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SUMMARY
Adenosine 5′-triphosphate (ATP) and nicotinamide adenine dinucleotide (NAD+) are key
intracellular constituents involved in energy transfer and redox homeostasis in the cell. ATP is
also released in the extracellular space and in the past half century it has been assumed to be the
purinergic neurotransmitter in many systems including smooth muscle. In some smooth muscles
(i.e., the human urinary bladder detrusor muscle) ATP does appear to be primarily released from
nerves upon action potential firings, but in other smooth muscles (i.e., the human large intestine)
ATP does not mimic the endogenous purine neurotransmitter. It was recently found that NAD+,
another ubiquitous intracellular adenine nucleotide, also follows a regulated release in
neurosecretory cells, vascular and visceral smooth muscles, and the brain. In some cases NAD+

fulfills pre- and postsynaptic criteria for a neurotransmitter better than ATP. Therefore, the purine
hypothesis of neural regulation in smooth muscle is in need of reevaluation. This article will
briefly review the current understanding of neuronal and extraneuronal release of purines in
smooth muscle with emphasis on the roles of extracellular ATP and NAD+, and, further, will
discuss more recent information about the likely involvement of multiple purines in smooth
muscle neurotransmission.
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INTRODUCTION
The adenine nucleotides adenosine 5′-triphosphate (ATP) and nicotinamide adenine
dinucleotide (NAD+) are key intracellular constituents involved in energy transfer and redox
homeostasis in the cell. In addition, evidence has been accumulating for constitutive and
regulated release of adenine nucleotides (frequently referred to as purines) from excitable
and non-excitable cells, their participation in cell-to-cell communication, and roles in
complex processes including cell motility, cell survival, proliferation, membrane trafficking,
and the immune response (1, 2, 3, 4, 5).

ATP is commonly assumed to be the purine neurotransmitter in the central and peripheral
nervous systems (5, 6, 7, 8), but in some smooth muscles investigators question the identity
of ATP as a neurotransmitter and refer to the actual transmitter as a purine or “purine-like”
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substance (e.g., 9, 10). The controversy may stem from the facts that i) more than one purine
can be stored in and released from nerves in response to action potentials, ii) ATP does not
always fulfill pre- and/or postsynaptic criteria for a neurotransmitter, and iii) conclusions
about the neurotransmitter role of ATP are commonly based on evaluation of integrated
postjunctional responses and not so much on direct measurements of purine release.

The past several decades have witnessed considerable advances in our knowledge about
purinergic signaling in living systems (1, 5). The studies on cellular sources, mechanisms of
release, postjunctional targets and functions of extracellular purines in smooth muscle, in
particular, are hampered by the complex nature of smooth muscle tissues and the many
possible roles of extracellular purines. Nevertheless, continual work has, during the last
decade, expanded our view of the role of ATP and other purines (i.e., NAD+ and ADP-
ribose, ADPR) in neurotransmission, and this analysis suggests that multiple purines likely
contribute to the complex neural regulation of smooth muscle (11, 12, 13, 14), moving the
field of purine neurotransmission beyond the sovereign role of ATP.

FUNCTIONAL COMPLEXITY OF SMOOTH MUSCLE
Smooth muscle (often referred to as ‘tunica muscularis’ or ‘muscularis propria’) is complex
tissue commonly comprised of smooth muscle cells (myocytes), nerve cells and/or
processes, glial cells, and several types of interstitial cells and forms the wall of most
hollow, smooth muscle organs (i.e., blood vessels, urinary bladder, uterus, airways, and
gastro-intestinal tract). The inner surfaces of smooth muscle organs are covered by a variety
of epithelial cells (e.g., vascular endothelium, bladder urothelium, endometrium, airway
epithelium, and gastric mucosa) that also contribute to the functional complexity of the
smooth muscle wall. Virtually all cell types can release extracellular purines in response to
mechanical stretch, cell swelling, inflammatory mediators, action potential firings, receptor
activation or smooth muscle contraction (2, 4, 15). Purine (i.e., ATP) release pathways range
from vesicle exocytosis to release through connexin and pannexin channels, P2X7 receptor
pores, maxi ion channels, volume-regulated ion channels, and membrane transport (4, 6, 16).
A single cell type could release ATP (and possibly other purines) via multiple pathways
(17). Multiple purines are present in the cytosol and subcellular organelles and could
potentially be released upon depolarizing or other stimuli. Finally, released transmitters can
affect various cell targets (18) leading to complex tissue responses. All these factors
contribute to the considerable complexity of purine regulation of smooth muscle.

PURINE-MEDIATED NON-ADRENERGIC NON-CHOLINERGIC
NEUROTRANSMISSION

In the early 1960s it became clear that transmission between nerves and smooth muscle is
mediated not only by the classical neurotransmitters acetylcholine (ACh) and
norepinephrine, but also by non-adrenergic non-cholinergic (NANC) transmitters (19). The
first claim regarding the identity of the NANC neurotransmitter in smooth muscle was made
for ATP in the early 1970s (20). In the following decades evidence was accumulated for the
presence of ATP in synaptic and secretory vesicles, co-release of ATP with classical
neurotransmitters, presence of P2 receptors on cell membranes, and extracellular
metabolism of ATP (5, 6, 15, 19, 21). Such findings, although originally obtained in single
cell-type systems such as invertebrate motor neurons, cultured neurons, astrocytes,
neuroendocrine cells, and isolated brain synaptosomes, have commonly been generalized to
complex smooth muscle tissues assigning ATP as the universal purine neurotransmitter. In
recent years additional purines (e.g., NAD+ and possibly ADPR) have also been proposed as
candidate NANC neurotransmitters in smooth muscle (11, 22, 23, 24).
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STORAGE OF PURINES IN SYNAPTIC VESICLES
Vesicle exocytosis has evolved as the main means of communication between cells in
multicellular organisms. Neurotransmission is initiated at presynaptic terminals by fusion of
synaptic vesicles with the plasma membrane and subsequent exocytotic release of chemical
transmitters. Though classical criteria for transmitter status have been continually developed
and broadened (25), a classical non-gaseous neurotransmitter is expected to be stored in and
released from synaptic vesicles.

ATP is probably present in every synaptic and secretory vesicle (8, 15) and, because of this,
is sometimes used as a universal tracer of cellular secretion events (26). It is suggested that
ATP in vesicles is important for acidification of the vesicle lumen, for creating a proton
gradient driving vesicular neurotransmitter uptake and for steps of exocytosis itself (15) in
addition to serving neurotransmission (5). ATP is present in large dense-cored (LDCV) and
small synaptic vesicles (SSV) as well as in chromaffin vesicles (13, 27). Loading of ATP
occurs through all stages of vesicle formation and recycling and ATP is taken up by vesicles
of both reserved and readily releasable pools (6). This heterogeneity of ATP-containing
vesicles could explain differences in the mechanisms of release of ATP and other
neurotransmitters. For example, significant differences between stoichiometry of ACh and
ATP in synaptic vesicles and in the extracellular medium after release have been reported
(15). Likewise, neural toxins differentially affect the release of ACh and ATP (15). In rat
pheochromocytoma PC12 cells we found that both LDCV-like and SSV-like vesicles
contained ATP and NAD+, but only the release of NAD+ was inhibited by cleavage of
SNAP-25 with botulinum neurotoxin A (13). Together, these findings suggest that the
presence of ATP in vesicles is not conclusive evidence for its role as a neurotransmitter.
Moreover, ATP is not the only nucleotide localized in synaptic and secretory vesicles: ADP,
AMP, GTP, UTP, diadenosine polyphosphates, and NAD+ have also been found present in
vesicles (8, 13, 28) and therefore, each of them can be released during vesicle exocytosis.
However, surprisingly little is known about the potential release of other nucleotides in
response to action potentials and their roles in neural regulation of smooth muscle.
Moreover, very little is known about the vesicular storage of NAD+, despite the ample
information that is available about its intracellular distribution (e.g., 29).

Until a few years ago it was unclear how ATP is accumulated in secretory vesicles.
SLC17A9 was recently proposed to be a vesicular nucleotide transporter (VNUT) and was
found to transport ATP, ADP, GTP, Mg2+ and Ca2+ in chromaffin granules, brain vesicles
or non-excitable cells (30, 31). It is presently unknown whether SLC17A9 also transports
NAD+, ADPR, UTP, UDP, or diadenosine polyphosphates that are present in synaptic
vesicles or, rather, these substances utilize additional transport mechanisms such as other
specific transport proteins or passive diffusion through nonspecific cation channels. The role
of VNUT in smooth muscle remains to be determined.

DETECTION OF RELEASED PURINES
Numerous techniques have been utilized to measure purine concentrations in biological
samples (3, 32, 33, 34), but very few of them have been applied to measure release of
purines in smooth muscle. In early studies loading tissues with radiolabeled adenosine and
monitoring the release of [3H]-adenosine upon electrical field stimulation was the main
approach to determining release of ATP in smooth muscle (20, 35). However, it is
acknowledged that significant problems with specificity and source arise from relying on
radioactive tracers.

The luciferin-luciferase chemiluminescence assay is a standard technique for measuring
ATP in solutions, based on analyzing the bioluminescence of the ATP-dependent luciferase-
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mediated oxidation of luciferin (36). It is a rapid and highly-sensitive method, but is
restricted to ATP; other purines that might have been released upon nerve stimulation
remain overlooked. This methodology also requires careful calibration and optimization
since many factors could interfere with the luciferase activity, including anions, anion
transport inhibitors, ion channel blockers, bacterial contamination or P2 receptor antagonists
(3, 33). This assay has been utilized to measure the evoked release of ATP in smooth
muscles such as rodent vas deferens (37), but has not been commonly adopted in studies in
other smooth muscles (7). The chemiluminescence assay in conjunction with single-photon
imaging has recently been used to study ATP release from axons (33). The assay appears to
be suitable for evaluation of temporal and spatial dynamics of ATP release in single cells,
but has not yet been employed in complex tissues such as smooth muscle.

ATP biosensors may provide better spatial and temporal resolution than chemiluminescence
measurements. Such probes have been used to measure ATP overflow in the central nervous
system, skeletal muscle arterioles or gastric mucosa (34, 38), but purine biosensors have not
yet received common utilization for purine measurements in smooth muscle.

A particularly suitable method for detecting neuronal and extraneuronal release of purines in
smooth muscle is the reversed-phase gradient HPLC assay in conjunction with fluorescence
detection (39), HPLC-FLD. This technique can detect femtomole amounts (40) of
endogenous purines in tissue superfusates (11, 12, 22, 41). To increase detection sensitivity
as compared with conventional UV absorbance detection methods (32) chloroacetaldehyde
is used to form fluorescent 1,N6-etheno purine analogs, which can then be separated
simultaneously from the same sample by reverse-phase HPLC-FLD. This ensures about six
orders of magnitude greater sensitivity that the UV detection methods. To analyze co-eluting
substances the HPLC-FLD method is occasionally coupled with HPLC fraction analysis (11,
12, 22, 23). Use of inhibitors of neural activity can determine the neuronal and extraneuronal
fractions of released purines (22, 23). Disruption of members of the soluble NSF attachment
receptor family (SNAREs) can be used to discriminate between release of purines by vesicle
exocytosis and non-exocytosis mechanisms (e.g, 12). This excellent methodology has some
shortcomings: it has relatively low temporal and spatial resolutions, and the absolute
amounts of released purines are underestimated due to dilution of released transmitters in
tissue superfusates. Nonetheless, HPLC-FLD detection of purine overflow has been
instrumental in providing more direct information about the identity of released purines in
smooth muscle than the integrated postjunctional responses to nerve stimulation or
exogenous purines.

RECEPTOR TARGETS FOR PURINES IN SMOOTH MUSCLE
A typical neurotransmitter is synthesized in presynaptic neurons, is released by exocytosis
from vesicles into the synaptic cleft, and elicits a response in the post-synaptic (post-
junctional) target cell by binding to receptors on the plasma membrane (5, 25). Extracellular
ATP acts on cell-surface receptors divided into two main classes: the ligand-gated ion
receptor channels (P2X1–7) and the metabotropic G protein-coupled P2Y1,2,4,6,11–14
receptors (21, 42). P2X and P2Y receptors are expressed in most cell types and mediate a
wide range of actions including smooth muscle contraction and relaxation (7, 21, 42). With
some exceptions, smooth muscle contractile responses to nerve stimulation or exogenous
ATP are mediated primarily by P2X1 receptors, whereas relaxation responses to nerve
stimulation or ATP are commonly mediated by P2Y receptors. In the large intestine in
particular, inhibitory purine neurotransmission appears to be mediated exclusively by the
P2Y1 receptor coupled with activation of small-conductance potassium (SK) channels,
causing inhibitory junction potentials, IJP (10, 23, 24, 25, 43). P2 receptors are found
expressed not only on smooth muscle cells, but also on cell bodies and nerve terminals of
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enteric neurons (42) as well as on interstitial cells that are in close proximity to nerve
varicosities (44), suggesting that released purines could activate multiple cell types in the
effector syncytium. The immediate cell target for released purine neurotransmitter in smooth
muscle remains to be elucidated.

In addition to ATP, adenine, pyridine and pyrimidine nucleotides (i.e., ADP, UTP, UDP,
UTP-glucose, NAD+ and ADPR) can also activate P2 receptors (21, 22, 45). Therefore, the
potential roles of these purines in smooth muscle neurotransmission should also be
considered. For example, in the large intestine locally applied ATP and NAD+ cause
membrane hyperpolarization similar to the IJPs elicited by the endogenous purine
neurotransmitter, but only the responses to NAD+ are inhibited by P2Y1 receptor
antagonists. Therefore, NAD+ mimics the effect of the endogenous purine neurotransmitter
better than ATP (22, 23). ADPR, a primary extracellular NAD+ metabolite, also shows
bioactivity similar to NAD+ and mimics the postjunctional effects of the endogenous
neurotransmitter better than ATP (24). An interesting question remains –why is the
hyperpolarization response to ATP, a known P2Y1 receptor agonist (21), not blocked by
P2Y1 receptor antagonists? It is possible that ATP binds to multiple P2 receptors that
mediate membrane hyperpolarization, whereas, despite the fact that NAD+ appears to be a
less potent agonists of the guinea-pig P2Y1 receptor overexpressed in HEK293 cells than
ATP (22), NAD+ (and ADPR) could be more selective activators of the P2Y1 receptors.
Such observations also favor the concept that purine transmitters are released and bind
receptors in a limited volume in the interstitium (i.e., neuro-effector junction, NEJ) and the
P2Y1 receptors are probably the dominant receptors available for binding on the
postjunctional cell membrane. More studies are needed to determine specific mechanisms of
storage, uptake, release, receptor complement and action of NAD+ and ADPR in smooth
muscle, but the initial investigations suggest that these purines may significantly contribute
to the neural control of smooth muscle.

EVIDENCE FOR ATP AND NAD+ AS NEUROTRANSMITTERS IN SMOOTH
MUSCLE
Caveats of using postjunctional responses to nerve stimulation as a measure of purine
release

Perhaps the most common approach for investigating purine neurotransmission in smooth
muscle is by evaluating responses of smooth muscle preparations to nerve stimulation by
electrical field stimulation. Assumptions about release of ATP are commonly based on
pharmacological characterizations of nerve-evoked smooth muscle contraction or relaxation
(7, 46), changes in smooth muscle cell membrane potentials or currents (10, 47) or
postjunctional Ca2+ transients (48) that are inhibited by P2 receptor antagonists. Since ATP
is a potent agonist of all P2 receptors (21, 42), it is commonly assumed that responses that
are blocked by inhibitors of P2 receptors are caused by released ATP. It should be
emphasized, however, that these are largely integrated responses to released
neurotransmitter(s) and/or their bioactive metabolites, that could be significantly affected by
the desensitization of postjunctional receptors, modification of the driving forces for
membrane currents, or rapid degradation of released purines (47). Such effects likely
represent integrated responses of an effector syncytium that is composed of postjunctional
cell targets electrically coupled with neighboring cells of the same or distinct cell types (18,
46, 49). Furthermore, commonly used pharmacological tools (i.e., synthetic receptor
agonists and antagonists, enzyme inhibitors or stable ATP analogues) may not have
sufficient selectivity or may not demonstrate the same receptor specificity as the endogenous
neurotransmitter. Finally, as discussed above, P2 receptors can be stimulated by nucleotides
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in addition to ATP. Therefore, such methodologies can only provide complementary
information about purine release to more direct approaches.

Action potential-evoked overflow of ATP and NAD+

Studies of purine overflow using the small-volume superfusion assay in combination with
HPLC-FLD methodologies have made possible a number of key observations in smooth
muscle. For example, temporal dissociation of the ATP and norepinephrine overflow in
response to electrical field stimulation has suggested that in the guinea-pig vas deferens, in
contrast to bovine chromaffin cells, ATP and norepinephrine might be released from
different synaptic vesicles (41). Purine overflow measurements also lead to the discovery
that stimulation of nerves in mesenteric blood vessels, bladder detrusor smooth muscle, and
large intestine evokes concomitant release of NAD+ and ATP (11, 12, 22, 23). Importantly,
striking differences in mechanisms of release of ATP and NAD+ were identified. For
example, in the human bladder the overflow of ATP evoked by nerve stimulation was
frequency-dependent, was significantly reduced by neuronal inhibitors, and required intact
vesicle exocytosis machinery similar to the overflow of NAD+ (12); therefore, both ATP
and NAD+ met presynaptic criteria for neurotransmitters in this tissue. On the other hand, in
colonic muscles from mouse, monkey and human, only the evoked overflow of NAD+, but
not of ATP, demonstrated characteristics of neuronal release (22, 23). In blood vessels
inhibition of neuronal N-type voltage-dependent Ca2+ channels blocked the release of
NAD+ (and norepinephrine), but not of ATP (50). Therefore, purine neurotransmission in
smooth muscle is more complex than previously thought.

In smooth muscle, genuine neurotransmitters are expected to be released from synaptic
vesicles concentrated in ‘active zones’ (nerve varicosities along the nerve processes), but not
from cell bodies. Recent studies in primate colons demonstrated that in preparations
containing only nerve processes with varicosities, where the actual release of
neurotransmitters occurs, the overflow of NAD+, but not of ATP, showed correlation with
neural activity (23) (Fig. 1). Several possibilities could explain why ATP release does not
parallel neural activity. First, ATP could be released from both neuronal and non-neuronal
sources, the latter being the major source of ATP release in colonic muscle. Second, ATP
could be released from neurons, but mainly from cell bodies and less from nerve
varicosities. Third, ATP could be released from neurons but by mechanisms not associated
with vesicle exocytosis triggered by action potential firings and Ca2+ influx (15, 33).
Finally, ATP could be released from non-neuronal sources (i.e., glia, myocytes, interstitial
cells of Cajal or fibroblast-like cells) upon stimulation by released neurotransmitter(s) (e.g.,
receptor activation, smooth muscle contraction or cascade transmission) (15, 51, 52). Further
studies are needed to test these possibilities. A more direct determination of neuronal release
of purines would be to compare release of ATP and NAD+ from isolated smooth muscle
nerve varicosities in response to depolarizing stimuli. Isolated gastrointestinal nerve
varicosities have been used in studies on enteric neurotransmission (53), but simultaneous
evaluation of depolarization-induced release of ATP, NAD+ and other purines has not been
described. Likewise, no data on neurotransmitter storage and release from nerve varicosities
or synaptic vesicles in other smooth muscles have been reported.

CELL TARGETS FOR NEUROGENIC ATP AND NAD+

Classical thinking has defined the smooth muscle cells as the immediate targets for
neurotransmitter action at the neuroeffector junctions (46), but in many smooth muscle
tissues (e.g., gastrointestinal tract and bladder) neuroeffector junctions appear to be much
more complicated than simple contact between nerve processes and myocytes (18). In
gastrointestinal smooth muscles, in particular, the neuro-effector junction consists of
synaptic-like contacts between nerve varicosities and intramuscular interstitial cells of Cajal
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or PDGFRα (+) fibroblast-like cells (18, 44). Importantly, PDGFRa(+) cells express
receptors and ion channels required to mediate purinergic inhibitory responses (44, 49),
whereas smooth muscle cells either appear to be far less responsive to purines (44) or
respond to purines in manners that are not consistent with purinergic inhibitory
neurotransmission (23). Therefore, the enteric purinergic neuroeffector junction may consist
of nerve cells and fibroblast-like cells, which then transmit the signal to the smooth muscle
cells likely via gap junctions, GJ (Fig. 2). Although some ATP may be released from
synaptic vesicles, the main part of ATP appears to be released from non-neuronal sources.
After release, both ATP and NAD+ (and possibly ADPR) are degraded to AMP and
adenosine. Therefore, multiple purines likely affect multiple cell targets in the neuroeffector
syncytium in smooth muscle. Fig. 2 depicts a theoretical model of the purine neuroeffector
junction in colonic smooth muscle, based on the findings discussed above.

CONCLUDING REMARKS
Purine neurotransmission has emerged as an important factor in determining smooth muscle
motility. Moreover, ‘purinergic hyperactivity’ appears to be involved in disease states (e.g.,
54) and purinergic signaling may contribute to development or maintenance of important
human diseases such as hypertension, overactive bladder, and gastrointestinal motility
disorders. Despite its importance and potential clinical significance, purinergic signaling in
smooth muscle is not adequately understood. Much progress has been made in
understanding the extracellular roles of ATP, but new evidence suggests that other purines
may also significantly contribute to regulation of smooth muscle motility. With the
acceptance of multiple purine involvement come the fundamental questions of how these
substances engage in co-regulation of effector systems. Answers to these questions will
identify new molecular targets for prevention and therapy of important human diseases.
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Figure 1. Nerve stimulation evokes release of ATP and NAD+ in whole and circular muscle
preparations of primate colon
(A) NADPH-diaphorase staining of longitudinal and circular muscle of monkey colon. Left
panel shows NADPH-diaphorase+ neurons (arrows) in myenteric plexus longitudinal
preparation. Inset is magnification showing neurons within myenteric ganglia (*). Right
panel shows that circular muscle is free of ganglia. Nerve fibers parallel to circular muscle
remain (arrow heads). Inset is magnification showing nerve fibers. Scale bars are 500 μm in
both panels and 50 μm in insets. (B and C) ATP and β-NAD+ released from monkey whole
muscle and circular muscle in response to electrical field stimulation (4 and 16 Hz, 0.3–0.5
ms pulse width) and with tetrodotoxin (TTX, 0.5 μmol/L) and ω-conotoxin-GVIA (ω-Ctx
50 nmol/L). Averaged data (fmol/mg tissue) are means ± SEM; (°) denote significant
differences from 4 Hz controls (P<.05); (*) denote significant differences from 16 Hz
controls (*P<.05, **P<0.01). The evoked release of ATP, in contrast to NAD+, showed no
frequency-dependence and no sensitivity to neural toxins in both preparations. (Reproduced
with permission from 23).
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Figure 2. A simplified model of purine-mediated neurotransmission in the colon smooth muscle
neuroeffector junction
NAD+ is the primary neurotransmitter mediating purinergic inhibitory regulation of colon
motility (22, 23). ADP-ribose (ADPR), a metabolite of NAD+, could also be a factor in
inhibitory neurotransmission, either as a neurotransmitter or a metabolite of extracellular
NAD+ (24). NAD+ is stored in and released from neural vesicles in nerve varicosities into
the neuro-effector junction (NEJ) upon action potential firings (APs). NAD+ binds to
postjunctional P2Y1 receptors (22, 43) on PDGFRα+ cells (44) and mediate activation of
phospholipase (PLC), formation of inositol 1,4,5-trisphosphate (IP3), release of Ca2+ from
intracellular stores (i.e., sarcoplasmic reticulum, SR) and activation of small-conductance
K+ channels (SK3). Hyperpolarization transients (i.e., inhibitory junction potentials, IJPs)
conduct to smooth muscle cells (SMC) via gap junctions (GJ) between PDGFRα+ cells and
SMC (43). IJPs reduce excitability and cause muscle relaxation. NAD+ is rapidly degraded
to ADPR by CD38 and/or an unknown metabolic pathway (24). ADPR is further degraded
to adenosine 5′-monophosphate (AMP) and adenosine (ADO) by well-known pathways (not
shown). ADPR also binds to postjunctional P2Y1 receptors and produces responses identical
to NAD+ (24). ATP is also released in colonic muscles upon electrical field stimulation, but
it appears to originate primarily from non-neuronal sources. ATP is quickly degraded to
adenosine 5′-diphosphate (ADP), AMP, and ADO. ADO can activate P1 G-protein-coupled
receptors on SMC membrane. ATP and ADP may participate in the post-junctional
responses mediated by P2Y1 receptors (dotted arrows), but data shown in 24 suggest that
ATP also binds to additional P2Y receptors (P2YRs) expressed by SMCs and possibly other
cell types. Purine binding to P2YRs in SMCs activates SK channels and non-selective cation
channels (NSCC). With cells at physiological gradients and potentials, the dominant
responses of SMCs to ATP and NAD+ are activation of inward current (23). Thus, it is
unlikely that IJPs due to transduction of the purinergic neurotransmitter signal could be
mediated by SMCs.
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