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Abstract Sepsis results in unfettered inflammation, tissue
damage, and multiple organ failure. Diffuse brain dysfunction
and neurological manifestations secondary to sepsis are
termed sepsis-associated encephalopathy (SAE).
Extracellular nucleotides, proinflammatory cytokines, and ox-
idative stress reactions are associated with delirium and brain
injury, and might be linked to the pathophysiology of SAE.
P2X7 receptor activation by extracellular ATP leads to matu-
ration and release of IL-1β by immune cells, which stimulates
the production of oxygen reactive species. Hence, we sought
to investigate the role of purinergic signaling by P2X7 in a
model of sepsis. We also determined how this process is reg-
ulated by the ectonucleotidase CD39, a scavenger of extracel-

lular nucleotides. Wild type (WT), P2X7 receptor (P2X7−/−),
or CD39 (CD39−/−) deficient mice underwent sham laparoto-
my or CLP induced by ligation and puncture of the cecum.We
noted that genetic deletion of P2X7 receptor decreased
markers of oxidative stress in murine brains 24 h after sepsis
induction. The pharmacological inhibition or genetic ablation
of the P2X7 receptor attenuated the IL-1β and IL-6 produc-
tion in the brain from septic mice. Furthermore, our results
suggest a crucial role for the enzyme CD39 in limiting P2X7
receptor proinflammatory responses since CD39−/− septic
mice exhibited higher levels of IL-1β in the brain. We have
also demonstrated that P2X7 receptor blockade diminished
STAT3 activation in cerebral cortex and hippocampus from
septic mice, indicating association of ATP-P2X7-STAT3 sig-
naling axis in SAE during sepsis. Our findings suggest that
P2X7 receptor might serve as a suitable therapeutic target to
ameliorate brain damage in sepsis.
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STAT3 Signal Transducer and Activator of
Transcription 3

TNF-α Tumor necrosis factor alpha

Introduction

Sepsis is the major cause of admission to intensive care units
and cause of death worldwide. This severe clinical condition
is characterized by an uncontrolled, excessive, and systemic
inflammation that impacts multiple organs, including the brain
[1, 2]. As a result, septic patients may present neurological
symptoms, ranging from delirium, confusion, to coma. The
detection of these neurological manifestations characterizes
the sepsis-associated encephalopathy (SAE) [3–5].

SAE have been detected in up to 70 % of patients with
severe systemic infection, and a substantial cognitive deficit
has been reported in survivors [3, 6]. In addition, impairment
in learning and memory has been observed in mammalian
models of sepsis, although these are poorly defined [7–9].
Indeed, pathogenetic mechanisms underlying these neurolog-
ical manifestations still remain poorly understood.

Increasing evidence suggest that neuroinflammation [10,
11], oxidative damage [12], caspase activation, and cellular
death [13] are phenomena related to the pathophysiology of
SAE. Proinflammatory cytokines, such as IL-1β and IL-6,
also play a key role in the SAE pathophysiology [9, 11].
Activated microglia secretes IL-1β inducing transient synap-
tic deficits, which are strongly associated with sepsis-induced
memory impairment [11]. In addition, blocking of IL-1β sig-
naling attenuates cognitive deficits after sepsis [14].
Interestingly, the IL-1β release classically depends on a sec-
ondary signal, such as the extracellular adenosine triphosphate
(ATP) that triggers the assembly of the inflammasome and
subsequent caspase activation that in turn processes pro-IL-
1β to its mature form. In this context, the extracellular ATP
(eATP) might play an important role in the IL-1β release
during SAE [15–17].

ATP is secreted and accumulates extracellularly in the cen-
tral nervous system (CNS) as a result of cellular damage or
inflammation [18]. This eATP has been considered a Bdanger^
signal in the CNS and induces microglia activation and mi-
gration to the sites of injury, through the activation of P2
receptors [17–19]. The P2 receptor family comprises P2Y
(P2Y1, P2Y2, P2Y4, P2Y6, P2Y11–14) G-protein coupled
receptors and P2X (P2X1–7) ligand-gated ion channels [20,
21]. The P2X7 receptor plays a key role in the microglial
activation and proliferation [22, 23].

P2X7 receptor activation also induces maturation and re-
lease of proinflammatory cytokines, such as IL-1β and IL-18
[15], and the production of IL-6 [24] and reactive nitrogen and
oxygen species in microglial cells [25–27]. Furthermore, the
P2X7 receptor is involved in phospholipase and caspase

activation, as well as in apoptosis induction [28–30], suggest-
ing that P2X7 receptor may contribute to the progression of
neuroinflammatory diseases.

The ATP-dependent proinflammatory signaling mediated
by the P2X7 receptor can be regulated by cell surface
ectonucleotidases expressed in microglial cells, such as
CD39/ectonucleoside triphosphate diphosphohydrolase 1 (E-
NTPDase 1) and CD73/ecto-5′-nucleotidase [31–33].
CD39/E-NTPDase1 hydrolyzes extracellular tri- and
diphosphonucleosides to monophosphonucleosides, whereas
the CD73/ecto-5′-nucleotidase is responsible for AMP hydro-
lysis, generating adenosine [32, 33]. This enzymatic cascade
for degradation of extracellular ATP is important to reduce
activation of phagocytic cells [34] and modulate the
microglial migration and phagocytosis [35, 36].

Since the ATP-P2X7 receptor signaling responses induce
oxidative stress and the maturation and release of proinflam-
matory cytokines, such as IL-1β, in the present study, we
sought to investigate the role of ATP proinflammatory signal-
ing in sepsis-associated brain dysfunction by inducing
polymicrobial sepsis in P2X7−/− and CD39−/− mice, and in
mice treated with the P2X7 specific antagonist brilliant blue
G (BBG). We show that eATP acting through P2X7 receptor
contributes to inflammation and oxidative stress in the brain
during systemic polymicrobial infections, pointing P2X7 re-
ceptor as a new target for SAE management and treatment.

Materials and Methods

Reagents and Antibodies

Brilliant Blue G (BBG) was purchased from Sigma-Aldrich
(MO, USA). Rabbit Phospho-Stat3 (Tyr705) (#9131) was ob-
tained from Cell Signaling Technology (Danvers, MA, USA);
mouse β-actin (AC-15, #ab6276) was obtained from Abcam
(Cambridge, MA, USA); HRP-conjugated goat anti-mouse
and donkey anti-rabbit IgG and the SuperSignal West Femto
Maximum Sensitivity Substrate reagents (#PI-34096) were
obtained from Thermo Scientific (Rockford, IL, USA).

Animals

Male, 8–10-week-old wild type (WT), P2X7 receptor defi-
cient (P2X7−/−) C57BL/6 mice (originally from the Jackson
Laboratory, USA) or CD39 deficient mice (CD39−/−) C57BL/
6 weighing ∼25 g were used in this study. Animals were
housed at a ratio of five mice per cage, with water and food
ad libitum, on a 12-h light/dark cycle (lights on at 7:00 AM),
and at a temperature of 22 ± 1 °C. The procedures for the care
and use of animals were according to the guidelines of the
Brazilian College of Animal Experimentation (COBEA) and
to the Guide for the Care and Use of Laboratory Animals
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(National Research Council, USA). All efforts were made to
minimize animal suffering and to reduce the number of ani-
mals used in this study. All experiments were approved by the
Commission for the Ethical Use of Research Animals
(CEUA) from the Federal University of Rio de Janeiro
(UFRJ) (approved protocol number 115/15) and by the
Institutional Animal Care and Use Committees (IACUC) of
Beth Israel Deaconess Medical Center (approved protocol
number 019-2015).

Sepsis Induction by Cecal Ligation and Puncture (CLP)

CLP-induced polymicrobial sepsis was performed as previ-
ously described [37]. Briefly, mice anesthetized by intraperi-
toneal injection of 80 mg/kg ketamine and 5 mg/kg xylazine
were subjected to laparotomy followed by extracorporeal ce-
cum mobilization and ligation. After double enterotomy with
a 21-G needle, a small amount of stool was gently squeezed
out, to induce polymicrobial peritonitis, and the peritoneal
cavity and abdominal wall were closed by suture. Control
animals were subjected to a Bsham^ operation, consisting of
laparotomy and intraperitoneal replacement, without ligation
and puncture. After surgery, mice were injected subcutaneous-
ly with 1 mL of 0.9 % isotonic NaCl solution to compensate
for third-spacing that occurred during the procedure. The
brain samples were collected 24 h after surgery. For pharma-
cological inhibition of the P2X7 receptor in vivo, mice were
injected intraperitoneally with 45.5 mg/kg of the P2X7 recep-
tor specific antagonist Brilliant Blue G (from Sigma-Aldrich,
MO, USA) or with vehicle control (PBS), 24 h before sepsis
induction, as previously described [38].

Tissue Preparation and Blood Collection

Mice were anesthetized and blood samples were obtained
from the inferior vena cava using tubes for blood collection
with sodium citrate (5 %). The blood samples were centri-
fuged at 2000×g for 10 min, at 4 °C, and the recovered plasma
was stored at −20 °C until further use. For determination of
oxidative stress parameters, the cerebral cortex and hippocam-
pus tissue was homogenized in 1:5 w/v of 20 mM sodium
phosphate buffer, pH 7.4, containing 140 mM KCl. The ho-
mogenate was centrifuged at 750×g for 10 min at 4 °C. The
pellet was discarded and the supernatant was immediately
separated and used for the measurements of oxidative stress.
For cytokine assay, the cerebral cortex samples were homog-
enized 1:4 (w/v) and hippocampus samples were homoge-
nized 1:2 (w/v) in PBS buffer. The homogenate was centri-
fuged at 800×g for 5 min at 4 °C and the supernatant was used
in the analysis. The Bio-Rad (Hercules, CA, USA) protein
assay kit was used to determine the protein concentrations.

Quantitative Real-Time PCR (RT-qPCR)

Total RNAwas isolated from brain tissue (harvested 24 h after
sepsis induction) using TRIzol® reagent (Thermo Fisher
Scientific, Rockford, IL, USA) according to the manufac-
turer’s instructions. Total RNA was quantified using a ND-
1000 spectrophotometer (NanoDrop), and cDNAwas synthe-
sized from 500 ng of total RNA using the High Capacity
cDNA Reverse Transcription Kit with RNase Inhibitor
(Thermo Fisher Scientific, Rockford, IL, USA). The
SYBR® Select Master Mix (Applied Biosystems, Foster
City, CA, USA) was used for RT-qPCR to detect double-
stranded DNA synthesis. Reactions were carried out in a final
volume of 10 μL, using 2 μL of diluted cDNA (1:10) and
300 nM each of reverse and forward primers. The following
primers were used for RT-qPCR: for P2rx7, 5′-AATC
GGTGTGTTTCCTTTGG-3′ (forward) and 5′-CCGG
GTGACTTTGTTTGTCT-3′ (reverse); and for Actb, 5′-
TATGCCAACACAGTGCTGTCTGG-3′ (forward) and 5′-
TACTCCTGCTTGCTGATCCACAT-3′ (reverse). Reactions
were performed in a 7500 Fast Real-Time System (Applied
Biosystems, Foster City, CA, USA). Relative expression
levels were determined using the Sequence Detection
Software v.2.0.5 (Applied Biosystems). P2rx7 to Actb relative
amount was calculated using the comparative cycle threshold
(Ct) method (ΔΔCt) and normalized to the level of sham-
operated group.

2′,7′-Dichlorofluorescein (H2DCF) Oxidation Assay

The reactive oxygen species (ROS) and nitrogen reactive spe-
cies (RNS) production was measured through 2′,7′-
dichlorofluorescein (H2DCF) oxidation method [39]. Briefly,
cerebral cortex or hippocampus supernatants (60 μL) were
incubated for 30 min at 37 °C in the dark with 240 μL of
100 μM 2′,7′-dichlorofluorescein diacetate (H2DCF-DA) so-
lution in a 96-well plate. H2DCFDA is cleaved by cellular
esterases and form H2DCF that is oxidized by ROS and
RNS present in the sample producing a fluorescent com-
pound, dichlorofluorescein (DCF). DCF oxidation was mea-
sured fluorimetrically by using a 488 nm excitation and
525 nm emission wavelength. A standard curve, using stan-
dard DCF (0.25–10 mM), was performed in parallel with the
samples, and the results were represented by nanomoles of
DCF per milligram of protein.

Superoxide Dismutase Assay (SOD)

The SOD activity assay is based on the capacity of pyrogallol
to autoxidize, a process highly dependent on superoxide, a
substrate for SOD. The inhibition of autoxidation of this com-
pound occurs in the presence of SOD, whose activity was then
indirectly assayed at 420 nm [40]. A calibration curve was
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performed with purified SOD as standard in order to calculate
the activity of SOD present in the samples. SOD activity was
expressed as the amount of enzyme that inhibits the oxidation
of epinephrine by 50 %, which is equal to 1 unit. The data
were expressed as units per milligram of protein.

Catalase Assay (CAT)

CAT activity was assayed according to Aebi [41] by measur-
ing the absorbance decrease at 240 nm in a reaction medium
containing 20 mM H2O2, 0.1 % Triton X-100, and 10 mM
potassium phosphate buffer, pH 7.0. One CAT unit is defined
as 1 μmol of hydrogen peroxide consumed per minute, and
the specific activity is reported as units per milligram of pro-
tein. The data were expressed as units per milligram of
protein.

Cytokine Determination

The concentrations of the cytokines IL-6, IL-1β, and IL-10 in
brain extract samples were measured using commercially
available ELISA kits, as recommended by the manufacturer
(R&D Systems, Minneapolis, MN, USA).

Western Blotting

The brain samples were then lysed in ice-cold modified-RIPA
buffer (50 mM Tris-HCl, pH 7.4; 1 % NP-40; 0.25 % sodium
deoxycholate; 150 mM NaCl) supplemented with Pierce™
Protease Inhibitor Mini Tablets (Thermo Fisher Scientific,
MA, USA; #88665) and Phosphatase Inhibitor Cocktails
(Sigma-Aldrich, MO, USA; #P5726). The lysates were soni-
cated briefly on ice and centrifuged at 14,000 rpm for 10 min at
4 °C. The measurement of protein concentrations and detailed
procedures of immunoblotting were described previously [42].

Statistical Analysis

Results are expressed as means ± standard error of mean
(SEM). Statistical analysis was performed by one-way analy-
sis of variance (ANOVA), followed by Tukey multiple range
tests. Differences between groupswere considered statistically
significant when p <0.05.

Results

P2X7 Receptor Expression Increase in the Brain
from Septic Mice

Considering the role of P2X7 receptor in inflammatory dis-
eases, we evaluated the gene expression profile of this recep-
tor in the mice brain 24 h after sepsis induction. We detected a

significant increase in P2X7 receptor expression in hippocam-
pus (p > 0.05; Fig. 1b), but no significant difference was
observed in the cerebral cortex (p > 0.05; Fig. 1a), suggesting
that this receptor might contribute differentially to sepsis-
associated brain inflammation in specific brain areas.

Genetic Deletion of the P2X7 Receptor Reduces
Sepsis-Induced Oxidative Stress in Mice Brain

Since oxidative stress have been related with sepsis-induced
brain dysfunction, we evaluated the production of reactive
oxygen species (ROS) and nitrogen reactive species (RNS)
through the 2′,7′-DCF oxidation and the antioxidant status
measuring the activities of superoxide dismutase (SOD) and
catalase (CAT) in WT and P2X7 deficient mice (P2X7−/−).
Our results show an increase in the DFC oxidation in cerebral
cortex (*p < 0.05; Fig. 2a, left) and hippocampus from WT
septic mice (*p < 0.05; Fig. 2b, left), confirming sepsis-
induced oxidative stress. The P2X7 deletion significantly re-
duced the oxidation of DCF in the hippocampus from CLP-
induced mice (#p < 0.05; Fig. 2b, right), but no difference was
found in the cerebral cortex (p > 0.05; Fig. 2a, right), suggest-
ing that P2X7 receptor may be important for the production of
reactive species in the brain. Corroborating this assumption,
analysis of SOD and CAT in the hippocampus showed a

Fig. 1 P2X7 receptor gene expression in cerebral cortex and
hippocampus from septic mice. P2X7 gene expression was analyzed by
RT-qPCR in cerebral cortex (a) and hippocampus (b) from septic mice
24 h after surgery. Data are expressed as mean ± SEM (n = 5 for both
sham and CLP groups). Statistically significant differences between sham
and CLP groups are represented by asterisks (*p < 0.05)
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significant increase of these enzymes activities only in sam-
ples from P2X7−/− septic mice (#p < 0.05; Fig. 3b, d), but not
in the samples from WT mice (p > 0.05; Fig. 3b, d). Indeed,
despite SOD and CAT activities are increased in cerebral cor-
tex of both P2X7 deficient and WT septic mice (*p < 0.05;
Fig. 3a, c), a significantly higher activity of these enzymes
were seen in P2X7−/− septic mice when compared to WT
group (#p < 0.05; Fig. 3a, c). Altogether, these results indicate
that P2X7 receptor corroborates to the sepsis-induced oxida-
tive stress in mice brain.

Genetic Deletion of the P2X7 Receptor Decreases IL-1β
and IL-6 Production in Cerebral Cortex
and Hippocampus from Septic Mice

ATP signaling through the P2X7 receptor is involved in
the maturation and release of proinflammatory cytokines
involved in the sepsis-induced cognitive impairment [11,
15]. To explore the potential role for P2X7 receptor-

induced cytokine production in the brain during sepsis,
we evaluated the amount of IL-1β and IL-6 present in
cerebral cortex and hippocampus from WT and P2X7−/−

septic mice. As depicted in Fig. 4, both IL-1β and IL-6
are increased in the cerebral cortex and hippocampus from
WT septic mice when compared to the sham group
(*p < 0.05; Fig. 4a–d, left), confirming sepsis-induced
brain inflammation. P2X7 genetic deletion attenuated the
IL-1β production in cerebral cortex (#p < 0.05; Fig. 4a)
and completely blocked the increase of this cytokine in
the hippocampus after 24 h of CLP induction
(#p < 0.05; Fig. 4b), reinforcing P2X7 greater activity in
controlling inflammation on the later tissue. Indeed, P2X7
ablation leads to a significant decrease in the IL-6 levels
both in the cerebral cortex and hippocampus (#p < 0.05;
Fig. 4c, d) despite sepsis induction, suggesting that P2X7
receptor is important not only for IL-1β maturation but
also for IL-6 production and release during sepsis.

CD39 Genetic Deletion Enhances IL-1β Production
in Cerebral Cortex and Hippocampus from Septic Mice

Since eATP concentrations are precisely regulated through
the action of ectoenzymes, such as CD39, we have eval-
uated the cytokine production in cerebral cortex and hip-
pocampus from CD39 deficient septic mice. We detected
an increase in IL-1β, IL-6, and IL-10 production in cere-
bral cortex (*p < 0.05; Fig. 5a–e) and hippocampus
(*p < 0.05; Fig. 5b–f) from both WT and CD39−/− septic
mice. The IL-1β levels were significantly higher in
CD39−/− septic mice when compared to WT septic mice
(#p < 0.05; Fig. 5a, b), while IL-6 levels showed no
difference between these groups (p > 0.05; Fig. 5c, d).
Differently, IL-10 levels were lower in the hippocampus
from CD39−/− septic mice in comparison to WT septic
mice (#p < 0.05; Fig. 5f). Altogether, these results rein-
force the eATP role on the control and/or exacerbation of
sepsis-induced inflammation, mainly concerning to IL-1β
production and release, and highlight CD39 role in limit-
ing this processes.

Pharmacological Inhibition of P2X7 Receptor Reduces
Cytokine Production in the Blood and Brain from WT
and CD39−/− Septic Mice

Pharmacological inhibition of P2X7 receptor with BBG de-
creased the CLP-induced increase in IL-1β and IL-10 in the
cerebral cortex and hippocampus from WT and CD39−/− sep-
tic mice (#p > 0.05 when compared to the sham groups;
Fig. 5a–f). However, BBG pre-treatment abrogated the
sepsis-induced increase in IL-6 production only in the brain
samples from WT septic mice (#p > 0.05; when compared to
the sham group), but not in samples from CD39−/− mice

Fig. 2 P2X7 receptor deletion attenuates sepsis-induced production of
reactive oxygen species (ROS) and nitrogen reactive species (RNS) in
mice brain. WT or P2X7−/− mice underwent sepsis induction by cecal
ligation and puncture (CLP), or to sham laparotomy without puncture
(Sham). Brain samples were collected 24 h after surgery. The
production ROS and RNS was assessed through the 2′,7′-DCF
oxidation in cerebral cortex (a) and hippocampus (b). Data are
expressed as mean ± SEM of two independent experiments (n = 6 for
both sham and CLP groups). Statistically significant differences between
sham and CLP, and between CLP groups (CLP WT versus P2X7−/−) are
represented by asterisks (*p < 0.05) and by the number sign (#p < 0.05),
respectively
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(p < 0.05; Fig. 5c, d), suggesting that BBG was not able to
overcome ATP accumulation and IL-6 induction in this later
group.

Despite this difference, we could detect significant de-
creases in IL-6 levels in hippocampus from CD39−/− septic

mice treated with BBGwhen compared to non-treated CD39−/
− septic mice (#p < 0.05, Fig. 5d). These data suggest that
BBG and therefore P2X7 blockade may reduce cytokine for-
mation and release, thus having a protective effect against
sepsis-induced inflammation and brain damage.

Fig. 4 Genetic deletion of P2X7
receptor reduces the sepsis-
induced IL-1β and IL-6
production in mice brain. WT or
P2X7−/− mice underwent sepsis
induction by cecal ligation and
puncture (CLP), or to sham
laparotomy without puncture
(Sham). The IL-1β (a, b) and IL-6
production (c, d) were measured
in cerebral cortex (a, c) and
hippocampus (b, d) from septic
mice 24 h after surgery. Cytokine
levels are expressed as picograms
per milligram of protein. Data are
expressed as mean ± SEM of two
independent experiments (n = 4
for sham groups and n = 6 for
CLP groups). Statistically
significant differences between
sham and CLP, and between CLP
groups (CLPWT versus P2X7−/−)
are represented by asterisks
(*p < 0.05) and by the number
sign (#p < 0.05), respectively

Fig. 3 P2X7 receptor deletion
increases the superoxide
dismutase (SOD) and catalase
(CAT) activities in brain from
septic mice. WT or P2X7−/− mice
underwent sepsis induction by
cecal ligation and puncture
(CLP), or to sham laparotomy
without puncture (Sham). SOD
(a, b) and CAT activities (c, d)
were assessed in cerebral cortex
(a, c) and hippocampus (b, d)
24 h after surgery. Data are
expressed as mean ± SEM of two
independent experiments (n = 6
for both sham and CLP groups).
Statistically significant
differences between sham and
CLP, and between CLP groups
(CLP WT versus P2X7−/−) are
represented by asterisks
(*p < 0.05) and by the number
sign (#p < 0.05), respectively
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Similar to our brain data, we found a significant increase in
the IL-1β (p < 0.05; Fig. 6a) and IL-6 (p < 0.05; Fig. 6b) levels
in the blood fromWTand CD39−/− septic mice. The BBG pre-
treatment decreased the sepsis-induced increase in IL-1β and
IL-6 levels in the blood from septic mice (#p < 0.05; Fig. 6a,
b), except the IL-6 levels in CD39 deficient mice, which
remained elevated (p > 0.05).

P2X7 Receptor Blockade Attenuates STAT3 Activation
in the Brain from WTand CD39−/− Septic Mice

Oxidative stress and cytokines, such as IL-6, can activate the
Signal Transducer and Activator of Transcription 3 (STAT3),
which is involved in mechanisms underlying neuroinflamma-
tion and brain damage. In this way, our next step was to

evaluate the intracellular pathway involved in the ATP-P2X7
controlling sepsis inflammation in the brain, focusing on
STAT3 activation. Our results show an increase in STAT3
phosphorylation in the cerebral cortex (Fig. 7a, c) and hippo-
campus (Fig. 7b, d) from both WT and CD39 deficient mice
24 h after sepsis induction. P2X7 pharmacological inhibition
with BBG prevented the sepsis-induced STAT3 activation in
the brain samples from WT mice, but not in samples from
CD39−/− mice (Fig. 7a–d). However, a slight but significant
reduction in p-STAT3 levels could be observed in the hippo-
campus from CD39−/− septic mice treated with BBG when
compared to non-treated CD39−/− septic mice (#p < 0.05;
Fig. 7d). Considering that IL-6 leads to STAT3 activation,
these results are in agreement with those showed above
(Fig. 5c, d) and predict that the downstream pathway involved

Fig. 5 P2X7 receptor blockade
inhibits the sepsis-induced
cytokine production in cerebral
cortex and hippocampus from
WT and CD39−/−. WT and
CD39−/− mice were injected i.p.
with the P2X7 antagonist Brilliant
Blue G (BBG, 45.5 mg/kg) or
with vehicle control (PBS), 24 h
before sepsis induction by cecal
ligation and puncture (CLP), or to
sham laparotomy without
puncture (Sham). Brain samples
were collected 24 h after surgery.
ELISA kits were used to measure
the levels of and IL-1β (a, b), IL-
6 (c, d), and IL-10 (e, f) in the
cerebral cortex (a, c, e) and
hippocampus (b, d, f). Cytokine
levels are expressed as picograms
per milligram of protein. Data are
expressed as mean ± SEM of two
independent experiments (n = 4
for sham groups and n = 8 for
CLP groups). Statistically
significant differences between
sham and CLP, and between CLP
groups (CLPWT versus P2X7−/−)
are represented by asterisks
(*p < 0.05) and by the number
sign (#p < 0.05), respectively
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in ATP-P2X7 activation by sepsis involves IL-6 production
and STAT-3 activation in the brain.

Discussion

Sepsis and multiple organ failure are major causes of death in
intensive care units, despite advances in the supportive thera-
py over the last decades [1, 43]. Early diagnosis and interven-
tion are essential for reversal of the clinical condition [44]. The
survivors exhibit neuropsychological sequelae, which in-
cludes a substantial cognitive dysfunction [3, 4].

Excessive inflammation, oxidative stress, disruption in
blood-brain barrier, and severe glial activation have been de-
scribed as the mechanism underlying to sepsis-induced cog-
nitive impairment [10–12]. Nevertheless, there is no effective
treatment or strategy to prevent the onset of these sepsis-

related neurological symptoms, and few studies have been
conducted to identify potential therapeutic mechanisms.

Taking into account the broadly known ATP proinflamma-
tory actions mediated through P2X7 receptor, we explored
roles for purinergic signaling in sepsis-associated brain dys-
function. We show that genetic deletion of P2X7 receptor
reduced the oxidative stress in mice brain 24 h after sepsis
induction, with a pronounced effect on the hippocampus.
Pharmacological inhibition or genetic ablation of the P2X7
receptor attenuates the cytokine production in the brain from
septic mice. Furthermore, our results suggest a crucial role for
the enzyme CD39 in limiting the P2X7 receptor proinflam-
matory responses since CD39−/− septic mice exhibited higher
levels of IL-1β in the brain. Finally, we show that P2X7 re-
ceptor blockade in WT and CD39 deficient mice reduced the
STAT3 activation in cerebral cortex and hippocampus, sug-
gesting that ATP-P2X7 signaling may control intracellular
pathways that could be involved with brain damage and in-
flammation during sepsis.

ATP-gated P2X7 receptor is thought to contribute to the
development of the exacerbated inflammatory response in
sepsis [45]. In the brain, this receptor has been described to
be involved in the microglial activation and proliferation as
well as in the ROS and RNS production by these cells under
inflammatory conditions [23, 25, 26]. ROS and RNS are pro-
duced under physiological conditions as a result of normal
cellular metabolism, and the enzymatic (SOD, CAT, and
GSH-Px) and non-enzymatic (vitamins, carotenoids, glutathi-
one, and others) natural antioxidant defenses maintain the bal-
ance between production and elimination of these reactive
species [46, 47]. The oxidative stress occurs due to an imbal-
ance between the ROS/RNS production and the antioxidant
defenses negatively affecting cellular components (i.e., lipids,
proteins, carbohydrates, and DNA) and leading to cell
damage.

The brain is particularly vulnerable to oxidative damage due
to its high metabolic rate. In addition, different cell types pro-
duce the reactive species in response to microbial products,
including glial cells [48, 49]. In this context, authors have
shown an increase in the production of reactive species
(ROS, NO, and ONOO−) as well as in the oxidative damage
to lipids and proteins in the brain from septic mice [9, 12, 50].
Our results are in accordance with these reports since we ob-
served an increase in the DFC oxidation in cerebral cortex and
hippocampus fromWT septic mice. Interestingly, P2X7 recep-
tor deletion prevents the increase in reactive species production
in hippocampus from septic mice. In addition, SOD and CAT
activities were significantly higher in P2X7−/− septic mice in
comparison with WT septic mice in both brain structures, sug-
gesting that P2X7 deficient mice present an enhanced adaptive
capacity to sepsis-induced oxidative stress in the brain. In ac-
cordance with our data, Deng et al. [51] showed a significant
decrease in ROS production and a significant increase in SOD

Fig. 6 P2X7 receptor blockade decreases the sepsis-induced increase in
cytokine levels in the blood from WT and CD39−/−. WT and CD39−/−

mice were injected i.p. with the P2X7 antagonist Brilliant Blue G (BBG,
45.5 mg/kg) or with vehicle control (PBS), 24 h before sepsis induction
by cecal ligation and puncture (CLP), or to sham laparotomy without
puncture (Sham). Blood samples were collected 24 h after surgery.
ELISA kits were used to measure the levels of and IL-1β (a) and IL-6
(b). Cytokine levels are expressed as picograms per milliliter. Data are
expressed as mean ± SEM of two independent experiments (n = 4 for
sham and n = 8 for CLP groups). Statistically significant differences
between sham and CLP, and between CLP groups (CLP WT versus
P2X7−/−) are represented by asterisks (*p < 0.05) and by the number
sign (#p < 0.05), respectively
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activity in the brain after P2X7 blockade with BBG in a model
of hypoxia. Therefore, our results support the notion that P2X7
receptor activation can contribute to the oxidative damage in
neuroinflammatory diseases.

Under inflammatory conditions, P2X7 receptor activation is
also a co-stimulus or a second signal for the inflammasome
activation, promoting caspase-1 activation and the cleavage of
pro-IL-1β into its mature form IL-1β [52, 53]. Interestingly, we
observed a significant increase in P2X7 receptor expression in
the hippocampus but not in the cerebral cortex from septic mice.
The increased expression of this receptor could explain the pro-
nounced inhibitory effects in IL-1β and ROS production ob-
served in hippocampus in comparison to those observed in ce-
rebral cortex from P2X7 deficient or BBG-treated septic mice.
In the same line of evidence, Moraes and colleagues [11] veri-
fied that the IL-1β levels increase in mice hippocampus 24 h
after sepsis induction, but not in the cerebral cortex, suggesting
that the hippocampus is more sensible to sepsis-induced re-
sponses. The same authors showed that IL-1β induces a tran-
sient synaptic deficit, which is strongly associated with sepsis-
induced memory impairment [11]. Moreover, a single dose of
IL-1βra—IL-1β receptor antagonist—significantly attenuated
the cognitive deficits after sepsis induction as well as the pro-
duction of other cytokines in the brain, such as IL-6 and TNF-α
[14]. IL-1β can induce IL-6 production via MyD88/NF-κB in
neurons and glial cells, and the synergistic interaction between
IL-1β and IL-6 can enhance the cognitive impairment [54–57].

In this context, here we showed that genetic deletion or phar-
macological inhibition of P2X7 receptor significantly reduced
the IL-1β and IL-6 production in mice brain after sepsis induc-
tion, suggesting that eATP acting via P2X7 receptor effectively
contributes to proinflammatory cytokine production in the brain
and, consequently, to sepsis-associated brain dysfunction.

Microglial cells secrete ATP in response to inflammatory
stimuli [58]. Extracellular ATP levels are regulated during in-
flammatory processes by the action of ectonucleotidases such
as CD39, the major ectonucleotidase expressed in immune
cells [33]. CD39 has a protective role during sepsis, attenuating
the systemic inflammation [59]. The activity of this enzyme
increases in lymphocytes and macrophages after stimulation
by bacterial products [34, 60]. Bulavina et al. [36] reported that
the expression of CD39 is crucial for the ATP and ADP deg-
radation in cultured microglia. They showed that CD39 dele-
tion decreases the ATP degradation to about 75 % of the values
measured in the brain slices from WT mice [36]. In addition,
CD39−/− deficient microglia also showed and increased phago-
cytic activity, which was decreased by the pharmacological
blockage of P2 receptors, suggesting that this enzyme is impor-
tant to limit the activation of microglia cells by reducing the
availability of P2 receptor ligands (i.e., ATP). Moreover,
Lévesque et al. [61] have already reported that CD39 activity
might limit in vitro cellular responses triggered by P2X7 recep-
tor activation, such as apoptosis and IL-1β and IL-18 release,
by comparing cells from CD39 deficient and WT mice. In

Fig. 7 Pharmacological inhibition of P2X7 receptor attenuates STAT3
activation in cerebral cortex and hippocampus from septic mice. WT and
CD39−/− mice were injected i.p. with the P2X7 antagonist Brilliant Blue
G (BBG, 45.5 mg/kg) or with vehicle control (PBS), 24 h before sepsis
induction by cecal ligation and puncture (CLP), or to sham laparotomy
without puncture (Sham). Brain samples were collected 24 h after surgery.
Representative Western blots (a, b) and quantification (c, d) of p-STAT3

in cerebral cortex (a, c) and hippocampus (b, d) from septic mice. Data
are expressed as mean ± SEM of three independent experiments
performed with a protein pool of 3 mice/experiment. Statistically
significant differences between sham and CLP, and between CLP
groups (CLP WT versus P2X7−/−) are represented by asterisks
(*p < 0.05) and by the number sign (#p < 0.05), respectively
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accordance with these reports, we detected a higher production
of IL-1β in the brain from CD39 deficient septic mice. These
data support the hypothesis that CD39 deficiency increases
ATP availability in the extracellular medium and, consequently,
potentiates the P2X7 receptor responses, such as IL-1β secre-
tion. Hence, P2X7 receptor blockade in CD39−/− septic mice
results in significant decreases in IL-1β production in the cere-
bral structures analyzed.

Shieh et al. [24] showed that P2X7 receptor activation by
ATP or BzATP (a specific P2X7 agonist) induced the cytokine
and chemokine production in cultured mouse primary microg-
lia from WT mice, but not in cells from P2X7 deficient mice.
In addition, they show that various selective P2X7 receptor
antagonists blocked the P2X7-dependent cytokine release by
microglial cells, including the BBG. In the same line of evi-
dence, Choi et al. [22] reported that P2X7 inhibition blocks
the proinflammatory cytokine production in cultured human
microglia stimulated with LPS. P2X7 receptor stimulates the
IL-6 production in microglial cells in a Ca2+-dependent mech-
anism. P2X7−/− microglia, however, is able to produce IL-6
after the stimulation with LPS, suggesting that additional
mechanisms could promote the production of this cytokine
in the brain under inflammatory conditions [22, 24]. Here,
the IL-6 production into the cerebral cortex and the hippocam-
pus stimulated by CLP-induced polymicrobial sepsis was
completely blocked by BBG treatment (WT mice) or P2X7
ablation (P2X7−/− mice). However, a slight decrease on this
cytokine production was seen in the hippocampus from
CD39−/− septic mice pre-treated with BBG. Possibly, the re-
duced degradation of tri- and diphosphonucleosides in
CD39−/−mice potentiates the activations of other P2 receptors
that have been described to be involved in IL-6 production,
such as P2Y6, P2Y11, and P2Y13 [62–64].

The reduced IL-10 levels in the hippocampus from CD39−/
− septic mice could be explained by the fact that in CD39−/−

septic mice, the eATP degradation can be reduced as well as
the adenosine generation. CD39 is crucial to hydrolyze ATP
and ADP to produce AMP for adenosine generation through
the action of CD73. High ATP levels can inhibit the CD73
activity reducing the adenosine production [65]. Adenosine,
in turn, is an important anti-inflammatory compound that
stimulates IL-10 production via A2B receptor activation [66].

Oxidative stress and cytokines, such as IL-6, activate the
STAT3 in brain cells, which are involved in the mechanisms
underlying cell death, tissue damage, and gliosis during brain
injury and inflammation [67, 68]. Here, we showed that sepsis
induced STAT3 activation in cerebral cortex and hippocampus
from both WT and CD39−/− mice. P2X7 pharmacological in-
hibition with BBG prevented this intracellular pathway acti-
vation in the brain samples from WT mice. However, BBG
treatment in CD39−/− septic mice was only able to attenuate
STAT3 activation in the hippocampus similarly with the pro-
file observed for IL-6 production. Therefore, both P2X7

receptor blockade and CD39 activity seems to be protective
during SAE limiting the cytokine production and the activa-
tion of deleterious intracellular signaling pathways.

In summary, our data suggest a crucial role for extracellular
ATP signaling via the P2X7 receptor in the pathophysiology of
sepsis-associated brain dysfunction. In addition, we provide oth-
er evidence that CD39 activity is crucial in limiting P2X7 re-
ceptor inflammatory responses in the brain during sepsis. Such
findings have clinical and pathophysiological relevance since
supporting the notion that these signaling pathways may repre-
sent suitable therapeutic targets in the development of treatments
for inflammatory diseases that compromise brain function.
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