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Abstract

Since the beginning of the 20" century, researchers have been working to improve the understanding
of gastrointestinal motility. The first major discovery was the observation of a migrating myoelectric
complex that turned out to be a universal occurrence among vertebrates. Further inquires resulted in
a detailed description of its development during different stages of ontogeny. Some time before that,
a cornerstone had been laid for a breakthrough that would come years later. That cornerstone came
in the form of interstitial cells of Cajal whose true role could not be discerned until the discovery of a
CD117 receptor — their main marker. With the ability to precisely mark interstitial cells of Cajal, a wave
of subsequent new experiments and observations connected them to the occurrence of slow waves and
allowed an understanding of the mechanism responsible for their generation. Some of these findings
suggested that Cajal cells might have a role in the development of several motility disorders thus opening
an avenue of research that requires the usage of both traditional and advanced diagnostic methods.
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Streszczenie

Od poczqtku 20 wieku naukowcy pracujq nad poznaniem motoryki przewodu pokarmowego.
Kluczowym momentem byto odkrycie wedrujgcego kompleksu mioelektrycznego (MMC), ktéry
okazat sie zjawiskiem powszechnie wystepujqcym u kregowcéw. Wyniki pdzniejszych badarn
stworzyty szczegbétowy opis rozwoju tego kompleksu na réznych etapach ontogenezy. Kolejnym
przetomem byto odkrycie srédmiqzszowych komérek Cajala oraz ich receptoréw. Mozliwos¢
precyzyjnego oznaczania komdrek Cajala zachecita do kolejnych doswiadczen, ktére wykazaty
zaleznos¢istnienia komdrek Cajala i wystepowania fal wolnych. Pozwolito to zrozumie¢ mechanizm
odpowiedzialny za ich powstawanie. Wyniki niektérych badan wskazujq na waznq role komérek
Cajala w rozwoju zaburzeri motoryki przewodu pokarmowego. Fakt ten sktania do kolejnych
eksperymentow, w ktdérych niezbedne jest wykorzystanie tradycyjnych oraz nowoczesnych metod
diagnostycznych.

Stowa kluczowe: ICC, ssaki, MMC, motoryka, fale wolne, telemetria
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INTRODUCTION

Motor activity of mammalian small intestine

In addition to the structural properties of its wall,
the level of motility development is a key feature for
assessing the maturity of the gastrointestinal tract. This
is a direct expression of its capability to coordinate the
myoelectrical functions of smooth muscles. In fact, both
vomiting and diarrhea, two of the most common life
threatening occurrences for infants, are accompanied
by slow wave frequency distortions in the stomach and
intestines. Human infants born at 32" week of gestation
have shown to be the most susceptible to such abnormal
slow wave events and thus become one of the reasons
for the need of a highly accurate prognostic model of
gastrointestinal tract maturity that would incorporate
structural, chemical and myoelectrical aspects of its
workings.

History of gastrointestinal motility research

Documented experiments on the subject reach back to
the end of 19" century when Bayliss and Starling formulated
the so called “law of the gut” stating that the application
of stimuli to a certain site of the intestinal wall invokes a
response on behalf of smooth muscles incorporated into
its structure. This response is composed of relaxation and
contraction respectfully below and above the portion of
the wall affected by the stimulating factor. In 1899, the
same scientists provided additional data that suggested
the existence of a neuronal compound in the regulation
of smooth muscle activity in the small intestine wall.
They did so by partially restoring its motility, lost as
an aftermath of a laparoscopic procedure, through the
means of vagotomy [1].

There was an underappreciated breakthrough in
the early 1930s when Douglas and Mann observed
a caudally-propagating organized sequence of intestinal
smooth muscle contractions [2]. In 1969 Joseph Szurszewski
dubbed this phenomenon “Migrating Myoelectric Complex”
(MMC) and described it as an event of caudally moving
high amplitude impulses [3]. This prompted the launch
of further investigations, which revealed that MMC is
common among adult vertebrates [4, 5, 6]. Interest shifted
towards newborns and infants in the 1980s with data
regarding motor function of the small intestine in piglets
and both term and pre term human infants (7, 8, 9].

Small intestine motor functions during different
stages of ontogeny

Proper description of small intestine motility
development requires a time frame in which certain
fixed occurrences take place. Then sub—chapters describe
the sequence of events in the chain that leads to the
emergence of fully-fledged intestinal motility.

Pre- and postnatal period

Most of the data concerning the prenatal period
comes from observations performed on human preterm
newborns born as early as 28" week of gestation. At this
earliest point, myoelectrical activity of small intestine is
expressed as solitary and random events of action potentials,

which proceed to congregate into 1-2 minute, long fetal
sequences observable in 32" week of gestation. Further
maturation includes an increase in both frequency of
action potentials and time length of sequences in which
they occur and result in the emergence of a true but not
mature MMC as early as 37" week of gestation [8, 9].

Supplementary data comes from electrogastrographic
(EGG) recordings of slow waves in stomach smooth
muscles performed on a pre term newborn born at 26™
week of gestation. EGGs were evaluated periodically
over the time of six months and revealed a progressive
increase in both amplitude and percentage of waves with
a frequency between two and four cycles per minute
(cpm). One aspect of slow wave frequency maturation
is that it is not a linear process and possesses certain
dynamics characterized by a drop in increase rate of
waves fitting into 2-4 cpm range from 9% during the
first two months of observation to 3% in the next four
months [10].

Other experiments were performed on term-born
piglets and dog and sheep fetuses. They provided results
similar to human subjects in regard to the sequence of
events, but with a different time frame of occurrence.
In every case, solitary action potentials, that in time
organize themselves into short bursts of activity, proceed
the emergence of MMC. Progressively complicated
sequences of the previously mentioned action potentials
are present in the duodenum of piglets up to 8" day after
birth at which point an MMC pattern emerges [11]. Dog
intestines are relatively less developed at birth as their
MMC pattern does not emerge until 15" day of postnatal
life and reaches maturity within the next 25 days. On
the other hand, sheep develop a MMC pattern as early
as ten days prior to birth, which is completely mature
between 10" and 15" days after birth [12].

Weaning

Weaning is a dietary transition from liquid to solid
meals and occurs at a species specific moment of ontogeny
[13]. Occurring between 16" and 26™ days of postnatal
life in piglets, it invokes considerable alterations in the
MMC pattern which includes changes in the time ratio
between I and II phases in favor of the latter as well as
an increase in potentials’ frequencies [14, 15, 16].

The observable changes in MMC during weaning
are speculated to be additive in nature and to result from
interactions between a normal development curve and
environmental factors such as quality and quantity of ingested
food. A positive correlation between age and time length of
MMC supports this claim [17]. Similarly, the data acquired
from piglets suggests that the observed increase in the time
length of I MMC phase is a result of a progressively greater
intake of milk volume [18]. It cannot be excluded that this
food-dependent effect remains true for solid meals as they
interrupt regular MMC and increase the duration of the
post-prandial motor pattern [19, 20, 21].

Maturity

At this stage the specimen’s gastrointestinal tract
demonstrates the full range of its myoelectrical activity
and, by extension, motor functions. Fasting activity
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is represented by the presence of fully formed MMC
with both segment- and specie-specific duration. In
regard to humans, the time length of the duodenal MMC
pattern is estimated to be around 120 minutes while in
the jejunum between 100 and 110 minutes. The shortest
MMC patterns are present in the ileum and last only
about 94 minutes [22].

From the moment of its emergence, MMC pattern
consists of three phases, but the proper time ratio between
them forms the hallmark of its maturity. Phase I represents
between 10% and 20% of MMC time duration and is
referred to as the no spike activity phase (NSA) because
of nonexistent smooth muscle contractions resulting
in a lack of motility. Phase II represents between 70%
and 85% of MMC time duration and is referred to as
the irregular spike activity phase for self-explanatory
reasons. During this period, the intestinal smooth muscle
performs segmentation contractions responsible for mixing
chyme with digestive juices and distal propulsion of the
resulting mass [22]. This phase progresses somewhat
organically into phase III, known as the regular spike
activity phase (RSA). The frequency of action potentials
steadily increases up to the point when it reaches the
nominal value specific for phase III in the respective
segment of the gastrointestinal tract. In regard to the
small intestine, the frequency value is generally the
highest in the proximal part of the jejunum (11-12 per
minute) and declines distally toward the ileum (8-9 per
minute). This phase represents only between 5% and
10% of MMC time duration and is expressed as strong,
phasic contractions responsible for crushing and distal
propulsion of chime (3, 23).

Food ingestion interrupts MMC and invokes a
postprandial myoelectrical pattern similar to that observable
during the IRS phase. For the postprandial pattern to
emerge, time intervals are required between meals as data
from research on pigs suggest that constant ad libitum
ingestion does not interrupt MMC [6].

Interstitial Cells of Cajal

In accordance with current knowledge, Interstitial Cells
of Cajal (ICC) form a major component of mechanism
controlling gastrointestinal tract motility and smooth
muscle activity in any organ that depends on the presence of
cyclic self-propagating oscillations of membrane potential
(heart being the most exceptional of them). They were
discovered in 1911 by Ramon y Cajal, who described them
as neuron-like cells present at the terminus of efferent
neurons in peripherally innervated organs. ICC has long
eluded attempts of classification, mostly due to their
plasticity and presence of different morphological forms
from one tissue to another. This ceased to be a problem
with the discovery that ICC in the gastrointestinal tract
extensively expresses the CD117 receptor, which is more
commonly known as c-Kit kinase. CD117 is a proto-
oncogene, a site of Stem Cell Growth Factor binding
and as such has a key role in the survival, proliferation
and differentiation of cells. Its role can be clearly seen in
the case of mutant W/WY mice, which possess only one
active KIT allele and as a result suffer a drastic decrease
in ICC near the myentric plexus. This is accompanied

by uncoordinated motility, which results from a lack of
slow waves generated by ICC [24].

ICC perform multiple supportive services for surrounding
tissues which are most notably related to the modulation of
smooth muscle contractibility. Some of their roles include
stretch-sensing, CO production and interaction mediation
between the enteric neuronal system and smooth muscles.
Stretch-sensing is mediated by the presence of Na* membrane
channels that respond to mechanical stimuli and result
in alterations of base membrane potential, which may be
connected to changes in slow wave frequencies [25]. ICC are
local sources of CO thanks to the constitutive expression of
hemoxygenase-2 which allow for heme breakdown. CO is
known to be a potent hyperpolarizing agent and so provides
ICC with the means to influence the membrane polarization
level of surrounding tissues [26]. The muscle-neuronal
coupling function is achieved through the presence of receptors
in the ICC membrane for various neurotransmitters such as
acetylcholine, neurokinins, VIP, somatostatin and serotonin
[27]. Slow wave frequencies can then modify in response
to neuronal stimuli.

Different layers of the gastrointestinal tract wall
sport different and morphologically distinct networks
of ICC. Some of these networks also seem to be segment
specific, as they do not maintain a continuous presence
through the entire length of the gastrointestinal tract.
Networks seem to slightly differ in function, and some
level of knowledge about their disposition is required
to better understand their role in the holistic concept
of gastrointestinal motility.

Disposition of ICC network

Three networks composed of distinctive ICC
subpopulations are present throughout the gastrointestinal
tract. Two of them, longitudal muscle ICC and circular
muscle ICC (ICC LM and ICC CM respectively), are often
combined into another group - intra muscular ICC - as
they both are formed by morphologically similar ICC
with one long axis. ICC CM differ from ICC LM because
they have a greater number of processes, which, combined
with smaller numbers of ICC LM, makes their network
relatively denser especially in the small intestine.

The third network present throughout the gastrointestinal
tract is formed by ICC accompanying the myentric plexus
(ICC MY). Their morphological features are mostly
dependent on structure of the particular plexus, though
all of them seem to have many long processes orientating
along different axes. This subpopulation seems to be a
major provider of the peacemaker function as a decline
in their numbers abolishes the slow waves [26].

Three other ICC subpopulations form networks present
only in the selected segments of the gastrointestinal tract:
submucosal ICC (ICC SM), ICC accompanying the sub
mucosal plexus (ICC SMP) and ICC accompanying the
deep muscular plexus (ICC DMP). Both ICC SM and
ICC SMP have many axes and are located in the border
space between the submucosa and circular muscle layer
in the stomach and colon respectively. ICC DMP presence
corresponds to the location of nerves associated with
ganglions between longitudal and circular muscle layers
[28].
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Creation of slow waves

Slow waves are periodical oscillations of membrane
potential in smooth muscle - a resultant event of ICC basic
electrical rhythm (BER) propagation. Both amplitude
and frequency of slow waves are values specific to specie
of the specimen and segment of gastrointestinal tract.
The general rule in the frequency of slow waves is that
its value declines caudally [27]. The mechanism of their
generation remains to be discovered, though cytosole
Ca?* oscillations are suspected to play a crucial role
in it. These oscillations are believed to result from
mitochondrial uptake followed up by Ca** release from
ER. Mitochondrial Ca®* uptake depends on a trans
membrane electrochemical gradient, which oscillations
in an unknown way correspond to the frequency of slow
waves. Moreover, such a scenario anticipates a potential
depletion of Ca**in ER and a need for its replenishment
- an event mediated by a TRP4 nonselective store-
operated ion channel present in ICC membrane. An
uptake of Ca? by TRP4 fits elegantly into the proposed
mechanism and provides a tangible explanation for the
periodical Ca?*drop in intercellular space observed in
the vicinity of ICC [29].

In the opinion of authors, a wealth of information can
be derived from a study on subjects afflicted by diseases
connected to this very topic. In this case, gastrointestinal
motility disorders may provide further insight as most
of them have a confirmed ICC note to them.

ICC and gastrointestinal motility disorders

The disruption of ICC network in the gastrointestinal
tract during afflictions associated with motility disorders
has been established to cause, at least partially, symptoms
such as diarrhea, vomiting, gastro-oesphageal reflux
and many more. The cause-event relation between the
disease and anomalies observed in ICC networks is rarely
clear, as it is impossible to tell whether the disruption
is the primary source of the problems or is it just the
adaptation to pathological conditions.

Chronic intestinal pseudo obstruction

Chronic intestinal pseudo obstruction (CIPO) is a
condition accompanied by such symptoms as distention of
a segment of the intestine, motility inhibition or bacterial
overgrowth, similar to those of regular obstruction but
without any presence of mechanical blockage. CIPO can
develop as a result of mesenchymopathy in which case,
the observed decline in numbers of ICC MY and ICC
SMP contribute to a loss in density of their entire network
in the affected area. This is best seen in the duodenum
where these ICC subpopulations are nonexistent or in
the colon where they are substituted by elements of ICC
CM [24].

CIPO can also develop as a result of ENS neuropathy.
An interesting case is when neuropathy is induced by
an active John Cunnigham Virus (JCV) infection - a
virus present in up to 80% of the CIPO-affected human
population. JCV is a neurotropic representative of
polyomaviridae which, in its active state, is capable of
inducing progressive multifocal leukoencephalography
(PML) - a rapidly advancing demyelinating disease similar

to multiple sclerosis. A less known fact is the ability of
JCV to infect neuroglia associated with ENS neurons
of myentric plexus which result in its degeneration.
An active lytic infection near the myentric plexus may
trigger a drop in ICC numbers and thus disrupt the
ICC network - an event occurring in up to 80% of JCV
positive CIPO subjects [30].

There are three scenarios by which this event occurs.
The first one assumes that the degeneration of the myentric
plexus leaves the adjacent ICC deprived of neurotrophic
stimuli and thus results in loss of their phenotype. This is
supported by the fact that the nNOS concentration in the
affected region is reduced, which in turn leads to a drop
in NO concentration. A positive correlation has been
established between ICC numbers and the presence of
nitroergic enteric neurons, which suggests the trophic role
of NO [31]. A similar situation can be noticed in regard
to several other neurotransmitters and neuropeptides
such as CGRP, NPY or VIP but their influence on ICC
survivability remain unclear [27]. Another possibility is
that JCV actively infects ICC and thus assumes direct
responsibility for the observed decline in their numbers
- ascenario that can not be acknowledged nor discarded
on the basis of current knowledge. The third scenario
suggests the indirect influence of the inflammation process
on ICC by means of myriad interleukins involved in the
process. Most data regarding this subject comes from
research on Crohn’s disease and will be discussed in the
following sub chapter. It is worth noting that the complete
description of the situation may in fact incorporate several
elements from the presented explanations.

Crohn’s disease

Disruption of smooth muscle contractibility is a
known side effect of the inflammation process. In case
of Crohn’s disease, Th-1 phenotype lymphocytes are
believed to be the main suspects, as their interleukins
influence the activity of Ca** membrane channels.
This may disrupt the Ca** - dependent mechanism
responsible for the generation of slow waves in ICC
(32). Th-2 and Th-17 phenotype lymphocytes involved
in Crohn’s disease are the source of IL-4 and IL-17
interleukins present at the inflammation sites. They are
believed to be factors responsible for smooth muscle
hyperconractibility events that can be observed in the
course of illness [33].

None of this data directly indicates the involvement
of ICC networks in abnormal motility as most of the
symptoms can be explained by inflammation-altered
actions of smooth muscle alone. What does point at
the ICC abnormalities is the prevalence of motility
disorders during regression of the disease, most notably
the decreased amount of action potentials in the second
phase of MMC.

Oesophageal achalasia

Oesophageal achalasia is a progressive disease
accompanied by the inability to relax the smooth muscle
of the lower eosophageal sphincter and subsequent
blockage of the eosophagus emptying into the stomach.
Loss of ICC network density in the later stage of the
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illness is an established fact that seems to be a secondary
development to the decrease in the number of nitroergic
neurons — a well documented occurrence that results in
the abolishment of the NO-mediated inhibitory effect [31].
In the early stages of the disease, the lack of NO-mediated
inhibition and altered functions of ICC network are two
factors linked to non-peristaltic phasic contractions that
occur in neighboring segments of the eosophagus nearly
simultaneously. The theoretical connection of ICC to that
early symptom is based upon observations that papaverine
analogs, which are known phosphodiesterase inhibitors,
seem to diminish the frequency of contractions without
influencing their amplitude [25]. Several isoforms of
phosphodiesterases utilize cCAMP as a secondary messenger.
This known agent is able to enhance Ca** uptake from
intercellular space thus increasing its concentration in
cytosol, which in turn directly influences the frequency of
slow waves [34]. This is a sound theory but requires further
validation as it does not take into account several specific
features of the ICC network present in the eosophagus
- most notablely the anatomically lower density of ICC
MY network and heavy presence of fibroblast-like cells
positive for the pellet-derived growth factor receptor
(PDGFr). These PDGFr positive cells form an elaborated
network that remains in direct contact with ICC and seem
to support the propagation of slow waves although the
exact mechanism of this remains unclear [25].

Pyloric stenosis

A prominent feature of this disease is the hypertrophy
of smooth muscle in the pylorus that hinders the ability
of the stomach to propel its content into the duodenum.
The obstruction is both mechanical and functional as
the affected region displays an inability to relax. This is
similar event as seen in the eosophageal achalasia where
the inability to push food through the lower eosophageal
sphincter was caused by high tonus of its smooth muscle.
More similarities can be seen in the pathogenesis of
both diseases, the most obvious is the gradual loss of
the NO-mediated inhibitory effect caused by decreased
numbers of nitroergic neurons accompanied by ICC
network degeneration up to its complete disappearance
in the affected region [35, 36]. As in achalasia, vomiting is
present but the mechanism of its induction is somewhat
unclear. It can be speculated that the discontinuity of
the ICC network hinders the propagation of slow waves
in the pylorus and interferes with BER frequency of the
peacemaker region in a manner similar to that observed
in the heart during atrial fibrillation where the action of
sinoatrial node is disrupted by the presence of chaotic
myoelectrical activity.

Research and diagnostic techniques in motility
study

Several techniques designed to acquire and process data
into values describing different aspects of gastrointestinal
motor functions are in use today. These methods can be
roughly divided in two artificial groups. The first group
contains techniques that depend on the acquisition of
myoelectrical signals with the use of electrodes. The
second group relies on mechanical measurements of

actual physical parameters such as pressure or the time it
takes for the food content to be cleared out of the segment
of the gastrointestinal tract. The following sub-chapters
will focus on some of those methods that authors believe
to be the most interesting in regard to actual research
as well as most widely used in diagnostics.

Cutaneous Electrogastrography

Cutaneous electrogastrography (EGG) is a non
invasive and a relatively simple method based on a signal
acquisition by a series of electrodes placed on the skin.
The subsequent analysis provides values regarding gastric
motility-namely the main frequency together with its
variation and amplitude. Frequency is described by the
mean dominant frequency parameter calculated as the
mean value of frequencies recorded on all channels. This
is further supplemented by the instability coefficient
parameter describing the variation of mean dominant
frequency. Another possibility for acquiring the frequency
value along with its variation is the application of Fast
Fourier Transformation and Running Spectral Analysis
(respectively) to the raw data. Acquisition of the amplitude
value is less precise and allows only for the monitoring of
its relative changes between pre- and postprandial periods
through the evaluation of the EGG power ratio. Limited
data suggest the possibility to monitor the propagation
of slow waves with the use of multichannel recording
[37].

Several factors provide a challenge in regard to the
precision of the method. Most notable are the artifacts
originating from electrical activity of other organs such as
skeleton muscle, heart or other parts of the gastrointestinal
tract. Skeleton muscles are responsible for the movement
artifacts, which form a significant problem when the
evaluated subject is unwilling to remain still. This
brings up the matter of the considerable length of time
required for the EGG evaluation, which is usually divided
between pre- and postprandial recordings lasting 30
and 60 minutes respectively. Longer recordings are also
known to be conducted but suffer from the increased risk
of interference. This is one of the factors that hinder the
reproducibility of results, which diminish along with the
rise of recording time. Some pathological events, such
as dyspepsia, are also known to produce highly varied
readings between examinations and thus provide an
additional challenge to the staft.

High - resolution manometry

High-resolution manometry (HRM) is an advanced
technique based on real-time pressure measurements
performed in the entire length of the eosophagus during a
swallow-induced peristaltic event. The raw data, consisting
of pressure values, time and relative distances from
landmarks such as UES or LES, is organized into user
friendly esophageal pressure topography (EPT) that
allows for easy acquisition of the information regarding
pressure at a specific point of time and place within the
eosophagus [38].

Most importantly, the EPT forms data in a manner
accessible for algorithms that provide several parameters
which describe an esophageal motor performance such
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as contraction front velocity (CFV), distal latency (DL),
integrated relaxation pressure (IRP) or distal contractile
integral (DCI). The CFV value is the quotient of division
where the dividend represents the length of the segment
displaying 30 mmHg pressure and the divisor represents
the time needed for a pressure wave to terminate at the
contractile deceleration point (CDP). It describes the
propagation of pressure wave and is complimented by
DL, which represents the time from the opening of UES
to the termination of peristalsis at CDP. IRP describes
the ability of the eosophagogastric junction (EGJ) to
convey food into the stomach by assessing its highest
tonus during the 10 s relaxation window following the
UES opening. This is achieved by averaging the lowest
values of the highest pressures detected in the 6 cm
segment of EGJ. Measurements for the calculations
are taken continuously or discontinuously from
4 s segments of EPT; the discontinuous option is designed
to alleviate the anomalies originating from extra-
eosophageal sources. DCI describes the eosophagus’s
ability to maintain optimal pressure during peristalsis.
It is calculated as mean value of pressure higher than 20
mmHg measured in the whole length and time of the
peristaltic event [39].

Many of the motor dysfunctions affect one or more
aspects of motility described with the EPT-recording
derived parameters and so they can be recognized by a
cross-reference based key. This idea forms the groundwork
for the current efforts to streamline the HRM-based
diagnostic process known as Chicago classification criteria.
Unfortunately, despite the presence of distinctive traces
in EPT, up to 30% of motor dysfunctions lack diagnosis
guidelines somewhat hampering the usefulness of HRM
[40]. More importantly, parameter values described in
the classification are acquired during single 5 ml wet
swallows, which render it inappropriate for provocative
testing with data acquisition based on viscous, solid
or multiple swallows [39]. While easier than standard
manometry, the procedure is somewhat invasive as the
catheter forming the chassis for pressure detectors often
irritates the eosophagus which not only results in temporary
discomfort but also in temporary anomalies in measured
values that pose a risk of decreased accuracy.

Ultrasonography

Cutaneous ultrasonography (USG) is a relatively simple
and non-invasive imaging technique that may be used to
acquire rudimentary information about motility of the
gastrointestinal tract. USG evaluations were carried out
to provide data on the volume of antro-pyloric section,
diameter and area of antrum of the stomach, as well as
monitoring pylorus emptying both in fed and fasted state.
It is also possible to acquire the value of main gastric
frequency by applying a FFT algorithm to a series of
length values measured over time between two points
located respectively on the superior and inferior walls
of the stomach [41].

This method is seriously limited however as it not
always possible to acquire a clear image of an entire section
of the gastrointestinal tract. One reason behind this is
the presence of gas pockets that dissent the surrounding

structures pushing them out of the range of ultrasound
penetration. This is connected to the issue of frequency
used during the examination, which is positively correlated
with the resolution of the acquired image and negatively
correlated with the depth of ultrasound penetration. This
is a special concern with cutaneous USG in the case of
motility study, as it means that image acquisition of deeper
structures is possible only by scarifying its quality and
may render certain wall components indistinguishable
from one another (longitudal and circular muscle layers
for instance) [42].

A way to diminish these challenges is the use of
endoluminal USG, which utilizes high frequency
transducers located on the catheter. This technique is
often simultaneously employed during HRM examinations
of the esophagus to provide additional data in form of
real-time three-dimensional HD view of smooth muscle
mechanical activity during peristaltic events. The drawback
of such a scenario is that the presence of two catheters
may provide a challenge in case of uncooperative subjects
as well as increase the number of anomalous readings
resulting from irritation of the wall.

Telemetry recordings of gastrointestinal
myolectrical activity

This technique is similar to EGG as it also utilizes
electrodes for capturing the electrical signal from the gut.
In this case, electrodes located within pockets between
the abdominal muscles are connected with the telemetry
implant placed outside the peritoneum. The insertion
of both electrodes and telemetry implants is surgical in
nature and as such prompts the need to provide a week
long recovery period for the animal. Implants are coupled
with an external receiving device by means of radio waves
thus eliminating the problem of wires protruding from
the body of the subject, which could potentially hinder
its freedom of movement. This in turn makes recording
over long periods of time feasible, limited only by data
storage space and the battery charge of the implant.

This technique allows for the acquisition of the same
data as cutaneous EGG but with greater accuracy of
the values as the vicinity of the electrical signal source
(smooth muscles of gastrointestinal tract) alleviates the
problem of tissue impendence. This also partially negates
the problem of anomalous readings originating from non-
gastro intestinal centers of electrical activity. A relative lack
of outside interference marks this method as especially
useful for the registration of frequency, amplitude and
propagation of slow waves, which usually are too faint
to observe with other techniques. The monitoring of the
circadian pattern changes in MCC by the registration of
amplitudes, frequencies and propagation velocities of its
spike potentials is a viable option that provides a major
advantage over other techniques [21, 43].

There are relatively few downsides of this method. One
problem is the presence of injury potentials observable
up to one week after surgical implantation. However, it
is easily alleviated by the introduction of the recovery
period that allows the animal to return to its optimal
condition. Another is the susceptibility to outside radio
interference, which requires the use of Faraday Cage to
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negate any changes in the electro magnetic field induced
by outside sources. One practical limitation is that this
method requires a staff, which is properly skilled and
authorized to perform both anesthesia and the proper
surgical procedure.

The high accuracy of readings that can be performed
over long time periods combined with the lack of
serious downsides should make telemetry recordings
of gastrointestinal myoelectrical activity a method of
choice for scientists engaged in motility studies.

SUMMARY

Many parts of the mechanism that function result
in gastrointestinal motility remain not fully explained.
It is unclear how exactly ICC generates the slow waves,
as the non-selective ion channels that are supposed to
operate in response to Ca?* oscillations had not been
identified. Limited data exist on the matter of interaction
between networks of ICC and PDGFr positive fibroblast-
like cells beyond the established fact of their physical
connection. The exact way in which NO interacts with
ICC also remains a mystery. Another interesting and
possibly beneficial matter is the way in which ICC
numbers diminish, whether it happens due to increased
apoptosis or because ICC lose their phenotype and
revert to a less developed state and if so how it exactly
happens.

In addition to these problems, there are basic level
matters that, despite a century of scientific effort, remain
unresolved. The biggest of them is the lack of a complete
and unified model of gastrointestinal development that
could provide data about parameters, such as optimal
enzyme activity, estimated histometrical parameters,
nominal pressure values specific to the segment of the
gastrointestinal tract, nominal frequency and amplitude
of both slow waves and action potentials, in regard to
the age and mass of the specimen. The creation of such
a system would be highly beneficial both for medicine
and research but requires the acquisition of further data.
This is especially true for the period of time between birth
and weaning, and the performance of experiments on
model species (such as pig) of appropriate age should
be considered the highest priority.

REFERENCES

1. Bayliss WM, Starling EH. The movements and innervations
of the small intestine. ] Physiol. 1899;24:99-143.

2. Douglas DM, Mann FC. Experimental study of rhythmic
contractions in the small intestine of the dog. Am J Dig
Dis. 1930;6:318-322.

3. Szurszewski JH. A migrating electric complex of canine
small intestine. Am ] Physiol. 1969;217:1757-17636.

4. Ruckebusch M, Grivel ML, Hatey F. Etude electromyographique
du profilmoteur del ‘intestingrele chez le cheval. Compte
Rendu des Sances de la Societe de Biologie. 1971;69:1454-
1465.

5. Ruckebusch M, Fioramonti J. Electrical spiking activity
and propulsion in small intestine in fed and fasted rats.
Gastroenterology. 1975;68:1500-1508.

6. Ruckebusch M, Bueno L. The effect of feeding on the

10.

11.

12.

13.

14.

15

16.

17.

18.

19.

20.

21.

22.

23.

24.

59

motility of the stomach and small intestine in the pig. Br
J Nutr. 1976;35:397-405.

. Burrows CE, Merrit AM, Tash J. Jejunal myoelectrical activity

in the conscious neonatal pig. ] Physiol. 1986;374:349-
357.

. Bisset WM, Watt B, Rivers RP, Milla PJ. Ontogeny of

fasting small intestinal motor activity in the human infant.
Gut. 1988;29:483-488.

. Berseth CL. Gestational evolution of small intestine motility in

preterm and term infants. J Pediatr. 1989;115:646-651.
Liang J, Edward CO, Zhang M, Pineda J, Chen JDZ.
Development of gastric slow waves in pre term infants
measured by electrogastrography. Am J Physiol. 1998;274:503-
508.

Wolinski J, Korczynski W, Stupecka M. Gut myoelectrical
activity in 5 day old piglets — preliminary study. Proceedings
of the 10" International Symposium on Digestive Physiology
in Pigs, Vejle, Denmark, 2006; pp. 85.

Bueno L, Ruckebusch Y. Perinatal development of intestinal
myoelectrical activity in dogs and sheep. Am ] Physiol.
1979;237:61-67.

Counsilman JJ, Lim L. The definition of weaning. Anim
Behav. 1985;33:1023-1024.

Mahan DC, Lepine AJ. Effect of pig weaning weight and
associated nursery feeding programs on subsequent
performance to 105 kilograms body weight. ] Anim Sci.
1991;69:370-378.

. Lesniewska V, Pierzynowski SG, Johansen HN, Jensen

MS, Jensen BB. Weaning of pigs: duodenal myolectrical
activity during the change from sow’s milk to solid feed.
] Anim Feed Sci. 1998;7:267-271.

Lesniewska V, Larke HN, Hedemann MS, Jensen BB,
Hojsgaard S, Pierzynowski SG. Myoelectrical activity of
gastric antrum in conscious piglets around weaning. Can
J Anim Sci. 2000;80:577-584.

Zabielski R, Terui Y, Onaga T, Mineo H, Kato S. Plasma
secretin fluctuates in phase with periodic pancreatic secretion
and the duodenal migrating myoelectric complex in calves.
Res Vet Sci. 1994;56:332-333.

Naughton V, Naughton PJ, Lauritzen JS, Hedemann MS.
Characteristic of duodenal myoelectric activity in relation
to food in piglets during the 3rd and 4th week of life. Livest
Sci. 2008;114:11-18.

Grivel ML, Ruckebusch Y. The propagation of segmental
contractions along the small intestine. ] Physiol. 1972;227:611-
625.

Bueno L, Ruckebusch Y. Migrating myoelectrical complexes:
disruption, enhancement and disorganization. Gastrointestinal
Motility in Health and Disease (ed. H. L. Duthie), Springer
Science+Business Media, 1978;LLC: pp. 83.

Rayner V, Wenham G. Small intestinal motility and transit
by electromyography and radiology in he fasted and fed
pig. ] Physiol. 1986;379:245-256.

Bueno L, Fioramonti J. Neurohormonal control of intestinal
transit. Reprod Nutr Dev. 1994;34:513-525.

Code CF, Marlett JA. The interdigestive myoelectric
complex of the stomach and small bowel of dogs. ] Physiol.
1975;246:283-309.

Feldstein AE, Miller SM, El-Youssef M, Rodeberg D, Lindor
NM, Burgart L], Szurszewski JH, Farrugia G. Chronic
Intestinal Pseudoobstruction Associated With Altered



60

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Jarostaw Wolitiski et al.

Interstitial Cells of Cajal Networks. ] Pediatr Gastroenterol
Nutr. 2003;36:492-497.

Chen JH, Wang XY, Liu LWC, Yu W, Yu Y, Zhao L, Huizinga
JD. On the origin of rhythmic contractile activity of the
esophagus in early achalasia a clinical case study. Front
Neurosci. 2013;7:77-82.

Farrugia G, Lei S, Lin X, Miller SM, Nath AK, Ferris CD, Levitt
M, Szurszewski JH. A major role for carbogen monoxide as
an endogenous hyperpolarizing factor in the gastrointestinal
tract. Proc Natl Acad Sci. USA. 2003;100:8567-8570.
Al-Shboul OA. The Importance of Interstitial Cells of
Cajal in the Gastrointestinal Tract. Saudi ] Gastroenterol.
2014;19:3-15.

lino S, Horiguchu K. Interstitial Cells of Cajal Are Involved
In Neurotransmission In the Gastrointestinal Tract. Acta
Histochem Cytochem. 2006;39:145-153.

Ward SM, Ordog T, Koh SD, Baker SA, Jun JY, Amberg G,
Monaghan K, Sanders KM. Pacemaking in interstitial cells
of Cajal depends upon calcium handling by endoplasmic
reticulum and mitochondria. ] Physiol. 2000;525:355-361.
Selgrad M, De Giorgio R, Fini L, Cogliandro RF, Williams
S, Stanghellini V, Barbara G, Tonini M, Corinaldesi R,
Genta RM, Domiati-Saad R, Meyer R, Goel A, Boland CR,
Ricciardiello L. JC virus infects the enteric glia of patients
with chronic idiopathic intestinal pseudo-obstruction.
Gut. 2009;58:25-32.

Gockel I, Bohl JRE, Eckardt VE, Junginger T. Reduction of
Interstitial Cells of Cajal (ICC) Associated With Neuronal
Nitric Oxide Synthase (n-NOS) in Patients With Achalasia.
Am J Gastroenterol. 2008;103:856-864.

Annese V, Bassotti G, Napolitano G, Usai P, Andriulli
A, Vantrappen G. Gastrointestinal motility disorders in
patients with inactive Crohn’s disease. Scand ] Gastroenterol.
1997;32:1107-1117.

Vermillion DL, Huizinga JD, Riddell RH, Collins SM.
Altered small intestinal smooth muscle function in Crohn’s
disease. Gastroenterology. 1993;104:1692-1699.
Huizinga JD, Farraway L, Hertog AD. Effect of voltage and
cyclic AMP on frequency of slow — wave - type action
potentials in canine colon smooth muscle. J Physiol.
1991;442:31-45.

Huang PL, Dawson TM, Bredt DS, Snyder SH, Fishman MC.
Targeted disruption of the neuronal nitric oxide synthase
gene. Cell. 1993;75:1273-1286.

36.

37.

38.

39.

40.

41.

42.

43.

Panteli C, Filippopoulos A, Vrettou E, Kallergis K, Zavitsanakis
A. A Possible Association Between Interstitial Cells of
Cajal and Neuronal Nitric Oxide Synthase in Infantile
Hypertrophic Pyloric Stenosis. ] Pediatr Surg Special.
2009;3:22-25.

Riezzo G, Russo F, Indrio E Electrogastrography in Adults and
Children: The Strenght, Pitfalls, and Clinical Significance of
the Cutaneous Recording of Gastric Electrical Activity. Biomed
Res. 2013; http://dx.doi.org/10.1155/2013/282757.
Pandolfino JE, Sifrim D. Evaluation of esophageal contractile
propagation using esophageal pressure topography.
Neurogastroentero Motil. 2012;24:20-26.

Conklin JL. Evaluation of Esophageal Motor Function
With High-resolution Manometry. ] Neurgastroenterol
Motil. 2013;9:281-294.

Wang YT, Yazaki E, Sifrim D. High-resolution Manometry:
Esophageal Disorders Not Addresed by the “Chicago
Classification”. ] Neurogastroenterol Motil. 2012;18:365-
372.

Cordova-Fraga T, Hernandez-Gonzalez MA, Hernandez-
Rayas A, Gomez-Aguiar JF, Sosa-Aquino M, Vargas-Luna
M, Solorio-Meza S, Bernal-Alvarado J, Contreras-Gaytan
CR, de la Roca-Chiapas JM. Measurement in M Mode of
Peristalsis and Gastric Emptying. 2012;LSMR 2:42-45.
Miller L, Dai Q, Korimilli A, Levitt B, Ramzan Z, Brasseur J.
Use of Endoluminal Ultrasound to Evaluate Gastrointestinal
Motility. Dig Dis. 2006;24:319-341.

Gacsalyi U, Zabielski R, Pierzynowski SG. Telemetry facilitates
long-term recording of gastrointestinal myoelectrical activity
in pigs. Exp Physiol. 2000;85:239-241.

Author’s contributions/Wklad Autorow
According to the order of the Authorship/Wedtug kolejnosci

Conlflicts of interest/Konflikt interesu
The Authors declare no conflict of interest.
Autorzy pracy nie zgltaszaja konfliktu intereséw.

Nadestano/Received: 03.11.2015 r.
Zaakceptowano/Accepted: 08.12.2015 1.

Published online/Doste¢pne online

Address for correspondence:

Jarostaw Woliriski

The Kielanowski Institute

of Animal Physiology and Nutrition,
Instytucka 3, Jablonna 05-110, Poland
Tel. (+48 22) 765-33-18

e-mail: j.wolinski@ifzz.pl



