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Abstract

Purinergic signaling has been established as an important
feature of inflammation and homeostasis. The expression of
a number of P2 receptor subtypes in the gut has been re-
ported. In this study, using a well-known permeabilization
method that is assessed by flow cytometry, we show that
lymphocytes and macrophages from the mesenteric lymph
nodes (MLN) and the peritoneal cavity exhibit different sen-
sitivities to extracellular ATP. Compared with the macro-
phages, the lymphocytes are more sensitive to ATP in the
MLN compartment, whereas in the peritoneal cavity the
macrophages are more sensitive to ATP than the lympho-
cytes. In addition, we have shown that the epithelial cells
from the small bowel are more resistant to the ATP effects
than the cells from the colon. These cells, however, become
susceptible after exposure to IFN-v. Furthermore, by exam-
ining parameters such as pH manipulation, the exposure to
divalent cations and the P2X7 antagonist Brilliant Blue G, and

the use of cells from P2X77~ mice, we have shown that the
P2X7 receptors are the ATP-activated receptors responsible
for the permeabilization phenomenon. In addition, using
Western blot analysis, we have demonstrated the changes in
the P2X7 receptor expression in immune cells isolated from
different sites in the gut and in the gut-associated lymphoid
tissues. Our findings suggest the existence of the site-specif-
ic modulation of P2X7 receptors on epithelial and immune
cells, and we define purinergic signaling as a new regulatory
element in the control of inflammation and cell fate in the
gut and in the gut-associated lymphoid tissues.
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Introduction
The P2X7 receptors are members of the ATP-activated

P2X receptor family and constitute a cation ion channel
that is permeable to K*, Na* and Ca**. Depending on the
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cell type, the activation of the P2X7 receptor by extracel-
lular ATP (ATPe) results in the opening of additional
pores that are permeable to hydrophilic solutes with mo-
lecular weights below 900 Da including some fluorescent
dyes [1]. The P2X7 receptors function as danger sensors
in immune cells and have been implicated in prolifera-
tion, cell death, cell differentiation and the production
and release of proinflammatory cytokines such as IL-1f3,
IL-6, IL-18 and TNF-a [reviewed in 2]. In macrophages,
the activation of the P2X7 receptors is associated with the
release of MHC-II-containing exosomes [3], the release of
cathepsins [4] and the elimination of intracellular patho-
gens [5].

The concentration of ATP that elicits P2X7 receptor
activation is estimated to be approximately 1 mM, a level
that is rarely achieved under physiological conditions.
However, ATPe concentrations can markedly increase
following tissue injury, which includes inflammatory
conditions, trauma and ischemia, and in response to
pharmacological stimulations [6, 7]. In mice, the P2X7
receptors are also activated by physiological concentra-
tions of NAD [8]. In addition, other inflammatory me-
diators and bacterial products such as IFN-vy [9-11], LPS,
TNF-a [12] and prostaglandins [13] are capable of modu-
lating P2X7 receptors in different cells.

The epithelial barrier of the intestinal mucosa is es-
sential for physiological homeostasis and represents one
of the first lines of defense against pathogens and exoge-
nous antigens. The integrity of the epithelial barrier and
the normal intestinal functions depend on the mainte-
nance of a dynamic equilibrium in cell numbers, cell
types and degrees of differentiation. In this sense, apo-
ptosis constitutes a physiological phenomenon that is ex-
pected to affect the highly differentiated postmitotic en-
terocytes as a critical mechanism for cell renewal. The
P2X7 receptors have also been detected in the gut epithe-
lia and their expression has been associated with cell
death [14]. In addition, ATP is released by epithelial cells
[15, 16] including intestinal epithelial cells [17]. It is pos-
sible, therefore, that under pathological conditions ATPe
may be functioning as a signaling molecule to trigger the
release of proinflammatory cytokines, to induce apopto-
sis and to eliminate intracellular bacteria [2, 5, 18, 19].

As shown by Nihei et al. [20] in 2000 and Korpi-Stein-
er et al. [21] in 2008, the functional presence of the P2X7
receptors is confirmed by the use of flow cytometry. In
these studies, blood monocytes were used to describe a
method for quantitatively analyzing the presence of the
P2X7 receptor. Taking into consideration that the P2X7
receptors in the gastrointestinal tract have not been in-
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vestigated fully, we used the cell sensitivity to ATP as as-
sessed by flow cytometry to characterize the P2X7 recep-
tors in the gut-associated mononuclear cells and in the
epithelium from different intestinal sites.

Materials and Methods

Reagents

The reagents were obtained from the following sources:
phenylmethylsulfonyl fluoride, trypsin inhibitor, leupeptin, anti-
pain, chymostatin, pepstatin, deoxycholate, LPS from Escherichia
coli, ethidium bromide (EB), ATP, Brilliant Blue G (BBG) and Tri-
ton X-100 were from Sigma-Aldrich (St. Louis, Mo., USA). Hepes
and EDTA were from Merck (Darmstadt, Germany). The bicin-
choninic acid protein assay was from Pierce (Rockford, Ill., USA).
The polyclonal rabbit anti-P2X7 receptor antibodies and the pep-
tide controls were from Alomone (Jerusalem, Israel). The ECL
Plus chemiluminescent detection system was from GE Healthcare
(Chalfont St. Giles, UK). The H,DCFDA was from Calbiochem
(USA), and the IL-1B ELISA kit and mouse IFN-vy were obtained
from Peprotech (Rocky Hill, N.J., USA).

Animals

The breeding, maintenance and euthanasia of the animals
used in this study followed the principles of good laboratory ani-
mal care and experimentation and complied with the regulations
of the Carlos Chagas Filho Biophysics Institute. All the protocols
were approved by the local animal ethics committee (IBCCF 039).
Adult BALB/c or C57BL/6 wild-type and C57BL/6 P2X7~ mice
of both sexes were euthanized by asphyxiation using an increas-
ing concentration of CO,, and death was confirmed by cervical
dislocation. The peritoneal wash, the mesenteric lymph nodes
(MLN), the axillary lymph nodes (ALN), the Peyer’s patches (PP),
the small bowel, the colon and the lamina propria of the small in-
testine were removed.

Epithelial Cell Isolation

In brief, the small bowel and the colon were harvested and
flushed twice with phosphate-buffered saline (PBS). The gut was
opened longitudinally and cutinto 0.5-cm pieces. The colonic and
small bowel pieces were incubated (separately) in PBS for 10 min
at 37°C and were placed in Hank’s balanced salt solution (HBSS)
for 2 X 15 min periods at 37°C. The intestinal pieces were incu-
bated with HBSS containing 10% FCS, 0.625 mM Hepes, 0.05 mM
EGTA and 2.5% penicillin/streptomycin for 15 min at 37°C under
constant agitation. The resulting epithelial cells were washed
twice with HBSS. To ensure the purity of the isolated epithelial
cells, the nonspecific binding sites were blocked for 45 min using
10% horse serum, washed and incubated for 1 h with an FITC-
conjugated antibody against cytokeratin.

Peritoneal Wash

After euthanasia, sterile PBS (8 ml, pH 7.2) was injected into
the peritoneal cavity, which was gently massaged. The fluid was
recovered and was transferred to an ice-cooled sterile tube. The
cells were centrifuged at 250 g for 10 min at 4°C, the pellet was
resuspended in RPMI 1640 medium containing 10% FCS and
2.5% penicillin/streptomycin and kept at 4° or 37°C until use.
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MLN, PP and ALN Cell Isolation

The lymph nodes, PPs and ALNs were removed macroscopi-
cally and macerated in RPMI 1640 medium, and the cells were
further purified on a Ficoll-Hypaque gradient (Amersham Biosci-
ences) to obtain lymphocytes and macrophages. The cells were
maintained in RPMI 1640 containing 10% FCS and 2.5% penicil-
lin/streptomycin until use.

IFN-vy Treatment

Following isolation, the cells were treated with 2 ng/ml murine
recombinant IFN-vy (Perotech, Rocky Hill, N.J., USA) for 24 h in
RPMI 1640 containing 10% FCS and 2.5% penicillin/streptomy-
cin at 37°C. The cells were gently washed with PBS before the ex-
periments were performed.

Permeabilization Assay

To assess the ATPe-induced membrane permeabilization, the
membrane-impermeable DNA-staining fluorescent dye EB (2.5
nM) was used, and the incubation temperature throughout the
experiment was maintained at 37°C. The cells (2 X 10°/sample)
obtained from the MLN were maintained for 5 min in PBS at pH
6.0 or 7.4 (with or without Zn?*, Cu®* or Cd?* at crescent concen-
trations) and were treated or not treated with ATP at crescent
concentrations for an additional 10 min. During the last 5 min of
the incubation, EB was added to the cells, and the samples were
immediately analyzed using a FACScalibur (Becton & Dickinson,
San Jose, Calif., USA) flow cytometer. The specific permeabiliza-
tion value was calculated following the subtraction of the baseline
values for the basal permeabilization of the cells (cells incubated
with EB only).

Western Blot

The tissue was homogenized in 7 vol of ice-cold lysis solution
Hepes (25 mM at pH 7.4) containing 0.1 mM EDTA, 0.25% deoxy-
cholate, 2.5% Triton X-100 and 0.01 mg-ml™! of each of the follow-
ing protease inhibitors: phenylmethylsulfonyl fluoride, trypsin
inhibitor, leupeptin, antipain, chymostatin, and pepstatin, and
the homogenate was centrifuged at 3,000 g. The protein concen-
tration of the homogenate was determined using a protein assay
kit (BioAgency).

The lysate was heated to 98°C for 5 min in a sample buffer
(Sigma-Aldrich) and 80 g of total protein was added to each lane.
The proteins were separated by SDS-PAGE using 10% gel and elec-
troblotted onto an Immobilon-P (PVDF) membrane (Millipore),
and the nonspecific binding sites were blocked by incubating the
membrane in 5% fat-free milk and 0.2% Tween 20 in TBS for 2 h
at room temperature. The membrane was incubated overnight at
4°C for 2 h at room temperature with the polyclonal anti-P2X7
receptor antibody (dilution: 1:1,000) or with the respective anti-
body after preabsorption with its control peptide (negative con-
trol). The goat anti-rabbit HRP-conjugated antibody (eBiosci-
ence) was used as a secondary antibody at a dilution of 1:1,000.
The immunoreactive bands were visualized using the chemilumi-
nescent detection system ECL Plus (GE Healthcare).

Phenotypic Analysis

The PP and MLN cells were washed twice with PBS, blocked
for 45 min with 10% horse serum, washed again and incubated for
1 h with FITC-conjugated anti-Mac-1(CD11b) antibody and PE-
conjugated anti-CD3 antibody. The stained cells were permeabi-

P2X7 Expression in the Gut

lized or left unpermeabilized as described above. For immuno-
fluorescent staining, the cells were analyzed by flow cytometry
using a FACSCalibur cytometer.

Immunohistochemical Analysis of the Intestines

To analyze the tissue expression and the distribution of the
P2X7 receptor in the small bowel and in the colon we utilized an
indirect immunoperoxidase technique. The paraffin sections
(3 wm) were first deparaffinized, rehydrated using distilled water
and, for antigen retrieval, the sections were incubated at a high
temperature in 0.01 M sodium citrate buffer (pH 6.0) in a steam-
er for 30 min. The slides were immersed in hydrogen peroxide for
10 min to block the endogenous peroxidase activity. After rinsing
in PBS containing 0.5% Tween 20 for 10 min, the tissue sections
were incubated with nonimmune serum for 30 min and subse-
quently incubated with the anti-P2X7 receptor mouse monoclo-
nal antibody (Alomone Labs, Israel) in a humidified chamber
overnight. After the incubation, the slides were rinsed 3 times
and incubated with biotinylated anti-rabbit antibody (Vector
Labs, Inc., Burlingame, Calif., USA). For each sample, two sec-
tions were incubated with PBS alone or with biotinylated anti-
body to serve as negative controls. After rinsing in PBS for 10
min, the tissue sections were incubated for 30 min with a strep-
tavidin-peroxidase conjugate (Zymed Laboratories, Inc., San
Francisco, Calif., USA). After an additional rinse, the tissue sec-
tions were developed using a solution containing hydrogen per-
oxide and diaminobenzidine, dehydrated and mounted in a his-
tological mounting medium.

Indirect Immunofluorescence Staining and Confocal Laser

Microscopy

After isolation, the cells were seeded onto slides at a density
of 1 X 10° cells/ml using a cytospin centrifuge. The cells were
fixed, permeabilized, and incubated for 2 h at room temperature
inablocking buffer (2.5% bovine serum albumin, 2.0% skimmed
milk, and 8.0% fetal bovine serum) with shaking. The slides were
rinsed once with PBS and 0.05% Tween 20 and then incubated
with the primary antibodies diluted in the blocking buffer. The
cells were incubated with anti-P2X7 rabbit antibody (Alomone
Labs) and anti-CD11b-FITC mouse antibody (eBioscience) for
1 h at room temperature. Following the incubation, the slides
were rinsed 3 times and incubated with DyLight 549-conjugated
anti-rabbit IgG (Vector Labs) for 60 min at room temperature. A
slide from each sample was incubated with PBS alone or with a
secondary antibody to serve as a negative control. The slides
were air-dried, fixed for 5 min in a 1% paraformaldehyde solu-
tion and mounted in an antifading medium containing 4',6-
diamidino-2-phenylindole (DAPI) (Vector Labs). The expres-
sion and localization of the proteins were observed using a Leica
TCS-SP5 AOBS confocal laser scanning microscope (Leica, Hei-
delberg, Germany) and representative images of each sample
were captured.

ROS Production

The cells from the peritoneal wash and the MLN were counted
and adjusted to contain the same number of macrophages in each
sample. The samples were incubated with H,DCFDA in HBSS for
30 min at 37°C, washed twice with PBS, incubated or not incu-
bated for 15 min with 1 mM ATP at 37°C, and the fluorescence
intensity was analyzed using flow cytometry.
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Table 1. Comparisons between the peritoneal and MLN cells for
ATP-mediated permeabilization

Maximum response ECsp, pM  ATP

% permeabilized cells
MLN lymphocytes 41+10(n=10)  27.68* 500 uM
Peritoneal lymphocytes 64+22 (n=6)  240.90* 5 mM
MLN macrophages 44+10 (n=10) 79.30%** 5 mM
Peritoneal macrophages 49 £ 10 (n = 6) 112.12* 5 mM

Summary of data from figure 1 which show the values for the
maximum number of permeabilized cells, the ECsy and the con-
centration of ATP used to obtain the maximum number of per-
meabilized cells. * p < 0.005 (MLN macrophages vs. peritoneal
macrophages); *** p < 0.001 (MLN lymphocytes vs. peritoneal
lymphocytes); * p < 0.01 (MLN lymphocytes vs. MLN macro-
phages); ** p < 0.01 (peritoneal lymphocytes vs. peritoneal macro-
phages).

IL-1B Secretion

The cells from the peritoneal wash and the MLN were counted
and the concentration was adjusted to contain the same number
of macrophages in each sample. They were then incubated with
10 ng/ml LPS for 4 h at 37°C in HBSS and exposed to 1 mM ATP
for 4 h at 37°C. The supernatant was collected and the IL-1p se-
cretion was measured using the manufacturer’s protocol.

Statistical Analyses

The flow cytometry data were analyzed using the WinMDI
program (Multiple Document Interface Flow Cytometry Applica-
tion, V2.8; Scripps Research Institute, La Jolla, Calif., USA). At
least 10,000 cells were analyzed for each sample. An unpaired Stu-
dent t test was used for the statistical evaluation.

Results

Lymphocytes and Macrophages Display Differential

P2X7 Activity in the MLN and the Peritoneum

The MLN were removed and processed, and the lym-
phocytes and macrophages were isolated by density gra-
dient centrifugation using Ficoll-Hypaque and subject-
ed to the permeabilization assay. We observed that both
cell types were permeable to EB after treatment with low
concentrations of ATPe (fig. 1a). These data showed that
the mesenteric cells were more sensitive to ATP than the
peritoneal cells. Additionally, we observed that the lym-
phocytes and macrophages obtained by the peritoneal
wash were sensitive to different concentrations of ATP
(fig. 1b) and that the macrophages were more sensitive
to ATP than the lymphocytes. When we compared the
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ECsq of the peritoneal and MLN cells, it was clear that
the MLN cells exhibited a higher sensitivity to ATP (ta-
ble 1).

Divalent Cations and pH Indicates a Role for the

P2X7 Receptor in the ATP-Induced Permeabilization

We used divalent cations to evaluate which P2X recep-
tors were responding to ATPe in the mesenteric cells. It is
well known that copper, zinc and cadmium inhibit P2X7
receptors, and we observed that in the presence of cations
the mesenteric lymphocytes and macrophages became
less permeable in the presence of ATPe compared with
the untreated cells (fig. 2).

In addition, we observed that the permeabilization
levels were reduced in the acidic saline (PBS at pH 6.0)
compared with the saline at pH 7.4 (fig. 3a). We also ob-
served that in the presence of a P2X7 antagonist (BBG),
the ATP-induced permeabilization of the MLN lympho-
cytes and macrophages was almost completely reversed,
suggesting that the P2X7 receptor is responsible for the
ATP-induced effects (fig. 3b).

Knockout Mice Studies Reveal that the P2X7 Receptor

Is Responsible for the ATP-Induced Permeabilization

of Mesenteric Cells

To confirm that the permeabilization phenomenon
was mediated through the P2X7 receptor, we isolated
lymphocytes and macrophages from the MLN of
P2X7~ mice and their wild-type littermates. We did not
observe ATP-induced permeabilization in the macro-
phages or lymphocytes from the P2X7~/~ mice, whereas
ATP did result in the permeabilization of the cells from
the wild-type animals (fig. 4a). In addition, we observed
that the MLN cells from the C57BL/6 mice were more
resistant to the ATP-inducing permeabilization effect
(fig. 4a) than the MLN cells from the BALB/c mice
(fig. la, b). Western blot analysis has shown that in
C57BL/6 mice, the MLN cells express lower levels of the
P2X7 receptor than the MLN cells from the BALB/c
mice (fig. 4b). These findings were expected because it is
known that C57/Bl6 mice carry a P451L mutation that
causes the loss of the P2X7 function, which makes it dif-
ficult to compare the results from these two strains of
mice. When we compared the expression of the P2X7
receptors in the peritoneal cells, the MLN and the ALN
from the BALB/c mice, we observed a higher expression
of the P2X7 receptor in the MLN cells (fig. 5). In addi-
tion, when comparing the ATP-induced permeabiliza-
tion phenomenon in the macrophages (stained with
CD11b antibody) and lymphocytes (stained with CD3
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Fig. 1. MLN and peritoneal cells were permeabilized at different
ATP concentrations. Mononuclear cells from MLN (a) or the peri-
toneal cavity (b) were removed and adjusted to 2 X 10° cells/sam-
ple. Cells were incubated with increasing concentrations of ATP

antibody) from the MLN and the PP, we observed that
the PP cells were less sensitive to ATP than the MLN
cells (fig. 6a, b) even at higher concentrations of ATP
(5 mM). The higher level of P2X7 receptor expression in
the MLN and peritoneal cells in comparison with the PP
was confirmed by confocal images (fig. 6¢) and Western
blot analysis (data not shown).

P2X7 Expression in the Gut

for 10 min at 37°C. During the last 5 min of incubation EB was
added and samples analyzed by flow cytometry. a MLN cells, in-
dividual experiments performed in triplicate, n = 15. b Peritoneal
cells, individual experiments performed in triplicate, n = 7.

Epithelial Cells from the Colon, but Not from

the Small Bowel, Are Sensitive to ATP-Induced

Permeabilization

The epithelial cells were isolated from the small bowel
and colonic tissues and the purity of the cells was con-
firmed by cytokeratin staining (fig. 7a). After isolation,
the intestinal epithelial cells were evaluated for their sen-
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Fig. 2. Divalent cations reduce ATP-induced permeabilization of
MLN mononuclear cells. Cells obtained from MLN were removed
and adjusted to 2 X 10° cells/sample. Cells were preincubated
with copper, cadmium or zinc for 5 min and 50 uM ATP for 10

sitivity to ATP. We observed that the epithelial cells from
the small bowel were strongly resistant to the ATP-induc-
ing permeabilization effect, whereas the colonic cells
were clearly more sensitive to ATP and they exhibited
higher levels of permeabilization even at a lower ATP
concentration (1 mM). Nevertheless, after pretreatment
with IFN-v the small bowel epithelial cells became sensi-
tive to ATP (fig. 7b). The modulation of the P2X7 recep-
tors following the IFN-vy treatment was confirmed using
Western blot analysis (fig. 7c) and confocal immunofluo-
rescence. The confocal microscopic analysis of the cyto-
spin preparations of freshly isolated cells showed that the
P2X7 receptor is expressed at low levels among the epi-
thelial cells under normal conditions, particularly in the
small bowel. However, the expression of P2X7 increased
markedly after the treatment with IFN-vy (fig. 7d). The
P2X7 receptor expression was detected in situ in the
small bowel and in the colon of normal mice. Few labeled
cells were detected within the epithelial layer, especially
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min at 37°C. During the last 5 min of incubation EB was added
and samples analyzed by flow cytometry. Data are representative
of atleast 3 individual experiments performed in triplicate. * p <
0.05, ** p < 0.001, *** p < 0.0001.

in the colon. The labeled cells within the intestinal lam-

ina propria were predominantly mononuclear cells
(fig. 7e).

Cells from the MLN Produce More Inflammatory

Mediators than Peritoneal Cells in Response to ATP

The cells from the MLN and the peritoneum produced
ROS in response to ATP, and higher levels of ROS were
observed in the MLN cells compared with the peritoneal
cells (fig. 8a). In contrast, using cells from the P2X7
knockout mice, neither the MLN cells nor the peritoneal
cells produced ROS in response to 1 mM ATP (fig. 8b). An
interesting feature of the inflammatory response to ATP
is the production and release of IL-13 when the macro-
phages are preexposed to LPS. The peritoneal and MLN
cells released IL-1f3 in response to ATP, and the IL-13 lev-
els were higher in the MLN cells (fig. 8¢).
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Fig. 4. P2X7~~ mice reveal that ATP-induced permeabilization is
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2 X 10° cells/sample. They were treated with 50, 100 or 500 uM
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was added and samples analyzed by flow cytometry. Data are a

P2X7 Expression in the Gut

mean of 3 individual experiments performed in triplicate. ** p <
0.001, *** p < 0.0001. a Mononuclear cells were removed from
MLN of C57BL/6 or Balb/c mice and processed for Western blot
analysis. Each lane contains 80 pg of total protein sample. b Mem-
branes incubated with polyclonal anti-P2X7 receptor antibody
(1:1,000) or anti-B-actin antibody (1:2,000).
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Discussion

The MLN are located in the gut and together with PP
they comprise the gut-associated lymphoid tissue. The
lymph nodes form a barrier that prevents the gut micro-
biota from reaching the systemic compartment of the host
immune system where it could induce an inflammatory
response. They also act as the sites for the generation and
induction of the IgA antibodies that facilitate the destruc-
tion of commensal bacteria by the phagocytes of the in-
testinal mucosa [22]. The nucleotide receptors on the cell
surface are called the P2 receptors and mediate the ac-
tions of the ATPe that is released mainly from damaged
or inflamed tissues [1]. The P2X3 receptor was detected
in extracts from human intestines and is positively modu-
lated in inflammation [23]. The increase in the expression
of the P2X3 receptor in the inflamed intestine suggests a
potential role for this ion channel in the loss of motility
and the pain associated with the inflammation, and this
receptor may represent a new therapeutic target. The
P2Y6 receptor is expressed in the infiltrating T cells in
patients with inflammatory bowel disease but is absent in
the T cells of healthy patients [24]. This study is one of the
first to investigate the expression of a P2 receptor in dis-
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antibody (1:2,000) or control peptide (peritoneal, MLN and ALN
cells). Blots are representative of 2 individual experiments. b Rel-
ative protein quantification was carried out using optical densi-
tometric analysis of the bands. Data are representative of 2 indi-
vidual experiments. * p < 0.05.

eased tissues, and the expression of the P2Y6 receptor and
possibly other receptor subtypes may play a role in the
pathogenesis of inflammatory bowel disease. The P2X7
and P2X5 receptors are also expressed in the intestinal
epithelium, and their expression has been associated with
cell differentiation and cell death [14]. Therefore, we in-
vestigated the presence of the P2 receptors on mononucle-
ar cells isolated from lymph nodes. The permeabilization
of the cells by ATP showed that the mononuclear cells
from the lymph nodes are more sensitive to ATPe than the
mononuclear cells from other sites such as the peritone-
um and spleen. The lymph nodes are in an environment
that is constantly stimulated by commensal bacteria and
pathogens. Their mononuclear cells, therefore, appear to
be more sensitive to ATPe when compared to cells from
other sites. In addition to the P2X7 receptors, other recep-
tors were associated with pore formation. Due to the fact
that ATP couples to all P2X receptors, it is possible that
the permeabilization phenomenon was associated with
P2X receptors other than the P2X7 receptors that have
been reported to allow the passage of dye molecules such
as P2X2 and P2X4 [25]. Cells expressing the human P2X5
receptor quickly accumulate the dye YO-PRO-1 in re-
sponse to ATP [26]. The P2X4, P2X2 and P2X2/P2X3 re-
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Fig. 6. Cells from PP are less sensitive to
ATP than MLN cells. Cells from PP and
MLN were isolated and adjusted to 2 x 10°
cells/sample, stained with Mac-1(CD11b)
(@) or CD3 (b) antibodies, processed for
permeabilization assay and incubated with
crescent concentrations of ATP for 10 min
at 37°C. During the last 5 min of incubation
EB was added and samples analyzed by flow
cytometry. Macrophages and lymphocytes
were selected based on antibody staining.
¢ Confocal microscopy of cytospin prepa-
rations showing relative distribution and
levels of P2X7 receptor (red) and CD11b
(green) in mononuclear cells freshly isolat-
ed from MLN, peritoneum and PP. Analysis
of protein staining showed P2X7 receptor
densities are greater in MLN than in perito-
neal or PP cells and a number of cells do not
colocalize with CD11b. This observation
may explain why the MLN cells, particu-
larly the lymphocytes, are more sensitive to PP
ATP permeabilization. Nuclei stained with
DAPI (blue). Representative of 3 samples
from each site. Scale bars represent 20 pm.
Data are representative of 3 experiments. <
*p < 0.05, ** p < 0.001, *** p < 0.0001.

Peritoneum

(negative
control)

Overlay

ceptors also appear to have an increased pore diameter
depending on the ATP exposure time [27]. The macro-
phages and lymphocytes from the lymph nodes are more
susceptible to ATPe compared with the macrophages and
lymphocytes from other sources. The literature reports
that the ECs, for the agonist (ATP) of the P2X7 receptor
is approximately 780 wM in macrophages [28]. Several hy-
potheses could explain this increase in the sensitivity to
ATPe. It has been suggested that there is a site-specific

P2X7 Expression in the Gut

modulation of the expression and sensitivity of the P2X7
receptor due to the characteristics of the lymph nodes
which are continuously responding to the bacterial prod-
ucts of the gut commensal microbiota thereby maintain-
ing tolerance to them [29]. Another hypothesis, which is
not exclusionary, is the presence of other P2X receptors in
the lymphocytes and macrophages in the lymph nodes. It
has been demonstrated that the P2X7 receptor ion cur-
rents can be inhibited by the application of calcium, mag-
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analyzed by flow cytometry. ** p < 0.001, *** p < 0.0001 (a, b).
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tin-FITC staining. d Confocal microscopy of cytospin prepara-
tions showing the relative distribution and levels of P2X7 receptor
(red) in freshly isolated epithelial cells from the small bowel and
colon. Nuclei stained with DAPI (blue). Representative of 3 ex-
periments from each site. Scale bars represent 20 pm. e P2X7 re-
ceptor immunostaining (brown) is shown in the small bowel and
colon of normal mice. Representative of 6 independent samples.
Scale bars represent 50 wm. SB = Small bowel.
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nesium, zinc, copper and protons in the extracellular
halves of their maximal inhibitory concentrations (ICs).
These results show that the divalent cations and protons
act primarily as allosteric modulators to alter the affinity
of ATP binding to the P2X7 receptor [30]. Based on these
data we investigated the first hypothesis. With the preap-
plication of copper, zinc and cadmium, the permeabiliza-
tion of the plasma membrane of the mononuclear cells
was inhibited. These cations are known to inhibit the
P2X7 receptor. The function of other P2X receptorsisalso
modified by the addition of divalent cations. Zinc potenti-
ates the P2X2 and P2X4 receptor currents, and copper
potentiates the P2X2 receptor and inhibits the P2X4 re-
ceptor [1]. Our data showed that with the addition of the
copper, cadmium and zinc cations, the permeabilization
of the mononuclear cells was inhibited and, therefore, it

P2X7 Expression in the Gut

appears that the P2X2 and P2X4 receptors are not work-
ing. In addition, we used a more specific blocker of the
P2X7 receptor, BBG, and once again observed a reduction
in the membrane permeabilization of the cells at different
concentrations. This inhibition in the lymphocytes from
the lymph nodes was almost complete at nanomolar con-
centrations, which is ideal for the P2X7 receptor as de-
scribed by North [1]. Finally, we performed the same test
in the P2X7 receptor knockout animals and noted that
there was no permeabilization of the mononuclear cells.
Thus, we conclude that the observed effect on the mono-
nuclear cells from the lymph nodes is due to the activation
of the P2X7 receptor. This is one of the first studies to re-
port the activation of the P2X7 receptors by ATP in mi-
cromolar concentrations which are closer to physiological
concentrations.
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The P2X7 receptor stimulation by ATPe results in nu-
merous effects including the activation of caspase-1, the
breach of pro-IL-1B secretion and IL-13 maturation [31],
and the elimination of intracellular pathogens [5, 18, 19,
32-34]. The P2X7 receptor is positively regulated in mac-
rophages by inflammatory cytokines such as IFN-y [9-
11] and TNF-a and by LPS [12]. Studies with mice that
are deficient in the P2X7 receptor showed that the P2X7
receptors are involved in inflammation [19]. The disrup-
tion of the P2X7 gene is associated with a less severe dis-
ease in a model of arthritis [35] and in studies of chronic
inflammation and neuropathic pain [36]. The P2X7 re-
ceptor is present and its expression is modulated by in-
flammation in chronic inflammation sites. The P2X7 re-
ceptor-dependent signaling plays a significant role in the
host response during various inflammatory diseases [37].
Cesaro et al. [38] demonstrated the importance of P2X7
activation during the intestinal inflammatory process
showing that the activation of the epithelial P2X7 recep-
tor is crucial for the PMNL-induced caspase-1 activation
and IL-13 release by the intestinal epithelial cells.

Understanding the signaling nucleotides involved in
the immune response is of the utmost importance for the
development of new treatment guidelines for combating
infectious diseases. Sensory nerves in the gastrointestinal
tract express P2X receptors and the ATP released from
the gastrointestinal cells activates these receptors and
motor reflexes and transmits nociceptive stimuli [39]. In
addition, the nucleotides and nucleotide receptors are
thought to be involved in the pathogenesis of inflamma-
tory bowel disease. For example, antagonists of the P2X
receptors in sensory nerves were shown to attenuate ab-
dominal pain in patients with inflammatory bowel dis-
ease [39]. Furthermore, in a model of inflammatory bow-
el disease in rats, the presence of nucleotides in the diet
increases the number of damaged intestinal epithelial
cells [40]. Hence, it is crucial to obtain more information
about the presence, distribution and function of the P2X
receptors in the intestinal immune cells and epithelial
cells, and this information will potentially generate new
avenues for the treatment of patients with inflammatory
bowel disease.

In this study, we observed that cells from the small
bowel were permeabilized to a lesser extent than cells
from the colon. We hypothesize that this is due to the dif-
ferences in the numbers and composition of the intestinal
microbiota and the different physiological functions of
the colon and the small bowel. In view of the greater chal-
lenge of differentiating the pathogenic from the non-
pathogenic stimuli in the colon, it would be reasonable to
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examine additional protective mechanisms, which in-
clude the ATP-activated P2X7 receptors, as an additional
component of the innate immune circuits that control
intestinal homeostasis [41]. In fact, there appears to be an
increased need to elicit an inflammatory response and to
induce cell apoptosis in the colon. This theory is support-
ed by the demonstration of the increasing permeabiliza-
tion of small bowel enterocytes following pretreatment
with IFN-v, a proinflammatory cytokine and a signature
molecule of the Th-1 type of immune response.

In conclusion, our findings suggest the site-specific
modulation of the P2X7 receptors on epithelial and im-
mune cells and define purinergic signaling as a novel reg-
ulatory element in the control of inflammation and cell
fate in the gut and the gut-associated lymphoid tissues.
The epithelial P2X7 receptor upregulation in response to
IEN-v is consistent with the involvement of purinocep-
tors in ATP-induced apoptotic cell death. Taken together,
these observations implicate P2X7 in the pathogenesis of
diseases based on the dysregulation of the immune re-
sponse such as inflammatory bowel disease.
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