
Alterations in local concentrations of ET-1 in the CC 
could well increase CC smooth muscle tone to a level 
at which even normal endogenous vasorelaxing 
stimuli no longer achieve relaxation sufficient to 
initiate and maintain a normal erection [16],

We have reported that there is a significant increase in 
ETg-receptor binding sites in the rabbit DM CC [112], 
Although the exact role of this receptor in the CC is 
not known, there is some evidence to suggest that 
both ETa and ETg-receptors are involved in the 
control of CC tone [38], Hence, it may be that in a 
pathological condition such as DM, the up-regulation 
of ETg-receptors results in CC smooth muscle 
dysfunction. The up-regulation of ETg-receptors in

DM contradicts our findings in the HC rabbit CC, This 
apparent discrepancy implies that a disruption in the 
balance between ETTa and ETg-receptors in the CC 
may play a role in the development of ED. The role of 
ETg-receptors and the interaction between ETa and 
ETg-receptors are not fully understood; further work 
is needed

ED and ischaemic heart disease
There is also evidence that several forms of vascular 
disease, including ischaemic heart disease (IHD) and 
PVD, are associated with e lec ted  circulating levels of 
ET-1 [113]. It is therefore of interest that IHD is also 
associated with ED [2]. In die Massachusetts male 
ageing study, the age-adjusted prevalence of 
complete ED was 39% in those treated for cardiac 
disease compared with 9.6% in the entire sample [2]. 
There is also evidence that ED is more common in 
patients with extensive coronary artery atheroscle
rosis [114],

Nicorandil is an anti-anginal drug [115,116] that is 
effective in relaxing human CC by its K* channel 
opening action, and to some extent by its ability to 
release NO [117,118], It has also been shown to inhibit 
ET-1 mediated contraction of CC [1191, These findings 
suggest that ET-1 may play a role in ED associated 
cardiac disease.

Clearly, there is an association between the risk 
factors for IHD and ED. It is also evident that patients 
with established vascular disease (e.g., IHD or PVD) 
are more likely to develop ED. It tiieiefore follows that 
if ET antagonists are likely to be useful in the 
treatment of IHD or HT, they may also prove useful in 
the management of ED.

5. ET antagonists________________________

The use of ETA-receptor antagonists in ED manage
ment has been recognised by the pharmaceutical 
industry. We are aware of 2 ETa antagonists that are 
being developed with this in mind: Warner-Lambert 
W09737987 and Warner-Lambert W09737985.

6.Concliision

ET-1 released from corporal endothelial or smooth 
muscle cells may act as a paracrine/autocrine factor. 
ET-1 could, potentially, alter tissue contractility by two 
^ tin c t, although clearly interrelated mechanisms.
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Firstly, ET-1 could achieve the effective local concen
trations required for the activation of ET^^-receptors 
and thus elicit a constrictor effect on smooth muscle 
cells. Alternatively, at lower concentrations (that is, 
sub-threshold concentrations), with correspondingly 
lower receptor occupancy values, ET-1 could 
augment the actions of other vasoactive agents or 
neurotransmitters, such as noradrenaline from 
pre-synaptic nerve terminals, in the CC. This ‘enhanc
ement* phenomenon has been shown to occur in 
other vascular tissue 1120], Unopposed increases in 
the release of sympathetic neurotransmitter would 
once again shift the fine balance of CC smooth muscle 
tone towards contractility. The exact role of 
ETfl-receptors and the functional relationship 
between ET^ and ETg-receptors is not known. Further 
work is needed to clarify these important issues.

NO released from endothelial cells serves to modulate 
both the vasoconstrictor and mitogenic effects of ET-1 
[29,68,120-1231. However, endothelial cell dysfunc
tion, causing an increase in ET-1 bioactivity, could, 
even in jhe absence of changes in NO, ^hift the 
delicate balance between contraction and relaxation 
in the CC in favour of contraction. This, in turn may be 
associated with the heightened contractility/impaired 
relaxation believed to contribute to ED in a significant 
proportion of patients.
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S E C T I O N  1
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RABBIT DETRUSOR RESPONSES TO ENDOTHELIN-1: EFFECTS OF 
^Q123ANDBQ788
M A Khan*, F H Miuntaz, C S Thompson, M R Dashwood, D P Mikhailidis and 
R J Morgan.
Dept o f Urology, Physiology, Chemical Pathology and Human Metabolism, 
Royal Free Hospital and School of Medicine, Pond Street, London NW3 2QG.

Bndodielin-1 (ET-1) ehcits potent smooth muscle contractile responses o f both 
Human and rabbit urinary bladder, in vitro. Both ET* and ET, receptors have 
Heen identified in Ac urinaiy bladder. The aim of Ais study was to characterize 
ihe receptors responsible for ET-l-rrrediated contractians of the detrusor smooA 
muscle of New Zealand White rabbits. Muscle strips (rr=10) were mounted in 
organ baAs. Concentration lesprmse curves (CRC) were constructed to ET-1 (10 
"  -lO'^M) in Ae absence and presence of BQ123 (ETa receptor antagonist) and 
9Q788 (ETb receptor antagonist) (10  ̂ - lO'^M). CRC were also constructed to 

^  ET b agonist IRL1620.
pT-1 elicited characteristically slow onset and long lasting contractions in Ae 
Rabbit detrusor smooA muscle. BQ123 significantly irAibited (p <0.03) 
Contractions induced by ET-1. BQ788 Ad not significantly irAibit contractions 
prduced by ET-1 at all concentrations of antagonist IRL1620 did not induce any 
^ontractians.
These results suggest that ET-l-induced contractions are largely ETa receptor- 

eAated. ETa receptors may play a role in rabbit detrusor smooA muscle 
intraction during micturition.

M echanisms of platelet-activating factor-induced 
endothelial endothelln-1 release
H.-J. Kruse*, I. Wieczorek#, S. Schellong
Departments of Angiology, University of Dresden and
^Medical School of Hannover, Germany

Platelet-activating factor (RAF) is an ether phospholipid 
that is released both by vascular endothelial and various 
inflammatory cells. During reperfusion RAF induces 
endothelial contraction leading to increased  vascular 
permeability and local oedema and may therefore play a role 
in ischaemia-reperfusion injury. We have previously found 
that RAF is a novel strong inducer of endothelial endothelin-l 
(ET-1) release and have investigated cellular mechanisms of 
endothelin-1 release after stimulation by RAF.

Free cytosolic Ca2+ ([CaS+D was determined in human 
umbilical artery endothelial cells (HUAEC) using fura-2 
spectrofluorometry. Endothelial re lease  of ET-1 was 
measured by a  sensitive RIA.

In HUAEC, RAF evoked typical biphasic [Ca2+]j transients 
that could be inhibited by the blocker of receptor-operated 
C a2+  entry SK&F 96365 but not by the 1,4-dihydropyridine 
C a2+  antagonist nifedipine. Moreover, receptor-mediated 
synthesis of ET-1 could be prevented by SK&F 96365 but not 
by nifedipine. Both preactivation of protein kinase 0  (PKC) 
with phorbol ester and inhibition of protein tyrosine kinase 
(RTK) with herbimycin-A augm ented RAF-induced ET-1 
release. Preincubation of HUAEC with RAF (priming) 
amplified the subsequent ET-1 release stimulated by human 
a-thrombin.. * »

In summary, the proinflammatory mediator RAF stimulates 
arterial cells to release endothelin-1. RAF-induced ET-1 
reiease is dependent mainly on receptor-mediated Ca2+ 
influx and is modulated by RKC and by RTK(s). RAF-induced 
ET-1 release from endothelial cells may be one of the 
pathogenetic mechanisms of ischaemia-reperfusion injury.

1/15 1/16

Bsulin and IGF-I Attenuate the Coronary Vasoconstrictor Effects of 
Endothelin-1 but not Sarafotoxin 6c. David Hasdai*, David R 
Holmes JR, Robert A. Rizza, Amir Lerraan. Mayo Clinic, 
Rochester, Minnesota, USA.

jBndothelin-induced coronary vasoconstriction is mediated hy two 
ypes of receptors, A (ETA) and B (ETB). Both insulin and IGF-I 
Menuate endothelin-induced calcium influx into porcine coronary 
ptery smooth muscle. This study was designed to examined the 
lypothesis that insulin and insulin-like growth factor I (IGF-I), 
ittenuate endothelin-induced contraction of porcine coronary 
îcardial arteries in vitro. Methods: Epicardial arteries harvested 

iom juvenile pigs were contracted with cumulative concentrations of 
i0'*®M-10'*M ET-1, or 10 "M-IÔ M sarafotoxin-6c, a selective 
ITB-receptor agonist. In additional experiments, ET-1 or 
arafotoxin-6c were added after incubation with 10r*M regular 
nsulin or IGF-I. These experiments were repeated in vessels without 
indothelium. Contraction for each vessel were calculated relative to 
be response to 60 mM Kcl Results: The maximal contraction to 
mdothelin-1 in vessels with and without endodielium were 1S8±8% 
ind 200±21%, respectively (p<0.05 at I0r**-10'*’*M). Both insulin 
at 10'’-10'®M) and IGF-1 (at lÔ -̂lÔ M) attenuated the contraction 
p ET-1 in vessels with intact endothelium, as well as in vessels 
irithout endothelium (at 10"’ and lO'̂ M for insulin and Iff’ ̂ -lO"  ̂
br IGF-I). The maximal contraction to sarafotoxin-6c in vessels 
nth and without endothelium were S4±13% and 84±7%, 
pspectively (p<0.05 at Iff’, lO'*’* and lÔ M). Insulin and IGF-I did 
lot affect the response to sarafotoxin-6c in vessels with and without 
indothelium. Conclusion: Insulin and IGF-I attenuated ETA- 
eceptor mediated coronary contraction through an endothelium- 
iidependent mechanism. The IGF axis may serve as endogenous 
:gulator of endothelin-mediated vasoconstriction.

Evidence o f Phosphoramidon-insensitive Endothelin- 
Converting Enzymes in Human Vascular Smooth Muscle 
Frank Ruschitzka*, Georg Noll, Mario Lachat#. Sidney Shaw+, 
Thomas F. Lfischer. Cardiology, Cardiovascular Research and 
Institute of Physiology, #Cardiac Surgery, University Zürich, 
D̂ivision of Hypert«ision,Universî  of Berrt

Big endothelin-1 (bigET-1) is converted to endothelin-1 by 
endothelin converting enzymes (ECE). Previous studies suggested 
that this conversion can be mhibited by the metalloprotease inhibitor 
phosphcramidon. ECE activiqr was studied in human arteries (intonal 
mammary artery, IMA; radial artery, RA) and veins (stqihcnous vein, 
SV). Isolated vessels were suspended in organ chambers. ECE 1 was 
andyzed by RT-PCR in cultured smooth muscle cells.
BigET-1 (1-100 nmol/L) induced similar contractions in SV with 

(+E) or without endothelium (-E)(+E:62±8% of KC1;-E:58±7%; 
n=7), which were significantly reduced (but not prevented) by the 
ECE inhibitor phosphoramidon (0.1 mmol/L) (+E:31±7%;-E:27±8%; 
p<0.05 vs controls; +E/-E:n.s.). BigET-1 induced similar responses 
in IMA (+E;58±9%;-E:51±9%; n=7). In contrast, contractions were 
higher in RA (+E:77±9%;-E:68±10%; n=7; p<0.01 vs controls). 
While phosphoramidon attenuated bigET-1 contractions in IMA 
(+E:40±9%;-E:38±11%; p<O.OS vs controls), it did not affect 
responses in RA (+E:79±8%;-E: 70±I2%). Contractions to 
norepinephrine or ET-1 remained unchanged by phosphoramidon in 
SV, IMA and RA. ET-1 tissue content was significantly elevated in 
BA and IMA (p<0.001 vs SV), while bigET-1 tissue content did not 
differ among the vessels. ECE-1 m-RNA could be detected in vascular 
smooth muscle cells of all arteries and veins investigated.
These data demonstrate that (1) bigET-1 induces endothelium- 

iiidependent contractions in human vessels and that (2) conversion of 
bigET-1 to ET-1 is mediated by phosphoramidon-sensitive and 
insensitive ECE primarily in smootii musck cells. Hence, it is unlikely 
that selective ECE-inhibitors provide an effective approach to 
pharmacologically block the effects of endothelin in man.
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Up-regulation of endothelin-B (ETb) receptors and ETg 
receptor-mediated rabbit detrusor contraction in 
partial bladder outlet obstruction
M.A. KHAN, M.R. DASHWOOD*, C.S. THOMPSON*, F.H. MUMTAZ, D.P. MIKHAILIDIS* and RJ. MORGAN 
Departments of Urology and *MolecuIar Pathology & Clinical Biochemistry, Royal Free and University College Medical School (Royal 
Free Campus), University College London, UK

Objective To investigate, in a rabbit modeb of bladder 
outlet obstruction (BOO), whether ETg receptors 
initiate any contractile activity, and to assess the 
density of these receptors.

Materials and methods Partial BOO was produced in 
male New Zealand White rabbits, with age-matched 
sham-operated rabbits acting as controls. One and 3 
weeks later, the detrusor and bladder neck strips were 
incubated in organ baths with either BQ788 (an ETg 
antagonist), BQ123 (an antagonist) or vehicle. 
Concentration-response curves were constructed using 
IRL-1620 (a selective ETg agonist). Low-resolution 
autoradiography was performed on serial detrusor and 
bladder neck sections from control and partial.BOO 
(3-week) rabbits using radioligands for ET  ̂and ETg

Results In strips from controls and after 1 week of partial 
BOO, IRL-1620 induced no contractions, but after 3 
weeks of BOO, IRL-1620 induced significant concen

tration-dependent detrusor contractions (producing 
12%, 25% and 70% of the KCl response at 10~“, 10"^ 
and 10“® mol/L, respectively). The ET* antagonist 
had no effect on IRL-1620-mediated contractions. In 
contrast, the ETg antagonist completely abolished 
these contractions. Autoradiography showed the pres
ence of ETa and ETg receptors in the detrusor and 
bladder neck of normal and obstructed animals, and 
a significant up-regulation of ET  ̂ and ETg receptors 
only in the obstructed detrusor smooth muscle.

Conclusions In BOO, ET, receptors initiate detrusor con
tractile activity. This is a time-dependent process that 
may depend on the up-regulation of ETb receptors in 
the detrùsor. Therefore, ETg receptors may play a role 
in the pathophysiology of partial BOO.

Keywords Endothelin B-receptors, contraction, up- 
regulation, rabbit, bladder outlet obstruction

Introduction
BOO is both a common and debilitating disorder that 
may result from BPH [1,2], urethral stricture disease or 
congenital anomaly [3]. The functional changes that 
develop in response to obstruction include detrusor insta
bility, elevated voiding pressures and the presence of 
residual urine [4]. To further understand the patho
physiology of BOO, numerous models have been pro
duced in animals, including the pig [5], cat [6], guinea 
pig [7], rat [8] and rabbit [9]. In a recent study using a 
rat model, 7 days after the induction of partial BOO, 
voiding pressure rose sharply and the residual urine 
volume (PVR) also significantly increased [3]. However, 
the PVR diminished and the voided volume increased 
after 4 weeks. Bladder wall compliance increased in the 
obstructed animals for up to 28 days. Hyperactive 
detrusor contractions developed in 89% of obstructed 
animals compared with 12% of controls [3].
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Endothelin-1 (ET-1) is a potent vasoconstrictor peptide 
[10]; to date, two major ET receptors have been identified 
and cloned, i.e. ETa and ETg [11,12]. In humans and 
rabbits, EF-1 is synthesized by vascular and nonvascular 
smooth muscle cells, and by fibroblasts in the urinary 
bladder [13]. The extensive distribution of EI-1 synthesis 
in the urinary bladder, occurring in almost all cell types, 
suggests that this peptide could play a role in bladder 
wall modelling, the control of bladder smooth muscle 
tone and the regulation of local blood flow [13]. The 
activity of ET-1 is probably mediated via both autocrine 
[13] and paracrine [14] mechanisms. ET-1 elicits concen
tration-dependent contractions in smooth muscle strips 
from human and rabbit urinary bladders, indicating the 
presence of functional ET receptors in both these species 
[13,15,16]. ETa receptors mediate the vasoconstrictor 
actions of ET-1 [17]. This response is related to the 
stimulation of phospholipase C activity that leads to the 
formation of inositol 1,4,5 -trisphosphate and diacylgly- 
cerol. The former increases the intracellular calcium 
concentration, which in turn causes vasoconstriction

© 1999 BJU International
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[18]. ETb receptors are thought to mediate ET-l-induced 
vasorelaxation by stimulating nitric oxide (NO) forma
tion [19,20]. However, ETb receptors may also mediate 
smooth muscle cell contraction [21].

Diabetes mellitus (DM) is associated with atonic or 
hyper-reflexic bladders [22,23]. These abnormalities may 
relate to the ET receptor density, as we documented an 
increased expression of ETb receptors in the detrusor and 
bladder neck of diabetic rabbits [24]. The rabbit model 
of partial BOO is also representative of BPH in humans 
[25]. Hence, we used this model to investigate the 
function and density of ETg receptors in the detrusor 
and bladder neck.

Materials and methods

Adult male New Zealand White rabbits (body weight 
»  3 kg) were used in the functional study (six each for 
sham-operated controls, 1-week and 3-week partial BOO) 
and the autoradiographic study (again six each for 
control and 3-week partial BOO). All animals were fed 
ad libitum with SDS standard plain diet (SDS, Witham, 
UK) and allowed free access to water.

To induce partial BOO, a urinary catheter (8 F, Foley, 
CR Bard Int Ltd, Crawley, UK) was inserted under 
general anaesthesia. After péflbrming^a lower midline 
laparotomy, a silk ligature was applied around* the 
proximal urethra and the urinary catheter then removed. 
The laparotomy incision was closed and the animal 
allowed to recover. Sham-operated controls underwent 
the same surgical procedure without inserting a proximal 
urethral ligature. Blood was sampled at weekly intervals, 
via the middle ear vein, for serum glucose, urea and 
electrolytes.

Functional studies

After cervical dislocation, detrusor and bladder neck 
strips were taken from control, 1- and 3-week BOO (14 
in each group for both detrusor and bladder neck) rabbit 
urinary bladders. Details of the contractile studies are as 
given previously [24], except that all strips were equilib
rated for 45 min. Concentration-response curves (10“ 
“̂-1 0 “® mol/L) were then constructed with IRL1620 

(selective ETg-receptor agonist) [26] alone or in the 
presence of either ETa (BQ123) [27] or ETg (BO788) 
[28] selective antagonists (both at 1 pmol/L). The results 
were expressed as a percentage of the KCl response.

Autoradiographic studies

Tissues from the urinary bladders from 3-week BOO (six) 
and age-matched sham-operated controls (six) were pre
pared for autoradiography as detailed previously [24],

where the preliminary binding studies, quantitative 
assessment of ^^®I-PD151242 (ETa) and ^̂ ®I-BQ3020 
(ETb) binding to rabbit urinary bladder, and the drugs 
and solutions used, are also described in detail.

All data are presented as the median and range, with 
the Mann-Whitney two-tailed test used for the statistical 
analyses.

Results
There were no significant differences in metabolite levels 
in control or partial BOO rabbits (Table 1). In the control 
and 1-week partial BOO strips, IRL1620 produced no 
detrusor or bladder neck contractions, but after 3 weeks 
of BOO there were significant concentration-dependent 
IRL-1620-mediated detrusor contractions (Fig. la). At a 
concentration of 10"® mol/L, IRL-1620 produced 12 
(9-16)% of the KCl response and this increased to 25 
(21-28) and 70 (65-78) at 0.1 and 1 pmol/L, respect
ively. At no concentration did IRL-1620 produce any 
bladder neck contractions. The ETA-selective antagonist 
(BQ123, at 10 pmol/L) had no effect on IRL-1620-med
iated detrusor contractions but the ETg-selective antag
onist (BQ788 10 pmol/L) completely abolished this 
response (Fig. lb).

Autoradiography

Receptor binding studies confirmed that ^̂ ®I-PD151242 
and ^^®I-BQ3020 both bound in a concentration- 
dependent manner to the detrusor and bladder neck 
sections. Saturation analysis showed that binding 
was to high-affinity sites, with subnanomolar Kd values 
(125I-PD151242. 0.07 nmol/L and “̂ l-BQ3020, 0.09 
nmol/L) (Fig. 2). Fixed concentrations of the radio
ligands ( «  2 X Kq values) were then subsequently used 
in the autoradiographic experiments.

There was ^^®I-BQ3020 (ETg) binding to all the 
detrusor (Fig. 3a) and bladder neck (Fig. 3b) sections in 
the control and 3-week partial BOO rabbits. Similarly, 
there was also "®I-PD151242 (ETa) binding to the 
detrusor and bladder neck sections in the control and 
3-week partial BOO rabbits (data not shown). The non
specific binding in the presence of 1 mmol/L unlabelled 
ET-1 was <10% for both "®I-PD151242 and "®I- 
BQ3020.

Sections stained with haematoxylin and eosin, and 
high-resoluüon autoradiographs, confirmed that the 
binding sites were associated with both the smooth 
muscle and urothelium in the detrusor and bladder neck 
(data not shown).

The density of ETa and ETg receptor binding was 
similar in the control detrusor and bladder neck. The 
density of ETa and ETg binding was significantly greater

1999 BJU International 84, 714-719
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Table 1 Serum glucose, urea and electrolyte levels, and the densitometric analysis of ETg receptor binding in the detrusor and bladder 
neck of control and 3-week partial BOO rabbits

Median (range) Control 3-week partial BOO

Glucose (mmol/L) 6.7 (6.0-8.4) 6.4 (6.0-8.6)
Urea (mmol/L) 5.8 (4-7.1) 5.7 (4-6.9)
Creatinine (pmol/L) 92 (77-125) 92 (79-123)
Na  ̂(mmol/L) ^ 144 (141-148) 142 (140-147)
K (mmol/L) 4.4 (3.6-5.2) 4.5 (3.5-5.7)
ETg receptor binding (d.p.m. x 1000 mm~̂ )
Detrusor
Smooth muscle 43.58 (35.1-62.38) 62.05 (45.58-69.71)*
Urothelium 22.87 (11.82-31.79) 22.19 (11.09-31.37)

Bladder neck
Smooth muscle 42.79 (35.15-62.37) 44.43 (35.21-61.57)
Urothelium 22.46 (12.43-30.63) 23.51 (11.17-31.14)

*P=0.003 vs control smooth muscle.

100

80

60

40

20

0

IRL-1620 (mol/L)

10"®  10"®  10" ’

IRL-1620 (mol/L)

Fig. 1. Cumulative response curves for IRL-1620 a, from control 
(green) and 3-week BOO (red) detrusor strips (14 in each); and b, 
in the presence of either the ET* antagonist BQ123 at 10 pmol/L 
(red) or the ETg antagonist BQ788 at 10 pmol/L (green) using 
detrusor strips (14) from 3-week BOO rabbits.

100

0.0 0.2 0.4 0.6 0.8 1.0
Radioligand concentration (nmol/L)

Fig. 2. ETa (green) and ETg (red) receptor binding to sections of 
rabbit bladder (saturation analysis). Concentration-dependent bind
ing of [̂ ^̂ I]-PD151242 (ETa receptor-specific) and [̂ ^̂ I]-BQ302Q 
(ETg receptor-specific), at 3 x 10“*̂ to 10"’ mol/L to slide-mounted 
sections. Binding is expressed as a percentage of the maximal 
specific binding on 4-6 sections per slide per concentration. Specific 
binding was calculated by subtracting the nonspecific from the 
total binding.

(P== 0.002) in the smooth muscle than in the urothelium 
in both the control and partial BOO rabbits. In the 
3-week partial BOO animals there was a significant 
increase («40%, F =0.003) in ETg receptor binding to 
the smooth muscle of the detrusor (Table 1). There was 
also a smaller but significant increase (P=0.001) in ET  ̂
receptor binding to the smooth muscle of the detrusor, 
at 44.28 (40.36-46.94) d.p.m, in the control and 49.36 
(43.29-55.28) d.p.m. in the 3-week BOO rabbits, but 
there was no significant change in the bladder neck with 
partial BOO (Table 1).
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Fig. 3. ETg binding to control and 3-week . 
obstructed rabbit bladder detrusor, a, Left; ^  ~ 
Autoradiographs, generated by hyperfilm 3H. 
from sections of control (CON, top) and 3-week 
BOO (OBST, bottom panel) rabbit bladder 
detrusor incubated in [” ‘l]-BQ3020 alone 
(TOT, total binding). Right: Autoradiographs 
showing degree of non-specifc binding (NSB) 
to adjacent tissue sections incubated in 
the presence of unlabelled ET-1. b, Left: 
Autoradiographs of total ETg binding to control 
(CON, top) and 3-week BOO (OBST, bottom 
panel) bladder neck, using same conditions as 
in a. Right: Nonspecific binding established on 
adjacent sections incubated in the presence of 
unlabelled ET-1. SM, smooth muscle; Ur, uro
thelium; Bar =  0.5 cm.
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Discussion

Patients with severe BOO can develop elevated voiding 
pressures, detrusor instability and a significant PVR [3]. 
Numerous animal models have been developed to study 
the pathophysiology of BOO [5-9]. However, in vivo 
urodynamic studies have often been carried out on 
sedated or anaesthetized animals, and the modes of 
obstruction have not always provided an accurate reflec
tion of the pathophysiology of BOO. In a recent paper 
[3], urodynamic studies in a conscious rat model of 
progressively developing partial BOO showed that 4 
weeks after obstruction these animals developed high- 
pressure voiding and were iii a state of chronic retention, 
with a large PVR. The micturition threshold pressure 
increased significantly with progressive obstruction and 
there were spontaneous contractions superimposed on a 
steadily rising intravesical pressure before the initiation 
of micturition. These changes probably reflect the early 
development of voiding dysfunction secondary to partial 
BOO.

ET-1 produces potent urinary bladder smooth muscle 
contractions in humans and rabbits [13,15]. In the 
present study, IRL-1620, a selective ETg agonist [26], 
produced detrusor smooth muscle contraction in a con- 
centration-deperident nfianner after 3 weeks of partial 
BOO in rabbits. IRL-1620 had no effect in the control or 
1-week partial BOO detrusor or bladder neck, nor did it 
have any effect in the bladder neck of 3-week partial 
BOO rabbits. The effect of IRL-1620 was completely 
inhibited by the ETg selective antagonist (BQ788), 
However, the ET* selective antagonist, BQ123, had no 
effect on these smooth muscle contractions, confirming 
that the actions of IRL-1620 were ETg receptor-mediated.

In vitro autoradiography showed a significant increase 
in ETg, and a smaller (but significant) increase in ET̂  
receptor binding density in the detrusor smooth muscle 
of the 3-week partial BOO rabbits. That ETa receptors 
mediate detrusor contractions is well established [17]. 
The up-regulation of ETa receptors is therefore also likely 
to play a part in detrusor dysfunction. However, the 
interesting finding is that in this animal model of partial 
BOO, there was a time-dependent up-regulation of ETg 
receptors in the detrusor smooth muscle. This phenom
enon has been shown to be associated with ETg-mediated 
contractions.

ETg receptors are present in both endothelial cells and 
vascular smooth muscle cells [17]. It is well established 
that ET-1 stimulates NO synthesis via ETg receptors [14], 
thereby resulting in smooth muscle relaxation [19]. 
However, there is increasing evidence to support the 
view that ET-1 also mediates vascular smooth muscle 
contractions via ETg receptors [21]. ETa and ETg recep
tor-mediated smooth muscle contractions have similar

underlying mechanisms (i.e. the activation of phospho
lipase C and the subsequent generation of inositol 
1,4,5-triphosphate and diacylglycerol, followed by the 
mobilization of calcium) [17]. These changes, in turn, 
induce smooth muscle contraction [18]. Thus, the exist
ence of two different ETg receptors is becoming increas
ingly probable (ETgi on endothelial cells mediating 
smooth muscle relaxation via the NO system and ETĝ - 
mediating smooth muscle cell contraction [21]).

We suggest that the up-regulation of ETg receptors, 
which have been shown to mediate contractile activity, 
may on stimulation produce elevated detrusor pressure 
to overcome the increased resistance to urinary flow 
caused by partial BOO, This may reflect the improvement 
in symptoms (urinary flow, hesitancy, nocturia) experi
enced by some men with BPH who are managed by 
‘watchful waiting’ [29]. However, the long-term evol
ution of this compensation and the mechanisms that 
cause some obstructed bladders to decompensate is 
unknown [29]. The up-regulation of ETg receptors in 
the detrusor smooth muscle, along with its contractile 
action may, in the long term, be involved in the develop
ment of bladder dysfunction such as the detrusor instabil
ity that is observed in some patients with BOO. If this is 
the case, ETg antagonists may prove to be of benefit in 
the treatment of BOO-associated bladder dysfunction if 
surgery or medical treatment relieves the obstruction. 
The possibility that blocking these receptors might be 
helpful in cases of bladder instability in the absence of 
local hypertrophy is worth investigating.
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Time-dependent up-regulation of endothelin-A receptors and 
down-regulation of endo(:heIin-B receptors and nitric oxide 
synthase binding sites in the renal medulla of a rabbit 
model of partial bladder outlet obstruction: potential 
clinical relevance
M.A. KHAN, M.R. DASHWOOD*, C.S. THOMPSON*. F.H. MUMTAZ, D.P. MIKHAILIDIS* and R.J. MORGAN 
Departments of Urology and *Molecidar Pathology & Clinical Biochemistry, Royal Free and University College Medical School 
(University College London). Royal Free Campus & The Royal Free Hampstead NHS Trust, London. UK

Objective To assess the density of endothelin (ET) recep
tors (ET-1 is a potent vasoconstrictor peptide acting 
on two known receptors, ET* and ETg) and nitric 
oxide synthase (NOS) binding sites in the kidney of a 
rabbit model of bladder outlet obstruction (BOO).

Materials and methods Partial BOO was created in adult 
New Zealand White rabbits; after 1 ,3 ,4  and 6 weeks 
of BOO, kidney sections were incubated with radio
ligands for ET-1, ETa, ETg receptors and with [^H]- 
NOARG (a ligand for NOSj.' Autoradiographs were 
generated and analysed densitometrically. Sections 
were also assessed by NADPH histochemistry. Plasma 
creatinine, urea and electrolyte levels were regularly 
monitored. The control and 6-week BOO kidneys 
were also evaluated ultrastructurally by electron 
microscopy.

Results There was no significant change in plasma 
creatinine, urea and electrolyte levels. ETa and ETg 
receptor density was significantly greater in the med

ulla than in the cortex (P <0.001) in all animals. 
There was an up-regulation of ETa receptors (P = 
0.03) and down-regulation of ETg receptors (P=0.03) 
and NOS binding sites (P< 0.001), as well as decreased 
NADPH staining in the medulla of 6-week partial BOO 
kidneys. Electron microscopy detected glomerular 
disruption of the obstructed kidneys.

Concluâon The time-dependent changes in ETa and ETg 
receptors, NOS binding sites and NADPH staining in 
the renal mediufla, as well as ultrastructural changes, 
occur despite normal renal function. These changes 
appear to be an early event and may play a role in 
the development of renal failure. Hence, the use of 
ETa receptor antagonists at this early stage may 
prevent the development of renal failure/impairment 
in BOO.

Keywords Renal failure, bladder outlet obstruction, 
endothelin receptors, nitric oxide synthase, rabbit

Introduction

BOO is both a common and debilitating disorder that 
may result from BPH [1], urethral stricture or congenital 
anomaly [2]. BPH is the commonest benign neoplasm 
in men [3]; by the age of 50 years, about half of men 
are thought to be affected and this proportion increases 
to 90% by the ninth decade of life [3]. Some men with 
obstruction secondary to BPH can develop renal dysfunc
tion [4], acute renal failure [5] and even progress to 
irreversible renal failure [6]. Over 40 years ago it was 
observed that men with urinary obstruction from pros
tatic enlargement had their GFR and renal plasma flow 
reduced by a third compared with men of similar age
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with no obstruction [7]. It has also been observed that 
chronic interstitial nephritis resulting in chronic renal 
disease can be caused by chronic obstruction [8J. This 
phenomenon is not confined to men with BOO secondary 
to BPH. This is because VUR, which may arise from 
BOO, neuropathic bladder or, more commonly, from a 
primary anatomical defect at the junction of the ureter 
and bladder, is also associated with renal scarring and 
renal failure [9]. Despite the known association between 
BOO and the development of renal failure, the patho
physiological mechanisms involved in this process 
are unknown.

Endothelin-1 (ET-1) belongs to a family of potent 
vasoconstrictor peptides consisting of 21 amino acids 
[10]. To date, two major ET receptors have been ident
ified and cloned, i.e. ETa and ETg [11]. ETa receptors
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mediate the vasoconstrictor actions of ET-1 [12], whilst 
binding to its ETg receptors is thought to mediate vaso
relaxation by stimulating nitric oxide (NO) formation 
[13]. ET-1 is produced by, and binds to, most renal cell 
types [14] and causes a profound and prolonged renal 
vasoconstriction [15]. ET-1 also causes mesangial cell 
contraction [16], inhibition of sodium and water re- 
absorption by the nephron [17], enhance glomerular 
cell proliferation [18] and stimulation of extracellular 
matrix accumulation [19], ET-1 is also thought to play 
a role in progressive renal disease [20].

The role of ET-1 is modulated by NO [12]; NO is 
synthesized from L-arginine by NO synthase (NOS) [21]. 
ET-1 and NO are widespread cell signalling molecules 
that have opposite effects. ET-1, the most potent 
endogenous vasoconstrictor, and NO, the most potent 
endogenous vasodilator, form a paracrine/endocrine 
control cycle with a negative feedback mechanism [22]. 
Besides their contrasting and antagonistic actions, ET-1 
and NO may regulate each other’s synthesis [23]. Several 
techniques have been developed to study the distribution 
and activity of NOS, as an indirect measure of NO. This 
has previously been studied in the urinary tract using 
the NADPH-diaphorase technique [24] and anti-NOS 
antibodies [25]. These techniques allow the distribution 
of NOS to be deterinined with greater sensitivity, but 
cannot quantify the activity of the L-arginine:NO path
way. Previous autoradiographic studies have described 
the localization of NOS binding sites in both brain [26] 
and peripheral tissues [27], using [*H]-L-N°-nitroargi- 
nine ([̂ H]-L-NOARG) as a radioligand. This allows a 
quantitative assessment of receptor binding sites, an 
important factor when attempting to compare control 
and experimental tissue.

The rabbit model of partial BOO is thought to be 
representative of BPH in humans [28]. Hence, using this 
model, we investigated whether there are any changes 
in ET receptors, NOS binding sites and NADPH staining 
in the kidneys that may play a role in the pathophysio
logy of renal failure associated with BOO.

Materials and methods

Animals

Adult male New Zealand White rabbits (body weight 
3 kg, six in each group) underwent a sham operation 
(controls), or partial BOO for 1, 3, 4 and 6 weeks. All 
animals were fed ad libitum with SDS standard plain 
diet (SDS, Witham, UK) and allowed free access to water.

Partial BOO was created under general anaesthesia; a 
urinaiy catheter (8 F, Foley, CR Bard Int. Ltd, Crawley, 
UK) was inserted. After performing a lower midline 
laparotomy, a silk ligature was applied around the

proximal urethra and the urinary catheter then removed. 
The laparotomy incision was then closed and the animal 
allowed to recover. Sham-operated controls underwent 
the same surgical procedure but without inserting a 
proximal urethral ligature. Blood was then sampled at 
weekly intervals, via the ear vein, for plasma creatinine, 
urea and electrolytes.

Preparation of kidney tissue

After cervical dislocation, the kidneys were excised and 
weighed (six from each group); the kidney tissues were 
stored immediately at — 70°C in airtight containers. The 
kidney blocks containing cortex and medulla were dis
sected and subsequently mounted in Ames OCT embed
ding compound (BDH Laboratory Supplies, Poole, UK); 
transverse 10 pm sections were cut in a cryostat at 
«  —20°C and thaw-mounted onto microscope slides, 
gelatinized (for autoradiography) or coated with amino- 
propyltriethoxysilane (for immunohistochemistry). The 
slides were stored at — 70°C in airtight containers until

Quantitative assessment of^^^I-ET-1, ^^^I~PD151242 
(ETa) and ̂ ^^I-BQ3020 (jETg) binding to rabbit kidney 

. ■ * *
Serial consecutive 10 pm sections from each group (18 
each; three sections were taken from each of the six 
animals) were pre-incubated in 50 mmol/L Tris HCl 
buffer, pH 7.4, for 15 min at 22°C to reduce endogenous 
peptide levels. Slide-mounted sections were then incu
bated for 120 min at 22“C in buffer (plus 5 mmol/L 
MgClz, 1% BSA and 100 klU aprotinin/mL) con- 

'  taining 0.15 nmol/L [̂ ^̂ I]-ET-1 or 0.15 nmol/L [̂ ®̂I]- 
PD151242 (ETa receptor-specific radioligand [29]) or
0.15 nmol/L [̂ ^®I]-BQ3020 (ETg receptor-specific radio
ligand [30]). These concentrations were at the approxi
mate Kd values established from previous saturation 
studies [31]. The degree of nonspecific binding was 
established by pre-incubating alternate kidney sections 
(18, as described above) in the presence of 1 pmol 
unlabelled ET-1. Slides were washed twice in buffer for 
10 min, dipped in 4°C distilled water and then dried in 
a stream of cold air. Low-resolution autoradiography 
was carried out by exposing sections to Hyperfilm 3H 
(Amersham International, Amersham, UK) in X-ray cas
settes for 3 days.

Densitometric analysis was performed using an imag
ing system (Model GS-700 Imaging Densitometer, Bio- 
Rad, Hertfordshire, UK). Six random areas (1 mm^) from 
each cortex and medulla were routinely measured. 
Binding was expressed in terms of radioligand bound 
(d.p.m.) per unit area (mm^), calculated from standard 
curves generated by "^I microscales (Amersham
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International) that were co-exposed w ith tissue 
sections.

The binding sites were localized microscopically (high- 
resolution autoradiography) by postfixing the tissues in 
paraformaldehyde vapour (2 h at 80°C) and coating the 
slides with molten nuclear emulsion (LM-1, Amersham 
International), Slides were then stored in light-proof 
boxes with desiccant for up to 8 days at 4°C, after which 
they were processed in D19 high-contrast developer 
(Kodak, UK) and fixed (Hypam, Ilford, UK), The under
lying tissues were stained with haematoxylin and eosin 
(H&E) and high-resolution autoradiographs were viewed 
under a microscope, with selected tissues photographed 
where appropriate.

Quantitative assessment of pH]-L-NOARG (NOS) binding 
to rabbit kidney

With a few exceptions, this was conducted essentially in 
the same way as for ET* and ETg binding. Consecutive 
serial sections from each group (18 in all) were incubated 
in Tris buffer containing 3 mmol/L CaCl; and 10 nmol/L 
[̂ H]-L-NOARG (specific activity 2,03 TBq/mmol; 
Amersham International) for 60 min at 4°C, The degree 
of nonspecific binding was established by pre-incubating 
alternate kidney sections (18) in the presence of 
10 pmol/L unlabelled L-arginine, After incubation, the 
slides were washed four times in buffer (for 2 min) to 
reduce nonspecific binding, dipped in glass-distilled water 
(4°C) and dried in a stream of cold air, Low-resolution 
autoradiography was carried out by exposing sections 
to Hyperfilm ^H (Amersham International) in X-ray 
cassettes for 12 weeks. Densitometric analysis was 
performed as described above and the degree of binding 
also expressed as described,

NADPH diaphorase histochemistry

Putative NO-producing cells were localized by NADPH 
diaphorase histochemistry, as described previously [25], 
Briefly, sections from control and 6-week partial BOO 
kidneys (six each), as used for autoradiographic analysis, 
were fixed for 30 min in 3% paraformaldehyde at 4°C, 
They were subsequently rinsed and incubated for 1 h at 
37°C with 1 mg/ml P-NADPH and 0,2 mg/mL nitroblue 
tétrazolium dissolved in 0,1 mol/L phosphate buffer 
(pH 7,6) containing 0,2% Triton X-100, The sections 
were then rinsed under running tap water and stained 
with eosin. The NADPH diaphorase-reactive cells (stain
ing blue) were observed by using a microscope. In 
control experiments in which NADPH was excluded, 
there was no staining: selected sections were
photographed.

Ultrastructure (transmission electron microscopy)

Immediately after excising the control (six) and 6-week 
BOO (six) kidneys, a section of kidney tissue was taken 
and fixed in 1,5% glutaraldehyde/1% paraformaldehyde 
in PBS for a minimum of 24 h. The specimens were 
subsequently rinsed in PBS, postfixed in 1% 0 s04/ l , 5% 
potassium ferricyanide in PBS, and dehydrated by immer
sion in increasing concentrations of ethanol. They were 
then infiltrated with LEMDC resin (TAAB Laboratories, 
Reading, UK), Ultrathin sections were cut from areas of 
interest using a Reichert Ultracut ultramicrotome (Leica, 
UK), These sections were then double-stained with 
uranyl acetate, contrasted with lead citrate and exam
ined using a Philips CM120 transmission electron 
microscope (PhiUps Scientific, Cambridge, UK) and photo
graphed where appropriate.

The results are expressed as the median and range, 
with differences assessed using the two-tailed Mann- 
Whitney 17-test (unpaired values) and Wilcoxon two- 
tailed test (paired values).

Results
There were no significant differences in the kidney 
weights, plasma,creatinine, urea and electrolyte levels 
in either the control or the partial BOO rabbits (data 
not shown).

Receptor binding studies Indicated ["^I]-ET-1,
PDl 51242 (ElA-specific) and [̂ ” I]-BQ3020 (ETg- 
specific) binding to kidney tissue sections of the control 
and BOO rabbits. The nonspecific binding in the presence 
of 1 pmol/L unlabelled EI-1 was < 10% for both [̂ *̂1]- 
PD151242 and ["^I]-BQ3020,

There was dense ^^®I-PD151242 and less marked ^̂ ®I- 
BQ3020 binding to all the tissue sections, ET* and ETg 
binding sites showed regional variations in both the 
control and obstructed kidney tissues. There was signifi
cantly greater binding to the medulla than to the cortex 
in the control tissues for both ET* (P< 0,001) and ETg 
(P<0.001) selective radioligands. The binding pattern 
was also similar in the BOO sections (ET*, P<0,001; 
ETg, P<0,001) (Table 1), Densitometric analysis of film 
images indicated that [^^®I]-PD151242 binding (ET* 
sites) showed a significant increase (P = 0,03) and [̂ ®̂I]- 
BQ3020 (ETg receptor-binding sites) a significant 
decrease (P=0,03) in the 6-week partial BOO medulla. 
There were no changes in the six-week partial BOO 
cortex (Table 1 and Fig, 1), The high-resolution auto
radiographs revealed striking ^̂ ®I-ET-1 receptor-binding 
to the glomeruli, tubules and renal blood vessels (Fig, 2);

The specificity of [^H]-L-NOARG binding to tissue 
sections was confirmed by the significant reduction 
( > 90%) in binding in the presence of L-arginine, NOS
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Table 1 Photodensitometric analyses of [*^*I]-PD151242 (ETŷ ), and [^^®I]-BQ3020 (ETb) receptor binding, and [’H]-L-NOARG (NOS) 
binding sites in the kidney cortex and medulla of each group

Median (range) receptor 
binding (d.p.m. x 1000/mm^) Control

BOO for

1 week 3 weeks 4 weeks 6 weeks

Cortex
ETa 12.5 (6.8-15.0) 12.7 (7.8-15.3) 14.1 (8 .9 -17 .3 ) 13.3 (7 .1-18.2) 12.9 (6 .4 -16 .2)
ETg 0.95 (0.67-1.24) 0.88 (0.23-1.36) 0.91 (0 .23 -1 .39 ) 0 .99 (0 .63 -1 .64 ) 1.0 (0 .63-1 .45)
NOS 6.09 (4.43-8 .15) - - - 4.21 (1 .7 3 -5 .4 7 )t

Medulla
ETa 60.6 (50.2-65.3) 59.2 (53.8-67.2) 60.4 (52 .2-67 .5) 63.1 (59 .3-70.1) 81.6 (76.6-88.0)*
ETg 23.1 (16.1-28.2) 22.8 (16.8-28.9) 22.9 (15 .4 -26 .4 ) 21.2 (173-24 .4) 14.3 (9.4-17.0)*
NOS 7.47 (5.16-8.89) - 5.06 (1 .07-5 .85)1

*P =0.03. ETa ajod ETg binding in the kidney medulla from control, 1-, 3- and 4-week partial BOO vs 6-week partial BOO. fP < 0 .0 0 1 ,  
control vs 6-week BOO. cortex and medulla.

CONTROL OBSTRUCTED

ET, 1

TOTAL

ET A

ET. B

N.S.B. TOTAL

f  CTX

N.S.B.

Fig. 1. Film autoradiographs of ET receptors 
on control and obstructed rabbit kidneys. 
Film (low-resolution) images generated from 
kidney sections of control and 6-week 
obstructed rabbits. Top; autoradiographs 
from sections incubated in [* *̂I]-ETr-l 
(mixed ETa/ETb binding). Middle; images 
from sections incubated in [^^*I]-PD151242 
(ETa binding). Lower; images from sections 
incubated in ['̂ ®IJ-BQ 3020 (ETg binding). 
Total binding; sections incubated in 
radioligand alone. Nonspecific binding 
(NSB); sections incubated in radioligand in 
the presence of excess unlabelled ET-1.
MED =  medulla: CTX = cortex. Scale bar =
4 mm.

Fig. 2. High-resolution autoradiographs of 
[I25I]-ET-1 binding to 6-week obstructed 
rabbit kidney. High-resolution 
autoradiographs generated on nuclear 
emulsion and counterstained with H&E.
Top; autoradiographs from sections 
incubated in [’^®I]-ET-1 alone (total 
binding). Binding is evident as dark grain 
accumulation. Left; glomerulus. Middle; 
medulla (renal tubules). Right; renal blood 
vessel. Lower panels; these show the degree 
of nonspecific binding to an adjacent section 
incubated in the presence of excess ET-1. 
Structures labelled: glomerulus (gl); medulla 
(MED): blood vessel (bv). Bar =  200 pm.
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TOTAL N.S.B.

CON

Fig. 3. Nitric oxide synthase on sections 
from control and obstructed rabbit kidney. 
Film images from sections incubated in 
[jH]-NOARG alone (total binding: TOTAL). 
Nonspecific binding (NSB) determined in the 
presence of 10 pmol/L L-arginine. Control 
(CON); obstructed (OBS); cortex (CTX): 
medulla (MED). Bar =  6 mm.

Fig. 4. Nitric oxide synthase on sections 
from control and obstructed rabbit kidney 
identified by NADPH diaphorase 
histochemistry. Putative NOS levels are 
shown by the red/blue reaction product. 
Note the marked reduction in staining of the 
cortex (CTX) and medulla (MED) in the 
obstructed section. Bar =  5 mm.

OBS

Control Obstructed

binding sites were significantly decreased in the 6-week 
partial BOO medulla (F<0.001) and cortex (P<0.001) 
(Table 1 and Fig. 3).

NADPH diaphorase histochemistry

Tissue sections from the control kidneys showed positive 
NADPH diaphorase activity (Fig. 4). The N/VDPH-diapho- 
rase activity was evident in the cortex and the medulla. 
In the 6-week partial BOO sections NADPH-diaphorase 
activity was markedly decreased in the cortex and med
ulla (Fig. 4).

Ultrastructure

The kidney sections from the control rabbits showed 
normal renal architecture (Fig. 5). However, in the 6- 
week BOO kidneys there was evidence of glomerular 
disruption with mesangiosclerosis and congested glom
erular capillaries containing more red blood cells. There 
was also evidence of epithelial cell swelling (Fig. 5).

Discussion

In this rabbit model of partial BOO, there was a signifi
cant time-dependent up-regulation of ET̂  receptors and
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down-regulation of ETg receptors and NOS binding sites 
in the renal medulla. There was also a significant time- 
dependent down-regulation of NOS binding sites in the 
cortex. NADPH staining showed markedly less staining 
in both the 6-week partial BOO cortex and medulla. 
High-resolution autoradiographs revealed ^̂ Î-ET-1 
receptor binding sites in the glomeruli, tubules and renal 
blood vessels. These results were obtained against the 
background of ultrastructural changes in the BOO kid
neys with creatinine, urea and electrolyte values not 
changing significantly from the baseline values.

These changes in the kidney, secondary to BOO, may 
have some clinical relevance because some men with 
BOO, secondary to BPH, develop renal dysfunction [4], 
acute renal failure [5] and even progress to irreversible 
renal failure [6]. Renal failure is characterized by the 
presence of glomerulosclerosis that develops from pro
cesses that progress through several stages, i.e. from an 
inflammatory to a proliferative response' and then finally 
to scarring [32]. Endothelial injury is thought to be an 
early event initiating an inflammatory process within 
the glomeruli [32]. Using electron microscopy we have 
shown evidence of glomerular disruption with the pres
ence mesangiosclerosis, congested glomerular capillaries 
and swollen epithelial cells in the 6-week BOO kidneys.

The role of ET-1 in renal function is not fully defined.
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Fig. 5. Electron m icrographs from control (top panel) and  6-week 
BOO (lower panel) rabbit kidney sections. The transm ission  electron 
m icrograph of Ihe 6-week BOO kidney section show s evidence of 
m esangiosclerosis. congested glom erular capillaries and swollen 
epithelial cells. Ep =  epithelial cells: M =  m esangium ; Ms =  mesan-^ 
giosclerosis; GC =  glom erular capillary; rbc =  red blood cells. Scale 
b a r=  5 pm.

However, glomerular endothelial, epithelial and mesang
ial cells synthesise, bind and respond to ET-1 [13,16]. 
ET-1 causes a profound renal vasoconstriction (both 
afferent and efferent glomerular arterioles) via Ef\ recep
tors [3 3]. ETb receptors mediate vasorelaxation by stimul
ating NO formation [34|. Moreover, inhibition of NOS 
has been shown to produce vasoconstriction [35]. This 
is thought to result not simply from the withdrawal of 
the NO vasodilator stimulus but from the amplification 
of vasoconstrictor systems such as ET-1 [36]. Hence, the 
up-regulation of ET̂  receptors and the down-regulation 
of ETb receptors and NOS binding sites may therefore 
enhance this vasoconstriction. In addition, glomerular 
endothelial injury results in pro-inllammatory, pro- 
thrombotic and mitogenic changes [37]. Therefore, ET- 
1-mediated vasoconstriction along with the formation of 
microthrombi could compromise the renal medullary 
circulation.

ET-1, predominantly through the stimulation of its 
ETa receptors, also has mitogenic properties [38]. 
Therefore, the up-regulation of ET̂  receptors may play 
a role in glomerular mesangial cell proliferation. With 
further progression, scarring may be produced which 
then proceeds to mesangiosclerosis and fibrosis. Here, 
transforming growth factor-P (TGF-[3) appears to be one 
of the most fibrogenic growth factors. TGF-(3 may also 
initiate glomerulosclerosis through the transdifferen
tiation of mesangial cells into myofibroblasts [39]. ET-1 
can induce the expression of TGF-[3 [19]. TGF-[3 is 
increased in the kidney after induced obstruction [40]. 
Interestingly, the treatment of diabetic rats with an ET̂  
receptor antagonist can lead to a reduction in TGF-[3 
expression in the glomeruli, as well as a decrease in 
albuminuria and matrix gene expression [41]. Hence. 
ET-1 induced expression of TGF-|3 may be mediated via 
ET A receptor stimulation. It is therefore a possibility that 
the up-regulation of ETa receptors and their subsequent 
stimulation, in a rabbit model of partial BOO. may result 
in increased production of TGF-[3.

In summary, BOO can lead to progressive renal dis
ease: in the present rabbit model of partial BOO. 
there are time-dependent ultrastructural changes, up- 
regulation of ETa receptors and down-regulation of ETy 
receptors and NOS binding sites in the medulla. ET-1, 
via its ETa receptor, may play a role in the development 
of renal failure associated with BOO. These changes 
occurred in the presence of normal' renal function. 
Hence, it is worth considering whether ET-antagonists, 
administered at this stage, may prevent or retard the 
occurrence of further changes leading to renal failure.
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radioligand for human ET̂  receptors. Br J Pharmacol 1994; 
111: 4-6

30 Molenaar P, Kuc RE, Davenport AP. Characterisation of 
two new ETg selective radioligands, [̂ *̂IJ-BQ3020 and 
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jfjectives: Urinary bladder hypertrophy and hyperplasia are common features of bladder outlet obstruction (BOO). The 
jinary bladder is known to synthesize endothelin-1 (ET-1), which is a potent vasoconstrictor peptide with mitogenic 
pperties. Using an animal model of partial BOO, we investigated the potential role of ET-1 and its receptor subtypes (ETa 
^ ETb) in bladder smooth muscle cell (SMC) proliferation. Materials and methods: Partial BOO was produced in adult male 
:w Zealand White rabbits. After 3 weeks, the bladder was removed and SMCs from the dome and bladder neck were grown 
ing standard explant methodology. At passage 2, the cells were made quiescent and then further incubated in foetal calf 
•um (PCS), control age-matched rabbit serum (CRS) or partial BOO serum (BRS) in the presence or absence of ETa- 
tagonist (BQ123) or ETg-antagonist (BQ788). SMC proliferation was then measured 24 h later with 5-bromo-2'deoxy-uracil 
d by cell counting using a haemocytometer at 48 h. Immunostaining for alpha-actin was performed on detrusor and bladder 
ck cells to confirm the presence of smooth muscle cells. Results: BQ123 and BQ788 did not influence detrusor or bladder 
ck SMC proliferation in PCS or CRS. However, in the presence of BRS, BQ123 and BQ788 (100 nmol/L) significantly 
= 0.008) inhibited detrusor and bladder neck SMC proliferation. Cell counts were significantly reduced from the detrusor 
= 0.03, p = 0.01 with BQ123 and BQ788, respectively) and bladder neck (p = 0.01 for both BQ123 and BQ78). Conclusions: 
ese results suggest that ET antagonists may have a role in preventing SMC hyperplasia associated with partial BOO.
y  words: bladder outlet obstruction, endothelin-1, rabbit, smooth muscle cell proliferation.

M. A. Khan, Research Registrar, Department o f  Urology, Royal Free Hospital, Pond Street, London, NW3 2QG, UK

adder outlet obstruction (BOO) is both a common 
d debilitating disorder that may result from benign 
Dstatic hyperplasia (BPH) (1), urethral stricture or 
ngenital anomaly (2). BOO results in significant 
erations in detrusor structure and function (3). For 
ample, it is well established that BOO results in 
pertrophy and hyperplasia of the bladder smooth 
iscle (4).
pndothelin-1 (ET-1) is a potent vasoconstrictor 
ptide (5). To date, two major ET receptors have 
;n identified and cloned: ETa and ETg (6). In 
mans and rabbits, ET-1 is synthesized by vascular 
Q non-vascular smooth muscle cells (SMC) and by 
roblasts in the urinary bladder (7). The extensive 
tribution of ET-1 synthesis in the urinary bladder, 
:urring in almost all cell types, suggests that this 
ptide plays a role in bladder wall modelling, the 
ntrol of bladder smooth muscle tone and the 
ulation of local blood flow (7). The activity of ET-

X)0 Scandinavian University Press. ISSN 0036-5599

1 is thought to be mediated via both autocrine (7) and 
paracrine (8) mechanisms. ET-1 elicits concentration- 
dependent contractions in smooth muscle strips from 
human and rabbit urinary bladders, indicating the 
presence of functional ET receptors in both these 
species (7,9,10). ET-1 is also known to have 
mitogenic properties on vascular SMC (11),

The rabbit model of partial BOO is also representa
tive of BPH in humans (12). Hence, using this model, 
we investigated the potential role of ET-1 and its 
receptor subtypes in detrusor and bladder neck SMC 
proliferation using tissue culture techniques.

MATERIALS AND METHODS

Animals
BOO was induced in 6 adult male New Zealand White 
(NZW) rabbits (3 kg) for the cell culture study. A
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further 6 sham-operated rabbits were used to generate 
the control sera. The animals were fed ad libitum with 
SDS standard plain diet (SDS, Witham, UK) and 
allowed free access to water.

Induction of partial bladder outlet obstruction
Under general anaesthesia, a urinary catheter (Foley, C. 
R. Bard International Ltd., Crawley, UK) size 8 Fr 
gauge was inserted. After performing a lower midline 
laparotomy, a silk ligature was applied around the 
proximal urethra. The urinary catheter was then 
removed. The laparotomy incision was then closed 
and the animal allowed to recover. For the sham- 
operated controls the operative procedure was similar 
to the BOO animals with the exception of the insertion 
of silk ligature.

Blood sampling
Blood was sampled at weekly intervals, via the ear 
vein, for serum glucose, urea and electrolytes.

Proliferation assay with rabbit detrusor and bladder 
neck, smooth muscle cells
Following cervical dislocation, the urinary bladders 
from 3-week old partial BOO rabbits were excised and 
weighed and then divided into detrusor and bladder 
neck at the level of ureteric orifice. The detrusor (n = 6) 
and bladder necks (n = 6) were then used for cell 
culture studies. The SMC from the detrusor and bladder 
neck were obtained in a similar manner to previously 
established methods (13). Detrusor {n = 6) and bladder 
neck {n = 6) smooth muscle segments were dissected 
from the urothelium and the SMC were grown using 
standard explant methods. The segments were then 
placed in Dulbecco’s modified Eagles medium 
(DMEM; Sigma Chemical, Poole, UK) supplemented 
with 10% heat inactivated foetal calf serum (FCS) 
(Gibco, Paisley, UK), 29.2 mg/ml L-glutamine, 10 000 
units/ml penicillin G, 10 000 mg/ml streptomycin 
sulphate and left at 37°C in a 5% carbon dioxide 
(CO2 ) humidified incubator. The cells were grown to 
confluency and then passaged with 0.05% trypsin—  
0.02% ethylenediamine tetra-acetic acid (Gibco, Pais
ley, UK) and subcultured at a ratio of 1:3. Confluent 
SMC at third passage were subcultured into 96-well 
microtitre tissue culture plates (Falcon, Becton Dick
inson, Oxford, UK). The cells were then made 
quiescent by changing the medium containing 
0.4%FCS (n = 6), pooled control rabbit serum (CRS) 
(rt = 6) or pooled 3-week partial BOO serum (BRS) 
(n = 6) and left for a further 96 h in a 5% CO2  

humidified incubator. Subsequently, various concen
trations (10, 30 or 100 nM) of the selective ET^ 
antagonist BQ123 [Bachem Fine Chemicals] (14) or 
the ETb antagonist BQ788 [Bachem Fine Chemicals]

Scand J Urol Nephrol 34

(15) or vehicle were dissolved in serum containin 
2.5% of the appropriate serum (FCS, CRS or BR5 
respectively and added to the culture). SMC proliferi 
tion was then measured 24 h later with 5-bromc 
2'deoxy-uracil (BrdU), a thymidine analogue (16 
This substance is taken up by cells actively synthesis 
ing DMA (16). Hence, BrdU gives an accurat 
indication of cell proliferation. BrdU measureraei 
was carried out as previously described by our grou
(17). In brief, 10 pMol/L of BrdU was added to each i 
the wells for 24 h in the presence of either ET^ or ET 
antagonists. The supernatant was then discarded an 
the cells fixed with ethanol. The fixative was the 
removed and the cells washed with phosphate bufferc 
saline (PBS) and then treated with a nuclease solutic 
and washed three times. A peroxidase-labelled ant 
body to BrdU containing Fab (fragment antige 
binding) was then added and incubated at 37®C h 
30 min. The antibody conjugate was removed and 
peroxidase substrate was then added. Cells wei 
incubated until a blue colour developed (2-10 min 
Sulphuric acid was then added and absorbanc 
measured using an enzyme-linked immunosorbai 
assay plate-reader (E960; Metertech, Watford, UF 
at 450 nm (reference wavelength 690 nm).

Cell count
For cell counts, the supernatant was discarded and th 
cells washed with PBS free of calcium and magnesiun 
Cells were trypsinized (as described above), staine 
with crystal violet and counted in a Neuber haemocy 
ometer. Data are expressed as cells per well.

Immunohistochemical staining for smooth muscle ce 
alpha-actin
In order to confirm that that the cells were indeed SMC 
immunohistochemical staining for alpha-actin was al 
performed. However, the initial process involve 
gathering the cell by cytospinning.
Cytospinning. The cells were obtained by discardir 
the supernatant from the culture flasks and washir 
with PBS in order to remove any trace of the cultm 
medium. To the flask 5 ml of trypsin was then adde 
and incubated at 37°C for 10 min so that the cel 
would become dislodged. The cells are then pours 
into a universal containing equal volumes of cultu 
medium. This is then centrifuged for 15 min at 30C 
revolutions per min (rpm). The supernatant is the 
removed and 2.5 ml of culture medium is added 
the universal and a single cell suspension is forme 
Two to 3 drops of the medium are then added to tl 
cytospin tubes (Shandon, Life Services Internationa 
Runcorn, UK). This is then spun using a cytospin 
(Shandon, Life Services International, Runcorn, Uf 
for 4 min at 1000 rpm. This results in a single lay
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Table I. Animal and bladder weights o f age-matched, sham- 
operated controls and 3-week-old partial bladder outlet obstruction 
(BOO) rabbits. Results are given as median and range

Control Three week BOO
rabbits rabbits
(n = 6) (n = 6)

Rabbit weights 3.1 kg (2.9-3.3) 3.0 kg (2.83.4)
Bladder weights 2.1 g (1.9-2.3) *12g(1016)

Control bladder weight vs 3-week BOO bladder weight
*p = 0.002.

of cells being placed on a slide. The slides are then 
stored at -20°C  until used.

Immunohistochemical staining for smooth muscle 
cell alpha-actin was performed by the standard avidin- 
biotin immunoperoxidase complex (ABC) method. 
This involved using anti-a smooth muscle actin anti
body, a purified mouse IgG, as the first antibody (1:100 
dilution; DAKO Ltd, Ely, UK). Slides of detrusor and 
bladder neck cells from 3-week-old partial BOO 
rabbits, prepared by the technique described above, 
were initially stored at -20°C  in airtight containers. 
The cells were ringed with a DAKO pen (hydrophobic 
pen) (DAKO Ltd., Ely, UK) at room temperature. The 
slides were washed with Tris buffered saline (TBS) 
(NaCl I80g, Tris 13.2 g, normal hydrochloric acid 
83 ml, 20L distilled water; pH 7.6) and covered with 
10% normal goat serum (DAKO Ltd., Ely, UK) for 
10 min at room temperature to prevent non-specific 
binding of the first antibody. The first antibody (diluted 
1:100 in TBS) was added and the slides subsequently 
incubated at room temperature for 1 h. The slides were 
washed in several changes of TBS and treated for 
30 min with biotin-conjugated goat antimouse second
ary antibody (diluted 1:100 in TBS; DAKO Ltd, Ely, 
UK). The slides were washed again in several changes 
of TBS and then incubated for 30 min in avidin- 
biotinylated peroxidase complex (ABC; DAKO Ltd, 
Ely, UK). The slides were then washed in several 
changes of TBS and 3,3,diaminobenzidine (DAB; 
Sigma, Poole, UK) solution was applied for 10 min.

The slides were then washed with TBS and placed in 
staining racks. After washing in running water, the 
slides were counterstained with 10% Gill’s haematoxy- 
lin and differentiation and blue. Finally, the slides were 
dehydrated through upgraded alcohol series, cleared in 
xylene and coverslipped in a synthetic mounting 
medium. The slides were viewed on an Olympus 
BX50 microscope and appropriate photographs taken.

Statistical analysis

All the results are presented as median and range.
Statistical analysis was carried out using two-tailed 

paired Mann-Whitney and Wilcoxon tests.

RESULTS

Serum urea, electrolytes and glucose 

There was no significant difference in the serum urea, 
electrolytes and glucose between the 3-week-old 
partial BOO rabbits and previously obtained age- 
matched, sham-operated controls (results not shown).

Bladder weights

The weights of the control and BOO rabbits did not 
differ significantly. However, there was a significant 
increase {p = 0.002) in the bladder weights of the 3- 
week partial BOO rabbits compared to previously 
obtained age-matched sham-operated controls (Table 
I).

BrdU incorporation

BQ123 and BQ788 did not influence detrusor or 
bladder neck SMC BrdU incorporation in the presence 
of FCS or CRS. However, in the presence of BRS, 
BQ123 (100 nmol/L) and BQ788 (100 nmol/L) 
significantly (p = 0.008; in all cases) inhibited detrusor 
and bladder neck SMC BrdU incorporation (Table U).

Cell count
Cell counts performed at 48 h were significantly 
reduced from the detrusor (p = 0.03, p = 0.01 for

Table II. Effect ofET^, (BQI23) and ETg (BQ788) antagonists on the level of BrdU incorporation by 3-week BOO detrusor and bladder neck, 
smooth muscle cells in the presence o f BOO rabbit serum (BRS). The incorporation of BrdU in the presence o f FCS alone and CRS alone is 
also shown. The results are expressed as median and range (absorbance at 450 nm)

FCS alone CRS alone BRS alone
BRS +  lOOnMol 
BQ123

BRS 4- lOOnMol 
BQ788

Detrusor 
Bladder neck

***0.88 (0.65-1.16) 
++0.57 (0.38-0.78)

**0.77 (0.63-1.11) 
+0.61 (0.38-0.83)

1.6(1.34-1.67) 
0.82 (0.68-0.89)

*1.16(0.92-1.25) 
*0.51 (0.46-0.55)

*1.18 (1.01-1.35) 
*0.50 (0.48-0.60)

Detrusor = FCS alone vs BRS alone *** p  = 0.001 ; CRS alone vs BRS alone **p = 0.002; BRS alone vs BRS +  BQ123 and BRS alone vs 
BRS -f BQ788 *p = 0.008.
Bladder neck = FCS alone vs BRS alone -\--\-p = 0.01; CRS alone vs BRS alone +p = 0.04; BRS alone vs BRS 4- BQI23 and BRS alone vs 
BRS-FBQ788 = 0.008.
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Table III. Ejfect o f ET^ (BQ123) and ETb (BQ788) antagonists on three-week BOO detrusor and bladder neck smooth muscle cell counts 
the presence o f BOO rabbit serum (BRS). Results are given as median and range ( x l ( f  cells/ml)

BRS alone BRS +  100 nMol BQ123 BRS 4-100 nMol BQ788

Detrusor 0.9 (0.8-1.2) *0.7 (0.4-0.8) **0.6 (0.4-0.8)
Bladder neck 0.6 (0.6-0.8) **0.2 (0.01-0.4) **0.4 (0.2-0.4)

Detrusor = BRS alone vs BRS +  100 nMol BQ123 *p =  0.03.
BRS alone vs BRS +  100 nMol BQ788 **p = O.Ol.
Bladder neck = BRS alone vs BRS +  100 nMol BQ123 **p = 0.01. 
BRS alone vs BRS +  100 nMol BQ788 **p = O.Ol.

BQ123 [100 nmol/L] and BQ788 [100 nmol/L], 
respectively) and bladder neck (p = 0.01 for both 
BQ123 [100 nmol/L] and BQ788 [100 nmol/L]) in 
the presence of BRS (Table III). However, BQ123 and 
BQ788 did not influence detrusor or bladder neck SMC 
counts in the presence of FCS or CRS,

a-smooth muscle actin

a-SM actin was detected in all the cells obtained from 
the detrusor (Fig. 1) and bladder neck (Fig. 2).

DISCUSSION

Urinary BOO has been shown to induce changes in 
bladder morphology, physiology and pharmacology
(18). These changes include hypertrophy and hyper
plasia of the bladder smooth muscle (4). Similarly, one 
of the most striking features of experimentally induced 
BOO is the increase in mass of this organ (19). This 
change has been attributed to connective tissue 
deposition, tissue oedema and smooth muscle hyper
trophy and/or hyperplasia (20). The structural changes 
of the urinary bladder after BOO have been extensively 
studied. At an ultrastructural level, short-term obstruc
tive changes are observed in the smooth muscle, 
interstitial and neuronal compartments (21). Several 
studies have demonstrated that significant proliferative 
activity is actually implicated in this process (22,23). 
However, it is not known what triggers the proliferative 
process. It has been postulated that the initial signal for 
DNA synthesis might be the primary distension of the 
bladder following partial BOO. Ischaemia or anoxia do 
not appear to be necessary factors for distension- 
induced DNA synthesis (21).

Our study, in agreement with others (19), demon
strates that in a rabbit model of partial BOO after 3 
weeks there is a significant increase in urinary bladder 
weight. We have also demonstrated using BrdU and 
cell count techniques that ETa. (100 nmol/L) and ETg 
(100 nmol/L) antagonists were able to inhibit SMC 
proliferation of the detrusor and bladder neck in the 
presence of 3-week partial BOO serum. ET-1 is a 
vasoconstrictive peptide with known mitogenic proper

ties (11). Hence, the observation that ET^ and ET 
antagonists were able to inhibit SMC proliferatio 
suggests that ET-1 may be involved, at least in part, i 
the bladder proliferative process seen in partial BOG 
The finding that ET antagonists only inhibited SM( 
proliferation in the presence of serum obtained from 3 
week-old partial BOO rabbits suggests that thes< 
rabbits have an increased circulating level of ET 
compared to controls. This may be a reflection o 
elevated local production of ET-1 by the urinar) 
bladder. In humans and rabbits, ET-1 is known to bt 
synthesized by vascular and non- vascular SMC and b) 
fibroblasts in the urinary bladder (7). Hence, in partial 
BOO there might be an elevated local and systemic 
production of ET-1 that subsequently leads to bladdei 
SMC proliferation. Diabetes mellitus (DM) is anothei 
pathological state where an increase in bladder weight 
is noted (24). In this condition, elevated circulating 
levels of ET-1 have been reported (25), further 
strengthening the association between ET-1 and 
increased bladder weight. Unfortunately, it was not 
possible to measure circulating ET-1 levels in the 
control and partial BOO rabbits. This is because the 
kits used to measure the circulating levels of ET-1 are 
based on antibodies that are conjugated against the 
rabbit.

As we have demonstrated that both ET a and ETg 
antagonists inhibit SMC proliferation, ET-1-mediated 
SMC proliferation may involve both ET^ and ETg 
receptors. To this effect, we have recently demon
strated in the same animal model, using in vitro 
autoradiography, that that there is an up-regulation of 
these receptor subtypes in the urinary bladder (unpub
lished data).

The present study demonstrates that ET a and ETg 
antagonists only inhibited SMC proliferation at the 
highest concentration used (100 nmol/L). The inhibi
tion by the ET antagonists is unlikely to be due to 
toxicity, since the same concentration of these antago
nists did not inhibit SMC proliferation in the presence 
of CRS or FCS. At lower concentrations (10 and 30 
nmol/L) ETa and ETg antagonists did not inhibit SMC 
proliferation, suggesting that the effective inhibitory
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Fig. I. Dense staining of all 
the cells (obtained from 3- 
week partial BOO detrusor) 
for a-smooth muscle actin, 
confirming that the cells are 
smooth muscle cells.

Fig. 2. Dense staining of all 
the cells (obtained from 
three-week partial BOO 
bladder neck).

dose of these antagonists is in the high nanomolar 
range. Other workers have also used ET antagonists, at 
similar concentrations, in cell culture models (26,27).

The functional significance of this proliferative 
process is not known. However, patients with partial 
BOO can develop elevated voiding pressures (28) as 
part of a compensatory response of the detrusor to the 
increasing demands created by the obstruction to 
urinary flow. This compensatory response may account 
for the improvement in symptoms experienced by some

men with BPH who are managed by “watchful wait- 
ing" (29).

The role of ET-1 in the pathophysiology of urinary 
bladder function in BOO is not fully understood. ET-1 
can induce the synthesis of growth factors such as 
platelet-derived growth factor (PDGF) and transform
ing growth factor-^ (TGF-))) (30). Whilst, insulin-like 
growth factor-1 (IGF-1) and epidermal growth factor 
(EGF) may stimulate the synthesis of ET-1 (31). 
Hence, ET-1-mediated SMC proliferation in BOO

Scand J Urol Nephrol 34
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may be multifactorial, involving the interaction be
tween ET-1 and various growth factors. Further work is 
needed to confirm these possibilities. 
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Abstract Bladder outlet obstruction (BOO) is associated 
with altered bladder structure and function. Endothelin- 
1 (ET-1) has mitogenic and potent contractile properties. 
There are two ET receptors: ETa and ETg. Nitric oxide 
synthase (NOS) is the enzyme responsible for the syn
thesis of nitric oxide (NO) which is involved in smooth 
muscle relaxation. We investigated whether there are 
any changes in the density of ET-receptors and NOS in 
the detrusor and bladder neck in a rabbit model of BOO. 
Partial BOO was induced in adult m^le New Zealand 
White rabbits. Sham operated age-matched rabbits act-' 
ed as controls. After six weeks the urinary bladders were 
excised and detrusor and bladder neck sections incu
bated with radioligands for ET-1, ETa and ETb recep
tors and with [^H]-1-N0ARG (a ligand for NOS). 
NADPH histochemistry was also performed. BOO 
bladder weights were significantly increased (P = 0.002). 
ET-1 binding and ETa receptor binding sites were sig
nificantly increased in the BOO detrusor smooth muscle 
(P = 0.04, P = 0.03 respectively) and urothelium 
(P =  0.002, P = 0.02 respectively). ETg receptor binding 
sites were also significantly increased in the BOO de
trusor smooth muscle (P = 0.04). However, there was no 
change in the BOO bladder neck. NOS was significantly 
decreased in the detrusor smooth muscle (P =  0.003) 
and urotheliuni (P =  0.0002). In the bladder neck NOS 
was also significantly reduced in the urothelium 
(P =  0.003). NADPH staining was decreased in the de
trusor and bladder neck. The up-regulation of ET re
ceptors along with the down-regulation of NOS in the 
detrusor may contribute to the symptoms associated 
with BOO. Since ET-1 has a mitogenic role, especially
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via its ETa receptors, the increase in ETa receptors may 
also be involved in detrusor hyperplasia and hyper
trophy in BOO. ET antagonists may therefore have a 
role in the treatment of patients with BOO.

Key words Endothelin receptors • Nitric oxide 
synthase • Rabbit • Bladder obstruction

Introduction ,

Bladder outlet obstruction (BOO) results in significant 
changes in bladder structure and function [41]. These 
include detrusor hypertrophy/hyperplasia [7], elevated 
voiding pressures [37] and detrusor instability [38]. De
trusor instability describes a urodynamic phenomenon 
defined in 1988 as 'the unstable bladder’; in this state it 
is shown objectively to contract, spontaneously or on 
provocation, during the filhng phase while the patient 
is attempting to inhibit micturition [14]. To further 
understand the pathophysiology of BOO, numerous 
animal models have been produced [10, 31, 26, 25, 11]. 
Despite this, our knowledge of the underlying patho
physiology of many of these changes, particularly 
detrusor instability, still remains uncertain.

Endothelin-l (ET-1) is a potent vasoconstrictor pep
tide [44]. Two major ET receptors have been identified 
and cloned: ETa and ETg [2]. In humans and rabbits, 
ET-1 is synthesised by vascular and nonvascular smooth 
muscle cells and by fibroblasts in the urinary bladder 
[32]. The extensive distribution of ET-1 synthesis in the 
urinary bladder, occurring in almost all cell types, sug
gests that this peptide could play a role in bladder wall 
modelling, the control of bladder smooth muscle tone 
and the regulation of local blood flow [32]. The activity 
of ET-1 is probably mediated via both autocrine [32] and 
paracrine [13] mechanisms. ET-1 elicits concentration- 
dependent contractions in smooth muscle strips from 
human and rabbit urinary bladders indicating the pres
ence of functional BT receptors in both these species [32, 
23]. ETa receptors mediate the vasoconstrictor action of
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ET-1 [20]. This response is related to the stimulation of 
phospholipase C activity that leads to the formation 
of inositol 1,4,5-trisphosphate and diacylglycerol. The 
former increases the intracellular calcium concentration, 
which in turn causes vasoconstriction [35].

The role of ET-1 is modulated by nitric oxide (NO) 
released by the endothelium [20]. NO is synthesised 
from-l-arginine by NO synthase (NOS) [5]. ET-1 and 
NO are widespread cell signalling molecules that have 
opposite effects. ET-1, the most potent endogenous va
soconstrictor and NO, the most potent endogenous va
sodilator, form a paracrine/endocrine control cycle with 
a negative feedback mechanism [13]. Besides their con
trasting and antagonistic actions, ET-1 and NO may 
regulate each other’s synthesis [ij. ET-1 binding to its 
ETb receptors is th o u ^ t to mediate vasorelaxation by 
stimulating nitric oxide (NO) formation [12]. However, 
ETb receptors may also mediate smooth muscle cell 
contraction [43].

Several techniques have been developed to study the 
distribution and activity of NOS, as an indirect measure 
of NO. This has previously been studied in the urinary 
tract using the NADPH-diaphorase technique [36] and 
anti-NOS antibodies [30]. These techniques allow the 
distribution of NOS to be determined with greater sen
sitivity, but cannot quantify the activity of the 1-argi- 
nine:NO pathway. Previous autoradiographic studies 
have described the localisation of NOS binding sites in 
both brain [18] and peripheral tissues [39], using [^HJ-1- 
N^-nitroarginine ([ H]-1-N0ARG) as a radioligand. 
This allows a quantitative assessment of receptor bind
ing sites, an important factor when attempting to com
pare control and experimental tissue.

Diabetes mellitus (DM) is associated with atonic or 
hyper-reflexic bladders [17]. These abnormalities may 
relate to changes in ET receptor density and NOS 
binding sites as we have recently documented an in
creased expression of ETb receptors and increased NOS 
binding sites in the detrusor and bladder neck of diabetic 
rabbits [26-28].

The rabbit model of partial BOO is thought to be 
representative of BPH in humans [3]. Hence, we used this 
model to investigate ET receptors and the density and 
distribution of NOS binding sites in the detrusor and 
bladder neck to determine whether there are any changes 
that may play a role in the pathophysiology of BOO.

Materials and methods

Animals

Adult male New Zealand White (NZW) rabbits (3 kg) were used 
(n = 6; each for sham operated controls and six-week partial BOO). 
All animals were fed ad libitum with SDS standard plain diet (SDS, 
Witham, UK) and allowed free access to water.

Induction of partial bladder outlet obstruction

Under general anaesthesia, a urinary catheter (Foley, C.R. Bard 
International Ltd, Crawley, UK) size 8 Fr gauge was inserted. After

performing a lower midline laparotomy, a silk ligature was applied 
around the proximal urethra. The urinary catheter was then re
moved. The laparotomy incision was then closed and the animal 
allowed to recover. Sham operated controls underwent the same 
surgical procedure without inserting a proximal urethral ligature.

Post-operatively, the animals were given, subcutaneously, once 
daily 50 mg of enrofloxacin (Bayer, Newbury, UK) antibiotic for 
5 days as a prophylaxis against infection.

Blood sampling

Blood was sampled at weekly intervals, via the middle ear vein, for 
serum creatinine, urea and electrolytes.

Preparation of tissues for autoradiographs

Following cervical dislocation, the urinary bladders from six-week 
partial BOO and age-matched sham operated controls were excised 
and weighed. They were subsequently divided into detrusor and 
bladder neck at the level of ureteric orifice. The tissues were then 
stored immediately at 70°C in airtight containers until used. The 
tissues stored at 70°C were subsequently mounted in AMES OCT 
embedding compound (BDH Laboratory Supplies, Poole, UK) and 
transverse sections (10 pmm) were cut in a cryostat at approxi
mately 20®C and thaw-mounted onto gelatinised microscope slides. 
The slides were stored at 70“C in airtight containers until use.

Autoradiographic studies

Prehminary ET-1 binding studies (saturation analysis) were per
formed, where consecutive serial 10 pmm transverse sections were 
pre-incubaW in 50 mM Tris fiCl buffer, pH 7.4, for 15 min at 
22°C in order to reduce endogenous peptide levels. These were then 
incubated (2 h at 22°C) in buffer containing 5 mM MgCl̂ , 1% 
bovine serum albumin and 100 kiu/ml aprotonin in the presence 
of 0.003-1 nM '̂ l̂-labelled ET-1 (Amersham International, 
Amersham, UK). The ‘̂ Î-labelled ET-1, ETa and ET» binding 
sites were identified using the selective radioligands l-labelled 
PD151242 (ETa) [4] and '̂ Î-labelled BQ3020 (ETb) [33] (Amer
sham International, Amersham, UK). Non-specific binding was 
established by incubating adjacent sections in the presence of 
1 jftnmol/1 unlabeled ET-1 (Bachem Fine Chemicals, Switzerland). 
Sections were then washed (twice for 10 min at 4®C) and binding 
determined by wiping sections from microscope slides and mea
suring bound in a gamma counter. Receptor affinity (K d) was 
calculated using GraphPad Inplot Software (Graph Pad, San 
Diego, California, USA).

Quantitative assessment of '̂ Î-labelled ET-1, *̂ Î-labelled 
PD151242 (ETa) and ‘̂ Î-labelled BQ3020 (ETb) binding 
to rabbit urinary bladder

Serial consecutive 10 pmm sections from control and six-week par
tial BOO detrusor (m — 18 each for control and BOO; three sections 
were taken from each animal) and bladder neck (« = 18 as for 
detrusor) were pre-incubated, as described above.They were then 
incubated for 120 min, at 22°C, in buffer containing 0.15 nM 
'^̂ I-labelled ET-1, 0.15 nM, ‘^̂ I-labelled PD151242 and 0.3 nM 
'̂ Î-labelled BQ3020 (concentration above the Kd values deter
mined from the saturation study). The degree of non-specific binding 
was established by incubating alternate detrusor (« = 18, as de
scribed above) and bladder neck sections (« = 18; as described 
above) in the presence of 1 pmM unlabelled ET-1. Slides were wa
shed twice in buffer for 10 min, dipped in 4°C distilled water and 
then dried in a stream of cold air. Low-resolution autoradiography 
was carried out by exposing sections to Hyperfilm 3H (Amersham 
International, Amersham, UK) in X-ray cassettes for 3 days. Den- 
sitometric analysis was performed using an imaging system (Model 
GS-700 Imaging Densitometer, BIO-RAD, Hertfordshire, UK).
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sinding was expressed in terms of radioligand bound (disintegra- 
pns per min; dpm) per unit area calculated from standard 
jurves generated by microscales (Amersham International, 
Imersham, UK) that were co-exposed with tissue sections.

Microscopic localisation (high-resolution autoradiography) of 
linding sites was performed by post-fixing the tissues in para- 
ormaldehyde vapour (2 h at 80°C) and coating the slides with 
polten nuclear emulsion (LM-1, Amersham International, Amer- 
iham, UK). Slides were then stored in light proof boxes with 
jiessicant for up to 8 days at 4°C, after which they were processed 
p D19 high contrast developer (Kodak, UK) and fixed (Hypam, 
Iford, UK). The underlying tissues were stained with haematoxylin 
Lnd edsin (H&E) and high-resolution autoradiographs were viewed 
p  an Olympus BXSO microscope and selected tissues photd- 
traphed where appropriate.

Quantitative assessment of [^H}-1-N0ARG (NOS) binding 
;o rabbit urinary bladder

fhis was carried out essentially the same way as for ET-1, ETa, and 
Tg as described above. Consecutive serial sections from the con- 

rol and six-week partial BOO detrusor (« = 18; as described above) 
knd bladder neck {n = 18; as described above) were incubated in 
pris buffer containing 3 mM CaCl; and lOnM [^H]-l-NOARG 
specific activity 55 Ci/mmol; Amersham International, Amersham, 
jjK) for 60 min at 4°C. The degree of non-specific binding being 
pstablished by incubating alternate detrusor (n = 18; as described 
pbove) and bladder neck sections (n = 18; as described above) sec- 
ions in the presence of 10 pmM unlabelled 1-arginine. After incu
bation, the slides were washed in buffer (four times for 2 min) to 
educe non-specific binding, dipped in glass distilled water (4°C) and 
dried in a stream of cold air. Low-resolution autoradiography was 
carried out by exposing sections to Hyperfihp (Amersham 
mtemational, Amersham, UK) in X-ray cassettes for 12 weeks, 
bensitometric analysis was performed as described above. The 
degree of binding was also expressed as described above.

bJADPH diaphorase histochemistry

t-ocalisation of putative NO-producing cells was performed by 
^JADPH diaphorase histochemistry as recently described [30]. 
priefly, control and six-week partial BOO detrusor (n = 6 each) and 
bladder neck (n = 6 each) sections, as used for autoradiographic 
hnalysis, were fixed for 30 min in 3% paraformaldehyde at 4°C. 
pfhey were subsequently rinsed and incubated for 1 h at 37°C with 
1 mg/ml pb-NADPH and 0.2 mg/ml nitro blue tétrazolium dis
solved in 0.1 M phosphate buffer (pH 7.6) containing 0.2% Triton 
{X-IOO. The sections were then rinsed under running tap water and 
Stained with eosin. The NADPH diaphorase-reactive cells (blue 
staining) were observed by using an Olympus BX50 microscope 
(London, UK). In control experiments in which NADPH was ex
cluded, no staining occurred. Selected sections were photographed.

jStatistical analysis

/kll data are presented as median and range. Mann-Whitney two- 
tailed tests were used for the statistical analyses.

The principles of laboratory animal care were followed and 
Home Office approval was sought prior to starting the study.

Results

Animal and bladder weights and serum creatinine, 
urea and electrolyte concentrations

The starting and final weight in both the control and six- 
week partial BOO rabbits were similar (data not shown).

However, the six-week partial BOO rabbit urinary 
bladders were significantly heavier [2.1 g (1.8-2.3) vs 
23 g (14-28); P =  0.002] than the age matched controls. 
There were no significant changes in the plasma creati
nine, urea and electrolytes in either the control or 
six-partial BOO rabbits (data not shovra).

Autoradiography

Binding studies confirmed that '^^I-labelled ET-1, 
labelled PD151242 and ‘^^I-labelled BQ3020 all bound 
in a concentration-dependent manner to the detrusor 
and bladder neck sections. Saturation analysis showed 
that binding was to high affinity sites with Kd values 
in the sub-nanomolar range. Fixed concentrations of 
the radioligands (based on the Kd values) were then 
subsequently used in the autoradiographic experiments.

BT-1, ETa, ETb receptor and [ H]-1-n o a r g

BINDING SITES

There was dense '^^I-labelled ET-1, ^^^I-labelled 
P D l51242 (ETa), ‘^^I-labelled BQ3020 (ETb) and pH]-l- 
NOARG binding to all the detrusor (Fig. 1 and 2) and 
bladder neck (data not shown) sections in the control and 

V six-week partial & 00 rabbits. The non-specific binding 
in the presence of 1 pmM unlabelled ET-1 was less than 
10% for ‘^^I-labelled ET-1, ‘^^I-labelled PD151242 and 
‘^^I-labelled BQ3020 (Fig. 1). Similarly, the specificity of 
[^H]-l-NOARG binding to tissue sections was confirmed 
by the significant reduction (>90% ) in binding in the 
presence of 1-arginine (Fig, 2).

Intense *^^I-labelled ET-1 binding was seen in the 
urothelium- and smooth muscle cells of the detrusor and 
bladder neck in the controls and six-week partial BOO 
rabbits. Densitometric analysis of the film images indi
cated that ’^^I-labelled ET-1 binding to the detrusor 
smooth muscle and urothelium significantly increased 
(P = 0.04, P = 0.002 respectively) in the six-week partial 
BOO rabbits compared to controls (Table 1 and Fig, 1).

The '^^I-labelled P D l51242 and ‘^^I-labelled BQ3020 
(ETa and ETb receptor binding sites, respectively) 
binding showed a similar distribution to ^^^I-labelled ET- 
1 binding (Fig. 1). Densitometric analysis revealed a sig
nificant increase in ETa (P =  0.03) and ETb (P =  0.04) 
receptor binding sites in the six-week partial BOO de
trusor smooth muscle (Table 1 and Fig. 1). ETa receptor 
binding was also increased in the six-week partial BOO 
detrusor urothelium (P — 0.02) (Table 1 and Fig. 1). 
There was no change in the density of either ETa or ETb 
receptor binding in the bladder neck (data not shown).

NOS binding sites were significantly decreased in 
the six-week partial BOO detrusor smooth muscle 
(P =  0.003) and urothelium (P =  0.0002) (Table 2, 
Fig. 2). In the six-week partial BOO bladder neck NOS 
binding sites were also significantly decreased in the 
urothelium (P =  0.003) (Table 2, Fig. 3).
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CONTROL
TOTAL N.S.B.

ET. 1

ETA

.'"T: v.v.

OBSTRUCTED 
TOTAL N.S.B.

ET. B

Fig. 1 ET receptor distribution on control and obstructed rabbit 
detrusor. Film autoradiographs (low-resolution) from control and 
obstructed sections incubated in '^^I-labelled ET-1 (ET.I), PD151242 
(ET.A) and BQ3020 (ET.B) alone (total binding) and in the presence 
o f excess unlabelled ET-1 (non-specific binding, N.S.B.). Ur urothe
lium, SM  smooth muscle. Bar — 2.5 mm

Table 1 Photodensitometric analysis o f  ET-1, ETa and ETg re
ceptor binding in the detrusor smooth muscle and urotheUum of  
control and six-week partial bladder outlet obstruction (BOO) 
rabbits. Results are expressed as median and (range)

Receptor binding 
(dpm xlOOO/mm^)

Control median 
(range)

6-week BOO 
median (range)

Smooth muscle
ET-1 61.7 69.7*

(54.3-65.9) (59.6-80.3)
ETa 39.0 47.7 **

(23.7-49.5) (39.0-63.6)
ETb 29.6 33.7*

(20.3-42.6) (25.6-57.9)
Urothelium

ET-1 38.7 57.8***
(33.9-45.5) (49.6-67.4)

ETa 23.0 38.4*
(11.9-31.9) (27.6-49.7)

ETb 21.9 25.2
(14.8-28.7) (19.0-36.7)

Significant difference between corresponding medians *{P  =  0.04), 
**{P =  0.03), ***{P  =  0.002), \ P  =  0.02)

Examination of the underlying tissues at high-reso
lution revealed marked binding of ET-1 to the urothe
lium, smooth muscle cells and blood vessels (Fig. 4). 
There was also marked binding of ETa and ETb re
ceptors in the smooth muscle cells and blood vessels 
(Fig. 5 and 6 respectively). The pH]-l-NOARG binding 
sites were also similarly distributed (data not shown).

NADPH diaphorase histochemistry

Tissue sections from the control detrusor and bladder 
neck exhibited positive NADPH diaphorase activity 
(Fig. 7). The NADPH-diaphorase activity was evident 
predominantly in and around the urothelium of all regions 
and, to a much lesser extent, also in the smooth muscle. In 
the six-week partial BOO detrusor and bladder neck, 
NADPH-diaphorase activity was undetectable (Fig. 7).

Discussion

Benign prostatic hyperplasia (BPH) is the commonest 
known benign proliferative disorder. At the beginning of 
this decade almost 50% of all men aged 60-69 years in 
the UK had symptomatic BPH [6]. It affects more than 
800,000 men in the United States each year [42]. An 
estimated 85% of all men older than 50 years have
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Fig. 2 [^H}-1-N0ARG binding 
o control and obstructed rabbit 
detrusor {dome). Film autora- 
liographs from sections of 
:ontrol (CON) and obstructed 
detrusor ( 0 5 5 )  incubated in 

H J-l-NO ARG  alone (total 
sinding) (identifying putative 
regions o f N O  synthase 
activity). Non-specific binding 
[MSB) determined in the pres
ence o f  excess- 1-arginine. Ur 
lurothelium, S M  sm ooth mus
cle. Bar — 2.5 mm

CON

TOTAL DOME MSB

OBS

Ï Ï Î K a î

Table 2 Photodensitometric analysis o f  [^H H -N O A R G  (NO S) 
binding sites in the detrusor and bladder neck sm ooth muscle 
and urothelium o f control and six-week partial bladder outlet 
obstruction (BOO) rabbits. Results are expressed as median and 
(range)

Receptor binding 
(dpm X  1000/mm^)

Control median 
(range)

6-week BOO 
median (range)

Detrusor 
Sm ooth muscle 2.47 2.02*

(2.05-2.7) (1.56-2.65)
Urothelium 2.84 1.53**

(2.1-3.05) (1.07-1.60)
Bladder neck , 

Sm ooth muscle 2.57 2.38
(1.33-4.07) (1.64-3.89)

Urothelium 2.4 1.83*
(1.9-3.66) (1.35-2.60)

Significant difference between corresponding medians *{P =  
0.003), **{P =  0.0002)

symptoms arising from BPH [29]. By the ninth decade of 
life 50% of all American men require treatment for 
symptomatic relief of clinical BPH [29]. Symptoms of 
BPH are either obstructive or irritative or both. Ob
structive symptoms are the result of urethral narrowing 
and include a weak stream flow, urinary hesitancy, in
complete bladder voiding and terminal dribbling [15]. 
Urinary frequency, nocturia and urgency are considered 
as irritative symptoms and are often associated with

detrusor instability [15]. Detrusor instability has been 
demonstrated to occur in more than 60% of men with 
BOO due to BPH [19]. Similar results have also been 
demonstrated in animal models of BOO [37].

In this ^udy, using a rabbit model of partial BOO, we 
have demonstrated that after six weeks there is a signi
ficant increase in the bladder weights. We also report 
a significant increase in ET-1, ET^ and ETg receptor 
binding sites in the six-week partial BOO detrusor. 
High-resolution autoradiographs showed receptor 
binding to be associated with smooth muscle cells and 
blood vessels. NOS binding sites were also significantly 
decreased in the detrusor smooth muscle and urothelium 
and bladder neck urothelium of six-week partial BOO 
rabbits. NADPH-diaphorase activity was undetectable 
in the detrusor and bladder neck of six-week partial 
BOO rabbits compared to controls.

BOO has been shown to induce changes in the bladder 
morphology, physiology and pharmacology [21]. These 
changes include hypertrophy and hyperplasia of the 
bladder smooth muscle [7]. Similarly, one of the most 
striking features of experimentally-induced BOO is the 
increase in mass of this organ [24]. This change has been 
attributed to connective tissue deposition, tissue oedema 
and smooth muscle hypertrophy and/or hyperplasia [40].

ET-1 is known to induce smooth muscle cell mitogen- 
esis [16]. This is thought to primarily involve ETa recep
tors [16], although ETg receptors have also been shown to
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Fig. 3 [^H H -NO AR G  binding 
to control and obstructed rabbit 
bladder neck (BN). Film auto
radiographs o f  [^H]-1-N0ARG  
binding to control (CON) and 
obstructed (OBS) bladder neck, 
generated as in Fig. 2.
Bar =  2.5 mm

TOTAL

CON

m

t

Fig. 4 High-resolution autora
diographs o f ['^^I]-ET-1 
binding to obstructed detrusor. 
Autoradiographs generated'On 
nuclear emulsion from a section 
o f obstructed (6-week) detrusor 
incubated in [‘ ^I]-ET-1. Bind
ing evident as dark grains. 
Underlying tissue stained with 
H + E. Top panels Section in
cubated in [*^^I]-ET-1 alone 
(total binding). Lower panels 
Section incubated in the pres
ence o f  excess unlabelled ET-1 
(non-specific binding). Left 
Urothelium (Ur), Middle 
smooth muscle (SM ), Right 
Blood vessel (Av).
Bar =  100 pm

play a role in cell proliferation [22]. Hence, the increase in 
ETa and ETg receptors along with increased ET-1 bind
ing, in the rabbit model of partial BOO, may play a role in 
the increase in bladder weights through smooth muscle 
cell hyperplasia and hypertrophy. The increase in the 
bladder weights may be a compensatory response to the 
increased resistance to urinary flow produced in BOO. 
This change may enable the bladder to generate increased 
intravesical pressure to allow micturition to occur.

ET-1 is a potent vasoconstrictor peptide that is 
known to constrict detrusor smooth muscle [23]. ETa 
receptors mediate the vasoconstrictor action of ET-1 by 
stimulating phospholipase C, which leads to the for

mation of inositol 1,4,5-triphosphate and diacylglycerol. 
The former increases the intracellular calcium concen
trations, which in turn causes the vasoconstriction [35]. 
Currently, two ETg-subtypes are thought to exist (ETg, 
on endothelium cells mediating vasodilation via the NO 
system and ETg2 -mediating smooth muscle contraction) 
[43]. ET-1 is produced locally in the urinary bladder [32] 
and functions in a paracrine/autocrine manner [32, 13]. 
Hence, the up-regulation of ETa and ETg receptors and 
their subsequent stimulation by ET-1 may result in in
creased detrusor contractility.

NO synthesised from 1-arginine by NOS [5] is a potent 
vasodilator. ET-1 and NO are thought to regulate each
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Fig. 5 High-resolution autora
diograph o f  ETa binding to 
obstructed detrusor. Autora
diographs (generated on 
nuclear emulsion as in Fig. 4), 
from a section incubated in 
(’^^I]-PD151242 (ETa binding). 
Left Focussed on grains (ETa 
binding sites). Right H +  E- 
stained underlying tissue. SM  
Smooth muscle, bv blood vessel. 
Bar =  100 pm

Fig. 6 High-resolution autora
diograph o f  ETb binding to 
obstructed detrusor. Autora
diographs (generated on nuclear 
emulsion as in Fig. 4), from a 
section incubated in 
BQ3020 (ETa binding). Left 
Focussed on grains (ETb 
binding sites), Right H + E- 
stained underlying tissue. SM  
sm ooth muscle, bv blood vessel. 
Bar =  100 pm
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Fable 2 Photodensitometric analysis o f  [^H ]-l-NO ARG  (NOS) 
binding sites in the detrusor and bladder neck sm ooth muscle 
înd urothelium o f control and six-week partial bladder outlet 
obstruction (BOO) rabbits. Results are expressed as median and 
[range)

Receptor binding 
[dpm X  1000/mm^)

Control median 
(range)

6-week BOO 
median (range)

Detrusor
Sm ooth muscle 2.47 2.02*

(2.05-2.7) (1.56-2.65)
Urothelium 2.84 1.53**

(2.1-3.05) (1.07-1.60)
Bladder neck »

Sm ooth muscle 2.57 2.38
(1.33-4.07) (1.64-3.89)

Urothelium 2.4 1.83*
(1.9-3.66) (1.35-2.60)

Significant difference between corresponding medians *{P =  
0 003), **{P =  0.0002)

symptoms arising from BPH [29]. By the ninth decade of 
life 50% of all American men require treatment for 
symptomatic relief of clinical BPH [29]. Symptoms of 
BPH are either obstructive or irritative or both. Ob
structive symptoms are the result of urethral narrowing 
and include a weak stream flow, urinary hesitancy, in
complete bladder voiding and terminal dribbling [15]. 
Urinary frequency, nocturia and urgency are considered 
as irritative symptoms and are often associated with

detrusor instability [15]. Detrusor instability has been 
demonstrated to occur in more than 60% of men with 
BOO due to BPH [19]. Similar results have also been 
demonstrated in animal models of BOO [37].

In this ^udy, using a rabbit model of partial BOO, we 
have demonstrated that after six weeks there is a signi
ficant increase in the bladder weights. We also report 
a significant increase in ET-1, ETa and ETg receptor 
binding sites in the six-week partial BOO detrusor. 
High-resolution autoradiographs showed receptor 
binding to be associated with smooth muscle cells and 
blood vessels. NOS binding sites were also significantly 
decreased in the detrusor smooth muscle and urothelium 
and bladder neck urothelium of six-week partial BOO 
rabbits. NADPH-diaphorase activity was undetectable 
in the detrusor and bladder neck of six-week partial 
BOO rabbits compared to controls.

BOO has been shown to induce changes in the bladder 
morphology, physiology and pharmacology [21]. These 
changes include hypertrophy and hyperplasia of the 
bladder smooth muscle [7]. Similarly, one of the most 
striking features of experimentally-induced BOO is the 
increase in mass of this organ [24]. This change has been 
attributed to connective tissue deposition, tissue oedema 
and smooth muscle hypertrophy and/or hyperplasia [40].

ET-1 is known to induce smooth muscle cell mitogen- 
esis [16]. This is thought to primarily involve ETa recep
tors [16], although ETg receptors have also been shown to
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Fig. 4 High-resolution autora
diographs o f  ['^^I]-ET-1 
binding to obstructed detrusor. 
Autoradiographs generated-'On 
nuclear emulsion from a section 
of obstructed (6-week) detrusor 
incubated in [‘ ^I]-ET-1. Bind
ing evident as dark grains. 
Underlying tissue stained with 
H + E. Top panels Section in
cubated in ['^^1]-ET-1 alone 
(total binding). Lower panels 
Section incubated in the pres
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play a role in cell proliferation [22]. Hence, the increase in 
ETa and ETb receptors along with increased ET-1 bind
ing, in the rabbit model of partial BOO, may play a role in 
the increase in bladder weights through smooth muscle 
cell hyperplasia and hypertrophy. The increase in the 
bladder weights may be a compensatory response to the 
increased resistance to urinary flow produced in BOO. 
This change may enable the bladder to generate increased 
intravesical pressure to allow micturition to occur.

ET-1 is a potent vasoconstrictor peptide that is 
known to constrict detrusor smooth muscle [23]. ETa 
receptors mediate the vasoconstrictor action of ET-1 by 
stimulating phospholipase C, which leads to the for

mation of inositol 1,4,5-triphosphate and diacylglycerol. 
The former increases the intracellular calcium concen
trations, which in turn causes the vasoconstriction [35]. 
Currently, two ETg-subtypes are thought to exist (ETg, 
on endothelium cells mediating vasodilation via the NO 
system and ETsz-mediating smooth muscle contraction) 
[43]. ET-1 is produced locally in the urinary bladder [32] 
and functions in a paracrine/autocrine manner [32, 13]. 
Hence, the up-regulation of ETa and ETg receptors and 
their subsequent stimulation by ET-1 may result in in
creased detrusor contractility.

NO synthesised from 1-arginine by NOS [5] is a potent 
vasodilator. ET-1 and NO are thought to regulate each
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Fig. 5 High-resolution autora
diograph o f  ETa binding to 
obstructed detrusor. Autora
diographs (generated on 
nuclear emulsion as in Fig. 4), 
from a section incubated in 
[‘^^I]-PD151242 (E T a binding). 
Left Focussed on grains (ETa 
binding sites). Right H +  E- 
stained underlying tissue. S M  
Sm ooth muscle, by blood vessel. 
Bar =  100 pro

Fig. 6 High-resolution autora
diograph o f  ETb binding to 
obstructed detrusor. Autora
diographs (generated on nuclear 
emulsion as in Fig. 4), from a 
section incubated in 
BQ3020 (E T a  binding). Left 
Focussed on grains (ETb 
binding sites), Right H + E- 
stained underlying tissue. SM  
sm ooth muscle, bv blood vessel. 
Bar — 100 pm
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Fig. 7 N A D P H  histochemistry 
on control and obstructed rab
bit detrusor and bladder neck. 
Photomicrographs from sec
tions o f  control {CO N T) and 
obstructed (6-week, OBS) de
trusor {BD) and bladder neck 
[BM] used for N A D P H  histo
chemistry. Blue reaction prod
uct indicates regions o f  putative 
NO synthase activity. Ur 
urothelium, SM  smooth 
muscle. Bar =  50 pm

& 2" ^

«

other’s synthesis. ET-1 acts upon ETg, receptors and 
subsequently leads to the activation of the endothelial 
constitutive isoform of NOS and stimulates NO produc
tion [12]. However, NO can inhibit ET-1 synthesis [8]. The 
presence of NOS binding sites and NADPH-diaphorase 
activity in the control detrusor and bladder neck indicates 
that under normal conditions NO may have a physio
logical role (i.e. smooth muscle relaxation) in the urinary 
bladder. It may also be involved in the regulation of ET-1 
synthesis and activity in the urinary bladder. However, in 
the six-week partial BOO rabbits, there is reduced urinary 
bladder NO synthesis indicated by a down-regulation of 
NOS binding sites and NADPH-diaphorase activity in the 
detrusor and bladder neck. Since NO inhibits ET-1, a 
decrease in the availability of NO in the urinary bladder 
may be associated with increased ET-1 production and 
may account for the increased ET-1 binding demon
strated in the six-week partial BOO detrusor. This, in turn, 
may lead to increased ETa and ETg receptor stimulation. 
Hence, the up-regulation of ETa and ETg receptors along 
with a down-regulation of NOS binding sites and 
NADPH-diaphorase activity may lead to increased de
trusor contractility associated with partial BOO. These 
changes may initially be beneficial because it may enable 
the generation of increased intravesical pressure, during 
micturition. This will be needed to overcome increased 
resistance to urinary flow and may reflect any symptom
atic improvement when BPH is managed by ‘watchful

waiting’ [9]. However, detrusor instability can occur in the 
majority of men with BOO due to BPH [19] and similar 
results have also been demonstrated in animal models of 
BOO [37]. At present, it is thought that post-junctional 
denervation supersensitivity plays a role in obstructive 
detrusor instability [34], but little is known about how 
exactly it develops. Hence, with time, the up-regulation of 
ET receptors and down-regulation of NOS binding sites 
resulting in increased bladder contractility may be asso
ciated with raised intravesical pressure. Ischaemic chan
ges in the vesical wall are thought to result from increased 
intravesical pressure. This in turn results in axonal de
generation associated with detrusor instability [45]. 
Therefore, the up-regulation of ETa and ETg receptors 
along with a decreased availability of NO may contribute 
to the pathophysiology of detrusor instability associated 
with obstruction. ET antagonists may, therefore, in the 
future, prove useful in the treatment of BOO, although 
more work is required to confirm this.
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Down-regulation of endothelin-B receptor sites in cavernosa! tissue 
of a rabbit model of partial bladder outlet obstruction: potential 
clinical relevance

Abstract Erectile dysfunction (ED) is a common prob
lem that significantly affects quality of fife and psycho
logical well-being. Benign prostatic hyperplasia (BPH) is 
the commonest known benign proliferative disorder. 
Recently there has been growing evidence to suggest that 
patients with high BPH symptom scores have an in
creased incidence of ED. Endothelin-l (ET-1) is a potent 
vasoconstrictor peptide that is thought to play an im
portant role as a modulator of erectile physiology and 
dysfunction. We investigated whether there were any 
changes in the penile histology arid in the density and 
distribution of ET-1 and its receptor subtypes in the 
corpora cavernosa of a rabbit model of partial bladder 
outflow obstruction (BOO). BOO was induced in 12 
adult New Zealand White rabbits; 12 sham-operated 
rabbits acted as controls. Penises were excised after 3 and 
6 weeks (/i =  6 each for control and BOO). Low- and 
high-resolution autoradiography was performed using 
radioligands for ET-1, ETa and ETg receptors and the 
results were analysed densitometrically. Ultrastructural 
evaluation of the corpus cavernosum (CC) was also 
performed. ET-1, ETa and ETg receptor-binding sites 
were primarily localised to the smooth-muscle cells 
(SMC) of the CC and to the endothelium fining the ca- 
vemosal space. ETg receptor-binding sites were signifi
cantly d^reased (P =  0.04) in the 6-week BOO

M . A. Khan ( E )  • R. J. Morgan
Department o f  Urology, Royal Free Hospital, Royal Free and 
University College Medical School, Royal Free Campus,
Pond Street, London NW3 2QG, U K
Tel.: +0171-794-0500 ext 3486, Fax: +0171-794-9537

M . R. Dashwood ■ C. S. Thompson • D. P. Mikhailidis 
Department o f  Molecular Pathology and Clinical Biochemistry, 
Royal Free and University College Medical School, Royal Free 
Campus and The R oyal Free Hampstead N H S Trust, London, U K

J. Auld
Department o f  Immunocytochemistry, Royal Free and 
University College Medical School (University College London), 
Royal Free Campus and The Royal Free Hampstead N H S Trust, 
London, U K

cavernosal tissue. These receptor changes were accom
panied by ultrastructural changes in the CC. ET-1 may 
play a role in the pathophysiology of ED associated with 
BPH. This may partly be due to enhanced vasocon
strictor actions and SMC proliferation secondary to a 
reduction in ETg receptors. Further work is needed 
to evaluate this possibility.

Although erectile dysfunction (ED) is not life-threaten
ing, this common problem can significantly affect quality 
of life and psychological well-being [8]. The Massachu
setts male ageing study (1,290 men aged 40-70 years) 
showed that 52% of men reported some degree of ED 
(17.1% mild, 25.2% moderate, 9.6% total) [5]. ED be
comes more common with advancing age, and since this 
proportion of the population is increasing, the preva
lence of ED should also rise [20]. Data extrapolated 
from the United States in the 1940s estimate that around 
7-10 million men in that country currently have ED [16]. 
However, because ED is a sensitive issue it is likely that 
its prevalence is under-reported [16]. Nevertheless, ED 
results in more than 400,000 outpatient visits and 30,000 
hospital admissions in the United States per year [23]. 
Epidemiology studies carried out in Europe have dem
onstrated that 39% of men in France aged 18-70 years 
have some degree of ED (11% have total ED) [26]. In 
the United Kingdom an estimated 17-19% of men are 
thought to suffer from ED [18].

Benign prostatic hyperplasia (BPH) is the commonest 
known benign proliferative disorder [6]. At the beginning 
of this decade, almost 50% of all men aged 60-69 years 
in the United Kingdom had symptomatic BPH [6]. It is 
estimated that in the United States, 75% of men over the 
age of 50 years have symptoms arising from BPH [27].

Growing evidence suggests that patients with high 
BPH symptom scores have an increased prevalence of 
ED [15, 19]. It has recently been shown in a prospective, 
randomised European study of doxazosin versus fin
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asteride versus a combination of the two agents versus 
placebo (PREDICT study) in the treatment of BPH that 
patients with a higher International Prostate Symptom 
Score (IPSS) have a significantly increased incidence of 
ED [19].

Endothelin-1 (ET-1) is a potent vasoconstrictor pep
tide [29]. To date, two major ET receptors have been 
identified and cloned: ETa and ETb [2]. ETa receptors 
are found on vascular smooth-muscle cells (SMC), where 
they mediate vasoconstriction and cellular proliferation 
[9]. Vascular ETb receptors occur predominantly on en
dothelial cells and mediate vasodilation by generating 
nitric oxide (NO) [28]. ET-1 has been suggested to be an 
important modulator of erectile physiology and dys
function [22]. Indeed, we have recently demonstrated 
cavernosal ET receptor changes in rabbit models of di
abetes mellitus and hypercholesterolacmia [24, 25], where 
ED has been shown to be highly prevalent.

In the present study, using in vitro autoradiography, 
we investigated the density and distribution of ET-1 and 
ETa ^nd ETb receptor subtypes in rabbit cavernosal 
tissue and assessed changes brought about by partial

bladder outflow obstruction (BOO). Electron micros
copy was also performed.

Materials and methods

Animals

Adult male New Zealand W hite (NZW ) rabbits (3 kg) were used in 
the study (n =  6 each for 3- and 6-week sham-operated controls 
and for 3- and 6-week partial BOO). All animals were fed ad libi
tum with SDS standard plain diet (SD S, Witham, UK) and were 
allowed free access to water.

Induction o f partial BOO

In rabbits under general anaesthesia, an 8-Fr urinary catheter 
(Foley, C.R. Bard International Ltd, Crawley, UK) was inserted. 
After the performance o f  a lower midline laparotomy a silk li
gature was applied around the proximal urethra and the urinary 
catheter was removed. The laparotomy incision was then closed 
and the animal, allowed to recover. Sham-operated controls 
underwent the same surgical procedure without insertion o f  a 
proximal urethral ligature. Blood was sampled at weekly inter
vals via the ear vein for determinations o f serum urea and 
electrolytes.

Fig. 1 ET-1, ETa and ETg binding to control and BOO rabbit 
cavernosa. Film images (low-resolution) o f  binding to transverse 
sections o f corpus cavemosum from^ontrol {CON) and obstructed 
{BOO) rabbits. Top panels: Autoradiographs generated from sections 
incubated in ['^I]-ET-1 alone (total binding, TOT) and non-specific' 
binding {NSB) as determined in the presence o f unlabeled ET-1. 
Middle panels: ETa binding identified by incubation o f sections in 
[*^^I]-PD151242. Lower panels: ETg binding identified by incubation 
of sections in [‘^^I]-BQ3020

Preparation o f  penile tissues for autoradiography

Following cervical d islocation , penises from rabbits with 3- and 6- 
week partial BOO and from age-matched sham-operated controls 
were excised. The tissues were then stored immediately at - 7 0  °C in 
airtight containers until used. The tissues stored at -7 0  °C were 
subsequently mounted in AM ES OCT embedding compound  
(BDH Laboratory Supplies, Poole, U K ), and transverse sections

CON BOO
TOTAL NSB ' TOTAL NSB

9:
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(10 nm) were cut in a cryostat at approximately -2 0  °C and thaw- 
mounted onto gelatinised microscope slides. The slides were stored 
at -7 0  °C in airtight containers until used.

Quantitative assessment o f  [‘ 1]-ET-1, ['^^I]-PD151242 
and ['^^I]-BQ3020 binding to rabbit corpus cavernosum

Serial consecutive lO-pm sections o f tissue from control as well as 
3- and 6-week partial BOO penises (« =  18 each for controls and 
for 3- and 6-week BOO; 3 sections were taken from each animal) 
were pre-incubated in 50 m M  TRIS HCl buffer (pH 7.4) for 
15 min at 22 °C to reduce endogenous peptide levels. Slide- 
mounted sections were then incubated for 120 min at 22 °C in 
buffer (plus MgCl^ at 5 mmol/1, 1 % bovine serum albumin and 
100 kiu aprotinin/ml) containing 0.15 nA/ [‘^^I]-ET-1 as well as 
['25i].pDi 51242 (ET ̂ -receptor-specific radioligand [3]) at
0.15 nmol/1 and [' ^I]-BQ3020 (ETg-receptor-specihc radioligand 
[14]) at 0.3 nmol/1. These concentrations were at the approximate 
dissociation constant (ATj) values established from previous satu
ration studies [24]. The degree o f non-specific binding was estab
lished by incubation o f alternate penile sections (« =  18, as 
described above) in the presence o f 1 m M  unlabeled ET-1. Slides 
were washed twice in buffer for 10 min, dipped in 4 °C distilled 
water and then dried in a stream o f cold air. Low-resolution au
toradiography was carried out by exposure o f  sections to Hyper
film 3H (Amersham International, Amersham, U K ) in X-ray 
cassettes for 3 days.

Densitometric analysis was performed using an imaging system  
(M odel GS-700 Imaging Densitometer, BIO-RAD, Hertfordshire, 
UK ). Binding was expressed in terms o f  the amount o f  radioligand

bound (disintegrations per minute, dpm) per unit area (square 
millimeter) as calculated from standard curves generated by iodine- 
125 microscales (Amersham International, Amersham, U K ) that 
were co-exposed with tissue sections.

Microscopic localisation (high-resolution autoradiography) o f  
binding sites was performed by post-fixation o f the tissues in pa
raformaldehyde vapour (2 h at 80 °C) and coating o f  the slides 
with molten nuclear emulsion (LM -1, Amersham International, 
Amersham, UK ). Slides were then stored in light-proof boxes with  
dessicant for up to 8 days at 4 °C, after which they were processed 
in D19 high-contrast developer (Kodak, U K ) and fixed (Hypam , 
Ilford, UK). The underlying tissues were stained with haematoxylin  
and eosin (H&E), after which high-resolution autoradiographs 
were viewed on an Olympus BX50 microscope and selected tissues, 
photographed where appropriate.

Ultrastructural examination

Immediately following excision o f  the penis from each rabbit a 
section of cavernosal tissue was taken and fixed in 1.5% glutaral- 
dehyde/1% paraformaldehyde in phosphate-buffered saline (PBS) 
for a minimum o f 24 h. Tissue for scanning electron m icroscopy  
(ScEM) was rinsed in PBS, dehydrated using 2,2-dimethoxypro- 
pane and critical-point-dried with liquid CO] The dried tissue was 
then mounted on aluminium stubs and sputter-coated with plati
num. The stubs were examined using a Philips 501 scanning elec
tron microscope (Philips Scientific, Cambridge, U K ). The  
specimens for transmission electron microscopy (TrEM) were 
rinsed in PBS, post-fixed in 1% osmium tetroxide (0 s04 ) / 1.5% 
potassium ferricyanide in PBS, and dehydrated by immersion in 
increasing concentrations o f ethanol. They were then infiltrated

Fig. 2 ET-1, ETa and ETg 
binding sites on 6-week-ob
structed rabbit penis. M icroau
toradiographs were generated 
on nuclear emulsion from sec
tions incubated in ['^^I]-ET-1, 
[‘^^I]-PD151242 (ETx) and 
['^'I]-BQ3020 {E T b). Left: 
Dark-field illumination photo
micrographs, where binding is 
indicated as white grains on a 
dark background. Right H&E- 
stained underlying tissue.
Bar =  75 pm

ET-1

ET,

ET,
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Table 1 Photodensitometric analysis o f  ET-1, ET* and ETg 
receptor binding in control and 6-week BOO rabbit CC

ACTIN

PECAM

Receptor binding Control 6-Week BOO
(dpm X 1,000/mm^) median (range) median (range)

ET-1 83.8 (68.4-99.8) 86.5 (64.2-96.3)
ETa 58.3 (37.6-81.6) 56.0 (31.1-89.4)
ETb 44.0 (27.9-71.5) 35.6* (12.8-55.7)

Fig. 3 Immunohistochemical identification of smooth-muscle (AC- 
TIN) and endothelial {PECAM) cells by dark brown staining on 
adjacent cavernosal sections of the BOO rabbits. Note the absence of 
staining of the tunica albuginea (located to the right o f upper and 
bottom areas o f lower panels). Bar =  50 pm

*P =  0.04 versus control ETg

Autoradiography; ET-1, ETa and ETb 
receptor-binding sites

There was dense [‘^^I]-ET-1, ['^^I]-PD151242 and 
BQ3020 binding to tissue sections, which was markedly 
reduced when sections were incubated in the presence of 
unlabeled ET-1 (Fig. 1). [*^ Î]-ET-1 binding was most 
marked in the corpus cavernosum (CC) and blood ves
sels. Within the cavernosal tissue there was intense 
binding to both the SMC and the endothelium 
(Figs. 2, 3). Densitometric analysis of film images indi
cated that [‘^^I]-ET-1 binding to the CC was not sig
nificantly altered in the partial BOO group as compared 
with controls (Table 1). Binding of [ I]-PD151242
(ETa receptor-binding sites) was predominantly local
ised in the SMC (Fig. 2). Photodensitometry showed no 
significant change in ETa receptpr-binding sites between 
control and partial BOO rabbits (Table 1). The binding 
of ['^^I]-BQ3020 (E T b  receptor-binding sites) showed a 
distribution similar to that of ['^^I]-ET-1. Examination 
of the underlying tissue at high resolution revealed 
marked binding to the endothelium and SMC of the CC 
(Fig. 2). There also appeared to be a distinct area of 
intense ETb binding on microvessels in the region of the 
subtunical space (Fig. 2). Densitometric analysis showed 
a significant {P =  0.04) decrease in ETg receptor-binding 
sites in the 6-week partial BOO CC as compared with 
controls (Table 1).

r l 2 5 i

with LEMIX resin (TAAB Laboratories, Reading, UK). Ultrathin 
sections were cut from areas o f  interest with a Reichert Ultracut 
ultramicrotome (Leica, UK). These sections were then double
stained with uranyl acetate, contrasted with lead citrate and ex
amined using a Philips CM 120 transmission electron microscope 
(Philips Scientific, Cambridge, UK).

Statistical analysis

The results were expressed as median values and ranges. A  two- 
tailed Mann-Whitney U test (unpaired values) was used for the 
statistical analyses.

Results

Serum glucose, urea and electrolytes

Serum urea and electrolytes did not differ significantly in 
the control and partial BOO groups (data not shown).

Ultrastructural examination: ScEM and TrEM

On ScEM the control-rabbit cavernosal sinusoids 
showed mainly flat endothelial surfaces (Fig. 4). Occa
sional WBCs, collagen and fibrin-like material were seen 
on the endothelial surface (Fig. 4). In contrast, in 6-week 
partial BOO rabbit cavernosa, increased quantities of 
WBCs, collagen and fibrin-like material were seen on the 
endothelial surface (Fig. 4).

In the control rabbits, TrEM showed that the ca
vernosal sinusoids were lined with an intact layer of 
endothelium with flattened normal endothelial cells. The 
sub-endothelial SMC were also intact and showed a 
normal ultrastructure (Fig. 4). The cavernosal tissues in 
the 6-week partial BOO group showed the presence of 
fat-cell infiltration, increased collagen deposition and 
smooth-muscle disruption (Fig. 4). There was also evi
dence of vacuolar change with the presence of effete and 
dead cells (Fig. 4).

»
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Fig. 4 Electron micrographs 
from representative control and 
6-week BOO rabbit cavernosa. 
Top panels: Transmission elec
tron microscopy. Left: Control 
cavernosa demonstrating nor
mal architecture. Right: Section 
of 6-week BOO cavernosa 
showing increased collagen de
position and smooth-muscle 
disruption. There is also evi
dence of fat-cell infiltration and 
vacuolar change with the pres
ence of effete and dead cells. 
Lower panels: Scanning electron 
microscopy. Left: Control cav
ernosa demonstrating normal 
architecture. Right: Section of 
6-week BOO cavernosa show
ing increased quantities of 
WBC, collagen and fibrin-like 
material on the endothelial sur
face {Coll Collagen, rbc red 
blood cells, S M  smooth muscle, 
ec effete cells, FC fat cells,
V v a c u o l e s , / f i b r i n ,  whc w h i t e  
b l o o d  c e l l s ) .  Bars = 5 pm 
{upper panels), 50 pm {lower 
panels)

Discussion

We demonstrated a significant decrease in ETb receptor- 
binding sites in the CC of 6-week partial BOO rabbits. 
High-resolution autoradiography showed binding to be 
decreased in both the cavernosal SMC and the endo
thelium lining the cavernosal spaces. Electron micros
copy demonstrated ultrastructural changes in the 
endothelium and cavernosal sinusoids of the 6-week 
partial BOO rabbits. These ultrastructural changes are 
unlikely to be due to any direct trauma produced by 
insertion of the silk ligature, as the operative site and the 
position of the ligature were distant from the penis.

ET-1 has'been suggested to be an important modu
lator of erectile physiology and dysfunction [22]. The role 
of ET-1 is modulated by NO released by the endothelium 
[13]. NO is synthesised from L-arginine by the enzyme 
NO synthase (NOS) [4]. ET-1 and NO are widespread 
cell-signaling molecules that have opposite effects. ET-1, 
the most potent endogenous vasoconstrictor, and NO, 
the most potent endogenous vasodilator, form a para
crine/endocrine control cycle with a negative feedback 
mechanism [10]. Besides their contrasting and antago
nistic actions, ET-1 and NO may regulate each other’s 
synthesis [I]. ET-1 binding to its ETg receptors is thought 
to mediate vasorelaxation by stimulating NO formation 
[28]. NO is thought to be the major agent involved in 
cavernosal smooth-muscle relaxation [17]. The relaxant 
actions of NO on the corpus cavernosa are caused by the

activity of soluble guanylyl cyclase and the subsequent 
production of cyclic guanosine monophosphate (cGMP), 
which acts as a second messenger, resulting in a decrease 
in intracellular levels of calcium (Ca  ̂  ̂) and subsequent 
muscle relaxation [12].

The time-dependent down-regulation of CC ETg 
receptors could play a pathophysiological role in ED 
associated with BOO because, as ETb receptors mediate 
cavernosal smooth-muscle relaxation via the release of 
NO, the presence o f decreased numbers of CC ETb re
ceptor-binding sites in the 6-week partial BOO rabbits 
may reflect a decrease in the synthesis of NO. ET-1 
mediates smooth-muscle contraction via the stimulation 
of ETa receptors [9]. The reduction in numbers of ETb 
receptors in the absence of any change in ETa receptors 
may allow for a more dominant vasoconstrictive action 
of ET-1 via its ETa receptor. These findings support the 
concept that an ETa/ETb imbalance in the CC may 
cause ED and that in BOO, endothelium-derived con
tracting factors become more dominant, whereas the 
formation and/or effects of relaxing factors is impaired. 
Furthermore, in disorders such as hyperlipidaemia and 
diabetes mellitus, where there is a high incidence of ED, 
increased plasma ET-1 concentrations have been re
ported [24, 25]. NO has been shown to decrease ET-1 
release from cultured endothelial cells and terminate 
ET-1 signaling by dissociating the peptide from its re
ceptor and modulating post-receptor phenomena [7], 
Therefore, the down-regulation of ETb binding sites in 
the 6-week partial BOO CC may indicate a decrease in
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NO synthesis and an increase in ET-1 synthesis. It is also 
possible that in BOO, plasma levels of ET-1 may be 
increased; if this is the case, it could further enhance CC 
vasoconstriction. Unfortunately, the antibodies avail
able for the detection of plasma ET-1 are produced in 
the rabbit. Therefore, we could not investigate plasma 
ET-1 levels in the control and partial BOO rabbits.

Predominantly through the stimulation of its ETa 
receptors, ET-1 is mitogenic [9] and can also induce the 
expression of the fibrogenic growth factor transforming 
growth factor-bb (TGF-bb) [21]. Hence, in BOO the 
down-regulation of ETg receptors may swing the bal
ance between ETa and ETg receptors in favour of ETa 
receptors, resulting in increased stimulation of ETa re
ceptors in the CC. This could result in increased caver
nosal mitogenisis and TGF-bb synthesis. This effect 
may, in turn, account for the ultrastructural changes 
detected in the 6-week partial-BOO rabbit CC.

In summary, we have demonstrated in a rabbit model 
of partial BOO that there is a time-dependent down- 
regulation of ETb receptors along with ultrastructural 
changes in the CC. These changes may play a role in the 
pathophysiology of ED associated with BOO. These 
findings provide a possible rationale for the investigation 
of the effect of ET-1 antagonists in the treatment of ED 
associated with BOO.
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Endothelium-derived vasoactive mediators (endothelin-l with its vasoconstrictive and mito
genic properties and nitric oxide with its vasodilatory and antiproliferative properties) play an 
important role in the regulation of vascular smooth muscle tone and cellular proliferation.
Several recent studies have now demonstrated the presence of these vasoactive agents in the 
urinary tract where they are thought to play a prominent role in urinary tract physiology and 
disease. This article reviews the synthesis, localisation and actions of endothelin and nitric 
oxide in the lower urinary tract and examines the possible role of these mediators in disease.

ENDOTHELIN-1

(a) Synthesis and localisation of receptors

Endothelin-l (ET-1) is a 21 amino acid peptide 
formed from a precursor, proET-1 (big endothelin), by 
the action of ET-1 converting enzyme (ECE-1) whose 
cDNA has been cloned and functionally expressed 
(Yanagisawa et a i, 1988; Arai et a i, 1990: Ikura et 
al.. 1994; Schmidt et a i, 1994). The presence of 
ET-like immunoreactivity and ET-1 mRNA in the epi
thelium, smooth muscle and fibroblasts of the urinary 
bladder provides evidence that ET is synthesised 
locally (Saenz de Tejada et a i,  1992). ET-like immu
noreactivity and ECE-1 mRNA has also been

detected in the prostatic epithelium (Langenstroer et 
a i, 1993; Walden et a i. 1998). Furthermore, genes 
coding for ET-1 biosynthesis and its receptors are 
expressed in the human prostate indicating that this 
peptide is being produced in this organ (Prayer-Gal- 
etti et a i, 1997). These results suggest that ET-1 may 
be a paracrine mediator of bladder and prostatic 
smooth muscle contraction and proliferation. This 
proposed paracrine mechanism is similar to that 
observed in vascular tissues where ET-1 is synthe
sised in the endothelium and exerts several physiolog
ical and pathophysiological effects on the vascular 
smooth muscle (Rubanyi et al 1994).

Autoradiographic and radioligand binding studies 
have demonstrated the presence of ETŷ  and ETg

* Author of correspondence: F H Mumtaz, Dept of Urology, Royal Free Hospital, Pond Street, London, NW3 2QG, Tel: 0171-794-0500
ext 3486, Fax: 0171-794-9537.
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responses in the rabbit urinary bladder smooth muscle 
can be antagonised by dihydropyridine calcium chan
nel blockers, whilst human prostate smooth muscle 
contractions to ET-1 are independent of these calcium 
channels. ET-1 elicits its effects by binding to and 
activating its receptors, which subsequently leads to 
an increase in intracellular Câ  ̂ concentration via 
either transmembrane Câ "̂  influx and/or Câ '*' libera
tion from intracellular storage sites (Maggi et a l, 
1989; Gracia-Pascual et a i, 1990). Despite the fact 
that the peak elevations in intracellular Câ '*’ are 
known to be transient, ET-1 is able to elicit long-last
ing and sustained contractions. This may be mediated 
via Câ  ̂ sensitisation mechanisms, which have been 
described in diverse smooth muscles (Kitazawa et a i, 
1991).

(e) Pathophysiological role of ET-1 in the urinary 
bladder and prostate

Recent studies have implicated alterations in ET 
receptor density and distribution in the pathophysiol
ogy of lower urinary tract disorders such as diabetic 
cystopathy, benign prostatic hyperplasia (BPH) and 
prostatic cancer. An increase in the expression of ET 
receptors in the ureter and prostate of experimentally 
induced diabetic rats (Saito et a l,  1995 and 1996) has 
been observed. The increase in ET receptors in the 
diabetic prostate did not correlate with serum test
osterone levels. This is of interest because low test
osterone concentrations have been implicated as a 
cause for a reduced prostatic growth and down-regu
lation of muscarinic receptors in diabetic animals. We 
have recently demonstrated an up-regulation of ETg 
receptors in both the dome and bladder neck of the 
urinary bladder in alloxan-induced diabetic rabbit 
(Mumtaz et a l, 1999). ET-1 induced contractile 
responses were impaired in the bladder neck whilst no 
changes were evident in the dome of diabetic animals. 
The impairment of ET-1 responses in the bladder neck 
could be due to the release of NO by the activation of 
ETg-receptors. The lack of inhibition in the detrusor 
is presumably due to a low sensitivity of detmsor 
smooth muscle to NO. Alterations in the density of 
ET receptors in the bladder and prostate have also

been observed secondary to bladder outflow obstruc
tion (Kondo et a l, 1993). The density of the ET 
receptors was found to decrease in the bladder and 
increase in prostates of patients with BPH (Kondo et 
a l, 1995). This increase in prostatic ET receptor den
sity may contribute to the raised intraurethral pressure 
associated with bladder outflow obstruction. These 
results support the rationale for developing selective 
endothelin antagonists for the treatment prostatic out
flow obstruction.

The influence of ET-1 on cellular proliferation and 
its synergism with several other peptide growth fac
tors suggests that it may have a role in bladder and 
prostatic smooth muscle hyperplasia associated with 
diabetes and bladder outflow obstruction. Our obser
vations (unpublished) indicate that both ETŷ  and ETg 
receptors may be involved in the proliferation of blad
der smooth muscle cells in the presence of diabetic 
sera. These findings support a possible role of ET in 
the control of bladder wall structure.

Several studies have now also suggested that ET-l 
may exert a potentially significant role in the patho
physiology of prostatic cancer. Human seminal fluid 
contains the highest concentration of ET-1 in any 
body fluid studied, approximately 500 times more 
than plasma (Battistini et al., 1993). Plasma ET-1 con
centrations are significantly increased in men with 
metastatic prostatic cancer (Nelson et a l, 1995). ET-1 
also increases alkaline phosphatase activity in new 
bone formation, indicating that it may be a mediator 
of the osteoblastic response of bone to metastatic 
prostate cancer (Nelson et a l, 1995). In addition, 
ET-1 attenuates apoptosis of smooth muscle cells in 
BPH (Wu-Wong et., 1997), whilst on prostate cancer 
cells it acts both as an independent mitogen as well as 
a stimulator of the mitogenic effects of other impor
tant growth mediators (Nelson e ta l,  1996). The mito
genic effect of ET-1 was ET^ receptor-mediated. 
Interestingly, ETg binding sites that are present in 
benign prostatic epithelial tissues have not been 
demonstrable in both prostate cancer cell lines and at 
metastatic prostate cancer sites. Thus, it appears that 
during prostate cancer progression to métastasés, 
ET-1 and ETŷ  expression are retained, whereas ETg 
receptor expression is reduced. ET-1, as an indepen-
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ents in the Lg and Sj dorsal root ganglia was not par
alleled by the presence NOS-immunoreactivity 
(Vizzard et a l, 1994).

(b) Evidence of NO-dependent smooth muscle 
relaxation: in vitro studies

NANC-mediated relaxation was first reported in 
female rabbit urethra (Andersson K-E, 1983) and 
female porcine urethra and bladder neck (Klarskov et 
ai, 1983), but the transmitters involved in mediating 
these responses were not estabhshed. Evidence that 
NO was involved came by blocking the relaxation 
with N^-nitro-L-arginine, a NOS inhibitor (Anders
son et a i, 1991 & 1992). These results were further 
confirmed using a selective cyclic GMP phosphodi- 
estrase inhibitor which potentiated the relaxation 
whilst methylene blue reduced it (Dokita et a l, 1991). 
Subsequently, several investigators have demon
strated the involvement of NO in the relaxation of iso
lated urethral and bladder neck smooth muscle in 
various animal species (Garcia-Pascual et a i, 1991; 
Thombury et a i, 1992; Triguero et a i, 1993; Persson 
et a i, 1992 and 1993; Bridgewater et a i  1993) and 
humans (Leone et a l, 1994). Unlike the bladder neck 
and urethra, there is as yet no convincing evidence 
that nerve-mediated relaxation of the detrusor muscle 
involves NO as a transmitter. However, exogenous as 
well as endogenous NO produced by the smooth mus
cle does induce a relaxation effect on detrusor muscle 
(James et a i, 1993; Chung et a i, 1996). Therefore, 
the role of NO in the detrusor is not clear. It has been 
suggested that NO could be a factor maintaining blad
der relaxation during filling. In fact, NO is thought to 
have such a function in the stomach, i.e. as a mediator 
of adaptive relaxation to accommodate food or fluid 
(Desaieïfl/., 1991)

In addition NO has also been shown to cause relax
ation of human and canine prostate smooth muscle 
(Takeda et a l, 1995). Further studies are needed to 
understand the physiological role of NO in prostatic 
tissue.

(c) Mechanism of NO-mediated smooth muscle 
relaxation

Although the mechanism by which NO mediates 
smooth muscle relaxation is not fully understood, a 
general observation is that this response is linked to 
an increase in intracellular cyclic GMP levels (Pers
son et a l, 1994). Activation of a cyclic GMP-depen- 
dent protein kinase has been suggested to 
hyperpolarise the cell membrane, possibly by activat
ing channels, (Robertson et a l, 1993, Peng et al,
1996). There have also been studies suggesting that 
NO might act directly on the channels (Waldeck et 
a l. 1995). Other mechanisms for NO-induced relax
ation, mediated by cyclic GMP, may involve reduced 
intracellular Câ '*’ levels by sequestration or reduced 
sensitivity to Câ  ̂(Warner et a l, 1994). Both mecha
nisms probably act without changing the membrane 
potential.

(d) In vivo role of NO

The exact role of NO in the micturition process is not 
clearly understood. In vivo experiments have demon
strated that urethral smooth muscle relaxation in the 
female rat is mediated by NO released by the para
sympathetic postganglionic efferent neurons (Fraser 
et a l, 1997). Systemic administration of L-NOARG 
has been shown to stimulate detrusor hyperactivity 
(Persson et a l, 1991) and inhibit urethral smooth 
muscle relaxation during micturition (Bennett et ai, 
1995). These findings suggest that the detrusor hyper
activity secondary to bladder outlet obstruction may 
be due to the lack of NO bioactivity. Intrathecal injec
tions of NOS inhibitors do not alter the cystometro- 
gram or electromyographic parameters, suggesting 
that spinal NO pathways may not play a role in the 
normal micturition process. However, the facilitation 
of the micturition reflex by nociceptive bladder affér
ents activated by noxious chemical irritation of the 
bladder does involve NO at the spinal level (Kakizaki 
& de Groat 1996). Interestingly, it has also been pro
posed that afferents in the bladder stimulate a pelvic 
nerve-mediated urethral relaxation reflex mediated by
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UP-REGULATION OF ENDOTHELIN (ETJ RECEPTORS AND ETg-
MEDIATED DETRUSOR CONTRACTION IN A RABBIT MODEL OF
PARTIAL BLADDER OUTLET OBSTRUCTION
Khan Masood. Thompson Cecil, Mumtaz Faiz, Mikhailidis Dimitri and Morgan
Robert
Royal Free Hospital NHS Trust, London, UK
INTRODUCTION AND O B JE C T IV E: Bladder outlet obstniction (BOO) is associated 
with detrusor instability. Endothelin-1 (ET-1) is a vasoconstrictor peptide. ET^ and E T , 
receptors a rt present in both the human and rabbit urinary bladder. In the bladder, E T , 
receptors are thought to  mediate vasorelaxation. Previous work in our department has 
demonstrated that ET-1-mediated detrusor contraction occurs only via £ 1 ^  receptors in both 
control and diabetic rabbits. The aim of this study was to investigate, using organ baths, 
whether in a rabbit model o f BOO, E T , receptors have any contractile activity. Using 
autoradiography we also investigated the density o f E T , receptors in the same model. 
MATERIALS A N D  M ETH O D S: Partial BOO was produced in 6 ,3  kg male New Zealand 
White (NZW) rabbits by performing a lower midline laparotomy followed by applying a 
ligature around the proximal urethra. 3 age-matched NZW rabbits were used as controls. 1 
and 3 weeks later, the bladders (n=3) were removed. The detrusor and bladder neck strips 
were incubated in organ baths. After performing KCI responses, the tissues w ere either 
incubated in BQ788 (E T , antagonist) or BQ I23 (ET* antagonist) for 30 min o r vehicle. 
Concentration response curves were then performed using IR L-1620 (selective E T , agonist). 
Low-resolution autoradiography was performed using radioligands for E T , on serial 
detrusor and bladder neck sections, from 3-week partial BOO rabbits. These sections were 
then analysed densitometrically.
RESULTS: In the control and 1 week partial BOO strips, IRL-1620 did not produce any, 
detrusor or bladder neck contractions. However, at 3 weeks there were significant 
concentration-dependent IRL-l620-mediated detrusor but not bladder neck contractions (10 
produced 12% o f the KCI response; 10* produced 25% and 10* produced 70%). The ET, 
antagonist had no impact on IRL-1620-mediated detrusor contractions, however, the ET, 
antagonist completely abolished this response. Autoradiography demonstrated a significant 
up-regulatioo o f E T , receptor binding sites in the detrusor but not the bladder neck. 
CO NCLUSIO N : In  a rabbit nnodel o f partial BOO E T , receptors appear to  have contractile 
activity in the detrusor. This is a time-dependent process which is absent in healthy bladders 
E T , receptors are only upregulated in the detrusor and not the bladder neck. In partial BOO, 
the up-regulation and contractile activity of E T , receptors in the detrusor may play a role in 
detrusor instability.

379
ULTRASTRUCTURAL CHANGES IN THE COMPOSITION OF 
LAMINA PROPRIA NERVES FOLLOWING INTRAVESICAL 
CAPSAICIN THERAPY
Hussain Iqbal F.' , Sakakibara Ryuji", Dasgupla Prokar’, Fowler Clare and
Landon David N.
The National Hospital for Neurology and Neurosurgery, UCLH, UK; ’Chiba 
University, Chiba, Japan; The Institute of Neurology, University College 
London, UK

INTRODUCTION: Various authors have reported the therapeutic efficacy of 
intravesical capsaicin in the management of refractory detrusor hyperreflexia in 
patients with spinal cord diseases. The aim of this study was to find evidence 
for ultrastructural changes in the innervation of the superficial bladder that may 
explain possible mechanisms of action.
METHODS: 14 patients (3-TSP, 6-MS, 5-other) with refractory detrusor 
hyperreflexia were treated with intravesical capsaicin following informed 
consent. Flexible cystoscopic bladder biopsies were taken 2 weeks before and 
6 weeks following treatment. They were processed for electron microscopy and 
all lamina propria nerves were photographed. 756 pre-capsaicin nerves were 
compared with 1084 post-capsaicin nerves.
RESULTS: 6 weeks post-capsaicin, the lamina propria nerves were found to be 
significantly larger and the axons had a significant reduction in the number of 
clear and dense cored vesicles (CV and DCV).

pre-capsaicin post-capsaicin t-test
Nerve diameter (microns) 1.73 2.02 P=0.0I5
Number of axons per. nerve 4.2 4.6 P=0.316
% of axons with > 10 CV 43.2 32.4 P<0.001
% of axons with > 1 DCV 43.4 39.2 P<0.001

CONCLUSIONS: In our previous studies, biopsies from control subjects had 
a mean nerve profile diameter of 2.3pm. The nerves in these hyperreflcxic 
bladders were shown to be smaller but increased, towards normality, following 
capsaicin therapy. CV and DCV have been reported to contain various 
neuropeptide neurotransmitters. The significant reduction in both CV and DCV 
support the hypothesis for vesicular degranulation following capsaicin therapy. 
An understanding of the changes to the bladder innervation will become vital 
to the elucidation of the mechanism of action of the vanilloids.

__________________________________ 378
DETRUSOR ULTRASTRUCTURE IN BLADDER OUTLET 
OBSTRUCTION: IS THERE A ROLE FOR ELECTRON
MICROSCOPY IN ITS DIAGNOSIS ?
Tse Vincent*. Wills Edward, Szonyi George’, Khadra Mohamed*
Department of Surgery, University of Sydney, Australia; Electron Microscopy 
Unit, Department of Anatomical Pathology, Concord Hospital, Sydney; 
Department of Aged and Extended Care, Royal Prince Alfred Hospital, 
Sydney, Australia
A IM : Bladder outlet obstruction (B O O ), diagnosed on urodynanties (U D ), has been 
shown to have an ultrastructural basis, characterised by specific patterns in the  m uscular 
and interstitial com partm ents o f  the detrusor. T h is study sought to validate this finding, 
as well as to evaluate the possib le  role o f  electron microscopy (EM) in its diagnosis. 
M E T H O D S: Subjects w ere recruited from  the hospital UD clinic. Uroflowmetry filling 
cystometry (50m l/m in), and pressure-flow  study w ere performed using m ethods and 
definitions conform ing to the International C ontinence Society. Each study was 
evaluated by tw o independent urodynam icists and any inconsistency resolved by 
discussion. A detrusor m uscle  b iopsy w as taken for EM study from those subjects in 
whom  cystoscopy was c lin ically  indicated. T h is yielded a  total o f  27 subjects who 
underwent both UD and biopsy. Evaluation o f the U D  and microstruclural sluihes were 
blinded to each other. The code was broken only  after all the UD and ultrastructural 
studies had been assessed,
RESU LTS: O f the  27 subjects, 9  w ere obstructed, 1 equivocally obstructed, and 17 were 
unobstructed, using the A bram -G riffith  nom ogram . T he form er two groups w ere all 
males (mean age, 70.3 years; range 54-89). The la tte r com prised 4  males and 13 females 
(mean 55.9 years; range 25-80). In  the obstructed g roup , EM exam ination o f  the detrusor 
revealed areas o f  varying degree o f  myocyte hypertrophy, branching, and tw isting, 
am idst a background o f loose fascicu lar arrangem ent and reduction in norm al 
intercellular junctions. T he in tercellular space w as w ide and contained abundant m atrix, 
collagen, and elastin. On com parison, the above ultrastructural picture was absent in the 
unobstrocted group. -
C O N C L U S IO N : B ladder ou tle t obstruc tion , d iagnosed on urodynam ics, has  a 
distinctive and consistent ultrastructural pattern. T h is structural-functional correlate is 
concordant with a  previously proposed ultrastructural model o f BO O. This study 
suggests a possible role fo r EM  in the diagnosis o f  BO O. Further study is w arranted to 
see whether these structural changes reverse a fter treatm ent, which may have future 
implications in predicting w hich  treatm ent offers the  best outcome.____________

380
UROTHELIUM-DERIVED RELAXANT FACTOR IN THE PIG 
BLADDER

Hawthorn Mark*, Chappie Christopher, Cock Michelle', Chess-W illiam s 
Russell*

Department of Biomedical Science, University of Sheffield and Department of 
Urology, Royal Hallamshire Hospital , Sheffield, U.K.

INTRODUCTION AND OBJECTIVES: The bladder mucosa has for a long 
time been believed to act simply as a barrier protecting the underlying smooth 
muscle. A few studies however suggest that the presence of the urothelium may 
affect contractions of the detrusor muscle. This study examines the influence of 
an intact urothelium on detrusor responses to carbachol.

MATERIALS AND METHODS: Strips of pig bladder with and without 
mucosa were suspended in organ baths. Dose-response curves to carbachol 
were obtained in the absence and presence of a variety of antagonists.

RESULTS: An intact mucosa inhibited detrusor contractions to carbachol by 
56%. The presence in the bath of bladder strips with an intact mucosa (but not 
the presence of denuded strips), also caused a 54% inhibition of denuded 
detrusor strips, showing the release of a diffusable relaxant substance. The 
inhibition of contractions produced by an intact urothelium was unaffected by 
NOARG (SOpM), methylene blue (lOpM), indomethacin (5pM), suramin 
(l(X)p.M), propranolol (I|aM), TEA (5mM) or apamin (400nM).

CONCLUSIONS: The urothelium releases an unidentified diffusable relaxant 
substance that inhibits smooth muscle contraction. The substance is not nitric 
oxide, a prostaglandin, ATP, a catecholamine or a potassium channel activator.

95 Eur Urol 1999; 35 (suppi 2): 1 -1 96
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EXPRESSION O FTHE MATRIX PROTEIN, PIG-H3, IN CULTURED HUMAN 
BLADDER FIBROBLASTS AND SMOOTH MUSCLE CELLS 
Joel Rosenbloom. Paul Billings. Umberto Kucich, and Pamela Howard. Philadelphia, 
PA (Presented by Dr. Rosenbloom).

INTRODUCTION AND OBJECTIVE The eatracellular matrix (ECM) plays a 
critical role in bladder function by forming a highly organized framework which 
maintains tissue architecture and provides support for resident cells. Idcntificaoon of 
specific ECM components is essential to understanding normal bladder development 
and physiology and pathologic situations such as outlet obstruction. The protein, Pig- 
h3, has been identified in the ECM of several tissues where it appears to be 
associated with collagen and/or elastin fibers, but its expression in the bladder has 
not been studied. The objective of this study was to determine whether human 
bladder cells express pig-h3.

METHODS: Primary human bladder fibroblasts and smooth muscle cells (SMCs) 
were isolated and grown in DMEM/F-12 medium containing 10% fetal calf seium 
and antibiotics in S% COz- Proteins secreted by the cells were analyzed on sodium 
dodecylsulfate-polyacrylamide gels and by Western blots and ELISA using 
monospecific antibodies generated against Pig-h3 peptide sequences. Cellular RNA 
was subject to Northern analysis using a human pig-h3 cDNA as probe. Samples of 
human bladder were cut into S-7 micron sections which were incubated with the 
same antibodies and analyzed by fluorescence microscopy.

RESULTS: While both cell types expressed Pig-h3, SMCs secreted -  five times 
higher levels. Immunohistochemical analysis demonstrated protein deposition in the 
ECM as well as intracellular staining of the Golgi, endoplasmic reticulum, and 
surprisingly nuclei as well. Analysis of human bladder tissue revealed prominent 
staining of the detrusor layer, with localization mainly to the ECM associated with 
muscle fibers.

CONCLUSIONS: The ECM protein, Pig-h3, is found in the human bladder and is 
expressed by cultured bladder fibroblasts and SMCs. Pig-h3 has been reported to 
bind xveral collagen types (1,0 1 IV) found in the bladder and contains an integrin- 
binding RGD sequence, suggesting that it may serve to link cells to the ECM. 
Intranuclear localization of Pig-h3 suggests that it may have other novel functions.

SOURCE OF FUNDING: NIH grants DK4S2I5, DK45419, and DK52220.

UPREGULATION O F EN D OTHELIN  (ET* AND ETa) RECEPTO RS 
AND DOWN REG U LA TIO N  O F N IT R IC  OXIDE SYNTHASE IN TH E 
DETRUSOR O F A RABBIT M O D EL O F BLADDER O U TLET 
OBSTRUCTION
Cecil Thompson, Masood Khan, M ick Dash wood, Faiz Mumtaz, Dimitri 
Mikhailidis and Robert Morgan, London, UK (Presented by Dr. Tltompson).

INTRODUCTION AND O BJECTIV ES: Endothelin-1 (ET-1) has 
mitogenic and potent contractile properties. Two ET receptors have been 
identified: ET* and ETa. Nitric oxide synthase (NOS) is the enzyme 
responsible for the synthesis o f  nitric oxide (NO) which is involved in smooth 
muscle relaxation. The aim o f  this study was to investigate whether there are 
any changes in the density o f  ET-rcccptors and NOS in the detrusor and 
bladder neck in a rabbit model o f BOO.

METHODS: Moderate partial BOO was induced in six adult male New 
Zealand White rabbits by applying a  silk ligature around the proximal urethra. 
Six sham operated age-matched controls were also used. Ailer six weeks the 
urinary bladders were excised. Detrusor and bladder neck sections were 
incubated with radioligands for ET*, ETa and with NOARG (a ligand for 
NOS). Autoradiographs were generated and analysed densitometrically. 
NADPH histochemistry was also performed.

RESULTS: There was a significant increase in the bladder weights o f  the 
BOO models (p<0.0001). There was also a  significant increase in ET* 
(p=0.03) and ETa (p=0.04) receptor binding sites in the BOO detrusor. 
However, there was no change in the density o f  receptor binding in the 
bladder neck. NOS was significantly decreased in the detrusor smooth muscle 
(p=0.003) and urothelium (p=0.0002). In the bladder neck NOS activity was 
also significantly reduced in the urothelium (p=0.OO3). There was decreased 
NADPH staining in the detrusor and bladder neck.

CONCLUSIONS: The observed upregulation o f  ET receptors along with 
the down regulation o f  NOS in the detrusor may contribute to the symptoms 
associated with BOO. Since ET-1 has a mitogenic role, especially via its ET* 
receptors, the increase in ET* receptors may be involved in detrusor 
hyperplasia and hypertrophy in BOO. ET antagonists may dierefore have a 
role in the treatment o f  patients with BOO.

SOURCE OF FUNDING: Charles Wolfson Charitable Trust.
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GALANIN MODULATES ACETYLCHOLINE RELEASE IN THE HUMAN 
BLADDER.
Kristian Waldeck, Katarina Persson, Viktoria Werfcstrdm and Karl-Erik 
Andersson, Lund, Sweden (Presented by Dr.Waldeck).
In troduction  and  objectives. Previous studies have dem onstrated inhibitory as 
well as excitatory effects o f  galanin in various smooth muscle preparations. The 
occurrence o f galanin in nerves o f  the human urinary tract has been demonstrated 
(Bauer e t al., 1986, Peptides, 7:5-10), and Maggi et al. (E ur J Pharmacol, 1987, 
143:135-7) have shown that galanin causes a  concentration-dependent inhibition 
o f  electrically induced contractions in human detrusor strips. A modulatory role 
for galanin in the human bladder was suggested. In the present study, » 
conceivable presynaptic site o f  action o f  galanin was investigated, and a possible 
modulatory effect o f  galanin on acetylcholine release was studied.
M ethods. Human bladder tissues were obtained from patients undergoing 
cystectomy because o f  cancer. The tissues were taken from areas macroscopically 
fire  from tumors and without signs o f inflammation. The effect o f  galanin on 
carbachol-induced contractions and contractions induced by transmural nerve 
stimulation were assessed on smooth muscle strip preparations mounted in tissue 
baths. Estimation o f  acetylcholine release was performed by incubating the tissue 
in a Krebs solution containing ^H-choline. The tissue w as then continuously 
superfused with normal Krebs solution and the drain was fractionally collected, 
enabling measurement o f the released ^H-choline. T he preparations were 
subjected to transmuial nerve stimulation after 7.5, 30 and 45 min. Galanin was 
added after the second stimulation.
Results. Transmural nerve stimulation induced contractions which were inhibited 
concentration-dependently by galanin. The highest concentration used (0 .1 pM) 
resulted in an inhibition o f  76±S% (n=5). Addition o f  atropine resulted in a 
complete inhibition o f  the electrically induced contractions. In contrast, no effects 
were found o f  galanin (0.1 pM ) on the concentration-response relationship for 
carbachol (n=5). The release o f  ^H-choline during transm urai nerve stimulation 
was significantly (p<O.OI) decreased by 46±8%  (n=6), compared to  control 
experiments, after e d i tio n  o f  galanin (0 .1 pM ).
Conclusion. Our results demonstrate that galanin acts through a presynaptic 
mechanism in the human bladder, and may influence the contractile mechanism 
by modulating the release o f acetylcholine during nerve stimulation.
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CO N A N TO K IN S D ISCRIM IN A TE BETW EEN  G LU TA M A T E R G IC  
R E C E PT O R S T H A T  R EG U LA TE P A R A SY M PA TH ETIC  AND 
SO M A TIC  PA TH W A Y S CO N T R O L LIN G  L O W E R  U R IN A R Y  TR A C T  
FU N CTIO N . Mitsuharu. Yoshiyamn. Matthew O. Fraser, Michael B. 
Chancellor, William C. de Groat (Pittsburgh, PA), Li-Ming Zhou, Jacob S. 
Nielsen, Richard T. Layer, and R. Tyler McCabe (Salt Lake City, UT); 
(Presentation by Dr. Fraser).

Purpose: Conantokins (CON) G, R, and T  are polypeptide venom derivatives 
from the predatory Cone snails {Conus geographus, C  radiatus, and C. tulipa, 
respectively) and have been previously shown to have N M DA receptor 
antagonist action. Blockade o f  NMDA receptors by MK-801 it injection has 
been shown to preferentially inhibit striated muscle activity o f  the external 
urethral sphincter (EUS) to a  greater extent than detrusor contractility during 
cystometrograms (CM G) in urethane anesdietized rats. These experiments were 
performed to  determine whedier the CONs might have sim ilar effects.

M ethods: Fifteen urethane anesthetized (1.2 g/kg sc) female Sprague-Dawley 
rats were implanted with a PE-10 catheter inserted through a slit in the atlanto- 
occipital membrane and passed caudally to the L6 level o f  the spinal cord. A 
transurethral PE-50 catheter was used for continuous CMG infUsion (0.21 
ml/min) and pressure recording, and fine wire EM C electrodes were placed 
percutaneously in the EUS to record electrical activity. A  cum ulative dose 
response curve for the CONs (n=5 /  CON) w as achieved by administering: 0.03, 
0 .3 ,3 .0  and 30 nmol (it) at hourly intervals.

Results: All CONs preferentially inhibited EUS activity (80-100%  by 30 nmol 
it), while detrusor contractility was inhibited only by 30-60% for the same doses, 
fhe discriminatory pow er o f  the CONs was even greater than that seen 
previously for M K-801, and is most prominent with CON R ( -  7 fold more 
selective).

Conclusions: The potential clinical importance o f  such localized and selective 
antagonistic effects on the different NMDA receptor subtypes by local injection 
o f the CONs is obvious, because it allows for selective inhibition o f  EUS 
activity. Such treatment would be extremely valuable for patients suffering from 
detrusor-sphincter dyssynergia or other obstructive voiding dysfunctions. 
Research Support from Cognctix, Inc.



vuw\v.brack\veIF-scîence.com/B[iK

Volume S3  
Supplements 

(une 1999

BAUS Annual Meeting, Glasgow, UK, 2 1 -2 5  June, 1999

m

m

W m â

EDITOR

Hugh Whitfield

b
BlackwelE
Science

B A U S  1 9 9 9
Book of Abstracts



POSTERS: BASIC SCIENCE - SMOOTH MUSCLE FUNCTION 21

dependent penile ultrastructural changes in a 
r a b b i t  model of partial bladder outlet obstruction
[v[.A. Khan, C.S. Thompson, F.H. Mumtaz, D.P. Mikhalidis 
and R.J. Morgan Royal Free Hospital Hampstead. London, UK

Introduction: There Is growing evidence to suggest that the 
increasing severity of symptoms from BPH is associated with an 
elevated risk of erectile dysfunction (ED). Hence, in a rabbit model 
of partial BOO (PBOO), we investigated the ultrastructure of the 
cavernosa to determine whether there are any changes that may 
play a role in the development of ED.
Materials and methods: Partial BOO was produced in adult male 
Mew Zealand White rabbits: six sham-operated rabbits acted as 
controls. After 1, 3 and 6 weeks (six rabbits on each occasion), 
after cervical dislocation, a 0.5 cm segment of proximal/mid shaft 
penis was cut and immediately fixed overnight. Sections were cut 
and initially viewed by light microscopy. Subsequently, selected 
sections were stained with uranyl acetate and lead citrate, and 
examined by electron microscopy and photographed.
Results: In the control and 1-week penises, no abnormality was 
detected. However, after 3 weeks of PBOO there was evidence of 
cavernosal smooth muscle disruption and cellular infiltration with 
large mononuclear cells. After 6 weeks there was evidence of fat 
cell infiltration. There was also disorganisation of collagen, and 
cavernosal smooth muscle disruption and breakdown, indicating 
that the smooth muscles had become less functional. There was 
also evidence of cell necrosis.
Conclusions: There appears to be time-dependent progressive 
penile damage in this rabbit model of PBOO. As there is increasing 
evidence that BPH is associated with increased risk of ED, these 
changes may play a role in ED. This warrants further investigation.

P30
Increased susceptibility to apoptosis in ureteric 
obstruction is tissue-pressure mediated
N.J. Hegarty, R.W.G. Watson, L.S. Young, A.J. O’Neil,
H.R, Brady and J.M. Fitzpatrick Department of Surgery. Mater 
Misericordiae Hospital, University College Dublin, Ireland

Introduction: In ureteric obstruction the aflected kidney is initially 
subjected to an increase in collecting system pressure, which is 
followed by a decrease in renal blood flow and an inflammatory 
cell response. All portions of the kidney are affected, with the 
earliest and most pronounced changes being seen in the renal 
tubular epithelium. Histologically, an increase in apoptosis is seen 
within 24 h and as obstruction persists renal tissue mass is gradually 
lost. This study was designed to determine if increased tissue 
pressure induces an Increase or primes cells to undergo apoptosis 
or programmed cell death.
Materials and methods: All experiments were performed in 
immortalized human (HK-2) and canine (MDCK) renal tubular cells. 
Cells were grown to confluence and subjected to 0 mmHg (control) 
and 60 mmHg pressure for 24 h in vitro. Cells were untreated or 
pretreated with the apoptosis-inducing agents diethybnaleate (DEM, 
120 pmol/L) and etoposlde (250 pmol/L). The rate of apoptosis was 
quantified by propidium iodide incorporation using flow cytometry. 
Results: The degree of apoptosis in the samples was:
Cells M ean (so) % apoptosis

U ntreated OEM Etoposlde
HK-2
Control 1 5 .3  (1.6) 17.3 (8.6) 20.0 (5.1)
24 h strain 16.3 (7.2) 32.7 (4.3)' 32.9 (4.8)'
MDCK
Control 18.0 (1.1) 20.1 (3.3) 22.7 (5.8)
24 h  strain 24.8 (9.S) 32.5 (4.9)' 33.7 (8.8)'

Conclusion: Elevation of tissue pressures to those seen after ureteric 
obstruction results In an increased susceptibility to apoptosis in renal 
tubular cell lines. The establishment of an in vitro model of ureteric 
obstruction allows the cellular eflects to be determined and may aflbrd 
the opportunity to develop and study treatments for this condition.
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Clinical experience with radical detrusor myectomy
R. Flynn, T. Appanna and T.P. Stephenson Department of 
Urology. University Hospital of Wales, Cardijf, UK

Introduction: Detrusor myectomy has largely replaced the 'clam' 
over the past 5 years because of the complications of the latter. A 
review of the current series has been undertaken.
Patients and methods: Of 35 patients seen for follow-up (nine 
males and 26 females, mean age 29 years), 14 had idiopathic 
detrusor instability, nine had diurnal/nocturnal enuresis and 12 
had hyper-reflexia. In each patient the bladder was circumscribed 
2 cm above the ureteric orifices and the upper half of the detrusor 
removed en bloc, and the denuded urothelium covered with 
omentum. Five of the patients with neuropathic bladder had an 
artificial urinary sphincter implanted simultaneously and one an 
appendiceal Mitrofanoff with dual access.
Results: Eleven of the 14 patients with idiopathic instability, seven of 
the nine with congenital instability, and 11 of the 12 patients with a 
neuropathic bladder were cured or improved. However, only seven of 
the latter group were stable on follow-up urodynamics, and three of 
the non-neuropaths had normal urodynamics after surgery with little 
or no clinical improvement. Most patimts were re-assessed at 3 months 
and some patients continued to improve clinically for up to a year. No 
non-neuropathic patient has to self-catheterize.
Conclusions: Detrusor myectomy is a tedious and awkward 
procedure, but is almost as effective as the 'clam', with a greatly 
reduced slde-eflect profile; it also carries a much lower morbidity. 
Its durabilitv remains unknown.

*P < 0.05 vs treated controls (Student's t-test)

fependent up-regulation of endothelin-A 
receptors in the renal medulla and proximal ureter 
and down-regulation of endothelin-B receptors in 
the medulla of a rabbit model of partial bladder 
outlet obstruction: potential clinical relevance
M.A. Khan, M.R. Dashwood, C.S. Thompson,
F.H. Mumtaz, D.P. Mikhalidis and R.J. Morgan Royal Free 
Hospital .Hampstead, London, UK

Introduction: BOO is a common disorder associated wiûi impaired renal 
function and renal failure. Bndothefin-l (ET-1) b potent vasoconstrictor 
peptide acting on two known receptors, ETA and ETE; ET-1 plays a role 
in the pathogenesb of several types of renal disease, predominantly 
via ib ETA receptor. We investiga  ̂the density of these receptors in the 
kidney and oretm of a rabbit model with partial BOO (PBOO). 
Materials and methods: Partial BOO was produced In adult male 
New Zealand White rabbits: sham-operated rabbits acted as controls. 
After 1, 3. 4 and 6 weeks (six rabbits at each sample) the kidneys, 
together with the proximal, middle and dbtal ureters, were Investigated 
using autoradiography. Plasma urea and electrolytes were monitored. 
Results: There was no significant change in urea and electrolytes. 
The ETA and ETB receptor density was significantly greater iri the 
medulla than in the cortex (P = 0.002) in all animals. There was 
up-regulaUon of ETA receptors (P = 0.03) and down-regulation of 
ETB receptors (P= 0,03) in the medulla of 6-week PBOO rabbits. 
There was also an up-regulation of ETA receptors in the proximal 
ureters of 4-week (P= 0.02) and 6-week (P = 0.002) PBOO rabbits. 
Conclusions: There are time-dependent changes in ETA and ETB 
receptors in the proximal ureter and renal medulla of PBOO rabbits. 
These changes occur despite normal renal function and appear to be 
an early event The use of ETA receptor antagonists at this early stage 
may prevent the development of rend failure/impairment in BOO.
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Time-dependent up-regulation of endothelin-A 
receptors and down-regulation of endothelin-B 
receptors and nitric oxide synthase binding sites in 
the renal medulla of a rabbit model of partial 
bladder outlet obstruction

M.A. Khan, M.R. Dashwood, C.S. Thompson, 
F.H. Mumtaz, D.P. Mikhailidis and R.J. Morgan

Departments o f Urology and Chemical Pathology, Boyal 
Free Hospital, London NW3

Bladder outlet obstruction (BOO) is a common disorder 
associated with impaired renal function and renal failure 
(Napalkov et a i 1995). Endothelin-1 (ET-1) is a potent vaso
constrictor peptide acting on two known receptors: ET̂  ̂and 
ETg. ET-1 is thought to play a role in the pathogenesis of 
several types of renal disease, predominantly via its ET̂  ̂
receptor (Bruzzi & Benigni, 1996). Nitric oxide (NO) is a 
potent vasodilator synthesized by the enzyme nitric oxide 
synthase (NOS). ET-1 and NO regulate each other’s 
synthesis. We, therefore, investigated the density of ET 
receptors and NOS binding sites in the kidney of a rabbit 
model of BOO.

Under general anaesthesia (induced with 5% Hypnorm at 
0*5 ml kg“‘ i.M. and maintained with 1-2% halothane in Oj) 
partial BOO was induced in adult male New Zealand WTiite 
rabbits as previously described (Buttyan et al. 1992). Sham- 
operated age-matched rabbits acted as controls (n =  6). After 
1, 3, 4 and 6 weeks (n =  6 in all groups) of partial BOO, 
following cervical dislocation, kidney sections from adult 
New Zealand White rabbits were incubated with 
radioligands for ET-1, ET^ and ETg receptors and with 
[®H] NOARG (a ligand for NOS). Autoradiographs were 
generated and analysed densitometrically. NADPH 
histochemistry (indirect marker of NOS activity) was also 
performed. Plasma creatinine, urea and electrolytes were 
regularly monitored. Two-tailed Mann-Whitney U test 
(unpaired values) and Wilcoxon two-tailed test (paired 
values) were used for the statistical analyses.

There was no significant change in plasma creatinine, urea 
and electrolytes. ET  ̂(60 6 vs. 12*5 for control; 816 vs. 12*9 
for BOO) and ETg (21 3 vs. 0 95 for control; 14 3 vs. I'O for 
BOO) receptor density was significantly greater in the 
medulla than the cortex {P <  0 0001) in all animal groups. 
There was a significant up-regulation of ET^ (81 6 vs. 60*6) 
receptors (P =  0'03) and down-regulation of ETg (14 3 vs. 
231) receptors (P =  0*03) and NOS (5*06 vs. 7*47) binding 
sites (P <  0*0001), as well as decreased NADPH staining in 
the medulla of 6-week partial BOO kidneys.

The time-dependent changes in ET ,̂ ETg receptors, NOS 
binding sites and NADPH staining in the renal' medulla 
occur despite normal renal function. These changes appear to 
be an early event and may play a role in the development of 
renal failure.

Journal of Physiology [1999) 620.P

Bruzp, I. & Benigni, A. (1996). Clin. Exp. Pharmacol. Physiol. 4, 
349-353.

Buttyan, R., Jacobs, B.Z., Blaivas, J.G. & Levin, R.M. (1992).
Neurolurol. £/̂ norfyn. 11, 225-238.

Napalkov, P., Maisonneuve, P. & Boyle, P. (1995). Urology 46, 
41-46.

pH-dependent iron uptake across the apical 
membrane of intestinal Caco-2 cells is associated 
with NrampZ expression

Sarah Tandy, Mark Williams, Surjit Kaila Srai* and 
Paul Sharp

School o f Biological Sciences, University of East Anglia, 
Norwich NR4 7TJ and *Department o f Biochemistry & 
Molecular Biology, Royal Free â  University College Medical 
School, London NW3 2PF

Iron is a trace element, essential for life, since it plays a 
critical role in many biochemical and physiological 
mechanisms. The cellular mechanisms involved in the control 
of intestinal non-haem iron absorption are still largely 
unclear. However, previous studies have shown that iron 
uptake across the apical membrane of enterocytes is of major 
importance in determining the rate of absorption across the 
intestinal epithelium (Cox & Peters, 1980; Cox & O’Donnell, 
1981; O’Ribrdan et al. 1995, 1997). A candidate iron 
transporter has been cloned from both human (Fleming et al.
1997) and rat (Gunshin et al. 1997) intestine, though the 
precise cellular locus of this transporter (Nramp2) is unclear. 
The aim of our current study was to determine the 
membrane localization of Nramp2 using the Caco-2 TC7 cell 
model of the human small intestine.

Caco-2 TC7 cells were grown on Transwell semi-permeable 
membranes (DMEM -t- 20% fetal bovine serum, 10% 00% 
and 90% air) and used for experiments 20 days post-seeding. 
Iron transport was determined, in the presence or absence of 
an apical-to-basal transepithelial pH gradient, by adding 
100 p u  Fe®'*’ (1:10 molar ratio with ascorbate) and 
37 kBq ml“‘ ®̂Fe to the apical chamber. In some experiments 
the pH gradient was reversed and the iron added to the 
basolateral compartment. Cell uptake and transepithelial 
flux of iron were quantified by f  scintillation counting. 
Parallel studies using [^*C]mannitol were performed to. 
assess paracellular movement. Western and Northern 
blotting was used to confirm the protein and mRNA 
expression of Nramp2 in Caco- 2 TC7 cells.

Iron uptake across the apical membrane of Caco-2 TC7 
cells was dependent on the pH of the apical buffer and was 
significantly greater at both pH„ 6*5 (8*7 ±  11 nmol cm"® h“‘; 
mean +  s.e.m.; n =  10) and 5 5 (13*0 + 2*2 nmol cm"® h~‘; 
n =  10) compared with pH„ 7*5 (2*8 + 0*4 nmol cm"® h~‘; 
n =  10; P <  0*01, ANOVA and Scheffe’s post hoc analysis). 
Iron uptake from the basolaterail chamber into the cells was
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ÆPARAÎIVE e f f e c t s  o f  PGEI-ALPHA-CYCLODEXTRIN AND PGE2 ON 
(TRACTION OF ISOLATED SMOOTH MUSCLE CELLS FROM HUMAN PENILE 
IPUS CAVERNOSUM

las M ottet, Jcan-Christophe Boyer, Laurent Wagner, Kamel Ben Naoum, lean 
(ois Louis, P iene Costa, lean  Pierre Bali. Peter Ney'

jgy D epartm ent. University M ontpellier Nîmes, France; 'Schw arz-Pharma AG, 
k irn , G erm any

RODUCTTON &  O B JE C T IV E S ; Prostaglandins from  die E series are known to induce 
iiiion o f  various sm ooth m uscles through interaction with at least four receptor subtypes (E P l, EP2. 
and EP4). T he aim o f  this study was to evaluate the relaxing activity and the mode o f  action o f  an 
Kyclodextrin-coupled com plexed prostaglandin E l (CD-PGEl) com pared to  natural PG E2 as 
ince on sm ooth m uscle cells (SM C) isolated from  hum an corpus cavem osum .

THODS: Corpus c avem osum  (n=18) were ob tained  from  cysio-prostatectom y o r  radical 
itectomy. Isolated cells, prepared by enzymatic (collagenase/pronase) dissociation o f  sm ooth 
lies, were devoid o f  any neural element; they were fully functional. The agents to be tested were 
1 to the cell suspension: after 30 s, cell contraction was stopped by addition o f  glutataldehyde. T he  
1 ceil length was determ ined by video-microscopic m easurem ents o f 100 cells. The lesults were 
ssed as the percentage o f  decrease in average cell length com pared to unsdm ulated cells. Adenylate 
sc activity w as evaluated on SM C homogenates.

DITS: Isolated SM C were fully responsive; noradrenaline caused a  time-dependent and dose- 
ident contraction o f  cells. Contraction was m axim um  by 30s, then returned to an interm ediate 
: EC 50  value for noradrenaline w as in  the physiological range (0.1 nM). C D -P G E 1 caused a  rapid 
ilion o f  the cells: m axim al relaxation was achieved by 1 min in agreement with a  rapid release o f 
I  from alphacyclodextrin, this effect was stable for at least 20 min. W hen cells were fully contracted 
gradtenaiine. as expected natural PG E2 caused a  dose-dependent relaxation o f  the cells (IC- 
InM); sim ilarly, C D -P G E l induced a dose-dependent relaxation o f SM C (IC-50#lnM ). A  sim ilar 
tnce in  potency betw een PG E2 and P G E l has been found in isolated hum an corpus cavem osum  
; On the other hand, PG E2 caused a  dose-dependent increase in adenylate cyclase activity 
MO.InM) in agreement w ith art activation of EP2 or E P4 subtype. In contrast, C D -P G E l induced 
crease in adenylate cyclase activity only at elevated concentration (Ip M ), suggesting that, at 
atration w hich caused half-m axim al relaxation, another receptor subtype coupled to a  non cyclic- 
intracellular way w as activated.

(X U S IO N : CD PG E l induces a rapid relaxation o f  SM C bom  hum an corpus cavem osum . This 
was caused  both d irectly a n d  afier a  noradrenaline stinrulairon o f  SM C  contraction. In  contrast to  
J PGE2, the C D -PG E l induced relaxation o f the cells could not be explained by an activation o f  
die A M P intracellular pathw ay alone and additional signalling m echanisms appear to be involved.

170

171
V N -REG U LA TIO N  O F  E N D O T H E L IN -B  R E C E P T O R S  A N D  U P- 
ULATION O F  N IT R IC  O X ID E SY N TH A SE B IN D IN G  SIT E S  IN  T H E  
ERN O SA  O F  A  R A B B IT  M O D E L  O F  PA R T IA L  B L A D D E R  O U T L E T  
T R U C n O N

Masood. Dashwood M ick, Thompson Cecil, M ikhailidis Dimitri and M organ Robert 

I  Free Hospital, London. UK

lO D U CTlO N  & O B JE C T IV E S : There is growing evidence to support that patients 
1 high symptomatic score o f  benign prostatic hyperplasia (BPH ) have an increased 
nee o f erectile dysfunction (ED). Nitric oxide (NO), synthesised by nitric oxide 
ISC (NOS), mediates penile erection by relaxing cavernosal smooth muscle (CSM). 
helin-1 (ET-1) is a  potent vasoconstrictw  peptide that is thought to play an important 
i a modulator o f erectile physiology and dysfunction. ET-1 and NO, as well as having 
ing actions, regulate each other’s synthesis. We investigated the density and 
lution o f ET-l and its receptor subtypes (ET,^: mediating vasoconstriction; ETg: 
ting vasorelaxation) and NOS binding sites in the cavernosa o f a rabbit model of 

I  bladder outflow obstruction (BOO).

ERIAL &  M ETH O D S: BOO was induced in 12 New Z ^ a n d  W hite rabbits. Sham 
led rabbits acted as controls. Penises were excised after 3 and 6 weeks (n=6; each for 
il and BO O). Low- and high-resolution autoradiogiaphy w as perform ed for ET-1, 
nd ETg receptors and N O S binding sites.

ILTS: ET-1, ET* and ETg receptor and NOS binding sites w o e  prim arily localised 
; CSM and the endothelium lining the cavernosal space. ETg receptors were 
cantly (p=0.04) decreased and N O S binr&ng sites w ere significantly increased 
)00l) in the 6 w eek BOO cavernosa.

CLUSIONS: As E T , receptor stimulation may result in CSM  relaxation, via the 
e of NO, its down-regulation may play a role in the pathophysiology o f  ED  associated 
iPH. The up-regulation o f NOS binding sites may act to compensate the decrease in
Eceptors.

E F FE C T S O F  C A STR A TIO N  O N  H U M AN PEN T Ï  VASOACTIVE IN T EST IN A L 
P E P T ID E  (VIP)

Luigi Cormio. Loreto Gesualdo', Carlo Bettocchi’ H " -  ■’ MaiorantV, Vito Zizzi, Giuseppe 
Grandaliano', Antonio Traficante, Francesco P. S c V -  ■''•mcesco P. Selvaggi'

Department of Urology, Di Venere Hospital, Ban-C-.-''-’ kaly, 'chair of Urology, 'Chair
o f Nephrology, and - Department o f Pathology, Un:' '  - 1 Bari, Bari, Italy

IN TR O D U C TIO N  & O B JE C T IV E S : Vasoactiv e --.vinal peptide (VIP) is colocalised 
with nitric oxide synthase (NOS) within the nerve Sn* '  -’f die human corpus cavemosum 
(CC); while NO initiates trabecular smooth muscle -^con. VIP maintains it. T he aim of 
this study was to determine whether castration redo,',' • content in the human C C, since 
castration has been shown to reduce NOS in rat CC

M ATER IA LS & M E T H O D S: From may 199: :: -vember 1996, CC biopsies were 
taken from patients undergoing radical prostatccrc'".' who were interested to enter
this study. O f the 20 evaluable patients, 10 had unde:g - 'i‘ icoadjuvant chemical castration 
(Group l=castrated), and 10 had not (Group 2=n.-'--. -C'-rted). Serum Testosterone and 
DHT were preoperatively dosed in all patients. CC were performed at the end of 
RP with an 18-G needle: the samples were p v . v  -n 4% buffered formalin and 
imraunostained using a  specific anti-human V IP a n z \ \  '  Specific staining was quantified 
by image analysis (Optilab Pro 2.6, GRAFTER. '  -urterio, Italy) and expressed in 
Arbitrary Units (AU).

R ESU LTS: There were no complications from CC '.vpsies. In Group 1, average VIP 
content was 34.5AU; in Group 2, average VIP c o n te \ "-vs 39AU, and this difference was 
not statistically significant

C O N C L U SIO N S: The present study shows that ca<r&%^’u does not influence VIP content 
in the human CC, suggesting that the expression ivf neuromediator is not androgen 
dependent
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SAFETY OF SILDENAFIL FOR ERECTllK  DYSFUNTION-THERAPY: 
MODULATION OF HEMODYNAMICS AND FIT MONARY GAS EXCHANGE

Studeo Michael Lockinger Alexander*, Kleinsasser Av.: • Margreiter JoseP, Mutz Norbert', 
Bartsch Georg

Departments of Urology and Anaesthesia', Innsbruck. .\,.v! m

INTRODUCTION & OBJECTIVES: Sildenafil is usvV .is a first-linc-treatroent for patients 
with erectile dysfunction. Several papers and the FDA rxi'H on deaths from Sildenafil. In the 
majority of patients death was due to cardiovascular evcnn tmyoc^rdial infarction, cardiac arrest 
stroke). The aim of the present study was to invcsti.Mio the side effects of Sildenafil on 
hemodynamics, intrapulmonary shunting, and thus on gas vwhimge in a porcine model.

METHODS: 18 anaesthetised pigs were randomly assrÿiW m 3 groups: Group A received 25 
mg, group B 50 rag, and group C 100 mg of Sildenafil in i  single dose. Relative to their weight 
this is equivalent to double the dose in humans. Inert gas W  hemodynamic measurements were 
performed using the Multiple Inert Gas Elemination Uvhnique (MIGHT) to define dose- 
dependent effects of Sildenafil on cardiac and pulnxiiiiry Function. Measurements were 
performed 30, 60 and 90 minutes after administration »>l Sildenafil via a gastric tube. For 
statistical analysis ANOVA and the Student’s paired t ICM vi«‘’-hûled) were used (significance of 
p<0.05).

RESULTS: Administration of Sildenafil resulted in am iih iva.se in heart rale, cardiac index, and 
stroke volume. In groups B and C (50, ICO mg) a 28% inv'Wtw •" cardiac index was noted. These 
changes peaked 90 minutes after application of the diug- Mean arterial pressure remained 
constant Central venous and mean pulmonary arteriiil pivssure did not change signifrcandy. 
Further administration of Sildenafil caused increased iniiupiilmonary shunting and significant 
ventilation/perfusion (Va/Q) mismatch, which was rellcvtixl by a marked decrease in arterial 
P02, while PC02 remained unchanged The drug caused 4 significant increase in bloodflow to 
alveoli with VA/(J=0, which resulted in the transfbrmsUh*!' of normal VA/Q alveoli to shunt 
alveoli. No significant difference between the groups conhi he detected with regard to any of the 
parameters measured.

CONCLUSIONS: In pigs we found a decrease in aitvrml P 0 2  caused by significant rises in 
pulmonary shunt flow and cardiac index. Blood pressuiv ivmained unchanged, which may be 
attributed to the increase in cardiac output observed. I'm results indicate that modulation of 
hemodynamics and pulmonary gas exchange may he nwciated with an increased risk for 
patients with pulmonary and cardio-vascular dise;ise. \mither study will be launched to 
investigate whether Sildenafil has a similar effect on livinudynamics and gas exchange in 
humans.
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