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Introduction

The enteric nervous system (ENS) is the col-
lection of neurons and support cells that
reside within the wall of the gastrointestinal
tract. The ENS controls most gastrointestinal
functions including motility, blood flow and
absorption and secretion of water and elec-
trolytes. While connections with the central
nervous system (CNS) integrate digestive
behaviors with other behaviors, the ENS can
maintain essentially normal gastrointestinal
function independent of direct connections
with the CNS (12). Enteric nerves are neuro-
chemically diverse as they contain more than
thirty different neuroactive substances. As
there are many potential neurotransmitters
and/or chemical messengers, there are also
likely to be many different receptors and cel-
lular mechanisms by which these substances
can act on enteric nerves. This review will

focus on the cellular mechanisms of excita-
tory synaptic transmission in the ENS.

The enteric nervous system

The ENS consists of two ganglionated
plexuses, the submucosal plexus and the
myenteric plexus. The submucosal plexus is
embedded in the submucosal layer between
the mucosa and circula muscle layers. The
submucosal plexus is primarily responsible
for regulating water and electrolyte secretion
by the mucosal epithelium and for regulat-
ing local blood flow. Individual submucosal
ganglia contain 8-12 neurons and these gan-
glia are dispersed in an irregular arrange-
ment throughout the submucosal. The myen-
teric plexus resides between the circular and
longitudinal muscle layers and is primarily
responsible for controlling contractions and
relaxations of these muscle layer. Myenteric
ganglia contain anywhere from 60 - 100
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The enteric nervous system can control gastrointestinal function independent of direct con-
nections with the central nervous system. Enteric nerves can perform this task as there are
multiple mechanisms of excitatory neurotransmission in enteric ganglia. There are two broad
types of excitatory synaptic transmission, fast and slow excitatory synaptic responses. Fast
excitatory postsynaptic potentials (fEPSPs) are recorded from “S” type neurons and some AH
type neurons. S neurons are interneurons and motorneurons while AH neurons are intrinsic
sensory neurons. Slow excitatory postsynaptic potentials (sEPSPs) can be recorded from some
S neurons and also from AH type neurons. The fEPSPs recorded from S neurons are medi-
ated largely by acetylcholine acting at nicotinic cholinergic receptors (nAChRs). However, ATP
acting at P2X purine receptors contributes to the fEPSP in many S neurons. The fEPSPs
recorded from AH neurons are also mediated largely by nAChRs but glutamate acting at
AMPA receptors contributes to fEPSPs in some AH neurons. The sEPSPs in AH neurons are
mediated by one or more neuropeptides and 5-hydroxytryptamine. The sEPSPs in AH neu-
rons are due to inhibition of two types of resting potassium channels and activation of a chlo-
ride channel or a nonspecific cation channel. The multiple mechanisms of excitatory synap-
tic transmission in the enteric nervous system contribute to its capacity to regulate complex
gastrointestinal functions.
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neurons and the ganglia are arranged in
rows oriented in the circular axis of the gas-
trointestinal tract (12).

There are two types of neurons in the sub-
mucosal and myenteric plexuses that can be
distinguished based on their electrophysio-
logical properties when these neurons are
studied using conventional intracellular
microelectrodes. These cell types are desig-
nated “S” neurons and “AH” neurons (7, 36).
Single electrical stimuli applied to intergan-
glionic connectives elicit fast excitatory post-
synaptic potentials (fEPSPs) in S type neu-
rons. Short trains of electrical stimuli elicit
slow excitatory postsynaptic potentials
(sEPSPs) in most S neurons. The action
potential recorded from the soma of S neu-
rons is completely blocked by the sodium
channel blocker, tetrodotoxin and most S
neurons fire continuously when depolarized
with a current pulse applied through the
recording microelectrode (7).

Single electrical stimuli fail to elicit a
synaptic response in most AH neurons, how-
ever, trains of stimuli elicit sEPSPs from all
AH neurons (7, 13, 36). The action potential
in AH neurons has a prominent shoulder
that is due to a calcium current contribution
to the action potential (13). As a result the
somal action potential in AH neurons is only
partly blocked by TTX. The action potential
in AH neurons is followed by an afterhyper-
polarization that lasts from 1-20 seconds
(25). The afterhyperpolarization is mediated
by a calcium-dependent potassium channel
activated by calcium entering the neuron
during the action potential (14, 25-27).
Under resting conditions, AH neurons usu-
ally only fire one or two action potentials
when depolarized by an intracellular current
pulse as the spike afterhyperpolarization lim-
its the firing rate. Data from functional and
neuroanatomical studies indicate that AH
neurons are likely to be intrinsic sensory
neurons in both the myenteric plexus and
submucosal plexus (13).

Fast excitatory postsynaptic potentials
(fEPSPs)

Responses mediated at nicotinic acetyl-
choline receptors (nAChRs)

The predominant mechanism of excitato-
ry neurotransmission in the autonomic ner-
vous system which includes the ENS is via
nerve released acetylcholine acting at

nAChRs. As nAChRs are ligand gated ion
channels they mediate short latency (＞2 ms)
and short-lived (＜50 ms) synaptic responses
(14). There are multiple nicotinic receptor
subtypes whose properties are determined by
the subunit composition of the receptor het-
eromer (20). There are no functional studies
examining the specific nAChRs expressed by
enteric nerves however, recent immunohisto-
chemical studies have revealed that some
enteric nerves and nerves fibers express
immunoreactivity for the α7 subunit while
most enteric nerves are recognized by a
monoclonal antibody, mAb35, which binds
the α3, α5 and β4 subunits (17). The
fEPSPs in myenteric neurons have a reversal
potential near 0 mV suggesting that the
fEPSPs are due to an increase in a nonspe-
cific cation conductance including calcium
ions (14, 32).

Studies done in myenteric neurons main-
tained in primary culture have characterized
some of the pharmacological and kinetic
properties of nAChRs (38). Agonists for the
nAChR were applied using a method for
rapid drug application to minimize receptor
desensitization. The rank order potency for
activation of myenteric nAChRs was nico-
tine＞ACh＞dimethylphenyl-piperazini-
um＞＞cytisine. Inward currents elicited by
nAChR agonists are blocked completely by
hexamethonium but are unaffected by prior
incubation of the cells with α-bungarotoxin.
These data indicate that myenteric nAChRs
do not contain α7 (α-bungarotoxin-sensi-
tive) subunits (20). Inward currents caused
by activation of nAChRs have a reversal
potential of 0 mV and the whole cell cur-
rent/voltage relationship show marked
inward rectification. Steady state application
of maximum ACh concentrations (1 mM)
causes myenteric neuronal nAChRs desensi-
tize by more than 80% in less than 300 ms.
Application of ACh to outside-out patches of
myenteric neurons showed that nAChRs
have a single channel conductance of
approximately 20 pS. Unlike whole cell cur-
rents, the current/voltage relationship for
the single channel current was linear in the
range of potentials between－90 and＋40
mV but channel open probability decreased
at less negative patch potentials.
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Responses mediated at P2X purine recep-
tors

Exogenously applied ATP causes a fast
depolarization in myenteric and submucosal
neurons that is similar to that caused by ACh
acting at nicotinic receptors (4, 9, 14). In
submucosal neurons, all fEPSPs are com-
pletely blocked by nicotinic cholinergic
receptor antagonists (9). However, fEPSPs
recorded from myenteric neurons are not all
purely cholinergic (14, 19). In these studies it
was shown that in 60-70% of myenteric neu-
rons, fEPSPs were only partly inhibited by
the nicotinic cholinergic receptor antagonist,
hexamethonium. The hexamethonium-resis-
tant fEPSPs were reduced in a concentration
dependent manner by suramin or PPADS or
by desensitization with α, β-methylene ATP
(14, 19).

Fast excitatory postsynaptic currents
(fEPSCs) can be recorded using whole cell
patch clamp methods from myenteric neu-
rons maintained in primary culture (37).
The fEPSCs are completely blocked by hexa-
methonium in most neurons. However in a
subpopulation of cells, complete inhibition
of fEPSCs requires the combined application
of hexamethonium and PPADS. In 90% of
neurons studied, ATP elicited an inward cur-
rent that desensitized by more than 80% in 7
seconds. In 10% of the neurons studied, ATP
elicited a rapidly developing inward current
(10-90% rise time ＜50 ms) that desensitized
in less than 200 ms. The pharmacological
properties of the slowly desensitizing
response suggest they are mediated at P2X2
receptors while the rapidly desensitizing
response had the pharmacological properties
of the P2X3 receptor (8, 10). The whole cell
current-voltage relationship reveals a rever-
sal potential near 0 mV and shows marked
inward rectification. P2X receptors are non-
specific cation channels that are permeable
to sodium, potassium and calcium ions (7,
38). Single channels activated by ATP in out-
side-out patches have a conductance of 25
pS and the current/voltage relationship of
the single channel current was linear
between －80 and ＋ 40 mV while the open
probability decreased at less negative to pos-
itive patch potentials. Rectification of the
whole cell current appears to be due to volt-
age dependence of the gating of the P2X
receptor (11).

Responses mediated at inotropic glutamate
receptors

Not all fEPSPs recorded from the intact
myenteric plexus are blocked by the com-
bined application of nicotinic and P2X
receptor antagonists. These non-cholinergic,
non-purinergic fEPSPs may be due to the
action of nerve-released glutamate (21).
Immunohistochemical studies showed that
myenteric neurons express ionotropic gluta-
mate receptors and the neuronal glutamate
transporter. Furthermore, application of
exogenous glutamate elicited a biphasic
depolarization. The early fast phase mimic-
ked by AMPA while the late slower depolar-
ization was mimicked by NMDA. Finally,
some fEPSPs recorded from myenteric AH
neurons were inhibited by DNQX, an antag-
onist of AMPA type glutamate receptors.
These data indicate that glutamate con-
tributes to fast excitatory transmission in the
myenteric plexus (21). The signaling mecha-
nisms for fast excitatory synaptic transmis-
sion in the ENS are summarized in Figs. 1
and 2.

Mechanisms of slow synaptic excitation

Nerve stimulation elicits sEPSPs in S and
AH neurons. There are many substances
contained in and released from enteric
nerves that when applied to individual neu-
rons cause responses that mimic the sEPSP
(15, 33, 34). However, there are only a few
of these substances for which there are suffi-
cient data to indicate that they are mediators
of synaptic responses. ACh acting at mus-
carinic M1 type receptor mediates sEPSPs in
myenteric S neurons (24). Substance P (SP)
acting at NK-3 receptors (6, 15, 33) and 5-
hydroxytryptamine (5-HT) acting at 5-HT1P

receptors (22, 23, 35), are mediators of
sEPSPs in AH neurons (Figs. 1 and 2).

Ionic mechanisms of sEPSPs
Most sEPSPs are associated with a net

decrease in membrane conductance and
have a reversal potential at －90 mV with
normal extacellular potassium concentra-
tions. When the extracellular potassium con-
centrations are altered, the reversal potential
for the sEPSP changes with the predicted
change in the potassium equilibrium poten-
tial. These studies indicate that most sEPSPs
are due in large part to a decrease in resting
potassium conductance (15, 16). In AH neu-

Enteric Neurotransmission ― 131



rons there are two potassium conductances
inhibited during the sEPSP. The first is a
background or “leak” conductance. The sec-
ond is a persistent calcium-dependent potas-
sium conductance that is the same conduc-
tance mediating the spike afterhyperpolar-
ization (1, 27).

The sEPSP in most AH neurons is due to
inhibition of the leak potassium conductance
and the calcium-activated potassium conduc-
tance. However, single electrode voltage
clamp recordings from myenteric and sub-
mucosal neurons showed that not all sEPSPs
reverse at the potassium equilibrium poten-
tial or are associated with a net conductance
change. Pharmacological and electrophysio-
logical analysis showed that these “non-
reversing” sEPSPs were due to a simultane-
ous decrease in potassium conductance and
increase in a non-specific cation conduc-
tance in submucous neurons (31) and a
decrease in potassium conductance and
increase in a chloride conductance in myen-
teric neurons (6).

Signaling mechanisms for sEPSPs
The sEPSPs in enteric S and AH neurons

have a long latency to onset (200 ms to sev-
eral seconds) and long duration (seconds to
minutes). These observations indicate that
there are likely to be several signaling steps
between neurotransmitter binding to its
receptor and alterations in ion channel activ-
ity. Substances which mimic the sEPSP
increase intracellular cyclic AMP in myen-
teric ganglia and activation of adenylate
cyclase is one intracellular pathway involved
in slow synaptic excitation in the myenteric
plexus (28, 29).

Biochemical studies have shown that NK-3
receptors, which mediate some sEPSPs, cou-
ple to phospholipase C (17). The contribu-
tion of this NK-3 coupled pathway to the
generation of sEPSPs in myenteric AH neu-
rons has been studied using inhibitors of
these pathways (5).

In myenteric AH neurons, sEPSPs and
responses caused by the NK-3 selective ago-
nist, senktide are potentiated and prolonged
following intracellular injections of the non-
hydrolyzable GTP analog GTPγS but persist
in pertussis toxin (PTX)-treated preparations.
These data indicate that the G-proteins par-
ticipating in this signaling pathway are PTX-
insensitive. Phorbol dibutyrate (PDBu) which

activates protein kinase C (PKC) causes a
concentration-dependent inward current that
was due only to inhibition of a potassium
conductance. PDBu also inhibits the spike
afterhyperpolarization in AH neurons.
Staurosporine, a drug somewhat selective for
inhibition of PKC, reduced the amplitude of
inward currents caused by PDBu and
reduced the amplitude of the sEPSP. It was
also found that D600, an inhibitor of phos-
photidyl choline-dependent phospholipace C
(PC-PLC) reduced the amplitude of the
sEPSP and senktide response. These data
indicate that sEPSPs mediated via activation
of NK-3 receptors are due to activation of
PC-PLC and activation of PKC. The back-
ground and calcium activated potassium
channels may be targets for PKC-induced
phosphorylation which would cause them to
close. The signaling mechanism activating
the chloride conductance that contributes to
the sEPSP in some myenteric AH neurons is
unknown. However, it was shown that nei-
ther forskolin, an activator of adenylate
cyclase, or PDBu could activate the chloride
conductance. However, in submucous neu-
rons the cation conductance that contributes
to the sEPSP could be activated by forskolin
suggesting that a cAMP-dependent pathway
is involved in activation of these non specif-
ic cation channels (5) (Fig. 2A).

5-HT, acting at 5-HT1P receptors, inhibits
the spike afterhyperpolarization in AH neu-
rons and causes a slow depolarization associ-
ated with an increase in input resistance (16,
36). Further-more, some sEPSPs recorded
from AH neurons are blocked by 5-HT1P

receptor antagonists suggesting that 5-HT is
a slow synaptic transmitter in the myenteric
plexus (22, 23). The signaling mechanisms
coupled to the 5-HT1P receptor are complex.
The structure of the 5-HT1P receptor has not
been established, however, slow depolariza-
tions caused by 5-HT are inhibited and pro-
longed by intracellular injections of GDPβS
and GTPγS, respectively (30). Furthermore,
intracellular injections of Fab fragments of
antibodies raised against Gαo or pretreat-
ment of tissues with PTX also inhibited some
sEPSPs and the 5-HT1P-mediated slow depo-
larizations caused by local application of 5-
HT. Finally, slow depolarizations caused by
5-HT and sEPSPs are inhibited by the sepa-
rate application of PKC and protein kinase
(PKA) inhibitors and are completely blocked
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Fig. 1 Mechanisms of excitatory synaptic transmission in enteric S neurons. A: Fast and slow exci-
tatory synaptic transmission in myenteric S neurons. M1 muscarinic receptors mediate sEPSPs in S
neurons. The signaling pathways coupled to M1 receptors in these neurons has not been established.
However, activators of PKC and an adenylate cyclase mimic the sEPSP in these cells. A background
potassium channel is a possible target for PKC or PKA induced phosphorylation. P2X purine recep-
tors and nAChRs mediate fEPSPs in S neurons. These ligand gated cation channels permeable to
sodium potassium and calcium ions. B: Fast and slow synaptic transmission in submucosal S neu-
rons. The mediator(s) of the sEPSP in submucous neurons has not been established but the sEPSP
can be mimicked by activators of adenylate cyclase. The targets of PKA induced phosphorylation are
likely to be a background potassium channel and a non-specific cation channel that is primarily
sodium permeant.
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Fig. 2 Mechanisms of excitatory transmission in myenteric AH neurons. AMPA receptors and
nAChRs mediate the fEPSPs that can be recorded from some AH neurons. 5-HT and SP are media-
tors of the sEPSP in AH neurons. 5-HT acting at 5-HT1P receptors activates a sequential signaling
pathway involving PKC and PKA resulting in the likely phosphorylation of a background potassium
channel and a calcium-dependent potassium channel. In other AH neurons, substance P acts at NK-
3 receptors to activate PKC which likely phosphorylates the background and calcium-dependent
potassium channels. NK-3 receptors also couple to activation of chloride conductance via an
unknown signaling pathway.



by co-application of inhibitors of these
enzymes. These data indicate that the leak
and calcium-activated potassium channels
are substrates for both PKC and PKA and
that the signaling mechanism coupled to the
5-HT1P receptor may involve a sequential
activation of Gαo, PKC, adenylate cyclase
and PKA (30) (Fig. 2B).

Summary and conclusions
The neurochemistry and synaptic connec-

tions of enteric neurons are complex with
several different mechanisms for fast and
slow synaptic excitation. There are three dif-
ferent mechanisms of fast excitatory synap-
tic transmission including ACh acting at
nAChRs, ATP acting at P2X receptors and
glutamate acting at AMPA receptors. Each
receptor is a ligand-gated ion channel medi-
ating short latency, short duration synaptic
excitation. Slow synaptic excitation is also an
important mechanism of neurotransmission
in the ENS. Slow EPSPs are mediated by
ACh acting at M1 muscarinic receptor, sub-
stance P acting at NK-3 receptors and 5-HT
acting at 5-HT1P receptors. The sEPSPs are
due to transmitter induced inhibition of two
resting potassium conductances and activa-
tion of a chloride (myenteric neurons) or a
non-specific cation conductance (submucous
neurons).

Normal gastrointestinal function requires
a complex interaction between intrinsic and
extrinsic gastrointestinal nerves, circulating
and locally acting hormones and effector
cells (smooth muscle, epithelial cells etc.).
The complexity of the neural mechanisms of
excitation in the gut wall permit a high
degree of flexibility in the intensity and
duration of neural activity. This allows for
marked alterations in or subtle modifications
of gastrointestinal behavior. The multiple
mechanisms of synaptic excitation also pro-
vide an opportunity for the development of
new and novel drugs which could modify
excitatory neurotransmission in the gastroin-
testinal tract and therefore treat some disor-
ders of gastrointestinal function.
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