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Abstract

Background: The enteric nervous system (ENS), located in the intestinal wall and characterized by considerable
independence from the central nervous system, consists of millions of cells. Enteric neurons control the majority of
functions of the gastrointestinal tract using a wide range of substances, which are neuromediators and/or
neuromodulators. One of them is leucine—enkephalin (leuENK), which belongs to the endogenous opioid family. It
is known that opioids in the gastrointestinal tract have various functions, including visceral pain conduction,
intestinal motility and secretion and immune processes, but many aspects of distribution and function of leuENK in
the ENS, especially during pathological states, remain unknown.

Results: During this experiment, the distribution of leuENK - like immunoreactive (leuENK-LI) nervous structures
using the immunofluorescence technique were studied in the porcine colon in physiological conditions, during
chemically-induced inflammation and after axotomy. The study included the circular muscle layer, myenteric (MP),
outer submucous (OSP) and inner submucous plexus (ISP) and the mucosal layer. In control animals, the number of
leuENK-LI neurons amounted to 4.86 +0.17%, 2.86 + 0.28% and 1.07 + 0.08% in the MP, OSP and ISP, respectively.
Generally, both pathological stimuli caused an increase in the number of detected leuENK-LI cells, but the intensity
of the observed changes depended on the factor studied and part of the ENS. The percentage of leuENK-LI
perikarya amounted to 11.48 +0.96%, 8.71 + 0.13% and 9.40 + 0.76% during colitis, and 6.90 + 0.52% 8.46 + 12% and
448 +0.44% after axotomy in MP, OSP and ISP, respectively. Both processes also resulted in an increase in the
number of leuENK-LI nerves in the circular muscle layer, whereas changes were less visible in the mucosa during
inflammation and axotomy did not change the number of leuENK-LI mucosal fibers.

Conclusions: LeuENK in the ENS takes part in intestinal regulatory processes not only in physiological conditions,
but also under pathological factors. The observed changes are probably connected with the participation of leuENK
in sensory and motor innervation and the neuroprotective effects of this substance. Differences in the number of
leuENK-LI neurons during inflammation and after axotomy may suggest that the exact functions of leuENK probably
depend on the type of pathological factor acting on the intestine.
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Background

It is well-known that neural control of all functions of the
gastrointestinal (GI) tract is performed by both extrinsic
innervation [1-4] and the enteric nervous system (ENS)
[5, 6]. Localization of extrinsic neurons supplying the
stomach and intestine depend on the innervated regionof
the GI tract. These neurons may be located in prevertebral
sympathetic ganglia, sympathetic chain, dorsal root gan-
glia, sensory and parasympathetic ganglia of vagal nerve,
as well as in parasympathetic nuclei of sacral spinal cord
[1, 2, 4, 6]. In turn, the ENS is situated in the wall of the
GI tract. It is composed of a large number of neurons,
which are characterized by considerable independence
from the central nervous system and, for this reason, it
has also been called the “second” or “intestinal” brain [7].
The structure of the ENS depends on the species studied
and the regionof the GI tract. In porcine, large intestine
enteric neurons are grouped into three separate ganglion-
ated plexuses, which are interconnected with a dense net-
work of nerves (Fig. 1). There are three types of these
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Fig. 1 The organization of the enteric nervous system (ENS) in the
porcine descending colon. a the scheme; b the view under florescent
microscope, where nervous structures are labelled with directed
towards protein gene product 9.5 (PGP 9.5) used as panneronal
marker. LM - longitudinal muscle layer; CM — circular muscle layer;
submucosal layer; ML — mucosal layer; MP — myenteric plexus; OSP —
outer submucous plexus; ISP — inner submucous plexus. Bar 100 um
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plexuses: myenteric plexus (MP) — located between the
longitudinal and circular muscles, outer submucous
plexus (OSP) — immediately adjacent to internal side of
the circular muscle layer and inner submucous plexus
(ISP) — positioned between muscularis mucosa and lamina
propria [5, 8]. Neuronal cells within the above-mentioned
plexuses belong to various functional classes, play differ-
ent functions and show the presence of a broad range of
active substances which, importantly, can play various
roles as neuromediators and/or neuromodulators [6].

It should be pointed out that the ENS plays a key role
in the regulation of intestinal functions not only in
physiological conditions, but also during various patho-
logical states. This fact may be expressed by structural,
functional or chemical changes within enteric neurons,
which may be a result of adaptive responses to operating
factors. Till now, such changes in the ENS have been ob-
served under physiological changes, such as develop-
ment, aging or diet modification, but they are more
visible during pathological processes, including intestinal
and systemic diseases or nerve injury [8—11].

One of the many active substances occurring within
enteric neurons is leucine-enkephalin (leuENK) which,
along with methionine-enkephalin, is an endogenous
opioid. These substances are pentapeptides derived from
a precursor (proenkephalin) and described for the first
time within the porcine brain in the 1970s [12]. Later in-
vestigations found that leuENK may also arise from
a-neo-endorphin, dynorphin A or dynorphin B, which
derived from prodynorphin [13]. Enkephalins, like as
exogenous opioids (e.g. morphine) act via a different
type of G-protein coupled receptors, including §-opioid,
k-opioid and p-opioid receptors [14, 15]. Although the
main action of enkephalins is a mechanism connected
with analgesia, previous studies have shown that these
substances are also involved in other physiological
processes, such as regulation of respiratory [16], urinary
[17] or circulatory [18] systems.

To date, enkephalins have been described within the
GI tract in various mammals species, including humans,
in both the ENS and intestinal mucosal enterochromaf-
fin cells [15, 19-21] as well as in the extrinsic innerv-
ation of intestine [1, 2]. Even so, the exact roles of
opioids within the digestive system are not entirely clari-
fied, although it is known that these substances mainly take
part in reducing visceral pain [14]. Other functions of opi-
oids within the GI tract include participation in intestinal
immune processes, as well as inhibition of intestinal motil-
ity and secretion [14, 22, 23]. The inhibitory effects of
enkephalins mentioned above cause an increase in food
transit time in the GI tract and may contribute to constipa-
tion [14]. In addition, some previous studies have described
changes in the number of enteric neurons immunoreactive
to enkephalins under pathological factors, which suggests



Gonkowski et al. BVIC Veterinary Research (2018) 14:169

the participation of these substances in adaptive or neu-
roprotective processes within the intestine [1, 2, 21].
Nonetheless, many questions connected with the func-
tions of leuENK in the ENS during pathological pro-
cesses are not clear, especially in the GI tract of the pig,
which is increasingly becoming an optimal laboratory
animal due to well-established anatomical, biochemical
and physiological resemblances to humans [24, 25].
These similarities primarily concern the organization of
the ENS [26], which makes the pig a perfect animal
model for experiments on changes in enteric neurons
under various pathological factors.

The aim of the present investigation was to describe, for
the first time, the influence of selected pathological fac-
tors, including experimental inflammation and axotomy
on leucine enkephalin-like immunoreactive (leuENK-LI)
enteric neurons in the porcine descending colon. It should
be pointed out that the selection of this fragment of the
GI tract as a subject of the present study was also not
accidental, since various pathological processes often
develop within the large intestine both in human and
animals [8, 27-30].

Methods
Experimental animals
The present experiment was performed on 20 immature
sows of the Large White Polish breed at the age of 8
weeks (about 18 kg body weight) bought on the com-
mercial farm of pig production in Balcyny (Poland).
Animals were kept in normal laboratory conditions in
the animal quarters of Faculty of Veterinary Medicine,
University of Warmia and Mazury, Olsztyn (Poland)
with feeding typical for this species and age of animal.
The pigs were maintained in the pens (5 animals in each
pen) with an area of about 4 m? All experimental proce-
dures, as well as number of experimental animals were
consistent with the instructions and agreements of the
Local Ethical Committee in Olsztyn (Poland), with
special attention paid to minimizing any stress reaction
during and after surgery (agreement numbers: 90/2007
from 20 November 2007 and 85/2008 from 17 December
2008). Animals during unloading after the transport were
randomly (without any determined method) divided into
four groups, each of which consisted of five pigs located in
separate pens. Then the assignment of animals from
each pen to the particular procedures were performed
by drawing lots. Experimental groups were as follows:
control (C group) — without any experimental procedures,
control 1 (C1) — animals subjected to “sham” operations,
inflammatory (I group) - pigs with chemically-induced
colitis and axotomy (A group), where animals were sub-
jected to the cutting of specific nerves (see below).

After five-day adaptive period the experiment was
started. The sows from C1, I and A groups were subjected
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to median laparotomy performed under general anaesthe-
sia, which consisted of premedication with Stressnil
(Janssen, Belgium, 75 ul/kg of body weight, given
intramuscularly) 15 min. Before the administration of the
main aesthetic — sodium thiopental (Thiopental, Sandoz,
Kundl-Rakusko, Austria; 20 mg/kg of body weight, given
intravenously) prior to the surgery. Chemically-induced
inflammation and axotomy were made using the methods
previously described by Gonkowski et al. [31]. According
to these methods, the animals of group I were injected
with 80 pl of 10% formalin solution in saline (microinjec-
tions of 5-8 pl) into the wall of the descending colon (to a
depth of 0,2-0,5 mm) in an area, where nerves from the
inferior mesenteric ganglia supply the gut. Surgery on
animals of group A consisted of the bilateral transection
of caudal colonic nerves connecting to the inferior mesen-
teric ganglion with the descending colon (Fig. 2). Animals
of group C1 were subjected to “sham” operations, which
were aimed at exclusion of surgical manipulations on the
enteric nervous system. Pigs of group Clwere injected in
the same manner as group I, but a pure saline solution
was used instead of formalin. After 5 days, all animals
were anaesthetized in the same way as described above
and euthanized by an overdose of sodium thiopental and
immediately perfused transcardially with freshly prepared
4% buffered paraformaldehyde (pH 7.4).

Double-labelling immunofluorescence technique

Segments of the descending colon (approximately 2 cm
long) from the area where nerves from the inferior mesen-
teric ganglia supply the colon were collected from all pigs
used in the experiment. Inflammation in the animals of
group I was confirmed by a histopathological examination,
which was made at the Laboratory of Histopathology
(Faculty of Veterinary Medicine, University of Warmia
and Mazury, Olsztyn, Poland). Immediately after collec-
tion, colonic fragments were post-fixed by immersion with
4% buffered paraformaldehyde (pH 7.4) for 20 min and
rinsed in phosphate buffer (0.1 M, pH 7.4, at 4 °C) for 3
days with the exchange of buffer every day. The
tissues were then put into 18% phosphate-buffered
sucrose (at 4 °C) for 2 weeks. Finally, they were frozen at
-22 °C. After freezing samples were coded and since then
the assessors did know which samples belonged to which
experimental group. Coding of samples was performed to
avoid any bias in the evaluation of colonic fragments. Then
tissues were cut perpendicular to the lumen of the colon
into 14-pm-thick sections using microtome (Microm, HM
525, Walldorf, Germany) and fixed on glass slides.

The fragments of colon were subjected to standard
double-labelling immunofluorescence, which has been
described previously by Gonkowski et al. [31, 32].
During the present study, the combination of two kinds
of primary antisera were used: mouse monoclonal
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antibody directed towards protein gene-product 9.5
(PGP 9.5, Biogenesis, UK, working dilution 1:2000,
used here as a pan-neuronal marker) and rabbit
polyclonal anti — leucine-enkephalin antibody (leuENK,
Abcam, UK, working dilution 1:1000). The primary
antisera mentioned above were visualized by a combin-
ation of species-specific secondary antibodies, i.e. Alexa
fluor 488 donkey anti-mouse IgG and Alexa fluor 546
donkey anti-rabbit IgG (both from Invitrogen, Carlsbad,
CA, USA, working dilution 1:1000).

Standard control probes were made to test the specifi-
city of primary antibodies. These included pre-absorption,
omission and replacement of primary antibodies by
non—-immune sera. The pre-absorption test consisted of
incubation (for 18 h at 37 °C) of primary antibodies in
working dilutions with the appropriate antigen. Anti-
bodies directed towards PGP 9.5 were pre-incubated
with native human protein gene product 9.5 (AbD
Serotec, UK), and anti-leuENK antibody with synthetic
human leucine-enkephalin peptide (Abcam, UK). The
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concentration of each antigen was 20 pg per 1 ml of
diluted antibody. This procedure, as well as omission
and replacement of primary antisera by non-immune
sera, completely eliminated specific stainings.

Counting the nerve structures and statistical analysis

To delimit the percentage of enteric neurons immunore-
active to leuENK, at least 600 PGP-9.5- positive cells in
a particular enteric plexus (MP, OSP and ISP) of each
studied animal were examined for leuENK-like immuno-
reactivity. Double-labelled perikarya (only neurons with
clearly visible nucleus) were evaluated using an Olympus
BX51 microscope equipped with epi-fluorescence and
appropriate filter sets. The obtained results were pooled
and presented as mean + SEM. To prevent double count-
ing of leuENK-LI neurons, the sections were located at
least 100 pm apart.

For semi-quantitative evaluation of the density of
leuENK-LI nerves within the enteric ganglia, an arbitrary
scale was used, where (-) indicated the absence of stud-
ied fibers, (+) - single fibers, (++) - rare fibers, (+++) —
dense network of fibers and (++++) depicted a very
dense meshwork of fibers studied.

In turn, denotation of the density of intramuscular and
intramucosal nerves immunoreactive to leuENK was
based on counting all leuENK-LI nerve fibers per micro-
scopic observation field (0.55 mm?). Nerves were
counted in four sections per animal (in 5 fields per sec-
tion) and the obtained data were pooled and presented
as a mean. It should be pointed out that the nerves in
the intestine can form very small bundles and it is not
always possible to count exact numbers of fibers in fibre
bundles. Therefore the present study includes only fibers
that could have been counted.

All pictures were captured by a digital camera
connected to a PC. Statistical analysis was carried out
with an Anova test (Graphpad Prism v. 2.0; GraphPad
Software Inc., San Diego, CA, USA). The differences
were considered statistically significant at p <0.05. No
statistical power calculation was conducted prior to the
study, and the determination of the size of animal
experimental groups was based on data available in the
previous studies, where the number of five animals in
the case of pigs during neuro-immunofluorescence
investigations are commonly accepted.

Results
During the present investigation, leuENK-positive
nervous structures were observed within the descending
colon in animals of all experimental groups and their
number clearly depended on both the pathological factor
studied and the part of the ENS (Table 1).

Under physiological conditions, a relatively small num-
ber of leuENK-LI neurons was noted in all “kinds” of
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enteric plexuses (Table 1). The percentage of such
neuronal cells (in relation to number of all PGP 9.5-LI
neurons) amounted to 4.86 +0.17%, 2.86 +0.28% and
1.07 £ 0.08% in MP, OSP and ISP, respectively. Regarding
the view of individual enteric ganglia, only single neuronal
cells immunoreactive to leuENK were noted in control
animals (Fig. 3. I), but the majority of ganglia did not show
the presence of leuENK-LI neurons (Figs. 4.I and 5.I).
Moreover, intraganglionic leuENK-positive nerve fibers
were observed in all kinds of enteric ganglia. The dense
network (+++) of these nerves were encountered in OSP,
whereas in MP they were rare (++), and in ISP only single
(+) nerve processes immunoreactive to leuENK were noted
(Table 1). A relatively dense network of clearly visible
LeuENK-positive nerves (Fig. 6.1a) was also observed in the
circular muscle layer (15.30 + 0.77 nerves/observation field).
In turn, only single, thin and delicate leuENK-LI nerves
were noted in the mucosal layer (Fig. 6.Ib).

Statistically significant differences were not observed
between control and “sham” operated animals, but both
pathological states studied changed the immunoreactiv-
ity to leuENK. These changes are generally expressed by
an increase in the number of leuENK-positive neuronal
structures, but their intensity depended on the patho-
logical factor acting on the intestine (Table 1).

The highest percentage of neurons immunoreactive to
leuENK were found within the myenteric plexus during
the inflammatory process (Fig. 3.II), where the number
of these cells increased by above 6.5 percentage points
(pp)- These changes were accompanied by an increase in
the density of leuENK-LI intraganglionic nerve fibers. In
animals suffering from inflammation, two “kinds” of
myenteric ganglia were observed. One of them was char-
acterized by the presence of leuENK-LI cells and a not
very dense network of fibers immunoreactive to this
peptide (Fig. 3.II). In the other MP, only very dense
intraganglionic leuENK-LI nerves were visible, without
leuENK-positive neurons (Fig. 3.II;). Axotomy also
caused an increase in the number of leuENK-LI neurons
and intraganglionic fibers in the MP (Fig. 3.III), but
these changes were less visible.

The pathological states studied caused an increase in
the percentage of leuENK- positive neuronal cells
located in OSP (Fig. 4). Contrary to MP, the differences
between inflammation and axotomy were not observed.
Both investigated states produced an increase in the
number of leuENK-LI neurons by about 5.5 pp. (Table 1).
These changes in OSP were accompanied by a decrease in
the density of intraganglionic nerve fibers immunoreactive
to leuENK (Fig. 4).

An increase in the leuENK-positive neuron number was
also noted in the ISP (Fig. 5). As with myenteric plexus,
more visible modifications were observed during the
inflammatory process, where the percentage of leuENK-LI
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Table 1 Leucine-enkephalin — like immunoreactive nervous structures in the porcine descending colon

Bowel part No. of animal C Group C1Group I Group A Group
amL! 1 16.40 14.60 30.80 2330
2 17.15 17.15 28.90 26.20
3 13.80 12.85 32.60 24.15
4 13.15 14.50 29.05 23.15
5 16.00 14.40 32.75 26.80
average 1530+0.77° 14.70 +0.69° 3082 +083° 24.72 +0.75¢
MP CB? 1 5.06 513 9.25 6.12
2 523 515 12.06 863
3 453 3.80 992 6.10
4 438 430 1144 7.60
5 5.10 562 14.73 6.05
average 486+0.17° 4,80 +0.33° 11,48 +0.96° 6,90 + 0.52°
NF? average =+ =+ o+ 4+
OSP CB? 1 1.90 1.58 8.70 826
2 3.05 338 8.76 8.68
3 2.80 3.58 9.15 846
4 290 1.38 8.60 8.15
5 3.64 393 8.35 8.75
average 286+ 028" 277+053° 871+0.13° 846+12°
NF? average o+ ++ + +
ISP cp’ 1 084 058 7.52 348
2 127 1.02 11.94 592
3 1.07 0.60 961 4.64
4 1.20 0.86 8.20 3.60
5 0.98 134 9.73 4.76
average 1.07 +0.08 0.88+0.14° 940 +0.76° 448 +044°
NF? average + + + +
S/ML! 1 0.85 1.20 3.00 0.85
2 1.30 1.00 445 1.30
3 115 1.30 4.20 1.20
4 145 2.00 2.80 115
5 1.50 115 3.65 1.95
average 125+0.12° 133+£0.17° 362+032° 129+0.18°

C group control animals, C1group “sham” operated animals, / group pigs suffering from inflammation, A group animals after axotomy
CML circular muscle layer, MP myenteric plexus, OSP outer submucous plexus, ISP inner submucous plexus, S/ML submucosal/mucosal layer, CB cell bodies, NF

nerve fibers
'Average number of nerve profiles per area studied (mean + SEM)

2Relative frequency of particular neuronal subclasses is presented as % (mean =+ SEM) of all neurons counted within the ganglia stained for PGP 9.5
3The density of intraganglionic nerve fibers positive for leuENK is presented in arbitrary units
Statistically significant data (p < 0.05) between C group and group C1, | and A in the number of leuENK-LI nervous structures within particular part of the colon are

marked by different letters and not significant data are marked by the same letters

cells grew nine-fold in relation to control animals and
amounted to 9.40 + 0.76% of all neurons immunoreactive
to PGP 9.5. This was the clearest change of all parts of the
ENS studied. Axotomy also caused an increase in the
number of cells immunoreactive to leuENK, but changes
were less visible (Table 1). Contrary to the number of

leuENK-positive neurons, the density of leuENK-LI intra-
ganglionic nerves in the ISP was not changed during the
pathological factors studied (Table 1).

Both inflammation and axotomy caused an increase in
the density of leuENK-positive nerve fibers in the circu-
lar muscle layer (Fig. 6.I). In this case, as in the MP and
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IIIa
Fig. 3 Myenteric plexus of the porcine descending colon under physiological conditions (1), during inflammation (Il, 1) and after axotomy (IIl)
immunostained for PGP 9.5 (a) and leutENK (b). The right column of the pictures (c) shows the overlap of both stainings. Co-localisation of both
antigens is indicated with arrows (perikarya) and arrow heads (nerve fibers). Bar, 20 um

ISP, more visible changes were observed during inflam-
matory process, where the number of fibers immunore-
active to leuENK was doubled versus control animals
(Table 1). In contrast, the number of leuENK-positive
nerves localized in the mucosal layer only increased
during inflammation, whereas axotomy did not change
their number (Fig. 6.11, Table 1).

Discussion

During the present investigation, leuENK-positive nerve
structures have been observed in all parts of the ENS
studied, as well as in intramuscular and intramucosal
nerve fibers. These structures under physiological condi-
tions (in spite of nerves within circular muscle layer)
were rather limited. This is in agreement with the major-
ity of previous studies, where the presence of leuENK
has been described both in the ENS and extrinsic
innervation of the GI tract in various mammal species,
including humans [15, 19, 21]. The results obtained
during the present study show that distribution of

leuENK-positive nervous structures in the descending
colon of the pig and other studied species are similar. In
the pig (like in rats, guinea pigs or cats) such structures
were first observed in the myenteric plexus and the
circular muscle layer, whereas in the mucosa and sub-
mucosal enteric ganglia they are rather rare [20, 33, 34].
Particular similarities in the distribution of leuENK-positive
nervous structures in the intestinal wall may also be
observed between humans [15, 35, 36] and pigs (this study).
This suggests that relatively well-known resemblances in
the ENS organization of both these species [26] also apply
to the distribution of leuENK.

Moreover, it should be pointed out that there are some
discrepancies in the localization of porcine enteric
neurons immunoreactive to leuENK in the light of previous
studies. For example, in the stomach, some investigations
have noted the absence of this peptide in the ENS [37],
other authors have described relatively numerous
leuENK-LI neurons, especially in the MP [38]. The reason
for these discrepancies remains unclear, although they
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Ila b
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Fig. 4 Outer submucous plexus of the porcine descending colon under physiological conditions (1), during inflammation (Il) and after axotomy

(I immunostained for PGP 9.5 (a) and leuENK (b). The right column of the pictures (c) shows the overlap of both stainings. Co-localisation of
both antigens is indicated with arrows (perikarya) and arrow heads (nerve fibers). Bar, 20 ym

Fig. 5 Inner submucous plexus of the porcine descending colon under physiological conditions (I), during inflammation (Il) and after axotomy (lll)
immunostained for PGP 9.5 (a) and leutENK (b). The right column of the pictures (c) shows the overlap of both stainings. Co-localisation of both
antigens is indicated with arrows (perikarya) and arrow heads (nerve fibers). Bar, 20 um
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Fig. 6 Distribution pattern of nerve fibers (arrows) immunostained for leuENK in the circular muscle layer (I) and mucosal layer (Il) of porcine
descending colon under physiological conditions (a), during inflammation (b) and after axotomy (). Bar, 20 um

strongly suggest that enteric neurons can change leuENK
expression under various physiological factors, such as
nutritional differences, farming factors and/or envir-
onmental bacterial flora, which in all probability is
associated with some currently unknown functions of
opioids within the ENS.

Till now, opioids (including leuENK) in the digestive
tract have been described as factors affecting the noci-
ception, intestinal immune functions, motility and secre-
tion [14] and their exact roles depends on both the type
of opioid and receptors class. Opioid receptors, belong-
ing to G-protein coupled receptors, have been described
in the central and peripheral nervous structures, includ-
ing the enteric nervous system [39-41] and three kinds
of them (§-opioid, x-opioid and p-opioid receptors) can
participate in the regulation of gastrointestinal physiology.
Previous studies showed that each class of opioid receptors
has its preferred ligand and regulates specific processes.
K-opioid receptors, which bind mainly with dynorphin and
p-opioid receptors (their ligand is [B-endorphin), are
primarily responsible for visceral antinociception [14, 41].
In turn, §-opioid receptors, preferred ligands of which are
enkephalins, first of all exhibit an inhibitory effect on the
intestinal motility, causing an increase in the transit time
of digestive tract content [14]. Moreover, previous studies
have described other gastrointestinal functions of
opioids, such as suppression of intestinal secretion,
participation in immune processes and protective roles
during inflammation [14].

During the present study, both chemically-induced
inflammation and axotomy caused changes in the number
of leuENK-positive colonic nerve structures, and the
influence of inflammatory processes has been more

visible. The differences in leuENK-like immunoreactivity
have probably been connected with roles of opioids in
intestinal immune functions. It is known that these
substances, as well as their receptors, are present in
macrophages, monocytes and some classes of lymphocytes
and take part in mechanisms connected with cytokines
production and T-cells proliferation [14, 42]. Another
reason for the observed changes may be the participation
of enkephalins in sensory stimuli conduction and
anti-nociceptive mechanisms, which has been described
within both the central nervous system and the enteric
neurons [43—45].

Moreover, it is well-established that opioids can reduce
the activity of intestinal muscles by various mechanisms,
such as a reduction in the release of stimulating neuro-
transmitters, changes in the excitability of enteric neurons
and/or neuromodulatory effects on intestinal motor
neurons [14, 41, 46]. Enkephalins, acting through §-opioid
receptors, which are located mainly in the myenteric
plexus of the ENS, are also a major factor reducing intes-
tinal motility [14]. It is possible that changes observed
during inflammation, where an often excessive increase of
muscular contractility and diarrhoea are present, may
result from compensatory activity of enteric neurons. In
this case, the increase of leuENK expression would have to
be aimed at peristalsis inhibition and return to physiological
conditions. This assumption is all the more probable that
the most numerous leuENK-LI nervous structures have
been noted during the inflammatory process in the muscu-
lar plexus and circular muscle layer. Since enkephalins are
also known as inhibitors of intestinal secretions, the mecha-
nisms of changes noted in the ISP could be similar to
those mentioned above.
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Changes in leuENK-like immunoreactivity observed in
animals suffering from inflammation may also result
from the participation of opioids in mechanisms
connected with typical symptoms of gastrointestinal
diseases, including nausea and emesis [14] and/or from
neuroprotective actions of these substances. Previous
studies have shown that synthetic agonists of §-opioid
receptors may prolong the cell life of many organs, such
as heart, lung or kidney [47, 48], as well as have a neuro-
protective influence on neuronal cells in various regions of
the brain [49-51] and spinal cord [52]. It is not yet known
whether endogenous or synthetic enkephalins can prolong
the life of neurons supplying the GI tract in the pig, but the
results obtained during the present study, as well as previ-
ous investigations on extrinsic innervation of porcine
digestive tract [2, 53, 54], where pathological factors also
caused an increase in leuENK-like immunoreactivity
strongly suggest this fact, because it is well-established that
injury to neurons causes an increase in the expression of
active substances which promote the regeneration of
injured cells [55].

During the present study, changes in the number of
leuENK-LI nervous structures after axotomy have been less
visible than during inflammation. The cutting of nerves
connecting the inferior mesenteric ganglia with the
descending colon caused the destruction of various types
of nerves (Fig. 2). The majority of these were postgangli-
onic sympathetic nerves, axons of neurons located
predominantly in the inferior mesenteric ganglia as well as
in the sympathetic chain. Other nerves derived from affer-
ent sensory cells located in dorsal root ganglia, parasympa-
thetic preganglionic neurons in sacral spinal cord or
intestinofugal afferent (also named “viscerofugal”) neurons
(IFANs). IFANS, belonging to the ENS, are situated in the
wall of intestine, in all kinds of enteric plexuses, send axons
to prevertebral sympathetic ganglia, including coeliac gan-
glion, cranial mesenteric ganglion or inferior mesenteric
ganglion (depending on the segment of the GI tract) and
take part in intestino — intestinal reflexes without the
participation of the central nervous system [56—58]. Thus,
changes in leuENK-like immunoreactivity noted after
axotomy may result from compensative activity of enteric
neurons after the destruction of colonic extrinsic innerv-
ation or neuroprotective processes in IFANs, which is
more likely in light of the relatively well-known neuropro-
tective effects of enkephalins, which were discussed above.

It should be pointed out that the mechanisms of changes
observed during the present investigation may be variable.
They can arise from an increase in leuENK synthesis in en-
teric neurons or modifications in intraneuronal transport of
this substance from the cell body to nerve endings. In the
case of fluctuations in leuENK synthesis, the changes may
be due to different types of changes during transcription,
translation or post-translational processes.
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Conclusions

The present study shows that leuENK-positive nervous
structures are present in the porcine descending colon
and their distribution is similar to other species, espe-
cially to humans, which suggests the possibility of using
the pig as a model animal in investigations of this
peptide in the human ENS. Moreover, leuENK-like
immunoreactivity in the porcine ENS undergoes fluctua-
tions during chemically-induced inflammation and after
axotomy. The increase in the number of leuENK-LI
neurons and nerves can suggest neuroprotective roles of
the described substance within the ENS. The present
results are the first step toward exploitation of synthetic
enkephalins as a medicine, not only during colitis, which
has been suggested by previous studies [45], but also
after intestinal innervation damage. On the other hand,
the observed changes clearly depended on both the part
of the ENS and the type of factor studied. This is prob-
ably caused by different roles of leuENK in intestinal
innervation, according to the type of acting pathological
stimulus. These roles are still not fully explained and
require further study.

Abbreviations

A group: Animals after axotomy; C group: Control group; C1 group: “Sham”
operated animals; ENS: Enteric nervous system; Gl tract: Gastrointestinal tract;
I group: Inflammatory group; ISP: Inner submucous plexus; leuENK: Leucine
enkephalin; MP: Myenteric plexus; OSP: Outer submucous plexus;

Pp: Percentage point; SEM: Standard error of the mean

Funding

Publication was supported by the grant No 15.610.003-300 (statutory
research) of University of Warmia and Mazury in Olsztyn (Poland) and
KNOW (Leading National Research Centre) Scientific Consortium “Healthy
animal — Safe Food’, decision of Ministry of Science and Higher
Educiation, No. 05-1/KNOW 2/2015.

Availability of data and materials
All the data supporting these findings are present within the manuscript.

Authors’ contributions

SG is the originator and main performer of experiment as well as the major
contributor in writing the manuscript. KM takes part in the statistical analysis
of data creation of figures. JC checked the manuscript linguistically and
grammatically. All authors read and approved the final manuscript.

Ethics approval and consent to participate

All experimental procedures were made according to the instructions of the
Local Ethical Committee in Olsztyn (Poland), with special attention paid to
minimizing any stress reaction during and after the surgery (decisions
numbers: 5/2000 and 86/2008/N).

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



Gonkowski et al. BVIC Veterinary Research (2018) 14:169

Received: 27 June 2016 Accepted: 14 May 2018
Published online: 24 May 2018

References

1.

20.

21.

22.

23.

Wojtkiewicz J, Rowniak M, Gonkowski S, Crayton R, Majewski M, Robak A,
Bialkowska J, Barczewska M. Proliferative enteropathy (PE)-induced changes
in the calbindin-immunoreactive (CB-IR) neurons of inferior mesenteric
ganglion supplying the descending colon in the pig. J Mol Neurosci.
2012;48:757-65.

Wojtkiewicz J, Rowniak M, Crayton R, Gonkowski S, Robak A, Zalecki M,
Majewski M, Klimaschewski L. Axotomy-induced changes in the chemical
coding pattern of Colon projecting Calbindin-positive neurons in the
inferior mesenteric ganglia of the pig. J Mol Neurosci. 2013;51:99-108.
Chen BN, Sharrad DF, Hibberd TJ, Zagorodnyuk VP, Costa M, Brookes SJ.
Neurochemical characterization of extrinsic nerves in myenteric ganglia of
the Guinea pig distal colon. J Comp Neurol. 2015;523:742-56.

Rytel L, Calka J. Acetylsalicylic acid-induced changes in the chemical coding
of extrinsic sensory neurons supplying the prepyloric area of the porcine
stomach. Neurosci Lett. 2016;23:218-24.

Gonkowski S, Substance P. As a neuronal factor in the enteric nervous
system of the porcine descending colon in physiological conditions and
during selected pathogenic processes. Biofactors. 2013,;39:542-51.

Furness JB, Callaghan BP, Rivera LR, Cho HJ. The enteric nervous system and
gastrointestinal innervation: integrated local and central control. Adv Exp
Med Biol. 2014,817:39-71.

Avetisyan M, Schill EM, Heuckeroth RO. Building a second brain in the
bowel. J Clin Invest. 2015;125:899-907.

Gonkowski S, Burlinski P, Calka J. Proliferative enteropathy (PE) - induced
changes in galanin - like immunoreactivity in the enteric nervous system of
the porcine distal colon. Acta Vet-Beogr. 2009;59:321-30.

Saffrey MJ. Ageing of the enteric nervous system. Mech Ageing Dev.
2004;125:899-906.

Di Giancamillo A, Vitari F, Bosi G, Savoini G, Domeneghini C. The chemical
code of porcine enteric neurons and the number of enteric glial cells are
altered by dietary probiotics. Neurogastroenterol Motil. 2010;22:€271-8.
Vasina V, Barbara G, Talamonti L, Stanghellini V, Corinaldesi R, Tonini M, De
Ponti F, De Giorgio R. Enteric neuroplasticity evoked by inflammation.
Auton Neurosci. 2006;126-127:264-72.

Hughes J, Smith TW, Kosterlitz HW, Fothergill LA, Morgan BA, Morris HR.
Identification of two related pentapeptides from the brain with potent
opiate agonist activity. Nature. 1975;258:577-9.

Dores RM, Lecaudé S, Bauer D, Danielson PB. Analyzing the evolution of the
opioid/orphanin gene family. Mass Spectrom Rev. 2002;21:220-43.

De Schepper HU, Cremonini F, Park MI, Camilleri M. Opioids and the gut:
pharmacology and current clinical experience. Neurogastroenterol Motil.
2004;16:383-94.

Brehmer A, Lindig TM, Schro F, Neuhuber W, Ditterich D, Rexer M,
Rupprecht H. Morphology of enkephalin-immunoreactive myenteric
neurons in the human gut. Histochem Cell Biol. 2005;123:131-8.

Greer JJ, Carter J, Al-Zubaidy EZ. Opioid depression of respiration in
neonatal rats. J Physiol. 1995;485:845-55.

Klarskov P. Enkephalin inhibits presynaptically the contractility of urinary
tract smooth muscle. Br J Urol. 1987,59:31-5.

Feldman PD, Parveen N, Sezen S. Cardiovascular effects of Leu-enkephalin in
the nucleus tractus solitarius of the rat. Brain Res. 1996,709:331-6.
Herbrecht F, Bagnol D, Cucumel F, Julé Y, Cupo A. Biochemical
characterization and quantification of enkephalins in brain, prevertebral
ganglia and digestive tract: a comparative study on cats, Guinea-pigs and
rats. Regul Pept. 1995;57:85-95.

Bagnol D, Henry M, Cupo A, Julé Y. Distribution of enkephalin-like
immunoreactivity in the cat digestive tract. J Auton Nerv Syst.
1997,64:1-11.

Wojtkiewicz J, Rowniak M, Crayton R, Majewski M, Gonkowski S. Chemical
coding of zinc-enriched neurons in the intramural ganglia of the porcine
jejunum. Cell Tissue Res. 2012;350:215-23.

Puig MM, Pol O. Peripheral effects of opioids in a model of chronic
intestinal inflammation in mice. J Pharmacol Exp Ther. 1998,287:1068-75.
Pol O, Palacio JR, Puig MM. The expression of delta- and kappa-opioid
receptor is enhanced during intestinal inflammation in mice. J Pharmacol
Exp Ther. 2003;306:455-62.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Page 11 of 12

Litten-Brown JC, Corson AM, Clarke L. Porcine models for the metabolic
syndrome, digestive and bone disorders: a general overview. Animal.
2010;4:899-920.

Verma N, Rettenmeier AW, Schmitz-Spanke S. Recent advances in the use of
Sus scrofa (pig) as a model system for proteomic studies. Proteomics.
2011;11:776-93.

Brown DR, Timmermans JP. Lessons from the porcine enteric nervous
system. Neurogastroenterol Motil. 2004;16(Suppl 1):50-4.

Kosugi |, Tada T, Tsutsui Y, Sato Y, Mitsui T, Itazu I. Giant inflammatory
polyposis of the descending colon associated with a Crohn's disease-like
colitis. Pathol Int. 2002,52:318-21.

Gonkowski S, Burlinski P, Szwajca P, Calka J. Changes in cocaine- and
amphetamine - regulated transcript — like immunoreactive (CART-LI) nerve
structures of the porcine descending colon during proliferative enteropathy.
Bull Vet Inst Pulawy. 2012;56:199-203.

Rychlik A, Gonkowski S, Nowicki M, Calka J. Cocaine- and amphetamine-
regulated transcript immunoreactive nerve fibres in the mucosal layer of
the canine gastrointestinal tract under physiological conditions and in
inflammatory bowel disease. Vet Med Czech. 2015;60:361-7.

Kinugasa T, Akagi Y. Status of colitis-associated cancer in ulcerative colitis.
World J Gastrointest Oncol. 2016;8:351-7.

Gonkowski S, Burlinski P, Skobowiat C, Majewski M, Catka J. Inflammation- and
Axotomy-induced changes in galanin-like immunoreactive (GAL-LI) nerve
structures in the porcine descending colon. Acta Vet Hung. 2010,58:91-103.
Gonkowski S, Rychlik A, Nowicki M, Nieradka R, Bulc M, Calka J. A population
of nesfatin 1-like immunoreactive (LI) cells in the mucosal layer of the
canine digestive tract. Res Vet Sci. 2012,93:1119-21.

Schultzberg M, Hokfelt T, Nilsson G, Terenius L, Rehfeld JF, Brown M, Elde R,
Goldstein M, Said S. Distribution of peptide- and catecholamine-containing
neurons in the gastro-intestinal tract of rat and Guinea-pig:
immunochemical studies with antisera to substance P, enkephalins,
somatostatin, gastrin, cholecystokinin, neurotensin and dopamine b-
hydroxylase. Neuroscience. 1980;5:689-744.

Furness JB, Costa M, Miller RJ. Distribution and projections of nerves with
enkephalin-like immunoreactivity in the Guinea-pig small intestine.
Neuroscience. 1983,;8:653-64.

Keast JR, Furness JB, Costa M. Distribution of certain peptide-containing
nerve fibres and endocrine cells in the gastrointestinal mucosa in five
mammalian species. J Comp Neurol. 1985,236:403-22.

Wattchow DA, Furness JB, Costa M. Distribution and coexistence of
peptides in nerve fibers of the external muscle of the human
gastrointestinal tract. Gastroenterology. 1988,95:32-41.

Kaleczyc J, Klimczuk M, Franke-Radowiecka A, Sienkiewicz W, Majewski M,
takomy M. The distribution and chemical coding of intramural neurons
supplying the porcine stomach - the study on normal pigs and on animals
suffering from swine dysentery. Anat Histol Embryol. 2007;36:186-93.
Rekawek W, Sobiech P, Gonkowski S, Zarczyriska K, Snarska A, Wasniewski T,
Wojtkiewicz J. Distribution and chemical coding patterns of cocaine- and
amphetamine-regulated transcript-like immunoreactive (CART-LI) neurons in
the enteric nervous system of the porcine stomach cardia. Pol J Vet Sci.
2015;18:515-22.

Simon EJ. Opioid receptors and endogenous opioid peptides. Med Res Rev.
1991;11:357-74.

Minami M, Satoh M. Molecular biology of the opioid receptors: structures,
functions and distributions. Neurosci Res. 1995;23:121-45.

Sternini C, Patierno S, Selmer IS, Kirchgessner A. The opioid system in the
gastrointestinal tract. Neurogastroenterol Motil. 2004;16(Suppl. 2):3-16.
Stein C. The control of pain in peripheral tissue by opioids. N Engl J Med.
1995;332:1685-90.

Skinner K, Basbaum Al, Fields HL. Cholecystokinin and enkephalin in brain
stem pain modulating circuits. Neuroreport. 1997,8:2995-8.

Cabot PJ, Carter L, Schafer M, Stein C. Methionine-enkephalin-and
Dynorphin A-release from immune cells and control of inflammatory pain.
Pain. 2001,93:207-12.

Sobczak M, Pilarczyk A, Jonakowski M, Jarmuz A, Sataga M, Lipkowski AW,
Fichna J. Anti-inflammatory and antinociceptive action of the dimeric
enkephalin peptide biphalin in the mouse model of colitis: new potential
treatment of abdominal pain associated with inflammatory bowel diseases.
Peptides. 2014,60:102-6.

Holzer P. Opioid receptors in the gastrointestinal tract. Regul Pept.
2009;155:11-7.



Gonkowski et al. BVIC Veterinary Research (2018) 14:169

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Wu G, Zhang F, Salley RK, Diana JN, Su TP, Chien S. Delta opioid extends
hypothermic preservation time of the lung. J Thorac Cardiovasc Surg.
1996;111:259-67.

Su TP. Delta opioid peptide [d-Ala (2), d-Leu (5)] enkephalin promotes cell
sur-vival. J Biomed Sci. 2000;7:195-9.

Zhang J, Gibney GT, Zhao P, Xia Y. Neuroprotective role of delta-opioid
receptors in cortical neurons. Am J Phys Cell Phys. 2002;282:C1225-34.
Borlongan CV, Wang Y, Su TP. Delta opioid peptide (d-ala 2, d-Leu 5)
enkephalin: linking hibernation and neuroprotection. Front Biosci.
2004;,9:3392-8.

Iwata M, Inoue S, Kawaguchi M, Nakamura M, Konishi N, Furuya H. Effects of
delta-opioid receptor stimulation and inhibition on hippocampal survival in
a rat model of forebrain ischaemia. Br J Anaesth. 2007,99:538-46.

Liu H, Chen B, Zhang Y, Qiu Y, Xia Y, Li S, Yao J. Protective effect of delta
opioid agonist [D-Ala2, D-Leu5] enkephalin on spinal cord ischemia
reperfusion injury by regional perfusion into abdominal aorta in rabbits.
Neurosci Lett. 2015;584:1-6.

Palus K, Catka J. Alterations of neurochemical expression of the coeliac-superior
mesenteric ganglion complex (CSMG) neurons supplying the prepyloric region
of the porcine stomach following partial stomach resection. J Chem
Neuroanat. 2016;72:25-33.

Palus K, Catka J. The influence of prolonged acetylsalicylic acid
supplementation-induced gastritis on the neurochemistry of the
sympathetic neurons supplying prepyloric region of the porcine stomach.
PLoS One. 2015;10:e0143661.

Arciszewski MB, Ekblad E. Effects of vasoactive intestinal petide and galanin
on survival of cultured porcine myenteric neurons. Regul Pept.
2005;125:185-92.

Luckensmeyer GB, Keast JR. Immunohistochemical characterisation of
viscerofugal neurons projecting to the inferior mesenteric and major pelvic
ganglia in the male rat. J Auton Nerv Syst. 1996,61:6-16.

Furness JB. Types of neurons in the enteric nervous system. J Auton Nerv
Syst. 2000;81:87-96.

Ermilov LG, Miller SM, Schmalz PF, Hanani M, Lennon VA, Szurszewski JH.
Morphological characteristics and immunohistochemical detection of
nicotinic acetylcholine receptors on intestinofugal afferent neurones in
Guinea-pig colon. Neurogastroenterol Motil. 2003;15:289-98.

Page 12 of 12

Ready to submit your research? Choose BMC and benefit from:

o fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

o gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Experimental animals
	Double-labelling immunofluorescence technique
	Counting the nerve structures and statistical analysis

	Results
	Discussion
	Conclusions
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Competing interests
	Publisher’s Note
	References

