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Abstract 

The effects of endothelins (endothelin-1 and endotbelin-3) on penile erection were studied in vivo in the pithed rat. Penile erect& 

responses were evaluated by measurements of intracorporal pressure via a needle inserted into one corpus cavemosum. Injection of 

endothelins (0.1-10 wg/kg i.v.1 was followed by a rapid rise in corporal pressure. The responses to endothelin-S and endothelin-3 were 

equivalent at the lower doses, but at IO pg/kg the response to endothelin-3 was greater than that to endotbelin-1. N’j-Nitro-L-xginine- 

methyl ester (20 mg/kg) but not indomethacin (10 mg,/kp) antagonized the rise in corporal pressure caused by submaximal doses of 

endothelins. Electrical nerve stimulation-induced increase in corporal pressure was reduced after 5 pg/kg endothelin-l but not after the 

same dose of endothelin-3. The results indicate that in corporal vasculature endothelin-3 has a predominantly vasodilator effect, while 

endothelin-I has a vasodilator effect at lower doses and a vasoconstrictor effect at higher doses. The sasodilator action of endothelins is 

probably mediated by activation of endothelin ET, receptors and local release of nitric oxide. Thus, endothelins may participate in 

initiation and/or maintenance of penile erection. 

Kewords: Penile erection; Corpus cavemosum: Endothelin: Nitric oxide (NO); (Rat) 

1. Introduction 

Penile erection is mediated by coordinated function of 
the peripheral autonomic nerves. Activation of the pelvic 
parasympathetic nerve, together with reduction in sympa- 
thetic tone, results in relaxation of the smooth muscle of 
the heiicine arterioles and the trabecuiar smooth muscle. 
Following this, blood flow into the iacunar spaces in- 
creases, venous resistance increases, and the flow out of 
the iacunar spaces decreases, leading to penile erection 
(Lue and Tanagho, 1987). Relaxation of the penile smooth 
muscles is caused by nitric oxide (NO), which may be 
released both from the parasympathetic nerves and the 
vascular endothelium (Burnett et al., 1992). Nitric oxide is 
thought to be the most important vasodilator neurotrans- 
mitter in this system, but other endogenous vasoconstrictor 
and vasodiiator substances may participate in the physio- 
logical control of erection. 

The endotheiins are a family of peptides with potent 
vasoconstrictor and vasodiiator properties. Three distinct 

* Corresponding author. Tel.: (972) 4-8295272: fax: (972) 4-8513145. 

genes that encode three isopeptides (endotheiin-1. endothe- 
lin-2 and endotheiin-3) of the family, were found in human 
and other mammalian genomes (Inoue et al.. 1989). Two 
types of receptors. endotheiin ET, and endotheiin ET,, 
have been identified. Both receptor types are found in 
cardiovascular and non-cardiovascular tissues. In blood 
vessels. endotheiin ET, is expressed in the vascular smooth 
muscle and is responsible for vasoconstriction (Lin et al.. 
1991). Endotheiin ET, is found in the endothelial cells 

and may be responsible for vasodiiation through the re- 
lease of endotheiium-derived mediators (Sakamoto et al., 
199 i 1 such as nitric oxide (NOland prostacyclin (De Nucci 
et al., 1988). 

It was shown by Saenz de Tejada et al. (1991) that 
human penile corpus cavemosum endotheiium has the 
ability to synthesize and release endotheii:l. These authors 
also demonstrated that endotheiins contract corporal smooth 
muscle, and that two distinct endotheiin receptors, proba- 
bly endotheiin ET, and endotheiin ET,, exist in this 
tissue. Hoimquist et al. (1992) have shown the presence of 
endotheiin-1 binding sites in human and rabbit corpus 
cavemosum and that endotheiin induces contractions per 
se and enhances contractions induced by exogenousiy ap- 
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plied noradrenaline in these tissues (Andersson and 

Holmquist, 1990). 
In order to clarify the effects of endothelins on the 

corpus cavefnosum we have studied erectile function using 
our in vivo rat preparation (Vardi et al., 1989). In this 
preparation he intracorporal pressure serves as an index of 
penile erectile response (corporal vasodilation). We were 
surprised to observe that intravenous administration of 
endothelins caused initially an increase in Corporal pres- 
sure, indicative of corporal vasodilation. Subsequently, a 
vaswonstrictor response (inhibition of the increase in cor- 
poral pressure produced by indirect pelvic nerve stimula- 
tion) was also detected. The role of prostaglandins and NO 
in mediation of these responses has been investigated. 

Some of these data were presented in a preliminary 
form as a poster at the winter meeting of the British 
Pharmacological Society (January, 1994). 

2. Materials and methods 

2. I. Pithed rat preparation 

Corporal pressure response to spinal nerve root stimula- 
tion was determined essentially as described previously 
(Vardi et al., 1989). Rats were pithed under halothane (3% 
in oxygen) anaesthesia, by the use of a hollow trochar. 
Mean arterial blood pressure was measured from the carotid 
artery, and drugs were administered via a jugular vein 
cannula or infused into the corpus cavemosum as de- 
scribed below. (+ )-Tubocurarine (1 mg/kg) was injected 
i.v. to prevent skeletal muscle contraction. An insulated 
stimulating electrode was passed down the spinal column 
to the level LS-S2, and a second electrode inserted under 
tire skin of the back. The skin covering the penis was 
removed, a fine (26 gauge) needle was inserted into one 
corpus cavemosum, and connected to a pressure transducer 
&atham p23Db) via a saline-filled polyethylene tube. 
Another needle was inserted into the contralateral organ 
for infusion of endorhelins. Square wave pulses (l-20 Hz, 
50 V, I ms duration for 1 min) were applied to the spinal 
electrode using a Grass 44B stimulator, and the position of 
the electrode adjusted for optimal corporal pressure re- 
sponse. The detailed protocol was approved by the Tech- 
nion Animal Care and Use Committee. 

2.2. Administration of drugs 

Indomethacin was dissolved in 1 M Tris buffer, pH 8.4. 
All other drugs were dissolved in saline. Solutions of drugs 
Were injected i-v. at volumes of 1 ml/kg, and then washed 
in with 0.30 ml saline, or infused into the corpus caver- 
nosum (i-c.1 at a rate of 30 pl/min for 2 min (total 

volume 60 ~1) and then washed in with 30 ~1 saline. In a 
few experiments the infusion continued for 3-5 min at the 
above rate. 

2.3. Determination of the response to endothelins 

Increasing doses of endothelin-I or endothelin3 were 
administered (O-l- IO fig/kg i.v.) and corporal pressure 
and blood pressure responses were recorded. Blood pres- 
sure and corporal pressure were allowed to return to 
control levels before the administration of the next dose. 
The minimal time between two successive injections was 1 
h, no more than 3 doses were administered to each rat, and 
rats which received 3 pg/kg did not receive 10 pg/kg. 

The identity of the vasodilator mediator was investi- 
gated in separate experiments using a single submaximal 
dose of each drug (1 pLg/kg for endothelin-1 and 3 
pg/kg for endothelin-3). Each rat received an initial 
injection of endothelin, and a second injection 90 min 
later. NG-Nitro-L-arginine-methyl ester (L-NAME, 20 
mg,/kg) was given 30 min and indomethacin (10 mg/kg) 
75 min after the first endothelin administration. In control 
experiments, vehicle (saline or Tris buffer for L-NAME 
and indomethacin, respecLd,ely) was given at the same 
volume and time as the drugs. 

The inhibitory effect of endothelin-1 or endothelin-3 on 
electrical stimulation (l-20 Hz) induced vasodilation was 
determinea in a third set of experiments. An initial set of 
responses to electrical stimulation was determined, and 
stimulation was repeated 15 min after endothelin-1 or 
endothelin-3 administration, at a time when the initial rise 
in corporal pressure in response to endothelin was over. 
The doses of endothelin-1 and endothelin-3 used in these 
experiments were 1, 2 and 5 pg/kg, i.v., or 0.1 and 0.2 
@g/rat, by slow intracorporal injection. In preliminary 
experiments, the variability with time of corporal pressure 
responses to electrical stimulation was examined. Re- 
sponses were round to be stable for 3-4 h. 

2.4. Calculation of responses 

Arterial blood pressure and intracorporal pressure were 
recorded by a computer with an A/D converter at a 
sampling frequency of 20 Hz. Mean arterial blood pressure 
was calculated by digital averaging of blood pressure 
measurements. Since the value of corporal pressure 
achieved during cavemosal arterial vasodilation depends 
on the level of systemic arterial pressure, corporal pressure 
response is presented as the ratio of these two parameters 
(corporal pressure/mean arterial blood pressure; CP/BP). 
Corporal pressure response was the highest value mea- 
sured during the first 10 min following administration of 
the drug. The corporal pressure responses to endothelins 
after L-NAME or indomethacin were compared to the 
responses following their respective vehicle. 

2.5. Statistical analysis 

Data are presented as means + S.E.M. of the pressure 
measurements, or of the percent of baseline response. 
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Fig. 1. Typicai corporal (lower trace) and arterial blood pressure (upper trace) response of pithed rat to i.v. administration of endotbehn-I (3 Kg/kg). 

Similar responses were obtained with endothelin-3. 

Significance of difference between means of pressure re- 
sponses was calculated by Student’s I test. 

2.6. Drags 

( + j-Tubocurarine was purchased from Tare, Israel; 
endothelins from Peninsula Laboratories, ‘USA. NC-Nitro- 
I -a*ginine methvl ester (L-NAME) and indomethacin were 
r,rbzhased from sigma, Israel. 

3. Results 

3.1. Corporal pressure response IO endotheliw 

Intravenous injection of endothelin- 1 or endothelin-3 
was followed by a transient systemic depressor response 
before the development of a prolonged pressor effect, and 
by a transient, dose-dependent increase in corporal pres- 
sure (Figs. 1 and 2). The rise in corporal pressure com- 
menced during the depressor phase of systemic blood 
pressure, and so the CP/BP ratio was also increased. As 
blood pressure reached the maximal value, corporal pres- 
sure was returning to baseline values. In the decreasing 
pressure phase, oscillations in corporal pressure were seen 
(Fig. 1). 

Endothelin- 1 and endothelin-3 had equivalent potencies 
in elevation of CP/BP at low doses (0.1-3 yg/kgI, but 
differed in the response obtained to the highest dose tested 
(10 pg/kg). Whereas in the case of endothelin-3, CP/BP 
ratio increased up to 10 pg/kg, with endothelin- 1, CP/BP 
ratio increased at doses up to 3 pg/kg, but was lower at 
10 pg/kg (Fig. 2). 

3.2. Identity of uasodilator mediator 

In these experiments a single submaximal dose of en- 
dothelin was administered twice, the first dose serving as a 

control. The depressor effect of endothelins on systemic 
blood pressure was not blocked by either indomethacin or 
L-NAME. L-NAME increased the pressor effect of en- 
dothelin- 1 and endothelin-3, and indomethacin reduced the 
pressor component and increased the depressor component 
of the systemic blood pressure response to endothelin-3 
idata not shown). 

In control experiments, in which vehicle was injected 
between the two doses of endothelin, the response to the 
second dose was similar to the first. L-NAME significantly 
inhibited the increase in corporal pressure and CP/BP 
seen following submaximal doses of endothelin-I or en- 
dothelin-3, although the corporal pressure response to en- 
dothelin-3 was inhibited to a greater extent than that to 
endothelin-1 (Fig. 3a). The corporal pressure response to 
endothelins was not affected by indomethacin (Fig. 3bl. 

1.0 
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n endothelin-3 
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Fig. 2. Maximum increase in CP/BP ratio following endothelin-I or 

endothelin-3 administration. Blood pressure and cotporal pressure were 

allowed to return to control levels before the administration of the next 

dose. The minimal time between two successive doses was I h. no more 

than three doses were given to each rat. and rats which received 3 pg/kg 

did not receive 10 pg/kg. Each point is given as mean f S.E.M. of S-10 

determinations. 
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Fig. 3. Modification of CP/BP responses to endothelin-1 (0) or endothe- 
lin-3 (b) by L-NAME and indomethacin. The baseline CP/BP response 
was 0.5 I3 f 0.028 to endothelin- I. and 0.589 + 0.05 1 to endothelin-3. 
L-NAME (20 mg/kg) or saline were given 30 min. and indomethacin i IO 
mg/kg) or tris buffer 75 min. after the first endothelin administration. 
Each bar shows response to second dose of endothelin as per cent of 
control response f S.E.M. of 6- 10 determinations. 

Fig. 4. Effect of i.v. administration of endothelin-1 (a) or endothelin-3 
(6) on electrical stimulation-induced increase in CP, ‘:?;a :.‘:+ *r. IWGI! 
set of responses to electrical stimulation (I-20 Hz, 5OV. I ms duration 
for 1 mitt) was determined, and stimulation was repeated 15 min after 
endothelin- I or endothelin-3 administration. Each point is mean + S.E.M. 
of 4-6 determinations. * P < 0.05, * * P < 0.01, I * * P < 0.001 for 
difference from control values. 
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Fig. 5. Typical COWO~] pressure (CP) and blood pressure (BP) responses to electrical stimulation (I-20 Hz, 50 V, I ms duration for 1 mitt) of sacral part 
of sPinal cord, befox and 20 min after intracorporal infusion of endothelin-I (upper record) or endothelin-3 (lower record). Peptides (I.67 fig/ml) were 
infused at 30 pl/min for 2 min. Similar results were obtained in four separate experiments with each peptide. 



3.3. Responses to electrical mzrre stinmiatim 

The increase in CP/BP ratio caused by elecirical stimu- 
lation of the pelvic nerves was not altered by i.v. adminis- 
tration of endothelin-I il and 2 pg/kg), but was reduced 
at 5 @g/kg (Fig. 4a). On the other band, the CP/BP 
response to pelvic nerve stimulation was not reduced 
following i.v. administration of any of the three doses of 
endothelin-3 (I, 2 and 5 pg/kg; Fig. 4b). At the low 
frequencies of stimulation (1 and 2 Hz) CPJBP response 
was even higher following i.v. administration of endothe- 
lin-3. This effect was dose dependent. and was more 
pronounced after 5 pg/kg than after I or 2 pg/kg of 
endothelin-3 (Fig. 4b). 

Similarly, when endothelin-1 (I .67 pg/ml at 30 
pi/min for 2 min, total dose 0.1 pg) was infused into the 
corpus cavemosum the CP/BP response to electrical nerve 
stimulation was inhibited. Intracorporal infusion of the 
same dose of endothelin-3 did not inhibit the CP/BP 
response to electrical nerve stimulation (Fig. 5). 

The biphasic hemodynamic response to endothelin in 
the rat, composed of an initial vasodilation followed by a 
potent and sustained vasoconstriction, has been described 
previously (De Nucci et al., 1988; Hoffman et al., 1989; 
Wright and Fozard, 1988; Yanagisawa et al., 1988). The 
nature of the response changes from predominantly depres- 
sor in anesthetised rats with high resting blood pressure to 
predominantly pressor in pithed rats. The vasodilation is 
thought to be mediated via release of nitric oxide and 
prostacyclin from endothelial cells in response to activa- 
tion of endothelin ET, receptors located on these cells 
(Sakurai et al., 1992; Haynes and Webb, 1993). 

In the present study we found that i.v. administration of 
endothelin-1 or endotheiin-3 causes a transient increase in 
corporal pressure. This response is indicative of a vasodila- 
tor effect of the endothelins in the helicine arteries of the 
corpora cavemosa (Vardi et al., 1989). Helicine artery 
vasodilation results in filling of the sinusoids (lacunae) 
with blood, and an increase in corporal pressure, which 
reflects sinusoidal pressure. In the presence of helicine 
artery vasodilation, a further increase in corporal pressure 
can result from contraction of the perineal striated muscles. 
principally the bulbospongiosus and ischiocavemosus mus- 
cles (McKenna et al., 1991), but contraction of these 
muscles alone does not produce an increase in corporal 
pressure (Giuliano et al., 1995). Since in our study, the rats 

were curarised, and since no suprasystolic pressure spikes 
were seen, the increase in corporal pressure following 
endothelin administration was almost certainly due to dila- 
tion of the helicine arteries. The similar potency of en- 
dothehn- 1 and endothelin3 to cause corporal vasodilation 
indicates the involvement of an endothelin ET, receptor in 

mediation of this response. but further studies with selec- 
tive antagonists will be required to prove this point. 

The possibility that endoLhehns increased corporal pres- 
sure by constriction of emissary veins can ]argeiy be ruled 

Out, because in the flaccid state, the helicine arteries are 
closed, and blood flow occurs through the capillary net 
rather than through the sinusoids (Banya et al., 1989). 
However, endothelins. as other vasoactive substances, 
could have an effect on venous resistance. by contraction 
of venous smooth muscle. Endothelics could also affect 
VP~OUS drainage from the corpora by contraction of the 
trabecular smooth muscle, which would be expected to 
decrease venous outflow resistance. Such a contractile 
effect on isolated corporal smooth muscle has in fact been 
observed (Holmquist et al., 1990, 19921. 

We employed an inhibitor of NO synthase (L-NAMI3) 
and a cyclooxygenase inhibitor (indomethacin) to charac- 
terise the corporal vasodilator response. The corporal va- 
sodilator effect of endothelin-3 was almost completely, 
while that of endothelin-I was partially. blocked by I_- 
NAME. The dose of L-NAME used could be submaximal 
which may explain the lack of complete blockade. al- 
though the dose used caused nearly maximal pressor effect 
in the rat (Rees et al., 1990). Alternatively, the fact that the 
increase in corporai pressure was similar with the doses of 
both peptides used, but the extent of blockade by L-NAME 
was different. could be indicative of a different mechanism 
of corporal vasodilation for the two peptides. 

These results show that the corporal vasodilator re- 
sponse to endothelin is partially due to NO. but indicate 
the possible involvement of other vasorelaxant mediators. 
indomethacin had no effect on corporal pressure responses 
to endothelin- I and endothelin-3. so cyciooxygenase prod- 
ucts are unlikely to be involved. 

The ability of endothelin-1 to inhibit the corporal va- 
sodilator response to nerve stimulation could be explained 
by either a corporal vasoconstrictor effect of endothelin-1. 
or by a presynaptic inhibitory effect. reducing release of 
the vasodilator neurotransmitter. The fact that this effect 
was seen after intracorporal. as well as intravenous. infu- 
sion of the endothelins indicates that it was a local effect 
in the corpora. and was not the result of vasoconstriction at 
an upstream site. Conclusive evidence for a presynaptic 
inhibitory effect of endothelins is lacking, but some obser- 
vations concomitant with such an action have been made 
(Mutafova-Yambolieva and Westfall, 1995). The profound 
vasoconstr-ictor properties of the endothelins. together with 
the fact that inhibition of nerve stimulation-induced va- 
sodilation was seen with endothelin- I but not endothelin-3. 
point to the involvement of a corporal VasocOnStriCtor 
response mediated by endothelin ET, receptors. but further 
experiments with selective antagonists will be required to 

confirm this. 
The increased corporal pressure after- endothelin-1 or 

endothelin-3 administration was transient. and Corporal 
pressure rapidly returned to baseline values. Whel: en- 
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dothe]]ns were infused slowly i.v., the increase of corporal 
pressure and the systemic depressor response were not 
seen, although mean blood pressure increased (data not 
shown). Since the systemic depressor effect of endothelins 
is also transient, and since this transient behavior persists 
after endothelin-ET* receptor blockade (Ihara et al., I99 1). 
it seems that this is an intrinsic property of endothelin-ET, 
activation after bolus injection. 

In summary, the in vivo effect of endothelins shown in 
the present study, together with previously published data 
demonstrating specific endothelin binding, the existence of 
endothelin-like immunoreactivity (Saenz de Tejada et al., 
1991; Holmquist et al., 1992), and endothelin mRNA 
expression in human and rabbit corpus cavernosum, impli- 
cates a physiological role for endothelin in penile vascular 
function, One possibility is that endothelins participate in 
the control of penile flaccidity, as can be derived from 
their vasoconstrictor and trabecular smooth muscle con- 
tractile effect. Another possibility arising from the present 
study is that endothelins, particularly endothelin-3, can 
participate in the initiation and/or maintenance of penile 
erection. The effect is dependent on the sites at which 
endothelins are released (arteries, veins, smooth muscle), 
on the isopeptide released (endothelin-I or endothelin3), 
and probably on the amount of endothelin released. The 
answers to these questions are important for further under- 
standing the role of endothelins in the penile erectile 
process. 
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