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In vitro models: research in physiology and pharmacology

of the lower urinary tract
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The physiology and pharmacology of the lower urinary tract has advanced based, in part, due to the
in vitro assays that have facilitated this exploration. Such assays have led to the development of novel
and selective molecules that have been used to characterize different receptor and enzyme systems in
the larger context of in vivo pharmacology. These assays can be classified by sites of action of drugs
into the following categories: receptors, effector enzymes and enzymes that terminate the responses. In
this review, representative assays are presented based on our experience in male erectile dysfunction.
British Journal of Pharmacology (2006) 147, S56-S61. doi:10.1038/sj.bjp.0706505

Keywords: GPCR; cAMP; cGMP; ion channel; erectile dysfunction; lower urinary tract
Abbreviations: AA, arachidonic acid; AC, adenylate cyclase; eNOS, endothelial NOS; ELISA, enzyme-linked immunoassay;
FLIPR, fluorescent imaging plate reader; sGC, soluble guanylate cyclase; GPCR, G-protein coupled receptor
L-Arg, L-arginine; LUT, lower urinary tract; IP3, inositol trisphosphate; MED, male erectile dysfunction; NO,
nitric oxide; PDES, phosphodiesterase 5; PLC, phospholipase C; RIA, radioimmunoassay
Introduction

The lower urinary tract (LUT) functions to store and void
urine and plays an important role in male sexual function.
Over the last 25 years, the development of small molecules that
target specific receptors and enzyme systems has allowed rapid
progress in developing an understanding of the physiology and
pharmacology of the LUT (see Andersson, 2001; deGroat and
Yoshimura, 2001; Moreland et al., 2001; 2004a). In vitro assays
that define both the efficacy and potency at a defined target,
as well as the selectivity of that molecule, are key in the
development of these small molecules. It is important to note
that conclusions derived from complex systems correlate
directly to the selectivity of the agents used in the investigation.
Over the last decade, highly selective agents that target specific
receptors and enzymes have been discovered. It is expected
that these agents will help revolutionize the types of questions
addressed in LUT physiology and pharmacology. While the
various organ systems of the LUT share commonalities, this
review will focus on our experience with male erectile
dysfunction (MED) as an example of the use of in vitro assays
in basic science as well as drug discovery. As such this is not
meant to be an exhaustive review of in vitro assays, but rather
illustrative of the principles involved from the experiences in
our own laboratory.

Pharmacologically one designates sites of action of drugs
into the following categories: (1) receptors (G-protein coupled
or not), (2) effector enzymes (e.g. adenylate and guanylate
cyclases, phospholipases, kinases, synthases) and (3) enzymes
that terminate the responses (e.g. phosphodiesterases, phos-
phatases). One of the challenges in utilizing isolated in vitro
assays is the recognition that these receptors and enzymes are
integrated into complex pathways (see Eyster, 1998).
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The first step in deciding which in vitro assays to use is to
define the system. A physiologic or pharmacologic observation
spurs questions to further investigate the broader role of a
receptor or enzyme system in a specific organ system. In vitro
assays can be broadly classified into binding of ligands or
functional assays. If a receptor is involved, one should be able
to demonstrate expression, binding of specific ligand or
substrates and functional activity. A common misconception
is that greater mRNA expression does not imply greater
importance. In contrast, it may be that the regulation of the
receptor or enzyme by post-translational modification leads
to enhanced activity and importance. Recently, functional
proteomics has been proposed as a means to examine
functional expression in cells and tissues (see Jessani &
Cravatt, 2004). While the impact of this technology has yet
to be realized, a high throughput platform has been developed
(see Jessani et al., 2005). A common theme in characterization
of adrenoceptors, muscarinic and prostanoid receptors in
corpus cavernosum in our laboratory was demonstration of
expression of various receptor subtypes in combination with
determining functional responses with known nonselective
and selective agonists and antagonists (see below).

Within the assay system, the investigator must exercise care
to assure the system chosen reflects, as closely as possible,
the in vivo situation. Over the course of a quarter century
of research, it has been found that the density of G-protein
coupled receptors (GPCRs) can affect downstream signaling
pathways. Consequently, depending on the system employed, a
small molecule may behave as a partial or full agonist,
antagonist or inverse agonist (see Kenakin, 2003). Often the
choices are limited to transfect the receptor or channel of
interest into HEK-293 or CHO-K1 cells. If cellular context
(e.g. smooth muscle versus neuron) is important, critical
information may be missed by assaying the target of interest
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into an inappropriate cell type. It is our preference that
primary cultures of the tissue of choice be used whenever
possible as a secondary assay to confirm results obtained in
transfected cells. This is not always possible, however,
particularly if a receptor or enzymatic activity is poorly
expressed in the tissue of interest.

As penile erection involves relaxation of corporal vascular
and smooth muscle during sexual stimulation, the application
of in vitro models of isolated corpus cavernosal tissue has
significantly enhanced our understanding of the biochemical
events at the cellular level (see Andersson, 2001; Moreland
et al., 2001). From a scientific perspective, these models allow
dissection of the various neurotransmitters and vasoactive
factors involved in this process and the signal transduction
pathways therein (Figure 1). Aside from isolated enzyme
preparations, there are three major in vitro models currently in
use: transfected cells, cell cultures derived from the corpus
cavernosum and muscle strips in organ baths (see below).
Similarly, in the LUT, cultures of urethral, urinary bladder
and ureter cells have been reported, but pharmacology remains
largely uncharacterized (e.g. Baskin et al., 1993; Kropp et al.,
1999; Corvin et al., 2001). Organ bath studies of ureter, urethra
and more common urinary bladder have been reported and
the reader is referred to representative examples (Levin et al.,
1995; Pontari et al., 2004; Su et al., 2004; Wheeler et al., 2005).
Studies of central nervous system components involving brain
slices have yet to be used with great utility in this area of
research.

During the last decade, primary cultures of corpus
cavernosum cells from human or animals have provided useful
insights into factors that can modulate the intracellular events.
These studies have included cultures of corpus cavernosum
endothelial as well as smooth muscle cells. Such experiments
have been helpful in defining which receptors are localized in

each cell type and in understanding of the specific signal
transduction mechanisms. As the degree of smooth muscle
tone is mainly controlled by the intracellular Ca®>* concentra-
tion (Horowitz et al., 1996), any event that alters Ca>* entry to
the cell or release of Ca?* from intracellular storage will
ultimately have a significant impact on corporal smooth
muscle tone (see Andersson & Wagner, 1995). Two primary
intracellular messenger molecules ((AMP and cGMP) mod-
ulate the continuous transmembrane Ca’* flux through
voltage-dependent calcium channels that are critical to the
sustained contraction of corporal smooth muscle. Studies in
tissue strips and primary cell cultures have provided the
available information on intracellular events described in
Figure 1.

Receptor assays

Many small molecules are targeted against specific cell surface
or nuclear receptors. Pharmacologically, a receptor can be
defined as ‘a cellular macromolecule, or an assembly of cellular
macromolecules, that is concerned directly and specifically in
chemical signaling between and within cells’ (Neubig et al.,
2003). These can include GPCRs, ion channels (discussed
below) and nuclear-targeted receptors such as the estrogen,
androgen and PPRYy receptors. The two major approaches are
utilized to study receptors: binding assays (usually radioligand)
and functional assays.

A radioligand binding assay can be used provided sufficient
numbers of receptors are expressed and a radioligand is
available. The current use of terminology and analysis has
recently been reviewed (see Neubig ez al., 2003). In the choice
of radioligand, many assays use antagonists (such as rauwols-
cine for a,-adrenoceptors and spiperone for D,-like receptors)
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Peripheral mechanisms involved in flaccidity and erection. A conceptual framework depicting mechanisms involved in

regulating corpus cavernosum smooth muscle tone as well as the mechanisms of action of peripheral pharmaceutical treatments for
MED. AC, adenylate cyclase; AA, arachidonic acid; eNOS, endothelial NOS; GC, guanylate cyclase; L-Arg, L-arginine; IP3,
inositol trisphosphate; PLC, phospholipase C. Taken from Moreland et al. (2001) (used by permission).
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(Traish et al., 1997b; Gupta et al., 1998; Moreland et al.,
2004c¢). In other cases, the investigator may only have available
radioactive agonists such as 8-hydroxy-DPAT for S5-HT
receptors (e.g. 5-HT;, receptors) or A-369508 for dopamine
D, receptors (De Vry et al., 1998; Moreland et al., 2004c). As
in the case of 8-hydroxy-DPAT, rauwolscine and spiperone,
the investigator must take care to consider cross reactivity of
these ligands with other receptors. Newer, more selective
radioligands may obviate this if they are available. The caveats
of the employment of an agonist or antagonist radioligand
must be taken into account (see Neubig et al., 2003; Kenakin,
2004). Agonist radioligand binding can require an active
GPCR (with G protein bound). Depending on the receptor in
question, the affinity can differ up several fold to orders of
magnitude between the agonist and antagonist used in the
assay (Moreland et al., 2004b, c). While antagonist binding is
inherently more stable and reproducible, it is important to be
aware that differences in affinity for the receptor can exist
depending on the ligand used and may affect the overall
conclusion. Typically, binding assays involve a timed incuba-
tion with the radioligand and membranes expressing the
receptor of interest at optimized temperature and conditions.
Binding is allowed to proceed until it reaches equilibrium.
Termination of the assay can be carried out in a number of
ways that separate free from bound and the radioactivity
remaining is counted. The end readout is an affinity of the
ligand for receptor and utilization of different types of analysis
(e.g. Hill, Scatchard, Schild). Using these analyses, one can
derive information characterizing ligand affinity as well as the
nature of the receptor (high and low affinity, spare receptors,
receptor number) (see Neubig er al., 2003; Kenakin, 2004).
In basic research, binding assays can provide affinity of sites
as well as the total number of binding sites per tissue or cell.
In small molecule discovery, binding assays are critical to
determine affinity of test small molecules for the receptor in
question as well as selectivity at other sites (e.g. see
characterization of dopamine D, selective agonist radioligand,
A-369508; Moreland et al., 2004c).

Functional GPCR assays usually utilize a secondary read-
out such as GTP-y-S binding, levels cAMP or cGMP, or
calcium influx. Functional assays are performed for shorter
periods of time than equilibrium binding assays. GTP-y-S
binding reflects activation of the receptor bound G protein
and one of the first steps in signal transduction (e.g. see
Newman-Tancredi et al., 2002; Moreland et al., 2004c). Cyclic
nucleotides (cAMP or cGMP) assays are usually determined
by enzyme-linked immunoassay (ELISA) or radioimmuno-
assay (RIA). Calcium flux can be measured by use of fluorescent
calcium indicators such as Fluo4 and a fluorometer or
fluorescent imaging plate reader (FLIPR). Examples in corpus
cavernosum smooth muscle cells include Ga, coupled receptors
(increase cAMP synthesis) such as the vasoactive intestinal
peptide (VIP) receptor, the DP prostaglandin D receptor and
EP2 and EP4 prostaglandin E receptors (Moreland et al., 2001;
2002; 2003), Guaj, coupled receptors (decrease forskolin
cAMP synthesis), such as a,-adrenoceptor (Traish er al.,
1997b; Gupta et al., 1998) and Goy, coupled receptors
(increased calcium flux of phospholipase activity) such as
o-adrenoceptors and endothelin ET, and ETy receptors
(Figure 1). In some cases, undetectable amounts of receptors
on the cell surface can yield results in functional assay
results as has been seen with o, adrenoceptors on primary

cultures of rabbit corpus smooth muscle cells (Gupta et al.,
1998). Forskolin induction of cAMP can lead to a problematic
readout, even in primary cultures, as some receptors such as
the M, and M, acetylcholine receptors that are Ge; coupled
signal via Go increasing cAMP synthesis (Traish et al., 1995b;
1997a).

Recently, dopamine D, receptor agonists have been
characterized that induce penile erection by a supraspinal
mechanism (Brioni et al., 2004). Since this receptor is sparsely
expressed in the central nervous system, transfected cells were
used for the assays. The use of chimeric Gogos (the last five
amino acids of Gu, fused to Guo,) provided a calcium flux
assay suitable for higher throughput compound evaluation
(Moreland et al., 2004b). Further, using an agarose gel based
method, live cells loaded with calcium indicator dyes and
compounds spotted on a solid support, 8640 compounds per
sheet could be assayed in a microarray compound screening
format (Gopalakrishnan et al., 2003). Certain promiscuous G
proteins such as Guo,e can lead to conflicting data with data
obtained using naturally coupled receptors or receptors with
chimeric G proteins (see Kostenis, 2001). Correlation with
other functional assays is prudent.

Although in vitro assays focus on single channels, receptors
or enzymes which are transfected and overexpressed into a
host cell, the further challenge of peripheral and central (spinal
and supraspinal) mechanisms leaves the investigator with
the quandary of integrating the data from in vitro assays with
the in vivo situation. Drug discovery has different assay
requirements from basic research, since the goal is to identify
novel, small molecules with a certain activity. Assays are
performed in a high throughput manner to screen large
numbers of compounds. One may detect an agonist or
antagonist in an assay that optimizes detection but over-
estimates efficacy due to the number of receptors expressed or
coupling system employed. This conundrum has been dis-
cussed recently including the advantages and disadvantages
of using primary cultures of ‘natural’ cells (see Kenakin,
2003; 2004; Neubig et al., 2003). The basic scientist using
transfected cells and comparing to primary cultures of the
organ system in question or tissue baths should be aware of
this issue.

Ion channel assays

Ton channels (ligand gated and voltage gated channels) affect
cellular ion flux, resulting in a variety of processes including
smooth muscle contraction, neuronal firing and activation of
endothelial signaling pathways (e.g. calcium induction of nitric
oxide (NO) synthase). Ion channels play key roles in the LUT
as well as in erectile function (see Christ, 2000; Gopalakrish-
nan & Shieh, 2004). The two major types of assays used to
measure activity include flux assays (Gill et al., 2003) and
electrophysiology measurements (e.g. Spektor et al., 2002).
Flux assays can utilize radioactive ions (such as rubidium for
the sodium, potassium ATPase, Gupta et al., 1995) or calcium
or sodium fluorescent indicators. Although electrophysiology
is more labor intensive and focuses on single cells, this
technique can elicit data unobtainable from other methodol-
ogies. Examples of these assays include characterization of
Maxi K, K ATP, and Kv2.2 channels in corpus cavernosum
(Lee et al., 1999; Malysz et al., 2002; Spektor et al., 2002).
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Enzyme based assays

The NO pathway is key in vascular smooth muscle relaxation
in penile erection (see Andersson, 2001; Moreland et al., 2001;
2004a). NO synthase assays measure the conversion of
radiolabeled arginine to citrulline in tissue extracts (Kim
et al., 1993) as well as enable direct detection of NO (Becker
et al., 2000). NO activates soluble guanylate cyclase (sGC),
increasing the synthesis of cGMP in the smooth muscle cell
(Figure 1) (see Brioni et al., 2002). Typically, these assays use
recombinant sGC or tissue extracts and measure levels of
cGMP by ELISA, RIA or enzymatic means. Allosteric
activators of sGC have been described and enzyme kinetic
assays have been used to elucidate these properties (Nakane
et al., 2002; Miller et al., 2003). The effects of oxygen tension
on prostaglandin synthesis in human corpus cavernosum
smooth muscle cells and in rabbit corpus cavernosum have
been determined. These assays utilize extraction and detection
of the prostaglandin or prostaglandin metabolite by ELISA
(Daley et al., 1996, Moreland et al., 2001).

Phosphodiesterases and phosphatases catalyze hydrolysis of
cyclic nucleotides and phosphorylated substrates, respectively
(see Wheeler et al., 2005). Phosphodiesterase 5 (PDES)
inhibitors were recently discovered and used as oral first line
therapeutics in the treatment of MEDs (Moreland et al., 2001,
2004a). The discussion of competitive and allosteric enzymatic
inhibition is beyond the scope of this review and the reader
is referred to other sources (see Neubig ez al., 2003; Kenakin,
2004). PDE5 has been assayed in extracts from corpus
cavernosum, cultured corpus cavernosum smooth muscle cells,
as well as platelets (Boolell et al., 1996; Ballard et al., 1998;
Moreland et al., 1998). In these assays, radioactive cGMP is
hydrolyzed and the remaining substrate quantitated after a
period of time using ion exchange chromatography and
scintillation counting. Data analysis has included the use of
Dixon plots and determining inhibition at multiple substrate
concentrations to determine the inhibition constant (K))
(Ballard et al., 1998; Moreland et al., 1998). Similar assays
can be carried out for other phosphodiesterases.

Tissue based assays, organ baths

Tissue bath studies allow the ex vivo study of muscle
contraction in a system with more than one cell type.
Information can be obtained regarding some neural responses
(e.g. electrical stimulation and release of NO; Kim et al., 1993)
as well as contractile and relaxatory processes in the target
tissue. For studies on human MED, sources of tissues have
relied on human surgical biopsies of corpus cavernosum
obtained at the time of penile prosthesis insertion in men with
MED or from penile cancer patients undergoing partial
penectomy. The restricted availability of human penile tissues
has led to use of cavernosal tissues isolated from rabbit as a
major in vitro model. Similar information has been obtained by
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