
Page 1/27

Effects of the pannexin-1 hemichannel inhibitor
probenecid on rat enteric glial cells following
intestinal ischemia and reperfusion
Cristina Eusébio Mendes 

Uninove: Universidade Nove de Julho
Kelly Palombit 

Federal University of Piaui: Universidade Federal do Piaui
Thaira Thalita Alves Pereira 

University of Sao Paulo: Universidade de Sao Paulo
Patricia Castelucci  (  pcastel@usp.br )

University of São Paulo https://orcid.org/0000-0002-7475-5962

Research Article

Keywords: Myenteric Plexus, Ileum, Enteric Glial Cell, Probenecid, Pannexin-1 Channel

Posted Date: March 3rd, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1352811/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1352811/v1
mailto:pcastel@usp.br
https://orcid.org/0000-0002-7475-5962
https://doi.org/10.21203/rs.3.rs-1352811/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/27

Abstract
Background : This study examined the effects of probenecid (PB), a pannexin-1 channel antagonist, on
the enteric glial cells of the rat ileum after ischemia and reperfusion.

Methods: The ileal vessels were occluded for 45 min with atraumatic vascular clamps, and the tissue was
then reperfused for periods of 24 h and 14 and 28 days. After ischemia, the animals were either left
without further treatment (IR groups) or treated with PB (PB groups).

Results: The results demonstrated that glial cells were immunoreactive for S100β and/or GFAP and that
the pannexin-1 channel was present in glial cells. Density analyses (in cells/cm2) showed that the IR
groups exhibited a decrease in the numbers of cells immunoreactive for pannexin-1 and HuC/D and that
treatment with PB caused their numbers to recover. The number of glial cells (S100β and GFAP) was
elevated in the IR group, and PB treatment decreased the total number of glia, but the number of S100β-
positive glia did not recover. Additionally, the cell pro�le area (μm2) of S100β-positive glial cells showed
no recovery in the PB groups. The contractile activity of the ileum was decreased in the IR groups and
restored in the PB groups.

Conclusions: PB can effectively induce the recovery of neurons and glial cells and is thus a potential
therapeutic agent for diseases of the gastrointestinal tract.

Background
Enteric glial cells (EGCs) are small, star-shaped, non-myelin-synthesizing cells that have numerous
branches and processes and intermingle with neurons and bundles of axons; EGCs express several
varieties of neurotransmitter receptors, such as purinergic receptors, adrenergic receptors, and
metabotropic glutamate receptors [1–3]. EGCs support neurons, regulate synaptic transmission [4],
mediate communication between the nervous and immune systems [4], create a protective
microenvironment [3] and regulate the intestinal barrier [5, 6]. The markers that have been used to identify
EGCs include glial acid �brillar protein (GFAP) and S100/S100β calcium-binding protein [7, 8]. EGCs are
found in circular and longitudinal muscles [9] and are distributed throughout the enteric nervous system
(ENS) [10].

Pannexin channels are families of membrane proteins (pannexin-1, 2 and 3) that are expressed in both
vertebrates and invertebrates and exhibit sequential homology of approximately 20% with innexins that
form gap junctions; however, pannexin channels do not form gap junctions [11–13]. Pannexin-1 channels
are nonselective and form large pores in the plasma membrane [11, 14]. The opening of pannexin
channels allows the release of molecules, such as ATP and other metabolites that are important for cell
communication and autocrine/paracrine signaling, into the extracellular medium [15–17]. Additionally,
pannexin-1 has been found to be involved in the release of ATP in models of in�ammation [18].
Extracellular ATP can activate the P2X7 receptor, which activates an in�ammatory response in immune
cells involving the release of cytokines such as IL-1b [19]. Diezmos et al. (2013) [20] showed that the
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pannexin-1 channel is present in all layers of the human large intestine and that the expression of this
protein is decreased in the muscle of the colon in individuals with Crohn’s disease.

Researchers have shown that probenecid decreases the luminance dye uptake of oocytes expressing
pannexin, which indicates that probenecid can be used as a pannexin channel antagonist [21]. Mice
without pannexin-1 and pannexin-2 channels exhibited a reduced infarction size after cerebral ischemia
and improved neurological evolution [22]. Additionally, other researchers have explored ischemia of the
carotid artery and found that the injection of probenecid resulted in a decrease in the injury score and
recovery of neuronal density [23].

Intestinal ischemia is a life-threatening abdominal emergency, and its prognosis depends on rapid
diagnosis, which allows the timely administration of treatment to prevent substantial bowel infarction.
The associated mortality rate has remained high over the last decade, varying between 60% and 80%, and
its incidence has considerably increased [24].

The Cx43 hemichannel has been shown to mediate calcium responses in EGCs and modulate colonic
transit in mice [25, 26]. Pannexin channels appear to regulate the control of motility, secretion, and blood
�ow [25, 26]. ATP could play an excitatory transmitter role in EGCs in maintaining cholinergic excitability
in postin�ammatory ileitis [27]. Activation of the pannexin-1 channel in neuronal death and as a
consequence of dysmotility in in�ammatory bowel disease (IBD) has been described [28]. Additionally,
changes in the distribution of the pannexin-1 channel in the colon of patients with IBD have been
demonstrated [20].

Due to the high mortality rate among patients suffering from intestinal impairment who are hospitalized
in wards and intensive care units, an experimental model of ischemia and reperfusion has clinical
importance. In addition, understanding the role of enteric glia in this process and clarifying the
interactions of the pannexin-1 channel using probenecid might be extremely important for developing
drugs and therapeutic strategies for gastrointestinal disorders caused by intestinal ischemia and
reperfusion. This work aimed to study the effects of intestinal ischemia and reperfusion on EGCs and
enteric neurons expressing pannexin-1 channels, as well as intestinal motility, and to assess the in�uence
of the pannexin-1 channel antagonist PB.

Methods
Young male Wistar rats were obtained from the Central Animals House (Bioterium) of the Institute of
Biomedical Sciences of the University of São Paulo. The animal experiments in this study were
conducted according to the current regulations of the Ethics Committee on Animal Use of the Biomedical
Science Institute of the University of São Paulo. Furthermore, all the protocols were approved by the
Ethics Committee on Animal Use of the Biomedical Science Institute of the University of São Paulo
(Protocol 126/2016). Young male Wistar rats (with a body weight of 200–300 g) were maintained under
standard conditions at 21°C and a 12/12-h light-dark cycle. All the groups were supplied with water ad
libitum.
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Induction of Ischemia
A total of 45 rats were anesthetized with a subcutaneously administered mixture of xylazine (20 mg/kg)
and ketamine hydrochloride (100 mg/kg). A loop of the distal ileum was exposed, and the ileal artery was
located and occluded for 45 min with an atraumatic microsurgical vascular clamp (Vascu-statt) (IR
group). Intestinal reperfusion was established by releasing the clamp [29–31]. The 15 rats that composed
the sham groups were subjected to identical manipulations, but without arterial occlusion. Probenecid
(PB, 10 mg/kg, Sigma Aldrich, United Kingdom) or saline was injected 1 h following reperfusion for the
rats in the 24-h, 14-day and 28-day groups and once daily for 5 days after ischemia for the rats in the 14-
day and 28-day groups [23]. PB and saline were administered subcutaneously. Twenty four h, 14 days
and 28 days, animals were weighed, euthanized in a CO2 chamber, and the anterior abdominal wall was
opened. The ileum was removed and washed in phosphate-buffered saline (PBS; 0.15 M NaCl in 0.01 M
sodium phosphate buffer, pH 7.2). Five rat ilea from the IR group, �ve rat ilea from the IR group treated
with probenecid (PB) and �ve rat ilea from the sham-operated group (Sh group) were used for
immuno�uorescence analysis. The following 9 groups were included in this study: 24h-Sh, 24h-IR, 24h-
PB, 14d-Sh, 14d-IR, 14d-PB, 28d-Sh, 28d-IR, and 28d-PB (n = 5 animals per group).

Immunohistochemistry
Forty-�ve ileal segments were dissected for immunohistochemistry, cleaned with PBS, pinned mucosal
side down onto a balsa wood board and �xed overnight at 4°C with 4% paraformaldehyde in 0.2 M
sodium phosphate buffer (pH 7.3). Tissue collection was performed by the same researcher to maintain
the same degree of tension in all preparations. The tissue was then subjected to three 10-min washes in
100% dimethyl sulfoxide (DMSO, Sigma Aldrich, United Kingdom), followed by three 10-min washes in
PBS. The tissue was subsequently stored at 4°C in PBS containing sodium azide (0.1%). Prior to use, the
tissue was dissected to prepare whole-mount longitudinal muscle–myenteric plexus preparations.
Segments from �ve rats per group were used. A total of 2 whole-mount preparations per animal were
used in each double labeling. The tissues were incubated in 10% normal horse serum in PBS containing
1.5% Triton X-100 (Amresco) for 45 min at room temperature to reduce nonspeci�c binding and
permeabilize the tissue. The antibodies and antibody combinations used for double labeling are
described in Table 1. Following incubation in the primary antisera for 48 h at 4°C using the free-�oating
method, the tissue was subjected to three 10-min washes in PBS and incubated with various secondary
antibodies for 1 h at room temperature using the free-�oating method (Table 1). The PBS washes were
repeated, and the tissue was mounted in glycerol buffered with 0.5 M sodium carbonate (pH 8.6). The
preparations were examined with a Nikon 80i (Tokyo, Japan) �uorescence microscope, and images were
captured using a digital camera and Image-Pro Plus software version 4.1.0.0. Additionally, the
preparations were analyzed by confocal microscopy using a Zeiss confocal scanning laser system
installed on a Zeiss Axioplan 2 microscope (Zeiss, Oberkochen, Germany). Confocal images were
collected using Zeiss LSM 5 image-processing software and further processed using Corel Draw
software. Negative control experiments for the pannexin-1 channel were performed, and no receptor or
channel staining was observed.



Page 5/27

Table 1
Characteristics of primary and secondary antibodies.

Antigen Host Dilution Source Identi�cation code

Pannexin-1 channel Goat 1:100 Santa Cruz sc-49695/Lot n°. F2413

Pannexin-1 channel Rabbit 1:100 Life Tech Novex 488000/Lot n°. QJ224111

GFAP Rabbit 1: 400 Dako Z0334/Lot n°. 00061481

GFAP Mouse 1:200 Sigma G3893/Lot n°. 032M4779

S100β Mouse 1:300 Millipore MAB079-1/Lot n°.
NMM1724156

S100β Rabbit 1:400 Dako Z0311/Lot n°. 00040840

HuC/D Mouse 1:200 Molecular Probes A21271/Lot n°. 43471A

Secondary antibodies      

Donkey anti-rabbit IgG
488

Donkey anti-mouse IgG
594

Goat anti-mouse IgG 488

Donkey anti-goat IgG 594

  1:500

1:200

1:200

1:100

Molecular Probes

Molecular Probes

Molecular Probes

Molecular Probes

A21206/Lot n°. 1182675

A21203/Lot n°. 93E-1

A11029/Lot n°. 419251

A11058/Lot n°. 1608643

Quantitative Analyses
For the colocalization studies, neurons were identi�ed by immuno�uorescence. The labeling of the
second antigen was evaluated using a second �lter, which allowed calculation of the proportion of
neurons labeled with the antigen pairs. For each group, the data were collected from two preparations
obtained from �ve animals and from 100 neurons per animal. The percentages of double-positive
neurons were calculated and are expressed as the means ± standard errors of the mean (SEMs). The
density values (neurons/cm2) of neurons immunoreactive for the pannexin-1 channel and pan-neuronal
HuC/D and the density values (glial cells/cm2) of EGCs immunoreactive for GFAP and S100β were
measured using two whole-mount preparations from �ve rats in each group [25, 26]. For each antigen,
counts were obtained from 40 microscopic �elds (0.000379 cm2) selected at random from each animal,
and a total of 200 microscopic �elds were analyzed for each type of immunoreactivity [25, 26]. The cell
pro�le areas (µm2) were obtained from 100 randomly selected neurons in two whole-mount preparations
per animal; �ve animals in each group were used in each immunoreactivity test, and thus, a total of 500
neurons per group were analyzed using a Nikon 80i microscope coupled to a camera with NIS-Elements
AR 3.1 (Nikon) software and were measured using Image-Pro Plus software version 4.1.0.0 [25, 26]. The
quantitative analyses were conducted in an unblinded manner.

Intestinal Motility
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A total of 36 rats were used in the analysis of intestinal motility; the animals were divided into the
following 9 groups: 24h-Sh, 24h-IR, 24h-PB, 14d-Sh, 14d-IR, 14d-PB, 28d-Sh, 28d-IR, and 28d-PB (n = 4
animals per group). Full-thickness ileal segments (2 cm long) were used. Segments from four rats in each
group were prepared and mounted longitudinally in 20-ml organ baths containing Krebs’ physiological
saline solution with the following composition (in mmol/l): 118 NaCl, 4.8 KCl, 2.5 NaHCO3, 25 NaH2PO4,
1.1 MgSO4, 11.1 D-glucose, 2.5 CaCl2. The baths were aerated with 95% O2/5% CO2 and maintained at
37°C. A resting tension of 1 g was applied to the tissues, and isometric responses were recorded with a
force transducer and displayed using AcqKnowledge 4 software (BIOPAC Systems, Inc., USA). The tissues
were allowed to equilibrate for at least 60 min before the experiments, and amplitude–response curves
were obtained before, during, and after the addition of carbachol (0.01 µM, 0.1 µM, 1.0 µM, 10 µM and
100 µM; Sigma Aldrich). In addition, contractile responses were elicited by electrical �eld stimulation
delivered at 5, 10 and 20 Hz (0.5-ms pulse width, 100 pulses, 60 V). Before the experiments were started,
the viability of each preparation was con�rmed by testing its contractile response to acetylcholine [29,
31].

Statistical Analyses
The data were compared by analysis of variance (ANOVA) and Tukey’s multiple comparison test. The
data are reported as the means ± SEMs, and P < 0.05 was considered to indicate statistical signi�cance.
We used GraphPad Prism 5 (GraphPad Software, USA, v5) to analyze the data.

Results
The preparations were examined with a Nikon 80i �uorescence microscope and by confocal microscopy
using a Zeiss confocal scanning laser system installed on a Zeiss Axioplan 2 microscope.

The double labeling of S100β/GFAP is shown in Fig. 1. In this analysis, EGCs that were immunoreactive
for both GFAP and S100β, for GFAP alone, or for S100β alone were observed. EGCs that were
immunoreactive for GFAP showed �lamentous labeling patterns with many branches (Fig. 1, 24h and 14
days groups; Fig. 3, 28 days group). In general, the quantitative analysis of the double labeling in all the
groups revealed that GFAP+/S100β + and GFAP+/S100β- EGCs accounted for 69.5 ± 1.4% and 30.5 ± 
1.4% of EGCs, respectively. In addition, 71 ± 2% of EGCs exhibited positive S100β and GFAP staining, and
29 ± 2% of EGCs showed positive S100β staining and negative GFAP staining (for more details, see
Table 2).
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Table 2
Percentages of EGCs immunoreactive for GFAP and S100β.

Groups GFAP+/S100β+ GFAP+/S100β- S100β+/GFAP+ S100β-/GFAP+

24h-Sh 70 ± 0.7 30 ± 0.7 72 ± 1.8 28 ± 1.8

24h-IR 70.6 ± 0.8 29.4 ± 0.8 69.8 ± 0.8 30.2 ± 0.8

24h-PB 70.5 ± 0.6 29.5 ± 0.6 70.7 ± 0.9 29.2 ± 0.9

Mean 70.5 ± 0.8 29.5 ± 0.8 70.9 ± 1.1 29.0 ± 1.1

14d-Sh

14d-IR

14d-PB

Mean

69.2 ± 1.3

68.4 ± 0.9

70 ± 0.8

69.5 ± 1.2

30.8 ± 1.3

31.6 ± 0.9

30 ± 0.8

30.5 ± 1.2

70.1 ± 0.9

72.5 ± 1.5

70.7 ± 1.5

71 ± 1.5

29.9 ± 0.9

27.5 ± 1.5

29.2 ± 1.5

28.9 ± 1.5

28d-Sh 69 ± 0.7 31 ± 0.7 72.2 ± 2 27.8 ± 2

28d-IR 69 ± 1 31 ± 1 70 ± 0.7 30 ± 0.7

28d-PB 69 ± 0.8 31 ± 0.8 69.3 ± 0.9 30.7 ± 0.9

Mean 69.0 ± 0.8 31 ± 0.8 70.5 ± 1.2 29.4 ± 1.2

The data are expressed as the means ± SEMs; n = 5 per group

Qualitatively, double labeling of pannexin-1 and GFAP in EGCs was observed in the myenteric ganglia of
the rats in all the groups (Fig. 2, 24h and 14 days groups; Fig. 3, 28 days group). Quantitative double-
labeling analyses showed 100% colocalization of GFAP and pannexin-1 staining in EGCs. Figure 4 shows
HuC/D-positive neurons in the myenteric ganglia of the rats in all the groups.

Quantitative Analyses
To test the effects of PB treatment on neurons and EGCs, the number and area of cells positive for
pannexin-1 channels, EGCs positive for GFAP and S100β and neurons positive for HuC/D were assessed.

The cells immunoreactive for pannexin-1 channel per unit area (cm2) showed decreases of 18 ± 0.7%, 9 ± 
0.3% and 6 ± 0.5% (P < 0.05) in the 24-h, 14-day and 28-day IR groups, respectively, compared with the
corresponding Sh groups. The PB groups (24 h, 23 ± 0.7%; 14 days, 8 ± 0.01%; and 28 days, 6 ± 0.6%)
showed increases (P < 0.05) compared with the corresponding IR groups (Fig. 5A).

The density (GFAP/cm2) of glial cells immunoreactive for GFAP in the 24-h, 14-day and 28-day IR groups
showed increases of 13 ± 0.4%, 38 ± 0.3% and 14 ± 0.1% (P < 0.05), respectively, compared with the levels
in the respective Sh groups. The PB groups presented signi�cant decreases at 24 h (9 ± 0.6%), 14 days
(21 ± 0.7%), and 28 days (9 ± 0.4%) (P < 0.05) compared with the corresponding IR groups (Fig. 5B).
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The density of S100β per square centimeter in the 24-h, 14-day and 28-day IR groups was increased by
14 ± 0.1%, 13 ± 0.3%, and 12 ± 0.3 (P < 0.05), respectively, compared with the corresponding Sh groups.
The 24-h, 14-day and 28-day PB groups showed decreases of 57 ± 0.1%, 41 ± 0.2%, and 45 ± 0.6% (P < 
0.05), respectively, compared with the corresponding IR groups (Fig. 5C).

The density of HuC/D-immunoreactive neurons (neurons/cm2) in the 24-h, 14-day and 28-day IR groups
showed decreases of 17 ± 0.3%, 18 ± 0.1%, and 25 ± 0.3% (P < 0.05), respectively, compared with the
corresponding Sh groups. The PB groups presented increases in this variable at 24 h (11 ± 0.6%), 14 days
(9 ± 0.4%), and 28 days (8 ± 0.7%) (P < 0.05) compared with the respective IR groups (Fig. 5D).

Ischemia affects the area of neurons and glial cells; thus, their area was measured after the different
treatments.

The analysis of the pro�le area (µm2) of neurons immunoreactive for HuC/D revealed a signi�cant but
small increase (P < 0.05) of only 8 ± 0.4% in the 24h-PB group compared with the 24h-IR group, and no
signi�cant differences were found among the other groups (Fig. 6A).

The analysis of the pro�le area (µm2) of EGCs positive for S100β revealed a decrease of 45 ± 0.7% in the
24h-IR group compared with the corresponding Sh group (P < 0.05). The pro�le area in the 24h-PB group
was increased by 50 ± 0.4% compared with that in the 24h-IR group (P < 0.05) (Fig. 6B). The 14d-IR group
exhibited a decrease of 35 ± 0.3% (P < 0.05) compared with the corresponding Sh group, and the 14d-PB
group presented an increase of 23 ± 0.1% (P < 0.05) compared with the 14d-IR group (Fig. 6B). The 28d-IR
group showed a decrease of 26 ± 0.1% compared with the corresponding Sh group (P < 0.05), and the
28d-PB group showed an increase of 19 ± 0.3% (P < 0.05) compared with the 28d-IR group (Fig. 6B).

Myographic Recordings of Contractile Activity
PB treatment resulted in the recovery of enteric neurons and glia positive for GFAP after the ischemia and
reperfusion protocol, and experiments were thus performed to verify the recovery of intestinal motility.

The analysis of spontaneous activity showed decreases of 6.1 ± 0.1%, 5.1 ± 0.01%, and 10 ± 0.2% in the
24h-IR, 14d-IR and 28d-IR groups compared with the 24h-Sh, 14d-Sh and 28d-Sh groups (P < 0.05),
respectively. No signi�cant difference was found among the Sh, 14d-PB and 28d-PB groups or between
the 24h-IR and 24h-PB groups (Fig. 7).

The contractions induced after the application of carbachol at concentrations of 1.0 µM, 10.0 µM and
100 µM were lower by 82.5 ± 0.8%, 82.5 ± 0.6% and 80 ± 0.4%, respectively, in the 24h-IR group than in the
24h-Sh group (P < 0.05). In addition, increases of 20.3 ± 0.9% and 80.5 ± 0.3% were detected in the 24h-PB
group compared with the 24h-IR group at concentrations of 10.0 µM and 100 µM, respectively (P < 0.05)
(Fig. 8A).

Among the 14-day groups, the contractions induced after the application of carbachol at concentrations
of 1.0 µM, 10.0 µM and 100 µM showed decreases of 49.2 ± 0.5%, 49.1 ± 0.6% and 35.5 ± 0.1%,
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respectively, in the 14d-IR group compared with the 14h-Sh group (P < 0.05). The application of carbachol
at concentrations of 10 µM and 100 µM induced more contractions (by 39.7 ± 1% and 49 ± 0.7%,
respectively; P < 0.05) in the 14d-PB group than in the 14d-IR group. No signi�cant differences were found
between the 14d-Sh and 14d-PB groups (Fig. 8B).

The analysis of the 28-day groups revealed that the contractions induced after the application of
carbachol at concentrations of 1.0 µM, 10.0 µM and 100 µM, respectively, were 67.4 ± 0.9%, 42.4 ± 0.7%
and 33.7 ± 0.4% lower in the 28d-IR group than in the 28d-Sh group (P < 0.05). Increases of 16.4 ± 1%
(10.0 µM) and 23.9 ± 0.01% (100 µM) were found in the 28d-PB group compared with the 28d-IR group (P 
< 0.05). No signi�cant differences were detected between the 14d-Sh and 14d-PB groups (Fig. 8C).

The analysis of the contraction amplitude after simulation with 5-Hz, 10-Hz and 20-Hz electrical �elds
demonstrated signi�cant decreases of 64.4 ± 0.2%, 62.8 ± 0.4% and 52.6 ± 0.7%, respectively, in the 24h-IR
group compared with the 24h-Sh group (P < 0.05). No signi�cant differences were found among the 24h-
Sh, 24h-PB and 24h-IR groups (Fig. 9A).

The contraction amplitude after stimulation with an electrical �eld at 5 Hz, 10 Hz and 20 Hz was lower by
79.9 ± 0.2%, 80.9 ± 0.3%, and 66.4 ± 0.7%, respectively, in the 14d-IR group than in the 14d-Sh group (P < 
0.05). The contraction amplitude detected in the 14d-PB group after stimulation with 5 Hz and 10 Hz was
higher than that in the 14d-IR group by 63.9 ± 0.2% and 57.2 ± 0.7%, respectively (P < 0.05). No signi�cant
differences were detected between the 14d-Sh and 14d-PB groups after stimulation with 10 Hz and 20 Hz
(Fig. 9B).

The analysis of the 28-day groups showed that the contraction amplitude after stimulation with an
electrical �eld at 5 Hz, 10 Hz and 20 Hz, respectively, was 77.3 ± 0.7%, 74.8 ± 0.6% and 60 ± 0.7% lower in
the 28d-IR group than in the 28d-Sh group (P < 0.05). The contraction amplitudes observed in the 28d-PB
group after stimulation with 5 Hz and 10 Hz, respectively, were 45.7 ± 0.1% and 29.4 ± 0.3% higher than
those in the 28d-IR group (P < 0.05). No signi�cant differences in the contraction amplitude were found
between 28d-Sh and 28d-PB after stimulation with 10 Hz and 20 Hz (Fig. 9C).

Discussion
Through immunohistochemistry and intestinal motility analyses, this study demonstrated the effects of
PB treatment on EGCs subjected to different periods of ischemia and reperfusion. PB treatment induced
the recovery of GFAP-positive EGCs. However, treatment with PB did not result in the recovery of S100β-
positive EGCs positive. Neurons positive for HuC/D showed recovery after treatment with PB. The
analysis of intestinal motility showed that PB was effective. We visually con�rmed that our 45-min ileal
vessel clamping technique e�ciently induced ischemia, in that the intestine became purple in color during
vessel clamping and regained its normal color after the removal of the clamp, as has been previously
described [29–32]. The use of immunohistochemistry to identify EGCs using GFAP or S100β as a marker
was e�cient and demonstrated the presence of two different glial cell phenotypes [33]. The antibodies
used in this work were effective for the identi�cation of enteric neurons and pannexin-1 channels. The
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organ bath method was very useful for studying intestinal motility after treatment with PB and the
application of carbachol and electrical stimuli. Additionally, the use of the antagonist PB did not cause
harmful functional changes in the animals studied.

Regarding the pannexin-1 channel, this study found that this channel was present in 100% of EGCs. In the
presence of injury or pathological conditions, the pannexin-1 channel can open and thus allow the release
of intracellular ATP into the extracellular environment, and this action can further aggravate the
in�ammatory process [33–35].

In the present study, double labeling of GFAP and S100β was performed to study the phenotype of EGCs.
The results demonstrated that in all the groups studied, 70% of EGCs showed GFAP/S100β
colocalization, and 29% of EGCs were immunoreactive for only S100β or GFAP. Previous studies have
demonstrated the phenotypic heterogeneity of EGCs, and the differential expression of S100 and GFAP in
these cells indicates their high plasticity [36–38]. Boesman et al. (2014) [36] morphologically classi�ed
EGCs into types I, II and III and then performed experiments to assess the colocalization of GFAP and
S100β. Among type I EGCs, 55.8 ± 5.2% were GFAP+/S100β+, whereas GFAP-/S100β + and
GFAP+/S100β- cells accounted for 29.9 ± 4.4% and 14.3 ± 3.9%, respectively. Among type II EGCs, the
percentage of GFAP-/S100β + cells was 59.6 ± 1.6%; among type III EGCs, the percentage of
GFAP-/S100β + cells was 78.9 ± 0.7%. Grundmann et al. (2016) [37] also showed colabeling of S100β and
GFAP.

Ischemia–reperfusion injury reduces the numbers of enteric neurons and EGCs expressing HuC/D and
S100β, respectively, per unit area [29, 30]. In the present study, treatment with the antagonist PB resulted
in the recovery of HuC/D staining (pan-neuronal). Additionally, the use of PB has been shown to exert
protective effects against oxygen and glucose deprivation injuries by regulating in�ammatory activity
[39]. Wei et al. (2015) [23] showed that PB has a neuroprotective effect against brain ischemia and
reperfusion injuries, and another study also found that PB suppresses in�ammatory processes and
reduces the release of high-mobility group box 1 protein (a proin�ammatory cytokine) in neurons after
cerebral ischemia [40].

The analysis of EGCs per unit area revealed that this variable increased in the various IR groups. The
increase in EGCs positive for GFAP and S100β in the present study could be explained by the
neuroprotective action of EGCs after injury to the ENS [29–30]. Previous studies have reported the
importance of EGCs in the biology and function of enteric neurons as well as in neurochemical coding,
the release and degradation of neuroactive substances, and neuroprotection; all of these mechanisms
have been shown to be modulated by EGCs [1–3].

In our study, we observed that treatment with PB exerted different effects on GFAP-immunoreactive and
S100β-immunoreactive cells. The treatment of GFAP-positive cells with PB has been shown to be
effective, and the effects are similar to those obtained after treatment with Brilliant Blue G (BBG) [31].
However, a marked decrease in S100β-positive cells was found in the PB-treated groups compared with
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the other groups. S100 is implicated in the regulation of Ca2+ and has been reported to act as a Ca2+

sensor [41, 42]. Other previous studies have shown that intracellular Ca2+ is translocated to the
extracellular �uid via pannexin channels [43]. Additionally, Ca2+ enters the cell from the extracellular �uid,
and the increase in intracellular Ca2+ stimulates the opening of pannexin channels to release Ca2+ [33].
PB is known to directly reduce Ca2+ overload [23].

In addition, several studies have demonstrated that P2X7 and pannexin-1 receptors can act
synergistically [9, 18, 28, 33] and that they are associated with the same harmful signaling cascade that
leads to neuronal and tissue death [44]. Another study showed that PB also exerts a direct effect as an
inhibitor of the P2X7 receptor [45]. Additionally, Gulbransen et al. (2012) [28] administered PB to mice
with intestinal in�ammation and observed a recovery of enteric neurons. Extracellular ATP can activate
the P2X7 receptor, which stimulates an in�ammatory response in immune cells, such as the release of IL-
1b and other cytokines [19].

In the present study, the pro�le area of   neurons positive for HuC/D was assessed. The results revealed a
wide variety of neuron sizes, ranging from small to medium and large, among the groups analyzed, and
no difference was detected between the groups. However, Palombit et al. (2019) [31] observed different
results because different classes of neurons are analyzed using different ischemia protocols, and an
increase or decrease in the positive area can be detected depending on whether nNOS, ChAT or NF-200
positivity as assessed. For EGCs speci�cally, the pro�le area was reduced in the IR groups and restored in
the PB groups.

In the present study, decreases in spontaneous activity, activity after the application of carbachol, and
contraction amplitude after electrical �eld stimulation were observed in the IR groups. Regarding the
contractile activity of the intestine, some studies suggest that intrinsic neural circuits might be impaired
as a result of ischemia–reperfusion injury; some neurons might die, and others might change after injury
[25, 27, 32, 46]. Additionally, ATP causes the death of enteric neurons and changes in intestinal motility
during P2X7 receptor–dependent intestinal in�ammation, which affects glia, neurons and the expression
of connexin-42 [47].

The PB groups, particularly the 24h-PB group, did not respond to low carbachol concentrations or
electrical �eld stimulation at 5 Hz, 10 Hz or 20 Hz. Contraction amplitudes were observed to recover after
the application of low concentrations of carbachol and electrical �eld stimulation in the 14-day and 28-
day PB groups. ATP exits through the pannexin channel into the extracellular �uid [28, 48] and exerts
autocrine and paracrine effects on the P2X7 receptor [19]. Additionally, fast excitatory synaptic potentials
(EPSPs) have been shown to participate in P2X receptor activity [49, 50]. It has been reported that a
decrease in the number of EGCs can result in disturbances in intestinal motility [51, 52].

Conclusions
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The importance of this study is that it demonstrated the effects of ischemia followed by different periods
of reperfusion on EGCs immunoreactive for S100β and GFAP. In addition, this study revealed that PB can
effectively induce the recovery of GFAP-positive EGCs and neurons and could thus be a therapeutic agent
for diseases of the gastrointestinal tract.
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Figure 1

Double labeling of GFAP and S100β in the rat ileum myenteric plexus of the Sh (A-C; J-L), IR (D-F; M-O)
and PB (G-I; P-R) groups at 24 h (A-I) and 14 days (J-R). GFAP (green; A, D, G, J, M, P) colocalized with
S100β (red; B, E, H, K, N, Q). Merge GFAP (green) with S100B (red) (C-R). Single arrows indicate double-
labeled EGCs. The double arrows indicate no colocalization. Scale bars, 10 µm. The preparations were
examined with a Nikon 80i �uorescence microscope and by confocal microscopy using a Zeiss confocal
scanning laser system installed on a Zeiss Axioplan 2 microscope.
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Figure 2

Double labeling of GFAP and Pannexin-1 in the rat ileum myenteric plexus of the Sh (A-C; J-L), IR (D-F; M-
O) and PB (G-I; P-R) groups at 24 h (A-I) and 14 days (J-R). GFAP (green; A, D, G, J, M, P) colocalized with
Pannexin-1 (red; B, E, H, K, N, Q). Merge GFAP (green) with S100B (red) (C-R). Single arrows indicate
double-labeled EGCs. Scale bars, 10 µm. The preparations were examined with a Nikon 80i �uorescence
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microscope and by confocal microscopy using a Zeiss confocal scanning laser system installed on a
Zeiss Axioplan 2 microscope.

Figure 3

Double labeling of GFAP and S100B (A-I), GFAP and Pannexin-1 (J-R) in the rat ileum myenteric plexus of
the Sh (A-C; J-L), IR (D-F; M-O) and PB (G-I; P-R) groups at 28 days. GFAP (green; A, D, G) colocalized with
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S100B (red; B, E, H). GFAP (green; J, M, P) colocalized with Pannexin-1 (red; K, N, Q). Merge GFAP (green)
with S100B (red) (C-I). Merge GFAP (green) with Pannexin-1 (red) (L-R). Single arrows indicate double-
labeled EGCs. Scale bars, 10 µm. The preparations were examined with a Nikon 80i �uorescence
microscope and by confocal microscopy using a Zeiss confocal scanning laser system installed on a
Zeiss Axioplan 2 microscope.

Figure 4

Labeling of HuC/D (Hu, pan neuronal) in the rat ileum myenteric plexus of the Sh (A-C), IR (D-F) and PB
(G-I) groups at 24 h, 14 days and 28 days. Single arrows indicate label neurons positive for HuC/D. Scale
bars, 20 µm. The preparations were examined with a Nikon 80i �uorescence microscope and by confocal
microscopy using a Zeiss confocal scanning laser system installed on a Zeiss Axioplan 2 microscope.
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Figure 5

Neurons immunoreactive for the pannexin-1 channel (A), GFAP (B), S100β (C) and HuC/D (D) per unit
area in the ileum myenteric plexus of the Sh, IR and PB groups at 24 h, 14 days and 28 days. For each
antigen, counts were obtained from 40 microscopic �elds (0.000379 cm2) selected at random in two
whole-mount preparations per animal, and �ve rats from each group were included in the analysis (45
rats total). Each column represents pooled data from �ve individual immuno�uorescence experiments.
The data are presented as the means ± SEMs (n=5 per group) and were compared by one-way ANOVA
and Tukey’s multiple comparison test (*P < 0.05 and **P < 0.01). The preparations were examined with a
Nikon 80i �uorescence microscope.
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Figure 6

Pro�le areas (µm2) of the of neurons positive for HuC/D (A) and S100β (B) and in the ileum myenteric
plexus of the Sh, IR and PB groups at 24 h, 14 days and 28 days. The cell pro�le areas (µm2) were
obtained for 100 randomly selected neurons in two whole-mount preparations per animal, and �ve rats
from each group (45 rats total) were used in each immunoreactivity assay. Each column represents
pooled data from 500 neurons. The data are presented as the means ± SEMs and were compared by one-
way ANOVA and Tukey’s multiple comparison test (*P < 0.05 and **P < 0.01). The preparations were
examined with a Nikon 80i �uorescence microscope.
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Figure 7

Contractile activity of ileal segments from Sh, IR and PB groups at 24 h, 14 days and 28 days. Changes in
the amplitude of spontaneous activity following the different treatments (A). Traces showing
spontaneous contractions of the ileum (B). Full-thickness ileal segments from four rats in each group
were prepared and quantitatively analyzed. A total of 36 rats were used, and a total of 36 segments were
analyzed. Each column represents pooled data from four individual experiments. The data are shown as
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the means ± SEMs and were compared by one-way ANOVA and Tukey’s multiple comparison test (*P <
0.05).

Figure 8

Contractile activity of ileal segments of the Sh, IR and PB groups at 24 h, 14 days and 28 days. Amplitude
of response to carbachol at 24 h (A), 14 days (B) and 28 days (C) in groups that had received different
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treatments. Traces showing the contractions elicited in response to 0.01 μM, 0.1 μM, 1.0 μM, 10 μM and
100 μM carbachol at the different periods (D). Full-thickness ileal segments from four rats in each group
were prepared and analyzed. A total of 36 rats were used, and a total of 36 segments were analyzed.
Each column represents pooled data from �ve individual experiments. The data are shown as the means
± SEMs and were compared by one-way ANOVA and Tukey’s multiple comparison test (*P < 0.05).

Figure 9
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Contractile activity of ileal segments of the Sh, IR and PB groups at 24 h, 14 days and 28 days. Amplitude
in response to electrical �eld stimulation at 24 h (A), 14 days (B) and 28 days (C) in groups that had
received different treatments. Tracings showing the contractions elicited by 5-, 10- and 20-Hz electrical
�eld stimulation (D). Full-thickness ileal segments from four rats in each group were prepared and
analyzed. A total of 36 rats were used, and a total of 36 segments were analyzed. Each column
represents pooled data from �ve individual experiments. The data are shown as the means ± SEMs and
were compared by one-way ANOVA and Tukey’s multiple comparison test (*P < 0.05).
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