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conditions and after the administration of
Salmonella enteritidis lipopolysaccharides (LPS)
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Lipopolysaccharides (LPS, bacterial endotoxin) are a component of the cellular membrane of Gram-nega-
tive bacteria, which is known as an important pathological factor. In spite of many previous studies
describing multidirectional negative effects of LPS on living organisms, the knowledge concerning the
influence of bacterial endotoxins on the gallbladder innervation is extremely scarce. The present study,
based on the immunofluorescence technique, describes the changes in the neurochemical characteriz-
ation of nerves within various parts of the porcine gallbladder (neck, body and fundus) after the adminis-
tration of low doses of LPS. The obtained results show that even low doses of bacterial endotoxins affect
the nerve structures within the gallbladder wall and the intensity of fluctuations in immunoreactivity to
particular substances clearly depends on the part of the investigated organ. The most evident changes
were observed in the case of fibers exhibiting the presence of neuropeptide Y (an increase from 7.84 +
0.17 to 14.66 + 0.37) in the neck, substance P (an increase from 0.88 + 0.1 to 8.4 + 0.3) in the body and
the vesicular acetylocholine transporter in the gallbladder’'s fundus (an increase from 4.29 + 0.18 to
11.01 + 0.26). The mechanisms of the observed changes still remain unclear, but probably they are
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Introduction

The gallbladder is supplied by both intrinsic and extrinsic
innervation, which first of all takes part in regulatory processes
connected with smooth muscle contractility and secretory
activity of the mucosal layer (Fig. 1)." Intrinsic innervation of
the gallbladder is generally similar to the enteric nervous
system (ENS) in the digestive tract and consists of neurons
located in the wall of this organ, which are grouped in ganglio-
nated plexuses.” In contrast to the stomach and intestine, the
population of neurons in the wall of the gallbladder is rather
sparse, and intramural ganglia are smaller and more irregu-
lar.” The number and exact localization of ganglionated
plexuses in the wall of the gallbladder (just like in the ENS
within the stomach and intestine) clearly depend on the
animal species studied." In rodents, the gallbladder intra-
mural innervation consists of two plexuses: the subserosal
plexus located on the outside of the muscular layer and the

“Departement of Clinical Physiology, Faculty of Veterinary Medicine University of

Warmia and Mazury in Olsztyn, Poland. E-mail: krystyna. makowska@uwm.edu.pl
bDepartment of Public Health, Epidemiology and Microbiology, Faculty of Medical
Sciences University of Warmia and Mazury in Olsztyn, Poland

This journal is © The Royal Society of Chemistry 2018

connected with the pro-inflammatory and/or neurodegenerative activity of LPS.

subepithelial plexus near the lamina propria of the mucosa.’
In larger mammals, there are three types of plexuses in the
gallbladder wall: the subserosal plexus - located in the same
place as in rodents - as well as muscular and subepithelial
plexuses, which are placed at different topographical levels in
the mucosal lamina propria.*

The extrinsic innervation of the gallbladder consists of
various components. The first of them are the preganglionic
cholinergic parasympathetic fibers, which are the axons of
neuronal cells located in the dorsal motor nucleus of the vagal
nerve.”® The second group of fibers supplying the wall of the
gallbladder are postganglionic sympathetic nerves, being the
projections of neuronal cells placed within the celiac and
superior mesenteric ganglia."®> Moreover, sensory innervation
has been described in the gallbladder wall, and sensory
neurons supplying this organ are located bilaterally in both
the nodose ganglia and in the dorsal root ganglia from neuro-
meres C5 to L3.”® The next groups of fibers, which have been
described in the gallbladder, are the projections from enteric
neurons placed in the duodenal wall and the sphincter of
0Oddi, which take part in short local reflex arcs between par-
ticular parts of the digestive organs without the central
nervous system engagement.”'’
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Fig. 1 The scheme of intrinsic and extrinsic innervation of the gallbladder.

Both intrinsic and extrinsic neurons supplying the gallblad-
der use a wide range of neuronal factors which most often play
the role of neuromediators and/or neuromodulators. Based on
previous studies, the most important of them are (among
others) acetylcholine, substance P, vasoactive intestinal poly-
peptide, calcitonin gene-related peptide and nitric oxide."

Moreover, it is relatively well-known that the ENS within the
stomach and intestine as well as the extrinsic innervation of
the GI tract may undergo various changes in a wide range of
physiological and pathological processes. These changes are of
an adaptive and/or neuroprotective nature and mainly concern
the neurochemical characterization of enteric neurons and
may occur as a result of the growth and puberty of the digestive
tract,"" changes in diet,"” intoxications,">'* as well as intesti-
nal and extra-intestinal diseases, including, among others,
inflammatory processes, neuronal damage and Parkinson’s
disease.”>™*

Similar changes have been observed in neuronal structures
in the gallbladder wall, but in contrast to the stomach and
intestine, knowledge about them is rather scarce. Previous
studies have described the changes in the gallbladder nervous
structures caused by maturation of the organism”® or some
diseases including gallstones and cholecystitis,"”> but many
aspects connected with the reactions of gallbladder innervation
on pathological factors remain unknown. Lipopolysaccharides
(LPS) are one of these factors.

LPS (bacterial endotoxins) are heteropolymers composed of
three parts: hydrophobic lipid A, a (inner and outer) core oligo-
saccharide and a highly specific O-antigen chain.>' They are
components of the cellular membrane of Gram-negative bac-
teria and take part in the protection of bacterial cells against

74 | Toxicol. Res., 2018, 7, 73-83

outside factors, such as antibiotics.>” LPS, by the activation of
the immunological system and stimulation to release free rad-
icals, may have various negative effects on living organ-
122 Most frequently LPS intoxication causes fever, chills,
and flu-like symptoms and may result in internal organ injury,
sepsis and death.>***

As mentioned before, bacterial endotoxins, such as LPS,
cause cholecystitis and disturbances in gallbladder epithelial
cell functions®*>*® but, to date, the influence of LPS on the
innervation of the porcine gallbladder has not been studied in
detail. On the other hand, pigs are more and more often used
in biomedical sciences due to their relatively well-known

isms.

physiological, biochemical and immunological similarities to
humans.”” These similarities primarily concern the anatomy
and physiology of neurons supplying the digestive system>®?>°
and because of this pigs seem to be an optimal (better than
rodents) animal model of processes taking place in human
internal organs.>”*° The results obtained during the present
study may have significance, particularly because, in contrast
to the majority of previous investigations, this experiment was
conducted using a “low single dose”, which can simulate the
asymptomatic, relatively widespread in the human population,
carrier state of Salmonella spp.

The present study describes the influence of LPS on nerves
localized in the gallbladder wall immunoreactive to selected
active substances, such as the nervous isoform of nitric oxide
synthase (nNOS - the marker of nitrergic neurons), substance
P (SP), the vesicular acetylcholine transporter (VAChT, the
marker of cholinergic nerves), galanin (GAL), the pituitary
adenylate cyclase-activating polypeptide (PACAP), the calcito-
nin gene-related peptide (CGRP), neuropeptide Y (NPY) and

This journal is © The Royal Society of Chemistry 2018
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the vasoactive intestinal polypeptide (VIP).The above men-
tioned substances have been selected for this study not only
because of their wide distribution in the enteric nervous
system but also because of their specificities. Among other
activities, these substances play important roles in the main-
tenance of organism homeostasis after the action of bacterial
endotoxins.*'*® Moreover, previous studies reported that most
of them (nitric oxide, GAL, SP, VIP, NPY and CGRP) have neu-
roprotective functions in the enteric nervous system.'*?94°

Materials and methods

This study was performed on ten immature female pigs (aged
8 weeks, 18-20 kg body weight) of Piétrain x Duroc breed.
Animals qualified for the experiment were clinically healthy.
Moreover, an asymptomatic carrier state of Salmonella spp.
was excluded by standard fecal analysis. During the present
study, pigs were kept under standard laboratory conditions
and fed with commercial feed for pigs of this age group. The
study complied with all institutional and national guidelines
applicable within the Republic of Poland, as per the Federal
Law of 15 January 2015 on Animal Welfare for Science and
Education (Dz.U.2015.0.266). The experimental protocol was
approved by the Local Ethical Committee for Animal
Experimentation in Olsztyn (Poland) (decision no. 73/2015
from 29th Sept 2015). The authors provided written informed
consent for the study, and all experimental procedures were
performed in agreement with the instructions of the above-
mentioned committee.

After a two-week adaptive period, the animals were ran-
domly divided into two groups (5 pigs in each group): the
control (C Group) and experimental group (LPS Group). Pigs of
both groups were pre-medicated with intramuscular injection of
atropine (Atropinum Sulfuricum Polfa Warszawa S.A., Poland,
0.035 mg per kg body weight — b.w.), ketamine (Bioketan,
Vetoquinol Biowet Sp. z o.0., Poland & Vetoquinol S.A., France,
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7.0 mg per kg bw.) and medetomidine (Cepetor,
CP-PharmaHandelsges mbH, Germany, 0.063 mg per kg b.w.).
After ten minutes, the pigs of the experimental group were
subjected to intravenous injection (into the marginal ear vein)
with lipopolysaccharides from Salmonella enterica serotype
Enteritidis (catalogue no. L7770 Sigma, Aldrich, Germany) at a
dose of 5 pg per kg b.w. (in 10 ml saline solution). Such a dose
has been previously described as a “low single dose”, which
under experimental conditions may simulate the asympto-
matic carrier state of Salmonella spp.*' The control group pigs
received 10 ml of saline solution without LPS in the same way.

After seven days, the period after which the first LPS-induced
changes in the nervous system have been previously
described,*** all pigs were again pre-medicated (in the above-
described manner) and after 15 min were subjected to general
anesthesia using propofol (Scanofol, NORBROOK, Northern
Ireland, IRL.PN, 4.5 mg per kg b.w. given intravenously) and then
euthanized with sodium pentobarbital (Morbital, Biowet Putawy
Sp. z 0.0, Poland, 69-70 mg per kg b.w., given intravenously).

Immediately after euthanasia, gallbladders from all animals
were collected. Tissues were fixed in a solution of 4% buffered
paraformaldehyde (pH 7.4) for 30 min, rinsed in phosphate
buffer (0.1 M, pH 7.4, at 4 °C) for three days (with a daily
exchange of buffer) and put into 18% phosphate-buffered
sucrose (at 4 °C). Under these conditions, tissues were stored
for at least two weeks. The particular parts of gallbladders
(neck, body and fundus) were then frozen at —22 °C, cut into
14 pm-thick sections using a microtome (Microm, HM 525,
Walldorf, Germany), fixed on glass slides and subjected to the
single-labeling immunofluorescence technique described pre-
viously by Gonkowski et al.*

Tissues were dried for 45 min and incubated (1 h) with a
blocking solution (10% goat serum, 0.1% bovine serum
albumin (BSA), 0.01% NaNj, Triton X-100, thimerosal in PBS).
Sections of the gallbladder were then incubated (overnight; in
a humidity chamber) with one primary antibody directed
towards the particular substances studied, including nNOS -

Table 1 List of antisera and reagents used in immunohistochemical studies

Primary antibodies

Antigen Code Species Working dilution Supplier

nNOS AB5380 Rabbit 1:2000 Merck Millipore (Poland), Warsaw, Poland

SP 8450-0505 Rat 1:1000 Bio-Rad (AbD Serotec), Kidlington, UK

VAChT H-V006 Rabbit 1:2000 Phoenix Pharmaceuticals, INC, Belmont, CA, USA
GAL T-5036 Guinea pig 1:2000 Peninsula, San Carlos, CA, USA

PACAP T-5039 Guinea pig 1:1000 Chemicon International INC, Temecula, CA, USA
CGRP T-5027 Guinea pig 1:1600 Peninsula

NPY NA 1115 Rabbit 1:2000 Biomol, Hamburg, Germany

VIP VA 1285 Rabbit 1:2000 Enzo Life Sciences; Farmingdale, NY, USA

Secondary antibodies

Reagents Working dilution Supplier

Alexa fluor 488 donkey anti-guinea pig IgG 1:1000 Invitrogen, Carlsbad, CA, USA
Alexa fluor 488 donkey anti-rat IgG 1:1000 Invitrogen

Alexa fluor 546 donkey anti-rabbit IgG 1:1000 Invitrogen

This journal is © The Royal Society of Chemistry 2018
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Table 2 List of antigens used in pre-absorption tests

Antigens used in pre-absorption tests Code Concentration Supplier

NOS N3033 1.0 uyM Sigma, St Louis, MO, USA

SP $S6883 0.7 pM Sigma

VAChT V007 0.6 pM Phoenix Pharmaceuticals, INC., Belmont, CA, USA
GAL G0278 0.5 pM Sigma

PACAP 052-02 0.3 pM Phoenix Pharmaceuticals

CGRP AS-20681 0.6 pM AnaSpec Fremont, CA, USA

NPY PEP-87135 0.2 pM Dianova, Hamburg, Germany

VIP V6130 1.0 uyM Sigma

Fig. 2 Nerve fibers in the porcine gallbladder neck immunoreactive to the neuronal isoform of nitric oxide synthase (nNOS) — |, substance P (SP) —
11, vesicular acetylcholine transporter (VAChT) — I, galanin (GAL) — IV, pituitary adenylate cyclase activating polypeptide (PACAP) -V, calcitonin gene
related peptide (CGRP) — VI, neuropeptide Y (NPY) — VII and vasoactive intestinal peptide (VIP) — VIII in the control group (a) and after the adminis-
tration of LPS (b). Nerves immunoreactive to particular substances are indicated by arrowheads.
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the marker of nitrergic neurons, SP, VAChT - the marker of
cholinergic nerves, GAL, PACAP, CGRP, NPY and VIP. On the
next day, the visualization of complexes “primary antibody-
appropriate antigen” was performed by incubation for 1 h with
species-specific secondary antisera conjugated to Alexa Fluor.
All the above-mentioned procedures were carried out at room
temperature and the rinsing of the slices in PBS (three times x
15 min) was performed between each stage of labelling. The
precise specifications of the primary and secondary antibodies
used during the present study are shown in Table 1.

Standard controls, i.e. pre-absorption of the neuropeptide
antibodies with appropriate antigens (Table 2) for 18 hours at
37 °C, “omission” and “replacement” of primary antibodies by
non-immune sera were performed to test the antibody and the
specificity of the immunofluorescence method and these pro-
cedures completely eliminated specific stainings.

The evaluation of the density of nerves immunoreactive to
the particular substances studied located in the neck, body
and fundus of the gallbladder was performed by the counting
of these fibers per microscopic observation field (0.1 mm?).
The number of nerve fibers was denoted in four fragments of
the particular parts of the gallbladder per pig (in five fields per
section) and the obtained data were pooled and presented as
mean + SEM. A statistical analysis was conducted with an
Anova-test (Statistica 9.1, StatSoft, Inc.) and the differences
were considered statistically significant at p < 0.05.

Results

During the present experiment, nerve fibers immunoreactive
to all neuronal factors studied were noted in all investigated
parts of the gallbladder, both in the control animals and pigs
after LPS administration. Moreover, the number of nerves
immunoreactive to particular substances clearly depended on
the part of the gallbladder. In addition, the influence of LPS
generally caused an increase in the expression of all neuronal
substances studied in the nerves of all fragments of the gall-
bladder, but the intensity of the observed changes was
different in various parts of this organ.

Under physiological conditions, most intramural nerves
within the gallbladder neck (Fig. 2, Table 3) were immuno-
reactive to VIP (Fig. 2VIIla) and/or VAChT (Fig. 2IIIa). The
average number of such fibers per observation field amounted
to 17.8 + 0.56 and 11.9 + 0.77, respectively. A slightly lower
quantity of nerves showed the presence of GAL (9.19 + 0.16)
(Fig. 2Iva) and/or NPY (7.84 + 0.17) (Fig. 2VIIa). Nerves
immunopositive to nNOS (Fig. 2Ia) and/or PACAP (Fig. 2Va)
were even rarer. Their number amounted to 3.61 + 0.06 and
3.04 + 0.26, respectively. In contrast, during the present study,
only single SP- and/or CGRP-like immunoreactive nerves were
noted in the gallbladder necks of control animals (Fig. 21Ia
and VIa, Table 3). LPS administration caused an increase in
the number of all investigated types of fibers within the gall-
bladder neck (Fig. 2, Table 3). Although most nerves within
the neck of the gallbladder in animals treated with LPS were

This journal is © The Royal Society of Chemistry 2018
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Table 3 The average number of intrinsic nerve fibers per area studied
in the porcine gallbladder neck immunoreactive to the neuronal isoform
of nitric oxide synthase (nNOS), substance P (SP), vesicular acetylcholine
transporter (VAChT), galanin (GAL), pituitary adenylate cyclase activating
polypeptide (PACAP), calcitonin gene related peptide (CGRP), neuropep-
tide Y (NPY) and vasoactive intestinal peptide (VIP) in the control group
(C group) and after the administration of LPS (LPS group). Data are pre-
sented as mean + SEM. Statistically significant differences (p < 0.05)
between the control group and LPS group are marked with *

Active substance C group LPS group

nNOS 3.61 + 0.06* 7.45 £ 0.35*
SP 1.11 £ 0.03* 5.42 £ 0.17*
VAChT 11.9 + 0.77* 16.68 + 0.07*
GAL 9.19 + 0.16* 12.8 + 0.11*
PACAP 3.04 £ 0.26* 5.77 £0.13*
CGRP 1.1 £0.03* 2.44 + 0.16*
NPY 7.84 +0.17* 14.66 + 0.37*
VIP 17.8 £ 0.56* 21.44 + 0.15*

immunoreactive to VIP (21.44 + 0.15) (Fig. 2VIIIb), the largest
LPS-induced changes were noted in the case of NPY-like
immunoreactive (LI) nerves (an increase from 7.84 + 0.17 to
14.66 + 0.37) (Fig. 2VIIb). In contrast to NPY, CGRP expression
in the nerves of the gallbladder neck was subjected to the least
visible changes under LPS action (Fig. 2VIb). The number of
CGRP-LI nerves increased from 1.1 + 0.03 to 2.44 + 0.16, and
the population of these fibers was less in the gallbladder neck
of animals following LPS administration (Table 3).

Within the gallbladder body (Fig. 3, Table 4) of control
animals, most of the nerves were immunoreactive to
NPY (10.21 + 0.8) and/or GAL (9.25 + 0.05). A significantly
lower density was observed in the case of VAChT-positive fibers
(4.78 = 0.29) and the number of nerves immunoreactive to
other neuronal factors studied was rather scanty and the
average number of them did not exceed three fibers per obser-
vation field (from 0.88 + 0.1 in the case of SP to 2.99 + 0.11 in
the case of PACAP) (Fig. 3, Table 4). Moreover, the neurochemi-
cal characterization of nerves located in the wall of the gall-
bladder body under physiological conditions (Fig. 3, Table 4)
was different from that observed within the gallbladder neck.
The most visible differences concerned VIP- and/or VAChT-
positive nerves. The number of the former amounted to 2.02 +
0.03 (in the neck: 17.8 + 0.56), and the latter to 4.78 + 0.29 (in
the neck: 11.9 + 0.77). LPS administration induced an increase
in the number of fibers immunopositive to all investigated
neuronal factors (Fig. 3, Table 4) within the gallbladder body,
which was similar to the situation observed in the neck of this
organ. Under LPS action, the greatest number of fibers showed
the presence of NPY (13.16 + 0.15) (Fig. 3VIIb), and the most
visible fluctuations concerned nerves immunoreactive to SP
(an increase from 0.88 + 0.1 to 8.4 + 0.3) and/or VAChT (the
increase from 4.78 + 0.29 to 10.95 + 0.15) (Fig. 3I1Ib, Table 4).

The general density of fibers within the gallbladder fundus
(Fig. 4, Table 5) was the least among all investigated parts of
the gallbladder. In control animals, the number of fibers
immunoreactive to any neurochemical factors studied did
not exceed five fibers per observation field. Most of the

Toxicol. Res., 2018, 7, 73-83 | 77
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Fig. 3 Nerve fibers in the porcine gallbladder body immunoreactive to the neuronal isoform of nitric oxide synthase (nNOS) — |, substance P (SP) —
11, vesicular acetylcholine transporter (VAChT) — I, galanin (GAL) — IV, pituitary adenylate cyclase activating polypeptide (PACAP) -V, calcitonin gene

related peptide (CGRP) — VI, neuropeptide Y (NPY) — VII and vasoactive intestinal peptide (VIP) — VIII in the control group (a) and after the adminis-
tration of LPS (b). Nerves immunoreactive to particular substances are indicated by arrowheads.

fibers showed the presence of GAL (4.51 + 0.24), VAChT (4.29 +
0.18) and/or nNOS (3.39 + 0.17) (Fig. 4, Table 5). SP- and/or
NPY-LI nerves were less prolific (Fig. 4I1a and VIIa) and totaled
2.83 + 0.13 and 2.29 + 0.11 fibers per observation field, respect-
ively (Table 5). The quantity of nerves immunoreactive to other
substances did not exceed three fibers per observation field,
and the smallest population was represented by the fibers
immunoreactive to CGRP (Fig. 4VIa). Their number was 0.55 +
0.05 fibers per observation field (Table 5). In the gallbladder

78 | Toxicol. Res., 2018, 7, 73-83

fundus (just like in the other parts of the gallbladder), LPS
administration led to an increase in the number of nerves
immunoreactive to all substances studied (Table 5). The most
evident changes were observed in the case of fibers exhibiting
the presence of VAChT (an increase from 4.29 + 0.18 to 11.01 =+
0.26) and/or NPY (an increase from 2.29 + 0.11 to 7.05 + 0.36)
(Fig. 4lIb and VIIb). In contrast, CGRP-LI nerves had less
visible fluctuations (an increase from 0.55 + 0.05 to 0.95 *
0.06) (Fig. 4VIb, Table 5).

This journal is © The Royal Society of Chemistry 2018
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Table 4 The average number of intrinsic nerve fibers per area studied
in the porcine gallbladder body immunoreactive to the neuronal isoform
of nitric oxide synthase (nNOS), substance P (SP), vesicular acetylcholine
transporter (VAChT), galanin (GAL), pituitary adenylate cyclase activating
polypeptide (PACAP), calcitonin gene related peptide (CGRP), neuropep-
tide Y (NPY) and vasoactive intestinal peptide (VIP) in the control group
(C group) and after the administration of LPS (LPS group). Statistically
significant differences (p < 0.05) between the control group and LPS
group are marked with *

Active substance C group LPS group
nNOS 1.4 +0.08% 6.48 £ 0.23*
Sp 0.88 +0.1* 8.4 £ 0.3*
VAChT 4.78 £ 0.29*% 10.95 + 0.15*
GAL 9.25 £ 0.05* 11.83 +0.18*
PACAP 2.99 +0.11* 4.65 +0.13*
CGRP 1.57 £ 0.19* 3.27 £ 0.05*
NPY 10.21 + 0.8* 13.16 + 0.15*
VIP 2.02 £ 0.03* 7.59 + 0.06*

It should be pointed out that LPS not only changed the
number of nerve fibers within the gallbladder wall, but also
affected their morphology. In animals after LPS administration,
nerves immunoreactive to the majority of substances studied
were thick, more visible and formed bundles with varicosities,
while under physiological conditions they were rather thin, deli-
cate and short. These differences were the clearest in the case of
nerves immunoreactive to VAChT, VIP and/or GAL (Fig. 2-4).

Discussion

The obtained results indicate that nerves located in the
porcine gallbladder wall show wide variations in terms of their
neurochemical properties. This observation generally complies
with previous studies." To date, the neurochemical coding of
nervous structures located in the gallbladder wall has been
investigated in a wide range of mammals, including (among
others) humans, rats, mice, guinea pigs, monkeys and
possums.”****> In spite of the interspecies differences con-
cerning the distribution and number of neuronal structures
immunoreactive to particular substances, in the majority of
species the following active substances have been noted in the
gallbladder innervation: acetylcholine, VIP, GAL, CGRP, SP and
PACAP."

It should be pointed out that knowledge about the
neurochemical coding of nerves in the porcine gallbladder
wall is very scarce®"*® and the present study is the first to pre-
cisely describe the gallbladder innervation in this species. The
present results only in part are in agreement with previous
observations, where the immunoreactivity for VIP, NPY and
GAL was the most abundant and the SP-like immunoreactivity
was weak within the nervous structures of the porcine gallblad-
der wall.*® The present studies show that the number of nerves
immunoreactive to particular substances clearly depends on
the gallbladder part, for example VIP-positive nerves in the
gallbladder body or NPY-like immunoreactive fibers in the gall-
bladder fundus, and they are not very numerous.

This journal is © The Royal Society of Chemistry 2018
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The wide range of substances observed in nervous struc-
tures within the gallbladder both in previous studies"**® and
during the present investigation is also typical of the intestinal
enteric nervous system.'” These observations may suggest that
neuronal factors exhibit similar functions in the intestine and
gallbladder, regulating smooth muscle activity, intramural
blood flow and secretory function of the mucosal layer, which
has been partly confirmed by previous studies."*”*® On the
other hand, some aspects of neuronal substance activity
within the gallbladder have not been explained and differences
in the chemical coding of nerves between the particular gall-
bladder fragments noted in the present study strongly suggest
that the exact functions of neuromediators and/or neuromodu-
lators depend on the part of the gallbladder.

One of the less known issues is the response of gallbladder
innervation to the action of pathological processes. The
obtained results clearly indicate that even low doses of LPS,
which do not cause any clinical symptoms, may influence the
neurochemical coding of nerves located in the gallbladder
wall. These observations confirm previous studies in which
LPS-induced changes in the neurochemical coding of nervous
structures in the digestive system were described.*!*?
Moreover, it is known that some neuromediators and/or neuro-
modulators take part in processes related to LPS activity.
Namely, VIP, somatostatin and NPY are involved in the main-
tenance of immunological homeostasis under LPS
intoxication,>®> and GAL, NPY and SP exhibit antipyretic
effects and take part in the stabilization of the body tempera-
ture under bacterial endotoxin action.?®*®*° In addition, NPY
prevents hypotension during endotoxic shock.”"

Thus, the changes in the immunoreactivity of nerves
observed during the present study are probably connected with
adaptive and/or protective processes that are a response to dis-
turbances of homeostasis caused by the LPS action. However,
the exact reasons and mechanisms of the observed fluctu-
ations still remain not fully elucidated, all the more so because
the majority of previous studies have been conducted with
high doses of LPS.

First of all, they may be connected with the relatively well-
known pro-inflammatory action of LPS. It is well-established
that lipid A, one of the LPS components, may affect various
immune cells, leading to an increase in the synthesis of pro-
inflammatory factors, such as, among others, TNF-a, IL-1, IL-6
and IL-8.°>® To date, inflammatory changes caused by LPS
administration have been described in various internal organs,
also including the gallbladder.>>*® Moreover, previous investi-
gations have shown that inflammatory processes within diges-
tive organs may affect the expression of neuronal active sub-
stances in the nervous system within the wall of the gastro-
intestinal tract, and these changes have a similar character to
those observed during the present study."®™"” It is also known
that some toxic substances (for example, mycotoxins) cause
the increase in the levels of intestinal proinflammatory inter-
leukins,*® accompanied by the changes in the immuno-
reactivity of enteric neurons and nerve fibers.">'* Apart from
the above-mentioned observations, suggestions concerning the
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Fig. 4 Nerve fibers in the porcine gallbladder fundus immunoreactive to the neuronal isoform of nitric oxide synthase (nNOS) — |, substance P (SP)
— |l, vesicular acetylcholine transporter (VAChT) — Ill, galanin (GAL) — IV, pituitary adenylate cyclase activating polypeptide (PACAP) — V, calcitonin

gene related peptide (CGRP) — VI, neuropeptide Y (NPY) — VII and vasoactive intestinal peptide (VIP) — VIII in the control group (a) and after the
administration of LPS (b). Nerves immunoreactive to particular substances are indicated by arrowheads.

relationship between the changes in the neurochemical coding
of nerves and LPS-induced inflammation are more likely since
the participation of a large number of neuronal factors in
immunological processes has been described in previous
studies. Namely, it is known that VIP can inhibit macrophage
activity, resulting in a decrease in pro-inflammatory cytokine
levels.”**> Such activity of VIP has also been observed in
human monocytes stimulated with LPS,>* which suggests that
this neuronal factor is an effective therapeutic agent during

80 | Toxicol. Res., 2018, 7, 73-83

endotoxin-induced sepsis.’® In contrast, the participation of
SP in immunological processes manifests in the stimulation of
NK1 receptors localized on lymphocytes and macrophages and
an increase in pro-inflammatory factor levels.>” Other neuronal
factors studied during the present investigation are also
involved in inflammatory processes within the digestive
system, as shown by the changes in their expression during
various types of inflammation."”*® On the other hand, the
present study has been performed with small doses of LPS,
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Table 5 The average number of intrinsic nerve fibers per area studied
in the porcine gallbladder fundus immunoreactive to the neuronal
isoform of nitric oxide synthase (nNOS), substance P (SP), vesicular
acetylcholine transporter (VAChT), galanin (GAL), pituitary adenylate
cyclase activating polypeptide (PACAP), calcitonin gene related peptide
(CGRP), neuropeptide Y (NPY) and vasoactive intestinal peptide (VIP) in
the control group (C group) and after the administration of LPS (LPS
group). Statistically significant differences (p < 0.05) between the

control group and LPS group are marked with *

Active substance C group LPS group
nNOS 3.39+0.17* 7.84 £ 0.23*
Sp 2.83 +0.13* 6.81 + 0.29*
VAChT 4.29 +0.18% 11.01 + 0.26*
GAL 4.51 +0.24* 7.38+0.11*
PACAP 1.97 £ 0.13* 3.48 £0.07*
CGRP 0.55 + 0.05* 0.95 + 0.06*
NPY 2.29 £ 0.11* 7.05 + 0.36*
VIP 1.67 £ 0.07* 3.65 £ 0.1*

which did not cause visible symptoms of inflammation or pain
reactions (as witnessed by slight changes in the number of
fibers immunoreactive to CGRP, a well-known factor involved
in sensory and pain stimuli conduction). However, it is prob-
able that subclinical inflammatory changes may also occur
under the influence of low doses of LPS, but fluctuations in
the immunoreactivity noted during the present study may also
be connected with other mechanisms.

The second reason for the changes noted during the
present study may be the neuroprotective and adaptive reac-
tions in response to the neurodegenerative activity of LPS. This
activity is usually associated with neuroinflammatory pro-
cesses®® and has been described both in the central and peri-
pheral nervous systems.’*®!
results from oxidative stress, which causes dysfunctions of

LPS-induced neurodegeneration

mitochondria within neuronal cells.” It should be pointed out
that LPS affects neuronal tissue at relatively low doses,®” which
may suggest that the changes observed during the present
study also arise from the neurodegenerative actions of bac-
terial endotoxins. Moreover, previous studies have described
the damage of enteric neurons by LPS,*® as well as the partici-
pation of some neuromediators and/or neuromodulators
within the central and peripheral nervous systems in the
rescue of neuronal cells affected by endotoxins.®>®* In
addition, the majority of substances studied during the
present study are known as important neuroprotective factors
within the digestive system, whose expression usually increases
during various pathological processes."”

Due to the fact that LPS has a multidirectional negative
influence on living organisms,>*** fluctuations observed
during the present study may result from other mechanisms.
Namely, they can be connected with LPS-induced changes in
synaptic transmission®” and/or disturbances of sensory stimuli
conduction.®® However, the latter of these mechanisms is
rather unlikely, because changes in the number of nerves
immunoreactive to CGRP (an important sensory factor) were
very slight. Admittedly, fluctuations in the population of fibers
immunopositive to SP - the second (along with CGRP) sub-
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stance involved in sensory and pain stimuli conduction — were
clearly visible, but they could have been connected with the
immunological and/or neuroprotective activity of substance P.
In addition, the changes observed during the present study
may have resulted from adaptive processes arising from the
influences of LPS described in the previous studies on the gall-
bladder mucosal cells*® and/or the blood flow in the digestive
system.®” It should be pointed out that the direct causes of
fluctuations in the immunoreactivity of nerves in the gallblad-
der wall are not fully explained. They may arise from disturb-
ances at various stages of peptide synthesis, including tran-
scription, translation, and post-translational modifications, as
well as from changes in axonal transport.

Conclusions

In conclusion, this study indicates that nervous structures in
the porcine gallbladder wall are characterized by wide vari-
ations in terms of neurochemical coding. In addition, the sig-
nificant differences between the particular gallbladder frag-
ments suggest that exact roles of neuronal factors depend on
the part of the investigated organ. Moreover, the obtained
results clearly show that even low doses of LPS, which do not
cause any clinical symptoms, may affect the neurochemical
coding of intramural nerves within the porcine gallbladder
wall. The observed changes are probably connected with sub-
clinical inflammatory processes or the neurodegenerative
activity of LPS, but the determination of the exact mechanisms
responsible for them requires further study.
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