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Abstract
Non-neuronal release of acetylcholine (ACh) has been proposed to play a role in urinary bladder
function. These studies investigated the expression and function of the non-neuronal cholinergic
system in cultured urothelial cells isolated from the rat urinary bladder. Our findings have revealed
that urothelial cells express the high-affinity choline transporter (CHT1) and acetylcholine
synthesizing enzymes, choline acetyltransferase (ChAT) and carnitine acetyltransferase (CarAT).
In contrast to neurons, urothelial cells do not express the vesicular acetylcholine transporter
(VAChT) but do express OCT3, a subtype of polyspecific organic cation transporter (OCT) that is
thought to be involved in the release of acetylcholine from nonneuronal cells. Following exposure
of cultured urothelial cells to 3H-choline, radioactivity was detected in the cells and increased
release of radioactivity into the eternal media was evoked by mechanical stimulation (exposure of
the cells to 50% hypotonic Krebs) or chemical stimulation of purinergic receptors by 100 μM
ATP. The present experiments did not establish if the evoked release of radioactivity (termed 3H-
ACh release in this paper) was due to release of acetylcholine or choline. 3H-ACh release was not
evoked by application of acetylcholine alone, however pretreatment with the non-selective
muscarinic receptor antagonist atropine prior to application of acetylcholine facilitated 3H-ACh
release, suggesting that the acetylcholine released from urothelial cells may participate in a
negative feedback mechanism by acting on muscarinic receptors to inhibit its own release in the
urothelium. Brefeldin, an agent which disrupts vesicular exocytosis, did not block hypotonic-
evoked 3H-ACh release. These observations indicate that acetylcholine release from urothelial
cells is mediated by different mechanisms than those such as vesicular storage and exocytosis that
underlie the release of neurotransmitters from nerves.
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Introduction
The luminal surface of the urinary bladder is covered by several layers of epithelial cells (the
urothelium) which functions as a passive barrier to the passage of substances from the urine
into the bladder wall. Recently it has been shown that the urothelium is also a responsive
structure capable of releasing a number of signaling molecules including ATP, nitric oxide
and prostaglandins in response to mechanical and chemical stimuli (Birder, 2005). A basal
release of acetylcholine has been detected in bladder and this release was considerably
decreased following removal of the bladder mucosa suggesting a portion of the release
originates in the urothelium (Yoshida et al., 2006; Yoshida et al., 2004).

Thus the urothelium appears to be similar to a variety of other non-neuronal cells including
keratinocytes, endothelial, glial, and bronchial epithelial cells which are capable of
synthesizing and releasing acetylcholine (Wessler and Kirkpatrick, 2001; Wessler et al.,
1998). Various functions of non-neuronal cholinergic systems have been considered
including regulation of cell-cell contact and signaling, growth, proliferation and apoptosis
(Wessler and Kirkpatrick, 2001; Wessler et al., 1998).

Release of acetylcholine from the urothelium could have a number of consequences, such as
activation of cholinergic (nicotinic/muscarinic) receptors on nearby bladder nerves, smooth
muscle and myofibroblasts as well as autocrine/paracrine function to activate cholinergic
receptors on the urothelial cell surface (Hegde, 2006; Andersson and Yoshida, 2003).
Acetylcholine release from bladder urothelium may also play a role in a number of
pathologies including detrusor overactivity. In support of this idea is evidence that
antimuscarinic drugs, a long established therapy for the management of overactive bladder,
exhibit efficacy during the bladder storage phase when bladder efferent nerves are “silent”,
suggesting that release of acetylcholine from non-neuronal sources (i.e the urothelium) plays
a significant role in bladder dysfunction (Andersson and Yoshida, 2003). Further support for
a role for urothelial-derived acetylcholine in bladder pathology was obtained from recent
studies that documented increased acetylcholine content and release in bladder mucosa from
aged patients who exhibit a greater incidence of bladder overactivity (Yoshida et al., 2004).

The present study examined: (1) the properties of the non-neuronal cholinergic system in rat
urinary bladder urothelial cells, (2) the mechanism of release of acetylcholine from bladder
urothelial cells and (3) the possible involvement of this system in bladder function.

Methods
Cell culture

Preparation of urothelial cultures was carried out as previously described (Birder et al.,
2003; Birder et al., 2002). Briefly, bladders were excised from adult female Sprague-Dawley
rats (250–350 g), killed by inhalation of medical grade CO2 followed by thoracotomy and
cardiac puncture. The bladders were cut open, gently stretched and pinned with the
urothelial side up. Following an overnight incubation in minimal essential medium
containing antibiotic and 2.5 mg/ml dispase (Gibco), the urothelium was gently scraped
from underlying tissue, treated with 0.25% trypsin and resuspended in keratinocyte medium
(Gibco). The cells were plated at a density of 50,000–70,000 cells/ml on collagen-coated
cover slips. Immunocytochemistry using cytokeratin antibody (1:200, Dako) was performed
on samples from each culture to confirm that the cells were epithelial. Purity of the cultures
was confirmed by the absence of vimentin-positive staining (a marker for fibroblasts), using
monoclonal anti-vimentin (1:200, Sigma).
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Reverse transcription-PCR
RNA was extracted from cultured cells at the time of confluency (2–3 days in culture) by
homogenization in Trizol (Life Technologies) and was reverse transcribed with an oligo-dT
primer, using Superscript II (Life Technologies). RT− controls were performed for each
sample by omission of the enzyme. PCR amplification was conducted in the presence of
1.25 units of platinum Taq DNA Polymerase (Life Technologies) using primers for the
following: rat organic cation transporters (rOCT) 1, 2 and 3, the acetylcholine-synthesizing
enzyme choline acetyltransferase (ChAT); the vesicular acetylcholine transporter (VAChT);
glyceraldehyde-3-phosphate dehydrogenase (GAPDH); the high-affinity choline transporter
(CHT1) and carnitine acetyltransferase (CarAT), which also exhibits choline
acetyltransferase activity. PCR was initially conducted with a temperature gradient to
determine ideal annealing temperatures for the primers used.

Amplification primer sequences were as follows: rOCT1:5'- catctgtgtccggtgtgc -3' and 5'-
cttcaggtcagcaggagg-3'; rOCT2:5'- gcctcctgatcctggctg -3' and 5'- ggtgtcaggttctgaagagag -3';
rOCT3:5'- ttcggcgttggcatcacg -3' and 5'-ctgtaactgtgatctctgag-3'; GAPDH: 5'-
cgtcttcaccaccatggaga-3' and 5'- cggccatcacgccacagctt-3' (Lips et al., 2005); CHAT: 5'-
ctagacgaaccccagttcca-3' and 5'- cacccacgttttctgatcct-3'; CarAT: 5'-ccaagcaggacttcatggat -3'
and 5'- tgtgtgggtggtttctttga -3'; CHT1: 5'-ctgtctcctcagggcaaaag-3' and 5'-
ctaaagctggggctgctatg-3';VAChT : 5'-tggtcattctgcaagagcac -3' and 5'- ccatttccccaatgaatacg-3'.
Amplification products were visualized on a 1.3% agarose gel with ethidium bromide.
Purity of the RNA isolation was confirmed by empty RT− lanes.

Acetylcholine release
Acetylcholine was measured with a radiolabelled method (H3-choline) used in previous
studies to examine acetylcholine release from nerves in the urinary bladder (Somogyi and de
Groat., 1999). Urothelial cells were incubated in Krebs solution containing 10μCi.ml−1[3H]-
choline (specific activity 83.0Ci.mmol−1) for 60min. In order to remove non-selective bound
radioactivity, following incubation with [3H]-choline, urothelial cells were superfused with
oxygenated Krebs solution using a peristaltic pump (Dynamax® Model RP-1; Rainin
Instrument Co. Inc.), at a rate of 0.3 ml. min−1 for 30 minutes. At t=30 min, 100μl samples
were taken every minute for a total of five minutes to assess control 3H-ACh release.

The effect of mechanical or chemical stimulation was investigated by changing the
superfusate medium to one of a lower osmolality or containing the drug; samples were taken
every minute for 5 minutes during the test phase. Following a 10-minute washout phase in
Krebs, five samples were taken at one minute intervals. Superfusate fractions (100 μl), were
added to scintillation vials followed by the addition of 4ml of scintillation fluid
(ScintiSafe™ 30%; Fischer Scientific) to each sample. At the end of each experiment the
cells were lysed with a 5M Urea solution containing 0.02% Triton® X-100 (Sigma) and the
total volume of lysate was collected. This count was added to the cumulative counts from all
fractions collected during the course of the experiment (control, test and washout phases), in
order to estimate the `total releasable' 3H-ACh. Counts were estimated as a percent of this
pool (% fractional release). Radioactive counts were measured with a liquid scintillation
counter (LS 6500, Beckman Coulter).

Drugs and radiochemicals
All chemicals and drugs were obtained from Sigma-Aldrich Corporation USA unless
otherwise noted. These include: Acetylcholine chloride, Atropine sulphate, Brefeldin A and
ATP. methyl-[3H]-Choline chloride was supplied by GE Healthcare, Amersham, UK.
Hypotonic Krebs was prepared by a 50% reduction in [NaCl].
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Results
PCR data

Using RNA extracted from urothelial cells (2–3 days in culture), RT-PCR studies were
carried out to obtain evidence for an acetylcholine synthesis/storage mechanism in the
epithelial cells. Primers for the high affinity choline transporter (CHT1), choline
acetyltransferase (ChAT) and carnitine acetyltransferase (CarAT) produced positive bands
following gel electrophoresis of the PCR products. However, failure to produce a PCR
product using the VAChT primer in all UT cell cultures suggests that acetylcholine is not
stored in synaptic vesicles. RT-PCR experiments, using RNA extracted from rat DRG
cultures (2DIV), were carried out to validate the adequacy of the VAChT primers; positive
bands were evident following gel electrophoresis of the PCR products. In addition the
demonstration that the cells express OCT3, a polyspecific cation transporter, suggests that
membrane transport rather than a vesicular exocytosis may be the mode of secretion of the
acetylcholine from these cells.

Functional Study
Cells exhibited control levels of 3H-ACh hereafter termed radioactivity released in all
protocols; values ranged from 0.2 −2.0% of total radioactivity released over the various
protocols used. Exposure of cells to mechanical stimulation, in this instance cellular
swelling in 50% hypotonic Krebs (Fig.1), caused a significant increase in radioactivity
release (p<0.05; paired Students t-test; n=4). This was noted within the first minute of
exposure to hypotonicity. Following washout, (return to isotonic Krebs superfusate),
radioactivity release was not statistically different from values (control) recorded prior to
exposure of the cells to the stimulus.

Urothelial cells exhibited a significant increase in radioactivity release above control levels
(p<0.05; paired Students t-test; n=3) upon exposure to ATP (100μM) (Fig 1). The response
was again rapid, seen within the first minute of exposure to the chemical stimulus.
Following washout, release returned to the low levels recorded during the initial control
phase.

In contrast, application of acetylcholine (100μM) did not alter control radioactivity release.
However, following pre- incubation with the non-specific muscarinic receptor antagonist,
atropine (100μM) and in its continued presence, acetylcholine (100μM) evoked an increase
in radioactivity release (data not shown).

Cells incubated with brefeldin (10μM) for 1 hour prior to the test phase exhibited a response
to mechanical stimulation in the continued presence of the agent. After changing the
superfusate to 50% hypotonic Krebs, the cells exhibited a rapid and significant increase in
radioactivity release with values increasing almost two-fold above the control values
(p<0.05; paired Students t-test; n=3).This response was reversed after changing the bath to
isotonic Krebs.

Discussion
The present experiments, which were carried out to investigate the properties of a non-
neuronal cholinergic system in cultured urothelial cells from the rat urinary bladder,
revealed that urothelial cells express the mechanisms for the synthesis of acetylcholine
including the high-affinity choline transporter (CHT1) and the acetylcholine synthesizing
enzymes choline acetyltransferase (ChAT) and carnitine acetyltransferase (CarAT). The
experiments also provided evidence that 3H-ACh release from urothelial cells is mediated by
a mechanism that does not depend on vesicular storage of acetylcholine.
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In urothelial cells as in neurons, the synthesis of acetylcholine is likely to involve several
steps including the uptake of choline from the extracellular compartment and then formation
of acetylcholine via cytoplasmic enzymes. The transporter for choline uptake (CHT1) and
the enzymes for acetylcholine synthesis (CHAT and CarAT) were identified in urothelial
cells. On the other hand, it seems unlikely that acetylcholine is stored in vesicles in
urothelial cells because the VAChT was not found in these cells and brefeldin, a chemical
that blocks vesicle formation, did not block hypotonic-induced release of 3H-ACh from
urothelial cells. Thus, our findings which are consistent with those of Wessler and others
(Lips et al., 2005;Wessler et al., 2001) indicate that release of 3H-ACh in urothelial cells
does not occur via an exocytotic mechanism. As it has been shown that ATP release from
urothelial cells is reduced by brefeldin (Knight et al., 2002), it is likely that ATP and
acetylcholine are released by different mechanisms from urothelial cells.

It has been recently reported that acetylcholine released from human placental epithelial
cells is mediated by electrogenic polyspecific organic cationic transporters (OCTs)(Wessler
et al., 2001). It has also been shown that OCT1 and OCT2 isoforms are localized at the
apical membrane of ciliated airway epithelial cells while the OCT3 isoform is present at the
basalateral membrane in a number of non-neuronal cell types including human bronchial
epithelium (Lips et al., 2005;Koepsell et al., 2003). Consistent with these findings, the
present experiments revealed that bladder urothelial cells express the organic cationic
transporter isoform OCT3.

It has been reported that nicotinic and muscarinic cholinergic receptors are widely expressed
on non-neuronal cells including intestinal, skin and urinary bladder epithelial cells, immune
cells as well as myofibroblasts (Wessler and Kirkpatrick, 2001; Hegde, 2006; Beckel et al.,
2005; Mukerji et al., 2006). In the present study, 3H-ACh evoked release was unmasked by
atropine suggesting this was mediated by activation of nicotinic receptors. In addition,
similar to that reported in other types of non-neuronal cells (Wessler and Kirkpatrick, 2001),
stimulation of acetylcholine-receptors in bladder urothelial cells results in a release of nitric
oxide, prostanoids (unpublished observations) and ATP (Birder et al., 2003).

What are the possible functions of acetylcholine release from urothelial cells? Taken
together, these observations suggest multiple lines of cell-cell communication with non-
neuronal acetylcholine release acting to stimulate cholinergic receptors (nicotinic/
muscarinic) expressed on nearby bladder nerves, myofibroblasts as well as smooth muscle.
In addition, acetylcholine released from urothelial cells or efferent nerves could lead (via
paracrine or autocrine signaling) to release of modulators such as ATP, nitric oxide or
prostanoids from urothelial cells which in turn, could alter neural excitability. In the present
study hypotonic stimuli as well as ATP elicited release of 3H-ACh from urothelial cells. The
finding that mechanical stretch, due to hypotonic swelling, evoked 3H-ACh release may also
indicate that acetylcholine plays an important autocrine role in the physiological
homeostasis of these cells.

A number of studies have provided evidence for prejunctional autoreceptors on bladder
nerve terminals (D'Agostino et al., 2000; Somogyi and de Groat, 1999). These receptors
which are known to inhibit or facilitate the release of acetylcholine have also been localized
in nonneuronal tissues including the tracheal epithelium (Vlahos et al., 2000). In epithelium-
intact tracheal preparations, acetylcholine efflux was enhanced in the presence of the
muscarinic antagonist, atropine raising the possibility that the increased release of
acetylcholine was due to blockade of prejunctional muscarinic autoreceptors on nerve
terminals. In the present study, we showed that administration of atropine, enhanced the
acetylcholine-evoked release of 3H-ACh from cultured urothelial cells. These observations
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suggest that acetylcholine acts in an autofeedback manner on muscarinic receptors on the
urothelial cells to suppress its own release.

Cholinergic mechanisms in the urinary bladder activated by acetylcholine arising in non-
neuronal tissues may play an important role in the initiation of bladder disorders such as
overactive bladder (OAB) (Hegde, 2006;Andersson and Yoshida, 2003;Kumar et al., 2005).
Thus, urothelial cholinergic receptors and release of acetylcholine from urothelial cells are
attractive targets to treat these disorders. Antimuscarinic drugs are the cornerstone in the
treatment regimen for bladder overactivity. These drugs are used to block muscarinic
receptors in bladder smooth muscle as well as other sites including bladder nerves. Previous
studies revealed that activation of muscarinic receptors in the urothelium triggers the release
of ATP and nitric oxide which could lead to activation of afferent pathways. Thus blockade
of urothelial muscarinic receptors could act indirectly to reduce afferent nerve activation and
therefore decrease OAB symptoms. However, it is also possible that antagonism of
inhibitory muscarinic receptors in the urothelium could lead to additional acetylcholine
release from the urothelium and a corresponding enhancement in afferent nerve activity. In
bladder efferent nerves, different subtypes of muscarinic receptors mediate inhibitory (M2-
M4) and facilitatory effects (M1) on transmitter release. It will be important in future
experiments to determine if different subtypes of muscarinic receptors exert facilitatory or
inhibitory effects on transmitter release in the urothelium. Because of the possibility of
mixed effects, subtype selective receptor antagonists might be used to suppress excitatory
responses without affecting inhibitory responses.

Injection of botulinum toxin into the bladder wall has recently been used to treat bladder
disorders that are resistant to other therapies such as neurogenic detrusor overactivity and
interstitial cystitis (Ho et al., 2005;Chancellor, 2002). The inhibition of detrusor muscle
contractions is due to the ability of the toxin to block exocytosis and the release of
transmitters such as acetylcholine and ATP from bladder nerves. Recent studies have also
shown that botulinum toxins can also block ATP release from bladder urothelium (Smith et
al., 2005). In light of the present observations it would appear that botulinum toxins could
prevent the release of purines but not acetylcholine, from bladder urothelium. Thus,
botulinum toxins could be utilized experimentally in future studies to discriminate between
purinergic and cholinergic release mechanisms in bladder urothelium and to confirm our
preliminary results indicating that ATP and acetylcholine are released by different
mechanisms in urothelial cells.

Conclusion
The present results coupled with previous descriptions of cholinergic mechanisms in the
urothelium indicate that acetylcholine released from urothelial cells or from nerves in the
vicinity of urothelial cells may activate multiple types of receptors (nicotinic and
muscarinic) to facilitate or inhibit the initiation of afferent activity in the bladder. Targeting
of urothelial acetylcholine receptors/ion channels or acetylcholine release mechanisms may
lead to development of new strategies for the clinical management of bladder disorders.
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Fig 1.
Mechanical (50% hypotonic Krebs) and chemical (ATP 100μM) stimuli evoke significant
(p< 0.05; Students paired t-test) increase in radioactivity release from cultured urothelial
cells. Stimulated neurotransmitter release was of the order of two-fold that of the preceding
control level in the respective groups of experiments. While acetylcholine alone did not
evoke release of radioactivity, acetylcholine (100 μM) administered following preincubation
of UT cells with the non-specific muscarinic receptor antagonist, atropine (100 μM) evoked
a significant increase in release of radioactivity (p<0.05; Student's paired t-test). Values are
mean radioactivity release per minute averaged over the 5-min control and test periods.
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