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Abstract

BACKGROUND

The literature indicates that the enteric nervous system is affected in inflammatory
bowel diseases (IBDs) and that the P2X7 receptor triggers neuronal death.
However, the mechanism by which enteric neurons are lost in IBDs is unknown.

AIM
To study the role of the caspase-3 and nuclear factor kappa B (NF-xB) pathways in
myenteric neurons in a P2X7 receptor knockout (KO) mouse model of IBDs.

METHODS

Forty male wild-type (WT) C57BL/6 and P2X7 receptor KO mice were euthanized
24 h or 4 d after colitis induction by 2,4,6-trinitrobenzene sulfonic acid (colitis
group). Mice in the sham groups were injected with vehicle. The mice were
divided into eight groups (n = 5): The WT sham 24 h and 4 d groups, the WT
colitis 24 h and 4 d groups, the KO sham 24 h and 4 d groups, and the KO colitis
24 h and 4 d groups. The disease activity index (DAI) was analyzed, the distal
colon was collected for immunohistochemistry analyses, and immunofluorescence
was performed to identify neurons immunoreactive (ir) for calretinin, P2X7
receptor, cleaved caspase-3, total caspase-3, phospho-NF-«B, and total NF-xB. We
analyzed the number of calretinin-ir and P2X7 receptor-ir neurons per ganglion,
the neuronal profile area (um?), and corrected total cell fluorescence (CTCEF).
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RESULTS

Cells double labeled for calretinin and P2X7 receptor, cleaved caspase-3, total caspase-3, phospho-
NF-kB, or total NF-xB were observed in the WT colitis 24 h and 4 d groups. The number of
calretinin-ir neurons per ganglion was decreased in the WT colitis 24 h and 4 d groups compared
to the WT sham 24 h and 4 d groups, respectively (2.10 £ 0.13 vs 3.33 £ 0.17, P < 0.001; 2.92 + 0.12 vs
3.70 £ 0.11, P < 0.05), but was not significantly different between the KO groups. The calretinin-ir
neuronal profile area was increased in the WT colitis 24 h group compared to the WT sham 24 h
group (312.60 + 7.85 vs 278.41 £ 6.65, P < 0.05), and the nuclear profile area was decreased in the
WT colitis 4 d group compared to the WT sham 4 d group (104.63 = 2.49 vs 117.41 + 1.14, P < 0.01).
The number of P2X7 receptor-ir neurons per ganglion was decreased in the WT colitis 24 h and 4 d
groups compared to the WT sham 24 h and 4 d groups, respectively (19.49 + 0.35 vs 22.21 £ 0.18, P
< 0.001; 20.35 £ 0.14 vs 22.75 + 0.51, P < 0.001), and no P2X7 receptor-ir neurons were observed in
the KO groups. Myenteric neurons showed ultrastructural changes in the WT colitis 24 h and 4 d
groups and in the KO colitis 24 h group. The cleaved caspase-3 CTCF was increased in the WT
colitis 24 h and 4 d groups compared to the WT sham 24 h and 4 d groups, respectively (485949 +
14140 vs 371371 + 16426, P < 0.001; 480381 + 11336 vs 378365 + 4053, P < 0.001), but was not
significantly different between the KO groups. The total caspase-3 CTCF, phospho-NF-xB CTCF,
and total NF-xB CTCF were not significantly different among the groups. The DAI was recovered
in the KO groups. Furthermore, we demonstrated that the absence of the P2X7 receptor attenuated
inflammatory infiltration, tissue damage, collagen deposition, and the decrease in the number of
goblet cells in the distal colon.

CONCLUSION

Ulcerative colitis affects myenteric neurons in WT mice but has a weaker effect in P2X7 receptor
KO mice, and neuronal death may be associated with P2X7 receptor-mediated caspase-3
activation. The P2X7 receptor can be a therapeutic target for IBDs.

Key Words: Cell death; Enteric nervous system; Gastroenterology; Inflammatory bowel diseases; P2X7
receptor; Purinergic signaling

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In the present study, we compared pathological changes resulting from 2,4,6-trinitrobenzene
sulfonic acid (TNBS)-induced colitis at two different time points after colitis induction. At both 24 h and
four days post-inflammatory induction, there was a decrease in the number of myenteric neurons in the
wild-type groups but not in the knockout groups. Morphometric and ultrastructural changes were also
observed. In addition, our results confirm that neuronal death mediated by caspase-3 activation is related
to purinergic signaling via the P2X7 receptor in the myenteric plexus of mice with TNBS-induced colitis.
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INTRODUCTION

According to Martin[1] and Kanduc ef al[2], cells usually die by apoptosis or necrosis, each of which has
distinct microscopic and biochemical characteristics. In the process of apoptosis, the death stimulus
activates a cascade of events that orchestrate the destruction of the cell under both physiological and
pathological conditions[3,4]. Apoptosis is a programmed, dynamic, and energy-demanding process[5]
and can occur in areas not severely affected by acute injury[4]. The cell volume decreases, the cytoplasm
and nucleus become condensed, cytoskeletal proteins are cleaved, and apoptotic bodies form[3-10]. On
the other hand, in necrosis, an unintentional, passive, and pathological process, the death stimulus itself
causes the death of the cell[3-5] and affects groups of cells across tissues[8]. Cells and their organelles
swell, and disruption of cytoplasmic membranes and degradation of deoxyribonucleic acid (DNA)
occur[1,5,6,8,11,12]. Nuclear dissolution results from autolysis[5]. Activation of caspases is the main
mechanism underlying cell death[3,7,8,13-15].
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Studies of the central nervous system have shown that degeneration of neurons can occur through
different pathways, including apoptotic pathways[4,8,16,17]. In acute neurological diseases, cell loss can
occur either through necrosis or apoptosis[18-23], whereas in chronic neurodegenerative diseases,
caspase-mediated pathways play dominant roles in mediating neuronal dysfunction and death[4,8,21,
24-28]. In addition, loss of enteric nervous system (ENS) neurons has been demonstrated to occur after
intestinal ischemia and reperfusion[29-34] and in experimental colitis[35-40].

The unexpected ability of certain cells to survive the activation of caspases[41-43] demonstrates the
remarkable plasticity of cell death programs and suggests that the action of these proteases alone is not
sufficient to cause cell loss[3]. Cell death, including that of enteric neurons, can occur through several
caspase-independent pathways|[3,44-47], and the signals that result in nonapoptotic cell death can come
from numerous membrane receptors associated, directly or indirectly, or not with the activation of
caspases themselves[3]. The P2X7 receptor is an important inducer of cell death[37,47-55] and is strongly
associated with both the activation of caspases and the release and regulation of proinflammatory
cytokines and transcription factors such as nuclear factor kappa B (NF-xB)[47,50,52,56-59].

Thus, improving the understanding of the cellular and molecular basis of neuronal death can aid in
the identification and development of specific therapeutic strategies[8]. However, studies on the
mechanisms underlying the death of enteric neurons, especially the role of the P2X7 receptor as an
inducer of the death of these neurons in inflammatory bowel diseases (IBDs), are still lacking[37-40,51,
52,60-63].

We aimed to study the roles of the caspase-3 and NF-«xB pathways in myenteric neurons of the distal
colon in a P2X7 receptor knockout (KO) mouse model of ulcerative colitis. The effects of colitis on
calretinin neurons and intestinal tissue were analyzed by immunohistochemistry and histology,
respectively.

MATERIALS AND METHODS

The animal experiments were conducted in accordance with the current regulations of the Ethics
Committee on Animal Use of the Institute of Biomedical Sciences of the University of Sao Paulo. In
addition, all procedures were approved by the Ethics Committee on Animal Use of the School of
Veterinary Medicine and Animal Science of the University of Sdo Paulo (No. 2841270120) and by the
Ethics Committee on Animal Use of the Institute of Biomedical Sciences of the University of Sdo Paulo
(No. 2372300921).

Forty eight-week-old male C57BL/6 mice weighing 20 g to 30 g, i.e., 20 wild-type (WT) and 20 P2X7
receptor KO (P2X7-/-, P2X7 KO) animals, were used. The animal protocol was designed to minimize
pain and discomfort in the animals. The mice were provided water and food ad libitum in ventilated
cages on a 12 h light/dark cycle at a controlled temperature (21 °C). The animals were divided into eight
groups of five animals each (1 = 5): The WT sham 24 h and 4 days (d) groups, the WT colitis 24 h and 4 d
groups, the KO sham 24 h and 4 d groups, and the KO colitis 24 h and 4 d groups.

Ulcerative colitis model

Mice were anesthetized via subcutaneous administration of an anesthetic solution of 2% xylazine (5 mg/
kg) and 10% ketamine (80 mg/kg). Then, the animals in the colitis groups (WT colitis 24 h, KO colitis 24
h, WT colitis 4 d, and KO colitis 4 d groups) were given an intrarectal injection of 100 pL of 2,4,6-
trinitrobenzene sulfonic acid (TNBS, Sigma, United States of America) diluted to 1.5% in 35.0% ethanol
(Synth, Brazil). The solution was deposited directly in the lumen of the large intestine with a four-
centimeter-long polypropylene cannula. The animals in the sham groups (WT sham 24 h, KO sham 24 h,
WT sham 4 d, and KO sham 4 d groups) received 100 uL of 35% ethanol (vehicle) by the same method.
The animals were euthanized by administration of an overdose of anesthetic solution 24 h or four days
after the procedures. After the abdominal cavity of each animal was opened, the large intestine was
identified, dissected, collected, and measured. The tissue was then sectioned along the mesenteric
margin, and its contents were flushed with 0.01 M phosphate buffered saline (PBS) (pH 7.1-7.2). Only
the distal colon was used for the analyses.

Disease activity index: Changes in weight, stool consistency, and the presence of blood in the stools
were scored daily, and these scores were summed to calculate the Disease activity index (DAI). These

parameters were scored according to a scale adapted from Cooper et al[64] and Hoffman et al[65]
(Table 1).

Macroscopic and microscopic evaluation of intestinal lesions: The macroscopic features of intestinal
lesions, i.e., the presence of hyperemia and ulcers and the severity of intestinal inflammation, were
scored according to the scale proposed by Wallace et al[66]. The microscopic features of the intestinal
lesions, i.e., the presence of ulcers, the severity of edema in the submucosal layer, and the degree of
inflammatory cell infiltration, were scored according to the scale proposal by Fabia et al[67] following
hematoxylin and eosin staining (Table 2).
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Table 1 Changes in weight, stool consistency, and the presence of blood in the stool were scored for the ulcerative colitis model mice

and mice that received intrarectal injection of 35% ethanol according to the following scale

Disease activity index Score
A Weight change (< 1%) 0
Weight change (1%-2%) 1
Weight change (2%-4%) 2
Weight change (4%-6%) 3
Weight change (> 6%) 4
B Stool consistency (normal) 0
Stool consistency (normal and well-formed) 1
Stool consistency (pasty that did not stick to the anus) 2
Stool consistency (loose stool) 3
Stool consistency (diarrhea) 4
C Rectal bleeding (absent) 0
Rectal bleeding (+) 1
Rectal bleeding (++) 2
Rectal bleeding (+++) 3
Rectal bleeding (gross bleeding) 4

A: Weight; B: Stool consistency; C: Presence of blood in the stool.

Jaishideng®

Immunohistochemistry

The large intestines of all mice were washed in PBS, stretched, fixed with the mucosa facing down on
wooden platforms, and submerged in 4% paraformaldehyde in 0.1 M PBS (pH 7.3) for 24 h at 4 °C.
Subsequently, the tissues were bleached by three 10-min washes in 100% dimethyl sulfoxide (Synth,
Brazil) and then washed three more 10-min washes in PBS for 10 min each. Finally, the samples were
stored at 4 °C in PBS containing sodium azide (0.1%).

To prepare whole mounts, the mucosal and submucosal layers and the circular muscle layer were
removed from segments of the distal colon, leaving only the longitudinal muscle layer and the
myenteric plexus. The whole mounts were preincubated for 45 min at room temperature with 10%
normal horse serum in PBS containing 1.5% Triton X-100. The tissues were incubated for 48 h at 4 °C
with the primary antibodies (Table 3). After 48 h of primary antibody incubation, the preparations were
washed three times in PBS for 10 min each and then incubated for one hour at room temperature with
the secondary antibodies (Table 3). Finally, they were washed three times for 10 min each in PBS,
incubated in 4’,6’-diamino-2-phenyl-indol (DAPI) for three minutes, and washed three times in PBS for
five minutes each. Whole mounts were mounted on slides in glycerol buffered with 0.5 M sodium
carbonate (pH 8.6).

Qualitative analysis of the myenteric neurons was performed on a Nikon 80i fluorescence microscope
and an Olympus FluoView 1000 confocal laser microscope. The captured images were processed with
CorelDRAW software.

Quantitative analyses

The neuronal density (number of neurons per ganglion) was obtained by counting calretinin-immunore-
active (ir) and P2X7 receptor-ir neurons in 50 myenteric ganglia of the distal colon of each animal at 40 x
magnification under a Nikon 80i microscope. The slides were analyzed in a zigzag pattern, and the
ganglia were chosen randomly. In total, 2000 myenteric ganglia were analyzed for each protein of
interest.

For analysis of the neuronal profile area, 125 calretinin-ir neurons in the distal colon myenteric plexus
of each animal were randomly photographed at 40 x magnification under a Nikon 80i microscope via
NIS-elements AR 3.1 software. For analysis of the nuclear profile area, the DAPI-labeled nuclei of these
same 125 neurons were photographed. Neuronal and nuclear morphometry was performed by
manually delimiting each of the structures individually in Image Pro-Plus 5.0 software. The cytoplasmic
profile area was obtained by subtracting the nuclear area from the neuronal area. The results are
presented in pm|[2]. In total, 5000 neurons and 5000 nuclei were analyzed.
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Table 2 Scale used to score the severity of macroscopic and microscopic lesions in the distal colon of ulcerative colitis model mice

and mice that received intrarectal injection of 35% ethanol

Macroscopic injury Score
Normal 0
Hyperemia without ulcers 1
Ulcerations without hyperemia 2
Ulcerations at one site 3
Ulcerations at two or more sites 4
Sites of damage extending > 1 cm 5
Sites of damage extending > 2 cm; the score increases by 1 for each additional cm 6-10
A

No ulcer 0
Single ulceration not exceeding the lamina muscularis mucosa 1
Ulcerations not exceeding the mucosa 2
Ulcerations exceeding the submucosa 3
B

No submucosal edema 0
Mild edema 1
Moderate edema 2
Severe edema 3
C

No inflammatory cell infiltration 0
Mild infiltration 1
Moderate infiltration 2
Dense infiltration 3

The presence of ulcers (A), the severity of edema in the submucosal layer (B), and the degree of inflammatory cell infiltration (C) were assessed by

histological analysis.

Table 3 Characteristics of primary and secondary antibodies

Antigen Host Dilution Source
Calretinin Goat 1:300 Swant

P2X7 receptor Rabbit 1:200 Merck Millipore
Cleaved caspase-3 Rabbit 1:100 Cell Signaling
Total caspase-3 Rabbit 1:100 Cell Signaling
Phospho- NF-«xB Rabbit 1:100 Cell Signaling
Total NF-xB (p65) Rabbit 1:100 Cell Signaling
Secondary antibodies

Alexa Fluor 488-conjugated donkey anti-rabbit IgG Donkey 1:500 Molecular Probes
Alexa Fluor 594-conjugated donkey anti-sheep IgG Donkey 1:100 Molecular Probes

NF-xB: Nuclear factor kappa B.

Bishidengs WIG | https://www.wjgnet.com 3444

June 14,2023 | Volume?29 | Issue22 |



Jaishideng®

Magalhées HIR ef al. ENS death pathways in a P2X7R KO mouse model of IBDs

For corrected total cell fluorescence (CTCF) analysis, 20 calretinin-ir, P2X7 receptor-ir, cleaved
caspase-3-ir, total caspase-3-ir, phospho- NF-kB-ir, and total NF-«B-ir ganglia of the myenteric plexus of
the distal colon of each animal were photographed at 40 x magnification under a Nikon 80i microscope
via NIS-elements AR 3.1 software. The ganglia were individually manually delineated in Image]
software (v1.45, NIH). The area, integrated density, and average gray value of each ganglion were
systematically measured. The areas, integrated densities, and average gray values of five regions
adjacent to the myenteric ganglion that were not positive for the protein of interest were measured as
background values. The CTCF was calculated by the following formula: CTCF = integrated density-
(area of the selected ganglion x average background fluorescence)[68,69]. In total, 800 myenteric ganglia
were analyzed for each protein of interest.

Transmission electron microscopy

An approximately 0.5 cm piece of the distal colon of each mouse was collected for ultrastructural
analysis of the myenteric plexus by transmission electron microscopy. Immediately after collection, the
samples were cut into three-millimeter pieces. The samples were fixed for three hours at 4 °C in
modified Karnovsky solution (4.0% formaldehyde, 0.2 M phosphate buffer and 25% glutaraldehyde)
and postfixed for two hours at 4 °C in 1% osmium tetroxide. Then, the tissues were placed in 0.5%
uranyl acetate for 12 h at room temperature, dehydrated by sequential incubations in alcohol solutions
of increasing concentrations, and immersed in propylene oxide twice for 15 min each. Finally, the
tissues were incubated in a 1:1 mixture of Spurr resin and propylene oxide for one hour, a 3:1 mixture of
Spurr resin and propylene oxide for one and a half hours, and pure resin for 12 h. The tissues were then
embedded in pure Spurr resin for three days in an oven at 60 °C. Semifine 250 nanometer (nm)-thick
semithin sections were made with a Leica Ultracut UCT ultramicrotome, and the sections were stained
with 1% toluidine blue for one and a half minutes and then washed with distilled water. Then, the
sections were cut into 60 nm thick ultrathin sections, collected on 200 mesh copper screens and
contrasted with uranyl acetate for five minutes and lead citrate 1% for three minutes. The prepared
screens were analyzed with a Morgagni 268D transmission electron microscope, and the captured
images were processed with Core]DRAW software.

Tissue preparation and histological analysis

An approximately 0.5 cm piece of the distal colon of each mouse was collected for histological analysis.
After being washed in PBS, the samples were fixed with the mucosa facing up on wooden platforms and
immersed in 4% paraformaldehyde in 0.1 M PBS (pH 7.3) for 48 h at 4 °C. Then, the tissues were
dehydrated by sequential incubation in alcohol solutions of increasing concentrations, diaphanized in
xylol, and embedded in paraffin. The samples were cut into five pm thick transverse sections with a
specialized microtome and subjected to hematoxylin and eosin staining. Picrosirius red and Masson’s
trichrome were used to visualize collagen fibers, and periodic acid-Schiff staining was used to identify
neutral mucin-secreting goblet cells. The slides were analyzed under light and polarized light
microscopy with a Nikon 80i microscope. Images were captured via NIS-elements AR 3.1 software and
processed with CorelDRAW software.

Analysis of the number of goblet cells per intestinal crypt of the distal colon: The density of goblet
cells (number of goblet cells per intestinal crypt) was determined by counting goblet cells in 40 intestinal
crypts of the distal colon via periodic acid Schiff staining. Four histological sections per animal were
analyzed with a Nikon 80i microscope with a 40 x objective[70-73]. Sections separated by an interval of
10 pm were analyzed, and crypts were chosen randomly. In total, 1600 crypts of the distal colon were
analyzed.

Statistical analysis

Quantitative data were analyzed, and the results are expressed as the mean + SE. Comparisons between
groups were performed by two-way ANOVA followed by Bonferroni correction with GraphPad Prism
5.0 software. Statistical significance is displayed as P < 0.05.

RESULTS

At 24 h, the average reduction in weight was 1.5% in the WT sham group, 3.5% in the WT colitis group,
2.4% in the KO sham group, and 2.7% in the KO colitis group. By four days, the animals in all groups
recovered weight. Regarding the DAI, scores for weight change, stool consistency, and the presence of
blood in stool were higher in the WT colitis group than in the WT sham group and in the KO colitis
group than in the KO sham group. There was no statistically significant difference in large intestine
length between the WT colitis (24 h and 4 d) and WT sham (24 h and 4 d) groups or between the KO
colitis (24 h and 4 d) and KO sham (24 h and 4 d) groups (Figure 1). According to macroscopic analysis,
tissue hyperemia without ulcers was observed in the 24 h and 4 d WT colitis and 24 h KO colitis groups.
Microscopic analysis was performed after hematoxylin and eosin staining. No ulceration was observed
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Figure 1 The disease activity index of wild-type and knockout mice was determined beginning the day of ulcerative colitis induction or
intrarectal injection of 35% ethanol. A: Changes in weight; B: Stool consistency; C: The presence of blood in the stool; D: Large intestine length was analyzed.
DAI: Disease activity index; WT: Wild-type; KO: Knockout; TNBS: 2,4,6-trinitrobenzene sulfonic acid. The data are presented as the arithmetic mean + SE. 2P < 0.05
vs sham groups; NS: Not significant.
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in the analyzed tissues. Edema of the submucosal layer was observed in all groups, but with the mean
score, edema was higher in the WT colitis 24 h group. Finally, inflammatory cell infiltration in the

mucosa and lamina propria was severe in the WT colitis 24 h group but was mild in the other groups
(Table 4).

Qualitative analysis

Indirect immunofluorescence analysis revealed that neurons in the myenteric plexus of the distal colon
were positive for calretinin, P2X7 receptor, cleaved caspase-3, total caspase-3, phospho-NF-kB, and total
NF-xB.

Calretinin-ir neurons showed a Dogiel type II morphology, and calretinin was localized in the
nucleus and cytoplasm. In the WT colitis 24 h and 4 d groups, there was an apparent reduction in
fluorescence intensity, and in the WT colitis 24 h and KO colitis 24 h groups, the neurons appeared
swollen. There was also an apparent reduction in the number of neurons in the WT colitis 24 h and 4 d
and KO colitis 24 h groups (Figures 2-6).

The P2X7 receptor was expressed in the plasma membrane and cytoplasm. The P2X7 receptor
staining intensity appeared to be stronger in the WT colitis 24 h group and weaker in the WT colitis 4 d
group. There was an apparent reduction in the number of P2X7 receptor-ir cells in both groups, and the
P2X7 receptor-ir cells colocalized with calretinin-ir neurons. P2X7 receptor staining was not observed in
the KO sham 24 h, KO sham 4 d, KO colitis 24 h or KO colitis 4 d groups (Figure 2).

Cleaved caspase-3 was localized in the cytoplasm, and the cleaved caspase-3 fluorescence intensity
was apparently higher in the WT colitis 24 h and 4 d groups and KO colitis 24 h group. Cleaved caspase-
3 colocalized with calretinin-ir neurons in all groups, especially the colitis groups (WT colitis 24 h and 4
d and KO colitis 24 h and 4 d groups) (Figure 3). Total caspase-3, on the other hand, was expressed in
the nucleus and cytoplasm, and the total caspase-3 fluorescence intensity was apparently similar among
all groups. Total caspase-3 colocalized with calretinin-ir neurons, and nuclear staining of total caspase-3
was the lowest in the WT colitis 24 h group (Figure 4).

Phospho-NF-xB and total NF-kB were expressed in the cytoplasm. Phospho-NF-kB staining appeared
to be more intense in the WT colitis 24 h group (Figure 5). Phospho- NF-xB and total NF-xB colocalized
with calretinin-ir neurons in all groups (Figure 6).
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Table 4 Macroscopic and microscopic lesions in the distal colon of ulcerative colitis model mice and mice that received intrarectal

injection of 35% ethanol

Microscopic injury

Groups Macroscopic injury —
Ulcer Submucosal edema Inflammatory cell infiltration
WT sham 24 h 0.0+ 0.0NS 0.0+ 0.0NS 0.8+ 02N 1.2+ 02N
WT colitis 24 h 1.0 +0.0N 0.0+ 0.0\ 1.6+ 02N 2.0+ 02N
KO sham 24 h 0.0+ 0.0N® 0.0+ 0.0NS 0.8+ 02N 1.0+ 0.0NS
KO colitis 24 h 0.4+0.1N8 0.0+ 0.0NS 0.8 +0.4NS 1.2+ 02N
WT sham 4 d 0.0 +0.0N8 0.0 +0.0N8 1.0+02N8 1.0+ 0.0\
WT colitis 4 d 0.5+ 02N 0.0+ 0.0NS 1.0+ 0.0NS 1.2+02N8
KO sham 4 d 0.0 +0.0N° 0.0 +0.0N 0.6 +0.2N8 0.4+0.2N8
KO colitis 4 d 0.0+ 0.0NS 0.0+ 0.0NS 0.8+ 02N 0.4+ 02N

The presence of ulcers, severity of edema in the submucosal layer, and degree of inflammatory cell infiltration were assessed by histological analysis. NS:
Not significant; WT: Wild-type; KO: Knockout.

Jaishideng®

Quantitative analyses

The number of calretinin-ir neurons per myenteric ganglion of the distal colon was decreased by 36.9%
in the WT colitis 24 h group compared to the WT sham 24 h group (2.1 £ 0.13 vs 3.33 + 0.17, P < 0.001)
and decreased by 21.1% in the WT colitis 4 d group compared to the WT sham 4 d group (2.92 + 0.12 vs
3.7 £0.11, P < 0.05). No statistically significant differences in calretinin-ir neuron density were observed
between the KO colitis (24 h and 4 d) groups and the KO sham (24 h and 4 d) groups (Figure 7A).

The number of P2X7-ir receptor neurons per myenteric ganglion of the distal colon was decreased by
12.2% in the WT colitis 24 h group compared to the WT sham 24 h group (19.49 £ 0.35 vs 22.21 £ 0.18, P <
0.001) and decreased by 10.5% in the WT colitis 4 d group compared to the WT sham 4 d group (20.35 +
0.14 vs 22.75 £ 0.51, P < 0.001). No P2X7 receptor-ir neurons were observed in the myenteric ganglia in
the KO sham (24 h and 4 d) or KO colitis (24 h and 4 d) groups (Figure 7B).

The profile area of calretinin-ir neurons in the myenteric plexus of the distal colon was increased by
10.9% in the WT colitis 24 h group compared to the WT sham 24 h group (312.6 + 7.85 vs 278.41 + 6.65, P
< 0.05) and increased by 14.6% in the KO colitis 24 h group compared to the KO sham 24 h group
(302.99 +16.78 vs 258.67 £ 9.49, P < 0.01). The neuronal profile area was decreased by 16.4% in the WT
colitis 4 d group compared to the WT sham 4 d group (277.23 £ 9.94 vs 331.54 + 7.63, P < 0.001), and
there was no difference in this measure between the KO colitis 4 d and KO sham 4 d groups (Figure 8A).
The nuclear profile area in the WT colitis 4 d group was decreased by 10.9% compared to that in the WT
sham 4 d group (104.63 + 2.49 vs 117.41 £ 1.14, P < 0.01). No statistically significant differences in nuclear
profile area were observed between the KO colitis (24 h and 4 d) groups and the KO sham (24 h and 4 d)
groups (Figure 8B). The cytoplasmic profile area of calretinin-ir neurons in the myenteric plexus of the
distal colon was increased by 15% in the WT colitis 24 h group compared to the WT sham 24 h group
(195.86 + 6.88 vs 166.37 + 5.98, P < 0.05) and increased by 20.4% in the KO colitis 24 h group compared to
the KO sham 24 h group (178.88 + 15.52 vs 142.41 £ 8.62, P < 0.05). The cytoplasmic profile area in the
WT colitis 4 d group was decreased by 19.4% compared with that in the WT sham 4 d group (172.61 +
10.4 vs 214.13 £ 6.73, P < 0.01). No statistically significant difference in the cytoplasmic profile area was
observed between the KO colitis 4 d group and the KO sham 4 d group (Figure 8C).

The profile area of calretinin-ir neurons in the myenteric plexus of the distal colon ranged from 50
pm? to 1050 pm?. In the WT sham 24 h, WT colitis 24 h and KO colitis 24 h groups, 54.4%, 48.0%, and
59.5% of calretinin-ir neurons, respectively, had an area between 200 pm? and 300 pm?. In the KO sham
24 h group, 58.5% of neurons had an area between 100 pm? and 200 um? (Figure 9A). In the WT sham 4
d, WT colitis 4 d, KO sham 4 d and KO colitis 4 d groups, 58.1%, 65.6%, 62.7% and 60.6% of calretinin-ir
neurons, respectively, had an area between 200 pm? and 300 pm? (Figure 9B). The nuclear profile area of
these same calretinin-ir neurons ranged from 50 pm? to 230 pm?. In the WT sham 24 h and KO sham 24 h
groups, 57.9% and 52.6% of calretinin-ir neurons, respectively, had a nuclear area between 90 pm?* and
110 pm? In the WT colitis 24 h and KO colitis 24 h groups, 62.4% and 55.5% of calretinin-ir neurons,
respectively, had a nuclear area between 110 pm? and 130 pm? (Figure 9C). In the WT colitis 4 d group,
63.5% of calretinin-ir neurons had a nuclear area between 90 um? and 110 pm?, and in the WT sham 4 d,
KO sham 4 d and KO colitis 4 d groups, 62.4%, 52.6% and 55% of calretinin-ir neurons, respectively, had
a nuclear area between 110 pm? and 130 pm? (Figure 9D). Finally, the cytoplasmic profile area of these
same calretinin-ir neurons ranged from 0 pm? to 840 um? In the WT sham 24 h and WT colitis 24 h
groups, 55.3% and 50.2% of calretinin-ir neurons, respectively, had a cytoplasmic area between 130 pm?
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Figure 2 Colocalization of calretinin (red) with the P2X7 receptor (green) and DAPI (blue) in neurons in the myenteric plexus of the distal colon in mice. A1-A3: Wild-type (WT) sham 24 h; B1-B3: WT colitis 24 h; C1-C3:
Knockout (KO) sham 24 h; D1-D3: KO colitis 24 h; E1-E3: WT sham 4 d; F1-F3: WT colitis 4 d; G1-G3: KO sham 4 d; H1-H3: KO colitis 4 d groups. The single arrows indicate calretinin-ir (A1-H1) and P2X7 receptor-ir (A2-H2) neurons, and the double
arrows indicate the colocalization of calretinin with the P2X7 receptor and DAPI (A3-H3). Scale bar = 30 um. WT: Wild-type; KO: Knockout.
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Figure 3 Colocalization of calretinin (red) with cleaved caspase-3 (green) and DAPI (blue) in neurons in the myenteric plexus of the distal colon in mice of different groups. A1-A3: Wild-type (WT) sham 24 h; B1-B3:
WT colitis 24 h; C1-C3: Knockout (KO) sham 24 h; D1-D3: KO colitis 24 h; E1-E3: WT sham 4 d; F1-F3: WT colitis 4 d; G1-G3: KO sham 4 d; and H1-H3: KO colitis 4 d groups. The single arrows indicate calretinin-ir (A1-H1) and cleaved caspase-3-ir
(A2-H2) neurons, and the double arrows indicate the colocalization of calretinin with cleaved caspase-3 and DAPI (A3-H3). Scale bar = 30 ym. WT: Wild-type; KO: Knockout.

IS

Jaishideng®

WJG | https://www.wjgnet.com

June 14,2023 | Volume29 | Issue 22




Magalhaes HIR ef al. ENS death pathways in a P2X7R KO mouse model of IBDs

WT sham WT sham
4d 4d

Total Total
Calretinin —— | caspase-3 —_ —— [ calretinin —— | caspase-3 —

Bl WT colitis B2 WT colitis WT colitis F1 WT colitis F2 WT colitis WT colitis
24 h 24 h 24 h 4d 4d 4d

Total Total
Calretinin —— || caspase-3 - —— [ Calretinin —— | caspase-3 e — ol

KO sham KO sham KO sham KO sham KO sham KO sham
C1 24h c2 24h 24 h G1 4d G2 4d 4d

~

Total Total
Calretinin —— || caspase-3 _— —— [ Calretinin — | caspase-3 — -

KO colitis
D1 24 h

KO colitis KO colitis KO colitis KO colitis KO colitis
D2 24 h 24 h H1 4d H2 4d 4d

Total Total
Calretinin caspase-3 Calretinin caspase-3

DOI: 10.3748/wjg.v29.i22.3440 Copyright ©The Author(s) 2023.

Figure 4 Colocalization of calretinin (red) with total caspase-3 (green) and DAPI (blue) in neurons in the myenteric plexus of the distal colon in mice of different groups. A1-A3: Wild-type (WT) sham 24 h; B1-B3: WT
colitis 24 h; C1-C3: Knockout (KO) sham 24 h; D1-D3: KO colitis 24 h; E1-E3: WT sham 4 d; F1-F3: WT colitis 4 d; G1-G3: KO sham 4 d; and H1-H3: KO colitis 4 d groups. The single arrows indicate calretinin-ir (A1-H1) and total caspase-3-ir (A2-H2)
neurons, and the double arrows indicate the colocalization of calretinin with total caspase-3 and DAPI (A3-H3). Scale bar = 30 um. WT: Wild-type; KO: Knockout.
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Figure 5 Colocalization of calretinin (red) with phospho-nuclear factor kappa B (green) and DAPI (blue) in neurons in the myenteric plexus of the distal colon in mice of different groups. A1-A3: Wild-type (WT)
sham 24 h; B1-B3: WT colitis 24 h; C1-C3: Knockout (KO) sham 24 h; D1-D3: KO colitis 24 h; E1-E3: WT sham 4 d; F1-F3: WT colitis 4 d; G1-G3: KO sham 4 d; and H1-H3: KO colitis 4 d groups. The single arrows indicate calretinin-ir (A1-H1) and
phospho-nuclear factor kappa B (NF-kB)-ir (A2-H2) neurons, and the double arrows indicate the colocalization of calretinin with phospho- NF-kB and DAPI (A3-H3). Scale bar = 30 um. WT: Wild-type; KO: Knockout.
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Figure 6 Colocalization of calretinin (red) with total nuclear factor kappa B (green) and DAPI (blue) in neurons in the myenteric plexus of the distal colon in mice of different groups. A1-A3: Wild-type (WT) sham 24
h; B1-B3: WT colitis 24 h; C1-C3: Knockout (KO) sham 24 h; D1-D3: KO colitis 24 h; E1-E3: WT sham 4 d; F1-F3: WT colitis 4 d; G1-G3: KO sham 4 d; and H1-H3: KO colitis 4 d groups. The single arrows indicate calretinin-ir (A1-H1) and total nuclear

factor kappa B (NF-kB)-ir (A2-H2) neurons, and the double arrows indicate the colocalization of calretinin with total NF-kB and DAPI (A3-H3). Scale bar = 30 um. WT: Wild-type; KO: Knockout.
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Figure 7 Number of calretinin-ir and P2X7 receptor-ir neurons per myenteric ganglion in the distal colon in mice from the wild-type sham
24 h and 4 d, wild-type colitis 24 h and 4 d, knockout sham 24 h and 4 d, and knockout colitis 24 h and 4 d groups. A: Calretinin-ir; B: P2X7
receptor-ir. The data are presented as the arithmetic mean + SE. P < 0.05 vs sham groups; °P < 0.001 vs sham groups; NS: Not significant. WT: Wild-type; KO:
Knockout.
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Figure 8 Neuronal, nuclear, and cytoplasmic profile areas of calretinin-ir neurons in the myenteric plexus of the distal colon in mice from
the wild-type sham 24 h and 4 d, wild-type colitis 24 h and 4 d, knockout sham 24 h and 4 d, and knockout colitis 24 h and 4 d groups. A:
Neuronal; B: Nuclear; C: Cytoplasmic. The data are presented as the arithmetic mean + SE. 2P < 0.05 vs sham groups; °P < 0.01 vs sham groups; °P < 0.001 vs
sham groups; NS: Not significant. WT: Wild-type; KO: Knockout.

and 230 pm? In the KO sham 24 h and KO colitis 24 h groups, 69% and 59.3% of calretinin-ir neurons,
respectively, had a cytoplasmic area between 30 pm? and 130 pm? (Figure 9E). In the WT sham 4 d, WT
colitis 4 d, KO sham 4 d and KO colitis 4 d groups, 59.7%, 63%, 60.5% and 60.5% of calretinin-ir neurons,
respectively, had a cytoplasmic area between 130 pm? and 230 pm? (Figure 9F).

The CTCF of calretinin-ir ganglia in the myenteric plexus of the distal colon was decreased by 24.5%
in the WT colitis 24 h group compared to the WT sham 24 h group (2322102 + 154255 vs 3076921 +
104235, P < 0.001) and was decreased by 13.7% in the WT colitis 4 d group compared to the WT sham 4
d group (2976603 + 52989 vs 3452123 + 30894, P < 0.01). No statistically significant differences in the
CTCEF of calretinin-ir myenteric ganglia were observed between the KO colitis (24 h and 4 d) groups and
the KO sham (24 h and 4 d) groups (Figure 10A).
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Figure 9 Distribution frequency (%) of the profile areas. A and B: Calretinin-ir neurons; C and D: Calretinin-ir nucleus; E and F: Calretinin-ir cytoplasm in

the myenteric plexus of the distal colon in mice from the wild-type (WT) sham 24 h and 4 d, WT colitis 24 h and 4 d, knockout (KO) sham 24 h and 4 d, and KO colitis
24 h and 4 d groups. WT: Wild-type; KO: Knockout.

The CTCF of P2X7 receptor-ir ganglia in the myenteric plexus of the distal colon was increased by
16.8% in the WT colitis 24 h group compared to the WT sham 24 h group (953784 + 15825 vs 793451 +
6809, P < 0.001) and decreased by 7.2% in the WT colitis 4 d group compared to the WT sham 4 d group
(728412 £ 6295 vs 785419 + 18143, P < 0.01). P2X7 receptor expression was not observed in the myenteric
ganglia in the KO sham (24 h and 4 d) and KO colitis (24 h and 4 d) groups (Figure 10B).

The CTCEF of cleaved caspase-3-ir ganglia in the myenteric plexus of the distal colon was increased by
23.6% in the WT colitis 24 h group compared to the WT sham 24 h group (485949 + 14140 vs 371371 +
16426, P < 0.001) and increased by 10.5% in the KO colitis 24 h group compared to the KO sham 24 h
group (396888 + 8737 vs 355154 + 11060, P < 0.05). The CTCF of cleaved caspase-3-ir myenteric ganglia
was increased by 21.2% in the WT colitis 4 d group compared to the WT sham 4 d group (480381 + 11336
vs 378365 + 4053, P < 0.001). No statistically significant difference in the CTCF of cleaved caspase-3-ir
myenteric ganglia was observed between the KO colitis 4 d group and the KO sham 4 d group
(Figure 10C). In addition, no statistically significant difference in the CTCF of total caspase-3-ir
(Figure 10D), phospho-NF-xB-ir (Figure 10E) and total NF-xB-ir (Figure 10F) ganglia was observed
between the WT colitis (24 h and 4 d) and WT sham (24 h and 4 d) groups or between the KO colitis (24
h and 4 d) and KO sham (24 h and 4 d) groups.

Transmission electron microscopy

Transmission electron microscopy was used to assess the ultrastructural morphology of the myenteric
plexus of the distal colon in mice from all groups. Myenteric neurons, neuronal nuclei and organelles,
and the interaction between neurons and enteric glial cells were visualized. In the WT colitis 24 h and
KO colitis 24 h groups, neurons with a necrotic phenotype characterized mainly by nuclear disruption
and apparent nuclear autolysis, chromatin fragmentation and condensation, and cytoplasmic disorgan-
ization were observed. Enteric glial cells also showed morphological changes similar to those of
neurons. In the WT colitis 4 d group and less frequently in the KO colitis 4 d group, neurons showed
irregular nuclei and nuclear membrane invaginations. The cell membrane remained intact, and
apoptotic bodies were sometimes observed. Enteric glial cells also showed features consistent with
apoptosis. In the WT sham (24 h and 4 d) and KO sham (24 h and 4 d) groups, neurons showed large
and round/oval nuclei and no sign of structural disruption in the cytoplasm (Figure 11).
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Figure 10 Corrected total cell fluorescence of myenteric neurons. A: calretinin; B: P2X7 receptor; C: Cleaved caspase-3; D: Total caspase-3; E:
Phospho-nuclear factor kappa B (NF-kB); F: Total NF-kB in the myenteric plexus of the distal colon in mice from the WT sham 24 h and 4 d, wild-type (WT) colitis 24
h and 4 d, knockout (KO) sham 24 h and 4 d, and KO colitis 24 h and 4 d groups. The data are presented as the arithmetic mean + SE. 2P < 0.05 vs sham groups; °P
<0.01 vs sham groups; °P < 0.001 vs sham groups; NS: Not significant. WT: Wild-type; KO: Knockout; NF-kB: Nuclear factor kappa B.

Histology

Distal colon morphology was evaluated by hematoxylin and eosin staining. In the WT sham 24 h, KO
sham 24 h, WT sham 4 d, and KO sham 4 d groups, the mucosa and submucosal layers, the intestinal
crypts, the lamina propria, and the longitudinal and circular muscles were intact. In the WT colitis 24 h
group, tissue damage characterized by cellular disruption in the mucosal layer and thickening of the
lamina propria was noted. Increased infiltration of inflammatory cells in the lamina propria and evident
edema in the submucosal layer were also observed. Furthermore, the distal colon architecture was better
preserved, and there were fewer inflammatory cells and less severe submucosal edema in the KO colitis
24 h, WT colitis 4 d, and KO colitis 4 d groups than in the WT colitis 24 h group (Figure 12).

Picrosirius red staining revealed the presence of thick fibers (red) in the lamina propria, in the
submucosal layer, intermingled with and surrounding the muscle layer, and circumscribing the
myenteric ganglia, the presence of fine fibers (green under polarized light microscopy) in the lamina
propria and submucosal layer, and the presence of mixed fibers (yellow under polarized light
microscopy) in all regions of the intestinal tissue in the WT sham 24 h and WT sham 4 d groups. In
contrast, in the WT colitis 24 h group, the number of thick collagen fibers in the submucosal layer and
around the myenteric ganglia was increased, and collagen fibers were increased in number and
disorganized in the lamina propria and accumulated in the subepithelial region. In the KO sham 24 h
group, greater integrity and organization of collagen fibers was visualized in the submucosal layer. In
the KO colitis 24 h group, there were fewer thick collagen fibers in the lamina propria and involving the
myenteric ganglia and more disordered fibers in the submucosa and subepithelial region than in the
corresponding sham group. The tissue in the WT colitis 4 d group was very similar to that in the WT
colitis 24 h group. However, there were more thick collagen fibers around the myenteric ganglia, and
they were better organized in the submucosal layer due to more discrete local edema. Tissue
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Figure 11 Transmission electron microscopy photomicrograph showing the ultrastructural organization of the myenteric plexus of the distal colon in mice. A1-A3: Wild-type (WT) sham 24 h; B1-B3: WT colitis 24 h; C:
Knockout (KO) sham 24 h; D1-D3: KO colitis 24 h; E1-E3: WT sham 4 d; F1-F3: WT colitis 4 d; G1-G3: KO sham 4 d; H1-H3: KO colitis 4 d groups. In the WT colitis 24 h and KO colitis 24 h groups, neurons with a necrotic phenotype characterized by
nuclear disruption and apparent nuclear autolysis, chromatin fragmentation and condensation, and cytoplasmic disorganization were observed. Enteric glial cells also showed morphological changes. In the WT colitis 4 d group and less frequently in the
KO colitis 4 d group, neurons showed irregular nuclei and nuclear membrane invaginations. The cell membrane remained intact, and apoptotic bodies were sometimes observed. Enteric glial cells also showed features consistent with cell apoptosis. In
the WT sham 24 h, KO sham 24 h, WT sham 4 d and KO sham 4 d groups, neurons exhibited large and rounded/oval nuclei, and there were no signs of structural changes in the cytoplasm. N: Myenteric neuron; G: Enteric glial cells; C: Myenteric
neuron cytoplasm; Nu: Myenteric neuron nucleus. Nucleolus (white arrow), mitochondria (black arrow), nuclear membrane invaginations (black arrowhead), and vesicles and microtubules (white arrowhead). WT: Wild-type; KO: Knockout.
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Figure 12 Photomicrographs of hematoxylin-eosin-stained transverse sections of the distal colons of mice of different groups. A1 and A2:
Wild-type (WT) sham 24 h; B1 and B2: WT colitis 24 h; C1 and C2: Knockout (KO) sham 24 h; D1 and D2: KO colitis 24 h; E1 and E2: WT sham 4 d; F1 and F2: WT
colitis 4 d; G1 and G2: KO sham 4 d; H1 and H2: KO colitis 4 d groups. Tissue integrity was maintained in the sham groups, and cellular disruption and thickening of
the lamina propria and submucosal layer were observed in the WT colitis group. Tissue was better preserved, and there were fewer inflammatory cells in the KO
colitis group than in the WT colitis group. M: Mucosal layer; LP: Lamina propria; MM: Mucosal muscle; SM: Submucosal layer; ML: Muscle layer; CM: Circular
musculature; LM: Longitudinal musculature; WT: Wild-type; KO: Knockout. White arrows mean myenteric ganglion.
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architecture was similar between the KO sham 4 d and KO colitis 4 d groups and the KO sham 24 h and
KO colitis 24 h groups (Figure 13).

Masson’s trichome staining demonstrated that in the WT sham 24 h, KO sham 24 h, and WT sham 4 d
groups, collagen fibers (blue) were present in the lamina propria and between the mucosal muscle and
muscle layer (muscle fibers and cell nuclei shown in red) and enveloped the myenteric ganglia, and
there were more collagen fibers throughout the submucosal layer. In the WT colitis 24 h and WT colitis 4
d groups, a greater number of collagen fibers was observed in the lamina propria, and collagen fibers
were interspersed in the muscle layer. There were fewer collagen fibers in the submucosal layer, and the
collagen fibers in this layer were hyperplastic and disorganized. The tissue structure in the KO colitis 24
h group was similar to that in the KO sham 24 h group, but there were fewer collagen fibers in the
submucosal layer. Tissue architecture was similar between the KO sham 4 d and KO colitis 4 d groups
and the WT sham 4 d and WT colitis 4 d groups; however, in both the KO sham and KO colitis groups,
the collagen fibers in the submucosal layer were more organized (Figure 14).

Periodic acid-Schiff staining was performed to evaluate the presence and morphology of goblet cells
in the distal colon. In the WT sham 24 h and WT sham 4 d groups, goblet cells in the distal colon were
present throughout the epithelium, typically showed a columnar or oval shape and were circular when
filled with mucus. In the WT colitis 24 h group, these cells were present in smaller quantities, were
reduced in size, and presented a more rounded shape with an intumescent appearance. On the other
hand, in the KO sham 24 h and KO colitis 24 h groups, the number of goblet cells was apparently
increased. In the KO sham 24 h group, the cells were similar in size to those in the WT sham group, and
in the KO colitis 24 h group, there was a more heterogeneous cell population. In the WT colitis 4 d
group, goblet cells were apparently increased in number but still reduced in size. However, larger cells
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Figure 13 Photomicrograph of picrosirius red-stained transverse sections of the distal colons of mice of different groups. A1 and A2: Wild-
type (WT) sham 24 h; B1 and B2: WT colitis 24 h; C1 and C2: Knockout (KO) sham 24 h; D1 and D2: KO colitis 24 h; E1 and E2: WT sham 4 d; F1 and F2: WT colitis
4 d; G1 and G2: KO sham 4 d; H1 and H2: KO colitis 4 d groups taken under an optical light (red) or polarized light (green) microscope. Thick collagen fibers (red) in
the lamina propria and submucosal layer, intermingled with and involving the muscle layer, and circumscribing the myenteric ganglia were observed in the sham
groups. In the WT colitis group, there was a decrease in the number of these fibers in the submucosal layer and around the myenteric ganglia, an increase in the
number and disorganization of these fibers in the lamina propria and accumulation of these fibers in the subepithelial region. Tissue was better preserved in the KO
colitis group. M: Mucosal layer; LP: Lamina propria; MM: Mucosal muscle; SM: Submucosal layer; ML: Muscle layer; CM: Circular musculature; LM: Longitudinal
musculature; WT: Wild-type; KO: Knockout. White arrows mean myenteric ganglion.

were also observed near the surface of the intestinal crypts. Finally, there was a notable increase in the
number of goblet cells in the distal colon in the KO sham 4 d and KO colitis 4 d groups (Figure 15).

Number of goblet cells per intestinal crypt: The number of goblet cells per intestinal crypt in the distal
colon was decreased by 37.6% in the WT colitis 24 h group compared to the WT sham 24 h group (8.63 +
0.43 vs 13.84 + 1.00, P < 0.01). No statistically significant differences in the goblet cell density were
observed between the KO colitis (24 h and 4 d) groups and the KO sham (24 h and 4 d) groups, but the
goblet cell density was significantly different between the WT and KO groups (P < 0.001). In the KO
groups, there was a greater number of goblet cells per intestinal crypt (Figure 16).

DISCUSSION

Despite the large amount of research on IBDs, the pathogenesis of these diseases is still unclear[74,75].
However, it is known that changes in the interaction between immune cells and the gut microbiota may
contribute to the clinical progression of IBDs[76-80] and that nonimmune components may alter cellular
structure and function in response to inflammation[81]. Indeed, recent evidence has indicated that
colitis affects not only the intestinal mucosa but also the muscle layer and components of the ENS.
Hence, gastrointestinal symptoms result from degenerative changes and a reduction in the number of
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Figure 14 Photomicrographs of Masson’s trichrome-stained transverse sections of the distal colons of mice in different groups. A1 and
A2: Wild-type (WT) sham 24 h; B1 and B2: WT colitis 24 h; C1 and C2: Knockout (KO) sham 24 h; D1 and D2: KO colitis 24 h; E1 and E2: WT sham 4 d; F1 and F2:
WT colitis 4 d; G1 and G2: KO sham 4 d; H1 and H2: KO colitis 4 d groups. Collagen fibers (blue) in the lamina propria and submucosal layer, intermingled with and
involving the muscle layer, and circumscribing the myenteric ganglia were observed in the sham groups. In the WT colitis group, there was a decrease in the number
of these fibers in the submucosal layer, and the collagen fibers in this layer were hyperplastic and disorganized. Moreover, the number of collagen fibers was
increased in the lamina propria, and collagen fibers were intermingled in the muscular layer. Tissue was better preserved in the KO colitis group. WT: Wild-type; KO:
Knockout; M: Mucosal layer; LP: Lamina propria; MM: Mucosal muscle; SM: Submucosal layer; ML: Muscle layer; CM: Circular musculature; LM: Longitudinal
musculature; White arrows: Myenteric ganglion.
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enteric neurons and glial cells, sometimes induced by the P2X7 receptor[35-40,48,50,62,63,82-84].
However, little is known about the cellular signaling mechanisms responsible for the loss of enteric
innervation in IBDs[85].

In the present study, we hypothesized that the loss of myenteric neurons resulting from TNBS-
induced colitis is related to cell death pathways mediated by caspase-3 and NF-xB-mediated
transcription. In addition, we hypothesized that KO animals would be less affected by administration of
an inflammatory stimulus. We compared pathological changes at two different time points after colitis
induction. At both 24 h and four days post-inflammatory stimulus administration, there was a
significant reduction in the number of myenteric neurons in the WT groups but not in the KO groups. In
addition, the neuronal area was increased in the WT colitis 24 h and KO colitis 24 h groups, and this
change was due to an increase in the cytoplasmic area; however, a decrease in the cytoplasmic area
along with nuclear shrinkage was observed in the WT colitis 4 d group. We also demonstrated that
when the P2X7 receptor was knocked out and at four days after colitis induction, the infiltration of
inflammatory cells and microscopic tissue damage were attenuated, indicating that disease symptoms
evolved during the experimental period.

According to Brenna et al[86], the TNBS-induced colitis model is a suitable model for studying
biological processes associated with IBDs and can provide clinically relevant data; moreover, there are
well-established protocols for constructing this model in both rats and mice[38-40,86-92]. Furthermore,
KO animals have been used to study the onset and development of these disorders[83,86,93,94];
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Figure 15 Photomicrograph of periodic acid Schiff-stained transverse sections of the distal colons of mice. A1 and A2: Wild-type (WT) sham
24 h; B1 and B2: WT colitis 24 h; C1 and C2: Knockout (KO) sham 24 h; D1 and D2: KO colitis 24 h; E1 and E2: WT sham 4 d; F1 and F2: WT colitis 4 d; G1 and G2:
KO sham 4 d; H1 and H2: KO colitis 4 d groups. Goblet cells were observed throughout the epithelium in the sham groups, and there was an apparent reduction in
goblet cell number and size in the WT colitis group. In addition, goblet cells showed a more rounded shape and an intumescent appearance in the WT colitis group. In
the KO groups, an apparent increase in the number of goblet cells was noted. WT: Wild-type; KO: Knockout; M: Mucosal layer; LP: Lamina propria; MM: Mucosal
muscle; SM: Submucosal layer; ML: Muscle layer; CM: Circular musculature; LM: Longitudinal musculature; white arrows: Myenteric ganglion; black arrows: Goblet

cells.
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however, the degree of similarity between experimentally induced colitis and spontaneous colitis in
humans is still unclear[86].

In the present study, we recorded body weight and the change in DAI daily. After euthanasia, the
macro- and microscopic lesions in the distal colon were characterized[64-67]. The colitis model animals
lost more weight on the first day but recovered on the subsequent days. It is worth noting that in the
colitis model groups, there were also greater changes in stool consistency and the presence of blood in
the stool. Similarly, tissue hyperemia was noted only in the colitis groups, and the WT colitis 24 h group
exhibited more severe microscopic damage. The absence of statistically significant differences in
phenotype between the KO sham and KO colitis groups is consistent with previous literature showing
that KO of the P2X7 receptor provides greater protection against inflammation[52,56,83,93,94].

It was previously demonstrated that intestinal inflammation induces changes in the density of
neurons expressing different chemical codes in the ENS and that these changes vary between animal
models and human patients. It is known that the number of neurons is reduced 24 h to seven days after
the induction of colitis[35-40,62,81,89,95]. It has been reported that this decrease in the number of
neurons occurs as early as six hours after colitis induction[35,81] and that, as observed in the present
study, this decrease is already significant at 24 h.

According to Sanovic et al[81], the number of enteric neurons continues to decrease from the second
to the fourth day and remains constant until day 35, suggesting that enteric neuron loss is long lasting
and irreversible. Similarly, Linden et al[95] also reported that the number of neurons is not yet recovered
at 56 d after colitis induction. In contrast, Poli et al[96] observed that at 30 d after inflammation
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Figure 16 Number of goblet cells per intestinal crypt of the distal colon in mice from the wild-type sham 24 h and 4 d, wild-type colitis 24
h and 4 d, knockout sham 24 h and 4 d, and knockout colitis 24 h and 4 d groups. The data are presented as the arithmetic mean + SE. °P < 0.01 vs
sham groups; %P < 0.001 vs wild-type groups; NS: Not significant. WT: Wild-type; KO: Knockout.
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induction, the myenteric plexus showed similar labeling to that in the control group. In our study, there
was a slight increase in the number of calretinin-ir neurons in the WT colitis 4 d and KO colitis 4 d
groups compared with the WT sham 24 h and KO sham 24 h groups, which may indicate that neurons
exhibit some degree of plasticity in response to inflammatory injury. Despite this apparent alleviation of
pathological changes after the inflammatory stimulus is removed, neuronal damage and activation of
signaling pathways that potentially lead to cell death have already occurred.

The neuronal area was significantly increased in the WT colitis 24 h and KO colitis 24 h groups
compared to the WT sham 24 h and KO sham 24 h groups, and this change was due to an increase in the
cytoplasmic area. On the other hand, a significant reduction in neuronal area accompanied by a
reduction in nuclear area was observed in the WT colitis 4 d group. In addition, ultrastructural analysis
of myenteric neurons revealed nuclear disruption and cytoplasmic disorganization in the 24 h WT
colitis and 24 h KO colitis groups and nuclear membrane folding associated with the formation of
apoptotic bodies in the 4 d WT colitis group. Thus, neurons first underwent necrosis characterized by
massive cell death and then, after four days, underwent apoptosis characterized by cytoplasmic
condensation and nuclear shrinkage[4,6-8,10,14,35,82,97].

As reported by Martin[1] and Kanduc et al[2], cell death can occur either through necrosis or
apoptosis and results from the activation of intrinsic death programs or passive disruption of the cell
membrane resulting from damaging environmental stimuli[10]. In necrosis, the death stimulus alone
causes the loss of the cell[4], whereas in apoptosis, a cascade of events that orchestrate destruction of the
cell in a controlled manner is activated. The main effector of both processes is caspase-3[4,8,10,45,98], a
protease that when activated fragments DNA and disrupts cellular organization and leads to cell death
[4,7,98-101].

From the CTCF analysis, a greater intensity of cleaved caspase-3 was observed in the 24 h WT colitis,
24 h KO colitis and 4 d WT colitis groups, indicating a higher activation of myenteric neuron pathway
death. Indeed, these results are in line with the decrease in enteric neuronal density arising from colitis.
In addition, we observed a higher fluorescence of the P2X7 receptor in the WT colitis 24 h group,
suggesting its greater activation during the inflammatory process[52,54,60,93,102-104].

According to North[105], Burnstock[106], and Dubyak[107], constant stimulation of the P2X7 receptor
via ATP results in the efflux of K* and the influx of Ca** and Na* and triggers the formation of a
nonselective membrane pore that makes the cell permeable to molecules of up to 900 daltons. Because of
this imbalance, specific phospholipases and kinases that, in addition to exerting other effects, can trigger
the caspase cascade are activated. As a result, the activation of the transcription factor NF-kB leads to
the expression of proinflammatory genes and stimulates both inflammation and cell death. It has also
been found that ATP is released via the panexin-1 channel[37,49,50], and the extracellular increase in
ATP indicates exacerbation of inflammation[56,60], increased P2X7 receptor activation and severe
neuronal death[37,51,52,56,103].

Consistent with the findings presented above, our results showed that in KO mice, myenteric
calretinin-ir neurons were protected to a greater extent, and the loss of this receptor obviously
prevented its activation, inhibiting the subsequent cascade of events culminating in cell death. Despite
this, a decrease in the number of myenteric neurons was observed in the KO colitis 24 h group
compared to the KO sham 24 h group, which suggests that neuronal protection and cell death also
involve pathways not linked to the P2X7 receptor[4,7,8,45,47].

Our results are in line with what has been reported in the literature and confirm that neuronal death
mediated by caspase-3 activation is related to purinergic signaling via the P2X7 receptor in the
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myenteric plexus of mice with TNBS-induced colitis. However, it is worth noting that NF-xB plays a
role in IBDs[108-111], but its activation is minimal during the inflammatory process[112].

Histologically, inflammatory infiltration, tissue damage, and loss of goblet cells in intestinal tissue
were attenuated at four days compared with 24 h after colitis induction. This finding is consistent with
the alleviation of symptoms observed in the colitis groups since the inflammatory stimulus was
removed and corroborates the findings reported in the literature demonstrating that tissue recovery
indicates better clinical outcomes[113,114]. Nevertheless, in the WT colitis 4 d group, collagen fibers in
the lamina propria were increased in number and disorganized, indicating that the fibrosis in the
mucosal layer[38,52,115,116] observed at 24 h did not decrease. On the other hand, KO animals always
showed milder tissue injury and better recovery than WT animals.

It is possible that the reduction in the number of goblet cells observed in the colitis groups aggravated
acute intestinal inflammation; this phenomenon has already been reported both in experimental animals
and in human patients[38,52,83,117-120]. However, even though these cells play a critical role in
maintaining a physical barrier by producing mucus in the gut[117,121-123], it is unclear whether the loss
of their function contributes to the onset of inflammation or is a consequence of it[117]. The results of
our study indicated that colitis induced the loss of these cells, and tissue recovery was observed at four
days, as indicated by an increased number of goblet cells that grew as they emerged from the basal
lamina and moved toward the epithelial surface. The increase in cell proliferation in the KO groups[94],
which resulted in the increase in the number of goblet cells, may have also protected the mucosa by
leading to increased mucus production. As reported by Van der Sluis et al[121], Niv[124], and Grondin
et al[123], deficiencies in the production of diverse types of mucins favor the onset and progression of
intestinal inflammation.

CONCLUSION

In conclusion, we demonstrate that although the distal colons of mice with colitis showed good
histological recovery, neuronal injury occurred in the myenteric plexus and probably impaired
intestinal function. Studies in which animals are maintained for a longer period of time seem to be
needed to elucidate the effects of P2X7 signaling on long-term neuronal survival. Moreover, it was
confirmed that the P2X7 receptor is closely associated with neuronal necrosis and apoptosis dependent
on the caspase-3 pathway but not on NF-xB. KO animals were less affected by ulcerative colitis. Thus,
the P2X7 receptor may be a potential therapeutic target for IBDs.
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