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ABSTRACT

Diabetes Mellitus (DM) is a major risk factor for erectile dysfunction (ED) in both 

human and animal models. The nitric oxide (NO)-guanosine 3’5’cyclic monophosphate 

(cGMP) axis is an important mediator of cavernosal smooth muscle relaxation, an 

essential step for penile erection. The prostacyclin (PGl2)-adenosine 3’5’ cyclic 

monophosphate (cAMP) axis also appears to play a role in penile erection. Impairment 

of endothelium-dependent and neurogenic-mediated relaxation of the cavernosal 

smooth muscle has been demonstrated in both diabetic patients and rabbit models. The 

pathogenesis of this endothelial and nerve dysfunction has not been fully elucidated, 

but the interaction between NO, PGI2 and endothelin-1 (ET-1) is thought to be 

important.

New Zealand White rabbit cavernosal tissue was obtained to investigate these 

interaction s using functional, autoradiographic, immunohistochemical, biochemical and 

structural analyses. Any changes brought about by experimental DM (alloxan-induced) 

were also assessed.

These studies demonstrate: 1) enhanced relaxation to NO in 6  month diabetic 

cavernosal strips, which suggests that end-organ response is not impaired 

2) a significant increase in endothelin B binding sites in 6  month diabetic cavernosa, 

which could be a pathophysiological pathway in diabetic ED or a compensatory 

response to impaired NO and PGI2 synthesis 3) receptor-linked PGI2 and cAMP 

synthesis is markedly impaired in the diabetic rabbit penis, which may contribute to ED 

as cAMP mediates cavernosal smooth muscle relaxation 4) endothelial cGMP 

synthesis is significantly diminished in the diabetic rabbit penis and 5) an increase in
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NO synthase (NOS) activity on diabetic cavernosal smooth muscle; this may represent 

an up-regulation of inducible NOS in response to reduced NO bioavailability (eg due 

to quenching). All these changes predate functional alterations of cavernosal smooth 

muscle.

The findings reported in this thesis support the concept that endothelial dysfunction 

plays a role in the pathogenesis of diabetic ED. These findings may have therapeutic 

implications.
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CHAPTER 1

GENERAL INTRODUCTION
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1.1 Erectile dysfunction - definition and prevalence 

Erectile dysfiinction (ED) is the inability to achieve or maintain an erection of the 

penis of sufficient rigidity to allow vaginal penetration and hence mutually satisfactory 

sexual intercourse for both partners. It has been estimated that ED is a problem for 

about 1 in 10 adult males (Shabsigh et al 1988, Furlow 1985). The exact incidence of 

established erectile failure is not known as many sufferers do not seek advice.

1.2  Physiology o f  penile erection

The relaxation of penile corporeal smooth muscle, an essential step for penile erection, 

is controlled locally by autonomic dilator nerves and the vascular endothelium.

There seems to be general agreement that penile erection is mediated mainly via the 

pelvic nerves (Bell 1972), though the detailed sequence of events has not yet been fully 

established. Studies of the erectile response evoked by pelvic nerve stimulation in dogs 

found that erection appeared to result from two main circulatory events (Andersson et 

al 1984). The first response was a prompt dilatation of the penile resistance vessels, 

causing a greatly increased arterial inflow, which in the early phase bypassed the 

cavernous bodies and therefore increased venous outflow to the same extent. This has 

been confirmed by other workers (Hanyu et al 1992, Vardi et al 1990). The second 

response, characterised by a rapid filling of the corpora cavernosa and an increase in 

cavernosal pressure, was recorded after a distinct delay. This was attributed to a 

sudden opening of low-resistance shunt vessels, the helicine arteries, diverting part of 

the increased arterial inflow into the cavernous bodies. An alternative explanation is 

that the latency period before the rise in intracavernous pressure is due to relaxation of 

the smooth muscle of the cavernosa and the time required to fill the now-compliant
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cavernosal tissue with arterial blood (Vardi et al 1990). Thus, such a mechanism was 

considered to account more properly than delayed opening of the resistence vessels for 

the observed latency. It has also been suggested that the initial parasympathetic 

vascular mechanism is followed by the somatomotor muscular mechanism, producing 

penile rigidity by muscular compression of the blood-distended cavernous bodies 

through contraction of the ischiocavernosus muscles (Junemann et al 1989). Other 

investigators have supported such a view (Aboseif et al 1988, Karacan et 

al 1983, Lavoisier et al 1986,1988,1992). However, a recent study in young normal 

volunteers has shown that no electrical activity occurred in the ischio- or 

bulbocavemosus muscles during development of tumescence and erection, unless the 

individual voluntarily contracted the muscles. Only during ejaculation did a well 

defined electrical and contractile pattern occur (Gerstenburg et al 1990).

Detumescence has received less attention. The haemodynamic changes during 

detumescence represent a reversal of those occurring during erection: contraction of 

the cavernous smooth muscles, decrease of the arterial flow, and full restoration of 

venous outflow, either passively (due to intrinsic smooth muscle tone) or actively 

(increased sympathetic activity) or both. In humans, the electrical activity of the 

cavernous smooth muscle tissue has been shown to decrease during erection and to 

resume during detumescence (Wagner et al 1989).

In dogs, where erection had been induced by cavernous nerve stimulation, three phases 

of detumescence have been demonstrated (Bosch et al 1991). During the initial phase, 

a small pressure increase could be recorded, most probably due to cavernous smooth 

muscle contraction; the arterial flow rate returned to baseline levels. This phase was 

therefore considered to be dependent on arterial inflow and cavernous smooth muscle

22



contraction. The second phase was a period of slow pressure decrease; some venous 

drainage probably occurred during this phase. During the third phase, there was a fast 

decrease in intracavernous pressure, and the venous drainage was completely restored.

1.3 Neural pathways involved in penile erection

The blood vessels, intrinsic smooth muscles of the penis, and surrounding striated 

muscles are controlled by nerves arising from three different parts of the peripheral 

nervous system: the thoracolumbar sympathetic, the lumbosacral parasympathetic and 

lumbosacral somatic (Dail 1993, De Groat et al 1993). Normal erection requires 

participation of all these systems. However, defects of any of them do not exclude an 

erectile function sufficient for succesful coitus.

The sympathetic preganglionic nerve fibres to the penis generally arise from neurons in 

interomedial grey matter of the lower thoracic (TIO) and upper lumbar (L3) spinal 

cord segments, the segmental levels showing species variation (De Groat et al 1993, 

Lue et al 1984). Preganglionic fibres leave the cord via the ventral roots of the 

corresponding spinal nerves, then pass via the white rami communicantes to the 

paravertebral sympathetic chain ganglia and make synaptic connections with ganglion 

cells at various levels. The chain ganglion cells projecting to the penis are located in 

the sacral and caudal lumbar ganglia (De Groat et al 1993). Via the grey rami, the 

postganglionic axons reach the urogenital tract through the pelvic, cavernous and 

pudendal nerves (De,Groat et al 1993, Langley et al 1895).

Preganglionic fibres may also leave the chain ganglia and pass along the lumbar 

splanchnic nerves to prevertebral ganglia in the superior hypogastric plexus (presacral 

nerve). The superior hypogastric plexus divides into the left and right hypogastric
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nerves as the sympathetic fibres extend caudally toward the pelvic plexus (Learmonth 

1931). The hypogastric nerves contain postganglionic fibres from prevertebral ganglion 

cells as well as preganglionic axons that pass through the prevertebral ganglia to make 

synaptic connections in the pelvic plexus, which is an important integrator site for the 

penile autonomic innervation. The sympathetic postganglionic axons originating in the 

pelvic plexus, as well as in paravertebral and prevertebral ganglia, travel to the penis as 

the cavernous nerve (Lue et al 1984), which is identifiable in close proximity to the 

prostate, and possibly as other smaller nerves which follow the blood vessels.

The sympathetic pathways to the penis may mediate antierectile as well as erectile 

effects. Stimulation of the lumbar sympathetic chain, hypogastric nerves or sympathetic 

fibres in the pudendal nerve has been shown to produce detumescence or subsidence of 

an erection elicited by electrical stimulation of the sacral spinal roots (Semans et al 

1938). Erections caused by stimulation of the cavernous nerves has been shown to be 

blocked by simultaneous stimulation of the hypogastric nerves (Junemann et al 1989) 

and additional hypogastric nerve stimulation caused a rapid detumescence once an 

erection had been established (Junemann et al 1989).

The preganglionic neurons involved in the parasympathetic efferent activity of the 

penis are located to the intermediate grey matter of the sixth lumbar to fourth sacral 

spinal cord segments, dependent on species (Bors et al 1960, Dail et al 1989, Gaskell 

1886, Hancock et al 1979, Lue et al 1985, Marson et al 1993, Morgan et al 1979,

1986, Nadelhaft 1983,1984,1986, Walsh et al 1982). Together with axons from other 

spinal centres these neurons form the sacral efferent fibres emerging in the 

anterior roots.The sacral preganglionic nerves travel to the pelvic plexus in the pelvic 

nerves (nervi erigentes). The pelvic nerves also receive input from the sacral

24



sympathetic chain ganglia, via the grey rami (Pick et al 1946).

Fibres from the inferior hypogastric nerves join the pelvic nerves to form the pelvic 

plexus. The pelvic plexus plays a major role in the neural regulation of urogenital 

function and serves as a relay and integration centre within which preganglionic axons 

make synaptic connections with postganglionic neurons innervating the penis.

The autonomic nerve fibres projecting to the penis from the pelvic plexus are known as 

the cavernous nerves. These nerves run between the prostatic capsule and the 

endopelvic fascia (Lepor et al 1985, Paick et al 1993, Walsh et al 1982), then travel 

along the posterolateral aspect of the prostate until the pro static apex, where they are 

only a few centimetres from the urethral lumen. Distal to the membranous urethra, 

some fibres penetrate the tunica albuginea of the corpus spongiosum, while the 

remaining fibres lying at the 1 and 11 o ’clock positions enter the penile crura along 

with the terminal branches of the pudendal artery and cavernous veins.

Eckhard’s pioneering work in dogs showed penile erections could be elicited by 

stimulation of nerves or plexus on the rostromedial surface of the levator ani muscle 

(Eckhard 1863). These findings have been confirmed by many workers since and have 

led to the commonly accepted view that sacral parasympathetic pathways in the pelvic 

nerves are the primary efferent system for generating penile erection (Andersson et al 

1987, Bacq et al 1935, Dorr et al 1967, Langley et al 1895, Quinlan et al 1989,

Semans et al 1938). This parasympathetic neural activity induces vasodilatation in the 

penile blood vessels and increases blood flow to the cavernous tissue (Dorr et al 1967, 

Lue et al 1987, Newman et al 1964).

The thoracolumbar sympathetic, lumbosacral parasympathetic and lumbosacral somatic 

chains all provide fibres necessary for this relaxation. Adrenergic, cholinergic and non-

25



adrenergic non-cholinergic nerves all participate, though the non-adrenergic non- 

cholinergic (NANC) nerves are assuming greater importance (Benson 1983, Trigo- 

Rocha et al 1993).

1.4 Vasoactive mediators o f  penile erection

Although the penile erectile process is generally accepted to be under neuroregulatory 

control, biochemical substances locally released from the endothelial or smooth muscle 

components of the erectile tissue may also cooperate in this function. In normal blood 

vessels, the endothelium has a protective role and is concerned with the maintenance of 

vascular tone and permeability. Vascular tone is under the influence of a number of 

endothelium-derived substances, such as nitric oxide (NO), endothelin (ET) and 

prostanoids.

NO has a very short half-life (between 7 and 30 seconds depending on the method 

used) and is notoriously difficult to measure in vivo. NO is synthesised by the 

conversion of L-arginine to citrulline. This step is dependent on the enzyme NO 

synthase (NOS), an enzyme which is both calcium and calmodulin-dependent and 

utilises 5 co-factors. NOS is modulated by calcium flux into cells and is under direct 

negative feedback by NO (Assreuy et al 1993).

There is growing evidence that during erection local release of NO and/or related 

factors produces corpus cavernosal relaxation. Several investigators have shown that 

both acetylcholine(ACh)- and neuronally-mediated relaxation in human and rabbit 

corpus cavemosum involves release of NO or a NO-like substance (Bush et al 1992a, 

1992b, Holmquist et al 1991a, 1991b, 1992a, 1993, Ignarro et al 1990, Kim et al 1991, 

Knispel et al 1991, 1992a, 1992b, Pickard et al 1991, 1995, Rajfer et al 1992) in vitro.
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Both the nerves innervating the corpus cavemosum and/or the endothelium may 

theoretically be the source of the NO involved in erection. Using an anti-serum to the 

constitutive NOS found in 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 cavernosal arteries and the neuronal processes in 

the sinusoids and the periphery of the corpora cavernosa were prominently stained. 

Dorsal penile and cavernosal arteries stained for NOS both in the adventitial and 

endothelial layers, although endothelial staining was faint in the cavernosal vessels.

Aim et al (1993) using antiserum produced in rabbits against a COOH-terminal 

fragment of the rat cerebellar NOS, confirmed these findings. Burnett et al (1993) also 

demonstrated NOS staining in human urogenital tissues. NOS was identified in the 

cavernous nerves and their terminal endings within the corpora cavernosa, in the 

branches of the dorsal penile nerves and in nerve plexuses in the adventitia of the deep 

cavernous arteries. However, NOS localised to the endothelium and to the smooth 

muscle of the corpora cavernosa has not been clearly demonstrated by immuno- 

histochemistry. Keast (1992), using nicotinamide adenine dinucleotide phosphate 

(NADPH) diaphorase staining to demonstrate NOS in the rat penis, found the enzyme 

both in endothelial cells lining many blood vessels and within the cavernous spaces.

The NOS demonstrated in rat and rabbit corpus cavemosum was shown to display 

substantial activity, as monitored by the ability to convert [3H]-arginine to [3H]- 

citmlline (Burnett et al 1993, Bush et al 1992c). In rabbit corpus cavemosum, 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
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important source of NO in penile tissue is neuronal.

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

L-arginine methyl ester (L-NAME), effectively inhibit NOS, and in vitro they inhibit 

the relaxation of cavernous tissue caused by electrical field stimulation (EPS) and 

muscarinic receptor stimulation (Bush et al 1992a, 1992b, Holmquist et al 1991a, 

1992a, Kim et al 1991, Knispel et al 1991, Pickard et al 1991, Rajfer et al 1992). The 

inhibitory effect can be partially counteracted by L-arginine.

NG-nitro-L-arginine (L-NNA) augmented the contractions induced by EPS or by 

noradrenaline (NA) but had little effect on resting tension (Knispel et al 1992a), 

suggesting that passive stretching of cavernous tissue is not sufficient to induce NO 

release but that continuous release of NO may occur during active contraction. In the 

flaccid 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, seems dependent on the oxygen tension (Kim et al 1992, 1993). 

Electrically induced relaxations were progressively inhibited as a function of decreasing 

oxygen tensions at p0 2  values <50 mmHg and markedly attenuated at oxygen tensions 

measured in the flaccid state. This implies that the decreased oxygen tension 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 enzymatically or non-enzymatically 

(Peelisch 1991), like nitroglycerin, sodium nitroprusside (SNP), S-nitroso-N- 

acetylpenicillamine and linsidomine, all cause concentration-dependent relaxation of 

human and rabbit corpus cavemosum. They have also been shown to stimulate soluble 

guanylate cyclase, leading to an increase in the tissue levels of guanosine 3’5’ cyclic
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monophosphate (cGMP)(Ignarro et al 1990). The relaxation induced by EFS 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 stimulation of soluble guanylate cyclase activity.

In rats, intracavernous injection of different drugs 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 

intracavernosal pressure (Martinez-Pineiro et al 1993). Intracavernosal injection of 

cGMP and SNP, on the other hand, caused dose-dependent changes in intracavernous 

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

cavernous smooth muscle relaxation in the rat is mediated by 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 

cavernous nerves could be dose-dependently inhibited by intracorporeal injection of L- 

NNA, which is known to inhibit NOS activity (Holmquist et al 1991b). In anaesthetis

ed rats, intravenous L-NNA inhibited erection induced by stimulation of the cavernous 

nerves (Burnett et al 1992). There is thus convincing experimental evidence for the 

assumption that neurogenic NO is an important mediator in penile erection.

Many different peptides have been demonstrated to occur in nerves of corporeal 

smooth muscle and penile vessels from humans and various animals (Andersson 1993, 

Dail 1993, De Groat et al 1993, Lincoln et al 1991). This has led to speculation about 

their functional roles as inhibitory or excitatory transmitters and/or modulators of
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neurotransmission.

The widespread use of intracorporeally injected prostaglandin Ei (PGEi) for treatment 

of ED has focused interest on the physiological functions of prostanoids in penile 

erection. Prostacyclin (PGI2) has been shown to contract isolated strips of human 

corpus cavemosum and cavernosal artery at baseline tension (Hedlund et al 1985). In 

precontracted strips of human cavernosal artery, however, PGI2 causes relaxation 

(Hedlund et al 1985) and in a dog model appears to serve as a vasodilator in the initial 

phase of penile erection (Andersson et al 1984). The importance of the cAMP pathway 

in cavernosal relaxation has been demonstrated in both rabbit models (Sparwasser et al 

1994) and humans (Eckert et al 1997).

The endothelins (ET’s) are a family of peptides possessing powerful vasoconstrictor 

activity as well as mitogenic activity on vascular smooth muscle cells in culture (Hirata 

et al 1989). ET-1 was originally isolated from the medium of cultured porcine 

endothelial cells (Yanagisawa et al 1988) and as an endothelium-derived peptide is 

believed to act in a paracrine fashion, on adjacent smooth muscle cells. ET release has 

been described in response to a number of stimuli, including shear stress (Yoshizumi et 

al 1989) and is ideally situated to act on neighbouring smooth muscle cells initiating 

vasoconstriction or smooth muscle cell proliferation. Three isopeptides (endothelin 1,2 

and 3) have been characterized in human and rat tissues (Inoue et al 1989), ET-1 being 

preferentially released from vascular endothelium. Endothelins bind to G protein 

coupled receptors, and two distinct receptor sub-types, endothelin A (ETa) and 

endothelin B (ETb) have been characterized and recently cloned (Arai et al 1990, 

Sakurai et al 1989). ETa receptors have greater affinity for ET-1 than for ET-3, 

whereas ETb receptors show similar affinity for the three isopeptides (Arai et al 1990).
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ETa receptors are found on vascular smooth muscle cells, where they mediate vaso

constriction and cellular proliferation (Luscher et al 1993). Vascular ETb receptors 

occur predominately on endothelial cells and mediate vasodilation by generating 

endothelium-derived relaxation factors and PGI2 (Sakata et al 1989, Warner et al

1989). However, vascular ETb receptors in vivo mediate not only vasodilation but also 

vasoconstriction (Clozel et al 1992). Indeed, ETb receptors have been detected on 

vascular smooth muscle cells of large vessels including aortic cells, which have 

previously been considered a prototype model for the exclusive presence of ETa 

receptors (Batra et al 1993). ETb mediated vasoconstriction has been identified in 

pulmonary (McClean et al 1994) and coronary arteries (Teerlink et al 1994) and in 

veins of several different species (Moreland et al 1992, Gray et al 1994), as well as in 

mammary arteries of humans (Seo et al 1994).

Cultured endothelial cells from the human corpus cavemosum, but not non-endothelial 

cells, were shown to express ET-1 mRNA (Saenz de Tejada et al 1989a, 1991). 

Significant amounts of ET-like activity were measured with radio-immunoassay in the 

supernatants of endothelial cells in culture (Saenz de Tejada et al 1991). Using an ET- 

1 monoclonal antibody, ET-like immunoreactivity was found to be localised intensely 

in the endothelium and to a lesser degree in the cavernous smooth muscle from humans 

(Saenz de Tejada 1991). Thus, the capability to synthesise and release ET appeared to 

be specific for endothelial cells.

Binding sites for ET-1 were demonstrated in the deep penile artery, the circumflex 

veins, and throughout the cavemosum tissue using autoradiography (Holmquist et al 

1992b). Binding experiments revealed at least two distinct ET receptors in corporeal 

membranes, one type with high affinity for ET-1 and ET-2 and low affinity for ET-3,
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and another, less abundant, with high affinity for ET-1, ET-2 and ET-3 (Saenz de 

Tejada et al 1991).

ET-1 potently induced slowly developing long-lasting contractions in penile smooth 

muscles/corpus cavemosum tissue (Holmquist et al 1990, 1992b, 1992c, Lau et al 

1991, Saenz de Tejada et al 1989a, 1991), cavernous artery, deep dorsal vein (Lau et 

al 1991) and penile circumflex veins (Holmquist et al 1992b). Contractions were also 

evoked in human corpus cavemosum tissue by ET-2 and ET-3, although these 

peptides had a lower potency than ET-1 (Saenz de Tejada et al 1991).

The mechanisms of ET-induced contraction of penile tissues and vessels have not been 

elucidated. In rabbit corpus cavemosum, the contractions evoked by ET-1 were 

attenuated by the calcium antagonist nimodipine (Holmquist et al 1990), whilst in 

human circumflex veins the effect of the peptide was independent of influx of calcium 

through dihydropyridine-sensitive calcium channels (Holmquist et al 1992b). In both 

corpus cavemosum and circumflex veins, contractions induced by ET-1 were greatly 

reduced, but not abolished, in calcium-free medium. The contractile component 

observed in calcium-free medium in the rabbit corpus cavemosum was, however, 

abolished by the protein kinase C (PKC) inhibitor 1 -2-methylpiperazine (Holmquist et 

al 1990). ET-1 was shown to induce hydrolysis of phosphoinositides in a 

concentration-dependent manner in rabbit corpus cavemosum (Holmquist et al 1992c). 

Whether ET-1 activates phospholipase C (PLC) in the human corpus cavemosum is 

not known.

Muscarinic receptor stimulation and vasoactive intestinal peptide (VIP) have been 

shown to effectively counteract ET-1-induced contractions in both human and rabbit 

tissue (Holmquist et al 1990). In human cavernosal tissue, contractions induced by
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ET-1 were readily reversed by transmural electrical stimulation, ACh or SNP (Saenz 

de Tejada et al 1991). Interestingly, ACh and VIP have been localised to the same 

penile nerves (Dail et al 1986, Lincoln et al 1987), as has NOS (Junemann et al 1993). 

Because ET’s are not stored in granules in the endothelial cells (Nakamura et al 1990) 

the release of ET’s may be regulated at the level of synthesis rather than secretion. 

High concentrations may be reached locally and contribute to sustained smooth muscle 

tone (Saenz de Tejada 1991). In other vascular beds ET-1 synthesis and secretion has 

been shown to be regulated by both NO and the prostanoids, PGH and prostaglandin 

Ez (PGEz) via cGMP, probably through the inhibition of PKC (Lang et al 1991, Prins 

et al 1994). ET-1 has also been shown to release PGL and NO (Warner et al 1989) in 

rat mesentery , and in so doing ameliorates its own pressor activity significantly.

These findings suggest that ET’s have a physiological role in detumescence. The 

studies by Christ et al (1995) provided further support for a role for ET-1 in human 

corporal physiology and suggest its role is to augment other vasomodulators 

present in the human corpora.

1.5 Role fo r  vasoactive mediators in diabetic erectile dysfunction 

Diabetes mellitus (DM) represents one of the major organic causes of impotence. The 

prevalence of impotence in diabetic men has been reported to be as high as 50% 

(McCulloch et al 1980, Krane et al 1990). Controversy still rages regarding the 

aetiology of diabetic ED. The neurologic and vascular complications of DM are 

presumed to be responsible, but the relative contribution of each remains a matter for 

debate. Both these hypotheses meet in the assumption that diabetic metabolic disorders 

cause angiopathy by metabolic affliction of the endothelium. This angiopathy in turn
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causes ischaemic neuropathy. Studies in diabetic animal models and humans have 

uncovered pathological changes in penile arteries (Ruzbarsky et al 1977, Abelson 

1975), morphological alterations of autonomic nerves (Faerman et al 1974, F ani et al 

1983), decrease in the number of nerves and a depletion of several neurotransmitters 

(Gu et al 1984, Lincoln et al 1987, Melman et al 1980) within the corpus cavemosum, 

providing support for both hypotheses.

In isolated corpus cavemosum strips from diabetic patients with ED, both neurogenic 

and endothelium-dependent relaxation were impaired (Saenz de Tejada et al 1989b). 

Similar findings were also apparent in alloxan-induced DM rabbits (Azadzoi et al 

1992a). In this context, nerve terminals close to the endothelial cells have been 

demonstrated (Schmalbmch et al 1989). Reduced relaxation to EFS in cavernosal 

tissue taken from diabetic patients with ED has also been demonstrated (Pickard et al 

1994). This was associated with a lack of NO production, measured as the formation 

of nitrite, and not to the inability of the smooth muscle to relax (Pickard et al 1994). 

Further support for an impairment in the L-arginine/NO pathway in the diabetic 

cavernosal bed was provided by studies which showed a significant increase in NOS 

binding sites in rat cavemosum 2 months post induction of diabetes (Sullivan et al 

1996a). Impairment of NO synthesis in other diabetic vascular beds (rabbit hind limb) 

has been postulated as being responsible for the impaired neurogenic and endothelium- 

mediated relaxation demonstrable in these tissues (KifT et al 1991).

There is also some evidence to suggest that ET’s play a pathophysiological role in 

arterial disease and diabetes. Increased plasma levels have been described in patients 

with hyperlipoproteinaemia (Arendt et al 1990), ischaemic heart disease (Yasuda et al

1990) and DM (Takahashi et al 1990). Lerman et al (1991) has suggested that plasma
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ET levels may be a marker for arterial vascular disease and, in parallel with these 

findings showed ET-like immunoreactivity is present in vascular smooth muscle and 

endothelial cells of atherosclerotic human blood vessels. Bell et al (1995) demonstrated 

an up-regulation of ET- 1 and E T a receptor binding sites in diabetic rat cavernosal 

tissue, providing support for a pathological role in diabetes. Zhao et al (1995) have 

also demonstrated increased nuclear and cytosolic Ca^  ̂concentrations, in response to 

ET-1, in cavernosal smooth muscle cells (CSMC) from men with organic ED (6 6 % of 

these patients having DM).

PGI2 synthesis has been shown to be impaired in rat cavernosal tissue 2  and 6  months 

after the induction of DM (Jeremy et al 1985) and may contribute to the ED 

demonstrable in this model.

As is evident, much of the above experimentation has been carried out in animal 

models. This is not surprising in view of the restricted availability of human penile 

erectile tissue and the obvious ethical problems. Furthermore, animal models have the 

advantage of standardised diet, disease duration and treatment. A number of models 

have been used, though the rabbit appears to be the most common , and is considered 

to be a good model of human erectile function (Broderick et al 1991, Holmquist et al 

1990, 1992a, Taub et al 1993). The rat is the other commonly used model, but it 

suffers from tissue restriction and more importantly in the context of diabetes, the 

penis becomes very fibrous and difficult to use for histological and biochemical 

analysis. The rat is also relatively résistent to atherosclerotic changes in blood vessels 

due to its raised “cardioprotective” high density lipoprotein. Atherosclerosis is believed 

to play an important part in diabetic vascular disease and on these grounds the rat is 

not the most suitable model. The rabbit model undergoes similar atherosclerotic
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changes to man and has been selected for study.
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CHAPTER 2

GENERAL METHODS AND RESULTS
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2.1 Methods

2.1.1 Animals, diet & animal weights

Experiments presented in this thesis were performed on male, New Zealand White 

(NZW) rabbits of weight 3 - 4.5 kg. All animals were housed in standard rabbit cages 

in a temperature controlled (25°C) room, under 1 2  h dark/ 1 2  h light cycle.

Animals were maintained with SDS standard rabbit plain (SDS, Witham, UK) and 

given fresh tap water ad libitum. Their weights were measured at monthly intervals.

2.1.2 Materials

The following drugs and other materials were supplied by Sigma Chemical Co.

(Poole, Dorset, UK): acetylcholine chloride, adrenaline bitartrate, alloxan 

monohydrate, antisera against 6 -oxo-prostaglandin F^, arachidonic acid (sodium salt), 

atropine hydrochloride, calcium ionophore A23187, Dulbecco’s Minimum Essential 

Medium, forskolin, gelatin, guanethidine, indomethacin, isobutyl-methylxanthine, 

Norit activated charcoal, phorbol ester dibutyrate, phenylephrine, prostaglandin E,, 6 - 

oxo-prostaglandin sodium nitroprusside.

The following radiochemicals, kits and other materials were obtained from Amersham 

Radiochemicals (Amersham International, Aylesbury, Bucks, UK): [’̂ ^I]-endothelin- 

1, [‘̂ ^I]-PD151242, [^^^I]-BQ3020, pH]-L-N^-nitroarginine, [^H]-6 -oxo-prostaglandin 

Fia> [’̂ ^I]-cAMP and [*^^I]-cGMP radioimmunoassay kits. and microscales. 

Hyperfilm 3H, LM-1 nuclear emulsion.
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The following chemicals were provided by Bachem Fine Chemicals (Switzerland): 

endothelin-1, L-arginine, BQ123, BQ788, LY85583, L-N^-nitroarginine. tetrodotoxin, 

sarafatoxin 6 c and oxadiazoloquinoxalin-1 .

The immunohistochemical markers PECAM, anti-alpha smooth muscle actin and 

neurofilament 200 were obtained from Dako Laboratories (High Wycombe, Bucks, 

UK).

2.1.3 Alloxan administration & validation of diabetic state 

Diabetes was induced by a single i.v. (lateral ear vein) injection of alloxan 

monohydrate 65 mg/kg, in a 5ml vehicle (0.9% NaCl). Control animals were injected 

with the vehicle alone. The alloxan-injected rabbits required subcutaneous injections 

(scruff of neck) of 10 ml of 50% dextrose, at 6  hourly intervals for the first 24 h, to 

counteract the hypoglycaemia resulting fi-om alloxan-induced pancreatic beta cell 

necrosis. Thereafter, they were given access to food and water ad libitum. 

Confirmation of the severity of diabetes was obtained by testing for glycosuria 

(Multistix, Ames division. Miles Laboratories Ltd, Stoke Poges, Berks, UK) and 

measurement of serum glucose (Hitachi 747 Automatic Autoanalyser, Boehringer 

Mannheim, Lewes, Sussex, UK).

Rabbits were classified as diabetic if their serum glucose concentrations were 

lOmmol/1 or greater throughout the study. Alloxan-treated rabbits with plasma 

glucose concentrations less than lOmmol/1 were considered nondiabetic. These 

alloxan-treated, nondiabetic rabbits (n = 4) were used as a second control group along 

with vehicle-treated rabbits for the autoradiographic studies.
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2.1.4 Blood collection & analysis of samples

Blood was taken prior to alloxan administration, 5 days after alloxan and at monthly 

intervals thereafter. The blood was taken from a lateral ear vein (5 - 10ml) or from the 

central ear artery (15-25ml) and placed into serum gel bottles for serum urea and 

electrolytes, serum glucose, serum lipids and liver function tests and potassium-EDTA 

bottles for haematological analysis.

Serum concentrations of urea and electrolytes, serum glucose, serum lipids, liver 

fimction tests and haematological indices were determined using standard methodology 

for the Hitachi 747 Automatic Autoanalyzer (Boehringer Mannheim, Lewes, UK). All 

methodologies are monitored by national quality assurance programmes.

2.1.5 Statistical Analvsis

The results are expressed as mean ± standard error of the mean (SEM). Data was 

analysed using ANOVA for multiple comparisons. Paired comparisons between two 

groups were performed using paired Student’s t-tests where ANOVA indicated 

significance for the multiple comparison. Statistical significance was accepted when 

p<0.05.
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2.2 Results

The methodology involved in setting up this experimental diabetic rabbit model had a 

high success rate, with 84% of the rabbits responding to alloxan. Mortality secondary 

to the diabetic state was also low (8 %), 1 rabbit dying from severe hypoglycaemia and 

1 from diabetic ketoacidosis.

The range of several haematological and biochemical variables, at two time intervals, 

was also established in this rabbit DM model. The values reported here are very similar 

to those expected in non-insulin dependent diabetic patients.

Table 1. Starting and finishing weights in control and DM groups studied. Means ± 

SEM are given (n = 6  in each study group)

Body Weight (kg)

Starting Final

3 months

control 3.0 + 0.1 4.0 ±0.2

diabetic 3.1 ±0.1 3.9±0.1

6  months

control 2.9 ±0.1 4.1 ±0.1

diabetic 3.1 +0.1 3.6+ 0.2*

* P < 0.05 (ANOVA, Student’s t-test).
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Body weight (Table 1)

There was no significant difference in body weight in the 3 month diabetic animals 

when compared to age-matched controls. However, after 6  months of diabetes there 

had been a significant reduction in body weight compared to age-matched controls. 

The weight loss in the 6  month DM rabbits was compatible with the abnormal energy 

production associated with non-ketotic DM.

Haematological variables (Table 2)

The haematological profile was not significantly different between 3 and 6  month 

diabetic rabbits and age-matched controls, except for a reduction in the mean 

corpuscular volume (MCV) in 3 month diabetic rabbits compared to age-matched 

controls.
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Table 2. Changes in haematological variables in control and DM rabbits. Means ± 

SEM given (n = 6  in each study group)

3 months 6  months

control DM control DM

Hb (g/dl) 12.3 ±0 .4 12.2 ±0.4 11.7±0.5 12.4 ±0.9

Hct 44.0 ± 1.8 41.7± 1.3 38.8± 1.1 40.7 ± 1.5

MCV 74.0 ± 1.4 68.0 ± 1.3* 67.8 ±1.4 65.5 ± 1.2

MCH 20.8 ±0.4 20.0 ±0.3 2 1 . 0  ± 0 . 6 19.7± 1.0

MCHC 28.4 ±0 .4 29.3 ±0.7 30.9 ±0.1 30.7 ± 1.2

RBC 

(x 1 0 ‘̂ /1)

6.0 ±0.3 6 .1  ± 0 . 2 5.7±0.1 6 . 2  ± 0 . 2

WBC

(x 1 0 "/1)

8 .9± 1.1 8.1 ±0.9 7.2 ± 1.0 10.5 ± 1.4

Pit

(x lO’/l)

385 ±34 390 ±46 446 ± 47 539 ± 6 8

* p < 0.05 (ANOVA, Student’s t-test).

Hb = haemoglobin MCHC = mean corpuscular haemoglobin concentration

MCV = mean corpuscular volume RBC = red blood cells

MCH = mean corpuscular haemoglobin WBC = white blood cells,

Pit = platelets
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Table 3. Changes in the serum urea & electrolytes, phosphate, magnesium, calcium and 

glucose of the 3 and 6  month diabetic rabbits. Results are expressed as means ± SEM 

(n = 6  in each study group)

3 months 6  months

control diabetic control diabetic

Na^ (mmol/1) 145.3 ±0.8 135.2± 1.3** 144.2 ±0.8 135.2± 1.5*

(mmol/1) 4.5±0.1 5.4 ±0.2** 4.6 ±0.1 4.6 ±0 .2

HCO3 (mmol/1) 25.0 ± 1.4 27.2 ± 1.0 26.4 ± 1.9 28.2 ± 1.5

Urea (mmol/1) 6.3 ±0.1 10.5 ±0.2** 7.8± 1.1 1 0 .0 ± 1.1

Creatinine

(|4mol/l)

89 ±3 118±3* 99±  15 1 2 0  ± 6

P O / (mmol/1) 1.5±0.1 1.4±0.1 1 .6 ± 0 . 1 1.5±0.1

Mg^  ̂(mmol/1) 0 . 8  ± 0 . 0 2 0.8 ±0.05 0 . 8  ± 0 . 0 2 0.9 ±0.05

Ca"" (mmol/1) 3 .7±0.1 3.6±0.1 3.7±0.1 3.7 ±0.3

Glucose (mmol/1) 7.6 ±0.3 33.4±2.1*** 6 . 6  ± 0 . 2 30.7 ±4.8***

* P < 0.05, ** p < 0.01, *** P < 0.001 (ANOVA, Student’s t-test vs corresponding 

control group).

44



Table 4. Changes in the serum urate, amylase and liver function tests of the 3 and 6  

month diabetic rabbits. Results are expressed as means ± SEM (n = 6  in each study 

group)

3 months 6  months

control diabetic control diabetic

Urate (mmol/1) 0 . 0 1  ± 0 0 . 0 1  ± 0 0 . 0 1  ± 0 0 . 0 1  iLO

Amylase

(mmol/1)

890 ± 82 921 ±84 827 ± 33 962 ± 63

Albumin (g/1) 43.3 ±0.7 41.2±0.7 41.4± 1.8 40.8 ± 1.8

TP (g/1) 63 ± 1 59 ± 1 56 ± 1 59 ± 2

TBil (pmol/1) 5 ±  1 8 ± 1 9 ±  1 11 ± 1

AST (U/1) 18± 4 126 ±38*** 1 7± 2 32±  10

ALT (U/1) 43 ± 6 98 ±24** 48 ± 6 55 ± 8

ALP (U/1) 6 8 ± 11 61 ± 5 64±  16 59±  15

GGT (U/1) 8 ± 1 16±2** 7 ±  1 13 ± 3

** P < 0.01, ***?< 0.001 (ANOVA, Student’s t-test vs corresponding control 

group).

TP = total protein ALT = alanine transaminase

TBil = total bilirubin ALP = alkaline phosphatase

AST = aspartate transaminase GGT = gamma glutamyl transferase
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Blood biochemistry in the diabetic rabbit (Tables 3 & 4)

A number of biochemical abnormalities were seen in the diabetic groups, with the 

more significant changes occurring after 3 months. The fall in serum sodium and the 

rise in serum potassium concentration has been attributed to hyporenin- 

hypoaldosteronism occurring in diabetics with mild renal insufficiency (D’Elia et al 

1985). This electrolyte pattern was observed in our DM rabbits after 3 months, though 

the potassium had returned to control levels after 6  months of DM.

The increase in serum urea is probably a consequence of impaired renal function and 

catabolic state. A deterioration in renal fimction is well documented in DM (D’Elia et 

al 1985).The occurrence of this phenomenon in our experimental model is supported 

by the observed increase in serum creatinine concentration.

Serum glucose concentrations were significantly higher in both 3 and 6  month DM 

rabbits, though the levels were slightly lower in the 6  month DM rabbits. Increased 

sensitivity to insulin has been documented in man when renal fimction deteriorates 

(Weinrauch et al 1978). A similar phenomenon may be occurring in the 6  month DM 

rabbit.

Serum AST activity was significantly elevated in the 3 month DM rabbits. These 

changes were paralleled by a significant increase in ALT and GGT activity.

Elevations of these enzymes have been documented in DM man (Averbuch and 

Weintraub 1991, Bell et al 1988, Maxwell et al 1986). The reason for these rises is not 

clear, though increases in liver enzymes has previously been attributed to elevated 

plasma glucose concentrations (Averbuch and Weintraub 1991).
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Table 5. Changes in serum lipid, creatine kinase and lactate dehydrogenase values in 

the 3 and 6 month diabetic groups. Values are expressed as means ± SEM

3 months 6 months

control diabetic control diabetic

Triglyceride

(mmol/1)

0.9 ±0.1 1.2 ±0.1 0.8 ±0.1 0.9 ±0.1

Cholesterol

(mmol/1)

0.9 ± 0.2 0.7 ±0.1 1.3 ± 0.3 0.9 ±0.1

Creatine kinase 

(U/1)

498± 116 504± 143 343 ± 30 263 ± 33

LDH (U/1) 146 ±17 176 ±23 132 ± 24 132 ±23

LDH = lactate dehydrogenase

Lipids, creatine kinase and lactate dehydrogenase (Table 5)

No significant changes were seen in serum cholesterol, creatine kinase activity and 

lactate dehydrogenase activity in the 3 and 6 month DM rabbits when compared to 

age-matched controls. Serum triglycerides were increased, though not significantly, in 

the 3 and 6 month DM rabbits when compared to age-matched controls. These 

insignificant differences do not mimic the well-established pattern of 

hypertriglyceridaemia in human DM (Elkeles 1991).
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CHAPTER S

EFFECTS OF EXPERIMENTAL DIABETES MELLITUS ON NEUROGENIC 

AND ENDOTHELIUM-MEDIATED RELAXATION OF RABBIT CORPUS 

CAVERNOSAL SMOOTH MUSCLE
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3.1 Introduction

In the flaccid state, the corporeal smooth muscle is tonically contracted at some basal 

level of tone, allowing minimal blood flow into the penis. This smooth muscle 

contractility is modulated by sympathetic input (norepinephrine activation of post- 

synaptic a i adrenoreceptors), as well as endothelium-derived contracting factors, such 

as ET-1. Conversely, relaxation of penile cavernosal smooth muscle and an increase in 

corporeal blood flow is necessary for the creation of supradiastolic pressures and 

penile tumescence and rigidity.

3.1.1 Role for non-adrenergic non-cholinergic pathwav in penile erection 

Relaxation is thought to be achieved primarily via NANG pathways, where neuronally 

released NO causes activation of guanylyl cyclase and intracellular accumulation of 

cGMP (Burnett et al 1992, Bush et al 1992). Endothelium-derived NO may also play a 

role in this relaxation process via the same mechanisms (Azadzoi et al 1992b). 

Prostanoids have also been shown to affect smooth muscle relaxation via a cAMP- 

dependent mechanism (Azadzoi et al 1992b).

Clearly normal erectile function is characterised by a delicate balance in vivo between 

the effects of vasoconstricting and vasorelaxing hormones on the level of corporeal 

smooth muscle tone. Moreover, a critical or threshold amount of smooth muscle 

relaxation must occur in order to convert a tonically contracted flaccid penis to the 

fully erect state. If this critical level is not achieved inadequate erection will result.

Such incomplete smooth muscle relaxation may contribute to ED in a large proportion 

of impotent men. From a pathophysiologic standpoint, such incomplete corporeal
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smooth muscle relaxation may be related to one of the following: (1) Basal corporeal 

tone during flaccidity is unchanged, but the endogenous relaxation response is 

diminished. (2) The basal level of smooth muscle tone during flaccidity is augmented, 

but endogenous relaxation remains the same. (3) A combination of these factors. 

Disturbance in the equilibrium of NO (endothelium-derived), ET-1 and the prostanoids 

has been suggested to be important in the pathophysiology of diabetic vascular disease 

(KifF et al 1991, Jeremy et al 1985). The aetiology of diabetic ED remains 

controversial as both the neurologic and vascular complications of the disease are 

presumed to be responsible, though the relative contribution of each remains a matter 

for debate.

3.1.2 In vitro studies

In vitro studies have been used to study neurotransmission and the effects of drugs on 

cavernosal smooth muscle contraction/relaxation. This includes neurogenic-mediated 

relaxation (using EFS) and endothelium-dependent relaxation (using ACh) and also 

allows the effects of more novel agents such as NO and ET-1 to be assessed.

We have conducted in vitro studies, using isolated rabbit corpus cavernosal tissue 

strips, to study contractile and relaxant responses to the a i agonist phenylephrine (PE) 

and the known and physiologically relevant vasorelaxants ACh and NO, together with 

EFS. These studies were also performed in the presence of inhibitors of NO release, 

superoxide generators and guanylyl cyclase inhibitors, to determine the role of each of 

these factors in the responses seen.

The response of tissue strips to ET-1, a known potent vasoconstrictive agent was 

studied. In an attempt to identify the ET receptor subtype(s) involved in the ET-1
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response, tissue strips were preincubated with selective antagonists to ETa and 

endothelin B (ETb) receptors respectively. Any changes in these responses brought 

about by the onset of DM were also assessed.
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3.2 Methods

3.2.1 Tissue preparation and pre-treatment

Strips of rabbit corpus cavernosum ( 4-6 pieces per animal, 2 x 1.5 x 6mm) were 

obtained from 7 sexually mature, healthy control NZW rabbits. Rabbits were killed by 

cervical dislocation and penectomy performed immediately. The penises were placed in 

chilled Krebs buffer solution (mM: NaCl 118.1, NaHCOs 25, KCl 4.6, KH2PO4 1.2, 

CaCb 2.5, MgS0 4  1.2 and D-glucose 11.0) and the corpus spongiosum and urethra 

excised. The corpus cavernosal smooth muscle was then isolated from the enveloping 

tunica albuginea by careful dissection. The same procedure was performed on 6 age- 

matched diabetic NZW rabbits (6-8 months duration of DM).

All tissues were studied within 24 h of acquisition. The tissues were suspended 

between 2 small hooks in 1.5ml water jacketed isolated tissue baths equipped with two 

parallel platinum electrodes and prepared for experimentation as follows.

The tissue was initially allowed to equilibrate at 2-3g resting tension for 60 - 90 min in 

Krebs buffer solution at 37 The buffer was constantly aerated with a 95% O2

and 5% CO2 gas mixture which maintained the buffer at pH of 7.4 ± 0.1. At the end of 

the equilibration period, all preparations were challenged with 120mM KCl until 

reproducible contractions were obtained (variation < 10% between two consecutive 

contractions). In each individual preparation, the mean of the last two KCl-induced 

contractions was used as the control, and all subsequent contractile responses were 

expressed as a percentage of this control. The tissues were then routinely depolarised 

with 120mM KCl. This procedure increases and stabilises subsequent sub-maximal 

pre-contractile responses to PE. The strips were then washed and allowed to
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equilibrate for 30 min and then pre-contracted submaximally (70 - 80% of maximal 

KCl-induced contraction) by the addition of lO'^M concentration of PE. Any tissue 

which did not achieve a tension of Ig was discarded. Contractions were measured 

isometrically with a Grass force displacement transducer (model FT-03, Grass 

Instruments, Quincy, Massachusetts, USA) and recorded on a Grass polygraph (model 

7D, Grass Instruments).

3.2.2 Relaxations to EFS

Following pre-contraction with lO'^M PE, EFS was then performed using an S88 

Grass stimulator (Grass Instruments). EFS was conducted at 50V, with sequential 

frequencies of 2, 4, 8 and 16Hz in the form of square wave pulses (pulse duration 

1ms) in trains of lOsec and train interval 5-8 min or until the trace returned to the 

baseline pre-contractile tension. Strips were only used in which there was < 10% 

variability in the magnitude of relaxation to EFS.

Following complete relaxation, the strips were pre-incubated for 60 min in bathing 

media containing guanethidine (5 x lO'^M), atropine (lO'^M) and indomethacin (10' 

^M). The purpose of this treatment was to eliminate the adrenergic and cholinergic 

components and to study relaxation responses to the stimulation of NANC nerves.

The relaxation to EFS was then studied following contraction with PE (lO'^M). 

Tetrodotoxin (lO'^M), a neuronal sodium-channel blocker, or L-N^-nitroarginine (L- 

NOARG; 2 x lO'^M), an inhibitor of neuronal NO release, were then given 15 min 

prior to repeating the EFS responses. Tetrodotoxin is used to confirm the neurogenic 

origin of responses to EFS, whilst L-NOARG assesses the role of neuronal NO in the 

relaxation to EFS.
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3.2.3 Endothelium-dependent relaxations

Endothelium-dependent relaxations were determined by pre-contracting smooth 

muscle strips with PE (lO'^M) and then relaxing the tissue by the addition of ACh 

directly to the organ bath. Concentration-response curves (CRC) to ACh were 

obtained using 10’̂  to lO'̂ ^M, added cumulatively.

3.2.4 NO-induced relaxations

Tissue strips were prepared in exactly the same way as for EFS including incubation 

with guanethidine, atropine and indomethacin. Following pre-contraction with PE 

(lO'^M) the tissues were relaxed by the addition of authentic NO solution directly into 

the organ bath. CRC were determined in the dose range lO’̂ -lO'̂ ^M, with the next dose 

being added only when the trace had returned to baseline. The NO-neutralising agent 

(via superoxide generation), LY 85583 (lO'^M) or the guanylyl cyclase inhibitor, 

oxadiazoloquinoxalin-1 (ODQ; lO’̂ M) were then given 15 min prior to repeating the 

responses to NO (10'^ to 2 x lO'^M).

Authentic NO was prepared as follows: NO gas was purified fiirther by passage 

through distilled water to remove any NO2 and then through a column of potassium 

hydroxide to remove any traces of water from the NO. The NO was collected in a 

glass bulb fitted with a rubber septum. Aliquots of 40ml of gas were bubbled through 

1 ml of distilled water contained in a small test tube that had been vacuum evacuated 

for 15 min followed by venting with oxygen-free nitrogen for 15 min. This procedure 

yields a saturated solution of NO in water (approximately ImM). Serial dilutions were 

then made using a gas-tight microlitre syringe.
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3 .2.5 CRC to ET-1 and effects of ET antagonists on ET-1 contractions 

Concentration response relationships for ET-1 lO'^M) were determined by

cumulative addition of the drug to the organ baths. The concentration of ET-1 was 

increased only after the response to the previous addition had plateaued. In order to 

determine the ET receptor subtype(s) involved in the ET-1 response in the rabbit 

penile smooth muscle, the E T a and ETb receptors were blocked separately 

using the selective antagonists BQ123 (lO'^M) and BQ788 (10‘̂ M) respectively. This 

was achieved by directly adding the antagonist to the organ bath and allowing it to 

equilibrate for 30 min. The concentration responses to ET-1 (10'^°- lO’̂ M) were then 

repeated. To check the doses of both antagonists were suitable, ET-1 CRC’s were 

performed in the presence of a range of concentrations o f BQ123 and BQ788 (10'^ - 

lO'^M). The ETb agonist, sarafatoxin 6c (10'^°- lO'^M) was also applied to tissue strips 

to further clarify the role of the ETb receptor.

3.2.6 Data Analvsis

The effects of EFS, ACh and NO are expressed as percentage relaxation of the agonist 

(PE) induced tension, whilst ET-1 contractile responses, with or without the E Ta or 

ETb antagonists, are expressed as a percentage of the contraction induced by 120mM 

KCl. Statistics was performed using paired Student’s t-tests.

55



3.3 Results

Baseline studies

By the end of the equilibration period, 82% of the strips had developed oscillating 

spontaneous activity at a mean tension of 1.2g + 0.2 (n = 13; 52 strips used in total).

Contractions to KCl and PE

KCl (120mM) and PE (lO'^M) caused stable contractions to 6.1g ± 0.3 and 4.8g ± 0.5 

respectively; (n = 13, 52 strips). No significant difference was seen between control 

and diabetic rabbits in response to KCl (120mM) or PE (lO'^M).

Relaxations to EFS

EFS of the strips of corpus cavernosum treated with guanethidine, atropine and 

indomethacin caused frequency-dependent relaxations (Fig 1). Tetrodotoxin (lO'^M) 

reduced the electrically elicited relaxation by 92% + .4 (Fig 2). The addition of L- 

NOARG (2 X lO'̂ ^M) reduced the effects of EFS to 18.4 + 4 % of the initial response 

(Fig 3).

No significant difference in relaxation between control (mean I C 5 0  = 3.6 Hz ± 0.5) and 

diabetic (mean I C 5 0  = 3.9 Hz ± 0.6) strips to EFS was seen (Fig 4). At higher 

frequencies (8, 10 and 16 Hz) however, the diabetic response had plateaued (mean per 

cent relaxation = 63.6 % ± 9.6) whilst the response of control strips was continuing to 

rise in a linear fashion (mean = 85.1% ± 3.4).
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ACh-induced relaxations

When the tissues were contracted with PE (lO'^M) to assess the responses to ACh, 

similar tensions were achieved in the control and diabetic groups. Tension induced by 

PE was 4.2g ± 0.4, 4.4g ± 0.6 in control and diabetic groups, respectively. Relaxations 

to ACh ( 1 0 '^  to lO'̂ ^M) were not significantly different between control and diabetic 

corporal strips (Figs 5,6).

NO- induced relaxations

Precontraction with PE (lO'^M) for the study of responses to NO were similar between 

control and diabetic strips. Tension induced by PE was 4.3g ± 0.5, 4.5g + 0.4, 

respectively. Relaxations to NO (lO'^M to lO'̂ ^M) were more potent than to either EFS 

or ACh (Fig 7). The relaxations to NO were transient, due to its short half-life and 

were similar qualitatively to those elicited by EFS (Fig 7). LY 85583 and ODQ 

markedly inhibited the responses to NO (Fig 8). The relaxations to NO were 

significantly (p < 0.02) greater in diabetic corporal strips (mean I C 5 0  = 3.4 x 10‘̂ M ± 

0.6) compared to controls (mean I C 5 0  = 22.9 x lO'^M ± 14.4) (Fig 9).

ET-1-induced contractions

ET-1 elicited characteristically slow onset and long-lasting contractions. A typical 

CRC took 60 - 90 min to complete (Fig 10). This is in contrast to the rapid, readily 

reversible, contractile response to PE. ET-1 CRC were constructed for both control (n 

= 7) and diabetic (n = 6) strips. Logistic analysis revealed that the mean ± standard 

error responses to each dose were not significantly different between control and 

diabetic strips (Fig 11).
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Effect of E T a and ETr selective antagonists on the response to ET-1 

Addition of BQ123 (lO’̂ M) or BQ788 (lO'^M) had no significant effect on the ET-1 

CRC in control or diabetic strips (Figs 12, 13). There was however a reduced 

contractile response to ET-1 (lO'^^-lO'^M) in the presence of increasing concentrations 

of BQ123 (10’̂ - lO'^M) in control tissue (Fig 14). Increasing concentrations of BQ788 

(10'^- 10'^) had no effect on the contractile response to ET-1 and the ETb agonist, 

sarafotoxin 6c (10'^°- lO'^M), elicited no contractile responses in control strips.
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Figure 1.

Isometric tension recordings illustrating relaxation induced by EFS on PE-contracted 

strips of control and diabetic rabbit corpus cavernosum. EFS was conducted at 2, 4, 8 

and 16 Hz. Tracings are representative of 12-18 strips from 6 rabbits per group.
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Figure 2.

Isometric tension recordings illustrating effects of EFS in the presence of tetrodotoxin 

(10‘̂ M) on PE-contracted strips of control and diabetic rabbit corpus cavernosum. 

Tracings are representative of 4 strips from 2 rabbits per group. Note the marked 

inhibition of relaxant response supporting the neurogenic origin of EFS effects.
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Figure 3.

Isometric tension recordings illustrating effects of EFS in the presence of L-NOARG 

(2 X 10'̂ ^M) on PE-contracted strips of control and diabetic rabbit corpus cavernosum.

Tracings are representative of 4 strips from 2 rabbits per group. Note the marked 

inhibition of relaxant response supporting an important role for NO in neurogenically-

induced relaxation.
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Figure 4.

Dose response relationships of relaxation of control and diabetic corpus cavernosum in 

response to EFS. Each point represents mean + SEM of 12-18 strips from 6 rabbits per

group.
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Figure 5.

Isometric tension recordings illustrating relaxant effects of ACh on PE-contracted 

strips of control and diabetic rabbit corpus cavernosum. Tracings are representative of

12-18 strips from 6 rabbits per group.
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Figure 6.

Dose response relationships of relaxation of control and diabetic corpus cavernoium in 

response to ACh. Each point represents mean + SEM of 12-18 strips from 6 rabbits

per group.
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Figure 7

Isometric tension recordings illustrating relaxant effects of NO on PE-contracted 

strips of control and diabetic rabbit corpus cavernosum. Tracings are representative of

12-18 strips from 6 rabbits per group.
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Figure 8.

Isometric tension recordings illustrating effects of NO alone and in the presence of 

LY 85583 (lO'^M) or ODQ (lO'^M) on PE-contracted strips of control rabbit corpus 

cavernosum. Tracings are representative of 4 strips from 2 rabbits per group (control 

and diabetic). Note the marked inhibition of NO-induced relaxant responses in the 

presence of LY 85583 or ODQ supporting an important role for guanylyl cyclase in

this process.
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Figure 9.

Dose response relationships of relaxation of control and diabetic corpus cavernosum in 

response to NO. Each point represents mean + SEM of 12-18 strips from 6 rabbits per 

group. The IC50 for diabetic strips was significantly (p < 0.02) less than control strips.
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Figure 10.

Representative tracings of graded contractile response of isolated rabbit control and 

diabetic cavemosal smooth muscle strips to ET-1. Note stability and time course of

ET-1 induced contractile response.
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Figure 11

Dose response relationships obtained by cumulative addition of ET-1 to control and 

diabetic corpus cavemosal strips. Each point is expressed as a percentage of the 

contraction induced by 120mM KCl and represents mean ± SEM of 12-18 strips from

6 rabbits per group.
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Figure 12.

Representative tracings of graded contractile response of isolated rabbit control 

cavemosal smooth muscle strips to ET-1 in the presence of BQ123 (lO'^M) or BQ788

(lO-’M).
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Figure 13.

Dose response relationships obtained by cumulative addition of ET-1 to control 

corpus cavemosal strips in the absence and in the presence of BQ123 (lO'^M) or 

BQ788 (lO'^M). Each point is expressed as a percentage of the contraction induced by 

120mM KCl and represents mean ± SEM of 6-12 strips from 6 control rabbits.

71



220 -

200 -

180- + BQ788 
+ BQ123E 160- 

o
CN 140-

O  120- 
k :

100 -M-o
80 -

c  60-
0
■(0 40-

1  20-

-20

- 1  <ivi>



Figure 14.

Dose response relationships obtained by cumulative addition of ET-1 to control 

corpus cavemosal strips in the presence of increasing concentrations of BQ123 (10'^- 

lO’̂ M). Each point is expressed as a percentage of the contraction induced by 120mM 

KCl and represents mean ±  SEM of 3 strips from 3 control rabbits.
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3 .4 Discussion

The cavemosal smooth muscle relaxation in response to exogenous NO support a role 

for this molecule in erectile physiology. The sensitivity of this NO response to ODQ 

and LY 85583 implies this is a guanylyl cyclase-dependent process. The inhibitory 

effects of tetrodotoxin and L-NOARG on EPS support a major role for NO in NANC- 

induced CSMC relaxation. The increased sensitivity to authentic NO solutions in the 

diabetic strips implies that the end-organ response to NO is not impaired in DM 

cavemosal tissue and suggests that the cGMP pathway has been up-regulated. This 

response may be a positive feedback mechanism secondary to inadequate amounts of 

NO reaching the end organ, either due to impaired secretion or quenching. These 

findings support studies in impotent diabetic men, which have demonstrated that 

reduced relaxation to EPS is associated with a lack of NO production and not to the 

inability of the CSMC to relax (Pickard et al 1995). Impairment of NO synthesis in 

other diabetic vascular beds has been shown by Kiff et al (1991) and postulated as 

being responsible for the impaired neurogenic- and endothelium-mediated relaxation 

demonstrable in these tissues. Other workers have shown that advanced glycosylation 

end products (AGE’s) can quench and inactivate NO (Corbett et al 1992).

These studies demonstrate no significant alteration in neurogenic- and endothelium- 

dependent relaxations of rabbit trabecular smooth muscle 6-8 months after the 

induction of diabetes by alloxan when compared to controls. These findings contradict 

those observed by Azadzoi et al (1992a). However, these differences could be due to 

the variation in duration of diabetes (6 weeks vs 6-8 months) or related to the severity 

of diabetes (alloxan dose 150mg/kg vs 65mg/kg, semm glucose 15mmol/l vs 3 5mmol/1
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respectively).

In some animals, responses to EFS and/or ACh were obviously impaired when 

compared to controls. These findings highlight the problems of assessing the relative 

roles of impaired neurogenic and endothelium-mediated relaxation of CSMC in the 

development of diabetic ED. The responses to EFS however, plateaued at higher 

frequencies (8-16Hz) in the diabetic strips, when compared to controls, and this may 

be indicative of a developing impairment in NANC-induced cavemosal relaxation. The 

responses to NO in this study in conjunction with the EFS results support an important 

role for neuronal NO in cavemosal smooth muscle relaxation. These findings also 

suggest the presence of denervation supersensitivity in the cavemosal NANC pathway, 

a well recognised observation in other smooth muscle containing tissues with 

associated neuropathy (Westfall et al 1975). This supersensitivity could also provide 

one explanation for the marked erectile responses to low dose intracavemosal agents 

seen in some men with diabetic ED and in other men with neurogenic ED (Krane et al 

1990).

The present investigation confirms previous results (Holmquist et al 1990, 1992b, 

Christ et al 1995) showing that ET-1 potently and concentration-dependently contracts 

isolated rabbit corpus cavernosum. Defined maximal contractions could not be 

obtained by ET within the concentration range used, and consequently no ECso values 

could be calculated.

The mechanisms underlying the ET-induced contraction are not fully understood. Two 

receptor subtypes, E T a and ETb receptors have been isolated and both have been 

shown to elicit vasoconstriction following ET-1 stimulation. Interestingly, following 

blockade with the E T a selective receptor antagonist BQ123 (lO'^M) or the E T b
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receptor antagonist BQ788 (lO'^M), no significant reduction in contractile response to 

ET-1 was seen. However, increasing concentrations of BQ123 (10'^- lO'^M) reduced 

the contractions to ET-1. These findings would support a role for the ETa receptor in 

ET-1-induced cavemosal smooth muscle contraction. The lack of antagonism of ET-1 

contraction by BQ788 however, would not support a role for ETg-mediated 

vasoconstriction on rabbit cavemosal tissue. The lack of contractile responses to 

sarafatoxin 6c support these findings.

Recent studies have suggested that a third ET receptor subtype, ETc exists (Kame et 

al 1993) and this receptor may have a role in rabbit cavemosal smooth muscle 

contraction. We have shown that BQ123 and BQ788 are effective E T a and ET b 

antagonists in human platelets and human prostate, respectively, suggesting that they 

are active (unpublished data).

No significant differences in the response to ET-1 between control and diabetic 

corporal smooth muscle strips was noted. These findings are consistent with those 

demonstrated by Christ et al (1995) in patients with and without organic ED.

In conclusion, these experiments support a role for NO, ACh and NANC nerve 

stimulation in cavemosal smooth muscle relaxation and for ET-1 in cavemosal smooth 

muscle contraction. The NO-, ACh- and NANC-induced relaxations are transient and 

easily washed out, whilst the ET-1 contractions are long-lasting and difficult to wash 

away. The ET-1 contractions may be mediated by the ETa receptor subtype. There 

was a significantly increased response to NO in diabetic strips, when compared to 

controls. This suggests impaired NO secretion/NO quenching may play a role in the 

pathophysiology of diabetic ED.
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CHAPTER 4

IN VITRO LOCALISATION OF BINDING SITES FOR I]-ENDOTHELIN

AND [’ H]-L-N ° -NITROARGININE ON RABBIT CAVERNOSAL 

VASCULATURE: IDENTIFICATION OF DIABETES-INDUCED CHANGES.

76



4.1 Introduction

4 .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).

4.1.2 Sources of nitric oxide

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 for study in 

different tissues in the body.

4.1.3 Role of ET-1 in penile smooth muscle contraction

A number of recent studies have suggested that the endothelium-derived peptide 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).

Chapter 3 has considered some of the functional properties of rabbit cavemosal
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smooth muscle strips and any changes in these properties consequent on the 

development of DM. It is however important to correlate these findings with receptor 

or binding site analyses.

4.1.4 Autoradiographv

Autoradiography is one of the techniques that has been used to study NOS and 

ET-1. In vitro autoradiography is a method enabling binding sites for peptides and 

transmitter substances (putative receptor sites) to be identified on slide-mounted tissue 

sections and, where high-resolution autoradiography has been performed, binding to 

histologically-identifiable structures has been described at a microscopic level 

(Crossman et al 1988,1991, Dashwood et al 1991, Moody et al 1990).

Using this technique, NOS and ET-1 (including its receptor subtypes) binding sites in 

cavemosal tissue from the diabetic rabbit model were identified using the appropriate 

radioligand and localised using high and low resolution autoradiography. These were 

compared to age-matched, non-diabetic healthy controls and alloxan-non-diabetic 

controls.

Immunohistochemical staining for ET-1 and histochemical staining for NOS was also 

carried out on the tissue sections, to confirm their presence and histological location.
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4.2 Methods

Autoradiographic localisation of binding sites for and pH]-L-N^-

nitroarginine

4.2.1 Preparation of penile tissue

Following cervical dislocation, the penile tissues were excised and stored immediately 

at -70°C in air tight cryotubes. The tissues were then mounted in AMES OCT 

embedding compound (BDH Laboratory Supplies, Poole, Dorset, UK).Transverse 

10 pm sections of rabbit penises were cut in a cryostat (Bright Instrument Co. Ltd., 

Huntingdon, Cambs, UK.) at approximately -20°C and thaw mounted onto APES 

(aminopropyltriethoxysilane)-coated or gelatinised microscope slides. The slides were 

stored at -70°C in air tight containers until use.

4.2.2 Saturation binding analysis of ET-1 to its receptor sites on control and diabetic 

rabbit cavemosal tissue

ET-1 binding sites were studied as described by Dashwood et al (1993,1994). 

Preliminary binding studies (saturation analysis) were performed, where consecutive 

10pm corpus cavernosum sections were preincubated 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 (2 h at 22°C) in buffer containing 5mM MgClj, 1% bovine serum 

albumin and lOOkiu/ml of aprotinin in the presence of 0.003-1 nM [’̂ ^I]-ET-1. ET^ 

and ETg binding sites were identified using the selective radioligands [*^^I]-PD151242 

(ET J (Davenport et al 1994) and [*''I]-BQ3020 (ETg) (Molenaar et al 1992). Non-
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specific binding was established by incubating adjacent sections in the presence of l^iM 

unlabelled ET-1 Receptor distribution was studied by exposing incubated tissue to 

Hyperfilm 3H for 2 days (low resolution autoradiography) and receptor density was 

estimated on a Kontron VIDAS imaging system (Kontron, Thame, Oxon, UK) from 

curves generated by microscales that were co-exposed with tissue sections.

Binding was also determined by incubating slide-mounted tissue, as described above, 

and wiping sections from microscope slides and measuring bound using a gamma 

counter. Receptor density (B m a x ) and affinity ( K d )  were then calculated using 

GraphPad Inplot Software (Graph Pad, San Diego, California, USA).

4.2.3 Quantitative assessment of ^^^I-ET-1. f^^^Il-PD151242 IETaI and f̂ ^̂ II- 

B03020 (ETr̂) binding to rabbit corpus cavernosum

Consecutive 10pm rabbit corpus cavernosum sections were incubated for 120 min at 

22°C in buffer containing 0.15nm [^^^I]-ET-1, 0.15nM [‘̂ ^I]-PD151242 and 0.3nm 

[^^^I]-BQ3020 (concentrations at the approximate Kd values established from 

saturation studies above). The degree of non-specific binding was established by 

incubating alternate sections in the presence of IpM unlabelled ET-1 (non-specific 

binding for [^^^I]-ET-1 was < 10% of the total binding, and undetectable for [^^ Î]- 

PD151242 and [^^^I]-BQ3020). Slides were washed in buffer (2 times for 10 min) 

dipped in distilled water at 4®C and dried in a stream of cold air. Low resolution 

autoradiography was carried out by exposing sections to Hyperfilm 3H in x-ray 

cassettes for 1-3 days.

Photodensitometric analysis was performed using the VTDAS imaging system as
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above. Binding was expressed in terms of radioligand bound per unit area (ie 

disintegrations per minute (dpm)/mm^).

Microscopic localisation (high resolution autoradiography) of binding sites was 

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

slides in molten nuclear emulsion (LM-1) (Moody et al 1990). Slides were then stored 

in light-proof boxes for upto 8 days at 4°C, after which they were processed in 

undiluted D19 high contrast developer (Kodak, Ilford, Essex, UK) and fixed in Ilford 

IF-23 (diluted 1:4 in tap water)(Hypam, Ilford, Essex, UK). Underlying tissue was 

stained with haematoxylin and eosin and the high resolution autoradiographs were 

viewed on an Olympus Vanox microscope; selected sections were photographed where 

appropriate.

4.2.4 Quantitative assessment of f^H]-L-N^-nitroarginine binding to rabbit corpus 

cavernosum

Localisation of nitric oxide synthase was carried out essentially as described by Michel 

et al (1993) and Kidd et al (1995). Slide mounted tissues were preincubated in 50mM 

Tris HCl, pH 7.2 for 60 min at 22°C. Consecutive sections were then incubated in Tris 

buffer containing 3mM CaCb and lOnM [^H]-L-N^-nitroarginine ([^H]-L-NOARG) 

(Specific activity 55 Ci/mmol) for 60 min at 4°C. The degree of non-specific binding 

was established by incubating alternate sections in the presence of 10 pM unlabelled L- 

arginine. After incubation the slides were washed in buffer ( 4 times for 2 min) to 

reduce 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 

Hyperfilm 3H in x-ray cassettes for 12 weeks. After exposure the film was processed

81



in undiluted Kodak D19 developed and fixed in Ilford IF-23 (diluted 1:4 with water). 

The autoradiographs were then air dried.

Photodensitometric analysis was performed on film images on a VIDAS imaging 

system and the degree of specific binding determined from curves generated by 

microscales that were co-exposed with slide mounted tissue. Binding was expressed in 

terms of radioligand bound per unit area (ie dpm per mm^). Microscopic localisation 

(high resolution autoradiography) of binding was performed by post-fixing tissue in 

paraformaldehyde vapour (2 h at 80°C) and coating slides in nuclear emulsion (LM-1). 

Slides were then stored in light-proof boxes for 12 weeks at 4®C, after which they 

were processed in D19 high contrast developer and fixed. Underlying tissue was 

stained with haemotoxylin and eosin, high resolution autoradiographs were viewed on 

an Olympus Vanox microscope and selected sections photographed where appropriate.

4.2.5 Immunohistochemical localisation of ET-1

Immunohistochemical localisation of ET-like immunoreactivity was performed using 

the avidin-biotin peroxidase complex technique (Hsui et al 1981) on acetone fixed 10 

\im  rabbit corpus cavernosum tissue sections. The procedure involves sequential 

application of a primary antibody (1:300 dilution, anti-ET-1 monoclonal antibody) 

(Ong et al 1995) followed by biotin labelled secondary antibody (1:100 dilution, goat 

anti-mouse IgG antibody) and then the avidin-biotin peroxidase complex (Vector 

Laboratories, Peterborough, Cambs, UK).
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4.2.6 Histochemical localisation of NOS

Reduced NADPH diaphorase histochemistry was used to localise NOS and is derived 

from NOS activity in neurons (Dawson et al 1991). NADPH diaphorase histochemistry 

relies on the reoxidation of the reduced form of NOS in the presence of the electron 

acceptor, nitroblue tétrazolium. Sections were incubated in freshly depolymerised 3% 

paraformaldehyde in phosphate buffered saline (PBS) for 30 min at 4°C followed by 

incubation for 60 min at 37®C with ImM NADPH, 0.2mM nitroblue tétrazolium and 

0.2% Triton X-100 in 50mM Tris (pH 7.4).

Adjacent sections were also used for identification of endothelial, smooth muscle and 

nerve cells using the appropriate immunohistochemical markers, PECAM, anti-alpha 

smooth muscle actin and neurofilament 200, respectively.

4.2.7 Statistical Analvsis

The results are expressed as mean + SEM. Data was analysed using ANOVA for 

multiple comparisons. Paired comparisons between two groups were performed using 

paired Student’s t-tests where ANOVA indicated significance for the multiple 

comparison. Statistical significance was accepted when p < 0.05.
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4.3 Results

Autoradiographv

Receptor binding studies confirmed that [^^^I]-ET-1,[^^^I]-PD151242 and 

BQ3020 all bound in a concentration-dependent fashion to slide-mounted corpus 

cavernosum tissue sections of both control and diabetic rabbits. Saturation analysis 

showed that binding was to high affinity sites with Kd values in the subnanomolar 

range ( ['^’l]-ET-l = 0.13nM, [‘̂ ’l]-PD151242 = 0.22nM and ['^’l]-BQ3020 =

0 .17nM). Fixed concentrations (based on the Kd values) were used for subsequent 

experiments.

ET-1. ETa and ETg receptor binding sites

There was dense [^^^I]-ET-1 and [^^^I]-PD151242 binding to tissue sections, which 

was markedly reduced when incubated in the presence of unlabelled ET-1 A less 

marked [^^^I]-BQ3020 binding to tissue sections was also seen (specific binding for 

[125i ]-e t -1 approximated that of [^^^I]-PD151242 + [^^^I]-BQ3020).

[^^^I]-ET-1 binding was seen most markedly in the urothelium, corpus cavernosum and 

penile blood vessels (Fig 15). A less dense, but definite binding was also seen to the 

corpus spongiosum (Fig 15). Within the cavemosal tissue, there was intense binding to 

both the vascular smooth muscle cells and the endothelium (Fig 15).

Densitometric analysis of film images indicated [^^^I]-ET-1 binding to the corpus 

cavernosum was not significantly altered in both the 3 and 6 month diabetic rabbits 

when compared to controls (Table 6). However, at 6 months it was greater in the DM 

rabbit and approaching significance (p = 0.12).
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[^25i]_pdi51242 binding (E T a receptor binding sites) showed a similar distribution on 

standard autoradiography to [^^^I]-ET-1 binding (Fig 16). However, 

microautoradiographs demonstrated this binding to be primarily to CSMC (Fig 17). 

Photodensitometry showed no significant changes in ETa binding to cavernosal tissue 

between control and diabetic rabbits (Table 6).

[^^^I]-BQ3020 binding (ET b receptor binding sites) also showed a similar distribution 

to [^^^I]-ET-1. Examination of the underlying tissue under high resolution revealed 

marked binding to the endothelium and vascular smooth muscle cells of the corpus 

cavemosum (Fig 17). There also appeared to be a distinct area of high binding on 

microvessels in the region of the subtunical space (Fig 17). Densitometric analysis 

revealed a significant (p < 0.02) increase in ET b receptor binding sites (Table 6) in 

cavernosal tissue 6 months after the induction of DM when compared to age-matched, 

healthy controls. This increase could reflect the rise in ET-1 binding sites seen after 6 

months of DM. No significant changes in E T b receptor binding was seen between the 3 

months diabetic and control groups.

The cavernosal tissue from the alloxan-treated non-diabetic rabbits showed no 

significant changes in ET-1, E T a and E T b binding sites when compared to age- 

matched, healthy controls (Table 7). These findings would support a diabetogenic 

effect on ETb receptor binding sites rather than a toxic effect of alloxan.

Pseudocolour images were generated to represent the radioligand binding and 

demonstrate any differences found by densitometry (Fig 18)
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Table 6. Photodensitometric analysis of [^^^I]-ET-1, E T a and ET b receptor binding in 

cavernosal tissue of control and diabetic rabbits (n = 6 in each study group). Receptor 

binding measured as dpm x 1000/mm^ and values expressed as mean ± SEM.

3 months 6 months

control DM control DM

ET-1 34.5 ±5 .2 25.1 ±2.1 26.9 ±3.7 34.9 ±2.6

E T a 27.4 ±2.8 31.0±3.2 26.5 ±3.8 28.9 ±6.0

E T b 2.3 ±0.5 2.2 ±0.6 2.0 ±0.6* 6.7±2.1*

* P < 0.02 ( ANOVA, paired Student’s t-test) 6 month DM vs Age-matched Control
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Table 7. Photodensitometric analysis of [^^^I]-ET-1, ETa and ETb binding sites in 

cavernosal tissue of age-matched healthy controls (n = 6) and alloxan-treated non

diabetic rabbits (6 months post-alloxan, n = 4). Receptor binding measured as dpm x 

1000/mm^ and values expressed as mean + SEM.

6 months

control alloxan non-diabetic

ET-1 4.2±  1.0 4.2 ±0.3

ETa 4.2 ±0.1 3.5±0.1

ETb 3.5 ±0.3 3.0 ±0.2
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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, urethra 

and penile blood vessels (Fig 19). Within the corpus cavemosum, there was binding to 

both the endothelium and the smooth muscle cells (Fig 20).

Densitometric analysis of film images indicated [^H]-L-NOARG binding to the corpus 

cavemosum was not significantly altered in both the 3 and 6 month diabetic rabbits 

when compared to controls (Table 8). However, examination of the tissue under high 

resolution revealed an apparent increase in the smooth muscle binding of [^H]-L- 

NOARG in both 3 and 6 month diabetic cavemosal tissue when compared to age- 

matched controls (Fig 19).

The alloxan-treated non-diabetic cavernosal tissue showed no significant changes in 

NOS binding sites when compared to age-matched healthy controls (Table 9). These 

findings imply alloxan does not have direct toxic effects on corpus cavernosal NOS 

binding sites.
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Table 8. Photodensitometric analysis of [^H]-L-NOARG binding in cavemosal tissue 

of control and diabetic rabbits (n = 6 in each study group). Receptor binding measured 

as dpm X lOOOmm  ̂and values expressed as mean ± SEM.

3 months 6 months

control DM control DM

NOS 0.8+  0.1 1.2+ 0.2 0.9+ 0.2 l.O + O.l

Table 9. Photodensitometric analysis of [^H]-L-NOARG binding in cavemosal tissue 

of control (n = 6) and alloxan-treated non-diabetic rabbits (n = 4). Receptor binding 

measured as dpm x lOOOmm  ̂and values expressed as mean ± SEM.

6 months

control alloxan non-diabetic

NOS 0.8+ 0.1 0.4+ 0.1
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Immunohistochemical localisation of ET-1

ET-1-like immunoreactivity was localised to the cavernosal smooth muscle and 

endothelium lining the spaces, in both control and diabetic cavemosal tissue (Fig 

21,22). The immunoreactivity on 6 month diabetic tissue was ranked greater (graded 

by 2 independent histopathologists blinded to the study) than that of 6 month control 

tissue (Fig 21).

Histochemical localisation of NOS

NADPH diaphorase activity was demonstrated on cavernosal nerves, blood vessels and 

cavernosal smooth muscle cells in both control and diabetic tissue (Fig 23,24). The 

activity on both 3 and 6 month diabetic cavernosal smooth muscle cells was ranked 

greater (2 independent histopathologists) than that of age-matched control tissue (Fig 

23).
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Figure 15.

[i25i]gX_i binding to control and diabetic rabbit corpus cavemosum.

T o p  l e f t .  Microautoradiograph generated on nuclear emulsion of [^^^I]ET-1 binding to 

control 6 month rabbit corpus cavemosum.

T o p  r i g h t .  Microautoradiograph of binding to 6 month diabetic rabbit corpus 

cavemosum.

B o t t o m .  Smooth muscle (ACTIN) and endothelial (PECAM) cells identified on 

adjacent sections.

Scale bar = 500pm
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Figure 16.

ETa and ETb binding sites on diabetic rabbit corpus cavemosum.

T o p  l e f t .  Microautoradiograph of [^^^I]-PD151242 (E T a) binding to 6 month diabetic 

rabbit corpus cavemosum.

T o p  r i g h t .  [^^^I]-BQ3020 (ETb) binding to corpus cavemosum and subtunical vessels 

on an adjacent section.

B o t t o m .  Smooth muscle (ACTIN) and endothelial (PECAM) cells identified on 

adjacent sections of the same animal.

Scale bar -  250p,m
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Figure 17.

ET a and ET b binding sites to corpus cavemosum.

High magnification microautoradiographs showing ETa binding is predominately to 

cavernosal smooth muscle (left) whereas ET b binding is to endothelial cells within the 

corpus cavemosum and to microvessels at the border of cavernosa and tunica 

albuginea (subtunical space)(right).

Scale bar = 100|j.m
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Figure 18.

Pseudocolour images generated from hyperfilm autoradiographs.

T o p . Specific [^^^I]-ET-1 binding to corpus cavemosum, corpus spongiosum and 

urethra determined by subtracting non-specific [^^^I]-ET-1 binding (incubated in the 

presence of l|am unlabelled ET-1)(B) from total [^^^I]-ET-1 binding (A).

Bottom left. Comparison of specific [^^^I]-ET-1 binding to cavernosa, spongiosa and 

urethra in 6 month control (D) and 6 month diabetic (G) rabbits. Note increased 

binding to both corpus cavemosum and urethra in diabetic.

Bottom middle. Specific [^^^I]-PD151242 (E T a)  binding to 6 month control (E ) and
/

6 month diabetic (H) rabbit cavemosa, spongiosa and urethra.

Bottom right. Specific [^^^I]-BQ3020 (ETb) binding to 6 month control (F) and 6 

month diabetic (I) rabbit cavemosa, spongiosa and urethra. Note increased binding in 

diabetic cavernosa and urethra.

Code: Colour depicting degree of radioligand binding from lowest level (purple) to 

highest (white).
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Figure 19.

[^H]-L-N0ARG binding to control and diabetic rabbit corpus cavemosum.

H&E

C C

DIAB

Left. Microautoradiograph generated on nuclear emulsion of [^H]-L-NOARG binding 

to control (CON) 6 month rabbit cavernosa (dark field illumination, where white grains 

indicate binding sites).

Middle. Haemotoxylin & Eosin stained 6 month control rabbit corpus cavemosum 

(CC).

Right. Microautoradiograph of binding to 6 month diabetic (DIAB) rabbit cavernosa 

(dark field illumination).

Scale bar = 500pm
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Figure 20.

[’H]-L-NOARG binding to diabetic rabbit corpus cavemosum.

Higher magnification microautoradiograph showing NOS binding to cavernosal 

smooth muscle cells (sm) and a weaker binding to the cavernosal endothelium (en).

Scale bar -  50pm
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Figure 21.

ET-1-immunoreactivity in 6 month control and diabetic rabbit corpus cavemosum.

T o d  left. ET-1 immunoreactivity identified in 6 month control rabbit cavernosa (ET- 

LI CON) (positive immunoreactivity stained red)

Top right. Negative control (absence of primary antibody)

Middle left. ET-LI in cavernosa of 6 month diabetic rabbit (ET-LI DIAB)

Middle right. Negative control section (IgG antibody)

Bottom left. Smooth muscle in rabbit cavernosa identified using anti-alpha smooth 

muscle actin (ACTIN)

Bottom right. Endothelial cells in rabbit cavernosa identified using PECAM.

Scale bar -  250|im
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Figure 22.

ET-1 immunoreactivity in 6 month diabetic rabbit cavernosal smooth muscle and 

endothelium.

Left. ET-1 immunoreactivity identified in 6 month diabetic rabbit cavernosal smooth 

muscle cells, endothelial cells and a cavernosal blood vessel (arrow)

Right. Endothelial cells in rabbit cavemosa identified using PECAM.

Scale bar = 25|im.
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Figure 23.

NADPH diaphorase activity in 6 month control and diabetic rabbit corpus cavemosum 

and penile blood vessels.

CONTROL

BVS w

3

Ÿ .

DIABETIC

BVS.

T op . NADPH diaphorase activity identified in 6 month control rabbit penile tissue 

(CONTROL) showing prominent staining of penile blood vessels (BVS) and faint level 

o f staining o f corpus cavemosum (CC) (positive activity stained blue).

B ottom . NADPH diaphorase activity in 6 month diabetic rabbit penile tissue 

(DIABETIC) demonstrating prominent staining of both penile blood vessels (BVS) 

and corpus cavemosum (CC).

Scale bar = 0.5mm
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Figure 24.

NADPH diaphorase activity in rabbit corpus cavemosum and corpus spongiosum.

Top left. Control rabbit corpus cavemosum (CONTROL CC) showing faint level of 

staining of smooth muscle cells (SM).

Top middle. Negative control (-VE) showing smooth muscle stained feint red (SM)..

T o p  r i g h t .  Diabetic rabbit corpus cavemosum (DIABETIC CC) showing increased 

diaphorase activity on smooth muscle cells (SM) when compared to controls.

Scale bar = 200pm

Bottom left. NADPH diaphorase activity on diabetic corpus spongiosum (CS) blood 

vessels (BV). xlO

Bottom middle. NADPH diaphorase activity in diabetic rabbit corpus cavemosum 

(CC) nerve fibre (N). xlO

Bottom right. Higher power view of diabetic rabbit corpus cavemosum (CC) nerve 

(N) and smooth muscle cells (SM) demonstrating NADPH diaphorase activity. x20

Scale bar = 100pm

100



ÊWC CC :- JT'f i

. m

4 .  W  '



4.4 Discussion

This study demonstrates a significant increase in ETb receptor binding sites on the 

rabbit corpus cavemosum 6 months after the induction of DM. High resolution 

autoradiographs showed this increased binding to be both to CSMC and endothelium. 

Immunohistochemical techniques confirmed the presence of ET-1 like 

immunoreactivity in the corpus cavemosum both on CSMC and endothelium.

This ETb up-regulation could represent a pathophysiological pathway in diabetic ED 

or a compensatory response to the impaired NO/PGI2 release which has been reported 

in diabetic animal models (Jeremy et al 1985, Kiff et al 1991, Corbett et al 1992, Tilton 

et al 1993) and humans (Azadzoi et al 1990, Pickard et al 1994). A compensatory 

response would be consistent with the reciprocal regulation of ET-1 synthesis and/or 

secretion by NO (Boulanger et al 1990) and PGI2 (Prins et al 1994) that has been 

shown. The precise relationship, however, between PGI2 and the ETb receptor is not 

clear. It has been shown in a diabetic rat model that PGI2 synthesis is increased in the 

urinary bladder (Jeremy et al 1985). Quantification of the ETb receptors in the urinary 

bladder of this rat model would clarify the PGI2/ETB relationship further. If the same 

urinary bladder PGI2 changes occur in the diabetic rabbit then this may also allow a 

second comparison of ET receptor status in two organs which have different PGI2 

responses.

This study also demonstrated no significant changes in NOS binding sites in the rabbit 

corpus cavemosum 3 and 6 months after the induction of diabetes when compared to 

age-matched controls. These findings suggest that any decrease in NO production by 

the rabbit corpus cavemosum in DM cannot be attributable to a decrease in NOS-
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binding sites. However, it is important to realise that in vitro autoradiography, using 

[^H]-L-NOARG, does not discriminate between the three isoforms of NOS. Subtle 

changes in the binding sites of one or more NOS isoforms may be difficult to 

demonstrate. The increased NADPH diaphorase activity on CSMC in both 3 and 6 

month diabetic rabbits, when compared to age-matched controls, provide support for 

an increase in inducible NOS (iNOS).

These ETb changes and NOS results are unlikely to be due to a toxic effect o f alloxan, 

as the photodensitometric quantification o f ETb and NOS binding sites in alloxan-non- 

diabetic cavemosal tissue was not significantly different to that in control rabbit 

cavernosal tissue.

In this rabbit model, we have also demonstrated impairment of receptor-linked PGH 

and NO production by penile tissue 3 and 6 months after induction of DM (Chapter 5). 

These findings, taken together, imply endothelial dysfunction in the rabbit corpus 

cavemosum early in DM, which is both ongoing and more severe by 6 months.

These results should be considered in the light of previous studies, which suggest that 

a relatively short period of diabetes (2-3 months) causes alterations in the physiological 

mechanisms that modulate corpus cavemosum smooth muscle relaxation (Azadzoi et 

al 1992a, Italiano et al 1993, Jeremy et al 1985), an essential step for penile erection. 

These alterations also appear to mirror those in man (Saenz de Tejada et al 1989b) 

where the longer the duration of disease, the more likely is ED to be clinically evident. 

The ETb receptor has been shown to modulate both vasodilatation and 

vasoconstriction in vivo as well as having pro-mitogenic effects (Luscher et al 1993, 

Seo et al 1994). The action of ETb receptors on cavemosal tissue has not been 

clarified. However, the presence of ETb receptor binding sites on CSMC supports a
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vasoconstrictor role, and their up-regulation could have obvious deleterious effects on 

erectile function. Furthermore, plasma ET-1 concentrations have been shown to be 

increased in DM (Takahashi et al 1990) and in diabetic men with ED (Francavilla et al 

1997). Francavilla et al (1997) also demonstrated increased plasma ET-1 in the 

cavernosal body blood of these diabetic men with ED. These increases in plasma ET-1 

of DM men could further enhance vasoconstriction in the cavernosal vascular bed. 

Numerous studies have implied that diabetic vascular disease involves atherosclerotic 

changes (Kannel et al 1979, Ruderman et al 1984, Pyorala et al 1987). Cavernosal 

atherosclerosis has been demonstrated in both animal models (Azadzoi et al 1992c, 

Kim et al 1994) and humans (Jevtich et al 1990) with ED. In atherosclerotic human 

coronary vessels ETb receptor binding sites have been shown to be up-regulated in 

areas of recanalisation of atherosclerotic plaques (Dashwood et al 1998). This finding 

raises the possibility that the up-regulation of ETb receptor binding sites in the diabetic 

rabbit corpus cavernosum represents underlying early atherosclerotic changes. The 

promitogenic effects of ETb receptors could be central to these changes, especially in 

view of the smooth muscle cell proliferation fundamental to atherosclerotic plaque 

formation.

Healthy Sprague-Dawley (SD) and Wistar Kyoto (WK) rats are relatively resistant to 

atherosclerosis. We have previously shown an up-regulation of ET-1 and ETa receptor 

binding sites on corpus cavernosum, 2 months after the induction of diabetes in SD 

rats (Bell et al 1995). No ETb binding sites were demonstrable on control or diabetic 

cavernosal tissue of these SD rats (Bell et al 1995). In comparison to the rabbit model 

these differences may represent species variation in ET receptor sub-types and/or 

variable tissue response to diabetes. The lack of ETb receptor binding sites could be
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one explanation for the resistence to atherosclerosis seen in this rat model.

ET-1 has been shown to cause an increased contractile response (Tomobe et al 1991) 

and exaggerated intracellular Ca^  ̂concentrations (Batra et al 1993) in aortic smooth 

muscle from spontaneously hypertensive rats (SHR), when compared to SD and WK 

strains. It has been suggested these results were due to increased recruitment and/or 

expression of ETb receptors (Batra et al 1993).

Evidence supporting a role for ET-1 and one or both of its receptor subtypes in 

modulating penile cellular proliferation and phenotype expression comes from studies 

in human penile corpus cavernosum, where ET-1 induced increases in nuclear Ca^  ̂

levels were demonstrated (Zhao et al 1995). Furthermore, in patients with organic ED 

( 66% having DM) this increase in nuclear Ca^  ̂was even more pronounced . These 

findings are consistent with the elevated intracellular Ca^  ̂levels seen in most diabetic 

tissues (Levy et al 1994). The up-regulation of ETr receptor binding sites found in our 

studies could be one explanation for this increase in intracellular Ca^  ̂in cavernosal 

tissue and for the generalised increase in intracellular Ca^  ̂in DM.

In conclusion, the autoradiographic and immunohistochemical findings in this study 

suggest that ET-1 may have a role in the pathophysiology of diabetic ED and that this 

peptide is locally released in the corpus cavernosum to act in an autocrine fashion on 

neighbouring E T r receptors to cause vasoconstriction and/or CSMC proliferation
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CHAPTER 5

PROSTACYCLIN AND CYCLIC NUCLEOTIDE SYNTHESIS BY RABBIT 

CAVERNOSAL TISSUE: DIABETES-INDUCED CHANGES
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5.1 Introduction

A role for cGMP and cAMP as a second messenger mediating relaxation in vascular 

smooth muscle has been clearly established (Lincoln 1989, Hardman 1984). Since the 

discovery of endogenous, neuronal, or endothelial NO as an important neuro

transmitter in relaxation of the penile smooth muscle (Kim et al 1991, Azadzoi et al 

1991, 1992a, Finberg et al 1993, Triga-Rocha et al 1993), interest in determining and 

manipulating further intracellular signaling pathways has grown.

5.1.1 NO-cGMP pathwav

NO acts as an activator of guanyl cyclase, which catalyses the conversion of guanosine 

5 -triphosphate to cGMP (Moncada and Higgs 1993), thus increasing the level of 

intracellular cGMP and promoting the relaxation of erectile tissue.

5.1.2 PGL-cAMP pathway

cAMP acts similarly in mediating penile erection. Intracellular levels of cAMP are 

increased by prostaglandin Ei (PGEi), PGE2, forskolin (Azadzoi et al 1992c) and PGI2 

(Miller et al 1994).

5.1.3 Role of PGL in penile erection

PGI2 is synthesised by both the endothelium and smooth muscle component of penile 

tissue and associated vasculature (Jeremy et al 1986a,b). The most compelling 

evidence for an involvement of PGs in erection is that intracavernosal injection of 

PGEi is an effective means of treating erectile dysfunction (Virag and Adaikan 1987,
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Jeremy and Mikhailidis 1990). Furthermore, PGI2 formation and release in both the 

laboratory animal penis and human corpus cavernosum, is stimulated by 

parasympathomimetics (Jeremy et al 1986a,b) and is mediated by the synthesis of 

cAMP (Miller et al 1994). The precise role for PGI2 in regulating corporeal smooth 

muscle tone is unclear, though it has been suggested that it serves as a vasodilator in 

the initial phase of penile erection (Andersson et al 1984).

5.1.4 Role for DM in ED and endothelial dysfunction

It is also now progressively more widely accepted that risk factors that underly the 

development of vascular disease (eg smoking, hyperlipidaemia, diabetes mellitus) are 

identical to those that predispose to vasculogenic erectile dysfunction (Virag et al 

1985, Krane et al 1990, Shabsigh et al 1991, Mikhailidis and Jeremy 1994, Jeremy and 

Mikhailidis 1995a, Sullivan et al 1996b). A major risk factor for both atherogenesis 

and erectile dysfunction is DM. It has also been established that DM results in a 

disruption in vascular endothelial function (Cohen 1993). However, there is some 

disparity in published work as to whether DM actually results in an impairment of 

endothelial NO and PGI2 formation (Cohen 1993). Several studies in laboratory 

animals and man have indicated that DM results in an impairment of NO release and 

PGI2 synthesis in penile tissue (Saenz De Tejada et al 1989b, Jeremy et al 1985). More 

recently, cAMP and cGMP formation has been shown to be enhanced in the corpus 

cavernosum of the diabetic rat (Miller et al 1994), an event that was ascribed to an 

adaptation to this condition. In order to further investigate these possibilities, the PGI2- 

cAMP and NO-cGMP axes were studied using biochemical assays in control and DM 

rabbit cavernosal tissue.
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5.2 Methods

5 .2 .1 Preparation of tissue

Control and diabetic NZW rabbits were prepared as described in the general methods 

section. Following cervical dislocation, the penises were rapidly excised and placed in 

Dulbecco’s Minimum Essential Medium (MEM) pregassed with 95% 0% and 5% CO2 

The epidermal and connective tissue, urethra and corpus spongiosum were carefully 

excised from the penis. The corpora cavernosa were then cut longitudinally into two 

equal lengths and then transversely to give approximately 20 segments. These 

segments of corpus cavernosa from all animals were pooled and incubated in 

Dulbecco’s MEM at 37°C with regular changes of medium to allow the tissues to 

recover from preparative handling.

5.2.2 PGE formation

Following preincubation of corporal discs for four hours with frequent changes of 

medium, one disc, in duplicate for each drug dose was placed in MEM containing the 

following drugs which are known to stimulate PGI2 synthesis in the rabbit vascular 

tissue (Jeremy et al 1993, Karatapanis et al 1993): ACh, adrenaline (receptor agonists), 

phorbol ester dibutyrate (activator ofPKC), calcium ionophore A23187 (increases 

intracellular calcium) and arachidonate (substrate). Tissues were then incubated for 

one hour at 37°C. Supernatants were then removed and 6-oxo-PGFia concentrations 

(the stable spontaneous hydrolysate of PGI2) measured by radioimmunoassay (Jeremy 

et al 1985). Briefly, aliquots were diluted with 6-oxo-PGFia Tris HC1-(1%) gelatin 

buffer , pH 7.4. To these and 6-oxo-PGFia standards (0-1 Ong) was added 200pl
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diluted 6-oxo-PGFia antisera containing l|j,Ci [^H]-6-oxo-PGFia. Tubes were 

incubated overnight at 4°C. Activated charcoal (1% w/v) in Tris HCl-gelatin buffer 

was added to each tube, centrifuged and incubated on melting ice for 15 min. Tubes 

were then centrifuged at 2500 rpm for 10 min. Supernatants were decanted into vials 

and scintillation fluid added and counted in a (3-particle counter (LKB, Copenhagen, 

Denmark). Standard curves were compiled and unknown values calculated.

5.2.3 Assessment of cvclic nucleotide formation

Following pre-incubation, penile discs were placed in MEM in polypropylene tubes 

containing 250|iM isobutylmethylxanthine (a phosphodiesterase inhibitor) and various 

concentrations of cyclic nucleotide formation stimulators: PGEi and forskolin (cAMP) 

and SNP and A23187 (cGMP). Tubes were incubated for a further 20 min at 37°C. 

Reactions were stopped by the addition of IM perchloric acid and the tissues sonicated 

(3 X 30 sec: Soniprep, MSE). Following centrifugation at lOOOg for 15 min, 

supernatants were taken and neutralised with IM K3PO4. Aliquots were then taken and 

acetylated with triethylamine/acetic anhydride (1/2, v/v) and diluted with phosphate 

buffer, pH 7.4. To these and cAMP and cGMP standards (0-256 finol) was added 

200pl diluted cAMP or cGMP antisera containing lp,Ci [^^^IJcAMP or cGMP. Tubes 

were incubated overnight at 4®C. Antisera against rabbit globulins in phosphate buffer 

was added to each tube and incubated on melting ice for 15 min. Tubes were then 

centrifuged at 2500g for 10 min. Supernatants were decanted into vials and 

scintillation fluid added and counted in a gamma particle counter (LKB, Copenhagen, 

Denmark). Standard curves were compiled and unknown values calculated.
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5.2.4 Data analysis and statistics

Data are related to mg protein. Results are expressed as mean ± S.E.M. (n = 6) and 

analysed using ANOVA for multiple comparisons. Paired comparisons between two 

groups was performed using paired Student’s t-test where ANOVA indicated 

significance for the multiple comparison. Statistical significance was accepted when 

p<0.05.
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5.3 Results

PGL formation

PGI2 release in response to adrenaline, ACh and phorbol ester was significantly 

diminished in corporal tissue from diabetic rabbits compared to controls at both three 

and six months duration of DM (Figs 25-27). In response to the calcium ionophore, 

A23187, PGI2 formation by the corpus cavernosum fi"om diabetic rabbits was 

significantly reduced compared to controls at six months duration of DM but not so at 

three months (Fig 28). In response to arachidonic acid, there were no significant 

differences in PGI2 formation by the corpus cavernosum fi*om diabetic and control 

rabbits at both three and six months duration of DM (Fig 29).

Cyclic nucleotide formation

In response to forskolin and PGEi, cAMP formation by the corpus cavernosum firom 

diabetic rabbits was significantly reduced compared to controls at six months duration 

of DM but not at three months (Figs 30, 31). In response to the calcium ionophore, 

A23187, cGMP formation by the corpus cavernosum fi’om diabetic rabbits was 

significantly reduced compared to controls at three and six months duration of DM.

In response to SNP, there were no significant differences in cGMP formation by the 

corpus cavernosum from diabetic and control rabbits at both three and six months 

duration of DM (Figs 32, 33).
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Figure 25.

Adrenaline-stimulated PGIj (as 6-oxo-PGF, J  formation by the corpus cavernosum

from diabetic (A) and control (0) rabbits at 3 and 6 months after induction o f diabetes.

Each point = mean ±  SEM, n = 6. # < 0.05.
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Figure 26.

Acetylcholine-stimulated PGIj (as 6-oxo-PGF, J  formation by the corpus cavernosum

from diabetic (A) and control (0) rabbits at 3 and 6 months after induction o f diabetes.

Each point = mean ± SEM, n = 6. # < 0.05.
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Figure 27.

Phorbol ester-stimulated PGIj (as 6-oxo-PGF, J  formation by the corpus cavernosum

from diabetic (A) and control (0) rabbits at 3 and 6 months after induction o f diabetes.

Each point = mean ± SEM, n = 6. # < 0.05.
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Figure 28.

Calcium ionophore A23187-stimulated PGI2 (as 6-oxo-PGFj J  formation by the 

corpus cavernosum from diabetic (A) and control (0) rabbits at 3 and 6 months after 

induction of diabetes.

Each point = mean ± SEM, n = 6. # < 0.05.
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Figure 29.

Arachidonic acid-stimulated PGI2 (as d-oxo-PGF^J formation by the corpus 

cavernosum from diabetic (A) and control (0) rabbits at 3 and 6 months after induction 

of diabetes.

Each point = mean ± SEM, n = 6. # < 0.05.
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Figure 30.

Forskolin-stimulated cAMP formation by the corpus cavernosum from diabetic (A) 

and control (0) rabbits at 3 and 6 months after induction of diabetes.

Each point = mean ± SEM, n = 6. # < 0.05.
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Figure 31.

Prostaglandin E,-stimulated cAMP formation by the corpus cavernosum from diabetic 

(A) and control (0) rabbits at 3 and 6 months after induction of diabetes.

Each point = mean ± SEM, n = 6. # < 0.05.
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Figure 32.

Sodium nitroprusside-stimulated cGMP formation by the corpus cavernosum from

diabetic (A) and control (0) rabbits at 3 and 6 months after induction of diabetes.

Each point = mean ± SEM, n = 6. # < 0.05.
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Figure 33.

Calcium ionophore A23187-stimulated cGMP formation by the corpus cavemosum 

from diabetic (A) and control (0) rabbits at 3 and 6 months after induction of diabetes. 

Each point = mean ± SEM, n = 6. # < 0.05.
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5.4 Discussion

The finding that ACh stimulates PGI2 synthesis in the rabbit corpus cavernosum is 

consistent with previous reports that the production of this prostanoid is mediated by 

parasympathetic drive in both human and rat corpus cavemosum (Jeremy et al 

1986a,b,c). Furthermore, the present study consolidates the view that receptor-linked 

PGI2 formation is mediated by PKC in the corpus cavernosum (Jeremy et al 1988), 

since phorbol ester stimulated PGI2 formation.

With regard to the impact of DM, the lack of effect on arachidonic acid-stimulated 

formation indicates that alloxan-induced DM has no effect on cyclooxygenase/PGl2 

synthase complex in the penis of the diabetic rabbit. In contrast, PGI2 formation 

stimulated with ACh and phorbol ester was markedly reduced in cavernosal tissue at 

both 3 months and 6 months after induction of DM. These data therefore indicate that 

the defect in receptor-linked formation is due to alterations of PKC activity rather than 

changes in affinity and/or receptor numbers. It has become increasingly apparent that 

PKC activation in vascular diseases plays a key role in diabetic angiopathy (Lee et al 

1989, Jeremy et al 1993, 1995b). It was demonstrated that there is an increase in 

membrane-associated PKC, but reduction in cytosolic PKC in the vasculature of 

diabetic rats, an effect mimicked by high concentrations of glucose in vitro (Lee et al

1989). A reduction in cytosolic PKC would therefore account for the diminished 

responses to phorbol ester and ACh reported here. Furthermore, the present 

observations are consistent with a previous report in aortae of diabetic rats wherein 

there was a reduction of receptor-linked PGI2 formation that was ascribed to a PKC- 

mediated down-regulation of receptors (Jeremy et al 1996a). It has also been recently
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proposed that DM is a disease of calcium imbalance (Levi 1994, Jeremy et al 1995b). 

Since PKC is calcium-dependent this too may contribute to PKC activation. Finally, 

A23187-stimulated PGL synthesis was impaired at 6 months but not at 3 months.

Since A23187 elicits an increase in intracellular calcium, its accepted mode of action is 

activation of calcium-dependent phospholipase A2 (PLA2). Thus, these data indicate 

that DM results in a reduction in PLA2 activity which may be due to a down-regulation 

of the enzyme, alteration of calcium binding or to deactivation via phosphorylation by 

PKC

In the rabbit, PGI2 formation is confined almost exclusively to the endothelium and not 

the smooth muscle component of vascular tissue (Karatapanis et al 1993), whereas the 

opposite is true for the rat (Jeremy et al 1988). These data therefore consolidate that 

DM exerts a deleterious effect on endothelial function.

Following diabetes of six months, but not three months duration, cAMP synthesis was 

significantly reduced in the corpus cavernosum from diabetic rabbits compared to 

controls. Since PGI2 synthesis is mediated by activation of adenylate cyclase these data 

demonstrate that the PGL-cAMP axis is compromised in DM. In a previous study 

Miller et al (1994) found that cAMP accumulation in the penis of diabetic rats in 

response to PGEi and forskolin are significantly elevated compared to controls. Such a 

difference is perplexing. However, there is also a notable difference between the two 

models. Most importantly, rats which are rendered diabetic (equivalent to the present 

alloxan-induced status in rabbits) are markedly emaciated and catabolic 2 months later 

(median weights of control vs diabetic rats were 475g vs 239g, respectively) (Jeremy 

et al 1993). This was not the case with the rabbits 3 months after the induction of 

diabetes compared to controls in this study, where weight loss was minimal (Table 1).
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However after six months of diabetes the differences in weight had become significant 

(Table 1), though not to the same degree as the 2 month diabetic rats. In turn, it has 

been demonstrated that starvation markedly alters vascular biochemistry and function 

(Jeremy et al 1987, Gill et al 1992). Since weight loss is not a complication associated 

with 3 months of diabetes it is reasonable to suggest that the rabbit constitutes a 

preferable model of the disease. Certainly it obviates the innate complication of 

marked catabolic status encountered in the streptozotocin-treated rat.

SNP-stimulated cGMP formation was unaltered in the rabbit penis following duration 

of DM of 3 and 6 months. Since nitroprusside breaks down spontaneously to generate 

NO (Feelisch 1991), these data reflect activity of guanylyl cyclase. In contrast,

A23187-stimulated cGMP formation was significantly diminished in the corpus 

cavemosum of diabetic rabbits at both 3 months and 6 months duration of DM. As 

A23187 elicits cGMP synthesis via the release of NO firom the endothelium (Bredt 

and Snyder 1994), it is concluded that NO bioavailability is diminished in the 

cavernosal endothelium of the diabetic rabbit. This concurs with the previous report 

that NO release or synthesis is impaired in DM in man (Saenz de Tejada et al 1989b) 

but not with the observation that NO release and NOS content are increased in the 

penis of the diabetic rat (Thompson et al 1994, Sullivan et al 1996a). Again, this may 

relate to the catabolic status of the rat model as was outlined above.

In a parallel study in which we investigated cAMP, cGMP and PGIj formation by the 

aortae fi*om the same animals used for the present study, identical patterns of release 

to the same stimulators were found (Jeremy et al, unpublished data). These 

observations consolidate that DM influences the PGIj-cAMP and NO-cGMP axes in a 

similar fashion in both arterial aud cavernosal tissue. This is of relevance, since it is
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now established that the risk factors that predispose to atheroma formation (DM, 

hypertension, smoking, hyperlipidaemia) also predispose to the development of ED 

(Virag et al 1985, Krane et al 1990, Shabsigh et al 1991, Mikhailidis and Jeremy 

1994, Jeremy and Mikhailidis 1995a, Sullivan et al 1996b). It is reasonable to suggest, 

therefore, that the changes in the corpus cavemosum reflects the alterations in arterial 

biochemistry and function in DM and atherosclerosis. This may be of importance not 

only to the design of animal experiments but also to the diagnosis and treatment of 

ED.

In conclusion, the present study consolidates that DM elicits a marked deleterious 

effect on the key mediator of erection, the NO-cGMP pathway, as well as the PGIj- 

cAMP axis and that this is due mainly to the generalised impact of DM on the 

cavernosal endothelium. The present findings may be of relevance to the treatment of 

ED in diabetic men. The defect in PGIj synthesis consolidates that the intracavemosal 

injection of PGE  ̂ (akin in its properties to PGIj) is a logical therapy for ED. More 

recently, sildenafil has proved effective in treating ED (Eardley et al 1996, Gingell et 

al 1996). Sildenafil is a type 5 cGMP phosphodiesterase inhibitor which inhibits 

cGMP breakdown (Jeremy et al 1996b), and is a potent relaxor of cavernosal tissue in 

vitro (Ballard et al 1996, Tang et al 1996). Several phosphodiesterases have been 

demonstrated in human corpus cavemosum (Taher et al 1997, Boolell et al 1996) with 

the type 5 cGMP phosphodiesterase demonstrating the greatest activity (Boolell et al

1996). These studies also suggested that under conditions of NO drive, type 5 

phosphodiesterase is the most important regulator of cGMP levels in the CSMC. It is 

likely, therefore, that type 5 phosphodiesterase inhibitors may be especially useful in 

diabetic men, since NO release is impaired in this condition.
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CHAPTER 6

ULTRASTRUCTURAL CHANGES IN DIABETIC CORPUS CAVERNOSAL

TISSUE
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6.1 Introduction

6.1.1 Penile anatomy

The general anatomy of the penis is similar in all mammalian species (Sachs et al 

1988). The rabbit penis consists of three corpora: the paired dorsally placed corpora 

cavernosa and the ventral corpus spongiosum, which surrounds the urethra and forms 

the glans penis distally. Each of the corpora cavernosa is surrounded by a thick fibrous 

sheath, the tunica albuginea, which is a bilayered structure with multiple sublayers, 

consisting mostly of collagen fibres; some elastic fibres can be found. Cavernous 

bodies share a perforated septum, which allows them to function as a single unit.

The tunica albuginea of the corpora cavernosa has a thickness of 2-3 mm in the flaccid 

state (Bitsch et al 1990), whilst the tunica albuginea of the corpus spongiosum is much 

thinner than that of the corpora cavernosa and contains more elastic fibres. All of the 

corporeal bodies are surrounded by a dense fascial structure. Buck’s fascia, from 

which thin fibrous septa extend between the corpora cavernosa and the corpus 

spongiosum.

The proximal part of the penis, in contrast to the distal part, is anchored to the pelvic 

bone and consists of the crura of the corpora cavernosa and the proximal end of the 

corpus spongiosum, the penile bulb. Both the crura and the bulb are closely connected 

to striated muscles. The penile bulb is surrounded by the bulbocavernosus and the 

levator ani muscles. The penile crura and proximal part of the shaft are covered by the 

ischiocavernosus muscles.

The glans penis is built up differently from the rest of the erectile tissues. It is covered 

with very thin and firmly adherent skin, has no fibrous sheath, and contains much
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fibrous connective tissue. The glans has a sponge-like appearance due to a rich venous 

plexus with numerous anastomoses characterised by thick muscular walls.

The penis receives its blood supply fi*om the internal pudendal artery, which after 

giving off the perineal artery becomes the penile artery. The terminal branches of the 

penile artery consist of the bulbar, urethral (spongiosal), dorsal and cavernous arteries. 

The cavernous artery penetrates the tunica albuginea and enters the crura of the 

corpora cavernosa along with the cavernous veins and cavernous nerves. It divides 

into multiple tortuous branches, the terminal helicine arteries. These are multiple 

muscular and corkscrew-shaped arteries that open directly into the cavernous spaces 

and act like resistence arteries.

Three sets of veins drain the penis: the superficial, intermediate and deep. The deep 

venous system drains both the corpora cavernosa and the corpus spongiosum. The 

postcavemous venules coalesce to form larger emissary veins that pierce the tunica 

albuginea. The emissary veins of the middle and distal penis join to form the 

circumflex veins, which empty into the deep dorsal vein. The deep dorsal vein coarses 

proximally in the midline between the two corpora cavernosa and empties into the 

periprostatic plexus.

6.1.2 Penile ultrastructure

Cavernosal tissue is spongelike and composed of a meshwork of interconnected 

cavernosal spaces, which are lined by vascular endothelium and separated by 

trabeculae, containing bundles of smooth muscle in a fi'amework of collagen, elastin 

and fibroblasts (Bossart et al 1980, Goldstein et al 1990). The smooth muscles of the 

corpus cavemosum are connected by gap junctions, which may play an important role
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during activation of the tissue (Christ et al 1991, 1992, 1993, Sjostrand et al 1979). 

Histologically, the corpus spongiosum is similar to the corpus cavernosum but contains 

more elastic fibres and fewer smooth muscle cells (Christ et al 1993).

6.1.3 Role for electron microscopv in ultrastructural evaluation of cavernosal smooth 

muscle and endothelium

The advent of electron microscopy has allowed greater detail of cells and cell surfaces. 

Scanning electron microscopy (SEMic) provides a greater depth of field than 

conventional light microscopy. This is particularly useful for biological specimens with 

irregular surfaces. SEMic also provides three dimensional images as well as a clear 

view of large specimens. Its resolving power is approximately lOnm.

Transmission electron microscopy (TEMic) is used to view thin sections (50-100nm) 

and provides a two dimensional image. Only a small piece of a cell can be viewed in 

any one section, however staining techniques can reveal the location and distribution of 

specific materials.

Electron microscopy of the corpus cavernosum has given us greater detail about the 

endothelial and smooth muscle cells in normal (Bossart et al 1980, Goldstein et al

1990) and diseased tissue (Kim et al 1994). Using both SEMic and TEMic we have 

observed the normal rabbit cavernosal architecture and assessed any ultrastructural 

changes which have developed after 3 and 6 months of DM.
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6.2 Methods

6.2.1 Preparation of penile tissue for electron microscopy 

Following cervical dislocation, the penises were degloved and excised from each 

rabbit. A 0.5cm segment of proximal/mid shaft penis was cut and immediately fixed 

in 1.5% glutaraldehyde/1% paraformaldehyde in PBS overnight. They were then 

rinsed in PBS and divided for TEMic and SEMic. Tissue for TEMic was post-fixed in 

1% osmium tetroxide/1.5% potassium ferricyanide in PBS, washed with PBS and 

dehydrated through graded ethanol solutions. They were then infiltrated with LEMIX 

resin (TAAB Laboratories, Reading, Berks, UK.). Sections were cut with a Reichert 

Ultracut ultramicrotome (Leica, UK.), stained with uranyl acetate and lead citrate and 

examined using a Philips CM 120 (Philips Scientific, Cambridge, Cambs, UK.) 

transmi-ssion electron microscope.

Tissue for SEMic was rinsed in PBS, dehydrated using 2,2 dimethoxypropane and 

critical point dried with liquid COj. 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.

All the sections were observed by two independent electron microscopists blinded to 

the study.
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6.3 Results

Morphological observations

At all time intervals, the corpus cavernosa of both control and DM rabbits showed an 

intact endothelial layer with no evidence of frank endothelial desquamation (Figs 34, 

35). There was evidence of alteration in the cavernosal endothelial morphology of the 

DM rabbits, which was consistent with endothelial stimulation.

There was some injury observed in the cavernosa of control rabbits, but in all cases, 

this was significantly less than any alteration observed in the cavernosa of the age- 

matched diabetic rabbits.

Control rabbits

In general, the endothelial surfaces of control cavernosa were mainly flat (Figs 34, 35), 

and the majority of the intercellular junctional complexes were flat, with a small 

proportion being raised or blebbed (Fig 34). Small numbers of white blood cells 

(WBC’s) and platelets were seen on the endothelial surfaces. Fibrin-like material was 

occasionally seen in the cavernosal spaces, and was associated with the deposition of 

red blood cells (RBC’s).

Diabetic animals

There was evidence of cavernosal endothelial alteration in the 3 months DM rabbits 

which was more progressive by 6 months. By SEMic, there were alterations in the 

endothelial cell junction and surface morphology, including an increased number of 

raised and blebbed junctions and both large and small blebs (Fig 34). The number of

130



WBC’s associated with the endothelium was increased (Fig 34). Occasional platelets 

were observed on the endothelial surface, together with more fibrin-like material and 

RBC’s (Fig 34). The smooth muscle cells were hypertrophied and expressed increased 

numbers of intracellular cytoplasmic organelles (Fig 36).

Lipid accumulation

No section stained by Oil Red O showed evidence of lipid accumulation. Occasional 

droplets were seen in the cavernosal sinusoids of both control and DM rabbits.
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Figure 34

Scanning electron micrographs from representative cavernosa of 6 month control (top)

and 6 month diabetic (bottom) rabbits.

Top. Scanning electron micrograph of 6 month control showing flat endothelial 

surfaces with occasional blebbing (bl).

Bottom. Scanning electron micrograph of 6 month diabetic showing increased 

blebbing (bl), WBC’s (wb), RBC’s (rb) and fibrin-like material (f) on endothelial 

surfaces.

Scale bar = 50 pm
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Figure 35

Transmission electron micrographs from representative cavernosal endothelium of 6

month control (top) and 6 month diabetic (bottom) rabbits.

T o p . Transmission electron micrograph of 6 month control showing intact endothelial 

surfaces (en).

B o t t o m  . Transmission electron micrograph of 6 month diabetic showing intact 

endothelium (en) also.

Scale bar = 2 |im
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Figure 36

Transmission electron micrographs from representative cavernosal smooth muscle of 6

month control (top) and 6 month diabetic (bottom) rabbits.

Top. Transmission electron micrograph of 6 month control showing normal 

subendothelial smooth muscle cells (sm) and intracytoplasmic organelles.

Bottom. Transmission electron micrograph of 6 month diabetic showing smooth 

muscle cell hypertrophy (sm) and increased numbers of intracellular organelles (o).

Scale bar =10 pm
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6.4 Discussion

These studies demonstrate that 3 and 6 months after the induction of diabetes in 

rabbits, there was morphological evidence of cavernosal endothelial injury, smooth 

muscle cell hypertrophy, but no lipid accumulation. The degree of all of these changes 

was greater after 6 months of DM compared to 3 months.

There was no evidence of endothelial cell denudation, which is consistent with the 

findings in the aortae of the same animal model (Hadcock et al 1991). It is likely that 

the changes we observed are due to subtle endothelial injury which is related directly 

to the diabetic state. These alterations result in increased endothelial cell turnover and 

therefore endothelial cell desquamation, but not denudation of the subendothelium. 

Most of the changes in endothelial cell morphology observed in the cavernosa of 

diabetic rabbits, including formation of blebs and craters and altered or raised cell 

margins are similar to those described in other situations of endothelial stimulation and 

are features associated with a number of noxious stimuli such as endotoxin, serum 

sickness, and reperfusion after ischaemia (Richardson et al 1987). The formation of 

small blebs seen increasingly in the diabetic cavernosa at 3 and 6 months are similar to 

those described in arterial endothelial cells in culture exposed to diabetic serum 

(Arbogast et al 1984). Adhesion to the cavernosal endothelial surface by WBC’s, 

RBC’s and platelets was observed regularly in the diabetic rabbits. Increased 

accumulation of WBC’s on arterial endothelium has been described as an early 

response to hyperlipidaemia (Gerrity 1981, Faggioto et al 1984). It is possible that the 

accumulation of WBC’s is a result of endothelial stimulation, resulting in the synthesis 

of chemotactic factors such as interleukin-1 (Bevilacqua et al 1985) or the expression
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of endothelial-leucocyte adhesion molecules (Gimbrone et al 1988). It should be noted 

that the increases in WBC accumulation were of a focal nature rather than uniformly 

distributed.

Platelets were present on the cavernosal endothelial surfaces in both 3 and 6 month 

diabetic rabbits, indicating an alteration of the endothelial cells in the diabetic state. It 

is generally considered that platelets do not adhere to normal endothelium in vivo, 

although platelet binding to cultured endothelial cells stimulated with thrombin (Kaplan 

et al 1989) or injured (Curwen et al 1980) or virally transformed (Wechezak et al 

1975) endothelium has been reported. The presence of platelets usually coincided with 

increased numbers of RBC’s and evidence of fibrin-like material on the cavernosal 

endothelial surface. The adhesion of platelets to the cavernosal endothelium may be a 

result of increased fibrinogen binding by the platelets (DiMinno et al 1985). Fibrin has 

been observed in the aortas of diabetic rats (Arbogast et al 1984), and fibrinogen 

uptake and accumulation have been shown to be increased in the diabetic compared 

with the non-diabetic rabbit aorta (Witmer et al 1992). An increased adhesion of 

RBC’s to the cavernosal endothelial surface was observed by SEMic, and this is 

consistent with observations using cultured endothelial cells from human diabetics, 

which showed increased adhesion to RBC’s (Wautier et al 1981).

The CSMC in the diabetic rabbits showed focal hypertrophy and increased numbers of 

intracellular organelles compared to controls. This is consistent with these cells being 

stimulated to express the secretory phenotype (Campbell et al 1988), which is capable 

of migration and proliferation. This may be due to a variety of stimuli, including 

growth factors of endothelial cell or platelet origin derived from the WBC’s that are 

present on the cavernosal endothelial surface (Davies 1986) and diabetes-related
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insulin-like growth factors.

In conclusion, alloxan-induced diabetes at 3 and 6 months results in non-denuding 

injury to rabbit cavernosal endothelium and CSMC hypertrophy. These changes may 

contribute to the more extensive risk for atherosclerosis seen in diabetes and provide 

support for the concept that atherogenesis is initiated by endothelial injury. Whether 

these structural changes are related to functional and receptor changes in the diabetic 

corpus cavemosum is not clear.
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CHAPTER 7

GENERAL DISCUSSION
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The following discussion combines the information presented in this thesis, into a 

coherent explanation of the cellular changes observed in the corpus cavernosum 

following the onset of experimental DM. The possible role of these changes in the 

pathophysiology of diabetic ED is also discussed.

Numerous haematological and biochemical similarities between human DM and the 

rabbit model have been described here. In view of the difficulties in ‘standardising’ DM 

in man, this model appears to be useful for the investigation of the mechanisms 

responsible for diabetic complications, such as ED. Access to tissue is one obvious 

advantage as well as providing a ‘test bed’ for experimental drugs. The duration of 

DM observed in the present studies is relatively short and probably represents an 

‘early’ model of DM.

Hypercholesterolaemia can adversely influence endothelial function in the corpus 

cavernosum (Azadzoi et al 1991, Kim et al 1994). Serum cholesterol and triglyceride 

concentrations in the 3 and 6 month control rabbit groups were not significantly 

different to those in the 3 and 6 month diabetic groups (Table 5). Hyperlipidaemia is 

therefore unlikely to have played a role in our study.

The autoradiographic, immunohistochemical, biochemical and functional experiments 

provided several important findings with regards to the NO-cGMP axis in the diabetic 

corpus cavemosum.

At a receptor level, no changes in the NOS binding sites was noted. This implies that 

the enzyme system involved in the conversion of L-arginine to NO is intact. However, 

it is important to appreciate that the radioligand used for the identification of NOS 

does not discriminate between the three isoforms of NOS. Subtle changes in these 

isoforms may therefore not have been demonstrated. The apparent increase in
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cavernosal smooth muscle binding would support an up-regulation of inducible NOS in 

the diabetic cavemosum. The histochemical findings also suggested an increase in NOS 

activity in diabetic CSMC. In contrast, the biochemical studies showed a significant 

reduction in cGMP synthesis by the DM cavernosa in response to the calcium 

ionophore A23187. Since this process is dependent on NO release by the endothelium 

these findings imply a reduction in NO bioavailability. The synthesis of cGMP via 

guanylyl cyclase, however, was not affected, suggesting that the guanylyl cyclase 

enzyme system is intact. Furthermore, the functional studies demonstrated a significant 

increase in the sensitivity to NO in diabetic cavernosal strips, suggesting there is no 

end organ resistance to NO and cGMP.

These findings taken together suggest that a defect in the NO-cGMP pathway exists at 

the level of NO bioavailability. This abnormality could firstly be due to a reduction in 

the synthesis/secretion of NO by the nerves and/or cavernosal endothelium, with 

support for this from the functional and biochemical findings in this thesis. These 

studies did not consider the availability of the substrate L-arginine, which is required 

for the production of NO. It is possible that the biovailability of L-arginine is 

diminished thus accounting for the reduced NO bioavailability. Studies have shown 

that increasing the intake of L-arginine orally can improve both sexual performance in 

men with ED (Zorgniotti et al 1994) and erectile function in aging rats (Moody et al

1997).

Another possibility, is that NO is being quenched. This mechanism has been addressed 

in other diabetic vascular beds (Bucala et al 1991), and more recently in the human and 

rabbit cavernosal vasculature (Hoffman et al 1995). These studies implicated AGE’s as 

playing a role in NO quenching. Furthermore, these glucose-derived moieties have
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been shown to accumulate in diabetic cavernosal tissue (Azadzoi et al 1990). 

Interestingly, the interaction between NO and AGE’s would prevent endothelial cell- 

derived NO from activating cavernosal smooth muscle relaxation, but their effect on 

neurally-derived NO is not clear.

The functional studies on endothelium-dependent and NANC-mediated relaxation of 

the cavernosal smooth muscle did not reveal any significant changes in the 6  month 

DM animals, when compared to controls, although within the groups individual 

animals had obviously impaired responses in one or both of these pathways. These 

findings also highlight the problems in assessing the relative roles of vasculopathy and 

neuropathy in the pathogenesis of diabetic ED. These results also suggest that the 

mechanisms acting in the cavernosa of this diabetic model (ie 6  months after the 

induction of DM) are compensating effectively for the detected abnormalities in NO 

bioavailability. One mechanism through which this may be possible is via an up- 

regulation in NO synthesis by iNOS. It has recently been shown that iNOS gene 

therapy may be a viable option for reversing ED in a rat model (Garban et al 1996). 

Alterations in the PGIi-cAMP axis were also seen in the corpus cavemosum from the 

DM animals. Receptor-linked PGI2 formation was shown to be defective in both 3 and 

6  month DM corpus cavemosum. This defect appears to be due to alterations of PKC 

activity rather than changes in PGI2 affinity and/or receptor numbers.

The ET-1 receptor and functional studies revealed a number of important findings.

The significant increase in the number of ETb binding sites seen in 6 month diabetic 

corpus cavemosum could represent a compensatory response to the impaired NO/PGI2 

release demonstrated. If this is the case, then this could be one of the mechanisms 

responsible for maintaining endothelium-dependent CSMC relaxation in the 6  month
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diabetic rabbit. It may also be a pathophysiological pathway in diabetic ED. The 

unaltered contractions to ET-1 in the DM cavernosal strips do not support the concept 

of enhanced vasoconstriction via the ETb receptor. Nevertheless, the significant 

reduction in endothelial-derived NO bioavailability and receptor-linked PGI2 combined 

with increasing cavernosal ET-1 receptors supports the concept of a developing 

imbalance in contractile vs relaxant factors. Elevated plasma ET-1 and corporal body 

plasma ET-1 has recently been demonstrated in diabetic men with ED (Francavilla et al 

1997). These studies provide further support for an imbalance developing in favour of 

contractile factors. This could be especially important in the cavernosal vascular bed, 

where smooth muscle relaxation and vasodilation are key events in the initiation of 

erection. These findings would suggest that the ability to overcome the baseline 

contractile state of the CSMC may eventually become impaired in DM cavernosa. 

Although the functional studies did not demonstrate significant changes in neurogenic- 

and endothelium-mediated relaxations in DM cavernosal smooth muscle, individual 

animals had evidence of impairment in these pathways. Prolongation of the duration of 

diabetes may make this impairment significant and this would be consistent with the 

situation in man, where the onset and incidence/prevalence of diabetic ED correlates 

with the duration of DM (McCulloch et al 1980). These findings would also suggest 

cavernosal endothelial dysfunction precedes detectable abnormalities of the cavernosal 

smooth muscle.

The promitogenic effects of the ETb receptor on CSMC in this vascular bed, although 

not studied in this thesis, may therefore be of greater significance than its fimctional 

effects.

ET-1 has been shown to induce the production of both inositol 1,4,5-triphosphate (IP3)
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and diacylglycerol (DAG)(Resink et al 1988). IP3 is known to recruit Ca^  ̂from 

intracellular stores (Berridge et al 1987) and may account for the transient [Ca^ Ĵi 

signal that occurs with ET-1 . In men with organic ED, this increase in [Ca^^Ji has been 

shown to be significantly greater in the nuclear and cytosolic compartment of the 

CSMC when compared to potent men (Christ et al 1995). These changes are likely to 

be important in modulating corporal smooth muscle proliferation and phenotypic 

expression. An increase in IP3 through ETb receptor up-regulation could be one 

explanation for this finding. NO has also been shown to inhibit IP3 formation, and the 

proposed reduction in the bioavailability of endothelial NO would also result in 

increased IP3 levels.

DAG is a natural activator of PKC (Berridge et al 1987) and consequently any increase 

in DAG could have deleterious effects on receptor-linked PGI2 production. Moreover, 

it has become increasingly apparent that PKC activation plays a key role in diabetic 

angiopathy via stimulation of neovascularisation, altered collagen synthesis and effects 

on hormone and growth factor receptor recycling (Lee et al 1989, Levy et al 1994). 

The increase in DAG may be secondary to the increase in ETb receptors.

The modification of paracrine factors released by the endothelium (NO, PGI2 and 

ET-1) could therefore result in changes in the cavernosal smooth muscle responses, 

leading to smooth muscle hypertrophy (possible role in atherosclerosis), and altered 

collagen synthesis/increased extracellular matrix deposition (fibrosis). This could 

contribute to changes in blood flow (consequent chronic ischaemia) and altered 

contractility and tissue compliance. All these factors are thought to be important in the 

development of vasculogenic ED.

The structural changes seen in the diabetic cavemosum in this study provide further
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information regarding the pathogenesis of ED. The non-denuding endothelial injury 

and smooth muscle hypertrophy are evidence for an early atherosclerosis-like process. 

Though fibrosis per se was not seen, there was focal accumulation of WBC’s and fibrin 

deposition, changes suggestive of an inflammatory process. More importantly, these 

inflammatory changes were more severe and ongoing in the 6  month DM rabbits when 

compared to the 3 month DM rabbits. Recent studies have suggested cavernosal 

fibrosis develops as a result of persistent inflammation (Nehra et al 1996).

Furthermore, these studies have suggested a pivotal role for transforming growth 

factor-pi (TGF-Pi) in the development of cavernosal fibrosis (Nehra et al 1996). An 

increase in TGF-pi may be a direct result of the hyperglycaemic insult to the 

cavernosal endothelium, but could also represent a further manifestation of the 

imbalance in vasoconstrictive and vasoactive factors demonstrated in the diabetic 

corpus cavemosum. TGF-Pi has also been shown to increase the expression of 

preproendothelin mRNA in vascular endothelial cells (Luscher et al 1993). TGF-pi- 

stimulated ET-1 synthesis might be one pathway involved in cavernosal fibrosis. The 

severity of these morphological alterations has been shown to correlate with the 

severity of ED in men with known vascular disease (Jevtich et al 1990).

The findings reported in this thesis support the concept that endothelial dysfunction 

plays a role in the pathogenesis of diabetic ED. These findings may have therapeutic 

implications. A working hypothesis for the development of diabetic ED in NZW 

rabbits is shown in Fig 37.

144



Figure 37

Diabetes mellitus - Proposed pathways in the development of erectile dysfunction in

alloxan-diabetic rabbit model
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Further areas for study

There are several areas of study which I suggest should be pursued as a result of the 

findlings in this thesis. This work should provide further insight into the 

pathophysiology of diabetic ED.

(1). Penile cell cultures should be used to assess the effect of ET-1 on smooth muscle 

cell and/or fibroblast proliferation. If ET-1 stimulates proliferation in either of these 

cell types, it would then be pertinent to establish, using selective antagonists, which ET 

receptor subtype(s) are involved. This may have important long-term therapeutic 

implications.

(2). The effects of a longer duration of DM should be investigated. This could be 

combined with studying whether the ‘changes’ can be aggravated by other cardio

vascular risk factors (eg hypercholesterolaemia, cigarette smoking and hypertension) 

which are relevant to human ED.

(3). The effects of treating DM in this model should be studied. This will determine if 

the “changes’ can be reversed or slowed down.

(4). Cavernosal biopsies from diabetic men with ED would be used to repeat the 

studies performed in this thesis. This work would assess the relevance of the findings 

to man. If similar findings were seen, then clinical trials of NO donors and ET 

antagonists should be considered.
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I ALTERATIONS IN ENDOTHELIN B RECEPTOR SITES IN CAVERNOSAL 
; TISSUE OF DIABETIC RABBITS: POTENTIAL RELEVANCE TO THE 

PATHOGENESIS OF ERECTILE DYSFUNCTION
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AND R. J, MORGAN
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ABSTRACT

Purpose: Diabetes M ellitus (DM) is a major risk factor for erectile dysfunction in both patients 
and animal models. The pathogenesis of this dysfunction has not been fully elucidated. However, 
alterations in the synthesis of a number of vasoactive compounds, such as nitric oxide (NO ) and 
prostacyclin (PGI2 ), have been reported in various diabetic tissues. The interaction between NO,
PGIg and endothelin-1 (ET-li, a powerful vasoconstrictor and smooth muscle cell mitogen, is 
thought to be important in m aintaining vascular tone and the erectile process. We investigated  
the density and distribution of ET-1 and endothelin receptor subtypes in cavernosal tissue and 
assessed any changes brought about by DM in a rabbit model.

Materials and Methods: DM was induced in New Zealand VTiite rabbits using alloxan. Penises 
were excised from the diabetic rabbits three months (n = 6) and six months (n = 6) after the 
induction of DM. Low and high resolution autoradiography was performed using radioligands for 
ET-1, endothelin A (ET^) and endothelin B (ETg) receptors and were analyzed densitometrically.
The results were compared with those from six age-matched healthy control rabbits for each 
group. Immunohistochemical localization of ET-1 immunoreactivity was also performed, together 
with ultrastructural evaluation of the corpus cavernosum.

Results: ET-1, ET^ and ETg receptor binding sites were primarily localized to the smooth 
muscle cells of the corpus cavernosum and the endothelium lining the cavernosal spaces. A 
significant increase in ETg receptor binding sites was found only in cavernosal tissue six months 
after induction of DM, when compared wdth age-matched healthy controls. These receptor 
changes were accompanied by ultrastructural changes in the corpus cavernosum indicative of an 
early, atherosclerosis-like process.

Conclusions: The autoradiographic and immunohistochemical findings in this study suggest 
that ET-1 may have a role in the pathophysiology of diabetic ED. This peptide may be released in an 
autocrine fashion causing cavernosal smooth muscle cell (CSMC) contraction and/or proliferation.

K ey  W o r d s : e n d o th e lin -1 , e n d o th e lin  B recep to r , corp u s c a v er n o su m , d ia b e te s

Endothelin (ET) is a potent constrictor of vascular and 
non-vascular smooth muscle. Three isopeptides (endothelin 
1,2 and 3) have been characterized in human and rat tis
sues,^ ET-1 being preferentially released from vascular en
dothelium. Endothelins bind to G protein coupled receptors, 
of which two distinct sub-types, endothelin A (ET^) and en
dothelin B (ETg), have been characterized and recently 
cloned from bovine^ and rat lung,^ respectively. ET^ recep
tors have greater affinity for ET-1 and ET-2 than for ET-3, 
whereas ETg receptors show similar affinity for the three 
isopeptides.^ Vascular ET^ receptors are found on vascular 
smooth muscle cells (VSMC), where they mediate vasocon
striction and cellular proliferation.'* Vascular ETg receptors 
occur predominately on endothelial cells and mediate vaso
dilation by generating endothelium-derived relaxation fac
tors and prostacyclin.®”® Vascular ETg receptors in vivo 
mediate not only vasodilation but also vasoconstriction, de
pending on the vascular bed studied.^ Indeed, ETg receptors

Accepted for publication May 12, 1997.
* Requests for reprints; Department of Urology, The Churchill 

r i^ p ita l, Old Street, Headington, Oxford 0X 3 7LJ, United Kingdom. 
^ The preliminary findings of this study have been presented at The 
physiological Society, University College London M eeting, UK, April

T Supported by the British Heart Foundation.

have been detected on VSMC of large vessels including aortic 
cells, which have previously been considered a prototype 
model for the exclusive presence of ET^ receptors.® ETg 
mediated vasoconstriction has been identified in pulmonary ® 
and coronary arteries and in veins of several different 
s p e c i e s , a s  well as in mammary arteries of humans.*®

A number of recent studies have suggested that ET-1 plays 
an important role as a modulator of erectile physiology and 
dysfunction.*^”*® However, the distribution and relative con
tribution of the two ET receptor sub-types to corporal smooth 
muscle physiology and whether alterations in these receptor 
subtypes occurs in erectile dysfunction (ED) remain unclear.

In the present study, using in vitro autoradiography, .we 
investigated the density and distribution of ET- 1  and ET^ 
and ETg receptor subtypes in rabbit cavernosal tissue and 
assessed changes brought about by diabetes mellitus (DM), a 
common cause of ED.

Immunohistochemical localization of ET-like immunoreac
tivity and electron microscopy were also performed on caver
nosal tissue.

MATERIALS AND METHODS

In duction  o f  d iabetes. Age-matched 3 kg. male New Zeal
and White (NZW) rabbits (n = 24) were selected, 12 of which
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jnjected intravenously (via a lateral ear vein) with 
(Sigma Chemical Co., Poole, UK) at a stat dose of 65 

Kff body weight, to induce non-ketonuric, hyperglycae-
•:pM-
'it rabbits were fed ad libitum with SDS standard rabbit 
M (SDS, Witham, UK) and allowed free access to water. 
^  was sampled at monthly intervals for serum urea and 
^yolytes, cholesterol, triglycerides and glucose. Urine was 
analyzed for glucose, ketone bodies and proteins using 
fjgtix (Ames division. Miles Laboratories Ltd, Stoke 

^,UK).'"
l^paration o f  pen ile  tissue. Following cervical dislocation.

were excised from the diabetic rabbits 3 months (n =
jjjd 6  months (n = 6 ) after the induction of DM. The penile 
-aes were stored immediately at -70C in airtight contain- 
’ The tissues were then mounted in AJVIES OCT embed- 

compound (BDH Laboratory Supplies, Poole, UK) and 
jggverse 1 0  pm . sections cut in a cryostat at approximately 
j)C and thaw-mounted onto APES (aminopropyltri- 
^silane)-coated microscope slides. The slides were stored 
.700 in air-tight containers until use. The same procedure 
performed on six age-matched, healthy control NZW rab
at 3 and 6  months.

Autoradiographic stud ies, (a) S a tu ra tion  b in d in g  a n a ly s is  
lT-1 to its  receptor sites in control a n d  d ia b e tic  ra b b it  
rirnosal tissue. Preliminary binding studies (saturation 
ysis) were performed, where consecutive 1 0  p m . corpus 
mosum sections were preincubated in 50 mM. tris HCl 
er, pH 7.4, for 15 minutes at 22C to reduce endogenous 
tide levels. Incubations were then carried out (2 hours at 

C) in buffer containing 5 mM. MgCU, 1% bovine serum 
)imin and 1 0 0  kallikrein inhibitor units/ml. of aprotinin in 
presence of 0.003 to 1 nM. [^^®I]-ET-1. ET^ and ETg 
ing sites were identified using the selective radioligands 

'I] PD151242 (ETJ ^nd BQ3020 (ETg) (Amer-
m International, Amersham, UK). Non-specific binding 

established by incubating adjacent sections in the pres- 
::eof 1  jaM. unlabeled ET-1 (Bachem Fine Chemicals, Swit- 
and). Receptor distribution was studied by exposing in- 

•bated tissue to Hyperfilm 3H (Amersham International) 
2  days (low resolution autoradiography) and receptor 

:3sity was estimated on a Kontron VIDAS imaging system  
•ontron, Thame, UK) from curves generated by “̂®I mi- 
scales (Amersham International) that were co-exposed 
b tissue sections. Binding was also determined by incu- 
ing slide-mounted tissue, as described above, and wiping 
•dons from microscope slides and measuring ~̂®I bound in 
lamrna counter. Receptor density (B and affinity ( Kq) 
■re then calculated using GraphPad Inplot Software 
■'■aph Pad, San Diego, California, USA).

Q uan tita tive a ssessm en t o f  ^-^I-PD151242
â) und ^'^^LBQ3020 (E T q)  b in d in g  to rabb it corpus cav- 

" ŝum. Consecutive 10 p m . rabbit corpus cavernosum sec- 
JOs were incubated for 1 2 0  minutes at 22C in buffer con
ning 0.15 nm. ['-^I]-ET-1, 0.15 nM. ['-^I]-PD151242 and 
jnm. [^-®I]-BQ3020 (concentrations at the approximate K^ 
“ines established from saturation studies above). The de- 
^ of non-specific binding was established by incubating 
^fnate sections in the presence of 1  ju.M. unlabeled ET- 1  

‘nn-specific binding for [^~®I]-ET-1 was <  10% of the total 
'̂iing, and undetectable for [^-®I]-PD151242 and [’■̂ 1̂1- 

w020). Slides were washed in buffer dipped in distilled

ACTIN ÎPÈCAM

F ig . 1. ET.a and ETb binding sites on diabetic rabbit corpus cav- 
em osum  (CO . Top left, microautoradiograph of [^“®I]FD151242 
(ET.a) binding to 6 months diabetic rabbit CO. Top right, 
ri"®I]BQ3020 (ETb) binding to adjacent section. Bottom, smooth 
muscle (ACTIN) and endothelial (PECAM) cells identified on adja
cent section of the same animal. ETa binding is predominantly to 
cavernosa] smooth muscle whereas ETg binding is to endothelial 
cells within the CC and to m icrovessels at the border of CC and 
tunica albuginea (subtunical space). Scale bar = 250 p m .

water at 4C and dried in a stream of cold air. Low resolution 
autoradiography was carried out by exposing sections to Hy
perfilm 3H (Amersham International) in x-ray cassettes for 1 
to 3 days.

Photodensitometric analysis was performed using the VI
DAS imaging system as above. Binding was expressed in 
terms of radioligand bound (disintegrations per minuteidpm) 
per unit area (mm.-).

Microscopic localization (high resolution autoradiography) 
of binding sites was performed by post-fixing tissue in para
formaldehyde vapour ( 2  hours at 8 0 0  and coating slides in 
molten nuclear emulsion (LM-1, Amersham International)." 
Slides were then stored in light-proof boxes for 8  days at 4C, 
after which they were processed in D19 high contrast devel
oper (Kodak Pa the, Chalon-sur-Saone, France) and fixed 
(Hypam, Ilford Ltd, Mobberley, UK). Underlying tissue was 
stained with hematoxylin and eosin and the high resolution 
autoradiographs were viewed on an Olympus Vanox micro-

Photodensitometric analysis o fE  '^I] ET-1, and ETg receptor binding in cavernosal tissue o f normal and diabetic rabbits

Control .Age-matched D iabetic  'i m onths Control .-Age-matched Diabetic 6 m onths

32 .6(21 .1 -47 .9 )  
25 .0(19 .4 -35 .9 ) 

1.9 (1 .0-3 .9)

2 5 .6 (1 9 .8 -3 3 .5 )  
3 2 .1121 .8 -41 .7 )  

3.0 (D .7-3.3)

2 6 .6 (11 .1 -38 .3 )  
20.3 (15 .1-40.9) 

1.6 (1.0-4.6)*

33 .2 (27 .1 -41 .2 ) 
2 3 .5 (14 .4 -53 .9 )  

4.9 (2.9-14.5)*

''0.02 (Mann-W hitney U test) 6 month DM vs age-matched control.
^®ptor binding measured as dpm X 1000/mm.^ and values expressed as m edian and (range).



1968 E n d o t h e l i n  B r e c e p t o r s  in  c o r p u s  c a v t r n o s u m

ET-1 ET-A ET-B

F ig . 2. Pseudocolour im ages generated from Hyperfilm autoradiographs. Left, comparison of specific [^^®I]ET-1 binding to CC, corpus 
spongiosum (CS) and urethra in 6 months control (D) and 6 m onths diabetic (G) rabbits. Note increased binding to both CC and urethra in 
diabetic. Middle, specific [^"°I]PD151242 (E T a) binding to 6 months control (E ) and 6 months diabetic (H) rabbit CC, CS and urethra. Right, 
specific [^-®I]BQ3020 (ETg) binding to 6 months control (F) and 6 months diabetic (I) rabbit CC, CS and urethra. Note increased binding in 
diabetic CC and urethra. Code: color depicting degree of radioligand binding from lowest level (purple) to highest (white).

scope; selected sections were photographed where appropri
ate.

Im m u n oh istoch em ica l loca liza tion  o f  ET-1. Immunohisto- 
chemical localization of ET-l-like immunoreactivity was per
formed using the avidin-biotin peroxidase complex technique

on acetone fixed 1 0  jam. rabbit corpus cavernosum tissue 
sections. The procedure involves sequential application of a 
primary antibody (1:300 dilution, anti-ET-1 monoclonal an
tibody) followed by biotin labeled secondary antibody ( 1 : 1 0 0  

dilution, goat anti-mouse IgG antibody) and then the avidin- 
biotin peroxidase complex (Vector Laboratories, Peterbor
ough, UK). Adjacent sections were also used for identification 
of endothelial, smooth muscle and nerve cells using the ap
propriate immunohistochemical markers PECAM, anti
alpha smooth muscle actin and neurofilament 2 0 0 , respec
tively (Dako Laboratories, High Wycombe, UK).

U ltra stru c tu ra l exam ination . Immediately following exci
sion of the penis from each rabbit a section of cavernosal 
tissue was taken and fixed in 1.5% glutaraldehyde/1 % para
formaldehyde in phosphate buffered saline (PBS) for a min
imum of 24 hours. Tissue for scanning electron microscopy 
(SEM) was rinsed in PBS, dehydrated using 2,2 di- 
methoxypropane and critical point dried wdth liquid COo. The 
dried tissue was then mounted on aluminum stubs and sput
ter 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 (TEM) were rinsed in PBS, post-fixed in 
1% osmium tetraoxide (OsO.,)/1.5% potassium ferricyanide in

PBS, and dehydrated by immersion in increasing concentra
tions of ethanol. They were then infiltrated with LEMEX 
resin (TAAB Laboratories, Reading, UK). Ultra thin 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 ci
trate and examined using a Philips CM 120 transmission 
electron microscope (Philips Scientific, Cambridge, UK).

S ta tis tic a l an a lysis . The results are expressed as median 
and range. The two-tailed Mann Whitney U test (unpaired 
values) was used for the statistical analysis.

RESULTS

A n im a l w eigh ts a n d  serum  glucose a n d  cholesterol concen
tra tion s. The starting weights in both the control and dia
betic rabbit groups were similar (control: median 3.0 kg.; 
range 2.7 to 3.5 kg., n = 12. diabetic: 3.1; 2.8 to 3.6, n = 12). 
At the end of the 3 months study, the diabetic rabbits were 
not significantly lighter (control: 4.0; 3.6 to 4.8, n = 6 . dia
betic: 3.9; 3.8 to 4.2, n = 6 ). However, in the 6  months groups, 
the diabetic rabbits were significantly (p <0.03) lighter than 
the control group (control: 4.1; 3.5 to 4.35, n = 6 . diabetic: 3 .6 ; 
3.0 to 3.9, n = 6 ).

Serum glucose concentrations (non-fasting) were signifi
cantly (p <0.015) elevated in the 3 months diabetic group 
(median = 35.5 mmol./l; range 24.2 to 37.7 mmol./l, n = 6 j 
when compared with the control group (7.7 mmol./l; 6.7 to 8.5 
mmol./l, n = 6 ), and (p <0.009) in the 6  months diabetic
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(32.2; 18.3 to 41.9, n = 6 ), when compared with con- 
,pls(6.4; 6 . 1  to 7.5, n = 6 ). No significant difference between 
gpd 6  months controls or 3 and 6  months diabetic groups 

jgs seen.
gerum cholesterol concentrations (non-fasting) were not 
.^ificantly different between the 3 months control 
Median = 0.7 mmol./l; range 0.5 to 1.4, n = 6 ) and diabetic 
ĵjbits (0.7; 0.6 to 0.9, n = 6 ) and in the 6  months control 

-oup (12; 0.6 to 2.3, n = 6 ) and diabetic group (0.9; 0.5 to 
'3 n = 6 ). Serum triglycerides (non-fasting) were also not 
jjiificantly different between control and diabetic groups 
-ÿults not shown).
j^ toradiography. Receptor binding studies confirmed that 
%ET-1,'‘-'"I-PD151242 and '-•^-BQ3020 all bound in a 
flcentration-dependent fashion to corpus cavernosum tis- 

sections of both control and diabetic rabbits. Saturation 
iglysis showed that binding was to high affinity sites with 
^values in the subnanomolar range (^^^I-ET- 1  = 0.13 nM., 
i-PD 151242 = 0.22 mM. and '“^I-BQ3020 = 0.17 nM.). 
ixgd concentrations (based on the values) were used for 
Sequent experiments.
lT-1, E T ^ a n d  E T q receptor b in d in g  sites. There was dense 
-I]ET-1 and PD 151242 binding to tissue sections, which 
JÎ markedly reduced when incubated in the presence of 
Jabeled ET-1 . A less marked BQ3020 binding to tissue 
lions was also seen, (specific binding for ^~®I-ET-1 approx- 
ated that of "^^I-PD151242 + ^==I-BQ3020 i.
‘̂ ®I]ET-1 binding was seen most markedly in the urothe- 

ji, corpus cavernosum and blood vessels. A less dense, but 
tànite binding was also seen to the corpus spongiosum, 
thin the cavernosal tissue, there was intense binding to 
:h the VSMC and the endothelium.
Densitometric analysis of film images indicated [’•"^IJET-l 
.'.ding to the corpus cavernosum was not significantly ai
red in both the 3 and 6  months diabetic rabbits when 
spared with controls (table 1 ). However, in the 6  months 
ebetic rabbits the increase in ['-"I]ET-1 binding was ap- 
aching significance (p = 0 . 1 2 ).
^^I]PD151242 binding (ET^ receptor bin'ding sites) 
wed a similar distribution to [̂ “'’IjET-1 binding (fig. 1 ). 
3todensitometry showed no significant changes in binding 
cavernosal tissue between control and diabetic rabbits 
sle 1 ).
'^®I]BQ3020 binding (ETg receptor binding sites) also 
Wed a similar distribution to [̂ “̂ I]ET-1 . Examination of 
underlying tissue under high resolution revealed marked 

%g to the endothelium and VSMC of the corpus caver- 
iiim I fig. 1 ). There also appeared to be a distinct area of 
i  binding on microvessels in the region of the subtunical 
^81 fig. 1 >. Densitometric analysis revealed a significant ( p 

increase in ETg receptor binding sites (table 1) in 
-rnosal tissue 6  months after the induction of DM when 
■;Pared with age-matched, healthy controls. This increase 

reflect the rise in ET-1 binding sites seen after 6  

of DM. No significant changes in ETg receptor bind- 
seen between the 3 months diabetic and control

(ips.
^üdocolour images were generated to represent the ra- 
! ŝnd binding and demonstrate any differences found by 
jWrnetry (fig. 2 )
^ ^ n o h is to c h e m ica l loca liza tion  o f  ET-1. ET-l-like im- 
'̂ '̂eactivity was localized to the cavernosal smooth mus- 

endothelium lining the spaces, in both control and 
cavernosal tissue (fig. 3). The immunoreactivity on 6  

‘bs diabetic tissue was considered greater (marked by 2  

- j^^dent histopathologists) than 6  months control tissue 
1
'^^^''^i^uctural exam in a tion  fS E M  & T E yi). On SEM the 
Vp ^^dbits’ cavernosal sinusoids showed mainly flat en- 
‘l̂ âl surfaces with a small proportion being raised or 

fig. 4, a ). Occasional WBC’s, platelets and fibrin-like

Adw

F ig . .3 . ET-1 im m unoreactivity in 6 m onths control and diabetic 
rabbit corpus cavernosum  (C O . Top left, ET-l-im m unoreactivity  
identified in 6 months control rabbit C(j (ET-Li CON) (positive  
im m unoreactivity stained red). Top right, negative control (absence 
of primary antibody) M iddle left. ET-Li in CC of 6 months diabetic 
rabbit (ET-Li DL\B). M iddle right, negative control section. Bottom  
left, smooth muscle in rabbit CC identified using anti-alpha sm ooth 
muscle actin (ACTIN). Bottom right, endothelial cells in rabbit CC 
identified using PECAM. Scale bar = 250 p.m.

material was seen on the endothelial surface (fig. 4, a). In 
contrast, the diabetic rabbit cavernosal sinusoids showed 
increased blebbing of the endothelial surface (fig. 4, 6 ). In
creased WBC’s and more fibrin-like material were also seen 
on the endothelial surface (fig. 4, b). These changes, which 
were more severe in the 6  months diabetic rabbits compared 
with 3 months DM rabbits, are consistent with endothelial 
injury.

In control rabbits, TEM showed that cavernosal sinusoids 
were lined with an intact layer of endothelium with flat
tened, normal endothelial cells. The subendothelial smooth 
muscle cells were also intact with normal ultrastructure. The 
cavernosal tissue from the diabetic groups showed an intact 
endothelium, with ao obvious denudation. There were, how
ever, focal areas of hypertrophied smooth muscle cells con
taining increased numbers of cytoplasmic organelles.

D ISCU SSIO N

This study demonstrates a significant increase in ETg 
receptor binding sites on the rabbit corpus cavernosum 6  

months after the induction of DM. High resolution autora
diographs showed this increased binding to be both to caver-



E n d o t h e l i n  B r e c e p t o r s  in  c o r p u s  c a \ t : r n o s u mJ 1970

Fig. 4. Electron micrographs from representative cavernosa of A. 6 m onths control and B , 6 m onths diabetic rabbits. A, scanning electron 
m icro^aph of 6 months control showing flat endothelial surfaces with occasional blebbing (bl). B , scanning electron micrograph of 6 months 
diabetic showing increased blebbing (bl), \^'BC's (wb), RBC’s irb; and fibrin-like m aterial (f) on endothelial surfaces. Scale bar = 50

nosal smooth muscle cells (CSMC) and endothelium lining 
the cavernosal spaces. Immunohistochemical techniques also 
confirmed the presence of ET-1 like imm un ore a cti \ity  in the 
corpus cavernosum both on CSMC and endothelium.

These ETg changes are unlikely to be due to a ‘toxic effect’ 
of alloxan, since photodensitometric quantification of caver
nosal ETg binding sites in 6 months alloxan-non-diabetic 
cavernosal tissue is not significantly different to age-matched 
control rabbit cavernosal tissue (unpublished data).

The ETg up-regulation could represent a pathophysiologi
cal pathway in diabetic ED or a compensator^^ response to the 
impaired nitric oxide (NO)/prostacyclin (PGIg) release which 
has been reported in diabetic animal models 2 4 . 2 5  j  
humans.^®

A compensatory response would be consistent with a recip
rocal regulation of ET-1 synthesis and/or secretion by NO 
and PGIg We recently demonstrated impairment of 
receptor-linked PGIg and NO production by rabbit penile 
tissue 3 and 6 months after induction of DM. These findings, 
taken together, imply endothelial dysfunction in the rabbit 
corpus cavernosum early in DM, which is both progressive 
and more severe by 6 months.

These results should be considered in the light of previous 
studies, which suggest that a relatively short period (2 to 3 
months) of DM causes alterations in the physiological mech
anisms that modulate corpus cavernosum smooth muscle 
relaxation,^^’ ®̂ an essential step for penile erection. The 
alterations also appear to mirror those in man where the 
longer the duration of DM the more likely is ED to be clini
cally evident.^^

Since PGIg synthesis is increased in the urinary bladder of 
diabetic rats,^® quantification of local ETg receptors would 
clarify the PGIgÆTg relationship further. If the same uri- 
liary bladder changes occur in the diabetic rabbit, this may 

Îso allow a second comparison of ET receptor status in two 
Organs which have different PGIg responses.

The ETg receptor has been shown to modulate both vaso
dilatation and vasoconstriction in vivo as well as having 
Pro-mitogenic effects.^ The action of ETg receptors on caver
nosal tissue has not been clarified. However, the presence of 
^Tg receptor binding sites on cavernosal VSMC supports a 
Vasoconstrictor role, and their up-regulation could have ob
vious deleterious effects on erectile function. Furthermore, 
plasma ET-1 concentrations have been shown to be increased

in DM̂ ** and this could further enhance vasoconstriction in 
the cavernosal vascular bed.

Diabetic vascular disease involves atherosclerotic changes 
even in the absence of h\q)ercholesterolaemia^®’®® and ather
omatous lesions have been demonstrated in both animal 
models^" and humans^® v ith  ED. The ultrastructural 
changes in the endothelium and smooth muscle cells in the 
cavernosal sinusoids of DM rabbits observed in the present 
study may represent such early atherosclerotic lesion^ The 
promitogenic effects of ETg receptors could contribute to 
these changes, especially since smooth muscle cell prolifera
tion is fundamental to atherosclerotic plaque formation. Sim
ilar ultrastructural changes have been reported in a hyper- 
cholesterolaemic rabbit model;®  ̂ these changes were 
reversible on controlling this lipid abnormality. Hypercholes- 
terolaemia may also adversely influence endothelial function 
in the corpus cavernosum.^v-^s However, serum cholesterol 
concentrations in the 3 and 6 months control rabbit groups 
were not significantly different from those in the matched 
controls.

Healthy Sprague-Dawley (SD) and Wistar Kyoto (WK) rats 
are relatively résistent to atherosclerosis. We have previ
ously shown an up-regulation of ET-1 and ET^ receptor bind
ing sites on corpus cavernosum, 2 months after the induction 
of diabetes in SD rats;^° no ETg binding sites were demon
strable on control or diabetic cavernosal tissue.”*® In compar
ison to the rabbit model these differences may represent 
species variation in ET receptor sub-types and/or variable 
tissue response to DM. The lack of ETg receptor binding sites 
could contribute to the resistance to atherosclerosis seen in 
this rat model.

ET-1 has been shown to cause an increased pressor re
sponse”*̂  and exaggerated intracellular calcium (Ca^*) con
centrations in aortic smooth muscle from spontaneously hy
pertensive rats (SHR), when compared with SD and Wistar 
Kyoto strains.® SHR develop widespread atherosclerotic 
changes and it has been suggested that increased recruit
ment and/or expression of ETg receptors may be relevant to 
this process.®

Evidence supporting a role for ET-1 and one or both of its 
receptor subtypes in modulating penile cellular proliferation 
and phenotype expression has come from studies in human 
penile corpus cavernosum, where ET-1 induced increases in 
nuclear Ca^^ levels.*® Furthermore, in patients with organic
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j)(6 6 % having DM) this increase in nuclear Ca^  ̂ was even 
ôre pronounced.’-*̂ The up-regulation of ETg receptor bind- 
. sites in our studies could be one explanation for this 

J' .̂l-induced increase in intracellular Ca^  ̂ in cavernosal 
%ue and the generalised increase in intracellular Ca^  ̂ in

jji conclusion, the autoradiographic and immunohisto- 
lernical findings in this study suggest that ET- 1  may have 
■̂ole in the pathophysiology of diabetic ED and that this 
ptide is locally released in the corpus cavernosum to act in 

j  autocrine fashion on neighboring ETg receptors to cause 
'SMC contraction and/or proliferation.
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Differential alterations of prostacyclin, cyclic AMP and 
cyclic GMP formation in the corpus cavernosum of 
the diabetic rabbit
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Objective To investigate the effect of alloxan-induced 
diabetes mellitus (DM, a major risk factor for erectile 
dysfunction and associated with impaired endothelial 
function) on the formation of nitric oxide (NO), prosta
cyclin (PGI2 ), cGMP and cAMP in the corpus cav
ernosum of rabbits.

Materials and methods Rabbits were rendered diabetic 
(hyperglycaemic, nonketotic) with alloxan; after 3 and 
6  months, the penises were excised and the corpus 
cavernosum processed for the study of PGI ,̂ NO, 
cAMP and cGMP formation, using a range of stimu
lators and radioimmunoassays.

Results PGI2  formation in response to acetylcholine and 
phorbol ester, but not arachidonate, and cGMP forma
tion in response to A 23187 (NO-release dependent), 
was significantly diminished in diabetic rabbit corpus

cavernosum compared with controls at both 3 and 6  

months after the induction of DM. cAMP formation in 
response to forskolin and prostaglandin Ei was reduced 
after 6  but not 3 months, although nitroprusside- 
stimulated cGMP (activates guanylyl cyclase directly) 
was unaffected in cavernosal tissue from diabetic 
rabbits.

Conclusions These results show that the formation of 
NO and PGI2 , and adenylyl cyclase activity but not 
guanylyl cyclase, are impaired in the corpus cav
ernosum of diabetic rabbits. As NO and PGI2  are 
produced by the endothelium, these studies consolidate 
the view that endothelial dysfunction is a major 
contributor to erectile dysfunction in diabetes mellitus.

Keywords Diabetes, erectile dysfunction, rabbit, nitric 
oxide, prostacyclin

Introduction
It has become increasingly apparent that nonadrenergic, 
noncholinergic (NANG) innervation of the penis plays 
an important, if not key role in mediating penile erection. 
Principal among the neurotransmitters released by 
NANG neurons is nitric oxide (NO) [1 -4 ]. NO is also 
released in the endothelium of arteries that supply the 
penis, as well as the corpus cavernosum, by cholinergic 
(acetylcholine) activation of NO synthase (NOS) [1 -4 ]. 
NO then elicits relaxation of smooth muscle cells within 
arterioles and corpus cavernosum through stimulation 
of cGMP, which then induces the relaxation of smooth 
muscle cells [1 -4 ]. Erection may also involve endogen
ous vasodilator prostaglandins (PGs), in particular PGI2 , 
which is also synthesized by both the endothelium and 
smooth muscle component of blood vessels [5], The most 
compelling evidence for an involvement of PGs in erec
tion is that intracavernosal injection of PGEi (similar in 
its properties to PGI2) is an effective means of treating 
erectile dysfunction [5]. Furthermore, PGI2  formation

Accepted for publication 19 May 1998

and release in both the laboratory animal penis and 
human corpus cavernosum is stimulated by parasympa- 
thomimetics [6,7] which in turn stimulates the formation 
of cAMP [8 ].

It is also now more widely accepted that the risk 
factors underlying the development of vascular disease 
are identical to those that predispose to vasculogenic 
erectile dysfunction [9]. A major risk factor for both 
atherogenesis and erectile dysfunction is diabetes mel
litus (DM) [9 -1 2 ]. It is estimated that up to a half of 
diabetic men have erectile dysfunction [1 0 -1 2 ]. It has 
also been established that DM results in a disruption in 
vascular endothelial function [13], including reduced 
formation of endothelial NO and PGI2  [13]. Studies in 
laboratory animals and man have also indicated that 
DM causes an impairment of NO release and PGI2  

formation in penile tissue [12-14]. More recently, the 
formation of cAMP and cGMP has been shown tor^e 
enhanced in the corpus cavernosum of the diabetic rat 
[5]. To examine this area further, the formation of PGI2 . 
cAMP, NO and cGMP was studied in rabbits in which 
DM was induced with an intravenous injection of 
alloxan.

578 © 1998 British Journal of Urology
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I^Iaterials and m ethods

The following drugs and other materials were supplied 
by Sigma Chemical Co. (Poole, Dorset. UK); acetylcholine 
chloride, antisera against 6-oxo-prostaglandin 
(6-oxo-PGFiJ, arachidonic acid (sodium salt) calcium 
ionophore A23187, Dulbecco's minimum essential 
medium (DMEM), forskolin, gelatine, isobutylmethyl- 
xanthine (iBMX), Norit-activated charcoal, phorbol 
ester dibutyrate, PGEI. 6-oxo-PGFia and sodium nitro- 
prusside. The following radiochemicals and kits were 
obtained from Amersham Radiochemicals (Amersham 
International, Aylesbury, UK): [^H]-6-oxo-PGFi^,

MP and [̂ ^®I]-cGMP radioimmunoassay kits.r
Induction of diabetes

The study included 24 age-matched (body weight 3 kg) 
male New Zealand white rabbits, 12 of which were 
injected intravenously with alloxan (via the lateral ear 
vein) at a standard dose of 65 mg/kg. The diabetic 
rabbits were fed ad libitum with SDS standard rabbit 
plain chow (SDS, Whitham, UK) and allowed free access 
to water. Blood was sampled at monthly intervals for 
serum urea and electrolytes, cholesterol, triglycerides 
and glucose. Urine was monitored over the duration of 
diabetes for glucose, ketone bodies and proteins, using 
Multistix (Ames Division, Miles Laboratories Ltd, Stoke 
Poges, UK).

Preparation of penile tissue

After 3 and 6 months, together with the age-matched 
controls, rabbits were killed by cervical dislocation and 
penises rapidly excised (six in each group). The penises 
were immediately placed in DMEM pregassed with 95% 
0 2 / 5 % CO2 . Epidermal and connective tissue, urethra 
and corpus spongiosum were carefully excised from the 
penis. The corpora cavernosa was then cut longitudinally 
into two equal lengths and then transversely to give 
*40 segments. These segments of corpus cavernosum 
from animals in each study group were pooled and 
incubated in DMEM at 37°C with regular changes of 
medium to allow the tissues to recover from preparative 
handling.

PG/ 2  formation

After pre-incubating corporal disks for 4 h with frequent 
'Changes of medium, one disk, in duplicate for each drug 
hose, was placed in pregassed DMEM containing the 
following drugs, which are known to stimulate PGI2  

synthesis in the rabbit vascular tissue; acetylcholine 
(fGceptor agonist), phorbol ester dibutyrate (activator of
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protein kinase C, PKC), calcium ionophore A23187 
(increases intracellular calcium) and arachidonate (sub
strate) [15], Tissues were then incubated for 1 h at 37°C; 
supernatants were then removed and 6-oxo-PGFi^ con
centrations (the stable spontaneous hydrolysate of PGI2 ) 
measured by radioimmunoassay [14], Briefly, aliquots 
were diluted with Tris HCl-1% gelatine bufler, pH 7.4. 
To these and b-oxo-PGFjo, standards (0-10  ng) was 
added 200 pL of diluted 6 -oxo-PGFig  ̂antisera containing 
3.7 X 10  ̂Bq [^Hj-b-oxo-PGFi^; the tubes were incubated 
overnight at 4°C. Activated charcoal (1% w/v) in Tris 
HCl-gelatine bulfer was added to each tube, centrifuged 
and incubated on melting ice for 15 min. Tubes were 
then centrifuged at 1000 g for 10 min. Supernatants 
were decanted into vials, scintillation fluid added and 
counted in a [3-particle counter (LKB, Copenhagen, 
Sweden). Standard curves were compiled and unknown 
values calculated.

Assessment of cyclic nucleotide formation

After pre-incubation, penile disks were placed in DMEM 
in polypropylene tubes containing 250 pmol/L iBMX (a 
phosphodiesterase inhibitor) and various concentrations 
of cyclic nucleotide formation stimulators, i.e. PGEj and 
forskolin (cAMP), sodium nitroprusside (activates guany
lyl cyclase directly) and A23187 (activates NO synthase 
through the elevation of cytosolic Ca^^). Tubes were 
incubated for a further 20 min at 37°C. Reactions were 
stopped by adding 1 mol/L perchloric acid and the tissues 
sonicated (3 x 30 s; Soniprep, MSE, UK). After centrifu
gation at 1000 f/ for 15 min, supernatants were removed 
and neutralized with 1 mol/L K3 PO4 . Aliquots were then 
taken and acetylated with triethylamine/acetic anhy
dride (1 :2 , v/v) and diluted with phosphate buffer. 
pH 7.4. To these, and cAMP and cGMP standards 
(0-256  fmol) was added 200 pL diluted antisera against 
cAMP or cGMP antisera containing [̂ ^ Î-cAMP or [̂ ^̂ Ij- 
cGMP. After overnight incubation at 4°C, antisera 
against rabbit globulins in phosphate buffer was added 
to each tube and incubated on melting ice for 15 min. 
Tubes were then centrifuged at 1000 g for 10 min. 
Supernatants were decanted into vials, scintillation fluid 
added and counted in a y-particle counter (LKB). 
Standard curves were compiled and unknown values 
calculated.

Weights, plasma glucose and plasma lipid levels 
between the 3- and 6 -month diabetic groups and the 
age-matched controls were compared using the Mann- 
Whitney U-test (paired values). For the cAMP, cGMP 
and 6 -oxo-PGFi_a measurements, data were expressed as 
the mean (sEM) value per milligram of tissue per minute 
(wet weight) from six samples. Data were analysed 
using A N O V A  for multiple comparisons, with paired
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comparisons between groups assessed using paired 
Student’s t-test where the a n o v a  indicated significance 
for the multiple comparison; statistical significance was 
accepted when P < 0 .0 5 .

Results
The starting weights in both the control and diabetic 
groups were similar (Table 1). At the end of the 3-month 
period, the weights of the diabetic rabbits were not 
significantly different from those in the control group, 
but in the 6 -month group, the diabetic rabbits were 
significantly (P < 0 .0 3 ) lighter. The serum glucose con
centrations (non-fasting) were significantly higher than 
in the control group at both 3 and 6  months (P <  0 .0015  
and < 0 .0 0 9 , respectively; Table 1). Serum cholesterol 
concentrations (non-fasting) were not significantly 
different from the controls at either 3 or 6  months 
(Table 1), and neither were serum triglyceride levels 
(data not shown).

Prostacyclin form ation

PGI2  release in response to acetylcholine and phorbol 
ester was significantly diminished in corporal tissue from 
diabetic rabbits compared with controls at both 3 and 6  

months’ duration of DM (Fig. la,b). In response to 
calcium ionophore A 23187, PGI2  formation by the 
corpus cavernosum from diabetic rabbits was signifi
cantly reduced compared with controls at 6  months’ 
duration of DM, but not at 3 months (Fig. Ic). In 
response to arachidonic acid, there were no significant 
differences in PGI2  formation by the corpus cavernosum  
in either group at both 3 and 6  months’ duration of 
DM (Fig. Id).

Cyclic nucleotide form ation

In response to forskolin and PGEj, cAMP formation by 
the corpus cavernosum from diabetic rabbits was signifi
cantly reduced compared with controls at 6  months’

duration of DM, but not at 3 months’ (Fig. 2a,b). In 
response to calcium ionophore A 23187, cGMP formation 
by the corpus cavernosum from diabetic rabbits was 
significantly reduced compared with controls at 6  

months’ duration of DM, but not at 3 months. In 
response to sodium nitroprusside, there were no signifi
cant differences in cGMP formation by the corpus cav
ernosum from either group at both 3 and 6  months’ 
duration of DM (Fig. 2c,d).

Discussion
That acetylcholine stimulates PGI2  formation in the 
rabbit corpus cavernosum is consistent with previous 
reports that the formation of this prostanoid is stimulated 
by the parasympathetic drive in the corpus cavernosum  
of both the rat and human [3,4]. Furthermore, as 
phorbol ester (a PKC activator) stimulated PGI2  forma
tion, the present study consolidates the view that recep
tor-linked PGI2  formation is mediated by PKC in the 
corpus cavernosum, as it is in other vascular tissues [15].

As to the impact of DM, the lack of an effect on PGI2  

formation stimulated with arachidonic acid (a substrate 
for PG formation) indicates that alloxan-induced DM has 
no effect on the cyclo-oxygenase/PGIj synthase complex 
in the penis*of the diabetic rabbit. In contrast, PGI2  

formation stimulated with acetylcholine was markedly 
reduced in cavernosal tissue at both 3 and 6  months 
after the induction of DM. These data indicate that there 
is a defect in receptor-linked PGI2  formation which is 
rapid in onset and may be due to changes in receptor 
affinity, receptor numbers or downstream signal trans
duction mechanisms. The finding that PGI2  formation, 
stimulated with phorbol ester, was reduced almost ident
ically to that elicited by acetylcholine indicates that the 
defect in receptor-linked PGI2  formation may be due to 
alterations in PKC activity. PKC activation in vascular 
tissues has been widely advocated as playing a key role 
in diabetic angiopathy. For example, Lee et al. [16] 
showed that there is an increase in membrane-associated 
PKC but a reduction in cytosolic PKC in the vasculature

Median (range) Baseline 3 months 6  months

Body weight (kg)
Control 3.0 (2 .7 -3 .S ) 3.9 (3 .0 -3 .9 ) 4 .1  (3 .5 -4 .3 5 )
Diabetic 3.1 (2 .S -3 .6 ) 4 .0  (3 .6 -4 .8 ) 3.6 (3 .0 -3 .9 )

Glucose (mmol/L)
Control - 7.7 (6 .7 -8 .5 ) 6.4 (6 .1 -7 .5 )
Diabetic - 35.5 (2 4 .2 -3 7 .7 ) 32.2  (1 8 .3 -4 1 .1 )

Cholesterol (mmol/L) -
Control - 0 .7  (0 .5 -1 .4 ) 1.2 (0 .6 -2 .3 )
Diabetic 0 .7  (0 .6 -0 .9 ) 0 .9  (0 .5 -1 .3 )

Table 1 The comparison of body weight, 
serum glucose and cholesterol 
concentrations before and after 3 and 6  

months of diabetes
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of diabetic rats, an effect mimicked by high concentrations 
of glucose in vitro. A  reduction in cytosolic PKC would 
therefore account for the diminished responses to phorbol 
ggter and acetylcholine reported here. Furthermore, the 
present observations are consistent with a previous report 
on the aortae of diabetic rats, wherein the reduction of 
receptor-linked PGI2 formation was ascribed to a PKC- 
mediated down-regulation of receptors [17].

A2 318 / -stimulated cGMP formation was also signifi
cantly diminished in the corpus cavernosum of diabetic 
rabbits at both 3 and 6  months after the induction of 
DM . A23187 elicits cGMP synthesis through the elevation 
of calcium, which in combination with calmodulin acti
vates endothelial NOS (eNOS) and therefore the release of 
NO from the endothelium [18]. The present data therefore 
concur with the previous report that NOS activity is 
jpipaired in DM in man [12]. This reduction in the 
formation of both NO and PGL, which is confined almost 
exclusively to the endothelium in the rabbit [19], therefore 
consolidates the view that DM exerts a deleterious effect 
on endothelial function. In contrast, nitroprusside- 
stimulated cGMP formation was unaltered in the rabbit 
penis after 3 and 6  months of DM. As nitroprusside breaks 
down spontaneously to generate NO [18]. these results 
reflect the activity of guanylyl cyclase activity 
in the smooth muscle component of the tissue. 
A23187-stimulated PGI2 synthesis was impaired in cor
poral tissue after 6  months but not after 3 months of DM; 
A23187 elicits PGI2 formation through an increase in 
calcium, which in turn activates calcium-dependent phos- 
pholipase A2  (PLA2 ) [15]. Thus, these results indicate that 

causes a reduction in PLAj activity in the corpus 
cavernosum of the diabetic rabbit, which may be due to 
a down-regulation of the enzyme or alteration of calcium 
binding to it. Similarly, after diabetes for 6 , but not 3 
months. cAMP synthesis in response to both forskolin 
and PGEi was significantly reduced in the corpus cav
ernosum from diabetic rabbits than in controls.

As the weights of diabetic rabbits were unaltered at 3 
months but significantly reduced at 6  months compared 
'vith controls, it is possible that these time-dependent 
effects may be due to weight loss rather than DM. In a 
previous study we found that cAMP and cGMP accumu
lation in the penis of diabetic rats were significantly 
liigher than in controls [8 ]: such a difference in results 

perplexing. However, there is also a noticeable differ- 
tice between the models used. Most importantly, rats 
''endered diabetic (equivalent to the present alloxan- 
'nduced status in rabbit) are markedly emaciated (mean 
'̂ 'eights of control and diabetic rats were 475 g and 
^̂ 9 g. respectively. >  50%) and catabolic [8 ]. In con- 
'*'3st. there were no significant differences in the weights 

the diabetic rabbits after 3 months of DM and only a 
1̂ % decrease at 6  months. In turn, it has been shown

British Journal of Urology 82. 578-584

that starvation markedly alters vascular biochemistry 
and function [20.21]. As weight loss is not a compli
cation associated with DM after 3 months of DM. it is 
reasonable to suggest that the rabbit constitutes a prefer
able model of the disease. Certainly, it obviates the innate 
complication of the marked catabolic status encountered 
in the streptozotocin-treated rat.

In a parallel study in which we investigated cAMP, 
cGMP and PGl2  formation by the aortae. from the same 
animals used for the present study, the patterns of release 
to the same stimulators were identical (Jeremy et a l, 
unpublished observations). These observations consoli
date the view that DM influences the formation of PGI2 , 
cAMP and NO in a similar fashion in both arterial and 
cavernosal tissue. This is of relevance, as it is now 
established that the risk factors that predispose to ather
oma formation (DM. hypertension, smoking, hyperlipida- 
emia) also predispose to the development of erectile 
dysfunction [9]. It is reasonable to suggest therefore that 
alterations of arterial biochemistry and function are a 
direct reflection of the corpus cavernosum. This may be 
of importance not only to the design of animal experi
ments, but also to the diagnosis and treatment of erectile 
dysfunction.

In conclusion, the present study consolidates the view 
that DM elicits a marked deleterious effect on NO. PGI2  

and cAMP formation, and that this is due mainly to the 
generalized impact of DM on the cavernosal endothelium. 
These patterns also mimic the effect of DM on endothelial 
function in man. Coupled with the drastic effects of DM 
in rats, we conclude that the rabbit is the model of 
choice for the study of DM and endothelial function. 
These findings may be relevant to the treatment of 
erectile dysfunction in diabetic men. The defect in PGI2  

formation and its effects support the view that the 
intracavernosal injection of PGEj (akin in its properties 
to PGI2 ) may be useful in this scenario. However, this 
form of therapy has several disadvantages, including 
pain and priapic episodes [5]. More recently, clinical 
trials have shown that the oral administration of silden
afil is effective in treating erectile dysfunction [2 2 ]. 
Sildenafil is a type-5 cGMP phosphodiesterase inhibitor 
which enhances NO-induced cGMP formation, and is a 
potent relaxor of corpus cavernosum [23,24]. However, 
whether sildenafil will be useful in treating erectile 
dysfunction in diabetic men remains to be clearly 
established.
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Down-regulation of endothelin-B receptor sites in cavernosal 
tissue of hypercholesterolaemic rabbits
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Objective To investigate the density and distribution of 
endothelin-1 (ET-1) and endothelin receptor subtypes 
In cavernosal tissue of healthy New Zealand White 
(NZW) rabbits (controls) and to assess any changes In 
a genetic model of hypercholesterolaemia (the 
Watanabe rabbit).

Materials and methods Penises were excised from six 
hypercholesterolaemic (HC) rabbits 6  months after birth. 
Low-and hlgh-resolutlon autoradiography was per
formed on cavernosal sections using radioligands for 
ET-1, endothelin A (ET^) and endothelin B (ETg) recep
tors. and the autoradiographs analysed densltometr- 
ically. The results were compared with those from 
six age-matched control rabbits. Immunohisto
chemical localization of ET-l-like Immunoreactivity was 
also performed on adjacent cavernosal sections.

Results ET-1. ET  ̂ and ETg receptor binding sites were 
primarily localized to the smooth muscle cells of the 
corpus cavernosum and the endothelium lining the 
cavernosal spaces. There was a significant decrease in 
ETg receptor binding sites in cavernosal tissue from 
HC rabbits when compared to age-matched healthy 
controls.

Conclusions The findings suggest that ET-1 may have a 
role in the pathophysiology of erectile dysfunction in 
HC. These effects may partly be due to enhanced 
vasoconstrictor actions and smooth muscle cell pro
liferation. consequent on a reduction in endothelial 
ETg receptors.

Keywords Endothelin-1. endothelin B receptor, corpus 
cavernosum. hypercholesterolaemia. erectile dys
function

Introduction
Hypercholesterolaemia (HC) is a risk factor for erectile 
dysfunction (ED) in both animal models [1] and humans 
[2.3]. Previously this link has been attributed to athero
sclerosis in the hypogastric-cavernosal arterial bed. with 
a subsequent deficiency in penile arterial blood flow [4]. 
However, more recently there has been an increased 
appreciation of the role of active cavernosal relaxation 
in penile erection [3,5]. Impairment of endothelium- 
dependent relaxation of the cavernosal smooth muscle 
has been shown in a HC rabbit model [1]. The aetiology 
of this endothelial dysfunction has not been fully eluci
dated, but the interaction between nitric oxide (NO), 
prostacyclin (PGN) and endothelin-1 (ET-1) may be 
important in maintaining vascular tone. ET is a potent 
constrictor of vascular and non-vascular smooth muscle. 
Three isopeptides (endothelin 1, 2 and 3) have been 
characterized in human and rat tissues [6 ], ET-1 being

Accepted for publication 17 September 1997  
The preliminary findings of this study were presented at The VII 
World Meeting on Impotence. San Francisco, USA, November 
1996  [38].

preferentially released from vascular endothelium. 
Endothelins bind to C-protein-coupled receptors and two 
distinct receptor sub-types, endothelin A (ET^) and endo
thelin B (ETg). have been characterized and recently 
cloned [7.8]. ET  ̂ receptors have a greater affinity for 
ET-1 than for ET-3. whereas ETg receptors show similar 
affinity for the three isopeptides [7]. ET  ̂ receptors are 
found on vascular smooth muscle cells (VSMCs), where 
they mediate vasoconstriction and cellular proliferation 
[9 -1 1 ]. Vascular ETg receptors occur predominantly on 
endothelial cells and mediate vasodilatation by generat
ing endothelium-derived relaxation factors and PGIj 
[1 2 -1 3 ]. However, vascular ETg receptors in vivo  mediate 
not only vasodilatation but also vasoconstriction [13], 
probably via SMC receptors.

Several recent studies have suggested that ET-1 is an 
important modulator of erectile physiology and dysfunc
tion [1 4 -1 6 ], It is therefore of interest that we recently 
detected the presence of both ET  ̂ and ETg receptor sites 
in the cavernosa of healthy control rabbits, together  
with a significant increase in ETg receptor sites in a 
diabetic rabbit model [17],

The purpose of the present study was to determine, 
using in vitro  autoradiography and immunohistochemical
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ation- if any changes in the density and distribution 
J and its receptor subtypes occur in a genetic HC 

Ijbit model.

aterials and m ethods

VVatanabe rabbits w ere selected  from the group bred 

, {he Royal Free H ospital. T he rabbits were fed ac!
with standard rabbit plain (SDS. Witham, UK) 

^  allowed free access to water. Blood was sampled at 
 ̂ 3 ,  and 6 -month intervals for serum urea and electro-

cholesterol, triglycerides and glucose. After cervical
location, penises were excised from these HC rabbits 
j months after birth. The penile tissues were stored 
Upediately at -70^C in air-tight containers. The tis
ses were then mounted in Ames OCT embedding com
pound (BDH Laboratory Supplies. Poole. UK) and 
jansverse 1 0  pm sections cut in a cryostat at about 
- 2 0 °C and thaw-mounted onto aminopropyltriethoxy- 
silane-coated microscope slides. The slides were stored 
at -70°C in air-tight containers until use. The same 
procedure was performed on six age-matched, healthy 
control New Zealand White rabbits.
Consecutive 10 pm sections of rabbit corpus cav

ernosum were incubated for 1 2 0  min at 2 2 T  in buffer 
containing 0.13 nmol/L [̂ ‘*I]-ET-1 (Amersham 
International. Amersham. UK). 0.15 nmol/L ['" Î]- 
PD151242 (ET  ̂receptor-specific radioligand. Amersham 
International) and 0.3 nmol/L [‘-H]-BQ3020 (ETg recep
tor-specific radioligand). These concentrations were at 
the approximate Kp values established from previous 
saturation studies [17]. The degree of non-specific bind- 
tag was established by incubating alternate sections in 
le presence of 1 pmol/L unlabelled ET-1 (Bachem Fine 
lemicals. Switzerland: the non-specific binding for 
I]-ET- 1  was < 10% of the total binding, and undetect- 
l̂efor [^-=I]-PD151242 and ['-'lj-BQ3020). Slides were 

'''ashed in buffer, dipped in distilled water at 4'C and 
in a stream of cold air. Low-resolution autoradio- 

âphy was carried out by exposing sections to Hyperfilm 
(Amersham International) in X-ray cassettes for 

3 days.
f’hotodensitometric analysis was performed on a 

Wron \TDAS imaging system (Kontron. Thame. UK) 
^  binding calculated from cun^es generated by '"T- 
’hcroscales (Amersham International) that were 
["Exposed with tissue sections. Binding was expressed 

rms of radioligand bound, as d.p.m. per unit area 
Microscopic localization (high-resolution auto- 

* îography) of binding sites was performed by post- 
ig tissue in paraformaldehyde vapour ( 2  h at 80'C) 

^  coating slides in molten nuclear emulsion (LM-1. 
^rsham  International). Slides were then stored in 
'^t-proof boxes for 8  days at 4'C. after which they
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were processed in D19 high-contrast developer (Kodak, 
Ilford. UK) and fixed (Hypam. Ilford. UK). Underlying 
tissue was stained with haematoxylin and eosin and the 
high-resolution autoradiographs viewed on an Olympus 
Vanox microscope: selected sections were photographed 
where appropriate.

ET-l-like immunoreactivity was located immunohisto- 
chemically using the avidin-biotin peroxidase complex 
technique [18] on acetone-fixed 1 0  pm sections of rabbit 
corpus cavernosum tissue. The procedure involved the 
sequential application of a primary antibody (1:300  
dilution. anti-ET-1 monoclonal antibody) followed by 
biotin-labelled secondary antibody (1 : 1 0 0  dilution, goat 
anti-mouse IgG antibody) and then the avidin-biotin 
peroxidase complex (Vector Laboratories. Peterborough. 
UK). Adjacent sections were also used to identify endo
thelial. smooth muscle and nerve cells using the appro
priate immunohistochemical markers (PECAM. anti
alpha smooth muscle actin and neurofilament 2 0 0 . 
respectively: Dako Laboratories. High Wycombe. UK). 
The results were expressed as median and range, and 
analysed statistically using the Mann-Whitney U-test 
(two-tailed).

Results

After 6  months, the median weights and serum glucose 
concentrations of both the control and HC rabbits were 
not significantly different, but serum cholesterol and 
triglyceride concentrations were significantly (P<0.003) 
higher in the HC rabbits than in control rabbits (Table 1 ).

Autoradiography

There was dense ['‘H]ET-1. PD15I242 and BQ3020 
binding to tissue sections, which was markedly reduced 
when incubated in the presence of unlabelled ET-1. 
[‘~T]ET-1 binding was most marked in the urothelium. 
corpus cavernosum and blood vessels. A less dense but 
definite binding was also seen in the corpus spongiosum. 
Within the cavernosal tissue, there was intense binding 
to both the SMC and the endothelium (Fig. 1). 
Densitometric analysis of film images indicated that 
[1 ’3 I]ET-i binding to the corpus cavernosum was not sig
nificantly altered in HC rabbits at 6  months when com
pared with controls (Table 1). Binding of [^-’I]PD151242 
(ET̂  receptor binding sites) was predominantly to 
cavernosal SMC (Fig. 2). Photodensitometry showed no 
significant changes in ET̂  receptor binding sites between 
control and HC rabbits (Table 1).

The binding of [^-"I]BQ3020 (ETg 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
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Fig. 1. Autoradiographs for both. a. control and. b. HC rabbit corpus cavernosa. Specific radioligand binding to corpus cavernosum (CC). 
corpus spongiosum and urethra was determined by subtracting non-specific binding (incubated in the presence of 1 pmol/L unlabelled 
ET-1: N) from total binding (T). a. Top: comparison of total (T) and non-specific (N) [*’*I]ET-1 binding to control CC. Middle: total and 
non-specific ET  ̂ binding to control CC. Bottom: total and non-specific ETg binding to control CC. b. Top; comparison of total (Tl and non
specific (N) [ -̂®I]ET-1 binding to HC CC. Middle: total and non-specific ET̂  binding to CC of HC rabbits. Bottom: total and non-specific ETg 
binding to HC CC. Scale bar. 1.5 mm.

of the corpus cavernosum (Fig. 2). There also appeared 
to be a distinct area of intense ETg binding on micro
vessels in the region of the subtunical space (Fig. 2). 
Densitometric analysis showed a significant (P <0.03)  
decrease in ETg receptor binding sites (Table 1) in cav
ernosal tissue after 6  months of HC, when compared 
with age-matched, healthy controls. ET-l-like immuno
reactivity was localized to the cavernosal SMC and 
endothelium lining the spaces, in both control and HC 
cavernosal tissue (Figs 3 and 4).

Discussion
There was a significant decrease in ETg receptor binding 
sites in the corpus cavernosum of 6 -month-old Watanabe 
HC rabbits. High-resolution autoradiographs showed 
binding to be decreased in both cavernosal SMC and 
the endothelium lining the cavernosal spaces. 
Immunohistochemistry confirmed the presence of ET- 
l-like immunoreactivity in cavernosal SMC and 
endothelium.

Control
(median [range])

Hypercholesterolaemic 
(median [range])

Body weight (kg) 4.0 (3 .6 -4 .8 ) 3.6 (3 .5-3.9)
Serum glucose (mmol/L) 7.7 (6 .7 -8 .S ) 6.9 (6 .0-9.1)
Serum cholesterol (mmol/L) 0.7  (0 .5 -1 .4 ) 19.8 (10 .2-22.6)
Serum triglyceride (mmol/L) 0.9 (0 .5 -1 .1 ) 4.3 (1 .8-8.0)
Receptor binding (d.p.m. x 1000/mm^)

ET-1 6.2 (4 .0 -9 .9 ) 5.8 (4.9-19.7)
ETa 4.8 (4 .7 -4 .8 ) 4.6 (3 .4-4.9)
ETg 4.2 (3.2-4.6)* 3.4 (2.7-4.D *

Table 1 Serum variables and 
photodensitometric analysis of ET-1. 
ETa and ETg receptor binding in cavernosal 
tissue of 6 -month-old normal and 
hypercholesterolaemic rabbits

•P < 0 .0 3  (Mann-Whitney)

® 1998 British journal of Urology 81. 12 8 -1 3 4
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ET-1

:ig, 2. [ ‘^^IJET-1 binding to HC rabbit CC: 
^ rad iograp h  generated on nuclear  
snulsion (h igh-resolution). Dark grains  

jpresent binding sites. Scale bar, 5 0 0  pm.

0 #

a '-1

Î. a, ET^ and. b. ETg binding sites on HC rabbit CC. Scale bar. 
^*^pm. ETa binding is predom inantly to cavernosal sm ooth  
^ l e .  w hereas ETg binding is to sm ooth m uscle and endothelial 

within the CC and to m icrovessels at the border o f CC and  
albuginea (subtunical space).
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This downregulation of ETg could represent a patho
physiological pathway in erectile dysfunction associated 
with HC. ETg receptors modulate both vasodilatation 
and vasoconstriction in vivo and have pro-mitogenic 
effects [10]. Its vasodilatory properties are mediated by 
the endothelium-dependent generation of NO and FGIj. 
which are mediators of human and rabbit cavernosal 
smooth muscle relaxation [19], and canine cavernosal 
artery vasodilatation [2 0 ]. respectively: both actions are 
essential for penile erection. The basal release of NO has 
been shown to be impaired by HC [21] and the present 
findings could therefore explain this reduction.

Functional studies have shown that ET-1 contracts 
rabbit and human cavernosal smooth muscle, and 
enhances phenylephrine contraction [15.16]. but the ET 
receptor subtype(s) involved have not been defined. The 
presence of both SMC and endothelial ETg binding sites 
in rabbit corpus cavernosum would support both vaso
constrictor and vasodilator actions for this receptor. The 
reduction in corpus cavernosal SMC ETg binding sites 
may also represent a compensatory response to the 
reduction in endothelial ETg binding sites. However, the 
number of ET̂  receptor binding sites was no different 
between HC and controls, and this may allow for a more 
dominant vasoconstrictive action of ET-1 via its ET̂  
receptor. These findings support the concept that an 
ETa/ETg imbalance in the corpus cavernosum may cause 
ED and that in HC. endothelium-derived contracting 
factors become more dominant, whereas the formation 
and/or effects of relaxing factors is impaired [2 2 ]. 
Furthermore, the increased plasma ET concentration 
that has been reported in patients with hyperlipidaemia 
[23] would enhance this vasoconstriction. It is not 
known whether correcting HC reverses these ETg 
changes.
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Impaired cavernosal relaxation with associated early 
atherosclerotic changes has been detected in the cav
ernosal sinusoids of a HC-rabbit model [24]. However, 
the precise relationship of these structural changes to 
functional abnormalities remains unclear, although cor
recting the HC reverses both these structural and func
tional alterations [24].

Recent studies have implied a role for ET-1 in athero
sclerosis [25.26] but the ET receptor findings in athero
sclerotic vessels are contradictory. Expression of mRNA 
is repressed for both ET̂  and ETg receptors in atheroscler
otic lesions [27], whilst Dashwood et al. (unpublished 
data) have recent autoradiographic evidence of increased 
ETg receptor binding sites in areas of recanalization of 
human coronary atherosclerotic plaques. NO has also 
been shown to be an important regulator of VSMC

growth [28]. A reduction in endothelium-derived NO 
could therefore result in VSMC proliferation, a key step 
in the development of atherosclerotic lesions.

The predictors of vasculogenic ED. such as HC. hyper
tension. diabetes mellitus (DM) [2.3] and elevated 
fibrinogen [29]. are the same as those for ischaemic 
heart disease. Therefore, the reduction in endothelial ETg 
receptor binding sites seen in the present study may not 
only be relevant to cavernosal atherogenesis but also to 
the pathophysiology of vascular disease secondary to HC.

DM is a common cause of ED in both animal models 
and humans. We recently reported an increase in ETg 
binding sites on cavernosal tissue in a DM-rabbit modeI_ 
[17]. The serum cholesterol levels were not significantly 
elevated in this model. These findings suggest that 
reciprocal changes in ETg receptor binding sites in DM

©  1 9 9 8  British Jourm l o f Urology 81 . 1 2 8 -1 3 4
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HC cavernosum represent different pathophysiolog- 
âl pathways in ED. The balance between ET-mediated 
(•tions is probably adversely affected in both DM and 

but in different directions. This imbalance -would be 
■jfther aggravated by the reported changes in vasoactive 
Mediators like NO [30] and PGÎ  [31.32].

b̂e choice of HC model may be relevant to future 
,j5earch. The Watanabe rabbit is a widely used model 
(HC and atherosclerosis [35.36]. Briefly, the VVatanabe 
0 \ l  has a genetic defect which prevents the expression 
j  hepatic low-density lipoprotein (LDL) receptors. 
•j5ulting in a markedly reduced clearance of LDL from 
•lie circulation. This process is similar to that seen in 
nan. where raised serum LDL levels are associated with 
m increased risk of developing atherosclerosis-related 
ifascLilar events. Cholesterol-fed HC models have also 
leen described [35-37] but the serum cholesterol con- 
gltrations were not reported in a study which showed 
gvernosal SMC degeneration [37]. In general, the 
Watanabe rabbit has atherosclerotic lesions similar to 
those seen in humans, whereas the lesions in the choles
terol-fed models are less advanced [35.36].

In conclusion, the present findings suggest that 
ET-1 may play a role in the pathophysiology of ED 
associated with HC. These effects may partly be due to 
enhanced vasoconstriction and SMC proliferation as a 
result of the reduction in endothelial ETg receptor sites. 
These findings provide a potential therapeutic avenue 
tor ETg receptor agonists.
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Xhe density and distribution of endothelin 1 and endothelin 
receptor subtypes in normal and diabetic rat corpus 
cavernosum
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Objective To investigate the density and distribution of 
endothelin l(ET-l) and endothelin receptor subtypes 
in rat cavernosal tissue, and to assess any changes 
brought about by the onset of diabetes mellitus 
(DM).

Materials and methods Hyperglycaemic non-ketotic dia
betes mellitus was induced in five rats using streptozo
tocin (STZ). Two months later the penises were excised 
and stored at — 70°C. Longitudinal serial sections 
( 6  pm) were cut using a cryostat and thaw- mounted 
onto gelatinized microscope slides. Low and high reso
lution autoradiographs were taken using radioligands 
for ET-1 and endothelin A (ETA) and endothelin B 
(ETB) receptors and the autoradiographs analysed 
densitometrically. These results were compared with 
those from five age-matched control rats.

Results ET-1 and ETA receptor binding was primarily 
localized to the endothelium lining the cavernosal 
lacunar spaces; trabecular corporeal smooth muscle 
was much less intensely stained. No ETB receptor 
binding could be demonstrated, but increased binding 
of ET-1 and ETA receptors was seen in the diabetic 
cavernosal tissue.

Conclusion ET-1 and ETA receptor binding is increased 
in diabetic rat cavernosal tissue, A reduction in recep
tor linked nitric oxide (NO) release has previously been 
reported in diabetic rats. This finding may provide an 
explanation for the upregulation of ET-1 and ETA 
receptor binding in the diabetic rat.

Keywords Endothelin 1, endothelin receptors, corpus 
cavernosum, diabetes mellitus

Introduction
The endothelins are a family of vasoactive 21 -amino 
acid peptides synthesized by endothelial cells and possess 
three isoforms, endothelin-1 -2 and -3, which act on 
two types of receptors [1]. ET-1 and ET-2 have high 
affinity for the ETA receptor which, when stimulated, 
causes vasoconstriction [2]. In contrast, activation of the 
ETB receptor results largely in endothelium-dependent 
relaxation [3,4], ET-1 has also been shown to be a 
powerful vascular smooth muscle cell (VSMC) mitogen, 
and has been implicated in atherogenesis [5].

ETA receptors are located on vascular smooth muscle 
cells. ETA-mediated vasoconstriction is effected through 
two distinct signal transduction systems, one related 
to an enhanced influx of calcium ions through the 
activation of calcium channels, and a second by 
phospholipase C and A2 activation. Functionally, ETB 
receptors appear to be located on vascular endothelial 
cells and exert their effects, in part, by stimulation of 
endothelium-derived relaxing factor (EDRF)/NO, and 
prostaglandin I2 .

Accepted for publication 14 February 1995

The physiological role of the endothelins in main
taining the tone of the penile cavernosal smooth muscle 
in the flaccid state, and their interaction with the erectile 
NO/guanosine 3 '5 -cyclic monophosphate (cGMP) axis, 
is not fully understood. The interaction between ET-1 
and NO may be important for control of vascular tone 
[6 ]. Using in vitro autoradiography, we attempted to 
elucidate the density and distribution of ET-1
binding sites and ^^^I-labelled endothelin receptor selec
tive ligands within the normal rat penis, and to assess 
any changes brought about by the onset of diabetes 
mellitus, a common cause of erectile dysfunction in both 
the rat model [7] and in man [8 ].

Materials and methods
Ten age-matched adult male Sprague Dawley rats (body 
weight 250 g) were selected, five of which were injected 
intravenously with streptozotocin (Sigma Chemical Co., 
Poole, UK) at a stat dose of 65 mg/kg body weight, to 
induce non-ketonuric hyperglycaemic diabetes mellitus. 
These rats developed glycosuria but not ketonuria. The 
diabetic rats were fed ad libitum  with mouse No. 1 
Modified Maintainance Diet (SDS, Witham, UK) and
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allowed free access to water. Urine was monitored for 
glucose, ketone bodies and proteins, over the duration 
of the induced diabetes mellitus. with Multistix (Ames 
Division. Miles Laboratories Ltd, Stoke Poges. UK). After 
2  months all 1 0  rats were placed under terminal anaes
thesia using 90 mg/kg body weight of pentobarbitone 
(Sagatal. May and Baker Ltd. Dagenham. UK). Their 
penile tissues were excised and stored immediately at 
— 70°C in air-tight cryotubes. Longitudinal 6  pm sec
tions of rat penis were cut using a cryostat and thaw- 
mounted onto gelatinized microscope slides, which were 
stored at — 70°C in air-tight containers. Consecutive 
sections were subsequently incubated with radioligands 
for ET-1. ETA PDl 51242. Amersham
International. Amersham. UK) and ETB BQ3020. 
Amersham International) receptors as previously 
described [9,10]. The degree of non-specific binding was 
established by incubating paired sections in the presence

of 1 pM unlabelled ET-1. The sections were then exposed 
to Hyperfilm 3H (low resolution) and LM-1 emulsion 
(high resolution) (Amersham International) for I . 5  n̂d 
8  days. Photodensitometric analysis was performed using 
the VIDAS imaging system (Kontron. Thame. UK) and 
the degree of specific binding determined from curves 
generated by ^̂ Î microscales (Amersham International). 
The results of the experiments were expressed as 
m eans± SEM, The Mann-Whitney U-test was used for 
the statistical analysis of the data.

Results

There was dense [̂ ^̂ I] ET-1 and PDl 51242 binding to 
tissue sections, which was markedly reduced when incu
bated in the presence of ET-1. [̂ ^̂ I] ET-1 binding was 
localized to the corpus cavernosum and the urothelium 
(Fig. 1). No binding to the corpus spongiosum was seen.

A

Fig. 1. a. L ongitudinal section of norm al rat penis. H aem atoxylin  and eosin . x  18 . b. Autoradiographs generated on film (low  resolution) 
from longitudinal sections o f norm al rat penis incubated in ET-1. U nderlying tissue stained w ith haem atoxylin  and eosin. x 

a. Corpus cavernosum . b. Corpus spongiosum , c. Urethra.

©  1 9 9 5  British Journal o fU r o lo m  76. 2 0 3 - 2 0 /



ET-1 A N D  ENDOTH ELIN RECEPTOR SU B T Y PE S IN DIABETIC RATS 2 0 5

Within the cavernosal tissue, there was intense binding 
of [̂ ^̂ I] ET-1 to the endothelium, with minimal binding 
to the vascular smooth muscle cells (VSMC) (Fig. 2). 

Ipensitometric analysis of film images indicated that 
binding to the corpus cavernosum was significantly 
increased in the diabetic rats compared with that in 
yontrols (2.13 +  0.48 d.p.m. x 1000/mm^ and 1 .57±  
0.38 d.p.m. X 1000/mm^ respectively. n = 5 , P < 0 .025) 
(Fig. 3).

I ETA receptor binding ([^^^I]FD151242 ) showed a 
^imilar distribution to ET-1 binding. Densitometry 
.also demonstrated a significant increase in binding to 
cavernosal tissue in the diabetic rat compared to controls 
(3.43 ± 0 .6 4  d.p.m. X 1000/mm^ and 2.90 ± 0 .5  5 
d.p.m. X 1000/mm^ respectively, n =  5. P < 0 .05) (Fig. 3). 
No ETB receptor binding could be demonstrated through
out the penile tissue, even after 8  days of exposure 
to film or emulsion (Fig. 3). This is unlikely to be

artefactual, as a positive control demonstrated ETB recep
tor binding to rat kidney.

Table 1 Photodensitom etric analysis o f ET-1, ETA and ETB 
receptor binding in cavernosal tissue o f norm al and diabetic rats

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

Control rats Diabetic rats 
( mean ±  s e m ) ( mean ±  s e m ) P value

ET-1 1 .5 7  0 .3 8 2 .1 3  0 .4 8 < 0 .0 2 5
ETA receptors 2 .9 0  0 .5 5 3 .4 3  0 .6 4 < 0 .0 5
ETB receptors 0* 0* NA

* After 8 days exposure to film. N .A ., N ot applicable, d.p.m .. 
D isintegrations per m inute.
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■ig. 2 . High resolution  autoradiographs  
jbright field illu m ination) generated on  
iuclear em ulsion  from longitudinal sections  
of rat penis incubated in ET-1. High  
grain accu m ulations ind icate binding sites. 
Underlying tissue stained  w ith  

em atoxylin  and eosin . x 1 0 0 0 .
5. Norm al, b, Diabetic.
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CONTROL

TOT

ET-1

MSB

ETA

DIABETIC

m-

MSB

ETB

Fig. 3. Low resolution autoradiographs 
generated on Him from longitudinal sections 
of rat penis incubated in ET-1,
PDl 51242 (ETA), and [̂ “ 1] BQ3020 (ETB). 
TOT, Total binding. NSB, The degree of non
specific binding established in the presence 
of unlabelled ET-1. Bar, 2 mm.

Discussion

ET-1 is known to be synthesized by endothelial cells of 
the corpus cavernosum and elicits strong sustained 
contractions of cavernosal smooth muscle [11], The 
presence of ETA receptors in the cavernosal tissue of 
normal rats suggests that endothelins may have a 
physiological role in maintaining the penis in the flaccid 
state via this receptor subtype. The absence of ETB 
receptors on VSMC has been described previously [12]. 
The lack of demonstrable ETB binding to the cavernosal 
endothelium at present remains unexplained and its 
significance is unclear.

The significant increase in ET-1 and ETA receptor 
binding shown in the present study may be in response 
to a loss of negative feedback consequent on a reduction 
of the endogenous erectogen EDRF/NO. Evidence for 
a reduction in EDRF/NO production in diabetes was 
provided by Kiff et al. who showed such a reduction 
in the hindquarter vascular bed of diabetic rats [13]. 
Hyperglycaemia ( >  20 mM ) per se, through the production 
of advanced glycosylation end products, has also been 
shown to inhibit EDRF/NO directly, as well as inducing 
changes in endothelium dependent relaxation through 
the production of endothelin-1 , vasoconstrictive prosta
noids and oxygen-free radicals [13,14], Topouzis et al. 
showed a possible role for EDRF/NO in modulating ET-1

vasoconstriction in rat aortas [15]. Lang et al. showed 
that EDRF/NO modulated ET-1 vasoconstriction-involved 
inhibition of protein kinase C via cyclic GMP [16].

A possible explanation for the findings in the present 
study is that EDRF/NO regulates ET-1 synthesis and/or 
secretion together with ETA receptor expression. This 
proposed co-ordinated reciprocal regulation of these 
vasoactive compounds has been noted previously by 
Kuchan et al. using shear stress on cultured human 
umbilical endothelial cells [17].

The apparent localization of ETA receptors to endo
thelial cells, and their relative paucity on VSMC is 
unexpected. However, rats are relatively resistant to 
atherosclerotic changes [18] and the paucity of ETA 
receptors on VSMC seen here could be an important 
factor in this resistance.

The significant increase in density of ET-1 and ETA 
receptor binding sites in the STZ-induced diabetic rat 
cavernosal tissue demonstrated here provides further 
evidence for alterations in the equilibrium of endo
thelium-derived vasoactive factors early in diabetes. It 
also has implications for endothelin- 1  in the pathogenesis 
of diabetic angiopathy and impotence.
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Abstract
Objectives: To investigate density and distribution of nitric oxide synthase 
(NOS) binding sites in rat cavemosal tissue, and to assess any changes brought 
about by the onset of diabetes mellitus. iVIethods: Hyperglycaemic non-keto- 
nuric diabetes mellitus was induced in 5 rats using streptozotocin. The penises 
were excised from these rats 2 months after the administration of streptozoto
cin and stored at -70°C. Longitudinal serial sections (6 pm) were cut in a 
cryostat and thaw mounted onto gelantinized microscope slides. Low- and 
high-resolution autoradiography was performed using a radioligand for NOS. 
Densitometric analysis was performed on the autoradiographs and the results 
compared with those obtained from 5 age-matched non-diabetic rats. Results: 
NOS binding was primarily localized to the endothelium lining the cavemosal 
lacunar spaces. Significantly increased binding of NOS was seen in the diabet
ic cavemosal tissue 2 months after induction of diabetes mellitus. Conclusions: 
NOS binding is present on the endothelium of the rat corpus cavemosum and 
is increased in diabetic rats 2 months after streptozotocin administration. This 
increase in NOS binding may be part of the endothelial dysfunction which is 
reported in the corpus cavemosum of diabetic patients or rats.

Introduction

As many as 50% of diabetics over 50 years old have 
erectile dysfunction [1]. The pathogenesis probably in
volves extensive atherosclerosis together with impaired 
relaxation of the corpus cavemosum, an essential step in
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the erectile process. Both impaired neurogenic and endo
thelium-mediated cavemosal smooth muscle relaxation 
has been reported in diabetic man and animal models of 
this disease [2-4]. Animal models have the advantage of 
standardized diet, disease duration, medication, as well as 
tissue availability. The rat penis has also been shown to be 
a good model of human function [4, 5].

Nitric oxide (NO) is now recognized as a major media
tor of vascular smooth muscle relaxation, including that
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Pond Street
London NW3 2QG (UK)



plrtd  for penile tumescence [6]. Both the endothelium 
f j/or the nerves supplying the corpus cavemosum may 
]..oretically be the source of the NO involved in tumes- 
jce. Recent studies have suggested that neuronal NO is 
g more important of the two [7-10]. Endothelial and 
ûronal NO mediate smooth muscle relaxation through 

creases in the intracellular-guanosine 3'5'-cyclic mono- 
losphate (cGMP) concentration [11]. Impairment of the 
Q synthesis in diabetic vascular beds has been reported 
d postulated as being responsible for the impaired neu- 
3̂gnic and endothelium-mediated relaxation demon- 
rated in these tissues [12]. NO has a very short half-life 
pproximately 30 s) and is notoriously difficult to mea- 
je in vivo. NO is synthesized by the conversion of L- 
r̂ mine to citrulline. This step is dependent on NO syn- 
ase (NOS), an enzyme which is both calcium and cal- 
odulin dependent and utilizes five cofactors. NOS is 
odulated by calcium flux into cells and is under direct 
igative feedback by NO [ 13]. Several methods to identi- 
NOS on tissue sections, as an indirect measure of NO, 
ive been described. NADPH-diophorase has been used 
map for the constitutive neuronal isoform of NOS but 
not a selective marker for NOS [14]. Immunohisto- 
emical identification of the various iso forms of NOS is 
}w possible, but is notoriously difficult to quantify. 
Liioradiography is a technique which enables quantita- 
g assessment of receptor binding, an important factor 
hen attempting to compare control and experimental 
to .
Using in vitro autoradiography, we assessed density 
;d distribution of NOS-binding sites within the normal 
penis. We also identified changes brought about by the 

%et of diabetes mellitus (DM), a common cause of erec- 
edysfunction in both the rat model [5] and man [1].

bitone (Sagatal; May and Baker, Dagenham, UK). Their penile tis
sues were excised and stored immediately at -70*’C in airtight cryo- 
tubes. Longitudinal 6 -pm sections of the rat penises were cut in a 
cryostat at approximately -20° C and thaw mounted onto gelatinized 
microscope slides, which were stored at -70 °C in airtight containers 
until use. Localization of NOS was carried out essentially as de
scribed by Kidd et al. [14] and Michel et al. [15]. Slide-mounted tis
sue was allowed to equilibrate to room temperature for at least 
30 min before incubations were performed. Consecutive sections 
were incubated (60 min at 22 °C) in buffer containing 10 mV/ [̂ H]- 
L-N‘̂ -nitroarginine -  [-H]-L-NOARG (specific activity 55 C i/m mol; 
Amersham International, Amersham, UK) -  the degree of non-spe
cific binding being established by incubating alternate sections in the 
presence of 10 unlabelled L-arginine. The slides were washed in 
buffer (four times for 2 min) and dried in a stream of cold air. Low- 
resolution autoradiography was carried out by exposing sections to 
Hyperfilm (Amersham) in X-ray cassettes for 12 weeks. Photo- 
densitometric analysis was performed on film images on a VIDAS 
imaging system (Kontron, Thame, UK) and the degree of specific 
binding determined from curves generated by microscales (Am
ersham International) that were co-exposed with slide-mounted tis
sue. Binding was expressed in terms of radioligand bound per unit 
area (i.e., dpm/mm-). Microscopic localization (high-resolution auto
radiography) of binding was performed by post-fixing tissue in para
formaldehyde vapour (2 h at 80 °C) and coating slides in nuclear 
emulsion (LM-I; Amersham International). The slides were then 
stored in light-proof boxes for 12 weeks at 4° C, after which they were 
processed in D19 high-contrast developer (Kodak) and fixed (Hy- 
pam, Ilford, UK). The underlying tissue was stained with haemotox- 
ylin and eosin; high-resolution autoradiographs were viewed on an 
Olympus Vanox microscope and selected sections photographed 
where appropriate.

Statistics
The results of the experiments were expressed as median and 

range. The two-tailed Mann-Whitney U test (unpaired values) was 
used for the statistical analvsis of the data.

Results

Materials and Methods

induction o f DM
Ten age-matched adult male Sprague-Dawley rats weighing 250 g 

■̂ selected, 5 of which were injected intravenously with streptozo- 
''n (STZ: Sigma Chemical, Poole. UK) at a stat. dose of 65 mg/kg 
^W'eight to induce non-ketonuric hyperglycaemic DM. These rats 
d̂oped glycosuria but not ketonuria. The diabetic rats were fed ad 

%m with Mouse No. 1 Modified Maintenance Diet (SDS, With- 
UK) and allowed free access to water. Urine was monitored for 
ôse, ketone bodies, and proteins using a Multistix (Ames Divi- 
Miles Laboratories, Stoke Poges, UK).

’̂'eparation o f Penile Tissue and Autoradiography 
U t̂er 2 months, 10 rats (5 diabetic and 5 control) were placed 
^  terminal anaesthesia using 90 mg/kg body weight of pentobar

O x i d e  S y n t h a s e  B i n d i n g  in  D i a b e t i c

'C o r p u s  C a v e m o s u m

L

Anim al IVeight and Serum Glucose Concentration
The starting weights in both control and diabetic rat 

groups were similar, controls (n = 5) 255 g (range 251- 
260); diabetics (n = 5)258 g (range 246-263). However, at 
the end of the study, the diabetic rats were significantly 
lighter than the control rats: controls 515 g (range 490- 
527); diabetics 228 g (range 219-239).

The serum glucose concentration was significantly (p < 
0.001) elevated in the diabetic rats when compared with 
the controls after 2 months: controls 10.1 (range 9.3-12.0) 
mmol/1; diabetics 57.2 (range 46.5-59.1) mmol/1.

Autoradiography
There was a dense [''H]-L-NOARG binding to tissue 

sections which was markediv reduced when incubated in

E u rU ro l 1996:30:506-511 5 0 7
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Fig. 1 . Autoradiographic localisation o f NOS in rat corpus cavem osum . Images generated on film (low-resolu- 
tion) from longitudinal sections o f  rat penis incubated in [^H]-f,-NOARG. Top left; Autoradiograph from a section o f  
a rat penis o f  a diabetic animal incubated in [^H]-L-NOARG alone. TOT = Total binding. Top middle: HE-stained 
underlying-tissue autoradiograph. DIAB = Diabetic. Top right: .Autoradiograph o f non-specific binding to an adja
cent section incubated in the presence o f 10 ji.VI I-arginine (NSB). Bottom: Binding and histology from sections of  
the penis from a control (CONT) animal. Note dense binding to the corpus cavem osum  o f the diabetic animal. The 
binding to this region o f the control animal is barely detectable. Scale bar = I mm.

Table 1 . Photodensitometric analysis o f  [-'Hj-f-NOARG binding 
in cavemosal tissue o f normal and diabetic rats at 2 months

[-'H]-£.-NOARG binding 
dpm X l,000/m m -

median range

Control

D iabetic
(control v s. d ia b e t ic )

1.48
1.98

1.32-1.78
1.76-2.37

< 0.0001

Specit'ic binding determined from ô control and 5 diabetic rats (at 
kns: ten sections analyzed per rat). Values derived from curves gen- 
'̂■nted from microscales. Specific binding calculated by subtract- 

'̂ g non-specii'ic binding from total binding.

the presence of I-irginine. [-'K]-7.-N0.ARG was localized 
to the corpus cavemosum and the urotheiium of the ure
thra. In a small number of sections of the corpus spongio
sum no specit'ic binding was seen. However, we cannot 
exclude NOS binding because of the small amount of tis
sue. Examination of the underlying tissue under high reso
lution revealed marked binding of [^H]-L-NO.ARG to the 
endothelium of the corpus cavemosum, with no obvious 
vascular smooth muscle binding. Densitometric analysis 
of the film images indicated that binding to the corpus 
cavemosum was significantly increased in the diabetic 
rats (n = 5) as compared with controls (n = 5) at 2 months 
(tig. I. table I).

Furthermore, the high-resolution autoradiographs' 
showed that this increased binding was primarily to the 
endothelial cells of the corpus cavemosum (tig. 2).
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Fig. 2. Microscopic localization of NOS. 
%h-jresoiu[icn autoradiographs generated 

Sauc;ear emulsion HE. Scale bar = :0  am. 
I[-H]-E.NQa RG  binding (dark grains) to 
Mkhelial ceils o f the corpus cavemosum of 
■diabetic rat. b Binding to normal tissue.

Discussion

This study demonstrates a significant increase in 
OS-binding sites on the endothelium of the rat corpus 
^ernosum 2 months after the induction of diabetes. 
*is finding should be. considered in the light of pre- 
p̂tis studies which suggested that a relatively short peri- 
of diabetes causes alterations in the physiological 
Nanisms that modulate corpus cavemosal smooth

muscle relaxation [3-5], an essential step for penile erec
tion.

We have previously shown [ 16] that NOS-binding sites 
increased approximately r'lverold after 6 months of dia
betes in the same model. In the present study, we 
obser/ed a 33% increase in NOS-binding sites. Therefore, 
these alterations appear to mirror those found in man [2]

p h c  O x i d e  S y n t h a s e  B i n d i n g  in  D i a b e t i c

* C o r p u s  C a v e m o s u m
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r
ÿhere the longer the duration of disease, the greater the 

Jjjegree of erectile dysfunction.
1 Our observation that diabetes increases NOS-binding 
I  sites in the corpus cavemosum implies, an up-regulation 

I  jf these sites and that they adequately bind L-arginine. 
pîQwever, we have not shown that L-arginine is effectively 

! converted to NO. This latter step is relevant, since NO is a 
I potent relaxant of cavemosal smooth muscle [17] and, 
therefore, a physiologic mediator of penile erection [10]. 
The endothelium and the autonomic nerves are indepen
dent sources of NO [18-23] which is synthesized from L- 
afginine via NOS [11]. This enzyme system has been 
demonstrated on rat penile neurons and cavemosal ves
sels by immunohistochemical staining [10]. NO then dif
fuses readily from its site of synthesis to smooth muscle 
where it induces relaxation through the formation of 
intracellular cGMP.

The observed up-regulation of NOS could be a conse
quence of a reduction in the bioavailability of the endoge
nous erectogen NO. Evidence for a reduction in vascular 
NO production in diabetes was provided by Kiff et al. 
[12], in the hindquarter vascular bed of diabetic rats,
1 month after induction of diabetes. Hyperglycaemia per 
se, through the production of advanced glycosylation end 
products, has also been shown to inhibit NO activity [12, 
22]. In diabetes, these advanced glycosylation end prod
ucts accumulate in human corporeal collagen where they 
quench and inactivate NO [24]. Hypercholesterolaemia 
has been shown to adversely influence the endothelial 
function in the corpus cavemosum [25]. However, the 
cholesterol levels are unlikely to have played a role in our

study, since the serum concentrations are not markedly 
different in control and 2-month diabetic animals [26].

Altematively, the NO generation may actually be in
creased. Several studies [27, 28] have implicated an 
increased NO generation in the pathogenesis of vascular 
dysfunction of early diabetes. Further support for this 
mechanism is provided by Miller et al. [29, 30] who have 
shown an enhanced cGMP production in response to ace
tylcholine by both aortic and cavemosal tissues obtained 
from rats 2 months after induction of diabetes. These 
studies also suggest that the capacity to produce cGMP is 
not impaired in these vascular beds.

Our findings suggest that any decrease in NO produc
tion by the corpus cavemosum in DM cannot be attribut
ed to a decrease in NOS-binding sites. A decrease in NO 
production may be a consequence of DM neuropathy or 
diminished conversion of L-arginine by NOS. Altema
tively, the bioavailability of NO may be impaired (e.g. by 
advanced end glycosylation products), or there may be 
end organ resistance. Our findings provide evidence of 
early endothelial dysfunction in this vascular bed in DM. 
This view is supported by the findings of Bell et al. [31] 
who reported increased binding sites for endothelin 1 and 
by those of Jeremy et al. [5] who observed impaired pros
tacyclin production by the cavemosal bed in this model. 
This endothelial dysfunction in the corpus cavemosum of 
DM rats appears to be ongoing and more severe by 
6 months [15]. These findings have obvious implications 
for the role of NO in the pathogenesis of diabetic erectile 
dysfunction.
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