
hydropyridines. At the negative resting potentials
of gastrointestinal muscles between slow waves
(i.e. -50 to -80 mV), voltage-dependent Ca2+

channels have a very low probability of opening.
Depolarization of smooth muscle cells during the
slow wave cycle takes membrane potential into a
range where the open probabilty for Ca2+ chan-
nels increases steeply. In some cases slow waves
activate Ca2+ action potentials in smooth muscle
cells, but in other cases, there is a general in-
crease in Ca2+ channel open probability during
the slow wave event, and the threshold is not
reached for Ca2+ action potentials. Ca2+ entry into
smooth muscle cells occurs during each slow
wave and decreases precipitously between slow
waves. During the “diastolic” period between
slow waves, Ca2+ is extruded from smooth mus-
cle cells via a plasma membrane Ca2+ pump or
taken up into the sarcoplasmic reticulum by an-
other isoform of Ca2+ pump and the decrease in
cytoplasmic Ca2+ results in a period of muscle re-
laxation. 

By these mechanisms the contractile activity
of the gut is naturally organized into periodic
contraction/relaxation cycles, and this behavior is
fundamental to motility patterns such as gastric
peristalsis and intestinal segmentation1. Slow
waves not only coordinate the contractile behav-
ior in the circumferential direction around gas-
trointestinal organs, but also coordinate the lon-
gitudnal spread of gastric peristaltic contractions
and the spatial dimensions of active segments in
the intestine. 

From observing movements of gastrointestinal
organs during peristaltic contractions, it is clear
that the degree of muscle shortening (which is
sometimes referred to as the ‘depth’ of contrac-
tions since observations of these events was ac-
complished by looking at profiles of organs dur-
ing cineradiography) varies significantly after
meals and during fasting. The force of phasic
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The GI tract is a series of hollow tubes that re-
ly on coordinated contractions of the muscle lay-
ers to produce oral and aboral movements of
contents. Smooth muscle cells are only a few
hundred microns in length, so for annular con-
tractions to occur, smooth muscle cells around
the circumference of the gut must contract at the
same time. This multi-cellular coordination is ac-
complished, as in the heart, by the propagation of
electrical depolarizations. In the gut these propa-
gating electrical events are known as slow
waves1.

Slow waves originate in interstitial cells of Ca-
jal (ICC), which serve as pacemakers in the gas-
trointestinal tract2. ICC form a network of cells
in all regions of the gut that generate segmental
or phasic contractions. ICC serve not only as
pacemaker cells, but also as a pathway enabling
active propagation of slow waves3. ICC networks
are coupled to smooth muscle cells via gap junc-
tions, however actual measurement of this cou-
pling shows that the coupling is not extensive.
Loose coupling is needed for electrical pacemak-
er activity in ICC to reach threshold without dis-
sipation of current into the large electrical sink of
the musculature. Smooth muscle cells do not
have the ionic mechanisms necessary to regener-
ate slow waves. Thus, slow waves conduct, with
decrement, into the smooth muscle and from
smooth muscle cell to smooth muscle cell. With-
out regeneration by propagation with the ICC
network, slow wave events will not propagate for
long distances and coordination between regions
is lost. Thus, the continuous network formed by
ICC is essential for coordinated spread of electri-
cal behavior. 

The phasic contractions of gastrointestinal
tract are initiated by Ca2+ entry through voltage-
dependent (L-type) Ca2+ channels5, and contrac-
tile responses of both circular and longitudinal
muscle layers are significantly depressed by di-
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contractions in gastrointestinal organs is regulat-
ed by motor inputs from the enteric nervous sys-
tem and by hormones that precondition the re-
sponses of the smooth muscle cells to depolariza-
tion by slow waves. 

As stated above, electrical slow waves depo-
larize smooth muscle cells and activate opening
of voltage-dependent Ca2+ channels.  The
amount of Ca2+ entry and therefore the force of
contraction is greatly affected by the amplitude
of the depolarization during a given slow wave,
and small changes in slow wave amplitude can
have great impact on force5. This is because of
the steep relationship between membrane po-
tential and the open probability of Ca2+ chan-
nels. Activation of excitatory motor neurons
primarily results in activation of inward cur-
rents in post-junctional cells and depolariza-
tion. Superposition of the ongoing slow waves
and the depolarization during excitatory nerve
stimulation leads to greater levels of depolar-
ization during slow waves, more Ca2+ channel
openings, more Ca2+ entry and more forceful
contractions. Axons of motor neurons originate
in the myenteric plexus and run in a circumfer-
ential manner around gastrointestinal organs.
Thus, activating excitatory nerves leads to in-
creased contractile force around the circumfer-
ence of a given organ. By regulating the pattern
of excitatory nerve activation, forceful annular
contractions can be organized into segmental,
back-and-forth contractions or peristaltic con-
tractile waves that spread smoothly over great
distances. 

Inhibitory input from nerves causes activation
of K+ channels, decreased syncytial impedance
and hyperpolarization. During preconditioning of
this sort, the amplitudes of slow waves conduct-
ing through the smooth muscle syncytium are re-
duced and Ca2+ entry during each slow wave cy-
cle is reduced. Activating primarily inhibitory
neurons in front of a peristaltic contractile wave,
therefore, reduces the tendancy for contraction in
that region, increases compliance, and yields a
receptive relaxation. 

In some regions of the gastrointestinal tract it
is possible to influence the frequency of electri-
cal slow waves by neural inputs3. There is some
capacity for this in the small intestine, but in
general the intrinsic slow wave rate is high
enough that it is not easy to phase advance these
events. In the stomach, however, the rate of
slow wave generation is much slower than in
the intestine. Excitatory neural stimulation can

increase slow wave frequency, and this might
produce adverse effects under some circum-
stances. Propagation of slow waves from the
orad corpus to the pyloric sphincter depends up-
on a distinct frequency gradient in the intrinsic
pacemaker activities of ICC in these regions. If
slow waves are abnormally advanced in antral
pacemaker cells, the frequency gradient (which
is only about 3 to 1 in humans) might break-
down. This would cause loss of coordination
between corpus and antrum (functional uncou-
pling) and defective gastric peristalsis. If the
motor programs that determine the pattern of
neural activation after meals become biased so
as to create disproportionate excitatory inputs to
antral mucles without balancing input to the
corpus, it is possible that antral tachyarrhyth-
mias might disrupt the normal pattern of post-
prandial gastric peristalsis. 

Other factors also regulate the strength of gas-
trointestinal contractions. Digestive hormones
can also pre-condition gastrointestinal muscles to
generate more or less forceful contractions. Of
course the region(s) affected by hormones is
more difficult to specify since these compounds
reach targets throught the circulation. Regional
specificity of effects is accomplished instead by
expression of hormone receptors. Regions regu-
lated by a given hormone express an appropriate
receptor and respond while other regions where
receptors are not expressed are insensitive.
Paracrine substances also affect coupling be-
tween slow waves and contractile responses. In
many cases the role of paracrine substances can
be greatly influenced by pathophysiological con-
ditions. For example, inflammatory responses
can be linked to altered motor performance by
upregulation of nitric oxide or prostaglandin pro-
duction6. 

Most substances that bind to G-protein cou-
pled receptors (GPCR) expressed by smooth
muscle cells or affect cellular responses by en-
hancing the activity of cyclic nucleotide-depen-
dent protein kinases, influence additional cellular
pathways that can greatly impact electrical-me-
chanical coupling. For example, GPCRs linked
to production of inositol 1,4,5-triphosphate (IP3)
can amplify Ca2+ signals in muscle cells by re-
lease of Ca2+ from intracellular stores. Other
pathways can either amplify or depress the sensi-
tivity of the contractile apparatus to a given level
of cytoplasmic Ca2+ by regulating the phos-
phatase that reduces phosphorylation of myosin
light chain kinase. 
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