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Nitric oxide inhibits RhoA/Rho-kinase signaling to cause penile erection
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Abstract

The RhoA/Rho-kinase pathway mediates vasoconstriction in the cavernosal circulation. Inhibition of this pathway leads to penile erection

in the in vivo rat model. These studies examined the hypothesis that nitric oxide (NO) inhibits RhoA/Rho-kinase signaling as part of normal

erection. The results show that NO causes increased intracavernosal pressure and that this response is potentiated by prior treatment with a

threshold dose of the Rho-kinase inhibitor, (+)-(R)-trans-4-(1-Aminoethyl)-N-(4-pyridyl) cyclohexanecarboxamide dihydrochloride,

monohydrate (Y-27632). These results support the hypothesis that NO inhibits Rho-kinase-induced cavernosal vasoconstriction during

erection. D 2002 Published by Elsevier Science B.V.
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Nitric oxide (NO), released from penile autonomic inner-

vation and endothelial cells is reported to cause vasorelax-

ation leading to penile erection by lowering intracellular

levels of calcium [Ca2 + ]i (Andersson, 2001). However,

studies in other vascular tissues have shown a transient rise

in [Ca2 + ]i during agonist-induced vasoconstriction with

[Ca2 + ]i levels falling to near basal levels despite sustained

force generation (DeFeo and Morgan, 1985). Thus, a further

lowering of [Ca2 + ]i may not be a primary mechanism for

NO-mediated vasodilation in vivo. In other vascular beds,

NO has been found to cause vasorelaxation by inhibiting the

activity of the RhoA/Rho-kinase Ca2 + sensitizing pathway

(Sauzeau et al., 2000). We have previously demonstrated

activity of this pathway in erectile tissue of the rat and

reported that inhibition of Rho-kinase leads to erection

(Chitaley et al., 2001b).

Male Sprague–Dawley rats (250–300 g) were obtained

from Harlan Laboratories and maintained on a 12-h light/

dark cycle with rat chow and water available ad libitum. The

procedure used to measure the erectile response in the rat

has been previously described from this laboratory (Mills et

al., 2001). Briefly, the animals were anesthetized with ket-

amine and xylazine and the left carotid artery cannulated for

continuous monitoring of mean arterial blood pressure. The

right corpus cavernosum was cannulated to permit contin-

uous monitoring of intracavernosal pressure. The left corpus

cavernosum was cannulated for delivery of drugs. Pressure

data were collected and analyzed electronically (Polyview,

Grass Instrument). Drugs included the Rho-kinase inhibitor

(Somlyo and Somlyo, 2000), (+)-(R)-trans-4-(1-Amino-

ethyl)-N-(4-pyridyl) cyclohexanecarboxamide dihydrochlor-

ide, monohydrate (Y-27632, Mitsubishi-Pharma, Osaka,

Japan, 50 nmol/Al saline) and the NO donor drug (F )-

(E)-Methyl-2-((E)-hydroxyimino)-5-nitro-6-methoxy-3-hex-

enamide (NOR-1, Biomol, Plymouth, PA, 5 Ag/Al in etha-

nol). Data were analyzed using one-way analysis of variance

(ANOVA) with post hoc analysis by Students–Newman–

Keul’s test. Statistical significance was set at P < 0.05.

Fig. 1A and B shows intracavernosal pressure and mean

arterial pressure responses to the intracavernosal injection of

NOR-1 alone, Y-27632 alone and NOR-1 +Y-27632 in

combination. The erectile response (expressed as the intra-

cavernosal pressure relative to the mean arterial pressure,

ICP/MAP—Fig. 1B) to the low doses of NOR-1 alone is

minimal. Furthermore, injection of Y-27632 fails to increase

the erectile response significantly. However, when injected

in combination (NOR-1 +Y-27632), the erectile response is

significantly greater than the response to either agent alone

or to the sum of the individual responses (Fig. 1B).
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Our results show that increased NO and decreased Rho-

kinase activity synergise in their action to elevate intra-

cavernosal pressure in the erectile response. This finding

supports the hypothesis that NO mediates the erectile

response, in part, via inhibition of the RhoA/Rho-kinase

Ca2 + sensitizing pathway (Chitaley et al., 2001a). Based on

evidence from the literature, the target of NO-mediated

inhibition is likely the small, G-protein, RhoA. RhoA-

induced stress fiber formation was inhibited by NO stimu-

lated phosphorylation of RhoA (Sauzeau et al., 2000)

whereas in another study, translocation of RhoA to the

membrane (a step necessary for RhoA activation) was

inhibited by NO (Sawada et al., 2001). Furthermore, our

prior studies have demonstrated that electrical stimulation of

the autonomic innervation leads to a voltage-dependent

increase in the erectile response via a NO-dependent mech-

anism (Chitaley et al., 2001b). When animals are treated

with Y-27632 to inhibit Rho-kinase activity, there is a

potentiation of the response to electrical stimulation at

minimal voltage further demonstrating that inhibition of

the RhoA/Rho-kinase pathway enhances the action of NO.

Altogether, our findings support the hypothesis that NO

initiates penile erection, in part, through the inhibition of

endogenous RhoA/Rho-kinase vasoconstrictor activity

introducing novel insight into the mechanism of the erectile

response. This has particular significance since all previous

mechanisms for NO-induced erection have focused on

lowering [Ca2 + ]i, a mechanism that may not be associated

with the maintenance of constrictor tone.
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Fig. 1. Tracing of effect of the intracavernosal injection of NOR-1 (2 Ag), Y-
27632 ( < 2 nmol) or a combination of the two drugs on intracavernosal

pressure (ICP) and mean arterial pressure (MAP) (A). Results of these

measurements in six individual animals are expressed as ICP/MAP and

summarized in (B). Bars represent the meanF S.E.M., n= 6. ANOVA

reveals that all means are significantly different (*) from the response to

NOR-1 only ( P < 0.001). Furthermore, the sum of the responses to NOR-1

alone and Y-27632 alone is different from the response to combined drug

injection ( P < 0.05).
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