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Abstract
Background—The purinergic component of enteric inhibitory neurotransmission is important
for normal motility in the gastrointestinal (GI) tract. Controversies exist about the purine(s)
responsible for inhibitory responses in GI muscles: adenosine 5′-triphosphate (ATP) has been
assumed to be the purinergic neurotransmitter released from enteric inhibitory motor neurons,
however recent studies demonstrate that β-nicotinamide adenine dinucleotide (β-NAD+) and
ADP-ribose mimic the inhibitory neurotransmitter better than ATP in primate and murine colons.
The study was designed to clarify the sources of purines in colons of Cynomolgus monkeys and
C57BL/6 mice.

Methods—HPLC with fluorescence detection was used to analyze purines released by
stimulation of nicotinic acetylcholine receptors (nAChR) and serotonergic 5-HT3 receptors (5-
HT3R), known to be present on cell bodies and dendrites of neurons within the myenteric plexus.

Key Results—nAChR or 5-HT3R agonists increased overflow of ATP and β-NAD+ from tunica
muscularis of monkey and murine colon. The agonists did not release purines from circular
muscles of monkey colon lacking myenteric ganglia. Agonist-evoked overflow of β-NAD+, but
not ATP, was inhibited by tetrodotoxin (0.5 μM) or ω-conotoxin GVIA (50 nM), suggesting that
β-NAD+ release requires nerve action potentials and junctional mechanisms known to be critical
for neurotransmission. ATP was likely released from nerve cell bodies in myenteric ganglia and
not from nerve terminals of motor neurons.

Conclusions & Inferences—These results support the conclusion that ATP is not a motor
neurotransmitter in the colon and are consistent with the hypothesis that β-NAD+, or its
metabolites, serve as the purinergic inhibitory neurotransmitter.
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INTRODUCTION
Gastrointestinal (GI) motility is regulated by enteric excitatory and inhibitory motor neurons
which coordinate muscle contractions for propulsion of colonic contents.1 Muscles of the
colon are under tonic neural inhibition2, 3, 4, and spontaneous inhibitory junction potentials
(IJPs), mediated by release of neurogenic purines, contribute to tonic inhibition.5 Genetic
deactivation of P2Y1 purine receptors delays transit through the colon.6 Therefore,
purinergic inhibitory neurotransmission is an important component in regulating colonic
motility.

The identity of the purine(s) responsible for enteric inhibitory responses is controversial.
Adenosine 5′-triphosphate (ATP) has been assumed to be the purine neurotransmitter,7, 8, 9

but recent experiments on mouse10 and primate colons11 showed that another purine, β-
nicotinamide adenine dinucleotide (β-NAD+) and its bioactive metabolite, adenosine 5′-
diphosphate ribose (ADPR)12, mimic the endogenous purine neurotransmitter better than
ATP. Measurements of purines released during stimulation of nerves by electrical field
stimulation (EFS) demonstrated that both ATP and β-NAD+ are released in the colon, but
these experiments were not capable of distinguishing the sites from which the two purines
were released.11

Release of ATP and β-NAD+ from enteric neurons might occur from different sites by
different mechanisms. For example, β-NAD+ (and ADPR) might be released from nerve
varicosities at neuroeffector junctions, and ATP might be mainly released from
extrajunctional sites, based on previous observations.11 We tested this hypothesis by
measuring purines released in response to stimulation of nicotinic acetylcholine receptors
(nAChR) and serotonin (5-hydroxytryptamine) 5-HT3 receptors (5-HT3R) known to be
expressed on cell bodies and dendrites of myenteric interneurons and muscle motor
neurons.5,13,14, 15, 16,17,18 For these stimuli to release neurotransmitters from nerve terminals
of motor neurons, action potentials would need to develop and propagate to nerve
varicosities, and Ca2+ entry via Cacna1 family Ca2+ channels would need to occur in “active
zones” of varicosities to initiate vesicular fusion. Here we demonstrate that release of β-
NAD+ in response to ganglionic stimulation is dependent upon these mechanisms, but
release of ATP is not. These findings are not consistent with ATP serving as a motor
neurotransmitter in colonic muscles. Targeting β-NAD+ synthesis and/or metabolism may
provide a novel rational for treating problems of colonic transit.

MATERIALS AND METHODS
Tissue preparation

Proximal colons of Cynomolgus monkeys (Macaca fascicularis) were obtained from Charles
River Laboratories Preclinical Services (Reno, NV). Monkeys, sedated with Ketamine (10
mg kg-1) and 0.7 ml Beuthanasia-D (Schering-Plough AH, Kenilworth, NJ), were
exsanguinated (Charles River Laboratories Institutional Animal Care and Use Committee
(IACUC)) for reasons unrelated to this project. C57BL/6 mice (Charles River Laboratories,
Wilmington, MA) were euthanized by sedation with isoflurane followed by cervical
dislocation and exsanguination. The entire GI tract was removed and placed in oxygenated
cold Krebs solution for further dissection. All experimental procedures were approved by
the IACUC at University of Nevada.

Monkey proximal colon tunica muscularis (whole muscle, WM) tissues were prepared by
dissecting away the mucosal layer. Monkey circular muscle (CM) tissues, containing only
nerve terminals, were prepared by peeling away the longitudinal muscle with attached
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myenteric ganglia.11 C57BL/6 mouse colons were prepared by removing the mucosa and
submucosa.

Purine overflow
Colonic segments (40-70 mg) were placed in 200-μl superfusion chambers10,11 and
superfused with oxygenated Krebs (37°C; composition in mM): 118.5 NaCl, 4.2 KCl, 1.2
MgCl2, 23.8 NaHCO3, 1.2 KH2PO4, 11.0 dextrose, 1.8 CaCl2 (pH 7.4). L-NNA (100 μM)
and atropine (1 μM) were present throughout. Superfusates were collected before and during
stimulation of nAChR with epibatidine (500 μM, 30 s) or DMPP (500 μM, 30 s) or 5-HT3R
with SR57227 (500 μM, 30 s) and etheno-derivatized as described.19 Experiments were also
performed with the nAChR antagonist, hexamethonium (500 μM), or the 5-HT3R antagonist
ondansetron (10 μM) for 30 minutes before stimulation with nAChR or 5-HT3R agonists,
respectively. In some experiments, tissues were superfused with tetrodotoxin (TTX, 0.5 μM)
or ω-conotoxin GVIA (ω-Ctx GVIA, 50 nM) for 30 min before stimulation with nAChR or
5-HT3R agonists.

HPLC assay of purines in tissue superfusates
A reverse-phased gradient Agilent Technologies 1200 liquid chromatography system
equipped with a fluorescence detector (Agilent Technologies, Wilmington, DE) was used to
detect 1,N6-etheno-derivatized nucleotides and nucleosides as described.10, 11 Etheno-ATP
is approximately 10 fold more fluorescent than the compound generated by etheno-
derivatization of β-NAD+.20 Areas of HPLC peaks were calculated and expressed in figures.
Each peak was calibrated to individual etheno-derivatized purine standards. Results,
normalized for sample volume and tissue weight, were expressed in femtomoles per
milligram of tissue (fmol/mg).

HPLC fraction analysis
1,N6-etheno derivatization forms 1,N6-etheno-ADPR by either β-NAD+, ADPR or cyclic
ADPR present in superfusates.21 The compounds forming eADPR during nAChR or 5-
HT3R activation were determined by HPLC fraction analysis.10,11,21 Superfusates from 36
chambers were combined, concentrated and analyzed by HPLC. An Agilent Technologies
1200 Analytical Fraction Collector was employed to collect 400 μl fractions corresponding
to retention times of cyclic ADPR (7.2-min fraction), ADPR (8.5-min fraction), and β-
NAD+ (10.5-min fraction). Fractions were subjected to etheno-derivatization and reanalyzed
by HPLC for eADPR content.

Statistics
Data presented are means ± SEM. Means are compared by a two-tailed, unpaired t test or by
one-way ANOVA for comparison of more than two groups followed by a post hoc
Bonferroni multiple comparison test (GraphPadPrism, v. 3, GraphPad Software, Inc., San
Diego, CA). A probability value less than .05 was considered significant.

Drugs
(±)-exo-2-(6-Chloro-3-pyridinyl)-7-azabicyclo[2.2.1.]heptane (epibatidine) and 1-(6-
Chloro-2-pyridinyl)-4-piperidinamine hydrochloride (SR57227) were purchased from Tocris
Bioscience (Ellisville, MO). Atropine, carbenoxolone, dimethylphenylpiperazinium
(DMPP), hexamethonium bromide, NG-nitro-L-arginine (L-NNA), ondansetron
hydrochloride and ω-Ctx GVIA were purchased from Sigma-Aldrich (St. Louis, MO). TTX
was purchased from Ascent Scientific (Cambridge, MA). All drugs were dissolved in
deionized H2O, apart from epibatidine (dissolved in DMSO), and further diluted in
perfusion solutions.
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RESULTS
Release of ATP and β-NAD+ elicited by activation of nAChR

We tested whether stimulation of nAChR evoked release of purines in monkey whole tunica
muscularis (WM). As reported previously11, monkey WM releases basal purines, including
ATP, β-NAD+ and metabolites ADP, AMP, and adenosine (ADO) (Fig. 1A). Superfusion
with nAChR agonist, epibatidine22 (500 μM for 30 s), enhanced purine release (Fig. 1A, B).
HPLC fraction analysis determined that the 11.2-min peak is composed of ~92% β-NAD+,
~5% ADPR and ~3% cyclic ADPR; thus, β-NAD+ is the primary purine in the composite
peaks. For simplicity, therefore, we refer to the purine eluted at 11.2 min as β-NAD+.
Hexamethonium (500 μM) inhibited the epibatidine-evoked release of ATP (P < 0.05) and
β-NAD+ (P < 0.001; Fig. 1B) verifying that the effect of epibatidine was mediated by
nAChRs.

We tested whether release of purines in WM during nAChR activation is dependent upon
nerve action potentials, which would be a requirement of release from motor neurons. The
release of ATP in response to epibatidine was unaffected by TTX (P > 0.05), but the release
of β-NAD+ was significantly inhibited by TTX (P < 0.001) (Fig. 1). These data suggest that
release of β-NAD+ during activation of nAChR occurs at a site remote from the site of
stimulation and requiring axonal action potentials for stimulus to couple to response. In
contrast, the bulk of ATP released during activation of nAChR occurs from sites close to
nicotinic receptors (e.g. nerve cell bodies).

We also tested the effects of an N-type voltage-dependent Ca2+ channel (VDCC) inhibitor,
ω-Ctx GVIA, on purine release. ω-Ctx GVIA significantly depressed epibatidine-evoked
release of β-NAD+ (P < 0.001), but did not affect the release of ATP (P > 0.05; Fig. 1).
Therefore, release of β-NAD+ also required openings and influx of Ca2+ through N-type
Ca2+ channels but this requirement was not present for release of ATP during nAChR
activation. Overflow of metabolites, AMP and ADO, followed the general changes in β-
NAD+ overflow and release of total purines was significantly reduced by both TTX (P <
0.05) and ω-Ctx GVIA (P < 0.05), suggesting that most of the AMP and ADO was due to
metabolism of β-NAD+ (Fig. 1B) as previously suggested.11,12

DMPP, another nAChR agonist, also evoked release of ATP and β-NAD+ that was blocked
by hexamethonium, but only the release of β-NAD+ was inhibited by TTX: release of β-
NAD+ was reduced from 3.02 ± 1.1 fmol/mg (n=12) to 0.50 ± 0.28 (n=12, P < 0.05) and
0.54 ± 0.3 fmol/mg (n=14, P < 0.05) in the presence of hexamethonium and TTX,
respectively. The DMPP-evoked release of ATP was reduced from 0.49 ± 0.16 (n=12) to
0.10 ± 0.06 fmol/mg in the presence of hexamethonium (n=12, P < 0.05).

In the presence of TTX the DMPP-evoked release of ATP was 0.37 ± 0.09 (n=14) which
was not significantly different from control release (P > 0.05). There have been reports of
pre-synaptic nAChR at nerve terminals of motor neurons regulating neurokinin release.16,23

Activation of these receptors might enhance Ca2+ entry at nerve terminals and facilitate
transmitter release independent of axonal action potentials.24 We tested the idea of pre-
synaptic nAChR by stimulating CMs from monkey colon (i.e. muscles containing nerve
terminals but no cell bodies; see11) with epibatidine. In contrast to WM (Fig. 1, Fig. 2)
epibatidine evoked no additional release of purines in pure CMs (Fig. 2), demonstrating that
activation of prejunctional nAChR does not contribute to the epibatidine-mediated purine
release in WM.

Finally, we examined the effects of epibatidine in mouse colon. Similar to monkey colon,
epibatidine evoked release of ATP and β-NAD+ that was inhibited by hexamethonium (Fig.
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3A,B). TTX significantly inhibited the epibatidine-evoked release of β-NAD+ (Fig. 3B), but
did not affect ATP (Fig. 3A), suggesting that activation of nAChR in the mouse colon also
evokes differential release of ATP and β-NAD+.

Release of ATP and β-NAD+ elicited by activation of 5-HT3R
5-HT3Rs are also located on cell bodies of myenteric neurons and generate excitatory inputs
to muscle motor neurons.18,25 Therefore, we also stimulated enteric neurons in monkey and
murine colons with the selective 5-HT3R agonist, SR57227 (500 μM, 30 s).26 SR57227
stimulated release of ATP, β-NAD+, ADP, AMP and ADO from monkey WM preparations
(Fig. 4A, B). The 5-HT3R antagonist ondansetron (10 μM) inhibited release of ATP and β-
NAD+ evoked by SR57227 (P < 0.05; Fig. 4), confirming that release was mediated by 5-
HT3R. HPLC fraction analysis of tissue superfusates demonstrated that β-NAD+ was the
dominant substance forming the 11.2-min 1,N6-etheno-ADPR peak (11.2 min fraction
contained ~83% β-NAD+, ~15.5% ADPR and ~1.5% cyclic ADPR). Release of β-NAD+

evoked by SR57227 was inhibited by TTX and ω-Ctx GVIA (P < 0.05 for both), but release
of ATP was not affected (P > 0.05; Fig. 4). Therefore, 5-HT3R-mediated release of β-NAD+

required axonal action potentials to convey information between sites of stimulation and
transmitter release. ATP release was unaffected by blocking Na+ channels and N-type
VDCC. Release of AMP, ADO and total purines followed the same trend as β-NAD+,
suggesting that most AMP and ADO in superfusates were derived from released β-NAD+

than from ATP (Fig. 4B).

In contrast to WM, SR57227 failed to evoke release of purines from monkey CM (Fig. 5),
indicating that SR57227-mediated release of ATP and β-NAD+ is not due to activation of
receptors on nerve terminals within the CM.

As in monkey colon, SR57227 evoked release of β-NAD+ and ATP from mouse colons
(Fig. 3C,D). TTX inhibited the SR57227-evoked release of β-NAD+ (P < 0.001; Fig. 3B).
The release of ATP showed a slight, but not significant, tendency of being reduced by TTX
(P > 0.05; Fig. 3C).

We tested whether the release of ATP (or other purines) evoked by activation of 5-HT3R
was dependent upon connexin or pannexin channels by exposing mouse colon muscles to
carbenoxolone (100 μM for 35-50 minutes) prior to stimulation with SR57227.
Carbenoxolone did not inhibit the release of ATP or β-NAD+; SR57227-evoked overflow of
ATP was 1.91± 0.48 (n=7) and 1.82 ± 0.57 fmol/mg (n=3) before and in the presence of
carbenoxolone, respectively (P > 0.05), and SR57227-evoked overflow of β-NAD+ was 5.32
± 1.01 fmol/mg (n=7) and 4.54 ± 0.82 fmol/mg (n=3) before and in the presence of
carbenoxolone, respectively (P > 0.05). In monkey colon epibatidine-evoked overflow of
ATP was 0.57 ± 0.08 (n=22) and 0.46 ± 0.11 fmol/mg (n=8) before and in the presence of
carbenoxolone, respectively (P > 0.05), and epibatidine-evoked overflow of β-NAD+ was
1.42 ± 0.3 (n=22) and 0.97 ± 0.16 fmol/mg (n=8) before and in the presence of
carbenoxolone, respectively (P > 0.05).

DISCUSSION
We measured purines released in response to nAChR and 5-HT3R agonists. These receptors
are localized on myenteric nerve cell bodies and dendritic projections of enteric neurons and
mediate inputs to motor neurons from interneurons.16 We reasoned that stimulation of motor
neurons from ganglion targets might provide an opportunity to clarify the purine(s) involved
in motor neurotransmission. Activation of nAChRs and 5-HT3Rs evoked release of ATP and
β-NAD+ in monkey and mouse colonic muscles, and release of β-NAD+, but not of ATP,
was inhibited by the neurotoxins, TTX and β-Ctx GVIA. It has been previously reported that
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purinergic neurotransmission in colon is blocked by TTX and ω-Ctx GVIA.27,28,29,30,31

Thus, enteric inhibitory neurotransmission attributable to purines requires nerve action
potentials and Ca2+ entry via N-type Ca2+ channels, and the release of β-NAD+ is consistent
with these properties of motor neurotransmission. In contrast, ATP release in response to
ganglionic stimulants was not affected by TTX and β-Ctx GVIA. Thus, it appears that ATP
was released from ganglionic sources, possibly from the cell bodies of motor neurons. The
source and mechanism of ATP was not investigated extensively because the goal of this
study was not to elucidate the ganglionic sources of ATP, but to discriminate between sites
of release for ATP and NAD+. Our findings make it very unlikely that ATP serves as a
motor neurotransmitter in enteric inhibitory regulation of the colon and further clarify the
role of NAD+10,11, or a metabolite12, as the purine motor neurotransmitter.

Previous studies have shown that stimulation of ganglionic nAChR and 5-HT3R elicits
motor responses in GI muscles.32,33 nAChR and 5-HT3R are ligand-gated ion channels on
cell bodies of myenteric interneurons and motor neurons that mediate fast postsynaptic
excitatory potentials (fEPSPs) and activation of action potential.34,35 Binding of appropriate
ligands increases open probabilities of nAChR and 5-HT3R channels, facilitating entry of
cations (inward current) that depolarizes neurons and initiates action potentials. Action
potentials propagate down axons, depolarize nerve terminals and activate N-type VDCC.
Ca2+ entry into nerve terminals facilitates fusion of neuro-vesicles and transmitter release.22

Thus, neurotransmitter release initiated by somatodendritic ligand-gated ion channels would
be expected to be inhibited by blockers of axonal action potentials and inhibitors of Ca2+

influx through VDCC at nerve terminals. Indeed we found that release of β-NAD+, but not
ATP, satisfies these criteria for a motor neurotransmitter. Thus, our findings support
previous studies probing post-junctional mechanisms of purinergic motor neurotransmission
and suggest that β-NAD+ is a primary purinergic neurotransmitter in the colon (as depicted
in Fig. 6).10,11

ACh binds to nAChRs on both excitatory and inhibitory motor neurons in the myenteric
plexus. 34, 35 nAChR-mediated excitation of inhibitory motor neurons has also been
demonstrated in human colon.36 We used epibatidine and DMPP in the present studies as
ligands for nAChRs, and both agonists evoked release of ATP and β-NAD+. Epibatidine in
particular, is a potent and highly selective nAChR agonist22 that activates neurons, but not
glia, within myenteric ganglia in the colon.37

A subset of nAChRs has been reported at presynaptic nerve terminals where they modulate
transmitter release.22,38,39 Direct stimulation of pre-synaptic nAChRs might cause
transmitter release that is insensitive to TTX or ω-Ctx GVIA.38 Therefore, we tested the
effects of epibatidine on pure CM preparations from which the myenteric plexus was
removed.11 EFS has been shown to release β-NAD+ from CM,11 demonstrating that
transmitter release mechanisms are intact in these muscles. Experiments on CM in the
present study demonstrate that purine release is not coupled to pre-junctional nAChRs.

Serotonergic descending interneurons release both ACh and 5-HT16,40 and these
interneurons appear to be important for exciting inhibitory motor neurons via nAChR and 5-
HT3R and in producing tonic inhibition of CM.5 5-HT3Rs contribute to the inhibitory phase
prior to propagation of a migrating motor complex. Antagonists of 5-HT3R and nAChR
block spontaneous IJPs, suggesting that these receptors are expressed by inhibitory motor
neurons that release purines.5 We examined this hypothesis directly in monkey and mouse
colon by measuring purine release in response to a highly selective 5-HT3 receptor agonist,
SR57227.26 SR57227 evoked release of β-NAD+, ATP, and their metabolites from monkey
and mouse colonic WM, but failed to release purines from CM preparations. Therefore, 5-
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HT3Rs are likely localized to the nerve cell bodies as shown by immunohistochemistry
studies.18

The assay techniques used in the present study cannot determine the exact population of
enteric neurons that release purines in response to nAChR and 5-HT3R agonists. nAChR and
5-HT3R are present on cell bodies of descending interneurons and inhibitory motor neurons
in rodent and human colon.5,17,18,36,39,41 Therefore, binding of these receptors could result
in release of purines from either population of neurons. Interneurons release ATP as an
excitatory neurotransmitter that can also mediate fEPSPs in motor neurons,42 but if
interneurons were the main population of neurons activated by nAChR and 5-HT3R, then
ATP release would have been inhibited by TTX.

nAChRs are also expressed by a variety of non-neuronal cells.43 Therefore, nicotinic
agonists might cause ATP release from non-neuronal sources. A non-neuronal source is
unlikely for β-NAD+, because neurotoxins abolished its release. Just as the source of ATP is
unknown, so is the mechanism responsible for ATP release in colon muscles. ATP can be
released into the extracellular space via several mechanisms in addition to vesicle
exocytosis, including connexin hemichannels, pannexin channels, ABC transporters, P2X7
receptor pores, and volume-regulated channels.44, 45, 46, 47 We tested carbenoxolone, a
blocker of connexin/pannexin channels, but this compound did not block release of ATP.
Further studies are needed to clarify the mechanisms of ATP release from nerve cell bodies
or other cells in the GI tract.

In summary, activation of ligand-gated ion channels (nAChRs or 5-HT3R), expressed by
myenteric neurons in mouse and monkey colon, evokes release of purine nucleotides. β-
NAD+ release, but not ATP release, was blocked by neurotoxins, supporting the role of β-
NAD+ as a primary enteric inhibitory motor neurotransmitter. Our data suggest that ATP
might function as a paracrine substance in ganglia but does not function as a motor
neurotransmitter in the colon. We suggest that further studies of β-NAD+ synthesis, release
and metabolism may provide unique opportunities to exploit this pathway for therapeutic
regulation of colonic motility.
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Abbreviations

5-HT 5-hydroxytryptamine

5-HT3R 5-HT3 receptor

ACh acetylcholine

ADP adenosine 5′-diphosphate

ADPR ADP-ribose

ADO adenosine

AMP adenosine 5′-monophosphate

ATP adenosine 5′-triphosphate
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CM circular muscle

ω-Ctx GVIA ω-conotoxin GVIA

DMPP dimethylphenylpiperazinum

EFS electrical field stimulation

fEPSP fast excitatory postsynaptic potential

GI gastrointestinal

HPLC high-performance liquid chromatography

IJP inhibitory junction potential

L-NNA NG-nitro-L-arginine

β-NAD+ β-nicotinamide adenine dinucleotide

nAChR nicotinic acetylcholine receptor

SK channels small-conductance Ca2+-activated K+ channels

TTX tetrodotoxin

VDCC voltage-dependent Ca2+ channels

WM whole muscle
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Fig. 1. Stimulation of nAChRs causes release of purines in monkey colon whole muscle
preparations
(A) Chromatograms of tissue superfusates collected before (control) and during stimulation
of nAChRs with epibatidine (Epib, 500 μM, 30 s) in the absence and presence of
hexamethonium (Hex, 500 μM for 30 min), tetrodotoxin (TTX, 0.5 μM for 30 min) or ω-
conotoxin GVIA (β-CtxG, 50 nM for 30 min) in WM monkey colon. Small amounts of
ATP, ADP, β-NAD+, AMP and ADO were present in superfusates before stimulation, likely
to cause tonic purinergic inhibition in colon. Epibatidine-evoked release of purines was
inhibited by hexamethonium. Epibatidine-evoked release of β-NAD+, but not of ATP, was
reduced by the neurotoxins TTX and ω-CtxG. Scale applies to all chromatograms. LU,
luminescence units. (B) Averaged data are means ± SEM and summarize release of ATP,
ADP, AMP, ADO, β-NAD+ and total purines (calculated as ATP+ADP+AMP+ADO+β-
NAD+) during activation of nAChRs with epibatidine (Epib). Overflow (femtomoles per
milligram of tissue) is the overflow during nAChR activation less spontaneous overflow. All
purines were evaluated simultaneously in the same samples. Each peak was calibrated to
individual etheno-derivatized purine standards. Asterisks denote significant differences from
epibatidine-evoked release (*P < 0.05, **P < 0.01, ***P < 0.001); number of experiments in
parenthesis.
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Fig. 2. Release of ATP and β-NAD+ during nAChR stimulation in whole muscle (WM) and
circular muscle (CM) preparations of monkey colon
(A) Chromatograms of tissue superfusates collected before (control) and during nAChR
stimulation with epibatidine (500 μM, 30 s) in WM and CM preparations of monkey colon.
Small amounts of ATP and β-NAD+ were present in WM and CM superfusates in the
absence of agonist. Epibatidine evoked release of ATP and β-NAD+ in WM preparations,
but not in CM preparations. Scale applies to all chromatograms. LU, luminescence units. (B)
Averaged data are means ± SEM, showing epibatidine-evoked release of ATP (left) and β-
NAD+ (right) from monkey WM and CM preparations. Overflow (femtomoles per
milligram of tissue) is the overflow during nAChR activation less spontaneous overflow.
Overflow of ATP and β-NAD+ was significantly less in CM preparations. Asterisks denote
significant differences from WM release (*P < 0.05, **P < 0.01); number of experiments in
parenthesis.
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Fig. 3. ATP and β-NAD+ release during stimulation of nAChRs and 5-HT3Rs in mouse colon
A and B show release of (A) ATP and (B) β-NAD+ during activation of nAChRs with
epibatidine (500 μM, 30 s) in the absence and presence of hexamethonium (Hex, 500 μM
for 30 min) or tetrodotoxin (TTX, 0.5 μM for 30 min) in mouse colon. Averaged data are
means ± SEM. Overflow (femtomoles per milligram of tissue) is the overflow during
nAChR activation less spontaneous overflow. Activation of nAChRs with epibatidine
evoked release of ATP and β-NAD+ that was inhibited by the nAChR antagonist
hexamethonium. The epibatidine-evoked release of β-NAD+, but not ATP, was reduced by
TTX. Asterisks denote significant differences from epibatidine-evoked release (*P < 0.05);
number of experiments in parenthesis. C and D show release of (C) ATP and (D) β-NAD+

during activation of 5-HT3 receptors with SR57227 (500 μM, 30 s) in the absence and
presence of TTX (0.5 μM, 30 min) in mouse colon. Averaged data are means ± SEM.
Overflow (femtomoles per milligram of tissue) is the overflow during 5-HT3 receptor
activation less spontaneous overflow. The SR57227-evoked release of β-NAD+, but not
ATP, was reduced by the neural blocker TTX (0.5 μM, 30-min perfusion). Asterisks denote
significant differences from SR57227-evoked release (***P < 0.001); number of
experiments in parenthesis.
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Fig. 4. Purines release by stimulation of 5-HT3 receptors in monkey colon whole muscle (WM)
preparations
(A) Chromatograms of tissue superfusates collected before (control) and during activation of
5-HT3 receptors with SR57227 (500 μM for 30 s) in the absence and presence of
ondansetron (10 μM, 30 min), tetrodotoxin (TTX, 0.5 μM, 30-min superfusion) or ω-
conotoxin GVIA (β-CtxG, 50 nM, 30-min superfusion) in monkey WM. Small amounts of
ATP, ADP, β-NAD+, AMP and ADO were present in superfusate samples in the absence of
agonist. Stimulation of 5-HT3 receptors with SR57227 evoked additional release of purines
that was inhibited by the 5-HT3 receptor antagonist ondansetron. SR57227-evoked release
of β-NAD+, but not ATP, was reduced by the neural blockers TTX and ω-CtxG. Scale
applies to all chromatograms. LU, luminescence units. (B) Averaged data are means ± SEM
and show release of ATP, ADP, AMP, ADO, β-NAD+ and total purines (calculated as ATP
+ADP+AMP+ADO+β-NAD+) during activation of 5-HT3 receptors with SR57227 (SR) and
in the presence of ondansetron (Ond, 10 μM, 30 min), TTX (0.5 μM, 30 min), and β-CtxG
(50 nM, 30 min). Overflow (femtomoles per milligram of tissue) is the overflow during 5-
HT3 receptor activation less spontaneous overflow. Each peak was calibrated to individual
etheno-derivatized purine standards. Asterisks denote significant differences from SR57227-
evoked release (i.e. control release) (*P < 0.05, **P < 0.01, ***P<.001); number of
experiments in parenthesis.
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Fig. 5. Release of ATP and β-NAD+ during 5-HT3 receptor stimulation in whole muscle (WM)
and circular muscle (CM) preparations of monkey colon
(A) Chromatograms of tissue superfusates collected before (control) and during 5-HT3
receptor activation with SR57227 (500 μM, 30 s) in WM and CM preparations of monkey
colon. Small amounts of ATP and β-NAD+ were present in WM and CM superfusates in the
absence of agonist. SR572227 evoked release of ATP and β-NAD+ in WM, but not in CM.
Scale applies to all chromatograms. LU, luminescence units. (B) Averaged data are means ±
SEM and show SR57227-evoked release of ATP (left) and β-NAD+ (right) from monkey
WM and CM preparations. Overflow (femtomoles per milligram of tissue) is the overflow
during 5-HT3 receptor activation less spontaneous overflow. Overflow of ATP and β-NAD+

was significantly less in CM preparations. Asterisks denote significant differences from WM
release (*P < 0.05); number of experiments in parenthesis.
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Fig. 6. Sites of release of ATP and β-NAD+ in response to stimulation of nAChR and 5-HT3R in
colonic muscles
ACh and 5HT released from descending interneurons in the myenteric plexus (MP) activate
nAChR and 5-HT3R, respectively, on the cell bodies of inhibitory motor neurons and
generates action potentials which propagate to nerve varicosities within muscle layers. β-
NAD+ is released from nerve varicosities and serves as a primary enteric inhibitory motor
neurotransmitter. ATP is released from ganglion sources (possibly nerve cell bodies) but not
from nerve varicosities within muscle layers. LM, longitudinal muscle.
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