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Abstract

Perisialsis events in the human gastrointestinal ract play a crucial role in the digestion process, providing the movement
of food from the apper par of the alimentary canal to the lower part. Peristaltic contractions of the organs of the digestive
gystem mean synchronous contractions of the walls of the organ, providing movements of the food products from the
“impuf” o the “outpot”. It is helisved that peristaltic coniractions resali in complete {or almost complete) blocking of the

lomen of the wbolar organs of the digestive system.
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The peristalic function is mostly hazed on vanous forms
of coordinated contractions of the smooth muscle tissoe
of the esophagos, stomach, small and large intestines, and
bile dects, as well as the sphincter acuvity. The peristalic
function provides mechanical processing of food and its ad-
vancement throagh the alimentary canal. The striated mugs-
cle dssue involved in chewing, swallowing, and defecation
ovents is observed anly in the upper and lower pans of the
alimentary canal

The function of the digestive wact is regolaied by both
neural and homoral mechanisms. In the regulstion of the
functinas of the digestive system, local and central levels
can be distmguished. Regulation at the local level iz pro-
vided by the enteric nervous sysiem (proprial newral sinc-
tures of the digeative system) and the endocrine sysuem of
the gasiroiniestinal ract. The level of central regulation is
represented by “digestive” smmociures of the CNS (in the
spinal cord, brain stem, ewc.), which provide implementa-
tion of the specific conditioned and unconditioned refiexes.
Herein, a review of the respective (mostly modern) liter-
ary sources puhblished within the lage 10 years is elucidaged
{with some involvement of the classical scientific literamre).

The activity of the digestive system iz controlled by the
auionomic (vegetative} nervoos system (AMNS) The ANS
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inclodes two main pans, the central and the peripheral. The
nuclei of the hrain stem and spinal cord form the central
part of the ANS, while the ganglia, plexuses, and merve
wrunks constmie the peripheral par. Functionally, the ANS
should be divided o two main pars, the sympathetic and
parasympathetic comparnments. These two divisions exert
opposite effects on the organs of the digestive sysoem. Dar-
ing sympathetic activation of the ANS, inhihition of pen-
sralgis im the digestive wact and activation of sphincuers
can be observed. In contrast, perisialsis imcreases during
parasympathetic activation, sphinciers relax, and the secre-
fofy activity is stimulated. The parasympathefic nervous
system ensures digestion and rest processes, whereas the
sympathetic nervous sysiem enables the body m cope with
streasful situanons.

The sympathenic nervouds sysigm, in is central pant, in-
clodes the nuclei of the thoracic and opper lombar Eateral
homs of the spinal cord, while the parssympathetic nerves
comprise the awtonomic noclei of the I, VT, IX, and X
cranial merves, as well as the sacral segments of the spinal
cord. The noclei are composed of muldpolar intermewrons,
whose axons extend beyond the ceniral sructures and form
synapses with neurons of the anmtonomic ganglia, whereas
their dendrites make contact with the axons of the pseu-
dounipolar nearons of the spinal ganglia or associative neu-
rons of the spinal cord. The ganglia of the ANS may be
located either inside or ouside the organ. The intramuoral
plexus {or ganglion) is simated in the wall of the digestive
ract.

The digestive tube includes several layers, incloding the
muocons membrane, submocoss, muscular layer, and poter
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coat. Depending on the region of the digesove tract, the
muscalar layer may be composed of either smooth muscle
tissue oF sriated skelersl muoscle. The oral cavity, pharynx,
upper third of the esophagos, and the casdal pan of the
recium contain striated skeletal muscle tissue, whereas the
lowrer part of the esophagus, stomach, small intestine, and
large intesting inclode smooth moscle within the moscolsr
layer.

The intestinal wall inclodes enommous components of the
endocring and immune systems of the organism, as well as
the so-called enteric nervons system (ENS) [1]. The later,
according to the mumber of cellular elements and functional
significance, can be compared without exaggeration to the
spinal cord. The ENS may be considered the third compo-
nent of the ANS.

The digestive system is connected w the CM5S through
the extringic innarvanion of the ANS and a system of sress
hormones [2]. The ENS consists of inrinsic sensory neu-
rons (intrinsic primary afferent nearons), excitatory and in-
hibiwry internearons, and momwr newrons. The complexiny
of the ENS allows it o function independenty. Sensory
neurons receive the external inpaot, after which intermearons
integrate the signals [3]. More than 2o peptide mediators
have been identfied in the neurons of this sysiem. These in-
clude choltecysiokinin, enkephalin, sohstance P, vasoactive
imtzstinal polypepride, e, In additon, acetyicholine also
serves in this case ag an ENS mediator.

The tomal number of newroms within the ENS iz ap-
proximately D00 000,000 cells, roughly the same number
as found in the spinal cord. The ENS inclodes groops of
mnlipolar meurons and their asseciated nerve fibers. These
structural elements can be observed in the submucosa and
between the layers of the muoscolar coat of the digestive
tube, from the esophagos w the anal pare of the rectum. The
ENS comprizses several types of negrons, incloding exciea-
tory cells thar exern & regulamry influence on the peristalsis
of the digestive tract [4].

‘The ENS is capable of self-regulating the functioning of
the digestive mbe, even withowt the imfluence of parasym-
pathetic and sympathetic innervation. At the same time, it is
clear that the sympathetic and parasympathetic divisions of
the ANS do infuence the work of the entenic systam. All
this has allowed ws to formulste the concept of the exis-
tence of three divisions in the ANS—the parasympathetic,
sympathetic, and enteric.

There is a hypothesis suggesnng the existence of a rel-
atively imdependent subdivision of the ANS, known as the
merasympatheric nervous system, which inclodes the intra-
maral ganglia of the digestive wact (EMS), hean, kidneys,
and respiratory system. These microganglio may have a cer-
tain level of autonory in regulating the work of these organ
eysieras, and under phyziological conditions are not con-
trolled by the central panis of the ANS and somatic nervous
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systems, If we rely on thig hypothesis, then the metasympa-
thetic nervous system is the third division of the ANS [3]:
nonetheless, there is np common single opinion regarding
its respective classificarion.

The microganglia of the digestive mbe form the sub-
mucosal Meissner plexos and the Averhach plexos, located
hotween the layers of the moscolans muocosa, Secrefory
activity, local modility, and bhlood supply to the mocoos
membrane are regolated by the Meigsper plexus. In fum,
the Auerbach plexus is responsible for the peristalzis of the
digestive canal [6].

In the myenieric intermuoscalar plexos, two types of neo-
rons can be found, cefls of the first and second types. Cells
of the first 1ype receive activation from the CMS through
the vague nerve and lumbar parasympathetic nerves. On the
other hand, newrons of the second type can ransmit nerve
impuires o newrsns of the first type, and then 1o the smooth
myocytes of the digestive canal wall, Local reflex arcs are
formed using cells of the second tvpe {2 sensitve link). The
endings of the dendrites of neurons of the spinal ganglia and
sensitve nearons of the intramoral ganglia provide afferent
innervation. It is these nerve fibers that form the sensitive
plexos in the moscolans mocosa of the digestive canal. Af-
ferent nerve endings can also be seen in the laminag propria
of the digestive mbe and in the sobmucosa; they innervate
viessels, doundenal glands, villouws epitheliom, and crypes.

Throughowt the digeative ract, fromm the esophagos to the
infermnal sphinciter of the anal camal, the intermuoscalar nerve
plexus containg cells thar function as pacemakiers. Thesa
are the mterstital cells of Cajal {ICC). Smooth myocytes
of the muoscular ooat receive nerve impalses from the 1CC,
which cagse peristaltic contractions with different frequen-
cies—ior example, in the doosdenum, with a frequency of
up i 11-12/min~', in the ileom {op o [Vmin"), and in
the colon (3—3/min-*). Pacemakers generate slow waves of
ransmmem brape potentals. Slow waves do not casse muscle
coniracions, but create a potential in the muscles close 1o
the activation threshold. In the event of the bccurrence of
slow waves of action potentials on the platean, muscle fiber
contraction DCcurs.

Basged on resulis of the in witmo stodies, it has been pro-
posed that the ICC performs the following functions: gen-
erates slow waves, provides nearotransmission befween en-
teric nerves and muscles of the gastroinnestingl tract, and
acis as mechanorecepiors (roles of the ICC in regnlating
gastrointestinal motifity: ir witro ve. o vive stodies) [T].

Inverstitial cells of Cajal, first characterized by Cajal [8],
play an important ole in gastrointestingl motdliny [9]. Ac-
cording to their location in the intestinal wall, the ICC can
be classified ino the following main suhoypes: those lo-
caied in the myenteric plexus, cells located in the circular
and longitudinal muscle lavers, those in the deep muscalar
plexos, and mterstitial cells in the submoscolar plexos [10].
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Crastroinfestinal motifity is imporant for the ranspon
of ingested food and the absorprion of nutrients throogh
the imtestine. Afier a meal, the fundus of the stomach re-
laxes 1o accept the ingested food. Peristalsis (distal spread-
ing contractions) is gemerated in the proximal anorom and
gpreads distally o the pylonc sphincter. Before reaching the
antral contractile front, the pylonos relaxes or opens, and
gagtric chyme is 2jected into the smzll intesting throagh
the pyloms. In the small miestine, mixed contracle pat-
tems {antegrade, simoltaneoos, and retrograde) are present
in the postprandial srate. These mived contraction parems
are necessary for the ahsorption of notrients and the trans-
part of chyme through the small intesting [11}. Contracrile
patieres in the colom are mare complex.

In addirion to the rhythmic coniractions or peristalsis
mentioned previously, the intestines also create and main-
min o cermain wne. The tone, or the restng pressufe of
the various sphinciers along the imtestines, also plays an
important role o transponting ingested food through the
meestines, Ioestingl sphincers inclode the pylors and
the anal sphincier. A decreased tome can lead o gastroe-
sophageal reflux, while impaired relaxation of the cardiac
sphincier during swallowing is on2 of the main canses of
dysphagia. Impaired relaxation of the pyloric sphincier can
lead to pylornc senosis o delayed gasiric empiving. In
the anus, weakmess of the anal sphincter is associated with
fecal incontinence, and failore of the anal sphincter o relax
is associgted with obstructive constipation.

Neuwrons of the ENS exhibit mechano- and/or chemosen-
sory activity [12]. In sddition to direct signal reception, thay
are ahle to receive and process messages shout the intensiry,
doration, and strocture of stimaoli. These neorons usaally
form a circuomferennal nemwork surmoanding the intestime.
Several classes can be listed within the group of neurons
of the EMNS—for example, those sccording o their local-
ization {myenteric/submocosal plexos) or the direction of
signal transmission. Thos, they can receive, integrate, and
amplify signals bhoth locally and throogh a network (sim-
ilar to internenrons) [ 13, 14]. Intemeorons can be divided
intn ascending and descemding units: In addition, there are
several clazses within the inemevron population that can
be distinguizhed newrochemically, and the proportion of in-
temenrons in these classes may differ between parts of the
gastraimeestnal wract, which may reflect a regional diversity
of motor patizms in the mestme [13, 16].

The last group of newrons in the ENS ane the motor neu-
rons, which are divided into rwo sebgronps, the inhibimory
and the sxcitatory. They pamicipate in the control of in-
testinal perisialgis, as they conmribute to the confraction and
relaxation of cicular and longimdinal smooth moscles in
a mechanism dependent on acetylcholine (excitatory ned-
roma) or nitnic oxide (MO), vaspactoive intestinal pepride

{VIP}, and pimizary ademylate cyclase-activating polypep-
tid (inhibimry newrons) [1]-

Cilial cells located in the gastrointestinal tract are also
known as enteric ghial cells. Initially, they were simply con-
aiderad a strociaral sappod for the ENS; however, it s now
wll knowm that they are involved in several imponant pro-
cesses commesponding o the gastrointestnal ract [17, 1E],
The rafic of neurons o enteric glineyvies in humans s 1:7,
which ondoubredly indicawes the important function of the
latter. In terms of general morphology, ulrastructore, and
relationship o newronal bodies and processes, enteric glio-
cyies are very similar w astrocytes. Enteric gliocytes can
be described a5 swellate cells with a large number of highly
branched processes. The nucleus is quite large, occopying
almnst the entire cytoeplasm, Yery often, enteric gliocytes re-
celve symapiic contacts from neurons, indicating that these
contacts are the main morphological substrate of nedron-
glial relationships.

Enteric glineyres, according to their morphology, can be
classified min four subgroups [19]. Type | enienc gliocytes,
called "protoplasmic™, are siellate cells with short, irreg-
wlarly bhranched processes resembling prooplasmic astro-
cytes in the CNS. Type 11 enteric gliocyies (fibroos) are
elongated glial units with interganglionic fiber macts, while
typa I enteric gliocytes (muocosaly have long, branched
processes. Finally, tvpe IV entenc gliocyies (imtermusco-
lar) are elongawed glial cells thar accompany nerve fbers
and surroond smooth moscle.

Enteric glincyies play an important role in imercello-
lar communication, the formation and maintenance of the
intzsringl barrier, as well az the conool of gaswoinestE-
nal modhty, immune response, and the sensinwvity of inter-
nal organs. Populations of entenc gliocyies onginae from
a commin pocl of precursors (newral erest cells) and ex-
press a common set of biomarkers (5100, ranscription fac-
s, Soud, 5ox9, and Sox 10). Becanse of the interaction
between enteric gliooyvies and other cells of the digestive
mohe wall, gliocytes in the ENS differ from esch other struc-
wrally.

Enteric gliocyies support the ransmission of nerve im-
pulses berween newrons and ensure the maintonance of
homiostasis. These cells ransfer i newrons the necessary
components for the synthesis of newrotransmitters, soch as
GABA, nitric oxide, and glutamarte. In addidon, gliocytes
support the transmizsion of nerve impalses by regulating the
hicavailahility of neurcactive sobstances in the extracellu-
lar environment [2]. Becanse of the presence of specific
receptors (ATP. ADP, plutamate, noradrenaline, serotonind,
enteric gliocytes can aleo find and modolate the actvicy
of newrons. Additionally, they initiate the functoning of
the intracellolar signaling mechanisms in response o dhe
release of newrpdiransmitiers by nesrons [21].
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Enteric gliocyies influence enteric transmission by re-
leasing mewrcactive subsfances. An increase in Ca™ ions
in the intestinal mwbe wall leads o the relzase of ATP, an
impomant negrotransmiter and newromodolaior in the ENS.

Sohepiihelial enteric gliocyies are in very close contact
with epithelial cells, nerve fibers, and myvocytes of the blood
vessels, making this population of cells a significant com-
ponent in the regolation of mtestinal barmier function [22,
23]. The imtestnal barner limits the penewaton of bacte-
ria, viruaes, and toxins. Epithelial permeabifity has been
shown 0 Increase after destraction of enteric glia. In orans-
genic mouse models, where enteric glia were selectively
remaved, mflammation occwrred in the intestinal wall, and
the integrity of the epithelial barner was compromised [24].

I a recent review, it was suggested that enteric glia may
be a movel factor in the pathogenesis of abdominal pain
[25]. Abdominal pain is a common sympiom of both acane
and chronic gastrointestingl diseases. In irritable bowel syn-
drome, a disorder associated with a disraption of the brain-
gui axis [2], visceral hypersensitivity is a major feamre.
This pathology is characterized by abdominal pain in com-
hinaticn with impaired peristalsis (either accelerated, with
predominant diarrhea), slowed (with predominani constipa-
tion ), or having a mixed type.

It should aleo be moted thar, in addition o the ENS,
paracrine and endocrine regulation, which is instgated by
ciells of the dissociated neoroendocrine sysiem, plays an
equally important mle in the proceszes of self-regolation
and coordination of poristalsis of the digestve mbe [5].

In the epitkelial layer of the mocoos membrane of the
digestve tube and the pancreas, thera are also endocrine
cells that participaie in the implemeantaton of homoral-hor-
monal mechanizms of regulation. Homaral excitation and
inhibition are carmed oot by hiologically active substances
of varipus structures (histamine, seroonin, acetylcholine,
arc.), as well as by the prodocis of nutrieny hydrolysis thar
enter the blood and provide the final (intestinal) phase of
juice secretion. Among the hormonal mechanisms, the most
imporant are gasirpintestinal hormones (gasiring secrefin,
cholecystokinin-pancreozymyin, eic. ). Gasirin is synthesized
by cells located in the mocous membrane of the antrum of
the stomach and. o a lesser extent, the deodenum. These
agents enhance the secretion of the stomach, pancreas, and
imtestingl glands, and they increase the motility of the gas-
trointestinal wract [26, 27).

Secretin is synthezized by cells of the duodenal and small
intzshingl muocosa under the infloence of the hydrochlonc
acid prosent in the gasmric conient. The hormons increases
the secretion of hicariomates by the pancreas and inhibits
the secretion of bydrochloric acid in the stomach. Chole-
cysiokinin-pancreozymin is prodoced by cells of the proxi-
mal small intestinal mucosa. It enhances the motility of the
gallbladder and hile secretion, the secretion of pancreatic
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enzymes and pepsin in the gasoic juice, and it increases
the mogility of the small imtestine. Intestinal hormones reg-
wlate the secretion of water, elecrolvees, enzymes, motor
activity, and absorption of suhatances in the digestive ract
The role of local regulatory mechanisms i the small amd
large intesnines is especially grear [28]. The local regulatory
apparams (nerve ganglia, binlogically active substances, in-
testinal hormomnes, eic.) largely coordinates the interaction
of the stomach, imfestines, pancreas, and biliary tract inde-
pendently.

Theos; the structural and fonctional basis responsible for
the regulation of intestinal peristalsis is a complex system of
interactions between neurons of the ENS, interstitial cells-
pacemakers, and components of emeric glia. In addiGon,
paracrine and endocring regulation, provided by cells of
the dissociated newroendocrine system, also play an equally
IMFOManE.
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