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Background. Acetylsalicylic acid (ASA) is a commonly used anti-inflammatory, antipyretic, and analgesic drug, which has many
side effects on the gastric mucosal layer. Despite this, knowledge concerning the influence of ASA on neuronal cells supplying
the stomach is very scanty. Methods. This investigation was performed on ten immature gilts of the Large White Polish race
divided into two groups (five animals in each): a control group and animals which were treated with ASA. The retrograde
neuronal tracer Fast Blue (FB) was injected into the prepyloric region of the stomach in all animals. ASA was then given orally
to the experimental (ASA) group of gilts from the seventh day after FB injection to the 27th day of the experiment. After this
period, all animals were euthanized. Immediately after euthanasia, nodose ganglia (NG) were collected and subjected to a
standard double-labelling immunofluorescence technique using antibodies directed toward substance P (SP) and other selected
neuronal factors, such as galanin (GAL), neuronal isoform of nitric oxide synthase (nNOS), vasoactive intestinal polypeptide
(VIP), and calcitonin gene-related peptide (CGRP). Key Results. The obtained results show that SP-LI neurons located in NG
supplying the porcine stomach were also immunoreactive to all the above-mentioned neuronal factors. Moreover, ASA
administration caused an increase in the degree of colocalization of SP with other neuronal active substances, and the most
visible changes concerned the number of neurons simultaneously immunoreactive to SP and CGRP. Conclusions and Inferences.
These observations indicate that the population of SP-LI neurons supplying the stomach is not homogeneous and may undergo
changes after ASA administration. These changes are probably connected with inflammatory processes and/or neuroprotective
reactions although their exact mechanisms remain unknown.

1. Introduction

The innervation of the gastrointestinal (GI) tract consists
of two main components. The first of them is the enteric
nervous system (ENS) located in the wall of the digestive
tract and built from the large number of neurons grouped
in the enteric ganglia interconnected with a dense network
of fibers and forming intramural ganglionated plexuses [1,
2]. The morphology and number of these plexuses depend
on animal species and the segment of the digestive tract
[3-6]. Two types of enteric ganglia can be identified in
the stomach. The first of them is myenteric ganglia which,

together with nerves connecting the particular ganglia,
form a clearly visible myenteric plexus located between
the longitudinal and circular muscle layers [7]. The other
component of the gastric ENS is submucosal ganglia posi-
tioned near the lamina propria of the mucosal layer
which, contrary to myenteric ganglia, do not form a
plexus [7]. The second component of the gastrointestinal
innervation is the extrinsic innervation. Neurons supply-
ing the GI tract and controlling the activity of the ENS
are localized (in accordance with their functions) in vagal
ganglia, prevertebral sympathetic ganglia, and dorsal root
ganglia [8-10].
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It should be noted that both enteric neurons and cells
participating in extrinsic intestinal innervation vary widely
in terms of neurochemical characterization. To date, several
dozen active substances have been noted in neuronal cells
supplying the GI tract [11, 12]. One of the more important
active substances occurring in neuronal cells supplying the
gastrointestinal tract is substance P (SP) [13].

SP is an undecapeptide which, together with neurokinins
A and B, as well as neuropeptides K and v, belongs to the
tachykinin neuropeptide family [14]. It was described for
the first time in the 1930s [15], and since then, it has been
observed in both intrinsic and extrinsic intestinal innerva-
tions in numerous mammal species, including humans
[11, 16-18]. SP may act via three types of G protein-
coupled NK receptors (NKI1, NK2, and NK3), but the
highest affinity is exhibited toward the NKlreceptor. Previ-
ous studies showed that the exact functions of SP in the
digestive tract depend on the intestinal fragment, animal
species, and type of activated receptor [19, 20].

Multidirectional functions of SP in the regulation of the
gastrointestinal activity have been described in previous
studies. It is known that this substance takes part in the reg-
ulation of the smooth muscle contractility and the effects of
this activity differ depending on the type of activated recep-
tor. An SP-induced increase in the intestinal muscle contrac-
tility has been observed after excitation of the NK3 receptor,
while the stimulation of the NK1 receptor causes relaxatory
effects [21]. SP may also modulate the intestinal immunolog-
ical system. This activity involves the activation of NKI1
receptors located on lymphocyte and macrophage surfaces
and an increase in the secretion of proinflammatory factors
[22, 23]. Substance P is also involved in regulatory processes
connected with intestinal secretory functions and mesenteric
blood flow [24]. But the most important functions of the
SP in the gastrointestinal innervation seem to be the par-
ticipation in sensory and pain stimulus conduction [25].
Previous studies also reported that levels of substance P
in neurons supplying the GI tract can undergo significant
changes under various pathological factors, such as inflam-
matory processes, nerve damage, and other intestinal and
extraintestinal diseases [11, 13].

It should be noted that, contrary to the enteric nervous
system, which is located in the wall of the digestive tract
where the distribution and functions of SP are relatively well
established [26], knowledge concerning this peptide within
the extrinsic gastrointestinal innervation is rather scarce. In
particular, little is known about the neurochemical character-
ization of SP-positive neurons and changes in colocalization
of SP with other active substances under pathological factors.

Thus, the present study was aimed at investigating the
influence of acetylsalicylic acid (ASA) administration on
the chemical coding of SP-like immunoreactive (SP-LI) neu-
rons located in the nodose ganglia and supplying the porcine
stomach. ASA (also known as aspirin) is widely used as anti-
inflammatory, antipyretic, and analgesic medicine, which
causes the inactivation of the cyclooxygenase (COX) enzyme
[27]. Apart from therapeutic activity, aspirin also shows side
effects which are particularly evident within the stomach,
where taking this drug may result in the gastric mucosal
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injury [28]. It should be underlined that although the mech-
anisms of aspirin activity have been the subject of many stud-
ies [29], knowledge concerning its influence on extrinsic
gastrointestinal innervation is extremely scarce [30]. On the
other hand, it is relatively well established that aspirin may
strongly affect the gastric mucosal layer, leading to its erosion
and the breaking of the gastric mucosal barrier. These detri-
mental effects are based on the influence of ASA on the levels
of adenosine triphosphate in mucosal cells, intensification of
sodium transport, and changes in mucus composition, lead-
ing to injury of the gastric mucosal layer and the formation
of gastric ulcers. Development of the local pathology evokes
transduction of painful stimulation through the vagal sensory
pathways that might affect the chemical plasticity of the
nodose ganglion perikarya. Therefore, the objective of the cur-
rent study was to analyze the effect of aspirin-induced stom-
ach pathology on coexpression of galanin (GAL), neuronal
isoform of nitric oxide synthase (nNOS), vasoactive intestinal
polypeptide (VIP), and calcitonin gene-related peptide
(CGRP) with substance P (SP) in nodose ganglion sensory
perikarya [11].

2. Materials and Methods

2.1. Animals and Experimental Procedures. This investigation
was performed on ten immature porcine of the Large White
Polish breed (approximately 8 weeks old, about 20 kg b.w.),
which were kept during the experiment in standard condi-
tions suitable for the species and age of animals. All proce-
dures during the study were performed in accordance with
the instructions of the Local Ethical Committee in Olsztyn
(Poland) (decision number 05/2010).

After a one-week adaptive period, the animals underwent
general anesthesia with azaperone (Stresnil, Janssen Pharma-
ceutica N.V., Belgium; 4mg/kg of body weight, im.) and
sodium thiopental (Thiopental, Sandoz, Kundl-Rakusko,
Austria; 10 mg/kg of b.w., i.v.) and gastroscopy examination
(using the video endoscope Olympus GIF 145 with working
length 1030 mm and diameter 9.8 mm) to evaluate the gastric
mucosal layer. A median laparotomy was then conducted,
and the prepyloric region of the anterior stomach wall (the
diamond-shaped area of the approximate size 4 cm x 4 cm,
located about 3 cm before the gastric pylorus) was injected
with 50 ul of a 5% aqueous solution of Fast Blue (FB, Dr. K.
Iling GmbH & KG, Germany; ten injections, 1 yl each) using
a Hamilton syringe equipped with a 26-gauge needle. Great
attention was paid to avoiding any contamination of the sur-
rounding tissues with FB due to the hydrostatic leakage from
the injection canal.

After the surgery, pigs were randomly divided into two
groups of five animals in each: a control group (C group)
and an ASA group, in which aspirin (Bayer; 100 mg/kg
b.w.) was administered. Aspirin was given orally once a
day, 1h before the morning feeding from the seventh day
after surgery to the 27" day of the experiment. After this
period (on the 28" day of the experiment), the pigs were
subjected to general anesthesia, euthanized with an overdose
of sodium thiopental (Thiopental, Sandoz, Kundl, Austria;
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TaBLE 1: Description of antibodies.

Antigen Species of origin Code Dilution Supplier

Primary antibodies

GAL Rabbit AB2233 1:2000 Millipore

nNOS Rabbit AB5380 1:4000 Chemicon

VIP Rabbit VA 1285 1:4000 BioGene

Sp Rat 8450-0505 1:150 AbD Serotec

CGRP Rabbit AB5920 1:4000 AbD Serotec

Secondary antibodies

Alexa Fluor 546 Donkey anti-rabbit A10040 1:1000 Invitrogen

Alexa Fluor 488 Donkey anti-rat A21208 1:1000 Invitrogen

20 mg/kg of body weight given intravenously), and perfused
transcardially with 4% buffered paraformaldehyde (pH 7.4).

2.2. Tissue Collection. Right and left nodose ganglia (NG)
were collected from all animals. Tissues were postfixed in
4% paraformaldehyde for 20 min, rinsed in M buffer solution
(0.1 M, pH 7.4) for 72 hours, put into 18% sucrose solution,
and stored at 4°C at least for three weeks. After this period,
nodose ganglia were frozen at -22°C and cut using a micro-
tome (Microm HM-525, Germany) into 12 ym thick sec-
tions, which were evaluated under fluorescence Olympus
BX51 for the presence of FB-positive neuronal cells.

2.3. Double Immunofluorescence Technique. Sections with
FB-positive neurons were subjected to the routine double-
labelling immunofluorescence method described previously
by Rytel and Catka [11] with a mixture of two primary
antibodies. One of them was an antibody directed toward
substance P (rat, 1:150, AbD Serotec), and the second
was an antibody directed toward one of the other neuronal
factors, such as a calcitonin gene-related peptide (CGRP,
rabbit, 1:4000, AbD Serotec), neuronal isoform of nitric
oxide synthase (nNOS, used here as the marker of nitrergic
neurons, rabbit, 1:4000, Chemicon), galanin (GAL, rabbit,
1:2000, Millipore), and vasoactive intestinal polypeptide
(VIP, rabbit, 1:4000, BioGene). Complexes “primary
antibody-appropriate antigen” were visualized by species-
specific secondary antibodies conjugated with Alexa Fluor
(Alexa Fluor 488 donkey anti-rat IgG and Alexa Fluor 546
donkey anti-rabbit IgG, Invitrogen, Carlsbad, CA, USA,
working dilution 1:1000) (Table 1).

Standard control procedures of antibody specificity,
including preabsorption, as well as “omission” and “replace-
ment” tests, eliminated specific staining.

2.4. Evaluation of the Percentage of Neuronal Cells. Quantita-
tive analysis was conducted using a fluorescence Olympus
BX51 microscope with sets of filters for fluorochromes used
in the present study. Microphotographs were taken using
Cell-F image analysis software (Olympus, Tokyo, Japan).
For evaluation of the degree of colocalization of SP with other
neuronal factors within neurons supplying the stomach, at
least 70 FB+/SP+ cell bodies in each nodose ganglion (left
or right) were identified and examined for immunoreactivity

to the particular substances investigated, and the number of
FB+/SP+ neurons was treated as 100%. For example, unilat-
eral identification in 85 animal FB+/SP+ cells was treated as
100% and was then performed (e.g., 22 of FB+/SP+/VIP+
neurons constituted 25.88%). Data obtained in animals of
one group were pooled and presented as mean + SEM.

The relatively low number of FB+/SP+ cells evaluated
for the presence of the particular neuronal factors was
caused by the fact that the population of SP-positive cells
supplying the stomach located in the nodose ganglia is
not numerous [31].

2.5. Statistical Analysis. Statistical analyses were performed
using GraphPad Prism 5 software (GraphPad Software,
USA) and an ANOVA test with Bonferroni’s multiple com-
parison post hoc test. The differences were considered statis-
tically significant at P < 0.05.

2.6. Histopathological Examination. Moreover, routine histo-
pathological staining with the application of the hematoxyli-
n/eosin method was performed on fragments of the gastric
wall from the prepyloric region to evaluate histopathological
changes after ASA administration.

3. Results

During the present investigation, all neuronal active sub-
stances studied were observed in SP-positive neurons located
in nodose ganglia and supplying the prepyloric region of the
stomach, both under physiological conditions and after ASA
administration.

In control animals, the degree of colocalization of SP with
other substances depended on the type of substance and, to a
lesser extent, on the side of nodose ganglion localization
(Table 2) (Figures 1 and 2; Figures 3 and 4). The highest
number of the investigated neurons contained CGRP, which
was found within 53.72% + 2.84% and 50.78% + 2.92% of all
FB+/SP+ neuronal cells in the right and left NG, respectively.
Fewer neurons immunoreactive to SP and FB simultaneously
show the presence of nNOS and/or GAL. In the right NG,
nNOS was noted in 41.83% + 2.62% of all FB+/SP+ neurons,
and in the left, nNOS was noted in 50.88% + 4.20%. In the
case of GAL, these values amounted to 41.31% + 3.55% and
32.70% + 3.75%, respectively. The lowest percentage of SP-
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TaBLE 2: The number of SP-positive neurons and their neurochemical characterization in the right and left side of the nodose ganglia. The

results were considered statistically significant at P < 0.05.

Neuronal factor Right GN Left GN
Control ASA Control ASA
SP+/VIP+ 26.88 +2.94 56.54 +2.28* 32.64+2.77 62.14 + 2.97*
SP+/nNOS+ 41.83+2.62 60.81 +2.38" 50.88 + 4.20 65.12+2.11*
SP+/CGRP+ 53.72+2.84 62.37 +1.88* 50.78 £2.92 62.01 +2.97*
SP+/GAL+ 41.31+3.55 52.98 +1.91* 32.70 + 3.75 55.51 +2.21*
Right GNs
52.98+1.91
SP+/GAL+ 26.88+2,94
: W 62.37+1.88
SP+/CGRP+ 53.72+2.84
60.8142.38
SP+/nNOS+ 41.83£2.62 .
56.5442.28
SP+/VIP+ 26.88+2.94 :

[ ASA
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FIGURE 1: The number of SP-positive neurons and their neurochemical characterization in the right side of the nodose ganglia.
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FIGURE 2: The number of SP-positive neurons and their neurochemical characterization in the left side of the nodose ganglia.

positive cells supplying the prepyloric region of the stomach
showed immunoreactivity to VIP. FB+/SP+VIP+ neuronal
cells accounted for 26.88% + 2.94% and 32.64% + 2.77% of
all FB+/SP+ neurons in the right and left NG, respectively.
Moreover, differences in the degree of colocalization of SP
with other substances were noted between the right and left
nodose ganglia. In the case of CGRP and/or GAL, the degree
of colocalization was higher in the right NG, while a greater
number of FB+/SP+ cells in the left NG simultaneously
showed immunoreactivity to nNOS and/or VIP.

Aspirin administration changed the degree of colocaliza-
tion of SP with all the investigated substances. Generally,
these changes were manifested by the increase in the percent-
age of neurons immunoreactive to all substances studied in
relation to all FB+/SP+ cells, but their intensity depended
on the type of substance (Table 2) (Figures 1 and 2;
Figures 3 and 4). The most visible changes concerned the
degree of colocalization of SP and VIP. After ASA adminis-

tration in the right NG, the percentage of FB+/SP+/VIP+
cells achieved 56.54% +2.28% of all cells immunoreactive
to FB and SP (an increase of about 30 percentage points
(pp) in comparison to control animals), and in the left NG,
the percentage amounted to 62.14% + 2.97% (an increase of
above 30 pp). Less visible changes concerned the colocaliza-
tion of SP with nNOS and/or CGRP. Under the influence
of ASA, FB+/SP+/nNOS+ neuronal cells amounted to 60.81
% + 2.38% in the right NG (an increase of about 19 pp) and
65.12%+2.11% in the left NG (an increase of nearly
15pp). For CGRP, these values achieved 62.37% +1.88%
(an increase of about 9 pp) and 62.01% + 2.97% (an increase
of about 12 pp), respectively. The influence of aspirin on the
degree of colocalization of SP with GAL appeared interesting.
In particular, ASA administration caused only a slight
increase in the percentage of FB+/SP+/GAL+ neurons in
the right NG (from 41.31% + 5.55% to 52.98% + 1.91%, thus
by about 11pp) while within the left NG, the observed
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F1GURE 3: Fluorescence photographs showing perikarya (arrows) immunoreactive to the following: (a) FB (A), SP (B), and CGRP (C); (D)
shows double labeling FB/SP/CGRP of the nodose ganglion neurons in the control group. (b) FB (A), SP (B), and CGRP (C); (D) shows
double labeling FB/SP/CGRP of the nodose ganglion neurons in the ASA group. (c) FB (A), SP (B), and nNOS (C); (D) shows double
labeling FB/SP/CGRP of the nodose ganglion neurons in the control group. (d) FB (A), SP (B), and nNOS (C); (D) shows double labeling

FB/SP/CGRP of the nodose ganglion neurons in the ASA group.

changes were relatively significant (an increase from 32.70
% + 3.75% to 55.51% + 2.21%, thus by about 23 pp).

Moreover, microscopic inflammatory changes, such as
hyperemia, edema, and lymphatic infiltration, were demon-
strated during histopathological examination of the gastric
mucosal layer in animals after aspirin administration.
Long-term administration of ASA triggered hyperemia and
numerous erosions and ulcerations in the mucosal surfaces
of the stomach. Histopathological examination performed
on the wall of the gastric prepyloric area collected from
animals of the ASA group confirmed gastritis caused by
the ASA treatment. Microscopic changes such as superfi-
cial erosions, hyperemia, infiltration of eosinophils, and
proliferation of lymphocytein in the gastric mucosa were
also observed.

4. Discussion

Previous studies have described how neurons supplying the
prepyloric area of the porcine stomach are characterized by
the presence of a wide range of active substances, including
(among others) SP, CGRP, GAL, VIP, and nNOS. Long-
term aspirin administration caused changes in the expression
of all the studied substances [11]. The results of the present
investigation confirm previous studies in which SP-positive
neurons supplying the stomach were described in the nodose
ganglia [11, 31]. Moreover, this study found that this neuro-
nal population is not homogeneous and demonstrates a wide
range of other neuronal substances, which colocalize with
substance P. Since substances occurring in the same cells
often play similar functions [11, 31], these observations
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FI1GURE 4: Fluorescence photographs showing perikarya (arrows) immunoreactive to the following: (a) FB (A), SP (B), and VIP (C); (D) shows
double labeling FB/SP/CGRP of the nodose ganglion neurons in the control group. (b) FB (A), SP (B), and VIP (C); (D) shows double labeling
FB/SP/CGRP of the nodose ganglion neurons in the ASA group. (c) FB (A), SP (B), and GAL (C); (D) shows double labeling FB/SP/CGRP of
the nodose ganglion neurons in the control group. (d) FB (A), SP (B), and GAL (C); (D) shows double labeling FB/SP/CGRP of the nodose

ganglion neurons in the ASA group.

may suggest that such a situation takes place in the case of SP
and other substances studied during the present investiga-
tions. In control animals, the highest degree of colocalization
concerned SP and CGRP. These two substances have been
noted in the same neuronal cells within different parts of
the central and peripheral nervous system, including (among
others) the brain, dorsal root ganglia, enteric neurons, and
prevertebral ganglia. This is not unusual, because CGRP (like
SP) is known as one of the most important factors involved in
sensory and/or pain stimulus conduction [32]. Moreover,
both SP and CGRP in the digestive system may modulate
the gastrointestinal secretory activity [33], blood flow in the
wall of the digestive tract [34], and intestinal motility
(although CGRP is not a typical factor regulating smooth
muscle activity) [35].

Other substances observed during the present study in
SP-positive neurons supplying the stomach may also show

activities similar to actions of substance P. Namely, GAL
takes part in the regulation of intestinal motility. The influ-
ence of GAL on the intestinal muscles may result in stimula-
tory or inhibitory effects depending on animal species and
the intestinal fragment [36-38]. Similar situations have been
described in the case of SP [39, 40]. Moreover, GAL (just like
SP) is involved in regulatory processes connected with gas-
trointestinal secretory activity [41]. In turn, VIP and nitric
oxide (in the present study, nNOS was used as a marker of
nitrergic neurons) are known as the most important inhibi-
tory factors within the gastrointestinal tract [42]. They influ-
ence the intestinal muscles causing relaxatory effects [42],
reduce the secretory activity of the digestive tract [43], and
regulate the mesenteric blood flow [44]. Moreover, the
majority of substances studied in the present investigation
are involved in immunological processes and show neuro-
protective activity [45, 46]. It should be pointed out that the
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participation of SP and VIP in immunological processes
shows an opposite character. Namely, SP is known as a
potent proinflammatory factor [47], while VIP demonstrates
anti-inflammatory activity [48]. The cooperation of the
above-mentioned substances located in the same neurons in
this respect remains unclear.

The obtained results show that aspirin administration
may affect the neurochemical coding of neurons within the
NG supplying the stomach, which is in agreement with
previous studies [49]. Changes in neurochemical character-
ization of SP-positive neuronal cells may be connected
with various mechanisms. The most commonly observed
fluctuations are the result of the irritant effects of ASA
on the gastric mucosal layer and/or inflammatory pro-
cesses induced by this drug. Such activities of aspirin are
relatively well known and have been described in previous
studies [50]. Moreover, this inflammatory process has also
been confirmed in the gastric mucosal layer during the
present investigation. The possibility that the observed
changes are the result of inflammation is supported by
the fact that the majority of the studied substances take
part in immunological processes and may affect the levels
of pro- or anti-inflammatory factors [47, 48, 51, 52]. On
the other hand, fluctuations in the chemical coding of
SP-positive neurons may arise from the influence of
inflammation on the conduction of sensory and pain stimuli.
It is more likely that SP and CGRP are factors which are
involved in sensory innervation [53] and nodose ganglia are
typical sensory ganglia [54]. Of course, the other reasons
for the observed changes cannot be excluded. They may be
the result of the direct influence of ASA on sensory nerve
endings in the gastric mucosal layer and manifestation of
adaptive neuroprotective and/or reparative processes. This
view is supported by two facts. Firstly, it is known that aspirin
may affect the nervous system [49]. Secondly, the majority of
substances studied in this investigation are involved in neu-
roprotective processes and neurogenesis after nerve damage
during various pathological processes [45, 55]. Moreover, it
is well established that the expression of factors involved in
neuroprotective reactions usually increases under pathologi-
cal factors [49, 55] and such changes were also noted during
the present study. The reasons for the observed changes are
also unclear. These changes could be the result of the inhibi-
tion of active substances being transported from the cell body
to neuronal endings and synapses [56]. On the other hand,
they may also be connected with fluctuations in neuropeptide
synthesis, which may concern various stages of this process,
such as transcription, translation, and posttranslational
and/or metabolic disturbances [57].

In conclusion, the obtained results show that SP-positive
neurons located in NG and supplying the stomach are differ-
entiated according to the occurrence of other active sub-
stances, which likely function as comediators. Moreover,
aspirin administration affects the neurochemical coding of
these neurons. Changes observed under ASA action generally
rely on the increase in the degree of colocalization of SP
with other substances and are probably connected with
inflammatory processes and/or neuroprotective activity.
Nevertheless, due to the multidirectional activity of the neu-

ronal substances studied and various pathological mecha-
nisms connected with aspirin-induced changes, several
aspects concerning the functioning of SP-LI neurons located
in NG and innervating the stomach both under physiological
conditions and during pathological processes remain unclear
and require further studies.
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NG:  Nodose ganglia

FB: Fast Blue

CGRP: Calcitonin gene-related peptide

GAL: Galanin
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VIP:  Vasoactive intestinal polypeptide.
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Additional Points

Key Points. (1) Although the mechanisms of aspirin activity
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cerning its influence on gastrointestinal innervation is
extremely scanty. (2) Aspirin causes changes in all the inves-
tigated substances, and the most visible changes concerned
the number of neurons immunoreactive to SP and VIP. (3)
Aspirin shows effects which are particularly evident within
the stomach, where taking this drug may result in the gastric
mucosal injury.
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