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Abstract
Introduction  Our work analyzed the effects of a P2X7 receptor antagonist, Brilliant Blue G (BBG), on rat ileum myenteric 
plexus following ischemia and reperfusion (ISR) induced by 45 min of ileal artery occlusion with an atraumatic vascular 
clamp with 24 h (ISR 24-h group) or 14 d of reperfusion (ISR 14-d group).
Material and methods  Either BBG (50 mg/kg or 100 mg/kg, BBG50 or BBG100 groups) or saline (vehicle) was adminis-
tered subcutaneously 1 h after ischemia in the ISR 24-h group or once daily for the 5 d after ischemia in the ISR 14-d group 
(n = 5 per group). We evaluated the neuronal density and profile area by examining the number of neutrophils in the intestinal 
layers, protein expression levels of the P2X7 receptor, intestinal motility and immunoreactivity for the P2X7 receptor, nitric 
oxide synthase, neurofilament-200, and choline acetyl transferase in myenteric neurons.
Results  The neuronal density and profile area were restored by BBG following ISR. The ischemic groups showed alterations 
in P2X7 receptor protein expression and the number of neutrophils in the intestine and decreased intestinal motility, all of 
which were recovered by BBG treatment.
Conclusion  We concluded that ISR morphologically and functionally affected the intestine and that its effects were reversed 
by BBG treatment, suggesting the P2X7 receptor as a therapeutic target.
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Introduction

The enteric nervous system (ENS) innervates the gastroin-
testinal tract and contains the myenteric plexus, whose func-
tions include motility and the movement of fluid through the 
epithelium, and submucosal plexus, responsible for changes 
in local blood flow [1, 2].

The gut is affected by ischemia and reperfusion (ISR), 
which is most commonly caused by venous or arterial 

mesenteric thrombosis, embolism, or obstruction [3–5] and 
can also affect enteric neurons [6–10].

Adenosine 5′-triphosphate (ATP) is a transmitter in the 
nervous system and a signaling molecule that mediates many 
biological processes [11] and has been identified to acti-
vate P2 receptors [12–14]. P2 receptors are divided into ion 
channel-forming P2X receptors and G protein-coupled P2Y 
receptors [15]. P2X receptors are found in smooth muscle 
cells, glial cells, and neurons and have a mediating role in 
excitatory neurotransmission [16–18]. High levels of ATP 
are released upon cell damage or degeneration, particularly 
under traumatic or ischemic conditions [19, 20]. Addition-
ally, P2X receptors have been identified in the ENS of guinea 
pigs [21–26], rats [27, 28], and mice [29, 30].

The P2X7 receptor forms a large pore after prolonged 
or repeated exposure to high levels of ATP [20, 31] and 
is associated with apoptosis, proliferation, and cell inflam-
mation [32]. This receptor is widely expressed by enteric 
neurons, and its expression changes in response to colitis, 
ISR, and undernourishment [8, 33–35]. Neurons respond to 
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ATP with an increase in intracellular calcium, followed by 
neuronal death, which can be prevented by P2X7 receptor 
antagonists [36, 37]. One such P2X7 receptor antagonist, a 
dye called Brilliant Blue G (BBG), blocks the activation of 
this receptor [38, 39].

Recent studies have demonstrated that administration of 
BBG prevents neuronal loss in an Alzheimer’s disease model 
[40] and in a Huntington’s disease mouse model [41]. A 
spinal cord injury study showed that intravenously admin-
istered BBG improved recovery and reduced local inflam-
mation in rats [42]. Additionally, studies have demonstrated 
reduced brain damage following ischemia after treatment 
with a P2X7 antagonist [43, 44].

Here, we report the protective effects of a P2X7 recep-
tor antagonist, BBG, in enteric neurons after intestinal ISR 
using several techniques, including immunohistochemistry, 
Western blotting, histology, and examination of intestinal 
motility.

Materials and Methods

The animal experiments in this study were conducted 
according to the current regulations of the Ethics Commit-
tee on Animal Use of the Biomedical Science Institute of 
the University of São Paulo. Furthermore, all protocols were 
approved by the Ethics Committee on Animal Use of the 
Biomedical Science Institute of the University of São Paulo 
(Protocol 126/10). Young male Wistar rats (200–300 g body 
weight) were maintained under standard conditions at 21 °C 
with a 12-h light–dark cycle. All groups were supplied with 
water ad libitum.

Induction of Ischemia

Forty rats were anesthetized with a subcutaneously admin-
istered 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). Intestinal reperfusion was reestablished 
by clip release [7]. In the sham (SH) group, ten rats were 
subjected to identical manipulations but without arterial 
occlusion. The animals were weighed and then euthanized 
in a CO2 chamber 24 h or 14 d after ischemia. Brilliant Blue 
G (BBG, 50 or 100 mg/kg, Sigma-Aldrich, UK) or saline 
was injected 1 h following reperfusion in the 24-h and 14-d 
groups and once daily for the 5 d after ischemia in the 14-d 
group [42]. The ileum was removed and washed in phos-
phate-buffered saline (PBS; 0.15 M NaCl in 0.01 M sodium 
phosphate buffer, pH 7.2). For immunofluorescence, five rat 
ilea per group were analyzed from the ISR group, the ISR 
group treated with 50 mg/kg BBG (BBG50 group), the ISR 

group treated with 100 mg/kg BBG (BBG100 group), and 
the SH-operated group (SH group). A total of 8 groups were 
included in the study as follows: SH 24 h, ISR 24 h, BBG50 
24 h, BBG100 24 h, SH 14 d, ISR 14 d, BBG50 14 d, and 
BBG100 14 d. BBG and saline were given subcutaneously.

Immunohistochemistry

Forty ileal segments were dissected, cleaned with PBS, 
pinned mucosal side down onto a balsa wood board, and 
fixed 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 stretch between preparations. Next, the tissue was 
washed 3 times for 10 min each in 100% dimethyl sulfoxide 
(DMSO) followed by 3 10-min washes in PBS and stored at 
4 °C in PBS containing sodium azide (0.1%). Then, the tis-
sue was dissected to produce longitudinal muscle-myenteric 
plexus whole mounts.

Myenteric plexus tissue was collected from 5 rats per 
group. A total of 80 whole-mount preparations were used 
per double-labeling assay. The tissues were incubated in 
10% normal horse serum in PBS containing 1.5% Triton 
X-100 for 45 min at room temperature to reduce nonspe-
cific binding and permeabilize the tissue. The antibodies and 
their combinations used for double labeling are described in 
Table 1. Following incubation in the primary antisera, the 
tissue was washed in PBS three times for 10 min each and 
incubated with various secondary antibodies (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 on a Nikon 80i fluores-
cence microscope, and images were captured using a digital 
camera and Image Pro Plus software version 4.1.0.0. Addi-
tionally, preparations were analyzed using confocal micros-
copy on a Zeiss confocal scanning laser system installed 
on a Zeiss Axioplan 2 microscope. Confocal images were 

Table 1   Characteristics of primary and secondary antibodies

Antigen Host Dilution Source

P2X7 receptor Rabbit 1:200 Chemicon
NOS Sheep 1:2000 EMSO
NF-200 Mouse 1:500 Sigma
ChAT Goat 1:50 Chemicon
Anti-HuC/D Mouse 1:100 Molecular probes
Secondary antibodies
 Donkey anti-rabbit IgG 488 1:500 Molecular probes
 Donkey anti-sheep IgG 594 1:100 Molecular probes
 Donkey anti-mouse IgG 594 1:200 Molecular probes
 Donkey anti-sheep IgG 488 1:100 Molecular probes
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collected using Zeiss LSM 5 image processing software and 
further processed using Corel Draw software.

Quantitative Analyses

For colocalization studies, neurons were identified by 
immunofluorescence. Labeling for the second antigen was 
evaluated using a second filter, allowing calculation of the 
proportion of neurons labeled for antigen pairs. For each 
group, data were collected from two preparations obtained 
from five animals and from 100 neurons per animal. The per-
centages of double-positive neurons were calculated and are 
expressed as the mean ± standard error (SEM). The neurons 
per area immunoreactive (ir) (neurons/cm2) for the P2X7 
receptor, neuronal nitric oxide synthase (nNOS), neurofila-
ment-200 (NF200), and choline acetyl transferase (ChAT) 
were measured using two whole-mount preparations from 5 
rats for each group. A total of eighty whole-mount prepara-
tions were used per immunoreactivity assay. Counts were 
made in 40 microscopic fields (0.000379 cm2) chosen at 
random for each antigen in each animal, and a total of 200 
microscopic fields were analyzed per immunoreactivity. Cell 
profile areas (µm2) were obtained for 100 randomly selected 
neurons in two whole-mount preparations per animal per 
immunoreactivity assay from 5 rats for each group. 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.

Myeloperoxidase Reaction

Tissue samples (1 cm) were collected either 24 h or 14 d 
after ischemia from 5 rats in each group (40 rats total). The 
myeloperoxidase (MPO) reaction was performed as previ-
ously published [34]. Then, the tissues were cut with a cry-
ostat (12-µm-thick slices) and mounted, with 3 slides per 
animal for each group. The tissues were stained for 10 min 
in Hanker-Yates (p-phenylenediamine more pyrocatechol; 
Polysciences, Warrington, Pennsylvania, USA) solution 
consisting of 0.6 mg/ml Hanker-Yates reagent and 0.003% 
H2O2 in PBS. The tissues were washed in PBS (3 × 5 min) 
and counterstained with 2% methyl green for 30 min. A 
total of 120 slides were analyzed. Qualitative and quantita-
tive analyses of the neutrophil locations in the submucosal 
plexus and lamina propria, the longitudinal muscle, and the 
circular muscle of the ileum were performed for all groups. 
The neutrophils localized by using the MPO reaction were 
counted in the submucosal submucosa + intestinal glands 
and longitudinal and circular muscles. Those observed in 
the villi were not counted due to the early loss of villi that 
occurred during ISR.

Western Blotting

To evaluate the expression of the gut P2X7 receptor, total 
protein was obtained from the distal ileum, which was dis-
sected to obtain the myenteric plexus + longitudinal layer, 
from 5 rats per group (40 rats total). A total of 40 experi-
ments were performed to evaluate the expression of the P2X7 
receptor, and the experiment was repeated twice. An extrac-
tion buffer (3 M KCl, 1 M N-2-hydroxyethylpiperazine-N′-
2-ethanesulfonic acid, 1 M MgCl2, 0.5 M ethylenediami-
netetraacetic acid, 10% glycerol, 1 M dithiothreitol, 10% 
sodium dodecyl sulfate) was used to obtain protein from the 
tissues. The samples were separated by 10% sodium dode-
cyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
using a Bio-Rad mini-gel apparatus, and the fractionated 
protein on the gel was transferred to a membrane, which 
was incubated with primary antibodies against the P2X7 
receptor (Chemicon) and β-actin (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA, Sc47778). The membrane was 
probed with peroxidase-conjugated anti-rabbit and anti-goat 
immunoglobulin G secondary antibodies (Amersham Bio-
sciences, Piscataway, NJ, USA). Signals were detected with 
enhanced chemiluminescence detection reagents (Amersham 
Biosciences) and exposure to X-ray film. The protein bands 
were quantified by densitometry and expressed as percentage 
of variation in relation to sham group. P2X7 receptor protein 
levels were normalized to α-actin levels.

Intestinal Motility

Full-thickness ileal segments (2 cm long) were used. Seg-
ments from 5 rats in each group (40 rats total) were prepared 
and mounted longitudinally in 20-ml organ baths containing 
Krebs’ physiological saline. 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). 
Tissues were allowed to equilibrate for at least 60 min, and 
amplitude response curves were obtained before the addi-
tion of drugs, including carbachol (10 μM; Sigma-Aldrich) 
and sodium nitroprusside (SNP; 100 μM; Sigma-Aldrich). 
The addition of SNP to the organ bath inhibited spontane-
ous contractions, and the effect of SNP was measured by 
contraction. A total of 40 segments were analyzed. Before 
starting the experiments, the viability of each preparation 
was demonstrated by testing its contractility response to 
acetylcholine.

Statistical Analyses

Data were compared using analysis of variance (ANOVA) 
and Tukey’s test for multiple comparisons. The data are 
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reported as the mean ± SEM. P < 0.05 was considered indic-
ative of statistical significance.

Results

Qualitative Analysis

The P2X7 receptor was present throughout the cytoplasm 
and on the surface membranes of the nerve cells of the 
myenteric plexus in the SH, ISR, and BBG 24-h and 14-d 
animals (Figs.  1, 2, 3). P2X7 receptor-ir neurons were 
labeled for nNOS, NF200, and ChAT in all groups stud-
ied (Figs. 1, 2, 3). nNOS-ir neurons exhibited Dogiel type 
I morphology, and NF200-ir neurons exhibited Dogiel type 
II morphology (Figs. 1, 2).

Myeloperoxidase Reaction

The MPO reaction was used to reveal neutrophils in the 
ileum in all groups. In SH animals, no neutrophils were 

detected in the longitudinal muscle, enteric neurons, or cir-
cular muscle. In the ISR 24-h and 14-d groups, neutrophils 
were present in the muscle layers, mucosa, and lamina pro-
pria (LP) (Fig. 4a–h). In the submucosal plexus (SP) + LP 
layers, the number of neutrophils in the ISR 24-h group 
increased by 28%, 40%, and 34% compared with those 
in the SH, BBG50, and BBG100 groups, respectively. In 
the 14-d group, ISR increased the number of neutrophils 
by 38%, 20%, and 15% compared with those in the SH, 
BBG50, and BBG100 groups, respectively (P < 0.001) 
(Fig. 4i).

In the longitudinal muscle (LM) layer, the number of 
neutrophils in the 24-h I/R, BBG50, and BBG100 groups 
increased by 190%, 160%, and 250%, respectively, compared 
with that in the sham group. In the 14-d groups, the num-
ber of neutrophils in the I/R, BBG50, and BBG100 groups 
increased by 200%, 130%, and 170%, respectively, compared 
with that in the sham group (P < 0.001) (Fig. 4j).

Additionally, neutrophils appeared to be present in the 
muscularis propria in the SH group and following ISR and 
were reduced by BBG treatment (Fig. 4j).

Fig. 1   Double labeling of the P2X7 receptor (P2X7) and neuronal 
nitric oxide synthase (nNOS) in rat ileum myenteric plexus from the 
SH, ISR, BBG50, and BBG100 groups at 24 h and 14 d. NOS (red; 

a–h) colocalized with the P2X7 receptor (green; a′–h′). Merge of 
the P2X7 receptor and NOS (a″–h″). Single arrows indicate double-
labeled neurons. Scale bars, 20 µm
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In the circular muscle (CM) layer, the number of neu-
trophils in the I/R 24-h group increased by 40%, 60%, 
and 160% compared with that in the sham, BBG50, and 
BBG100 groups (P < 0.05), respectively. In the 14-d 
group, I/R increased the number of neutrophils by 56% 
compared with that in the sham, BBG50, and BBG100 
groups (P < 0.001) (Fig. 4k).

Quantitative Analysis

Double‑Labeling Immunoreactivity

Our quantitative analysis showed that the immunoreactiv-
ity for nNOS, NF200, and ChAT was 100% colocalized 
with that for the P2X7 receptor in neurons in the SH, ISR, 
and BBG groups, indicating that all of these neuronal 
subtypes also express the P2X7 receptor (Table 2).

Neuronal Density

The neurons per area positive for the P2X7 receptor in 
the ISR 24-h and ISR 14-d groups decreased by 27% and 
22% compared to that in the SH 24-h and SH 14-d groups, 
respectively (P < 0.01). In addition, the numbers of neurons 
per area positive for the P2X7 receptor in the BBG50 and 
BBG100 24-h groups increased by 12% and 5.6%, respec-
tively, compared to that in the ISR 24-h group (P < 0.05). 
Moreover, compared to the ISR 14-d group, the BBG50 and 
BBG100 groups showed increases of 15% and 21%, respec-
tively (P < 0.01). The numbers of P2X7 receptor-ir neurons 
per area did not differ between the SH and BBG 14-d ani-
mals (Fig. 5).

The neurons positive for nNOS/cm2 in the ISR 24-h and 
ISR 14-d groups decreased by 35% and 45% compared to 
that in the SH groups (P < 0.01). nNOS-ir neurons/cm2 in 
the BBG50 and BBG100 24-h groups increased by 22% and 

Fig. 2   Double labeling of the P2X7 receptor (P2X7) with neuro-
filament-200 (NF) in rat ileum myenteric plexus from the SH, ISR, 
BBG50, and BBG100 groups at 24 h and 14 d. NF (red; a–h) colocal-

ized with the P2X7 receptor (green; a′–h′). Merge of the P2X7 recep-
tor and NF (a″–h″). Single arrows indicate double-labeled neurons. 
Scale bars, 20 µm
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6.8%, respectively, compared to that in the ISR 24-h group 
(P < 0. 01). In addition, compared to the ISR 14-d group, the 
BBG50 and BBG100 groups showed increases of 20% and 
13%, respectively (P < 0.05). The density of the nNOS-ir 
neurons did not differ between the SH 24-h and 14-d groups 
(Fig. 5).

The NF200-ir neurons/cm2 in the ISR 24-h and ISR 
14-d groups decreased by 39% and 34%, respectively, com-
pared to that in the SH group (P < 0.001). Furthermore, the 
NF200-ir neuronal density in the BBG50 and BBG100 24-h 
groups increased by 23% and 20%, respectively (P < 0.001), 
compared with that in the ISR 24-h group. Additionally, 
the NF200-IR density increased by 24% and 7.8% in the 
BBG50 and BBG100 14-d groups, respectively, compared 
with that in the ISR 14-d group. No difference in the density 
of NF200-ir neurons was found between the SH 24-h and 
14-d groups (Fig. 5).

Finally, the ChAT-ir neurons per unit area in the ISR 24-h 
and ISR 14-d groups decreased by 18% and 38% compared 
to that in the SH group (P < 0.05). The ChAT-ir neurons per 
area in the BBG50 and BBG100 14-d groups increased by 
37% and 25%, respectively, compared to that in the ISR 14-d 

animals (P < 0.001). No difference was observed in ChAT-
ir neuronal density between the SH 24-h and 14-d groups 
(Fig. 5).

Morphometric Analysis

The profile area of the nNOS-ir neurons in the ISR 24-h 
group increased by 16% compared to that in the SH group 
(P < 0.01). In addition, the size in the BBG50 and BBG100 
24-h groups was reduced by 19% and 28%, respectively 
(P < 0.01), compared with that in the ISR 24-h group 
(Fig. 6). Among the 14-d groups, the area of the nNOS-ir 
neurons increased by 4.7% in the ISR group compared to 
that in the SH group (P > 0.05). Additionally, an increase of 
6.2% and a reduction of 4.2% in the BBG50 and BBG100 
groups compared to that in the ISR group, respectively 
(P < 0.05) (Fig. 6).

The profile area of the NF200-ir neurons increased by 
15% in the ISR 24-h group compared to that in the SH group 
(P < 0.05). Additionally, compared to the ISR group, the 
BBG50 and BBG100 24-h groups each showed decreases 
of 17% and 19%, respectively. Among the 14-d groups, 

Fig. 3   Double labeling of the P2X7 receptor (P2X7) with choline 
acetyltransferase (ChAT) in rat ileum myenteric plexus in the SH, 
ISR, BBG50, and BBG100 groups at 24  h and 14 d. ChAT (red; 

a–h) colocalized with the P2X7 receptor (green; a′–h′). Merge of the 
P2X7 receptor and ChAT (a″–h″). Single arrows indicate double-
labeled neurons. Scale bars, 20 µm
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Fig. 4   Neutrophils revealed by myeloperoxidase histochemistry (dark 
brown cells) in the rat ileum in the SH, ISR, BBG50, and BBG100 
24-h (a–d) and 14-d (e–h) groups. In the SH groups (a, e), few MPO-
positive cells were present in the intestinal layers. In the ISR 24-h (b), 
ISR 14-d (f), BBG50 24-h (c), BBG50 14-d, BBG100 24-h (d), and 
BBG100 14-d (h) groups, neutrophils were common in the mucosal 
and muscle layers. CM circular muscle. Scale bars, 50 μm. i Quan-
tification of neutrophils observed in submucosal plexus + lamina 
propria, j longitudinal muscle, and k circular muscle in sections of 

the ileum from the SH 24-h, ISR 24-h, BBG50 24-h, BBG100 24-h, 
ISR 14-d, BBG50 14-d, and BBG100 14-d groups. Tissue sam-
ples (1 cm) were collected from 5 rats per group either 24 h or 14 d 
after ischemia. A total of 40 rats were used, and a total of 40 slides 
were analyzed. The data are presented as the means ± SEM (n = 5 
per group) and were compared with one-way ANOVA and Tukey’s 
test for multiple comparisons (*ISR group compared to SH group; 
**BBG50 group compared to ISR; ***BBG100 group compared to 
ISR group; P < 0.05)
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the ISR group showed a 12% decrease in the area of the 
NF200-ir neurons compared to the SH group (P < 0.05), and 
the BBG100 group showed a 9% increase compared to the 
ISR group (P < 0.05). The profile area of NF200-ir neurons 
did not differ significantly among the SH, BBG50 24-h, 
BBG100 24-h, and BBG100 14-d groups (Fig. 6).

The size of ChAT-ir neurons increased by 21.2% in 
the ISR 24-h group compared to that in the SH group and 
decreased by 3.7% in the BBG50 and BBG100 groups 

compared to that in the ISR 24-h group (P < 0.05). The 
ChAT-immunoreactive profile area in the ISR 14-d group 
increased by 8.4% compared with that in the SH 14-d 
group but decreased by 10% and 6.7% in the BBG50 and 
BBG100 groups, respectively, compared to that in the 
ISR 14-d group (P < 0.05) (Fig. 6). No differences in the 
profile area of the ChAT-ir neurons were detected among 
the SH, BBG50, and BBG100 14-d groups (Fig. 6).

Table 2   Double labeling for neurons in the myenteric plexus of the sham, ISR, and BBG groups

The data are presented as the means ± standard error

Groups SH 24 h (%) ISR 24 h (%) BBG50 24 h 
(%)

BBG100 24 h 
(%)

SH 14 d (%) ISR 14 d (%) BBG50 14 d 
(%)

BBG100 14 
d (%)

NOS+/P2X7+ 100 100 100 100 100 100 100 100
P2X7+/NOS+ 25 ± 1 22.5 ± 1.4 24.5 ± 1.1 24.5 ± 1.1 26.5 ± 1.6 27.5 ± 3.5 23 ± 1.5 22.5 ± 1.7
NF200+/P2X+ 100 100 100 100 100 100 100 100
P2X7+/NF200+ 31.7 ± 1.9 33 ± 2.4 29.2 ± 0.8 32.7 ± 1.8 33 ± 1.6 28.7 ± 1.0 31.7 ± 1.7 29.2 ± 1.0
ChAT+/P2X7+ 100 100 100 100 100 100 100 100
P2X7+/ChAT+ 45.0 ± 2.0 43.5 ± 1.5 44.0 ± 0.6 45.5 ± 1.6 41.5 ± 1.3 42.0 ± 0.5 41.5 ± 1.3 43.5 ± 0.9

Fig. 5   Neurons per area immunoreactive for the P2X7 receptor (a), 
neuronal nitric oxide synthase (nNOS) (b), neurofilament-200 (NF-
200) (c), and choline acetyltransferase (ChAT) (d) in the myen-
teric plexus of the ileum from the SH, ISR 24-h, BBG50 24-h, 
BBG100 24-h, ISR 14-d, BBG50 14-d, and BBG100 14-d groups. 
For each antigen, counting was performed in 40 microscopic fields 
(0.000379 cm2) chosen at random in two whole-mount preparations 

per animal from 5 rats in each group (40 rats total). Each column rep-
resents pooled data from five individual immunofluorescence experi-
ments. The data are presented as the means ± SEM (n = 5 per group) 
and were compared with one-way ANOVA and Tukey’s test for mul-
tiple comparisons (*ISR group compared to SH group; **BBG50 
group compared to ISR group; ***BBG100 group compared to ISR 
group; *P < 0.01, **, ***P < 0.05)
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Western Blotting Analyses

Protein expression of the P2X7 receptor increased by 17% 
in the ISR 24-h group compared to that in the SH group 
(P > 0.05) and decreased by 8.5% (P > 0.05) and 30% 
(P > 0.05) in the BBG50 and BBG100 24-h groups, respec-
tively, compared to that in the ISR 24-h group (Fig. 7a). 

No differences in P2X7 protein expression were observed 
among the SH, ISR 14-d, and BBG50 14-d groups. Pro-
tein expression of the P2X7 receptor decreased by 49% 
(P < 0.05) in the BBG100 14-d group compared to that in 
the ISR 14-d group (Fig. 7b).

Motility

Spontaneous activity decreased by 18% and 8.8% in the ISR 
24-h and ISR 14-d groups compared to that in the SH 24-h 
and 14-d groups, respectively (P < 0.05). In contrast, spon-
taneous activity increased by 33.8% and 9.9% in the BBG50 
24-h and BBG50 14-d groups compared with that in the 
ISR 24-h and 14-d groups, respectively (P < 0.05), and no 
difference was found between the SH and BBG groups at 
14 d (Fig. 8).

Fig. 6   Size (µm2) of the profile areas of neurons positive for neu-
ronal nitric oxide synthase (nNOS) (a), neurofilament-200 (NF-200) 
(b), and choline acetyltransferase (ChAT) (c) in the myenteric plexus 
of the ileum from the SH 24-h, ISR 24-h, BBG50 24-h, BBG100 
24-h, ISR 14-d, BBG50 14-d, and BBG100 14-d groups. The cell 
profile areas (µm2) were obtained for 100 randomly selected neu-
rons in two whole-mount preparations per animal per immunoreac-
tivity assay from 5 rats for each group (40 rats total). Each column 
represents pooled data from 500 neurons. The data are presented as 
the means ± SEM and were compared with one-way ANOVA and 
Tukey’s test for multiple comparisons (*ISR group compared to SH 
group; **BBG50 group compared to ISR group; ***BBG100 group 
compared to ISR group; P < 0.05)

Fig. 7   The protein expression of the P2X7 receptor was assessed 
in the myenteric plexus + longitudinal muscle ileum from 5 rats per 
group in the a SH 24-h, ISR 24-h, BBG50 24-h, BBG100 24-h and 
b SH 14-d, ISR 14-d, BBG50 14-d, and BBG100 14-d groups. Each 
column represents pooled data from five individual experiments; 
a total of 40 rats were used, and 40 experiments were performed to 
evaluate the expression of the P2X7 receptor. The experiment was 
repeated twice. The data are presented as the means ± SEM and were 
compared with one-way ANOVA and Tukey’s test for multiple com-
parisons (*BBG100 group compared to ISR group; P < 0.05)
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Fig. 8   Contractile activity of the ileal segments in the SH 24-h, ISR 
24-h, BBG50 24-h, BBG100 24-h, ISR 14-d, BBG50 14-d, and 
BBG100 14-d groups. a Tracings showing spontaneous contractions 
of the ileum, b typical tracings showing the contractions elicited in 
response to carbachol, c quantitative analysis of the changes in the 
amplitude of the spontaneous activity following ISR and BBG treat-
ments, d quantitative analysis of the amplitude in response to car-
bachol following ISR and BBG treatments. Full-thickness ileal seg-

ments from 5 rats in each group were prepared and analyzed. A total 
of 40 rats were used, and a total of 40 segments were analyzed. Each 
column represents pooled data from five individual experiments. The 
data are shown as the means ± SEM and were compared with one-
way ANOVA and Tukey’s test for multiple comparisons (*ISR group 
compared to SH group; **BBG50 group compared to ISR group; 
***BBG100 group compared to ISR group; P < 0.05)
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After carbachol treatment, activity decreased by 21.3% 
and 32% in the ISR 24-h and ISR 14-d groups, respectively, 
compared to the SH groups (P < 0.05). Moreover, activity 
increased by 41.8% and 28% in the BBG50 and BBG100 
24-h groups, respectively, compared to the ISR 24-h group 
(P < 0.05). In addition, compared to the ISR 14-d group, 
the BBG50 and BBG100 14-d groups showed increases in 
activity of 38% and 25%, respectively (P < 0.05). Finally, 
no difference in activity was observed among the SH 14-d, 
BBG50 and BBG100 24-h, and BBG50 14-d groups (Fig. 8).

The addition of SNP to the organ bath inhibited contrac-
tions and decreased induced contractions by 22% in the ISR 
24-h group compared to those in the SH group (P < 0.05). 
Furthermore, contraction activity increased by 50% and 
43% in the BBG50 and BBG100 24-h groups, respectively, 
compared to that in the ISR 24-h group (P < 0.05). Con-
traction activity decreased by 20% in the ISR 14-d group 
compared to that in the SH 14-d group and increased by 20% 
and 11.6% in the BBG50 and BBG100 14-d groups, respec-
tively, compared to that in the ISR 14-d group (P < 0.05). No 

Fig. 9   Contractile activity of the ileal segments in the SH 24-h, ISR 
24-h, BBG50 24-h, BBG100 24-h, ISR 14-d, BBG50 14-d, and 
BBG100 14-d groups. a Tracings showing typical the contractions 
elicited in response to SNP, b quantitative analysis of the amplitude 
in response to SNP following ISR and BBG treatments. Full-thick-
ness ileal segments from 5 rats in each group were prepared and ana-

lyzed. A total of 40 rats were used, and a total of 40 segments were 
analyzed. Each column represents pooled data from five individual 
experiments. The data are shown as the means ± SEM and were com-
pared with one-way ANOVA and Tukey’s test for multiple compari-
sons (*ISR group compared to SH group; **BBG50 group compared 
to ISR group; ***BBG100 group compared to ISR group; P < 0.05)
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difference in activity was detected between the SH 14-d and 
BBG groups (Fig. 9).

Discussion

Our data demonstrate that subcutaneous injection of BBG 
reduced the effects of ISR on neuronal density, neuronal 
area size, number of neutrophils in the intestinal layers, and 
intestinal motility. In the present study, two doses of BBG 
were used. The dose of BBG (50 mg/kg) chosen was based 
on Peng et al. [42]. We also decided to use 100 mg/kg to 
compare which dose would be more effective in enteric neu-
rons following ISR. The 50 mg/kg dose seemed to be more 
effective than the 100 mg/kg dose. Furthermore, our results 
showed that the dose of 100 mg/kg may be toxic to some 
classes of enteric neurons.

nNOS was used to identify inhibitory motor neurons; 
ChAT, to identify cholinergic neurons; and NF200, to iden-
tify the morphology of Dogiel type II neurons, which are 
sensory neurons in the rat [1, 2].

The P2X7 receptor antagonist used in this work, BBG, 
is derived from a food dye and has no known toxicity [37]. 
Previous work has demonstrated that intravenous injection 
of BBG significantly decreased spinal cord lesions without 
obvious toxicity [42], and BBG has been demonstrated to 
induce a reduction in neuronal death in the hippocampus and 
activation of astrocytes and microglia in cerebral ischemia 
[44]. Additionally, Arbeloa et al. [43] treated a rat model of 
medial cerebral artery occlusion with BBG and observed a 
60% reduction in neuronal injury.

The P2X7 receptor is present in myenteric neurons in the 
ileum [8, 21] and distal colon [33–35]. Our double-immu-
nohistochemistry results demonstrated that in all groups, 
the P2X7 receptor was present on 100% of the myenteric 
neurons positive for nNOS, ChAT, and NF200. Myenteric 
neurons expressing P2X receptors have been demonstrated 
to be affected by ISR [7–9], indicating that these neurons 
are activated by extracellular ATP [18]. The P2X7 recep-
tor has been reported to mediate the death of various cells 
among these neurons and glial cells [19, 20, 32, 46, 47]. For 
example, Gulbransen et al. [47] demonstrated an increase 
in P2X7 receptor activation in colitis. Moreover, because of 
the increase in extracellular ATP levels in colitis, subsequent 
P2X7 receptor signaling results in increased intracellular 
Ca2+ influx from the extracellular environment through this 
ion channel, causing neuronal death [31]. Roberts et al. [48] 
found that inflammation can lead to the release of purines, 
which can activate and modulate purinergic signaling, result-
ing in the loss of enteric neurons via the P2X7 receptor.

Purines and pyrimidines are liberated actively or pas-
sively from cells under normal or injury conditions [20]. In 
certain injury conditions, such as inflammation, ATP levels 

in the extracellular space may increase drastically [49]. In 
ischemic stress, ATP exerts excitotoxic effects mediated 
by P2 receptors in several cell types [19]. Additionally, the 
authors have described that the P2X7 receptor initiates apop-
tosis in several cell types [50, 51]. The P2X7 receptor forms 
a pore in the cell membrane in response to a stimulus and 
can regulate cell permeability and the release of cytokines 
as well as trigger apoptosis [20].

Changes in the numbers of enteric neurons per unit area 
have been investigated in protocols such as malnutrition/
renutrition [33, 52–54]. Obese ob/ob mice exhibit fewer 
nNOS-ir and ChAT-ir neurons per unit area [55, 56]. Addi-
tionally, after 60 min of ischemia of the ileal arteries in 
guinea pigs, Rivera et al. [57] observed a decrease in the 
number of nNOS-positive neurons. Our results showed that 
the numbers of immunoreactive neurons per unit area for 
the P2X7 receptor, nNOS, NF200, and ChAT were lower in 
the ISR groups; however, after treatment with BBG at either 
concentration, the numbers of these immunoreactive neurons 
per unit area recovered within the 24-h and 14-d periods. 
Previous studies demonstrated that activation of the P2X7 
receptor leads to the influx of intracellular Ca2+, which acti-
vates apoptotic pathways [19, 20, 58]. In the present study, 
treatment with the P2X7 receptor antagonist recovered the 
myenteric neurons and may have blocked activation death 
pathways.

Previous work has also verified that after mechanical 
injury, spinal cord neurons can be reestablished with the use 
of BBG, corroborating the participation of the P2X7 recep-
tor in neuronal death [42]. Additionally, the P2X7 receptor 
antagonist BBG has been demonstrated to reduce the effect 
of cerebral ischemia on neurons [43, 44].

The area of the myenteric neuronal profile has been 
extensively studied in various neurons in female and male 
obese mice [55, 56], and inflammation causes a decrease 
in the neuronal profile of myenteric neurons [34]. Rivera 
et al. [57] described morphological changes in the myenteric 
plexus after ISR. After measuring the area of the profile, 
we observed an increase in the nNOS- and ChAT-ir profiles 
and a reduction in the NF200-ir profile 14 d after ischemia. 
However, the profile area of these neurons was recovered in 
the animals treated with BBG.

Neutrophils have phagocytic activity and are the major 
cellular elements in many forms of inflammation. Kalff et al. 
[59] showed that leukocyte extravasation was present in the 
muscle layer when the intestine was manipulated. During 
intestinal reperfusion, neutrophils rapidly invade the exter-
nal musculature and secrete molecules, including MPO [60, 
61], which has also been verified in the ileum musculature 
following ISR [45]. In the present work, neutrophils were 
counted in the SP + LP layers and the longitudinal and cir-
cular muscles. Neutrophils were observed in these regions 
in all groups studied. However, an increase in neutrophils 
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was observed in the ISR groups, and BBG treatment reduced 
their number. The presence of neutrophils in the small intes-
tine of the rat and mouse after ISR has been observed previ-
ously [45, 62].

Although more neutrophils were detected in the BBG-
treated groups than in the SHs, fewer neutrophils were 
observed in the BBG-treated groups than in the ISR groups 
not treated with BBG, suggesting that BBG not only acts to 
protect the enteric neurons but also reduces the effects of 
ischemia on the intestinal wall. The reduction in the num-
ber of neutrophils treated with BBG suggests that the P2X7 
receptor plays a role in inflammation [63]. In a previous 
study, treatment with BBG was shown to reduce neutrophil 
infiltration after spinal cord injury [42].

The MPO reaction has been previously demonstrated 
in inflamed tissues [64]. Additionally, purinergic signal-
ing has been suggested to modulate neutrophil chemotaxis 
[65]. Furthermore, P2X7 receptor activation can lead to the 
regulation of cytokine responses in inflammatory processes 
[65], and the P2X7 receptor is a key factor in inflammasome 
activation in the production of interleukin (IL)-1β and IL-18 
[66, 67].

ISR is known to cause changes in bowel motility, with 
some studies showing a delay in gastrointestinal transit and 
the responses to pharmacological and electrical stimuli in 
ischemia protocols [62, 68, 69]. In our study, changes in 
intestinal motor activity were demonstrated in a model of 
intestinal ischemia with different reperfusion periods. In the 
ISR 24-h group, there was a decrease in spontaneous intesti-
nal activity and a recovery with BBG treatment. Decreases 
in intestinal contractility have previously been reported in 
ischemia protocols [45, 69, 70].

During ISR, nitric oxide (NO) is thought to be involved 
in the relaxation of the intestinal musculature along with the 
regulation of nonadrenergic and noncholinergic contractions 
of neurons, and ISR induces NO production, thereby altering 
intestinal motility [71].

An NO donor, SNP, has been shown to inhibit spontane-
ous contractions [62, 69, 72]. To analyze the effect of NO 
on spontaneous activity, a single dose of SNP was used. Our 
results demonstrated a decrease in relaxation in the 24-h ISR 
group; however, BBG restored bowel relaxation. A decrease 
in the relaxation of the ileal segments of rats subjected to 
superior mesenteric artery ischemia with 24 h of reperfu-
sion has also been reported with the use of indomethacin to 
induce bowel relaxation [73]. Additionally, the upregulation 
of inducible NOS (iNOS)-immunoreactive neurons follow-
ing ISR has been demonstrated [74]. Moreover, Toll-like 
receptor 4 (TLR4) modulates motility and survival of distal 
colon enteric neurons [75]. TLR4 knockout mice showed 
reduced nNOS neurons in the ileum myenteric plexus and a 
decrease in the amplitude of relaxation with the addition of 
a selective antagonist of the P2X7 receptor [76].

Agonists of cholinergic muscarinic receptors, such as 
carbachol, have been used to study intestinal contractility, 
resulting in a decrease in spontaneous activity in protocols 
such as aging [77]. Furthermore, a reduction in the contrac-
tion amplitude in response to carbachol in the ileum of mice 
with ISR has been verified [45]. Our results agreed with 
the literature and demonstrated that the maximum peaks of 
contraction reached with carbachol treatment were lower in 
the 24-h ISR group than in the SH group. In the BBG100 
24-h and 14-d groups, the contractility in response to car-
bachol returned to normal levels. Similar data have been 
reported on reductions in the acetylcholine response in an 
ISR model [73].

Our work demonstrated that in a model of ISR treated 
with the selective antagonist BBG, the effects of ischemia 
on neurons were prevented or diminished, thus demonstrat-
ing the probable participation of the P2X7 receptor in the 
neuronal changes induced by ischemia. In addition, the 
effects of ischemia on the ENS can result in gastrointestinal 
dysfunction, such as decreased intestinal motility, but treat-
ment with BBG was observed to prevent dysmotility. Thus, 
these results demonstrate that the P2X7 receptor may be an 
important target in the therapeutic strategy for ISR injury.
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