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Abstract
Aims—A non-neuronal cholinergic system has been described in epithelial cells including that of
the urinary bladder (urothelium) and the upper gastrointestinal tract (esophagus). Epithelial
dysfunction has been implicated in the pathophysiology of persistent pain conditions such as
painful bladder syndrome as well as functional heartburn. For example, alterations in the ability to
synthesize and release acetylcholine may contribute to changes in epithelial sensory and barrier
function associated with a number of functional genitourinary and intestinal disorders.

Main methods—We examined using immunoblot, acetylcholine (ACh)-synthesis and release
components in cat esophageal mucosa and whether elements of these components are altered in a
naturally occurring model of chronic idiopathic cystitis termed feline interstitial cystitis (FIC).

Key findings—We identified proteins involved in ACh synthesis and release (high affinity
choline transporter, CHT1; ACh synthesizing enzymes choline acetyltransferase ChAT and
carnitine acetyltransferase CarAT; vesicular ACh transporter VAChT and the organic cation
transporter isoforms 1-3 or OCT1-3) in cat esophageal mucosa. Significant alterations in CHT,
ChAT, VAChT and OCT-1 were detected in the esophageal mucosa from FIC cats. Changes in the
vesicular nucleotide transporter (VNUT) and the junctional protein pan-cadherin were also noted.

Significance—Taken together, these findings suggest that changes in the non-neuronal
cholinergic system may contribute to alterations in cell-cell contacts and possibly communication
with underlying cells that may contribute to changes in sensory function and visceral hyperalgesia
in functional esophageal pain.
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Introduction
Gastro-oesophageal reflux disease (GERD) is a common and well characterized disease in
which reflux of hydrochloric acid from the stomach into the esophagus results in
sensitization of visceral afferent pathways at the primary afferent and spinal level (with or
without associated epithelial damage), and which is associated with symptoms of acid
regurgitation and burning retrosternal pain, characteristically in the form of heartburn
(Hershcovici and Fass, 2007; Orlando, 2008). While some patients exhibit evidence for
epithelial injury in the form of erosions and ulcerations, there is also a non-erosive form of
the disease where affected patients exhibit symptoms of heartburn and esophageal
hypersensitivity without any visible signs of esophageal epithelial injury or erosions. When
the symptoms of heartburn occur in the absence of any epithelial injury and in the absence
of abnormal acid reflux, the syndrome is referred to as reflux negative heartburn or
functional heartburn (Tack and Fass, 2004; Long and Orlando, 2007; Hershcovici and Fass,
2010). Functional heartburn often co-exists in the same patient with other persistent pain
disorders, including functional dyspepsia, irritable bowel syndrome (IBS) and interstitial
cystitis (Gasiorowska et al., 2009). Even though central mechanisms of pain amplification
have been implicated as an important pathophysiological factor in functional heartburn and
related disorders (Mayer and Bushnell, 2009), recent findings suggest a possible role of
alterations in epithelial signaling and barrier function (Farre et al., 2007; Orlando et al.,
2010). Changes in barrier function with a corresponding loss of epithelial integrity may
result in leakage of irritating substances into the underlying tissues (including nerves,
muscle) that can result in symptoms of hypersensitivity and pain.

The mechanisms underlying these changes in epithelial sensory and barrier function are not
well understood. In some pathological conditions, alterations in levels of chemical mediators
such as ATP have been linked with changes in epithelial function and/or integrity
(Burnstock 2008). Another prominent example is the transmitter acetylcholine, which plays
a significant role in maintaining a number of cellular functions. There is substantial support
that cells outside the nervous system express the machinery to both synthesize and release
acetylcholine (Wessler and Kirkpatrick, 2008). The enzymes necessary for synthesis
(choline acetyltransferase) and metabolism (acetylcholinesterase) have been identified in
human esophageal epithelium (Nguyen et al., 2000). Dysfunction in synthesis or release
mechanisms associated with the non-neuronal cholinergic system has been associated with
pathogenesis in a number of diseases (Gwilt et al., 2007; Kawashima and Fujii, 2008;
Wessler and Kirkpatrick, 2008).

In this study, we examined the presence of components involved in the synthesis and release
of non-neuronal acetylcholine in esophageal mucosa from healthy cats and from cats
diagnosed with feline IC, a naturally occurring form of interstitial cystitis (Buffington CA,
2004; Birder et al., 2010). Studies support a role for non-neuronal acetylcholine in epithelial
signaling, barrier function and maintenance of cell-cell contacts. One may speculate that
alterations in the non-neuronal cholinergic system may play a role in the integrity of the
esophageal mucosa in a variety of functional gastrointestinal disorders, including functional
heartburn and IBS.

Materials and Methods
Animals

All procedures were conducted in accordance with Institutional Animal Care and Use
policies at each institution (University of Pittsburgh; Ohio State University). Both adult
healthy cats (n=8) and cats diagnosed with irritative cystitis (hereafter referred to as feline
interstitial cystitis or FIC, n=9) were used for this study. All cats with FIC were obtained as
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donations from clients due to a history of chronic recurrent stranguria, hematuria,
pollakiuria, and/or urination in inappropriate locations and were evaluated at the OSU
Veterinary Teaching Hospital as described previously (Birder et al., 2010). Healthy, age-
matched cats obtained from commercial vendors and determined to be free of disease and
signs referable to the lower urinary tract according to the same diagnostic criteria as cats
with FIC were used as controls. All cats were housed in stainless steel cages and allowed to
acclimatize to their environment for at least 3 months prior to study. Esophageal (proximal)
tissue was dissected from deeply anesthetized cats (induction and maintenance with
isoflurane). In a limited number of experiments, proximal esophageal tissue was also
dissected from anesthetized Sprague Dawley rats.

Tissue preparation and western immunoblotting
Esophageal (proximal) mucosa (cat; rat) was dissected away from underlying smooth
muscle and homogenized in HBSS (5 mM KCl, 0.3 mM KH2PO4, 138 mM NaCl, 4 mM
NaHCO3, 0.3 mM Na2HPO4, 5.6 mM glucose, and 10 mM Hepes, pH 7.4) containing
complete protease inhibitor cocktail 1 tablet/10 ml, Roche, Indianapolis, IN) and
phosphatase inhibitor cocktail (Sigma, 1:100). The homogenate was centrifuged (13,000g;
15 min). The membrane protein fraction was prepared by suspending the membrane pellets
in lysis buffer containing 0.3 M NaCl, 50 mM Tris-HCl (pH 7.6), and 0.5% Triton-X100—
and the same concentration of protease inhibitors as above. The suspensions were incubated
on ice and centrifuged (13,000 rpm; 15 min at 4° C). The protein concentrations of the
combined supernatants were determined using the Pierce BCA protein assay (Thermo
Scientific, Rockford, IL). Whole cell protein lysates were obtained and proteins were
analyzed for relative expression levels using a standard immunoblotting protocol.
Densitometry was performed using a Personal Densitometer SI (Molecular Probes). The
membranes were stripped (membrane recycling kit from Alpha Diagnostic International, San
Antonio, TX) and re-probed overnight with anti-β-actin (37 kDa; Cell Signaling
Technology, Danvers MA) as a loading control. In a limited number of experiments,
esophageal epithelial cells were also isolated and cultured according to previously described
methods (Mihara et al., 2011) and prepared in a similar manner as mucosal tissue for
western immunoblotting. The antibodies to the high affinity choline transporter (CHT,
63kDa), choline acetyltransferase (ChAT, 75kDa), the vesicular acetylcholine transporter
(VAChT) and acetylcholinesterase (AChE, 68kDa) were purchased from Millipore.
Antibodies for members of the organic cation transporter family (OCT-1/2/3, 60–66kDa)
were purchased from Alpha Diagnostics International. In addition, antibodies for carnitine
transferase (CarAT, 51kDa), pan-cadherin (140kDa), and VNUT (47kDa) were purchased
from Aviva Systems Biology, Cell Signaling Technology, and Medical & Biological
Laboratories, respectively. Single immunoreactive bands were observed for the targets
aforemementioned. In order to verify the presence of VAChT in the esophageal mucosa, a
immunizing peptide was obtained (CEDDYNYYSRS, American Peptide Company) and
used to block a single immunoreactive band at 57kDa in primary esophageal epithelial cells
obtained from rat and a single immunoreactive band at 65–70kDa in cat esophageal mucosa,
which most likely represents post-translational glycosylation of the protein in native tissue.
Peptides for the muscarinic receptors M2 (Calbiochem) and M3 (BioTrend) antibodies were
available and blocked a single immunoreactive band for each at 66kDa and 90kDa,
respectively, and have been fully characterized previously with their respective peptides and
knock-out animals (Zarghooni et al., 2007). The observed immunoreactive band for
M3AChR, at 90kDa, most likely represents a dimer of the receptor whose expected size is
45kDa.

Wolf-Johnston et al. Page 3

Life Sci. Author manuscript; available in PMC 2013 November 27.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Results
Feline esophageal mucosa expresses the cholinergic enzymes ChAT, CarAT and AChE
and the cholinergic muscarinic receptor subtypes M2 and M3

Expression of proteins involved in the synthesis of acetylcholine including choline
acetyltransferase (ChAT) and carnitine acetyltransferase (CarAT) was observed in feline
esophageal mucosa (Figure 1). As compared to esophageal mucosa from healthy cats, ChAT
protein expression was significantly decreased in FIC esophageal mucosa (Table 1, p<0.05).
There was no significant difference in protein expression of CarAT or acetylcholinesterase
(AChE) between healthy and FIC esophageal mucosa. We also observed both cholinergic
muscarinic receptor subtypes M2 and M3 are expressed in esophageal mucosa as shown in
Figure 1 (as well as in primary esophageal epithelial cultures from rat mucosa). No
significant differences in levels of expression for either subtype were found in healthy
versus FIC esophageal mucosa (Table 1).

Feline esophageal mucosa expresses cholinergic (and purinergic) transporters
Feline esophageal mucosa was found to express members of the organic cation transporter
(OCT) family (OCT-1, -2 and -3), which are thought to mediate the non-vesicular release of
acetylcholine (Figure 1). Only the OCT-1 was significantly decreased in FIC as compared to
healthy or control mucosa (Table 1). In addition, the choline transporter (CHT1) was
expressed in feline esophageal mucosa (Figure 1) and this was significantly elevated in FIC.
The vesicular acetylcholine transporter (VAChT, shown in Figure 1) was localized in feline
esophageal mucosa and this expression was decreased in FIC esophageal mucosa. VAChT
may not be expressed in all types of epithelial cells, thus we also explored expression using
esophageal epithelial cells isolated from another species (rat). Here, we also found
expression of VAChT protein that was blocked using a peptide against VAChT. In addition,
feline esophageal mucosa expresses the transporter thought to be responsible for filling
vesicles with ATP (VNUT, Figure 1). There was a trend toward decreased expression
(though not significant) in FIC esophageal mucosa as compared to healthy controls (Table
1).

Feline FIC esophageal mucosa exhibits a trend toward decreased expression of the
adhesion molecule pan-cadherin

The adhesion molecule cadherin exhibits multiple functions, including regulation of
epithelial junctional integrity. The expression of pan-cadherin (shown in Figure 1) was
decreased (though not significant) in FIC esophageal mucosa as compared to healthy control
(Table 1).

Discussion
The findings of this study revealed that feline esophageal mucosa expresses all of the
components of the acetylcholine synthesis and release machinery. This includes components
involved in cellular uptake for choline (CHT1), ACh synthesis (ChAT and CarNT) and
release (VAChT; OCT1, -2 and -3) as well as metabolism (AChE). Our findings also reveal
a number of alterations in uptake, synthesis and release in a naturally occurring feline model
of interstitial cystitis. Given that all components of the non-neuronal cholinergic system may
be altered in pathology, our findings may point to involvement of this system in upper GI
tract function in health and disease.

Patients that exhibit reflux symptoms often present with a hypersensitivity to physical and
chemical stimuli, even in the absence of epithelial damage or irritation. In GERD, decreased
integrity of the esophageal mucosa (termed dilated intercellular space or DIS) has been
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reported (Orlando and Orlando, 2009), and it has been postulated that intraluminal acid
gains access to afferent nerve terminals through these spaces. Alterations in epithelial
permeability have also been described in functional GI disorders, even though the
underlying mechanisms are not known. Such types of changes are not limited to the
esophagus as similar alterations in epithelial barrier function have been reported in patients
diagnosed with other disorders including inflammatory bowel disorders, asthma and even
overactive bladder syndrome and painful bladder syndrome / interstitial cystitis (PBS/IC)
(Birder and Chapple, 2009; Catalioto et al., 2011). For example, in patients diagnosed with
PBS/IC as well as in animal models for this syndrome, epithelial alterations including
hypersensitivity to cholinergic stimuli and changes in barrier function have been reported
(Lavelle et al., 2000; Parsons, 2007; Gupta et al., 2009). A systematic study of all the
components of the non-neuronal cholinergic system in a variety of diseases has not been
achieved. However, evidence supports a role for non-neuronal acetylcholine in sensation,
cell-cell signaling, proliferation and cell growth as well as maintaining barrier function
(Wessler and Kirkpatrick, 2008). Thus given the associations with a number of gastro-
intestinal and urinary functional syndromes, we examined the expression levels of
components of the non-neuronal cholinergic system in esophageal epithelium (mucosa) in a
feline animal model for interstitial cystitis.

We found the choline transporter, CHT1, is expressed in feline esophageal mucosa and
expression was significantly elevated in cats diagnosed with FIC. This finding implies a
significant increase or uptake of the ACh precursor choline in FIC esophageal mucosa as
compared to normal controls. Despite the enhanced expression of CHT1 in feline IC, the
enzyme responsible for converting choline into acetylcholine, ChAT, was significantly
down-regulated which may suggest a decrease in ACh production. Acetylcholinesterase
(AChE), responsible for the breakdown of ACh and may also be involved in cell division
and differentiation (Balasubramanian and Bhanumathy, 1993), was expressed though not
significantly changed from control. Alteration in ACh synthesis and release machinery is
likely to have multiple effects on cellular function including signaling pathways mediated
via n- and mACh receptor subtypes. For example, stimulation of n- or mAChRs in
esophageal epithelium may play a role in epithelial integrity, wound-healing as well as
provide a target for effects of nicotine (Nguyen et al., 1999; Wessler and Kirkpatrick, 2008).

Release of mediators via n- and mAChRs exerts multiple effects including regulating the
excitability of underlying cells including nerves, immune and smooth muscle. For example,
stimulation of mAChRs in urinary bladder urothelium results in release of ATP which plays
an important role in signaling within the bladder wall (Ikeda and Kanai, 2008; Kullmann et
al., 2008). There is a great deal of evidence supporting a role for epithelial-derived release of
mediators such as ATP in both autocrine and paracrine signaling in viscera including the
urinary bladder, colon and esophagus (Burnstock, 2008; 2011). Stimulation of muscarinic or
nicotinic ATP released from epithelial cells during a mechanical or chemical stimulus can
activate purinergic receptors on nearby afferent nerves triggering sensations including
fullness, discomfort and pain. A role for this type of chemical communication in visceral
function is supported by studies using knockout mice whereby deletion of P2X3 receptors
can lead to a decrease in urinary bladder distension as well as gastroesophageal sensation
(Cockayne et al., 2000; Mcilwrath et al., 2009). Though ATP may be released via multiple
pathways, recent reports have identified a candidate vesicular nucleotide transporter or
VNUT specialized to transport nucleotides such as ATP (Sawada et al., 2008). This
transporter is thought to play an important role in uptake, storage and possibly release of
ATP in a number of ATP-secreting cells including esophageal epithelium. In the present
studies we show that VNUT is expressed in feline esophageal mucosa and is decreased in
esophageal mucosa from FIC cats in comparison to control animals. Altered VNUT
expression could lead to changes in ATP storage and release that in turn, could impact on
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sensation as well as epithelial proliferation, differentiation and the integrity of the epithelial
barrier. Further studies are needed to fully examine the role of mediators such as ATP and
associated transporters on sensory and barrier function in esophageal mucosa.

Alterations in non-neuronal ACh could also lead to cell-cell detachment, changes in the
cytoskeleton as well as expression of adhesion or junctional markers (Kurzen et al., 2007;
Wessler and Kirkpatrick, 2008). A characteristic of gastrointestinal reflux disease or GERD
(even those with non-erosive reflux) is the presence of ultrastructural abnormalities termed
dilated intercellular spaces as well as an increase in junctional permeability within the
esophageal mucosa (Orlando, 2010; 2011). Though a number of junctional proteins may
play a role in epithelial barrier function recent evidence has revealed that patients diagnosed
with GERD exhibit a loss of e-cadherin within esophageal epithelium (Jovov et al., 2010).
There is evidence in other types of epithelium that adhesion molecules such as members of
the cadherin family play an important role in both establishing and maintaining epithelial-
cell contacts (Nawijn et al., 2011). In the present study we also have observed a decrease in
(pan)-cadherin suggesting that FIC esophageal epithelial integrity may also be compromised
similar to patients with symptoms associated with esophageal reflux. In addition, while
choline is a necessary precursor for acetylcholine, it is also a substrate for various cell
membrane components. Thus our finding of an increase in choline transporter in FIC
esophageal mucosa (with the likelihood of a corresponding increase in choline requirement)
further supports a change in esophageal mucosal membrane in pathology. A change in
membrane integrity or barrier function is likely to play a role in permitting noxious
substances into the underlying spaces as well as impacting on the function of underlying
cells including nerves and muscle.

It has been suggested that in some types of epithelia, in contrast to exocytosis of synaptic
vesicle contents, the organic cation ion transporters (OCTs) may be more important in
mediating ACh release (Wessler and Kirkpatrick, 2008). In the present study, we found that
feline esophageal mucosa expresses all three subtypes of OCTs (OCT1, 2 and 3). These
transporter proteins are widely expressed and various subtypes involved in uptake and/or
release are likely to differ between organs. For example, studies have shown that epithelial
ACh content was enhanced in OCT 1/2 double knockout mice supporting a role for OCTs in
mediating non-neuronal acetylcholine release in the airways (Kummer et al., 2006). We
found that OCT1 was significantly decreased in feline IC esophageal mucosa with no
change in OCT subtypes 2 or 3 as compared to control. While the significance of this change
is not known and may also reflect compensatory mechanisms, a decrease in OCT subtype
may result in impaired ACh release and possibly increased ACh content. This is also
supported by our findings that the vesicular acetylcholine transporter (VAChT) was
significantly elevated in FIC as compared to normal control esophageal mucosa. VAChT,
which is also expressed in airway bronchial epithelium, is responsible for packaging ACh
into vesicles (Gwilt et al., 2007) and in some types of cells, may also play a role in secretion
of acetylcholine.

Conclusion
To our knowledge, these findings are the first report that examines expression of the non-
neuronal cholinergic synthesis and release machinery in non-human esophageal mucosa. We
show that all components including synthesis, storage, release, inactivation as well as
expression of mAChR subtypes are expressed within feline esophageal mucosa. Alteration
in expression of components of the non-neuronal ACh machinery in pathology (feline
interstitial cystitis) may contribute to epithelial hypersensitivity and barrier dysfunction that
often occur in patients with various functional and inflammatory gastrointestinal esophageal
symptoms. Thus, a more detailed understanding of the non-neuronal cholinergic system of

Wolf-Johnston et al. Page 6

Life Sci. Author manuscript; available in PMC 2013 November 27.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



the esophageal epithelium could potentially influence therapeutics for the clinical
management of esophageal disorders. While it is not known whether similar changes occur
in other tissues, alterations in epithelial barrier and sensory functions could have major
implications for understanding of co-morbid disorders.
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Figure 1.
Representative western blot analysis of components of the non-neuronal cholinergic system
from normal and FIC esophageal mucosa tissue extracts. A, Expression of enzymes involved
in acetylcholine synthesis (choline acetyltransferase, ChAT; carnitine acetyltransferase,
CarNT) and degradation (acetylcholinesterase, AChE). B, Expression of molecular
transporters including choline transporter (CHT), members of the organic cationic
transporter family (OCT-1, OCT-2, OCT3), the vesicular acetylcholine transporter (VAChT)
and VNUT, a transporter responsible for filling vesicles with ATP. C, Expression of pan-
cadherin, an adhesion molecule, and muscarinic receptor type 2 (M2) and type 3 (M3).
Shown in each panel is the loading control β-actin.
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Table 1

Expression levels of components of the non-neuronal cholinergic system in esophageal mucosa isolated from
feline control versus idiopathic cystitis (FIC).

Enzymes Control Feline Interstitial Cystitis

 ChAT 3.58 ± 1.65* 0.89 ± 0.08*

 CarNT 112.50 ± 11.37 150.10 ± 20.29

 AChE 24.01 ± 7.90 25.76 ± 4.12

Transporters

 CHT 174.90 ± 36.65* 297.20 ± 32.59*

 OCT-1 135.60 ± 39.04* 48.69 ± 5.26*

 OCT-2 0.91 ± 0.25 0.84 ± 0.23

 OCT-3 28.00 ± 4.72 21.42 ± 1.93

 VAChT 30.41 ± 10.16* 71.17 ± 9.57*

 VNUT 0.43 ± 0.21 0.23 ± 0.05

Adhesion molecule

 Pan-cadherin 0.58 ± 0.15 0.29 ± 0.09

Receptors

 M2 60.22 ± 18.80 62.54 ± 3.72

 M3 4.60 ± 0.62 3.95 ± 0.33

*
P ≤ 0.05 (Student’s t test).
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