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Theroleof nitric oxidein penile erection

Jon Cartledge, Suks Minhas & lan Eardley

The Pyrah Department of Urology, S James's University Hospital, Beckett
Street, Leeds, LS18 4AW, UK

The functional state of the penis, flaccid or erect is governed by smooth
muscle tone. Sympathetic contractile factors maintain flaccidity whilst
parasympathetic factors induce smooth muscle relaxation and erection. It is
generally accepted that nitric oxide (NO) is the principal agent responsible
for relaxation of penile smooth muscle. NO is derived from two principal
sources: directly from non-adrenergic non-cholinergic parasympathetic
nerves and indirectly from the endothelium lining cavernosal sinusoids and
blood vessels in response to cholinergic stimulation. The generation of NO
from L-arginine is catalysed by nitric oxide synthase (NOS). There has been
controversy over the relative prevalence of endothelial or neuronal NOS
within the penis of different animal species. This review examines the role
of NO in the penis in detail. Established and new treatments for erectile
dysfunction whose effects are mediated via manipulation of the NO
pathway are also described.

Keywords: erectile dysfunction, nitric oxide, phosphodiesterase inhibitors,
sildenafil citrate
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1. Introduction

Impotence, or male erectile dysfunction (ED), is the inability to achieve or
maintain an erection of sufficient rigidity for sexual intercourse [1]. ED is a
common problem. It has been suggested that approximately one in ten of
all adult males experience some degree of ED [2]. The introduction of
sildenafil citrate (Viagra™) to treat ED has focussed attention upon the
molecular mechanisms controlling penile erection.

This article will summarise the current concepts of the process of penile
erection and centre upon the principal agent responsible for this process,
nitric oxide.

2. The mechanism of penile erection

The penis comprises a central corpus spongiosum that surrounds the
urethra and expands distally to form the glans penis. Dorsally paired
corpora cavernosa exist which comprise the erectile tissue. A thick fibrous
sheath, the tunica albuginea, surrounds the corpora cavernosa.

Relaxation of corpora cavernosal smooth muscle is associated with penile
erection, corpora cavernosal smooth muscle contraction with flaccidity [3].
Smooth muscle relaxation within penile blood vessels is as important in the
process of erection as relaxation of the smooth muscle within the
trabeculae of the corpora cavernosa.
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96 The role of nitric oxide in penile erection

Figure 1: Schematic representation of the mechanism of penile erection.

The lacunar spaces (sinusoids) of the corpora cavernosa are represented as a single unit. The trabeculae make up the walls of the
sinusoids. Intheflaccid state, the smooth muscle of thetrabeculaeisheldin astate of tonic contraction that allowsfreevenousdrainage
of thelacunar spacesthrough the subtunical venules. Following dorsal nerve stimul ation relaxation of the smooth muscleintheinflow,
arterial vessels increases arterial supply to the lacunar spaces. In conjunction with relaxation of the trabecular smooth muscle, the
spaces expand compressing the venules against the tunica albuginea, reducing outflow. Adapted from [1].
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A balance exits between smooth muscle contraction
and relaxation, which is controlled primarily by a
complex interplay of autonomic neurotransmitters [4].
A secondary mechanism, the vascular endothelium,
can also influence smooth muscle tone [5].

A simplified summary of the haemodynamic process
of erection is given in Figure 1.

The stimulus for erection arises either locally in the
penis (reflexogenic) or centrally in the CNS (psycho-
genic), often synergistically [6].

Centrally originating or psychogenic erections are
initiated by audio-visual, olfactory or auditory stimuli,
or by fantasy. Studies in animals have highlighted the
importance of the hypothalamus and specifically the
medial pre-optic area of the hypothalamus in the
central initiation of erections [7,8]. Descending
influences lead to erection by inhibition of
sympathetic and stimulation of parasympathetic
spinal output.

Reflex erections result from tactile stimulation of the
penis. Afferent impulses are carried in the somatic
sensory fibres of the dorsal nerve of the penis that
activate pro-erectile parasympathetic outflow. This
reflex may be modulated by supraspinal influences [9]
but is not dependent upon them [10].

Nocturnal erections, which occur 4 - 6 times per night
in all normal men, are associated with REM sleep and
are almost certainly centrally mediated, but their
mechanism of generation is unknown [6].

Normal erectile function is, therefore, dependent
upon the somatic, sympathetic and parasympathetic
nerve supply to the penis.

The sympathetic nerve supply to the penis, derived
from the spinal cord between the 11th thoracic and
2nd lumbar segments in man, is responsible for
maintenance of the flaccid penis and the induction of
detumescence following erection. Noradrenaline,
acting on a-adrenoceptors, is the most important
sympathetic neurotransmitter in the mammalian penis

[4].

The pro-erectile parasympathetic nerve supply
originates in the lumbosacral spinal cord, depending
upon species - in man the cells of origin range from
the 2nd to the 4th sacral segment [11]. Acetylcholine is
the neurotransmitter responsible for most postgangli-
onic parasympathetic neurotransmission [12].
Cholinergic nerves have been identified within the
cavernosal nerve and the smooth muscle of the
corpus cavernosum and spongiosum [13-16]. Acetyl-
choline may modulate the adrenergic contractile
stimulus to cavernosal smooth muscle, promoting
tumescence and erection [17] but its principal action is
upon the endothelium of vascular and sinusoidal
tissue to liberate NO.

A further group of autonomic nerves supply the penis;
non-adrenergic non-cholinergic nerves (NANC)
promote cavernosal smooth muscle relaxation and
erection. The principal NANC neurotransmitter is NO,
and this will be discussed in detail later. A second
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group of NANC nerves, in which vasoactive intestinal
peptide (VIP) is a neurotransmitter, also supply penile
tissues, often co-localised with NO-containing
neurones [18,19]. VIPergic nerves may modulate the
action of other neurotransmitters, such as noradrena-
line and NO [20], or act via the liberation of
prostanoids [21]. A detailed discussion of the role of
prostanoids in the penis is beyond the scope of this
article and will be the subject of a subsequent review.

3.NO

It is clear that cavernosal smooth muscle relaxation is
central to the process of penile erection. Marked
similarities exist between the function of penile and
vascular smooth muscle, indeed many techniques
employed in the examination of penile tissue are
adapted from studies performed on vascular tissue.

3.1 Endothelial derived relaxing factor

In 1980, Furchgott and Zawadzki published the first
report highlighting the importance of the vascular
endothelium in acetylcholine-mediated smooth
muscle relaxation [5]. Using an in vitro preparation of
strips and rings of rabbit aorta they demonstrated that
following contraction with noradrenaline the tissue
relaxed in a dose-dependent manner to acetylcholine
at low concentrations. Destruction of the intimal, but
not the adventitial, surface of the aortic tissue blocked
the relaxation response to acetylcholine. Destruction
of the endothelium had no effect on the contractile
response of the tissue. The placement of strips of aorta
with intact endothelium next to strips with denuded
endothelium allowed the stimulation of the former
and the measurement of tension changes in the latter.
This experimental set up demonstrated that an active
substance was transferred from a donor to recipient
and established the importance of an endothelial
derived relaxing factor (EDRF) in vascular smooth
muscle relaxation [22].

3.2 Endothelial NO

NO was known to be a potent vascular smooth muscle
relaxant [23] that acted via the accumulation of cGMP,
akin to EDRF [24]. Further hints suggesting the identity
of EDRF came from the experiments of Martin et al.
who were able to demonstrate that both EDRF and
glycerine trinitrate relaxed vascular smooth muscle;
the effects of both could be blocked by haemoglobin
and methylene blue [25]. Organic nitrates exert their
physiological effect by a non-enzymatic production of

NO and activation of guanylate cyclase [26].
Subsequently, NO was confirmed as the molecule
responsible for the actions of EDRF in vascular tissue
[27-29].

Incubation of endothelial cells for 24 h in the absence
of L-arginine resulted in a reduced production of
EDRF. This effect was reversed in the presence of
L-arginine, but not D-arginine. This suggested that
endothelial cells synthesise NO directly from
L-arginine [30]. Support for this observation came from
Schmidt et al. who established that L-canavanine, an
inhibitor of L-arginine utilising enzymes blocked the
production of NO formation and release from
endothelial cells [31]. The enzyme responsible for the
conversion of L-arginine to citrulline and the genera-
tion of NO is NOS.

Three isoenzymes of NOS exist, encoded by different
genes on chromosomes 12, 17 and 7. Isoform 111, also
referred to as endothelial or eNOS, is responsible for
the production of NO in endothelial cells [32,33].

The generation of NO from L-arginine is dependent on
the presence of oxygen as a co-substrate and NADPH
as a co-factor. eNOS is a Ca?*/calmodulin-dependent
enzyme that produces a low concentration of NO at
resting levels of Ca®* and increased levels of NO at
raised levels of Ca®* [34,35].

Within the membrane of endothelial cells are special-
ised signal-transducing regions, plasmalemmal
caveolae; eNOS is preferentially localised at these
sites [36]. The major constituent proteins of these
regions are caveolins that are able to inhibit the
function of eNOS. The formation of a reversible
complex between caveolin and eNOS attenuates the
function of eNOS, probably by blocking the activation
of eNOS by calmodulin [37]. The association and
dissociation of eNOS with caveolin is probably
regulated by acetylcholine, in addition to calcium.
Carbachol, a muscarinic agonist, has been shown to
promote the dissociation of caveolin and eNOS in
cultured endothelial cells, activating the enzyme [38].

3.3 Neuronal NO

Within the cerebellum, the existence of an agent with
similar properties to EDRF has been proposed.
Glutamate was known to stimulate the production of
large quantities of cGMP by liberating a second
messenger with properties similar to EDRF. Studies on
cerebellar tissue suggested that the second messenger
was a Ca2+-dependent agent that was effective via the
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activation of guanylate cyclase [39]. Subsequently, an
enzyme, similar to one isolated in vascular tissue,
catalysing the conversion of L-arginine to citrulline
and releasing NO was described in cerebellar tissue
and identified as NOS [34,40]. To identify NOS, Bredt
and Snyder assayed the conversion of [3H]-arginine to
[3H]-citrulline by a purified enzyme extracted from
homogenised rat cerebellum. They demonstrated that
cerebellar NOS activity, like eNOS, was dependent on
the presence of NADPH and Ca?*. The identification
of an antibody to NOS enabled Bredt et al. to show a
clear association between NOS and specific nerve
fibres within the brain, but in addition to staining
neural tissue the antibody also highlighted the
presence of NOS in vascular endothelial cells [34].
Immunohistochemical examination of rat tissue
identified a widespread distribution of the same
isoform of NOS. In addition to a CNS localisation, NOS
was also present in the spinal cord, sympathetic
ganglia, adrenal glands, in epithelial cells of the lung,
uterus and stomach, in macula densa cells of the
kidney and in pancreatic islet cells [41].

Autonomic innervation of smooth muscle is able to
generate a relaxant response that is not mediated by
adrenergic or cholinergic neurotransmitters. There is
good evidence from functional studies that the NANC
neurotransmitter responsible for this effect is NO [29].
In vitro studies performed on arteries harvested from
a bull's penis demonstrated a response to electrical
field stimulation that was mimicked by a substance,
inhibitory factor, derived from the bovine retractor
penis muscle. The authors suggest that this substance
may be the neurotransmitter responsible for
NANC-mediated vasodilatation [42]. The inhibitory
factor isolated from bovine retractor penile smooth
muscle was able to relax strips of rabbit aorta in vitro,
mimicking the effects of EDRF. Stripping the endothe-
lium from the aorta in this model did not alter the
response to the inhibitory factor, whereas methylene
blue did. This suggests that the action of the inhibitory
factor is not mediated via generation of EDRF but is
mediated through guanylate cyclase activation, akin
to NO [43]. This inhibitory factor was identified as a
member of the nitrite family that could be activated by
acidification to generate NO [44]. The addition of the
NOS inhibitors L-NMMA and L-NOARG inhibited
NANC mediated relaxation of both bovine retractor
penis and rat anococcygeus muscles, supporting a
role for NO as a neurotransmitter [45].

By using inhibitors with a differing specificity for
endothelial- and neuronal-derived NOS, Guilmard et

al. were able to demonstrate that the proportion of
NO derived from either NANC nerve terminals or
endothelium depended on the tissue examined [46].
Certainly, NANC-derived smooth muscle relaxation
has been demonstrated in the intestine, lower urinary
tract and penis [47,48].

3.4 Theaction of NO

NO, generated from L-arginine by endothelial or
neuronal NOS is a small molecule with a half-life of 3 -
5 seconds [48]. NO diffuses rapidly out of its cell of
origin, either endothelial cells or nerve terminals,
faster than reactions responsible for its breakdown,
will proceed and traverse cell membranes as readily as
carbon dioxide or oxygen. This rapid diffusion allows
the accumulation of the effect of NO generated from
multiple cells, or nerve terminals [49].

NO acts by stimulation of the intracellular enzyme
guanylate cyclase. Within guanylate cyclase, a
molecule of ferrous haem is responsible for binding
NO and activating the enzyme [50]. The haem
component of guanylate cyclase is also capable of
binding carbon monoxide, but not oxygen; activation
by NO is 30-fold more efficient than carbon monoxide
[51]. Both a and B haem subunits within guanylate
cyclase are necessary for NO binding, following
which, the enzyme binds GTP to convert it to the
active form, cGMP. This catalytic conversion is
dependent on the presence of divalent cations, Mn2*,
Mg?* and probably Ca?* [52]. cGMP induces relaxa-
tion of smooth muscle by the activation of an enzyme
cascade, mediated through intracellular calcium
levels. cGMP-dependent protein kinases, PKG and
PKA, cause a phosphorylation of a protein, phospho-
lambin. Phospholambin normally inhibits calcium
pumps, within the cell wall and sarcoplasmic
reticulum, thereby maintaining a high level of intracel-
lular calcium and smooth muscle contraction.
Phosphorylated phospholambin is inactive, calcium
pumps, therefore, become active and intracellular
calcium levels are reduced, allowing smooth muscle
to relax [53].

An additional intracellular second messenger system,
CAMP, exists. Activated by prostanoid stimulation
CAMP might modulate the effects of cGMP and vice
versa, probably at the level of cAMP- and
cGMP-dependent protein kinases [54]. Evidence for
this ‘cross talk’ is derived from studies in vascular
tissue, there is as yet no data confirming this intracel-
lular interaction in penile tissue.
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Two mechanisms limit the action of NO via guanylate
cyclase. Firstly, in the presence of GTP and Mgz+, NO
freely dissociates from guanylate cyclase, which
results in an effective half-life of action of approxi-
mately 5 seconds [55]. Secondly, a family of enzymes,
the phosphodiesterases (PDESs) regulates the intracel-
lular cyclic nucleotide second messenger signalling
system by catalysing the breakdown of active cGMP to
inactive GMP [56].

Free NO is a highly reactive molecule that may
undergo a number of non-enzymatic reactions. Louis
Ignarro described seven potential reaction profiles for
the destruction of NO in vitro [57]. It is likely only
three reactions are important in vivo; the reaction
with, and activation of, guanylate cyclase, its destruc-
tion by reaction with oxyhaemoglobin and its
transformation to peroxynitrite by the reaction with
superoxide anions [49].

The intracellular action of NO is mediated by
guanylate cyclase catalysing the activation of GTP,
following the binding of NO to a ferrous haem region
of the enzyme. NO may also bind to ferrous haem
contained within haemoglobin. The addition of free
oxyhaemoglobin to an in vitro preparation of rabbit
aorta and rat penis impairs endothelium-dependent
relaxation, as does the addition of the guanylate
cyclase inhibitor methylene blue, which suggests that
the effect of oxyhaemoglobin is mediated via NO
inhibition [58,59]. The reaction product of
haemoglobin and nitric oxide, nitrosyl haemoglobin,
not only forms rapidly but is also proportional to the
density of haemoglobin and is highly stable [60].

Superoxide anions are highly reactive free radicals
with many actions, including toxic mediation
following injury, mutagenesis and amplification of the
inflammatory response. Additionally, they react
rapidly with NO to produce peroxynitrite, which
subsequently generates inactive nitrogen dioxide. A
series of enzymes, known as superoxide dismutases,
exist which catalyse the conversion of superoxide, by
protonation, to hydrogen peroxide, protecting NO
from oxidation. Thus, superoxide dismutase is able to
mediate the reaction between NO and superoxide, an
extra control of the concentration of NO [61].

35NO in the penis

It is known that the vasodilator mediator NO can be
produced by the sinusoidal endothelium of the
corpus cavernosum as well as by the penile nerves. In
man it is generally accepted that NO derived from

both these sources plays an important role in the
relaxation of cavernosal smooth muscle that is
necessary for penile erection, although the relative
contribution of each source of NO is unclear [62,63].
Although NO is considered the most important agent
responsible for penile smooth muscle relaxation,
other compounds, i.e., endothelins and VIP, have
been proposed as either contributors or modulators of
this response. Their actions are beyond the scope of
this article; a future review will explore the actions of
endothelins and prostanoids on the penis in detail.

3.5.1 Endothelial NO in the penis

The presence of endothelial-derived NO in the
mammalian penis is demonstrated by immunohisto-
chemical and functional data. Kim et al. took corpora
cavernosal tissue from human and rabbit penises and
mounted it in vitro for measurement of isometric
tension [63]. Tissue from both species contracted in
response to noradrenaline and relaxed in a
dose-dependent manner to acetylcholine. This effect
was reduced by an inhibitor of NOS (L-NMMA) and
blocked by both oxyhaemoglobin and methylene
blue. After disruption of the endothelium by
mechanical stress, or perfusion with detergents, the
relaxation response seen to acetylcholine was lost. It
appears, therefore, that acetylcholine exerts its
relaxant effect within the penis, the same way as in
vascular tissue, by the generation of NO from the
endothelium. Functional data are also available to
support a similar role for acetylcholine in the dog
[64,65] and the mouse [66]. In a group of mice bred
genetically deficientin nNOS mating responses and in
vitro experiments demonstrate a continued ability to
develop erections. Immunohistochemical studies of
the corpus cavernosa from these animals reveal the
presence of eNOS localised in both the sinusoidal
endothelium and vasculature. In the genetically nNOS
deficient mice a significantly higher concentration of
eNOS was identified than in control animals at both
these locations [48].

Penile nNOS (PnNOS), a variant of nNOS, has been
identified as two distinct isoforms, a long and short
protein, in the penis. The presence of PNNOS has
been confirmed in tissue derived from the breed of
NNOS negative mice that were used in the experi-
ments of Burnett et al. It is possible that the erections
observed within this group of animals may still be
secondary to the release of neuronal-derived NO,
albeit, a different isoform and the over-expression of
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eNOS is only partly responsible for the maintenance
of the observed erectile response [67].

Electron microscopic immunohistochemical studies
have also demonstrated the presence of eNOS in
human penile tissue. Using high magnification
microscopy, Stanarius et al. were able to show that
eNOS expression was localised in the endothelium
lining the lacunar spaces of corpus cavernosal
sinusoids and the small helicine arteries [68]. Immuno-
histochemical staining of cavernosal tissue from
normal and impotent men examined under low
power microscopy confirmed the presence of eNOS
less specifically within cavernosal smooth muscle
cells [69]. Two other groups, using similar techniques
have demonstrated the presence of eNOS within
smooth muscle cells derived from human corpora
cavernosa. Bloch et al. used electron microscopic
immunohistochemical localisation of eNOS to reveal a
wide distribution within both cavernosal smooth
muscle cells and the endothelium of penile vessels
[70]. Rajasekaran et al. confirm these immunohisto-
chemical findings but by the use of a reverse
transcriptase polymerase chain reaction (RT-PCR)
additionally report that cavernosal smooth muscle
cells express mRNA that encodes eNOS [71].

In the rat, there is conflicting evidence over the
presence of eNOS that has hampered the acceptance
of this animal as a good model of erectile function.
There is no functional data available to support the
role of endothelial-derived NO in relaxation of
cavernosal smooth muscle in the rat penis. Dail et al.
examined the corpora cavernosa of Sprague-Dawley
rats and were unable to find evidence of eNOS
immunohistochemical staining in the endothelium of
the sinusoids, although they were able to confirm its
presence in the endothelium of vessels supplying the
corpora [72]. In more recent studies, by using RT-PCR
in addition to immunohistochemistry, a clear
demonstration of the presence of eNOS within the
endothelium lining the sinusoidal spaces of rat
corpora cavernosa has been presented and supported
by quantitative data, which reports greater concentra-
tions of eNOS than nNOS at this site [73]. The presence
of an endothelial source of NO is supported by the
radiographic studies of Sullivan et al. Although this
group did not demonstrate the direct presence of
eNOS they were able to show that specific binding
sites for NOS existed in the endothelium lining the
lacunar spaces of rat corpus cavernosum [74].

It is possible that these NOS binding sites represent
the caveolae described in vascular endothelial tissue
by Feron et al. [36]. The presence of caveolae in
human corpora cavernosa has been proposed
following the demonstration of specific proteins,
caveolin-1 and caveolin-3, in penile tissue. Caveolin-1
is capable of binding eNOS, whilst caveolin-3 is
specific for nNOS binding. Caveolin-1 appears to be
diffusely located within the endothelium and smooth
muscle of the corpus cavernosa, whilst caveolin-3 was
preferentially located in the vasculature and smooth
muscle close to NADPH positive nerve fibres [75].

35.2 Neuronal NO in the penis

It would seem that, akin to vascular tissue,
endothelial-derived NO is important in the generation
of smooth muscle relaxation in cavernosal tissue. The
morphological and functional significance of NO
derived from NANC nerves is also well established in
the penis [63,76-78].

Careful anatomical dissections of tissue harvested at
the time of radical prostatectomy and early autopsy
allowed Burnett et al. to examine the pelvic parasym-
pathetic plexus and cavernosal nerves with
immunohistochemical staining specific for nNOS and
NADPH diaphorase [78]. Nerves stained positive for
NNOS and NADPH were clearly described in the
pelvic plexus, the neurovascular bundle that traverses
the lateral border of the prostate gland and in
cavernous nerves supplying the penis. Triple
immunohistochemical staining of human penile tissue
obtained from men undergoing penectomy for cancer
has confirmed the presence of NNOS in the cavernous
nerves that run within smooth muscle bundles of the
crus penis. Tyrosine hydroxylase (TH) is a marker of
catecholaminergic nerves; TH immunoreactive axons
were identified in the same bundle as nNOS positive
axons. Furthermore, in a minority of nNOS containing
nerve terminals evidence of VIP co-localisation was
seen [77].

Immunohistochemical studies of rat penises have
clarified the identity of the inhibitory neurones
transmitted within the cavernous nerve. Using a
double immunolabelling technique, nNOS and VIP
positive staining was identified in the same nerve
fibres. Vesicular acetylcholine transporter protein
(VAChT), a specific immunohistochemical stain for
cholinergic nerves, was also evident within the same
nerves as nNOS, suggesting that some
NOS-containing penile neurones are cholinergic. A
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large population of nerves were identified that stained
only for nNOS and not VAChT, suggesting that many
nerves are purely nitrergic [79]. Interestingly, the
co-localisation of catecholaminergic nerves with
nNOS positive fibres described by Tamura et al. was
not confirmed in the rat, rather TH and nNOS
immunoreactivity was seen in separate nerve fibres
and terminals; albeit, nerve fibres with a similar distri-
bution pattern [77].

Despite the immunohistochemical data that reveals
the presence of nNOS within the parasympathetic
nerve supply of the penis, it was in vitro functional
studies that first proposed the importance of neuronal
NO as the major inhibitory agent of corpus cavernosal
smooth muscle function. Contraction of strips of
corpus cavernosa mounted in an organ bath for
measurement of isometric tension is seen following
the addition of noradrenaline [80]. In the presence of
guanethidine (an adrenergic neuronal block) and
atropine (to block muscarinic receptors) a relaxant
response to the application of electrical field stimula-
tion (EFS) can be recorded. This effect is secondary to
neuronal stimulation; it may be abolished by the
sodium channel blocking agent tetrodotoxin [62]. In a
series of in vitro experiments Ignarro et al. added
inhibitors of NO formation (L-NMMA & L-NOARG),
which impaired the EFS-mediated relaxation of
cavernosal smooth muscle [57]. Inhibition of relaxa-
tion was also seen in the presence of methylene blue
and oxyhaemoglobin. This report, the first description
of the importance of NO in the penis, also measured
cGMP and nitrite levels in the corpus cavernosa and
determined that these were raised following stimula-
tion of NANC nerves by EFS. Tissue harvested from
male rabbits was used in all the experiments of
Ignarro et al. A confirmation of the role of neuronal
NO in cavernosal smooth muscle relaxation in man
[63,81], dogs [65], rats [79] and mice [66] has also been
presented using similar in vitro techniques.

The impairment of the action of neuronal NO by
co-incubation with methylene blue implies that, as
has been shown in vascular tissue, penile NO exerts
its effect by activation of guanylate cyclase. This is
supported by data from Hedlund et al. who showed
that a specific soluble guanylate cyclase inhibitor,
1H-[1,2,4]-oxadiazolo [4,3-a] quinoxalin-1-one (ODQ)
was also able to inhibit the rapid relaxation response
to EFS [79]. A slower relaxation response was also
recorded in these experiments, which was unaffected
by the addition of either L-NNA or ODQ), suggesting a

further agent other than NO may be in part
responsible for NANC smooth muscle relaxation.

3.5.3 Intracellular effectsof NO

The intracellular effect of NO in the penis is mediated
by the same second messenger system as described in
vascular smooth muscle. NO, acting via soluble
guanylate cyclase, triggers both PKG and PKA to
phosphorylate phospholambin, inactivating it and,
hence, blocking the default action of this enzyme,
which is to inhibit Ca?* pumps within the
sarcoplasmic and cell membrane. Following activa-
tion of the Ca®* pumps intracellular free Ca®* levels
fall and smooth muscle relaxation follows [53]. The
intracellular regulation of NO function by members of
the family of PDEs has been highlighted by sildenafil
citrate, a new therapeutic agent in the treatment of ED
[82].

PDEs regulate the intracellular cyclic nucleotide
second messenger signalling system by catalysing the
breakdown of active cGMP and cAMP to inactive GMP
and AMP, respectively (Figure 2). Nine isoforms of
PDEs have been identified by protein and DNA
sequencing, each with multiple subtypes and
differing tissue specificity. Within the penis four
isoforms, Type 2, 3, 4 and 5 are identifiable [83]. These
isoenzymes are not specific for the corpus cavernosa
of the penis; there is a widespread tissue distribution
to include all smooth muscle cells. For example, PDE5
is widely distributed in the smooth muscle of the
gastrointestinal tract and vasculature, the kidney, the
nasopharyngeal mucosa, the CNS and platelets [56].

4. Phar macotherapy of ED

The pharmacological treatment of ED includes several
agents that act via NO to either generate or augment
an erection.

4.1 PDE inhibitors

4.1.1 Papaverine

The injection of papaverine directly into the corpus
cavernosa of man will cause an erection due to
non-specific inhibition of PDEs, and probably to an
additional direct blockade of voltage-dependent Ca?*
channels [84-86]. Papaverine brings about penile
erection directly without the need for sexual stimula-
tion, and was used successfully to treat ED due to a
variety of causes [84]. The incidence of serious side

© Ashley Publications Ltd. All rights reserved.

Exp. Opin. Pharmacother. (2001) 2(1)



102 The role of nitric oxide in penile erection

Figure 2: Schematic of the intracellular action of silden&fil citrate, a specific inhibitor of phosphodiesterase 5 (PDES5).
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effects, particularly priapism [87] and the develop-
ment of alternative injectable therapies and eventually
oral therapies, has led to a decline in its use.

4.1.2 Sildenafil citrate

The development of selective PDE inhibitors has
revolutionised the treatment of ED. Since its introduc-
tion in 1998 sildenafil citrate (Viagra™) has become
the first line treatment for ED. Sildenafil citrate is a
selective inhibitor of the PDES5 isoenzyme [88], which
has been shown to potentiate NO-mediated
cavernosal smooth muscle relaxation in vitro [89] with
an accompanying rise in cGMP levels in both animal
[90] and human studies [91]. Since sildenafil citrate
prevents the breakdown of available NO, sexual
stimulation is required for the drug to have an effect.
Data from large series of men treated for ED with
sildenafil citrate confirm that this agent improves
erections both qualitatively and quantitatively [92].
There have been two reported cases of priapism
secondary to the use of sildenafil [93,94], more
common adverse effects include headaches (12.8%),
facial flushing (10%) and dyspepsia (5%) [92]. The
most significant interaction of sildenafil is with donors
of NO, such as nitrates, used in the treatment of
angina. In combination, a sudden fall in blood
pressure may result; any patient with access to nitrates
should not use sildenafil.

4.1.3 Other PDE inhibitors

Initial Phase Il studies of two other selective PDE
inhibitors have recently been reported [95,96]. Both

IC351 (ICOS Corporation) and BAY 38-9456 (Bayer
AG, Cologne) are inhibitors of PDE5, and like
sildenafil, are superior to placebo in the treatment of
ED. A further PDES5 inhibitor, T-1032 (Tanabe Seiyaku
Co., Japan), is in development, only preliminary data
are available describing animal studies that suggest it
may also be effective in man [97].

The specific PDE4 inhibitor, rolipram, potentiates the
effects of intracavernosal prostaglandin E1 when
given concomitantly, indicating that this isoenzyme is
also present in human cavernosa [98]. Minimal data
are available on the therapeutic effects of rolipram.

42 L-Arginine

Itis clear from in vitro studies that L-arginine increases
the relaxant response of cavernosal smooth muscle to
EFS [99]. Oral administration of L-arginine in men with
ED causes an observed [100] and significant increase
in the generation of penile erection [101]. L-Arginine is
not yet widely used clinically.

4.3 Genetherapy

A report describing the administration of a virus
containing the eNOS gene to aged rats may point the
way to the future of ED therapy. Champion et al.
injected a recombinant adenovirus that contained the
eNOS gene directly into the corprora cavernosa of
rats. After 24 h, erectile responses were measured in
anaesthetised animals and cGMP and eNOS activity
measured in penile tissue. Both eNOS gene expres-
sion and cGMP levels were higher in the penises of
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animals that had received the intracavernosal
injection of virus. Functional studies revealed that
infection with the eNOS gene-containing virus caused
a significant increase in cavernosal pressure
secondary to neuronal stimulation, acetylcholine
injection and, interestingly, to administration of the
PDES5 inhibitor zaprinast [102].

5. Expert opinion

To summarise, the process of penile erection is
secondary to the relaxation of corpora cavernosal
smooth muscle. NO released directly from NANC
nerve terminals or from the endothelium of
cavernosal sinusoids, in response to cholinergic
stimulation, is largely responsible for mediation of this
relaxation response; species differences may affect
the relative proportion of each source of NO. NO acts
primarily via an intracellular second messenger,
cGMP, to relax smooth muscle directly; additionally it
modifies the contractile response by regulation of the
release of contractile catecholamines.

Despite the importance of NO it is possible that
further regulatory mechanisms are important in the
process of penile erection. These may include
neuronal VIP, endothelial bound proteins, such as
caveolins and further vasoactive substances
generated by the endothelium.

Current therapy for ED augments the natural erectile
response, it may be that in the future adenoviral-
mediated gene therapy may supplement or replace
available treatment.
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