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The Post-Genomic age presents many new challenges and opportunities for the improved
understanding, diagnosis and treatment of human disease. The long-term goal is to identify molecular
correlates of disease processes, and use this information to develop novel and more effective
therapeutics. A major hurdle in this regard is ensuring that the molecular targets of interest are indeed
relevant to the physiology and/or pathophysiology of the processes being studied, and, moreover, to
determine if they are specific to the tissue/organ being investigated. As a first step in this direction,
we have reviewed the literature pertaining to bladder and erectile physiology/pharmacology and
dysfunction and attempted to summarize some of the critical molecular mechanisms regulating
detrusor and corporal myocyte tone. Because of the vast amount of published data, we have limited
the scope of this review to consideration of the calcium-mobilizing and calcium-sensitizing pathways
in these cells. Despite obvious differences in phenotypic characteristics of the detrusor and corporal
myocyte, there are some common molecular changes that may contribute to, for example, the
increased myocyte contractility characteristic of bladder and erectile dysfunction (i.e. increased Rho
kinase activity and decreased K* channel function). Of course, there are also some important
distinctions in the pathways that modulate contractility in these two cell types (i.e. the contribution of
ryanodine-sensitive calcium stores and the nitric oxide/cGMP pathways). This report highlights some
of these similarities and distinctions in the hope that it will encourage scientific discourse and research
activity in this area, eventually leading to an improved quality of life for those millions of individuals
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that are afflicted with bladder and erectile dysfunction.
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Introduction

The new millennium, the completion of the human genome
project and the continuous revolution and evolution of
molecular technologies, have created great expectations for
their application to the improved understanding, diagnosis and
treatment of human diseases. It now seems quite obvious that
merely having the genetic or molecular ‘blue print’ of a given
tissue or cell type is a necessary, but not a sufficient, condition
for determining the contribution of molecular differences to
differential tissue physiology on the one hand, nor to the
illumination of the contributions of molecular alterations to
pathophysiological changes in tissue function on the other.
In fact, the latter requires detailed understanding of the
contribution of the molecular target to the physiological
process of interest. More specifically, it is critical to establish
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verifiable links between changes in the expression or function
of a particular gene or protein, and the commensurate changes
in organ function.

As with many other organ systems, the application of
molecular technologies to diseases of the lower urinary tract
holds great promise. The goal of this report is to highlight the
utility of increased molecular understanding of myocyte
function/dysfunction to the improved pharmacotherapy of
bladder and erectile dysfunction. While it is clear that bladder
and erectile dysfuction are multifactorial, we will focus this
report on the role played by the corporal and detrusor smooth
muscle cell. Specifically, we will review the data available in the
literature with respect to two main points. First, we will
summarize the impact of disease at the molecular level on gene
and/or protein expression of critical modulators of corporal
and detrusor myocyte function. Secondly, we will describe the
use of molecular technologies to alter the expression/function
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of putative critical modulators of corporal or detrusor smooth
muscle cell function (i.e. mouse genetics and gene transfer),
and document the corresponding impact on cell, tissue and/or
organ function. However, before doing so, a brief review of the
physiological contribution of the corporal and detrusor
myocyte to organ function is required.

Physiology and pharmacology of erection

Erectile function is intimately linked to corporal tissue
physiology. The corporal tissue that forms the paired corporal
bodies, in turn, is composed of a series of contiguous,
endothelial-lined, sinusoidal spaces in which the primary
parenchymal cell type is a specialized vascular smooth muscle
cell, referred to as corporal smooth muscle. Penile rigidity
sufficient for vaginal penetration requires the careful orches-
tration of a complex series of neurovascular events. Several
recent reviews have been written on this subject (Andersson,
2003; Christ et al., 2004b; Gonzalez-Cadavid et al., 2004), and
moreover, the most recent data/information can be found in
the proceeding of the Second International Consultation on
Erectile Dysfunction (Saenz de Tejada, 2004). Therefore, we
will briefly review only those processes central to this report.

Suffice it to say that all penile erections begin in the brain.
Stimuli, physical or psychic, are integrated at the level of the
limbic system, hypothalamus and brainstem. Activation of
these areas of the CNS stimulates the autonomic nervous
system of the penis, via the parasympathetic roots from S2-4
and the cavernosal nerves, and initiates an erection. The
sympathetic input, also through the cavernous nerves, tends to
inhibit erections. This input arises from the T11-L2 levels of
the spinal cord. The penis is also well supplied with afferent
sensory nerve fibers, which coalesce to form the dorsal penile
nerve. These sensory signals reach the spinal cord via the
pudendal nerve, eventually making their way to the appro-
priate centers of the brain. The pudendal nerve, being the
prime somatic nerve supplying the penis, also provides control
over the extracorporeal striated musculature (bulbocavernosus
and ischiocavernosus) (Christ, 1997; Simonsen et al., 2002;
Christ et al., 2004b).

However, once the visual or erotic stimuli are processed,
penile erection is primarily a vascular event. These vascular
events are required first to initiate, and subsequently to
maintain, relaxation of corporal smooth muscle cells, increas-
ing blood flow into the penis and resulting in sustained penile
erection. The generation of a penile erection or the detumes-
cence of an erect penis requires rapid and coordinated
relaxation and contraction of the corporal smooth muscle,
respectively. Any aberration of these syncytial actions can
manifest as erectile dysfunction, and as described herein,
elucidating the molecular correlates of organic erectile
dysfunction will greatly assist in better understanding mechan-
isms of erectile disease, as well as in the identification of novel
and more efficacious therapeutic options for restoration of
erectile function.

The hemodynamic changes associated with erection occur
subsequent to release of neurotransmitters that induce dilation
of the penile arteries and relaxation of the corporal smooth
muscle cells. The cavernous sinusoids then fill with blood, and
the resulting engorgement compresses the subtubical venules
against the tunica albuginea, decreasing venous outflow

(i.e. veno-occlusive mechanism) with resultant filling of the
cavernous tissue to the point of rigidity and the achievement of
supradiastolic pressures (Christ et al., 2004b). Detumescence
(flaccidity) ensues when the parasympathetic stimulation to the
penis ceases, and the downstream mediators have been
metabolized or otherwise returned to their normal resting
levels. These actions are further augmented by the sympathetic
stimulation associated with ejaculation, which contracts the
vascular and corporal smooth muscles, decreasing penile blood
flow and opening the emissary veins allowing egress of blood
from the penis (Christ, 1997; Simonsen et al., 2002; Christ
et al., 2004b). Penile flaccidity is maintained via a continuous
state of elevated corporal smooth muscle tone.

Molecular and biochemical basis of erection
and detumescence/flaccidity

As is clear from the aforementioned discussion, the level of
contractility of the corporal myocytes is a critical determinant
of erectile function/capacity. In this scenario, the degree of
corporal smooth muscle cell tone at any given point in time
reflects the complex integration of the effects of a host of
neurotransmitters, neuromodulators, hormones (sympathetic,
parasympathetic, NANC, etc.). The molecular and biochem-
ical events that coordinate and modulate corporal smooth
muscle cell tone (contraction and relaxation) are quite well
known at this point. The salient features of this process are
depicted in Figure 1, and briefly described below.

Corporal smooth muscle relaxation and erection

Upon visual or tactile stimulation, nitric oxide (NO), a product
of NANC neurotransmission, is produced and released by
nitrergic nerves as well as the endothelial cells that line the
corporal sinusoids. NO is considered to be an important
initiator of the erectile process and mediates penile vasodila-
tion largely indirectly, via activation of guanylyl cyclase in the
smooth muscle cell, followed by increases in cGMP and
activation of protein kinase G (PKGQG); although some direct
effects of NO have also been reported (Saenz de Tejada, 1995).
Activation of PKG, in turn, results in phosphorylation of
several cellular proteins (e.g. K™ channels, Ca>* channels and
pumps, myosin binding proteins (i.e. altering calcium sensiti-
zation), etc.) thereby altering their activity. The end result is
decreased intracellular calcium levels and diminished corporal
smooth muscle cell tone. ¢cGMP is actively hydrolyzed by
phosphodiesterase type 5 to guanosine monophosphate (PDE
V) (Christ et al., 2004b; Corbin, 2004; Argiolas et al., 2005;
Toda et al., 2005).

In addition to NO, it is clear that other neurotransmitters/
neuromodulators also participate in corporal smooth muscle
relaxation and erection. Vasoactive intestinal polypeptide
(VIP), calcitonin gene-related peptide (CGRP) and the
prostaglandins (PGE, and PGE,) are the most prominent
examples. All of these compounds are also thought to induce
corporal smooth muscle relaxation via activation of cyclic
nucleotides. Specifically, all of these substances activate
membrane-bound receptors coupled to G, proteins, which
activate adenylate cyclase, leading to an increase in intracel-
lular cAMP levels, followed by activation of protein kinase
A (PKA; see Figure 1). PKA then phosphorylates cellular
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Figure 1 Schematic depiction of the physiological/pharmacological basis for contraction and relaxation of corporal myocytes.
Mechanisms are summarized from the text and cited literature throughout this report. Where SR: sarcoplasmic reticulum, PLC:
phospholiapse C, DAG: diacylglycerol, PKC: protein kinase C, IP;: inositol trisphosphate, MLC: myosin light chain. Stimulatory
pathways are illustrated via the green arrows, while the red arrows represent inhibitory regulation.

proteins leading to decreased intracellular calcium levels and
smooth muscle relaxation (Lue TF, 2004).

Corporal smooth muscle contraction and
detumescence/rigidity

Penile detumescence and flaccidity is achieved or maintained,
respectively, by the following sequence of events: activation of
oy-adrenoreceptor or ET, receptor subtypes, initiation of a
second messenger cascade by activation of the G, protein,
which then leads to activation of phospholipase C (PLC),
resulting in cleavage of phosphotidylinositol bisphosphate
(PIP,) into inositol trisphosphate (IP;) and diacylglycerol
(DAG), respectively. DAG then activates protein kinase C
(PKC). PKC phosphorylation of cellular proteins, such as
L-type voltage-dependent calcium channels (leading to an
increased calcium influx), K* channels (leading to decreased
K™ channel activity), and perhaps inhibition of myosin light
chain phosphatase (MLCP) all lead to increased corporal
smooth muscle cell tone. In addition, increased IP; levels
induce the release of calcium from intracellular stores (via the
IP; receptor). Activation of the «;-adrenoceptor or ET4 receptor
subtypes also leads to activation of the Rho A/Rho kinase
pathway and inhibition of MLCP (i.e. calcium sensitization;
Bivalacqua et al., 2004), and recent evidence suggests that
coactivation of these receptor subtypes is synergistic at the
level of Rho A/Rho kinase (Wingard et al., 2003). The end
result of all of these simultaneously occurring processes is
increased corporal smooth muscle cell tone via an increase in
intracellular calcium levels and enhanced calcium sensitization.
Both continuous transmembrane calcium flux (mediated by
L-type voltage-dependent Ca®* channels) and calcium sensi-

tization are important to the maintenance of penile flaccidity
(Christ, 2000a; Andersson, 2001; Christ et al., 2004b; Toda
et al., 2005).

Gap junctions: the mechanistic basis for coordination
of corporal smooth muscle contraction and relaxation

The extant data in both animal models and man reveal a
relatively sparse effector innervation of the corporal myocytes,
far less than one nerve terminal for each smooth muscle cell. In
the light of the fact that corporal myocytes are not electrically
excitable (i.e. no action potentials), this raises the question
of how a limited supply of autonomic innervation is capable
of supporting the rapid and coordinated responses required for
penile erection; especially when it involves such a large group
of cells enmeshed in a heavily collagenous extracellular matrix.
A series of publications has clearly documented that gap
junction proteins (primarily connexin43 (Cx43); see Figure 1)
provide the anatomic substrate for coordination of cell-to-cell
responses among corporal myocytes. While a detailed discus-
sion is beyond the scope of this focused report, suffice it to say
that theoretical studies (supported by biological observations)
indicate that so long as agonist-mediated changes in intracel-
lular second messenger levels (i.e. calcium, cAMP, cGMP)
are on the order of three- to 10-fold over baseline levels,
the presence of the intercellular pathway would ensure roughly
a doubling of the number of recruited cells (cells not directly
activated by a neurotransmitter) over a time frame that is
relevant to penile erection/detumescence (Christ et al., 1994;
Ramanan er al., 1998). In short, the presence of intercellular
communication permits coordinated response generation
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among the vast array of otherwise largely inexcitable corporal
smooth muscle cells (Christ, 2000a, b, 2004b).

Molecular mechanisms and therapies of erectile
dysfunction

If there is insufficient/incomplete or unsustained corporal
smooth muscle relaxation, inadequate blood flow/pressure will
be transmitted to the cavernous sinusoids, resulting in
diminished rigidity and erectile dysfunction. Certainly, erectile
dysfunction is a multifactorial disease. Nonetheless, researchers
have begun to identify molecular alterations that attend or
can predispose to erectile failure, and furthermore, have started
to leverage this understanding for the development of novel
therapies. Some of the better documented targets and
therapeutic possibilities are described below.

K" Channels

In the light of the importance of K* channels to normal
corporal tissue physiology and erectile capacity, perhaps it is
not surprising that several studies have indicated that
alterations in the expression, regulation or function of K*
channel subtypes may contribute to the etiology of erectile
dysfunction (Fan et al., 1995; Christ, 2000b; 2002; Lee, 2000;
Archer, 2002; Spektor et al., 2002; Venkateswarlu et al., 2002;
Werner et al., 2005). Several K+ channel subtypes have been
reported in corporal myocytes, for example, Krp, Kv, and the
large conductance, calcium-sensitive K* channel (i.e. maxi-K
or BK(,). The latter, thus far, seems to be the most likely
pharmacological/molecular target. As noted above, the intra-
cellular mechanism by which erection/tumescence occurs
involves NO-mediated increases in cyclic guanosine cGMP
levels and activation of PKG (see Figure 1). PKG, in turn,
phosphorylates numerous ion channels and pumps, to elicit
a diminution in the free cytosolic calcium levels.

In this regard, experimental evidence in mice lacking the
pore forming subunit of the BK channel have documented
that loss of this channel leads to a significant decrease in the
cavernous-nerve stimulated intracavernous pressure response.
Such observations are consistent with impaired rigidity and
compromised erectile capacity observed in these animals.
Consistent with these findings in mice, recent studies have
investigated the use of BK channel openers based on the
3-thio-quinolinone core. In these studies, there was significant
functional activity of these novel compounds in rabbit corpus
cavernosum tissue strips, confirming the possibility of BK
channel openers as a therapy for ED (Hewawasam et al., 2003;
Boy et al., 2004). In addition, the decline in erectile capacity
observed in rodents with both age (Christ et al., 1998; Melman
et al., 2003) and diabetes (Christ et al., 2004a) can be
ameliorated following a single intracavernous injection of
naked DNA encoding iSlo (again, the pore forming subunit
of the human BK channel). This latter observation has led to
the initiation of a Phase I clinical trial to examine the efficacy
of K* channel gene therapy for the treatment of erectile
dysfunction, and the preliminary findings have been reported
(Melman et al., 2005). In addition, there is also evidence from
pharmacological studies on isolated human corporal tissue
strips that alterations in another K* channel subtype, namely,
the Katp channel (the metabolically-regulated K* channel),

may contribute to the pathophysiology of diabetes-related
erectile dysfunction (Venkateswarlu et al., 2002). Thus, there
is now compelling evidence from several independent lines
of investigation indicating that K* channel-mediated hyper-
polarization of corporal smooth muscle cells may compromised
with age, diabetes and/or with vascular disease, contributing to
erectile dysfunction. As such, K* channels are an attractive
therapeutic target for improved pharmacotherapy of erectile
dysfunction. Nonetheless, it should be pointed out that initial
pharmacological treatments targeting K channels have proved
somewhat disappointing (see Christ, 2002 for details).

Calcium mobilization, Ca’* channels and Ca’*™" signaling

As with the detrusor myocyte (see below), the free intracellular
calcium concentration is an important determinant of corporal
myocyte tone. In fact, corporal smooth muscle tone is
dependent on the release of stored (i.e. SR stores) intracellular
calcium ions (Ca®") into the cytoplasm in response to the
stimuli illustrated in Figure 1, as well as the influx of Ca>*
through specialized membrane channels that are regulated by
voltage changes (Christ et al., 2004b). Typical of many smooth
muscle cell types, the calcium response in corporal myocytes is
biphasic, consisting of a transient peak level that provides the
trigger for increased contractility but quickly declines to a level
that is near the basal level (i.e. precontractile level). Changes in
intracellular calcium levels in corporal myocytes occur as a
result of liberation of intracellular calcium stores (i.e. primarily
IP;-sensitive SR stores), as well as transmembrane calcium flux
through L-type voltage-dependent calcium channels. In this
regard, the L-type voltage-dependent calcium channel is
apparently the most physiologically relevant calcium channel
subtype present in corporal smooth muscle. In fact, the
physiological significance of these channels derives from the
inward depolarizing Ca*>* currents that they mediate, such
that continuous transmembrane calcium influx is an absolute
prerequisite to the initiation, maintenance and modulation
of corporal smooth muscle cell tone. While the contribution
of ryanodine-sensitive SR stores to corporal smooth muscle
physiology is as yet undefined, Nelson and co-workers have
documented the presence of pronounced BK current transients
characteristic of those produced by calcium sparks in other
smooth muscle cells (i.e. spontaneous transient outward
currents in response to ryanodine receptor (RyR)-mediated
calcium release) (Werner et al., 2005).

Gap junctions

Changes in intercellular communication affect coordination
and spread of intracellular second messenger signals among
corporal myocytes. In this regard, one example of this
possibility derives from recent studies in experimentally
diabetic rats. Previously, it had bee shown that diabetes
related erectile dysfunction has been correlated with dimin-
ished synaptophysin reactivity in the corpora of experimentally
diabetic rats, a marker of autonomic efferent innervation
(Rehman et al., 1997). Such observations might be expected to
impact on the coordination of syncytial corporal tissue
responses, and thus, in a recent study (Brink, 2006), Brink
and co-workers examined the impact of experimental diabetes
on Cx43-mediated intercellular communication in short-term
cell cultures derived from diabetic rat corporal smooth muscle.
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These data provided the first direct evidence for a diabetes-
related increase in intercellular permselectivity of Cx43-derived
gap junction channels. These data indicate that more effective
transfer of second messengers such as calcium or IP;, may be
enhanced in diabetes, resulting in enhanced corporal smooth
muscle cell tone, and thus, promoting erectile dysfunction.
Such observations have important implications to the under-
standing of diabetes-related erectile dysfunction.

NO, G Kinase and PDE V inhibitors

By examining the molecular mechanisms of erectile dysfunc-
tion, avenues for therapy become clear. As mentioned
elsewhere in this report, the NO/guanylate cyclase/cGMP/G
Kinase pathway plays a prominent role in erectile function.
Experimental evidence for this at the molecular level derives
from a variety of sources. Consistent with this supposition,
mice deficient in cGMP-dependent Kinase I were shown to
have a very low ability to reproduce, and furthermore, isolated
corporal tissue strips from these mice failed to relax upon
activation of the NO/cGMP signal transduction pathway
(Hedlund et al., 2000). In addition, Chang et al. (2004) have
documented a diabetes-related downregulation of PKG-I
expression and decreased PKG-I activity in corporal smooth
muscle strips that correlated with decreased corporal smooth
muscle relaxation due to activation of this pathway.

Further molecular evidence for the importance of this
pathway to erectile function/capacity derives from the well-
publicized clinical success of phosphosdiesterase V (PDE V)
inhibitors such as sildenafil, for the treatment of erectile
dysfunction (Carson et al., 2005). Phosphodiesterases meta-
bolize cyclic nucleotides, and thus decrease their physiologic
impact. In contrast, inhibition of PDEs increases cyclic
nucleotide levels. In particular, PDE V is a prominent PDE
present in corporal myocytes, and PDE V inhibition max-
imizes the impact of NO release on cGMP levels, by preventing
the breakdown of ¢cGMP, thus leading to accumulation of
c¢GMP and potentiation of corporal smooth muscle relaxation.
More recently, other PDE V inhibitors (vardenafil and
tadalafil (Valiquette ef al., 2005; Young et al., 2005) have also
shown clinical efficacy. Taken together, these observations
clearly document the importance and therapeutic potential of
manipulation of the cGMP/G Kinase pathway.

Another corollary of the importance of PDEs to erectile
function derives from novel recent observations using RNA
interference technologies. Specifically, siRNA (small inter-
fering RNA; antisense oligodeoxyribonucleotides ~ 20 nucleo-
tides in length that can hybridize to and inactivate mRNA)
directed to conserved regions of mammalian PDE V mRNA
were shown to cause a decrease in PDE V activity and to
prolong cGMP activity in cultured rodent corporal smooth
muscle cells. Additionally, injection of a lentiviral vector
coding for this siRNA into the rat penis increased the duration
of the cavernous nerve stimulated intracavernous pressure
response in vivo (Lin et al., 2005). This is simply another
independent demonstration of the importance of this pathway
to erectile capacity, and shows that inhibiting enzymatic
activity produces a result consistent with the pharmacological
inhibition seen with the PDE V inhibitors. The implications
of such observations to the improved treatment of erectile
dysfunction have been discussed in detail elsewhere (see
Christ, 2005).

Finally, recent studies have suggested a role for increased
NADPH oxidase activity/expression in the etiology of erectile
dysfunction related to diabetes and dyslipedemia. The
rationale is as follows. Increased NADPH oxidase activity
leads to an increase in oxygen free radicals (O% superoxide),
which then react with NO to generate peroxynitrite, thus
quenching the NO signal and reducing its bioavailability.
Consistent with this supposition, increased superoxide forma-
tion was documented in an experimental rabbit model of
hypercholesterolemia, in which diminished carbachol-induced
relaxation of corporal tissue strips, which was reversed by
NADPH oxidase inhibitors. Corresponding to intuition, this
same group showed that use of an NO-donating form of
sildenafil was more effective than conventional sildenafil in
relaxing corporal tissue strips from hypercholesterolemic
rats (Shukla et al., 2005). The overall importance of reactive
oxygen species (ROS) and the significance of the NO/ROS
balance, in the context of corporal smooth muscle cell/collagen
ratio, tissue compliance and erectile capacity has been
extensively discussed by Gonazalez-Cadavid and Rajfer else-
where (Gonzalez-Cadavid et al., 2004) and will not be further
elaborated upon herein.

Calcium sensitization and Rho-Kinase

There is now little doubt that calcium sensitization makes an
important contribution to corporal smooth muscle physiology
and perhaps to the etiology of erectile dysfunction as well
(Mills et al., 2001; 2002; 2003; Wingard et al., 2003). Recent
data in experimental animals point toward altered modulation
of calcium sensitivity in diabetes (Bivalacqua et al., 2004),
such that an increased activation of the RhoA/Rho kinase
pathway leads to downregulation of penile eNOS, and thus
erectile impairment. Intracorporal gene transfer of an adeno-
associated virus encoding for the dominant-negative RhoA
mutant in diabetic rats restored NOS activity, cGMP
accumulation and the nerve stimulated intracavernous pres-
sure responses to values similar to that observed in control
animals. Similarly, in experimental models of hypertension
(Wilkes et al., 2004) or aging-related erectile dysfunction
(Rajasekaran et al., 2005), Rho-kinase antagonism and PDE-5
inhibition had a synergistic effect in improving erectile
function. As such, it appears that inhibition of the RhoA/
Rho kinase pathway might be an attractive molecular target
for the treatment of erectile dysfunction.

Gene transfer/therapy

Perhaps some of the best insights into molecular mechanisms
of erectile physiology and dysfunction derived from data
generated using a plethora of distinct gene transfer
approaches. The external location of the penis makes it an
ideal organ system for such approaches, and proof-of-concept
for the potential utility of gene transfer to the treatment
of human erectile dysfunction is currently ongoing in the form
of a Phase I clinical trial (Melman et al., 2005). In fact, a
variety of molecular targets have been evaluated, ranging from
vascular and nerve growth factors, to NOS, superoxide
dismutase, RhoA/Rho kinase and ion channels. A detailed
description of all of these approaches is outside the scope of
this report, but it suffices to say that much has been learned
about erectile physiology/dysfunction through the utilization
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Table 1 Gene therapy for erectile dysfunction

Growth factors
VEGF-165
VEGF with AAV-BDNF

DNA transfer of VEGF-165 into rat penis for neovascularization
VEGF with adeno-associated virus-mediated brain-derived

Burchardt ez al. (2005)
Rogers et al. (2003)

neurotrophic factor for ED treatment after cavernosal nerve injury

NT3 gene
ED due to DM

Ion channels
Maxi-K + channel

Nitric oxide
NOS isoforms

Neurotransmitters

VIP Some success transfecting penile corpora cavernosa with pcDNA3/

Neurotrophin 3 gene, via HSV vector, showed some success with

Plasmid vector (AMaxi-K), which contains the 4Slo gene, that
encodes the alpha subunit of the Maxi K channel

Induce eNOS, nNOS, and iNOS to improve erectile function

Bennett et al. (2005)

Christ (2002; 2004), Christ
et al. (2004a), Melman et al.
(2003; 2005)

Gonzalez-Cadavid ef al.
(2004), Kendirci et al. (2005)

Shen et al. (2005)

vasoactive intestinal polypeptide (VIP) cDNA in streptozotocin

(STZ)-diabetic rats
CGRP

Data suggests that in vivo adenoviral gene transfer of CGRP

Bivalacqua et al. (2001)

improves erectile function in the aged rats

of gene transfer, and the preclinical studies conducted to
date are summarized in Table 1, and detailed in several other
recent reviews (Christ, 2004; Hafron, 2004; see Kendirci ez al.,
2005).

Physiology and pharmacology of micturition

Normal bladder function involves the ability to fill, store, and
empty urine. That is, the bladder must be able to fill and store
the urine produced by the kidneys at low pressure, while
maintaining the ability for rapid, forceful, coordinated
contractions that generate sufficient pressure to ensure
complete bladder emptying. These functions are obviously
critically dependent on the tone of the detrusor myocytes. It
follows, therefore, that improved understanding of detrusor
myocyte physiology and pathophysiology will provide
valuable insight into abnormal bladder function, and provide
for the identification of novel therapeutic pathways for the
more efficacious treatment of bladder disease (Andersson
et al., 2004).

The bladder is a hollow organ, the inner surface is lined by
a specialized urothelium, which is covered by lamina propria
and smooth muscle cells. The detrusor smooth muscle cells
of the bladder are arranged into fascicles, or bundles of
smooth muscle cells. Fascicles, in turn, are arranged in groups
around the bladder, with the overall pattern being that
there are inner and outer longitudinal layers, with a circular
middle layer. The muscle bundles may interconnect, and
furthermore, the individual smooth muscle cells themselves
are interconnected via gap junctions (see below), forming a
coordinated syncytial unit (Andersson et al., 2004; Silva et al.,
2004).

Bladder function is controlled by autonomic and somatic
nerve input. The autonomic input involves adrenergic,
cholinergic, and NANC nerve fibers (although in human, the
latter is probably only important in disease; see below). These
fibers traverse the entire bladder body and divide and
intersperse to spread throughout the numerous fascicles of
the bladder. The distribution of nerve input is such that most

of the adrenergic and cholinergic innervation is located at
the base of the bladder in the trigone, with less innervation
anteriorly and on the dome of the bladder body. In addition
to the prominent adrenergic and cholinergic innervation of
the bladder, it is clear from the incomplete of inhibition
of detrusor contraction provided by pharmacologic blockade
of the adrenergic or cholinergic inputs that there must be
another effector of bladder function, namely the nonadrener-
gic, noncholinergic (NANC) input. This NANC bladder input
appears to be based on purinergic neurotransmission, with
the neurotransmitter ATP (Burnstock, 1977; McConnell et al.,
1982; Ruggieri et al., 1990; Zygmunt et al., 1993).

In order for micturition to occur, the parasympathetic input
to the bladder (which initiates smooth muscle contraction)
must be activated, while the sympathetic input (which mediates
smooth muscle relaxation) must be inhibited. The typical
micturition reflex is initiated by activation of afferent nerve
fibers in the bladder wall during bladder filling. These afferent
nerves, which are myelinated A-delta fibers, carry the signal
through the dorsal root ganglion of the spinal cord to the
pontine micturition center in the brain stem and the peri-
aqueductal gray (Kavia et al., 2005). This incoming neural
signal activates the descending efferent pathways (i.e. the
parasympathetic (pelvic) nerves) to initiate detrusor contrac-
tion, while simultaneously inhibiting the sympathetic input
to the bladder (hypogastric nerves). For a normal micturi-
tion to occur, these activities must be coordinated with
relaxation of the urethral and striated urethral sphincters
(de Groat, 1998).

Gap junctions: another mechanism for coordination
of detrusor contraction

Given the fact that detrusor myocytes are electrically excitable,
and, moreover, that the innervation density of the bladder wall
is quite reasonable, one might wonder whether gap junctional
communication would be important at all to normal bladder
function. In this regard, light microscopy has not typically
documented that junctional plaques (the gross anatomical/
structural correlates of intercellular communication) are
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Figure 2 Schematic depiction of the major regulatory mechanisms that modulate detrusor myocyte tone. Where: denotes a
negative or inhibitory effect, although clearly there are several types of K channels known to be present in detrusor myocytes, SR:
sarcoplasmic reticulum, RyR: ryanodine receptor, PLC: phospholiapse C, DAG: diacylglycerol, PKC: protein kinase C, IP;: inositol
trisphosphate, MLC: myosin light chain, CICR: calcium-induced calcium release, A: agonist, R: receptor. Stimulatory pathways are
illustrated via the green arrows, while the red arrows represent inhibitory regulation. Again, mechanisms are summarized from the
text and relevant cited literature. Note that nothing is implied by the location and stoichiometry of the depicted potassium and
calcium channel, which are merely representative of their presence and physiological/pharmacological importance. A more accurate
depiction of their location relative to the SR calcium stores is shown in Figure 3.

present between detrusor myocytes (Daniel et al., 1983; Dixon
et al., 1983; Elbadawi et al., 1993a—d), despite the fact that
electrophysiological data demonstrate that current injected
into one cell flows into neighboring cells (Bramich ez al., 1996;
Fry et al., 1999; Christ et al., 2003) with a space constant (1)
for decremental current flow of ~1 mm (compared with a cell
length of 150-200 um; Karicheti et al., 2001; Christ et al.,
2003). This five- to 10-fold difference between the space
constant for passive current decay and cell length is a clear
indication of the presence of an adequate intercellular pathway
(Seki et al., 1992; Bramich et al., 1996). Consistent with the
electrophysiological observations, recent studies have docu-
mented the intercellular diffusion of hydrophilic dyes, such as
Lucifer yellow, when injected (dialyzed) into detrusor myo-
cytes in situ. Furthermore, electron microscopy, immunogold
labeling and confocal immunofluorescence and Western blot
techniques have all confirmed the presence of small junctional
plaques comprised of Cx43, and also Cx45, between human
detrusor myocytes (Neuhaus et al., 2002; John et al., 2003; Sui
et al., 2003). The small size of the junctional plaques observed
likely accounts for the difficulty in detecting these classical
structures in the first place. In addition, Wang et al. (2001)
used double whole-cell patch-clamp recordings together with
Northern and Western blot techniques to characterize gap
junction channel properties, and to evaluate Cx43 expression
in human detrusor cells (Wang et al., 2001). As far as we are
aware, the latter are still the only direct electrophysiological
recordings of junctional currents between human detrusor
myocytes, and these currents were clearly characteristic of

Cx43. The presence of Cx43 mRNA and protein in cultured
detrusor myocytes, and also in situ was demonstrated. Taken
together, these data indicate that gap junctions could indeed
have an important role in the initiation, maintenance, and
modulation of detrusor tone.

Molecular and biochemical basis of detrusor
function

Certainly, the initiation of a normal bladder contraction
involves a cascade of events resulting in the rapid and
coordinated contraction of its constituent detrusor myocytes.
This process is composed of various molecular and biochem-
ical events working in concert to elicit syncytial detrusor
smooth muscle contraction. A detailed review of all of these
processes is well outside the scope of this report. Nonetheless,
below we provide an integrative, albeit brief, global description
of some of the major known mechanisms. Out of necessity,
we have focused this portion of the report largely on ionic
mechanisms (ion channels and calcium mobilization, with
a brief review of calcium sensitization). The rationale for this
approach is related to our ability to correlate the information
below with molecular genetic and/or gene transfer approaches
aimed at target validation, which are discussed in the next
section. A schematic depiction of those focused pathways of
interest is provided in Figures 2 and 3 and described briefly
below.
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Figure 3 Detailed depiction of the known calcium mobilizing mechanisms in detrusor myocyte tone. This diagram highlights the
multiple points in these processes in which molecular changes have been correlated with alterations in detrusor myocyte function, as

summarized in the text.

Detrusor smooth muscle contraction

The muscarinic receptors for the parasympathetic efferent
neurons on detrusor myocytes have been described in much
detail elsewhere (Wang et al., 1995; Braverman et al., 1998a, b;
Andersson, 2004; Andersson et al., 2004). Of the five known
muscarinic receptor subtypes (M;—M;s), the predominant
muscarinic receptor subtype for human and rat detrusor
contraction is the M3 receptor subtype (Andersson et al., 2004;
Uchiyama et al., 2004). More specifically, the M3 receptor is
generally thought to be coupled to Gy, leading to activation
of phosphoinositide hydrolysis, in turn leading to mobilization
of intracellular calcium through liberation of IP;-sensitive
intracellular calcium stores (see Figure 2). The presence of M,
receptors has also been documented, and it is believed that
they oppose tissue relaxation via two distinct mechanisms. The
first is through inhibition of adenylyl cyclase activity, thus
functionally antagonizing the effects of sympathetically
mediated detrusor relaxation (Hegde et al., 1997; 1999). In
addition, Bonev & Nelson. (1993) and Kume ez al. (1995a, b)
have shown that M, receptor activation led to inhibition of
the K,orp and BK channel subtypes in detrusor and airway
smooth muscle, thereby resulting in diminished potassium
currents and, thus, membrane depolarization and increased
detrusor excitability.

In contrast to the muscarinic receptor, the role of NANC
innervation in human bladder contractility is ambiguous.
Nonetheless, it seems clear that activation of the detrusor
smooth muscle requires the participation of at least two

transmitters, acetylcholine and ATP (Andersson et al., 2004).
ATP, through activation of the P2X receptor (Heppner et al.,
2005) is responsible for atropine-resistant, nonadrenergic,
noncholinergic, bladder contractions. In animals, the ATP
component varies, but can amount to >50% of the total
contraction induced by nerve stimulation. In the normal
human detrusor, however, the contraction is almost exclusively
mediated by muscarinic receptor stimulation. However, it
appears that the purinergic component of nerve-mediated
detrusor contraction is increased in several types of bladder
dysfunction, and this may well contribute to the etiology of
detrusor overactivity in humans (Bayliss ez al., 1999; O’Reilly
et al., 2002). Under such pathophysiological conditions, ATP
may be responsible for up to 50% of the nerve-induced
contraction of human detrusor in vitro (O’Reilly et al., 2002).

Molecular mechanisms and therapies of bladder
dysfunction

K" Channels

As with many other smooth muscle cell types, K* channels
play a critical role in the modulation of detrusor myocyte tone,
and not surprisingly, a number of distinct K channel subtypes
have been identified in detrusor myocytes from various species.
The central role played by K* channels in modulating bladder
function presumably derives from their functionally antag-
onistic relationship with transmembrane calcium flux through
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voltage-dependent calcium channels. Consistent with this
supposition, the BK¢, channel is arguably the most physiolo-
gically relevant modulator of detrusor myocyte excitability.
However, in addition to the K, channel (Sheldon ez al., 1997,
Siemer et al., 2000; Shieh et al., 2000; Herrera et al., 2001;
2005; Karicheti et al., 2001; Heppner et al., 2003; Meredith
et al., 2004; Petkov et al., 2005; Thorneloe et al., 2005), other
K™ channel subtypes have also been identified in detrusor
myocytes. For example, the Kv 2.1 channel has been
documented in rat urinary bladder (Ohya et al., 2000b).
Thorneloe et al. (2003) have also identified Ky currents in
mouse detrusor smooth muscle, and have proposed that
heteromultimeric channels composed of Kv2.1, Kv5.1 and
Kv6.1 are the relevant molecular species involved (Thorneloe
et al., 2003). Intermediate conductance calcium-sensitive K*
channels Ohya et al. (2000a), as well as small conductance
calcium sensitive K* channels (i.e. SK3; Herrera et al. (2000))
have also been identified in detrusor myocytes. Finally, there is
also clear evidence for the presence of the metabolically regu-
lated K* channel subtype, or the K rp channel, in detrusor
myocytes (Hu et al., 1997; Wojdan et al., 1999; Buckner et al.,
2000; see Shieh er al., 2000; Karicheti et al., 2001).

Consistent with the observations described above, strong
evidence for the participation of K* channels in detrusor
myocyte function derives from molecular genetic studies on
mice, such as conditional knockouts of the SK3 channel.
Studies on isolated detrusor myocytes and strips, as well as
in vivo cystometry clearly indicated the importance of SK3
channels to the regulation of detrusor contractility and bladder
function. In fact, the data suggested the possibility that
activation or increased activity of SK3 channels would result
in decreased bladder sensation during filling, which would be
of clear benefit for treating bladder overactivity and/or urge
incontinence (Herrera et al., 2003). Studies on mice lacking the
o- and f,-subunits of the BK(, channel subtype have been
similarly illuminating. Cystometric recording in the a-subunit
knockout mice revealed demonstrable detrusor overactivity
(Meredith et al., 2004; Thorneloe et al., 2005). In addition,
enhanced phasic contractile activity (Meredith ef al., 2004) and
increased sensitivity to nerve stimulation induced contractile
responses was observed in isolated detrusor strips derived from
these animals (Thorneloe et al., 2005). Interestingly, in
detrusor muscle strips from f;-subunit knockout mice (Petkov
et al., 2001), enhanced phasic contractile responses were also
observed.

The potential therapeutic importance of the BK ¢, channel to
normal detrusor tone has been demonstrated via two other
independent lines of investigation. First, recent in vitro findings
indicate that hyperpolarization of the detrusor muscle cell
membrane via selective activation of the BK¢, channel with
a new class of BK¢, channel openers can elicit relaxation
of detrusor muscle strips (Turner et al., 2003). In addition,
overexpression of the pore forming subunit of the BK, using
naked DNA gene transfer techniques was shown to improve
bladder hyperactivity in rats with detrusor overactivity due to
partial urethral outlet obstruction (Christ ez al., 2001). More
specifically, intravesicular injection of 4S/lo cDNA (coding for
the a-subunit of the human BK, channel) virtually eliminated
the obstruction-associated detrusor overactivity. The implica-
tion of these latter findings is that the observed increase in
detrusor myocyte excitability associated with outlet obstruc-
tion may be partially offset by increased expression of the

a-subunit of the BK ¢, channel. It is important to point out that
the ability of gene transfer with BK¢, to ameliorate experi-
mental detrusor overactivity is consistent with the opposite
phenomenon documented in the work by Nelson and
co-workers on mice lacking these channels. Taken together,
the existing data strongly support the supposition that altera-
tions in K™ channel subtype expression, regulation or function
could have very important implications for normal bladder
physiology and the etiology of detrusor dysfunction. Such
studies certainly provide for novel therapeutic possibilities.

Calcium mobilization, Ca’* channels and Ca’*™" signaling

A detailed illustrations of calcium signaling pathways that con-
tribute to the modulation of detrusor myocyte tone are
highlighted in Figure 3. Similar to the situation described
above for the corporal myocyte, changes in the free
intracellular calcium concentration are linked to changes in
detrusor myocyte tone. However, the mechanism(s) and
pathways involved reflect differences that might be expected
for a cell that is electrically excitable (i.e. detrusor myocytes are
capable of action potentials, whereas corporal myocytes are
not). The primary calcium channel subtype present in detrusor
smooth muscle is the L-type voltage-dependent calcium
channel (Ganitkevich ez al., 1992; Wu et al., 2002). Recent
studies have demonstrated that Ca®* influx through voltage-
gated Ca>* channels is the key event in detrusor myocyte
depolarization and the subsequent increase in intracellular
calcium levels. It has also been shown that that the influx of
Ca>" through L-type Ca®>* channels induces a release of Ca>*
from intracellular (SR) stores (CICR; calcium-induced calcium
release; see Figure 3). Taken together, these findings document
the nature of initiation and propagation of depolarizing action
potentials (both spontaneous and neurogenic) and the induc-
tion of contraction in detrusor smooth muscle cells. More
specifically, the initiation of the action potential results from
Ca’"™ entry through L-type Ca®' channels, while the
repolarization is mediated by activation of both Ky and BK
channels (Heppner et al., 1997, Hashitani et al., 2003;
Thorneloe et al., 2003; Petkov et al., 2005) after-hyperpolar-
ization is mediated by the SK3 channel subtype (Herrera et al.,
2002; 2003). As noted above (see Figure 2), the IP;-sensitive
calcium stores also play an important role in, for example, M3-
receptor-mediated contractile responses in detrusor myocytes
(Fry et al., 2002). In this regard, while there is some
uncertainty regarding the precise nature of the contribution
of the L-Type channel to carbachol-induced detrusor contrac-
tions (Wu et al., 2002), it also seems clear that regardless of
how detrusor myocytes are activated, these channels play a
primary role in action potential generation and propagation.

The role of Ca>" channel subtypes other than the L-type
channel to detrusor activation is equivocal. There is some
evidence that Ca®* influx through both T- and L-type Ca**
channels determine the contractile status of detrusor smooth
muscle, and further, that T-type channel activity is important
at membrane potentials near the resting level. Evidence for a
significant role for T-type channel activity in the resting state
(near membrane potential) was seen in recent studies where
blockade of the T-type channels had a much larger impact on
spontaneous contractility than agonist stimulated responses
(Fry et al., 2002; Chow et al., 2003).
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The importance of the L-type Ca®* channel for bladder
function is clearly demonstrated in mice deficient in the
smooth muscle CaV1.2 calcium channel (SMACKO, smooth
muscle alphalc-subunit calcium channel knockout; Wegener
et al., 2004). These mice were found to have a dramatically
diminished micturition accompanied by an increased bladder
mass. The L-type Ca®* current, protein expression, and
spontaneous contractile activity were all absent in the bladder
of SMACKO mice. In addition, K* and carbachol-induced
contractions were reduced 10-fold in detrusor strips from
SMACKO mice. Finally, dihydropyridine blockade (i.e.
isradipine) inhibited K* and carbachol-induced contractions
of detrusor strips from wild-type mice, but had no effect in
preparations from SMACKO mice. Taken together, these data
clearly document the important contribution of the L-type
Ca>* channel to detrusor myocyte contractility, and thus,
bladder function.

In the light of the aforementioned discussion, it is clear that
a delicate balance of mechanisms responsible for maintaining
calcium homeostasis/mobilization is critical to normal detru-
sor function. Therefore, alterations in these processes would
be expected to lead to bladder dysfunction. For example,
phospholambam is an inhibitor of the SR Ca’*-ATPase
(SERCA), and would therefore be expected to be an important
modulator of detrusor smooth muscle tone. Consistent with
this supposition, mice lacking phospholamban displayed
significantly lower values for the maximal amplitude of both
the intracellular calcium increase as well as force development,
in response to carbachol relative to wild-type mice (Nobe
et al., 2001). These findings clearly attest to the importance
of SR calcium handling and storage to detrusor contractility.

Recent studies have also demonstrated the importance of the
RyR to the regulation of detrusor myocyte tone. Specifically,
Jiang et al. (2005) documented that a decrease in RyR
expression in a rodent model of outlet obstruction and
detrusor overactivity was associated loss of regulation of
spontaneous contractile activity (Jiang et al., 2005). In short,
abrogation of the negative feedback regulation on the BK
channel that is provided by the RyR stores was implicated
in the pathogenesis of the increased spontaneous contractile
activity observed in bladder strips from rats with detrusor
overactivity.

Calcium sensitization and Rho Kinase

Despite the importance of action potentials and associated
Ca’" transients as fundamental mechanisms responsible for
generating spontaneous contractions in detrusor smooth
muscle (Hashitani ez al., 2004), the sensitivity of the contractile
proteins for Ca®*, can also be modulated by cyclic nucleotides
and Rho kinase, and furthermore, this mechanism appears to
play an important role in regulating detrusor myocyte
excitability (Andersson et al., 2004). In this regard, while it
has been assumed that acetylcholine activation of the detrusor
occurs via stimulation of muscarinic M3 receptors, generation
of IP3 and intracellular Ca?* release (Eglen, 1996, see
Figure 2), more recent investigations have shown that
muscarinic receptor activation is associated with increased
Ca’" sensitivity of the contractile proteins via activation
of Rho-kinase and also with Ca®* influx via voltage-gated
dihydropyridine-sensitive Ca®* channels (Schneider et al.,
2004; Wegener et al., 2004). As such, the contractile state of

the detrusor myocyte is dependent on the balance between the
activities of myosin light chain kinase (MLCK) and MLCP.
PKC can also influence the effect of Ca?" on smooth muscle
contractions by phosphorylating CPI-17, which is present in
smooth muscle and inhibits MLCP when phosphorylated.
Rho-kinase and other kinases have also been reported to
phosphorylate the CPI-17 (Andersson & Arner, 2004;
Chacko et al., 2004; Takahashi et al., 2004). Consistent with
these observations, Bing e al. (2003) showed an overexpres-
sion of Rho-kinase (ROCK-b) in rabbit detrusor after partial
bladder outlet obstruction, while Rajasekaran er al. (2005)
demonstrated that Rho-kinase inhibition suppressed detrusor
overactivity in spontaneously hypertensive rats (Bing et al.,
2003; Rajasekaran et al., 2005). Chang et al. (2005) also
documented an increase in ROCK-b in detrusor from
diabetic rabbits.

Gap junctions

Recent observations in human tissue biopsies from patients
with neurogenic detrusor overactivity (Haferkamp et al.,
2004), as well as in patients with urge symptoms (Neuhaus
et al., 2005), clearly demonstrate an increase in the presence
of Cx43-derived gap junction channels in detrusor muscle.
These human data are consistent with experimental obser-
vations in a rodent model of partial urethral outlet obstruction
(Christ et al., 2003) that documented a dramatic increase of
Cx43 mRNA levels associated with bladder hypertrophy and
overactivity (i.e. following 6 weeks of obstruction). A more
acute model of obstruction (i.e. hours; Haefliger et al., 2002)
was also associated with an increase in Cx43 mRNA
expression in detrusor smooth muscle. In addition, in the
trigonal smooth muscle, there is evidence for the occurrence
of gap junctions (John ez al., 2003). Taken together, these
data provide good evidence for gap junction coupling between
human detrusor cells.

Summary and conclusion: the absolute need
for improved therapy

In summary (see Figure 4), it appears that heightened
contractility of both detrusor and corporal smooth muscle
cell tone is associated with an apparent INCREASE in Rho
kinase expression/activity, and a DECREASE in BKc,
expression/activity. By extension, such mechanisms appear to
make an important contribution to bladder (i.e. detrusor
overactivity) and erectile dysfunction (related to heightened
contractility and/or impaired relaxation, and therefore,
venoocclusive dysfunction). As such, pharmacological agents
that target these pathways may be applicable to both of these
common lower urinary tract diseases/disorders. In contrast,
and not surprisingly, alterations in the RyR and SERCA
appear to be more prevalent in altered detrusor contractility,
and therefore, may represent a potentially uro-specific target
for pharmacotherapy of bladder dysfunction. Finally, while
there is some evidence for the importance of the NO/cGMP/G
Kinase pathway to the modulation of detrusor myocyte tone
(Deka et al., 2004), the weight of the evidence seems to favor
the view that this pathway has little direct impact on detrusor
contractility (Andersson et al., 2004); especially when one
considers the importance of other pathways (i.e. ;cAMP). Thus,
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Figure 4 [Illustration of some similarities and distinctions in molecular regulation of detrusor and corporal myocyte tone. In this
diagram, targets that are apparently more important to the regulation of the detrusor myocyte are shown in red (RyR receptor and
SERCA), while those thought to be more important to the regulation of corporal smooth muscle are shown in yellow (PDEV/
c¢GMP/nitric oxide pathway). If a target is important to both cell types, then it appears orange (BKc,, L-type calcium channel, gap
junctions, Rho Kinase). Such observations may point the way to novel therapeutic possibilities.

it would appear that manipulation of this pathway would
provide some uro-specific treatment of corporal myocyte tone,
relative to detrusor myocyte tone. Certainly, the clinical success
of PDEV inhibitors is consistent with this supposition (although
indirect effects through bladder afferents cannot be ruled out).

In conclusion then, despite the tremendous amount of new
mechanistic insight, current therapies for both bladder and
erectile dysfunction both still have much room for improve-
ment. With respect to the former, current therapies for the past
two decades have focused largely on anticholinergic therapy,
with only modest success. The rationale for this approach has
always been that muscarinic receptors are the primary
receptors mediating bladder contractions (Andersson, 2004)
Unfortunately, even at high doses, these medications have
never been an adequate therapy for detrusor overactivity, and
cause many bothersome side effects. The recent development
of transdermal methods of administration have limited the side
effects of these drugs, but have not adequately improved the
efficacy. Thus, the search continues for better agents for the
modulation of bladder overactivity (Dmochowski, 2005). With
respect to the latter, despite the success of the PDE V
inhibitors for the treatment of erectile dysfunction, there are
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