The first two mini-reviews relate to
erectile dysfunction, but of
different causes. The first of these,
from Boston, will update the
reader on vasculogenic erectile
dysfunction, and the second from
Melbourne will describe the
neurophysiology of nerve injury
and regeneration after radical
prostatectomy, and review the
work which has been carried out on
the use of cutaneous nerves to help
this process.

The other two mini-reviews

come from Dublin and London,
respectively. The first describes the
side-effects of treatment for
locally advanced prostate cancer
and the second describes the
structural characterisation of
myofibroblasts in the bladder.

Vasculogenic erectile dysfunction:
beyond the haemodynamic changes

KAZEM M. AZADZOI

Urology Research, VA Boston Healthcare System and Boston University Medical School, Boston,

MA, USA
Accepted for publication 30 June 2005

KEYWORDS

erectile dysfunction, ischaemia, hypoxia,
atherosclerosis, smooth muscle, fibrosis

INTRODUCTION

Vasculogenic erectile dysfunction (ED)
consists of arteriogenic ED (cavernosal artery
insufficiency) and veno-occlusive ED [1-3].
Although frequently discussed separately, in
reality these two mechanisms often coexist in
the same patient. Atherosclerotic occlusive
disease is one of the leading causes of
arteriogenic ED [2,3]. A close relationship
between cardiovascular disease and ED has
been reported [4,5]. Epidemiological studies
show that nearly 75% of men with coronary
artery disease also have ED [4,5]. Vascular and
cavernosal smooth muscle dysfunction
appear to share the same risk factors, and ED
may be an early signal of impending
cardiovascular problems [4,5].

Occlusive disease of the pudendal-
cavernosal-helicine arterial tree is primarily
caused by the development of atherosclerotic
lesions [2,6-8]. Narrowing or occlusion of the
hypogastric-pudendal arterial bed diminishes
arterial perfusion pressure and decreases
arterial inflow to the lacunar spaces of the
corpora cavernosa [6-12].

Clinical and research data show that arterial
insufficiency, in addition to decreasing
cavernosal perfusion pressure, triggers a
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cascade of ischaemic/hypoxic cytotoxic
events impairing the erectile tissue
endothelium, smooth muscle, nerves, and
microvessels, ultimately leading to fibrosis
[7,10-16]. In this review, | summarize some of
the cellular and molecular changes that result
in smooth muscle dysfunction and fibrosis in
ischaemic erectile tissue.

CELLULAR CHANGES IN
CAVERNOSAL ISCHAEMIA

ENDOTHELIAL CELL DYSFUNCTION

Endothelial cells are highly sensitive to
ischaemia and hypoxia. Dysfunction of the
cavernosal endothelial cells is a central
unifying mechanism in vasculogenic ED
[10,12]. This is due to the ubiquitous location
of the endothelial cells in arteries and
cavernosal sinuses, and the important role
of the endothelial cells in controlling
smooth muscle tone. Endothelial cell
dysfunction is found in atherosclerosis,
hypercholesterolaemia, diabetes, uraemia,
coronary artery disease, and hypertension
[17-19].

Endothelial cells, whether in the cavernosal
artery or in the cavernosal sinuses, produce a
variety of local paracrine factors that act to
alter arterial vascular tone and growth. These
factors include nitric oxide (NO), angiotensin-
converting enzyme, angiotensin, kinins,
prostaglandins (PGs), endothelin, and
histamine [17-19]. Some of these substances,
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such as angiotensin, endothelin and certain
PGs, are powerful vasoconstrictors, while
others such as NO, certain PGs and histamine,
are vasodilators. The endothelial cell is also
the site of action of many factors and
pharmaceutical agents [17-19].

Ischaemia impairs endothelium-mediated
relaxation of erectile tissue [10-12]. Chronic
exposure to ischaemia can lead to physical
loss of endothelial cells and functional
changes in the endothelial cells organelles.
Such alterations lead to impaired ability of the
endothelium to synthesise NO [10,12].
Ischaemic changes in endothelial cell
structure could impair diffusion and enhance
degradation of NO during transit from the
endothelium to underlying smooth muscle.
Hence, the physical barrier to diffusion
produced by the oedematous tissue could
lead to an impairment of endothelium-
dependent relaxation. Such a barrier could
result in greater degradation of NO [10,12].

Another important mechanism in endothelial
cell dysfunction is the imbalance between
endothelium-dependent relaxation due
primarily to NO, and endothelium-dependent
constriction due primarily to endothelin-1
[18]. Numerous conditions characterized by
an impaired availability of NO have been
found to be associated with enhanced
synthesis of endothelin-1, and vice versa,
suggesting that these two factors have a
reciprocal regulation [18]. Experimental
studies provided evidence that endothelin-1
may influence NO production and that NO can
inhibit endothelin-1 synthesis. Of course, this
does not exclude the likelihood that many
other vasoactive agents are important.

LOSS OF SMOOTH MUSCLE CELL RELAXATION

Cavernosal smooth muscle relaxation is an
essential component of the physiology of
penile erection [1]. A fully rigid sustained
erection at equilibrium pressures approaching
mean systemic blood pressure occurs when
there is normal cavernosal arterial inflow and
perfusion pressure in the presence of NO-
mediated smooth muscle relaxation [1,20,21].
Chronic ischaemia leads to functional
alterations in both endothelium-dependent
and neurogenic cavernosal smooth muscle
relaxation [10-12].

In the rabbit, hypercholesterolaemia has been

shown to impair endothelium-dependent
relaxation to acetylcholine while having no
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significant effect on neurogenic relaxation to
electrical stimulation [10-12]. This impaired
endothelium-dependent relaxation

is normalised after tissue treatment

with L-arginine, suggesting that
hypercholesterolaemia may alter arginine
metabolism or interfere with its bioavailability
[10]. Atherosclerosis-induced cavernosal
ischaemia was shown to reduce both
endothelium-dependent and electrical
stimulation-induced neurogenic smooth
muscle relaxation [10]. In contrast to
hypercholesterolaemia, the loss of ischaemic
smooth muscle relaxation is not reversible
with L-arginine and is associated with a
significant decrease in the activity of the
enzyme NO synthase (NOS) [10]. Chronic
ischaemia has no significant effect on
relaxation to the NO donor nitroprusside. This
suggests that ischaemic erectile tissue retains
the ability to relax via the NO/cGMP pathway
but it might not be capable of synthesizing
NO.

EXCESSIVE CONTRACTION

Another mechanism of cavernosal smooth
muscle dysfunction in ischaemia involves
supersensitivity to contractile stimuli. Chronic
exposure to ischaemia increases the
contractile reactivity of the cavernosal
smooth muscle [11]. Ischaemia seems to
selectively enhance neurogenic contractile
reactivity to electrical-field stimulation
while having no effect on contraction

to noradrenaline [11]. Indomethacin, a
cyclooxygenase inhibitor, decreases
neurogenic contraction of ischaemic tissues.
These changes in the contractile reactivity of
ischaemic cavernosal tissue are associated
with significant increases in the production of
constrictor eicosanoids such as PGF-2o. and
thromboxane [10,11].

Pathological levels of constrictor eicosanoids
may augment smooth muscle contraction via
direct and indirect interactions. It is thought
that increased constrictor eicosanoids, in
addition to direct interference with smooth
muscle tone that favours contraction, also
produce adverse effects on the inhibitory role
of NO pathway in cavernosal tissue and
indirectly augment contraction [11]. This
theory is supported by observations in other
organs that interaction of the cyclooxygenase
products with NOS interferes with NO
synthesis or bioavailability [22]. High levels of
eicosanoids interfere with the expression of
NOS proteins and down-regulate NOS

expression [22]. In vascular endothelial cells,
hypoxia-induced inhibition of NO production
has been shown to be mediated by
eicosanoids [22].

SMOOTH MUSCLE ATROPHY AND FIBROSIS

Loss of smooth muscle and increased collagen
fibres are the most important features of
ischaemia-induced pathology in erectile
tissue [7,13-16]. These features are common
after prolonged exposure to ischaemia and
may represent late-stage ED. In patients with
vasculogenic ED, increased severity of ED and
cavernosometric values of veno-occlusive
function have been shown to be related to the
reduction in penile smooth muscle fibres
[13-16]. Histopathological studies in patients
with vasculogenic ED show that a reduction in
penile smooth muscle cells is associated with
an increase in dense connective tissue within
the erectile tissue [13-16].

A close relationship between cavernosal
smooth muscle degeneration and the
development of corporal veno-occlusive
dysfunction has often been reported [13,14].
Smooth muscle content, normally 42-50% of
cavernosal tissue, can decrease to as low as
13% in some men with ED [14]. Thus
degenerative changes in the cavernosal
smooth muscle are associated with impaired
veno-occlusive function. Another consistent
finding in patients with ED seems to be a loss
of elastic fibres, which is also associated with
a pathological increase in collagen
accumulation [13,14].

The failure of revascularization and, in some
cases, venous leak surgery to cure patients
with veno-occlusive dysfunction suggests
that corporal fibrosis represents an end-stage
of cavernosal histological changes consistent
with irreversible damage to erectile tissue.
Apparently therefore, if the surgical
management for ED is to develop 'curative’
interventions, patients need to be identified
who have no significant corporal fibrosis, i.e.
as early as possible in the progressive
development of changes in the cavernosal
extracellular matrix.

ROLE OF OXYGEN TENSION (pO,)

Oxygen tension in cavernosal blood was
reported to be lower in patients with
arteriogenic ED and it is probable that oxygen
tension acts to regulate erectile tissue
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Wang et al. [28].
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structure and function [23]. Under hypoxic
conditions, spontaneous contractile activity
was eliminated in cavernosal muscle strips
and basal tissue tension was reduced to a
minimum. In that study, neither electrical-
field stimulation nor pharmacological agents
could induce additional relaxation, and o-
adrenergic agonists produced little or no
contraction. In an in vitro study of rabbit
erectile tissue under hypoxic conditions
(pO, 10 mmHg), contractions elicited by
noradrenaline, endothelin-1 or potassium
were attenuated [24]. The hypoxia-induced
relaxation was not affected by removing the
endothelium.

Oxygen tension also regulates the ability of
cavernosal smooth muscle to relax in
response to various stimuli. When human and
rabbit corpus cavernosum tissue strips were
exposed to arterial-like pO, levels in organ
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FIG. 1. Effect of ischaemia on VEGF, KDR, nNOS, and TGF-3 gene expression: The ratio of the specific gene
product and glutaraldehyde phosphate dehydrogenase (GAPDH) is shown at each time after inducing
cavernosal ischaemia in the rabbit. a. VEGF levels were about double the normal values at 8 weeks of
ischaemia, with a reduction at 16 weeks. b. KDR levels decreased initially to half of normal and then gradually
increased up to 8 weeks of ischaemia. ¢. NNOS levels doubled at 6 weeks of ischaemia and decreased
thereafter. d. TGF- S levels increased at 8 weeks of ischaemia, but returned to normal levels by 16 weeks. From
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baths, they relaxed in response to the
endothelium-dependent dilator acetylcholine
and to electrical stimulation of the autonomic
dilator nerves [25]. These NO-mediated
responses were progressively inhibited as a
function of decreasing pO, levels. Relaxation
to exogenous NO was not impaired in a low-
p0, environment. These results indicate that
NO production is impaired under conditions
of low p0,, thus promoting vasoconstriction
[25].

In organ culture, basal production of
prostanoids, whether relaxant or constrictive,
was decreased under hypoxic conditions [26].
Although this inhibition was reversible with a
physiological p0,, the recovery was delayed,
requiring at least 2 h of exposure to 21%
oxygen to re-establish prostanoid production.
When pO, was increased to 100 mmHg there
was a rapid increase in PG levels. PGE-2 levels

were higher than PGF-2o. which were higher
than PGD-2 levels. Thromboxane A2 was
undetectable. These data suggest that the
amount and type of prostanoids produced by
cavernosal smooth muscle is exquisitely
sensitive to cavernosal pO, in the penis.
Oxygen tension may also play a role in
regulating erectile tissue structure by
promoting the synthesis of TGF-B, a factor
that promotes fibrosis [27].

MOLECULAR CHANGES IN
CAVERNOSAL ISCHAEMIA

CHANGES IN NOS EXPRESSION

Semi-quantitative RT-PCR of rabbit erectile
tissue showed that neuronal NOS (nNOS)
gene expression initially increases in response
to ischaemia (Fig. 1c) [28]. The nNOS levels
then gradually decrease significantly in a
time-dependent manner over the course of
the ischaemia (Fig. 1c) [28]. The initial up-
regulation of nNOS in the ischaemic erectile
tissue may be a physiological defensive
mechanism, which seems to fail after long-
term exposure to ischaemia.

Western blotting analysis of ischaemic rabbit
cavernosal tissues showed that nNOS protein
levels remain unchanged in the early stages of
ischaemia, suggesting that under the
ischaemic conditions increased nNOS
transcript levels may not be capable of
stimulating nNOS protein synthesis [12,28].
One possible explanation may be that in the
early stages of ischaemia, although nNOS
gene expression is up-regulated, a feasible
environment for stimulating nNOS protein
expression may be lacking. Western blotting
has shown that both nNOS and endothelial
NOS (eNOS) proteins dramatically decrease
after prolonged cavernosal ischaemia in the
rabbit [12]. In the later stages of ischaemia,
decreased transcript levels were found to
correlate with reduced nNOS protein levels
[12].

CHANGES IN NOS LOCATION

Immunohistochemical staining of rabbit
erectile tissue showed that the location and
abundance of nNOS, eNOS and inducible NOS
(iNOS) in corpus cavernosum dramatically
change with ischaemia (Fig. 2) [12]. As nNOS
and eNOS expression decreases over the
course of cavernosal ischaemia, iNOS
expression increases [12]. From these findings
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FIG. 2. Effect of ischaemia on NOS expression, showing immunohistochemical localization of NOS isoforms in ischaemic and age-matched control rabbit cavernosal
tissue. As nNOS and eNOS expression progressively decreases, INOS expression gradually increases over the course of cavernosal ischaemia. From Azadzoi et al. [12].
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it appears that while constitutive NOS (cNOS)
is more abundant in healthy erectile tissue,
iNOS dominates in the erectile tissue under
ischaemic/hypoxic conditions. Such a
disproportionate change in NOS isoforms may
be very important in the pathophysiology of
vasculogenic ED. The precise mechanism by
which ischaemia inhibits ctNOS while up-
requlating iNOS is unknown. It is speculated
that such a disproportionate change in iNOS
vs nNOS and eNOS expression may play a role
in diabetic ED [12]. Ageing-related ED is also
accompanied by increased iNOS expression
in rat erectile tissue, and is thought to
contribute to collagen accumulation and
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apoptosis of erectile tissue. Studies with a rat
model of Peyronie's disease showed that up-
requlation of iNOS is accompanied by down-
regulation of cNOS and ED; inhibiting iNOS in
this model reduced ED.

CHANGES IN ANGIOGENIC GROWTH FACTORS

The development and growth of the vascular
system, referred to as angiogenesis and

vasculogenesis, are regulated by angiogenic
growth factors. Vascular endothelial growth
factor (VEGF) is a potent angiogenic growth
factor that was initially purified from tumour

cell lines as a specific mitogen for endothelial
cells in vitro.

Studies with the rabbit model show that
ischaemia alters the expression of both VEGF
and its receptors in erectile tissue [28].
Immunohistochemical analysis with anti-
VEGF antibodies showed that positively
stained areas within the corpus cavernosum
are greater in the early stages of cavernosal
ischaemia than in age-matched controls [28].
However, after long-term ischaemia the
VEGF-positive stained areas within the corpus
cavernosum were dramatically diminished.
The number of ischaemic endothelial cells
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that stained positively for VEGF was similar to
that in the controls [28].

Semi-quantitative RT-PCR analyses of rabbit
erectile tissue showed that VEGF gene
expression initially increases in response to
ischaemia and then gradually decreases
over the course of ischaemia, reaching
significantly lower VEGF levels than those in
the early stages of ischaemia (Fig. 1a) [28].
This study showed that the VEGF receptors
may be more sensitive to ischaemia than is
VEGF. The levels of the VEGF receptor KDR
dramatically reduced to =400 of the control
levels in the early stages of ischaemia (Fig. 1b)
[28]. Although KDR levels in the ischaemic
tissues tended to increase over the course of
ischaemia, they only reached 60% of the
control levels. Accordingly, KDR levels
decreased significantly to =40% of the
control group after prolonged ischaemia, with
the reduction in VEGF levels (Fig. 1a,b) [28].
These observations suggest that VEGF may be
secreted to preserve the vascular function of
the erectile tissue in response to ischaemia,
but prolonged ischaemia appears to overcome
this reaction.

ANGIOGENESIS IN ISCHAEMIA

Tissue ischaemia and hypoxia are major
physiological stimuli to angiogenesis [28]. The
process is under the control of angiogenic
growth factors, small proteins that induce
proliferation and migration of endothelial and
smooth muscle cells, and branching of the
vascular tree. All growth factors are mitogens
to endothelial cells and include basic
fibroblast growth factor, VEGF and hypoxia-
inducible factor [28].

Some growth factors, such as VEGF, can
stimulate NO production [29]. Intracavernosal
injection with VEGF in a rat model of
cavernosal ischaemia stimulated both eNOS
and iNOS expression [29]. At the same time,
NO seems to be necessary for angiogenesis to
take place. For example, eNOS 'knockout' mice
have defective angiogenesis in a peripheral
limb ischaemia model. Derangement of the
NO pathway in hypercholesterolaemic mice
impairs angiogenesis.

Studies with experimental models show the
feasibility of using local intracavernosal VEGF
injection. Invitro, VEGF treatment ameliorated
the effects of hypercholesterolaemia on
rabbit cavernosal smooth muscle [30]. In a rat
model using acute arterial ligation, a single
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intracavernosal bolus of VEGF improved
penile erection [31]; there was regeneration of
both nerves and endothelial cells lining the
cavernosal spaces. This is a promising area for
further research.

CHANGES IN FIBROTIC GROWTH FACTORS

In a variety of organ systems and diseases,
TGF-B has been implicated in fibrosis [32].
Ischaemia and hypoxia induced TGF-1
protein in blood vessels, and TGF-B1 mRNA in
human corpus cavernosum smooth muscle
cells [33]. Regardless of the initial source, TGF-
B autoinduces its mRNA and increases either
the synthesis or availability of its receptors in
human corpus cavernosum smooth muscle
cells [34]. It was suggested that once the
process begins, ischaemia-induced fibrosis
could proceed unabated [32-34].

Clinical studies shown that cavernosal TGF-B1
expression is significantly greater in patients
with vasculogenic ED than in control subjects
or men with psychogenic ED [35]. TGF-B1 type
Il receptor expression was also significantly
greater in men with vasculogenic ED than

in control subjects and patients with
psychogenic and neurogenic ED [35]. Patients
with vascular risk factors such as
hyperlipidaemia and atherosclerosis had
significantly greater degrees of cavernosal
fibrosis than those without these conditions
[35]. Furthermore, that study showed that
the abundance of collagen fibres closely
correlated with both TGF-B1 and TGF-B1
receptor Il expression, suggesting a role for
TGF-B1 and its receptor Il in cavernosal
fibrosis in men with vasculogenic ED [35].

Exogenous treatment with TGF-3 induces a
2.5-4.5-fold increase in the synthesis of types
I'and Il collagen [36]. This effect was reduced
by adding the eicosanoid PGE1 [34]. In a
rabbit model using an intracavernosal
injection with TGF-, histomorphometry
showed dose-dependent decreases in the
percentage of corporal smooth muscle with
TGF-B treatment [36].

CONCLUSIONS

A haemodynamic examination alone cannot
precisely predict the degree of vasculogenic
ED. Arterial insufficiency and subsequent
exposure of erectile tissue to ischaemia and
hypoxia impair components beyond the
haemodynamics involving cavernosal smooth

muscle, nerves, endothelial cell and tissue
structure, thereby impeding corporal smooth
muscle relaxation and altering erection
quality. These local changes in the
ischaemic erectile tissue may explain why
revascularization and, in some cases,

venous leak surgery fail to completely

cure vasculogenic ED. The successful
pharmacological and surgical management of
vasculogenic ED may depend on identifying
patients in their early stage before structural
and functional changes in erectile tissue.
Further insight into the cellular and molecular
mechanism of vasculogenic ED may lead to
newer prophylactic and therapeutic strategies
to prevent, delay or reverse this problem.
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