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Coordinated motor activity is required to develop the major functions of the colon, which are:
1-absorption of water, electrolytes, bile salts, short-chain fatty acids and other bacterial metabolites,
2-storage of colonic contents and 3-propulsion of fecal material (Christensen, 1991). Interstitial
cells of Cajal (ICCs) generate spontaneous pacemaker currents which are conducted to smooth
muscle cells (SMCs) causing rhythmic contractile patterns (Rumessen et al., 1993; Huizinga et al.,
1995). Even though in vitro experiments disrupt enteric neural pathways crucial to develop a variety
of in vivo colonic motor patterns and rule out any influence of extrinsic innervation, they are
useful to better understand the mechanisms underlying colonic motility. Accordingly, the aim of
this article is to summarize myogenic and neurogenic activities described in the human colon,
hypothesize about how these mechanisms might be related and propose a new concept, enteric
motor pattern generators, for this interplay.

Circularly-oriented strips from the human colon most commonly display low-amplitude
contractions at an equivalent frequency to slow waves (Figure 1A). Strips that preserve the
submucous plexus exhibit prominent 2–4 c.p.m slow waves that have their greatest amplitude near
the ICC-submuscular plexus (ICC-SMP) (Rae et al., 1998). ICC-SMP are therefore responsible for
colonic slow waves in the colon of animals (Langton et al., 1989; Pluja et al., 2001) and humans
(Rumessen et al., 1993). Septal ICCs described in the human colon (Liu et al., 2012) might spread
this pacemaker activity as previously suggested in the human small intestine (Lee et al., 2007a,b). In
vivo, rhythmic phasic contractions (RPCs) at a frequency of 2–4 c.p.m are commonly recorded in
the human large intestine (Taylor et al., 1975; Latimer et al., 1981; Narducci et al., 1987; Ford et al.,
1995) strongly correlating to their frequency in vitro. The classical view states that the main role
of RPCs is the turning over and mixing of luminal contents. However, recent studies using high
resolution manometry have shown that RPCs can propagate anally or orally over short distances
possibly causing propulsion (Dinning et al., 2014).

RPCs can appear together with high-amplitude contractions of a lower frequency (Figure 1B).
When Rae et al. (1998) removed the submucosal plexus from human colonic strips leaving
the myenteric plexus intact, strips displayed tetrodotoxin (TTX)-insensitive high-amplitude
contractions at a frequency of 0.3–0.6 c.p.m. A similar contractile pattern has been reported in
rat and mouse colonic strips when the ICC-SMP is removed (Pluja et al., 2001; Domenech et al.,
2011). These results demonstrate the presence of a second myogenic pacemaker not dependent on
the ICC-SMP or the enteric nervous system. The most probable origin of this pacemaker is the ICC
network located near the myenteric plexus (ICC-MP) (Pluja et al., 2001; Carbone et al., 2013). In
colonic large segments of different species, propulsive contractions at an identical frequency can be
recorded. These propulsive contractions are inhibited after neural blockade but they can be restored
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FIGURE 1 | In vitro motility patterns and enteric neurotransmission

in the human colon. Mechanical recording of high frequency (HF)

contractions of a constant amplitude probably associated to slow wave

activity (A), low-frequency (LF) contractions superimposed to HF

contractions (B) and wax and wane of HF contractions amplitude (C)

obtained from the experiments performed in our lab (Mane et al.,

2014a). Mechanical recording of EFS under NANC conditions on L-NNA

1mM incubated tissue at a frequency of 0.2Hz (D) and 1Hz (E) and

MRS2500 1µM incubated tissue at a frequency of 5Hz (F) (Mane

et al., 2014a). In L-NNA incubated tissue, purinergic neurotransmission

is only able to cause phasic relaxations while nitrergic neurotransmission

at 5Hz completely inhibits spontaneous contractions. Electrophysiological

recording of electrical field stimulation on L-NNA incubated tissue at a

frequency of 0.2Hz (G) and 1Hz (H) and MRS2500 incubated tissue at

a frequency of 5Hz (I) (Mane et al., 2014a). Notice how purinergic fast

IJP amplitude is reduced with high frequencies of EFS after the first

pulse while the nitrergic response increases due to summation of slow

IJP. Mechanical recording of EFS in NNNP conditions at 50Hz, 50V,

0.4ms for 1 s (J) eliciting an atropine-sensitive (K) contraction.

Mechanical recording of EFS in NNNP conditions at 50Hz, 50V, 0.4ms

for 10 s (L) eliciting an antiNK2-sensitive (M) contraction

(Martinez-Cutillas et al., 2015).
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with subsequent addition of carbachol demonstrating that
myogenic propulsive contractions can occur in species such as
the rat and rabbit colon (Huizinga et al., 2011; Costa et al.,
2013). The ICC-MP receives excitatory neural inputs (Faussone-
Pellegrini et al., 1990; Bayguinov et al., 2010) that may trigger the
appearance of the low-frequency pacemaker in vivo. In in vitro
conditions, the mechanisms responsible for the development
of low-frequency contractions might be the mechanical stimuli
elicited by the stretching of the strip (Huizinga et al., 2011).

Propagating spontaneous colonic motor complexes (CMCs)
are the principal motor pattern occurring in in vitro recordings
of whole isolated human colon (Spencer et al., 2012). They occur
approximately every 4min (0.25 c.p.m.), a frequency similar to
the one of the low-frequency contractions mentioned above.
Possibly due to the dimensions of the organ bath and the derived
technical difficulties, no experimental evidences were provided
about the neural origin of this activity, which has been confirmed
in the mouse colon (Bywater et al., 1989).

High resolution manometry revealed mainly four contractile
colonic motor patterns in humans (Dinning et al., 2014):
cyclic motor patterns corresponding to RPCs (slow waves),
short and long single propagating motor patterns and high-
amplitude propagating contractions (HAPCs). Short and long
single propagating contractions appear in intervals of more than
1min, a frequency similar to the one displayed by low-frequency
contractions recorded in vitro. HAPCs appear post-pandrially
and only represent a small percentage of the total motor
patterns recorded in healthy humans (6–10 HAPCs in 24 h,
Bassotti and Gaburri, 1988; Rao et al., 2001; De Schryver et al.,
2002). These high amplitude contractions develop a propulsive
role (Cook et al., 2000), propelling intraluminal contents over
large distances (Cannon, 1902). HAPCs can be activated by
mechanical stimulation or chemical stimuli acting on underlying
neural circuits which then initiate self-sustaining HAPCs. These
activation mechanisms are similar to the ones that trigger low-
frequency contractions in rat colonic segments. Once initiated,
HAPCs cannot be blocked by lignocaine (Hardcastle and Mann,
1968) and therefore do not need a neural circuitry to develop after
activation. We believe that the low-frequency pacemaker is the
electrophysiological basis of short and long single propagating
contractions and HAPCs. Luminal and extraluminal inputs may
activate enteric neurons that in turn enhance the pacemaker
possibly displayed by the ICC-MP. Consequently the force of
contractions can increase from≈23mmHg of single propagating
contractions to the ≈240mmHg of HAPCs. Alternatively,
inhibitory neurons can inhibit this myogenic pacemaker leaving
RPCs as the predominant pattern.

As previously described in the rat colon (Mane and Jimenez,
2014), human colonic strips can display a “wax and wane” pattern
of RPCs (Figure 1C) that can also be observed in the small
intestine (see Figure 4 in Gallego et al., 2014). This motor pattern
has been stated to be the basis of a segmentation-like pattern in
the murine small intestine and the rat colon (Huizinga et al.,
2014; Mane and Jimenez, 2014) and modulation of slow wave
amplitude by a second pacemaker of a lower frequency has
been proposed to be the underlying mechanism responsible. This
hypothesis was raised due to the fact that both the ICC-deep

muscular plexus of the murine small intestine and the ICC-MP
of the rat colon display a pacemaker of an identical frequency
to the wax and wane. Curiously enough, in the human colon
the frequency of the wax and wane is similar to the frequency
of low-frequency contractions. We therefore propose that in the
human colon, the low-frequency pacemaker is the basis of the
cyclic decrease in the amplitude of slow wave activity. Alternate
contraction and relaxation of colonic segments separate the colon
into chambers facilitating the contact between the intraluminal
content and the colonic wall favoring absorption, mixing and
slow propulsion of colonic contents.

The storage of colonic contents for long periods is
accomplished by a sustained inhibition of contractile activity
probably related to the presence of a neural inhibitory tone.
Both in the human colon (Rae et al., 1998; Gallego et al.,
2008) and laboratory animals (Alberti et al., 2005; Gallego et al.,
2012), the addition of TTX usually increases the amplitude and
frequency of spontaneous contractions in vitro. A similar effect
is observed when colonic tissue is incubated with L-NNA or
ODQ, a nitric oxide (NO) synthase and a guanylyl cyclase (Gc)
inhibitor respectively. Therefore, a constant in vitro inhibition
of spontaneous motility as a consequence of the “spontaneous”
release of NO from enteric neurons has been reported.We believe
that by stretching colonic strips in both electrophysiological and
mechanical experiments, the release of NO is increased as the
stretching may mimic the distention elicited by luminal content.

Excitatory and inhibitory neurons have, therefore, a role in the
generation and/or development of the motor patterns explained
above. While inhibitory neurotransmission is responsible for
sustained relaxations of the colon, an active participation of
excitatory neurotransmission has been proposed in the triggering
of low-frequency contractions, development of CMC and
HAPCs. Enteric innervation of the ICC networks can modulate
the predominant motility pattern displayed by a certain colonic
area in order to favor the development of the desired colonic
function. Moreover, excitatory and inhibitory neurons can relax
or contract the tissue independently of pacemaker activity.

In vitro, electrical field stimulation (EFS) of human colonic
tissue elicits complex responses including contractions,
relaxations and consequent off-contractions. These responses are
the result of the simultaneous stimulation of all enteric neuronal
pathways. As this might never happen in vivo, pharmacological
conditions and parameters for selective stimulation of concrete
neural pathways have to be established in order to emulate
in vivo neurotransmission as accurately as possible.

Until now, in the human colon, enteric inhibitory
neurotransmission has been shown to involve mainly
purines and NO. It is well known that non-adrenergic,
non-cholinergic (NANC) conditions are needed to study
inhibitory neurotransmission. To further isolate purinergic and
nitrergic responses, the NO synthesis blocker L-NNA or the
P2Y1 antagonist MRS2500 should be used. The frequency of EFS,
which we believe mimics the firing frequency of neurons, has
been stated to be crucial to enhance one or another component
of inhibitory neurotransmission: while purinergic responses
are dominant at low frequencies (<1Hz) (Figure 1G) or short
bursts (Figure 1H), high frequencies (>1Hz) of EFS are needed
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to release NO (Figure 1I) (Mane et al., 2014a,b). Purinergic
responses are attenuated in a frequency-dependent manner
and are therefore responsible for phasic relaxations required in
propulsive activity (Figures 1D,E). NO, in contrast, can cause
long-lasting inhibition of myogenic contractions (Figure 1F)
and is therefore crucial for storage functions (see above).

On the other hand, the major neurotransmitters responsible
for contractions released by enteric excitatory neurons are
acetylcholine and tachykinins. Excitatory neurotransmission
should be always characterized under non-nitrergic (L-NNA),
non-purinergic (MRS2500) (NNNP) conditions and in presence
of propranolol and phentolamine. In this case, the duration of the
neuronal burst determines if the response is mainly cholinergic
(short burst, 1 s) (Figures 1J,K) or if it also involves the release of
tachykinins (long bursts, 10 s) (Figures 1L,M) (Martinez-Cutillas
et al., 2015).

Direct innervation of SMCs by enteric motoneurons has
been discussed over the last years. Interstitial cells have been
proposed to mediate neurotransmission in the gut due to their
proximity to nerve endings, their expression of receptors and
signaling pathways for neurotransmitters and the existence of gap
junctions with SMCs. Concerning excitatory neurotransmission,
it has been shown that the ICC-MP receives excitatory input
from motoneurons that release acetylcholine and tachykinins
(Bayguinov et al., 2010) and that these cells are required for the
mediation of cholinergic post-junctional responses. In nitrergic
neurotransmission, guanylyl cyclase in both SMCs and ICC

has been proven to be mandatory to induce a full nitrergic
IJP (Lies et al., 2014). More recently, platelet derived growth
factor receptor α positive (PDGFRα+) cells in colonic muscles
(Kurahashi et al., 2012), which are also innervated by enteric
inhibitory motoneurons, have been shown to mediate purinergic
neurotransmission (Kurahashi et al., 2014). All these data have
been provided using genetic modified mice that lack ICC or
a certain post-junctional pathway, but the role of interstitial
cells including PDGFRα+ cells in human tissue needs further
evaluation.

Until now, the most studied intestinal motility pattern has
been the peristaltic reflex. However, although a polarization
of intrinsic neural pathways has been shown to exist in the
human colon (Porter et al., 2002), very poor responses to acute
distension have been reported using whole colonic preparations
(Spencer et al., 2012). Therefore, it is unreasonable to believe
that the peristaltic reflex is the unique basis of colonic motility.
This would be like stating that spinal reflexes are the basis of
movement. We believe that like spinal reflexes, peristaltic reflexes
are only activated by particular stimuli. We propose a new
concept, “enteric motor pattern generator” as an equivalent to
the “central pattern generators” described in the spinal cord. In
the gastrointestinal tract, different sublclasses of interstitial cells
are the source of primary motility pacing contractions occurring
at different frequencies. These patterns are constantly modulated
by intrinsic and extrinsic innervation that provide the essential
neural input to develop an efficient gastrointestinal motility.
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