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Introduction: Sepsis is defined as a multifactorial debilitating condition with high risks of death. The intense inflammatory response causes deleterious effects on the brain, a condition called sepsis-associated encephalopathy. Neuroinflammation or pathogen recognition are able to stress cells, resulting in ATP (Adenosine Triphosphate) release and P2X7 receptor activation, which is abundantly expressed in the brain. The P2X7 receptor contributes to chronic neurodegenerative and neuroinflammatory diseases; however, its function in long-term neurological impairment caused by sepsis remains unclear. Therefore, we sought to evaluate the effects of P2X7 receptor activation in neuroinflammatory and behavioral changes in sepsis-surviving mice.
Methods: Sepsis was induced in wild-type (WT), P2X7−/−, and BBG (Brilliant Blue G)-treated mice by cecal ligation and perforation (CLP). On the thirteenth day after the surgery, the cognitive function of mice was assessed using the novel recognition object and Water T-maze tests. Acetylcholinesterase (AChE) activity, microglial and astrocytic activation markers, and cytokine production were also evaluated.
Results: Initially, we observed that both WT and P2X7−/− sepsis-surviving mice showed memory impairment 13 days after surgery, once they did not differentiate between novel and familiar objects. Both groups of animals presented increased AChE activity in the hippocampus and cerebral cortex. However, the absence of P2X7 prevented partly this increase in the cerebral cortex. Likewise, P2X7 absence decreased ionized calcium-binding protein 1 (Iba−1) and glial fibrillary acidic protein (GFAP) upregulation in the cerebral cortex of sepsis-surviving animals. There was an increase in GFAP protein levels in the cerebral cortex but not in the hippocampus of both WT and P2X7−/− sepsis-surviving animals. Pharmacological inhibition or genetic deletion of P2X7 receptor attenuated the production of Interleukin-1β (IL-1β), Tumor necrosis factor-α (TNF-α), and Interleukin-10 (IL-10).
Conclusion: The modulation of the P2X7 receptor in sepsis-surviving animals may reduce neuroinflammation and prevent cognitive impairment due to sepsis-associated encephalopathy, being considered an important therapeutic target.
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1 INTRODUCTION
Sepsis is a multifactorial syndrome characterized by an exacerbated inflammatory host immune response against infection, which can be lethal by inducing organ dysfunction and failure (Singer et al., 2016). Recently, this condition has been recognized as a priority global health problem due to its high incidence in developing countries (Reinhart et al., 2017; Rudd et al., 2020). Sepsis-associated encephalopathy (SAE) is a condition that patients can develop during the acute phase of sepsis. It is characterized by a diffuse cerebral dysfunction with symptoms ranging from confusion and delirium to coma (Prescott and Angus, 2018; Chung et al., 2020). Sepsis-surviving patients usually present long-term neurological sequelae after recovery, such as cognitive impairment and psychiatric disorders (e.i., depression and anxiety) (Iwashyna et al., 2010; Nikayin et al., 2016; Rabiee et al., 2016; Cavaillon et al., 2020).
The neuroinflammatory process can induce cell damage, promoting the release of damage-associated molecular patterns (DAMPs), such as ATP (Cauwels et al., 2014; Idzko et al., 2014). Extracellular ATP (eATP) acts as a danger signal molecule activating purinergic signaling via P2 receptors (Savio et al., 2018; Di Virgilio et al., 2020). The P2 receptors are divided into metabotropic receptors P2Y (P2Y1, P2Y2, P2Y4, P2Y6, and e P2Y11-14) and ionotropic receptors P2X (P2X1-7) (Fredholm et al., 2011; Illes et al., 2020). The P2X7 receptor has been described as the most relevant purinergic receptor in inflammatory processes (Di Virgilio et al., 2017). Evidence supports the involvement of P2X7 receptor in sepsis pathophysiology by contributing to the development of an excessive inflammatory response (Leite-Aguiar et al., 2021). However, P2X7 and P2X4 receptors might also be relevant for bacterial killing in sepsis (Csóka et al., 2018; Savio et al., 2018; Leite-Aguiar et al., 2021). Interestingly, P2X7 receptor expression increases on the surface of monocytes from septic patients (Martínez-García et al., 2019), and P2X7 receptor gain-of-function single nucleotide polymorphisms increased susceptibility to developing severe sepsis (Geistlinger et al., 2012).
Considering the importance of ATP-P2X7 receptor signaling in sepsis immune response, the relevance of this receptor has also been explored in SAE. The P2X7 receptor activation is involved in chemokine (C-X-C motif) ligand 1 (CXCL1) recruitment and brain endothelial activation, which promotes blood-brain barrier (BBB) leakage and microglial cell activation, causing neuroinflammation in the acute phase of sepsis (24 h) (Wang et al., 2015). In addition, the P2X7 receptor genetic deletion or pharmacological inhibition decreased pro-inflammatory cytokines IL-1β and IL-6 in the brain of septic mice, which suggests that this receptor may contribute to neuroinflammation and SAE development and severity (Savio et al., 2017). Even though evidence suggests the relevance of P2X7 receptor in acute sepsis-induced neurological symptoms, no studies have evaluated the long-term consequences of P2X7 activation in sepsis survivors. In this study, we sought to investigate the role of the P2X7 receptor in long-term brain alterations and cognitive impairment after a sepsis episode. We found that P2X7 receptor contributes to brain dysfunction in sepsis-surviving mice once the pharmacological blockade or genetic ablation of this receptor improved cognitive impairment and decrease glial markers and cytokine levels in the brain, which suggests the P2X7 receptors as an interesting therapeutic target for long-term neurological disturbances detected in sepsis survivors.
2 MATERIALS AND METHODS
2.1 Animals
Adult males aged 8–10 weeks, weighing between 25 and 30 g WT (wild-type) and P2X7 receptor knockout (P2X7−/−) C57BL/6 mice (originally from Jackson Laboratory, United States) were used. Animals were housed in groups of five per cage and with access to food and water ad libitum on a 12-h light/dark cycle in a room at a temperature of 22°C ± 1°C and controlled humidity. The procedures were performed following the guidelines of the Brazilian College of Animal Experimentation (COBEA) and were approved by The Commission for Ethical Use of Research Animals (CEUA) from the Federal University of Rio de Janeiro (UFRJ) (Protocol number: 073-19).
2.2 Sepsis induction by cecal ligation and puncture (CLP)
Polymicrobial sepsis induction was performed using the cecal ligation and puncture model (CLP) as previously described (Baker et al., 1983; Rittirsch et al., 2009). Briefly, mice were anesthetized with ketamine (80 mg/kg) and xylazine (20 mg/kg) given intraperitoneally (i.p.). Mice were shaved in the abdominal region and under aseptic condition; a laparotomy with a 1 cm incision was made on the abdomen. After the cecum exposure, it was ligated below the ileocecal region with a 4.0 mm silk thread. A double puncture was made in the cecum using a sterile 21-gauge needle, and a small amount of fecal content was gently squeezed out to induce peritonitis. The cecum was returned to the peritoneal cavity, and the abdominal wall was closed by suture. Sham animals (control group) were submitted to an identical surgical procedure without cecal ligation and perforation. After surgery, animals received 1 ml of 0.9% isotonic NaCl sterile solution subcutaneously to compensate for the fluids lost during the procedure. The brain and blood samples were collected 13 days after CLP induction.
2.3 Pharmacological treatments
All animals subjected to surgery were treated intraperitoneally (i.p) with the antibiotic Ertapenem (Invanz®) (75 mg/kg) 6, 24, 48, and 72 h after the surgical procedure. For the pharmacological blockade of the P2X7 receptor, mice were injected intraperitoneally with the P2X7 receptor-selective antagonist Brilliant Blue G (45 mg/kg) (from Sigma-Aldrich, MO, United States) or with vehicle control (Phosphate buffered saline (PBS) and dimethyl sulfoxide (DMSO 0.2%) 6 h, 3, 6, 9, and 12 days after sepsis induction (Savio et al., 2017). The animals were divided randomly into the following groups: WT Sham, P2X7−/− Sham, WT CLP, P2X7−/− CLP, WT Sham + Vehicle, WT Sham + BBG, WT CLP + Vehicle, and WT CLP + BBG.
2.4 Behavioral tests
Before all procedures, animals were habituated for 1 h with controlled temperature and light in the test room. Animals were evaluated 13 days after the CLP procedure. Additionally, experiments using animals that were not submitted to surgical procedures were performed to evaluate the basal cognitive ability of P2X7 receptor knockout mice.
2.4.1 Novel object recognition test (NORT)
The novel object recognition test was performed in the arena measuring 30 × 30 × 45 cm to assess declarative memory. Test objects were fixed in the box floor using tape to avoid displacement caused by animals (De Sousa et al., 2021). None of the objects used in the test evoked innate preference. Animals were habituated and subjected to training and test sessions, which consisted of a 5-min long session each. The training session was performed by placing the animal in the center of the arena in the presence of two identical objects. The time that each animal spent exploring the objects was recorded. The exploratory behavior was considered when an animal sniffs and touches the object. After the training session, the objects were cleaned with 70% ethanol to eliminate olfactory cues. One hour after training, animals were placed in the same arena for a 5-min test session, and a new object replaced one of the objects used before. The time spent exploring familiar and novel objects was analyzed. Results were expressed as a recognition index and calculated by subtracting the time exploring the familiar object from the time exploring the novel object, divided by the total exploration time. Animals that learned the task presented recognition index >0.
2.4.2 Water T-Maze test (WTMT)
The Water T-maze test was performed to assess working spatial memory. The apparatus consisted of a T-format arena with one main alley (60 cm length × 19 cm width) connected to two side arms (45 cm length × 19 cm width) (left and right). The apparatus was filled with water (23°C ± 1°C) and mice were placed at the beginning of the main alley and allowed to swim during 60 s for training. The side arm which mice entered was noted. For the main trials, a platform (11 cm height and 20 cm width), submerged 2 cm below the surface of water, was placed at the end of the opposite arm that mice preferred. The main trials consisted of five sessions of 60 s each, where mice were allowed to find the platform location. Once the platform was found, they remained on it for 20 s. If mice could not find the platform, they were gently guided to the location and remained for the same time indicated previously. The time the mice spent to find the platform was measured during each trial. An indication that mice learned the task was when they reached the platform in less time after each trial.
2.5 RNA extraction and real-time quantitative PCR (RT-qPCR)
Brain tissues were collected, and the cerebral cortex and hippocampus were isolated. TRIzol® reagent (Thermo Fisher Scientific, Somerset, NJ, United States) was used for total RNA extraction from cerebral cortex structure according to the manufacturer’s instructions. RNA from hippocampal structures was extracted with ReliaPrepTM RNA Miniprep Systems (Promega, Campo Belo, SP, Brazil) according to the manufacturer’s instructions. The RNA samples were quantified in a NanoDrop. The cDNA synthesis was performed with 1 μg of total RNA using the High-Capacity Reverse Transcription Kit with RNase Inhibitor (Thermo Fisher, Somerset, NJ, United States) according to the manufacturer’s instructions in a Master Cycler Gradient thermocycler (Eppendorf, Hamburg, Germany). The RT-qPCR reactions were performed using the Master Mix SYBR Green PCR (Applied Biosystems, Foster City, California, United States) to detect double-stranded DNA synthesis in a QuantStudio™ three Real-Time PCR System (Thermo Fisher Scientific, Somerset, NJ, United States). The reactions were performed in a final volume of 10 μL, using 2 μL of diluted cDNA (1:10) and 300 nM of reverse and forward primers. The comparative cycle threshold (Ct) method (∆∆Ct) was used to calculate the relative gene expression. The β-actin gene (Actb) and Gapdh (Gapdh) were used as endogenous control. The control group used was the Sham WT. The sequence of primers for amplifying targets used in RT-qPCR was the following: Ache, forward: 5′-ACC​TTC​CCT​GGC​TTT​TCC​AC-3′, reverse: 5′-GCA​TCC​AAC​ACT​CCT​GAC​CA-3′; Iba1, forward: 5′-GGT​AGA​CAG​TGG​CTT​TCC​CC-3′, reverse: 5′-CTG​TAG​CCC​CTG​AGA​GAG​GT-3′; Gfap, forward: 5′-GCC​ACC​AGT​AAC​ATG​CAA​GA-3′, reverse: 5′-GCT​CTA​GGG​ACT​CGT​TCG​TG-3′; Actb, forward: 5′-TAT​GCC​AAC​ACA​GTG​CTG​TCT​GG-3′, reverse: 5′-TAC​TCC​TGC​TTG​CTG​ATC​CAC​AT-3′; Gapdh, forward: 5′-GGT​CAT​CCC​AGA​GCT​GAA​CG-3′, reverse: 5′-TTG​CTG​TTG​AAG​TCG​CAG​GA-3′.
2.6 Western blot analysis
The brain samples (cerebral cortex and hippocampus) were lysed in ice-cold homogenization buffer (50 mM Tris-HCl pH 7.4; 150 mM NaCl; 0.5% Triton X; 1 mM EDTA disodium) supplemented with Protease/Phosphatase inhibitor cocktail (Cell Signaling, Danvers, Massachusetts, United States; #5872S). The lysates were centrifuged at 14,000 × g for 30 min at 4°C. The supernatant was transferred into clean 1.5 ml tubes and stored at −80°C. Protein concentrations were determined by Bio-Rad DC protein assay reagent (Bio-Rad Laboratories), using bovine serum albumin (BSA) as the standard. 30 μg of the total protein was mixed with sample buffer (10 mM Tris-Cl (pH 6.8), 10% glycerol, 1% SDS, 1 mM β-mercaptoethanol and bromophenol blue) and was boiled for 5 min and applied to a 10% SDS-PAGE gel. The proteins separated after migration for 2 h at 120 V were transferred to 0.2 μm nitrocellulose membranes (Bio-Rad Laboratories) at 350 mA for 45 min. Subsequently, the membranes were incubated for 1 h in 5% non-fat milk or 5% BSA in TBS and 0.05% Tween 20 at room temperature. The membranes were incubated overnight at 4°C with primary antibodies diluted in the blocking buffer. Primary antibodies used were anti-GFAP (1:1000) (Cat. No. #3670, Cell Signaling Technology) and anti-β-actin (1:1000) (Cat. No. A1978, Sigma-Aldrich). After overnight incubation, membranes were washed and incubated with HRP-conjugated anti-mouse or anti-rabbit (Thermo Scientific, United States) diluted in TBS-T for 1 h. After another washing step, the membrane was incubated with a peroxidase substrate (SuperSignal West Femto Maximum Sensitivity Substrate) (Thermo Scientific, United States). The bands were visualized by chemiluminescence and quantified by densitometry in ImageJ software.
2.7 Acetylcholinesterase activity assay
The AChE assay was performed using brain samples. Cerebral cortex and hippocampus samples were homogenized in a ten-volume solution of 0.1 mM potassium phosphate buffer (pH 7.5). Then, they were centrifuged for 10 min at 1000 × g. The supernatants were used for enzymatic AChE analysis and were determined by a colorimetric method (Ellman et al., 1961). Hydrolysis rates were measured at an acetylthiocholine concentration of 0.8 mM in 300 μL assay solution with 30 mM phosphate buffer (pH 7.5) and 1.0 mM 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) (Sigma-Aldrich, St. Louis, MO, United States) at 25°C. Then, 15 μL of cerebral cortex and hippocampus supernatants were added to a reaction mixture and preincubated for 3 min. The formation of the dianion of DTNB by hydrolysis was monitored and measured at 412 nm for 2–3 min intervals of 30 s.
2.8 ELISA (enzyme-linked immunosorbent assay)
Brain samples were homogenized in ice-cold phosphate buffer (pH 7.4) (1:4 w/v for cerebral cortex and 1:2 w/v for hippocampus). The homogenate was centrifuged at 800 × g for 5 min at 4°C and the supernatant was used in the analysis to determine the concentration of IL-1β, TNF-α, and IL-10 cytokines, following the manufacturer’s instruction (R&D Systems, Minneapolis, MN, United States). The Bio-Rad (Hercules, CA, United States) protein assay kit was used to determine the protein concentrations.
2.9 Data analysis
The results are expressed as mean ± standard error of mean (SEM). Statistical analyses were performed in the object recognition test, molecular and biochemical analyses by one-way analysis of variance (ANOVA), followed by Tukey multiple range tests. The water T-maze test was analyzed by two-way ANOVA followed by Tukey’s post-test. Differences between groups were considered statistically significant when p < 0.05.
3 RESULTS
3.1 P2X7 receptor promotes memory impairment in sepsis-surviving mice
Animals (Sham and CLP-induced mice) were subjected to object recognition and water T-maze tests to evaluate post-sepsis cognitive impairment. We assessed these memory tests to differentiate the brain regions involved in each task. The object recognition test is used to evaluate declarative memory hippocampus-dependent, while the water T-maze test is used to evaluate spatial working memory, which is more pronounced in cortical areas. In the object recognition test, both CLP and Sham animals explored the two familiar objects without significant differences during the training test (p > 0.05; Figure 1A). However, a significant decrease in recognition memory index in WT and P2X7−/− septic mice indicated that these animals could not discriminate between novel and familiar objects compared with Sham mice 13 days after CLP surgery. Nevertheless, no significant difference was found between WT and P2X7−/− septic animals (p < 0.001; Figure 1B).
[image: Figure 1]FIGURE 1 | P2X7 receptor contributes to spatial working memory impairment in sepsis-surviving mice 13 days after surgery. Recognition index in the Novel object recognition test (NORT) for CLP (WT and P2X7−/−) and sham animals during the training with familiar objects (A) and during the test with familiar and novel objects (B). CLP (WT and P2X7−/−) and sham mice were subjected to the Water T-maze test (WTMT) (C) 13 days post-surgery (* WT CLP vs. P2X7−/− CLP, WT Sham, P2X7−/−Sham). Data are expressed as mean ± SEM; One-way ANOVA followed by Tukey’s post hoc for recognition index and Two-way ANOVA followed by Tukey’s post hoc for WTMT. Asterisks represent statistical differences between groups (*p < 0.05; **p < 0.005; ***p = 0.0001). (n = 9–10). The recognition index was calculated by subtracting the time exploring the familiar object from the time exploring the novel object, divided by the total exploration time.
When we evaluated the spatial working memory of WT and P2X7−/− mice, we found that post-septic P2X7−/− mice learned the task, but not WT septic mice (p < 0.05; Figure 1C). These data suggest that P2X7 receptor is involved in spatial working memory impairment in sepsis-surviving mice, with no impact on recognition memory at the time points evaluated.
As a control, we performed both memory tests in WT and P2X7−/− mice before surgery and found no basal difference between mice strains (Supplementary Figure S1A–D).
3.2 P2X7 receptor boosts acetylcholinesterase activity in the brain of sepsis-surviving mice
The AChE is responsible for hydrolyzing the neurotransmitter acetylcholine in the synaptic cleft. The increased activity of this enzyme can cause cognitive impairment. We observed an increased AChE activity in the cerebral cortex (p < 0.0001 and p < 0.05; Figure 2A) and hippocampus (p < 0.005 and p < 0.05; Figure 2C) in both WT and P2X7−/− post-septic mice. However, P2X7 receptor deletion partially prevented the increase in AChE activity in the cerebral cortex. The AChE activity in this brain structure was significantly lower than in WT mice 13 days after sepsis induction (p < 0.0001; Figure 2A).
[image: Figure 2]FIGURE 2 | P2X7 receptor functionality increases acetylcholinesterase activity in the cerebral cortex and hippocampus of sepsis-surviving mice. Acetylcholinesterase activity was analyzed by a colorimetric and enzymatic assay and gene expression by RT-qPCR. AChE activity in the cerebral cortex (A) and hippocampus (B) of CLP and sham mice. Gene expression in the cerebral cortex (C) and hippocampus (D) Data are expressed as mean ± SEM; One-way ANOVA followed by Tukey’s post hoc. Asterisks represent statistical differences between groups (*p < 0.05; **p < 0.001; ****p < 0.0001). Symbols represent individual mice. (n = 4–6).
We detected an increase in AChE mRNA expression in the cerebral cortex of septic mice, while P2X7 receptor deletion prevented this increase (p < 0.05; Figure 2B). In the hippocampus, we found no changes in mRNA expression levels (p > 0.05; Figure 2D). These results suggest that ATP-P2X7 signaling may contribute to increased AChE activity in sepsis-induced long-term memory.
3.3 Genetic blockage of P2X7 receptor prevents long-term neuroinflammation in sepsis-surviving mice
The activation of glial cells, such as microglia and astrocytes, characterizes central nervous system (CNS) inflammation. Once activated, these cells can release pro-inflammatory cytokines and reactive oxygen and nitrogen species (ROS and RNS), which promote neuroinflammation, BBB integrity dysfunction, and synaptic loss in brain tissue. Therefore, we evaluated the modulation of glial markers in the brain of sepsis-surviving mice. We found increased mRNA levels of Iba-1 (microglial marker) and GFAP (astrocyte marker) in the cerebral cortex of WT mice but not in the same structure from P2X7−/− septic mice (p < 0.05; Figures 3A, B). At the protein level, we detected significantly increased levels of GFAP in the cerebral cortex of both WT and P2X7−/− septic mice at the time point evaluated (p < 0.05; Figures 3C, D), indicating the activation of astrocytes. The Iba-1 and GFAP mRNA levels (p > 0.05; Figures 3E, F) and GFAP protein expression did not demonstrate differences in the hippocampi of either strain of septic mice at the time point evaluated (p > 0.05; Figures 3G, H). These results suggest that the P2X7 receptor might contribute to the long-term expression of glial markers in the cerebral cortex of sepsis-surviving mice.
[image: Figure 3]FIGURE 3 | Genetic deletion of P2X7 receptor decreases glial markers Iba-1 and GFAP gene expression in mice cerebral cortex 13 days after surgery. Gene expression Iba-1 and GFAP were analyzed by RT-qPCR and GFAP protein levels were analyzed by Western blotting 13 days after sepsis induction. Iba-1 (A) and GFAP (B) expression in the cerebral cortex and hippocampus (E, F). Representative Western blot membranes (C, G) with densitometric analysis of GFAP (D, H). Data are expressed as mean ± SEM; One-way ANOVA followed by Tukey’s post hoc. Statistical differences between groups are represented by asterisks (*p < 0.05). Symbols represent individual mice. (n = 4–6).
Although the inflammatory response in sepsis is relatively well understood, the mechanism of cognitive impairment post-sepsis remains unclear. Since septic mice presented cognitive impairment 13 days after sepsis induction and dysregulated cytokine production could be involved in neurological deficits, we evaluated the cytokine production profile in the cerebral cortex and hippocampus of WT and P2X7−/− septic mice. Our results demonstrated an increase in IL-1β and TNF-α in the cerebral cortex of WT but not in P2X7−/− septic mice (p < 0.005 and p < 0.05; Figures 4A, B). In the hippocampus and cerebral cortex, WT septic mice showed increased IL-1β levels compared to WT sham mice. However, P2X7−/− septic mice did not demonstrate a difference in this parameter compared with P2X7−/− sham. When we compared WT and P2X7−/− septic mice, we observed that the absence of P2X7 receptor prevented this increase. Despite elevated TNF-α production in the hippocampus of WT septic mice, this could not be prevented in P2X7−/−septic mice. Increased TNF-α levels were detected in the cerebral cortex of WT septic mice but not in P2X7−/− septic mice. (p < 0.05 and p < 0.0001; Figures 4D, E).
[image: Figure 4]FIGURE 4 | P2X7 receptor genetic deletion reduces cytokine production in the brain of septic-surviving mice. Cytokine production IL-1β, TNF-α, and IL-10 were determined by ELISA in the cerebral cortex (A–C), and hippocampus (D–F). Data are expressed as mean ± SEM; One-way ANOVA followed by Tukey’s post hoc. Statistical differences between groups are represented by asterisks (*p < 0.05 **p < 0.005; ***p < 0.0005, ****p < 0.0001). Symbols represent individual mice. (n = 3–6).
We investigated the anti-inflammatory cytokine, IL-10, in the cerebral cortex and hippocampus. WT and P2X7−/− septic mice exhibited increased IL-10 levels in the cerebral cortex (p < 0.0001; Figure 4C) compared with the sham group. Surprisingly, P2X7−/− septic mice demonstrated that this increase was higher than that in WT septic mice (p < 0.05; Figure 4C). WT CLP mice showed an increased production of IL-10 in the hippocampus (p < 0.0005; Figure 4F), whereas the absence of the P2X7 receptor in septic mice prevented this increase. These results suggest that sepsis-surviving mice still produce pro-inflammatory cytokines in both brain structures, which could contribute to cognitive impairment. However, P2X7 receptor deletion is important for limiting inflammation in the brains of sepsis-surviving mice.
3.4 Pharmacological treatment with a P2X7 receptor inhibitor prevents cognitive impairment and decreased cytokine production in sepsis-surviving mice
We evaluated whether pharmacological blockade of P2X7 receptor with BBG could prevent CLP-induced cognitive impairment in mice 13 days after sepsis. We initially found that BBG or vehicle treatment did not change the animals’ ability to explore familiar objects during training (p > 0.05; Figure 5A). Interestingly, BBG treatment prevented cognitive impairment in sepsis-surviving mice compared to that in the vehicle-CLP group when assessed by object recognition test (p < 0.0005; Figure 5B). In addition, septic mice treated with BBG learned the task in WTMT compared to vehicle-treated mice, indicating that spatial working memory was preserved with the P2X7 receptor blockade (p < 0.05; Figure 5C). Furthermore, P2X7 receptor blockade with BBG decreased IL-1β levels in the cerebral cortex (p < 0.0001; Figure 5D) and hippocampus (p < 0.05; Figure 5F) in WT septic mice compared to CLP-vehicle mice. BBG treatment decreased TNF-α levels in both cerebral structures compared to vehicle-septic mice (p = 0.0001 and p < 0.05; Figures 5E, G). These data reinforce the idea that P2X7 blockade may reduce cytokine production and protect against cognitive impairment caused by sepsis.
[image: Figure 5]FIGURE 5 | P2X7 receptor blockade with the selective antagonist BBG restored short-term memory impairment and reduced cytokine production in sepsis-surviving mice 13 days after surgery. Recognition index in the Novel object recognition test (NORT) for CLP and sham animals treated with BBG (45 mg/kg) or vehicle (PBS + DMSO 0.2%) 13 days post-surgery during the training with familiar objects (A), and the test with familiar and novel objects (B). CLP and sham animals treated with BBG (45 mg/kg) or vehicle (PBS + DMSO 0.2%) subjected to Water T-maze test (WTMT) (C). Cytokine production IL-1β (D) and TNF-α (E) in the cerebral cortex, and hippocampus (F,G) (n = 3–6). Data are expressed as mean ± SEM; One-way ANOVA followed by Tukey’s post hoc for recognition index and cytokine production and Two-way ANOVA followed by Tukey’s for WTMT. Statistical differences between groups are represented by asterisks (*p < 0.05; **p < 0.005; ***p < 0.0005). (n = 8–12). The recognition index was calculated by subtracting the time exploring the familiar object from the time exploring the novel object, divided by the total exploration time.
4 DISCUSSION
Sepsis is a life-threatening condition and the leading cause of death in intensive care units (ICU) (Singer et al., 2016; Rudd et al., 2020). Despite the high incidence and mortality worldwide, the number of sepsis survivors over the last few years has increased due to an improvement in supportive care, consisting of antibiotic therapy, hemodynamic management, and supportive care for organ dysfunction during hospitalization (Fleischmann et al., 2016; Prescott and Angus, 2018). After sepsis recovery, patients can develop long-term sequelae, such as immunosuppression, cognitive impairment, fatigue, and depression (Prescott and Angus, 2018). Therefore, a better understanding of these long-term sequelae mechanisms is essential for developing approaches or treatments for long-term cognitive and/or physical disability after hospital discharge (Evans et al., 2021).
Although not well established, the mechanism behind long-term cognitive decline encompasses astrogliosis, microglial activation, compromised BBB integrity, oxidative stress, and changes in brain metabolism (Schwalm et al., 2014; Widmann and Heneka, 2014; Annane and Sharshar, 2015). Considering that under inflammatory conditions, including sepsis, activated and damaged cells release high amounts of ATP, generating a physiologic imbalance that can stimulate the P2 purinergic receptors triggering inflammation (Ledderose et al., 2016), we explored the role of P2X7 receptor on long-term disabilities caused by sepsis in the brain. We found that ATP-P2X7 signaling contributes to neuroinflammation and long-term cognitive dysfunction in sepsis-surviving mice. In addition, antibiotic therapy plus BBG treatment, a P2X7 receptor blocker, prevented these deleterious effects and improved sepsis outcomes.
Behavioral impairment has been established as a consequence of sepsis. Previous reports demonstrated that worsening learning and memory do not follow a specific time course and might occur from 24 h up to full recovery 60 days post-sepsis, depending on the sepsis model [e.g. CLP; lipopolysaccharide (LPS)], animal type, and severity (Shimizu et al., 1999; Barichello et al., 2005, 2007; Tuon et al., 2008; Belikoff et al., 2011; Anderson et al., 2015; Neves et al., 2018; De Sousa et al., 2021). The object recognition test is an efficient way to identify memory changes in mice, as object preference and distinction are used as indicators of changed behavior (Akkerman et al., 2012; Leger et al., 2013). Recognition memory is hippocampus-dependent (Barker and Warburton, 2011; Stanley et al., 2012), and lesions in this region impair recognition memory (Clark et al., 2000). Loss of short-term memory and spatial recognition indicate that sepsis compromises the brain (Ebersoldt et al., 2007). Besides, the hippocampus is vulnerable and susceptible to inflammation due to sepsis (Lynch et al., 2004; Annane, 2009). The water T-maze is a method used to assess spatial working memory, and its main advantage is that it avoids the negative reinforcement present in the T-maze or Morris water tasks (Locchi et al., 2007). Cortical regions of the brain are implicated in spatial working memory, mainly the prefrontal and perirhinal cortices (Romanides et al., 1999; Maioli et al., 2012). It has been reported that sepsis compromises spatial learning and working memory (Yu et al., 2014; Li et al., 2017; Wang et al., 2022).
We observed that 13 days after surgery, septic-surviving WT mice presented impaired declarative memory, which is in accordance with several studies that demonstrated this impairment at 7, 9, and 10 days after CLP (Barichello et al., 2007; Cassol-Jr et al., 2011; Petronilho et al., 2012; Huang et al., 2014; Calsavara et al., 2015; Moraes et al., 2015). In addition, P2X7−/− septic mice exhibited recognition memory impairment, as demonstrated by a decreased recognition index (NORT). In contrast, BBG treatment prevented this impairment, indicating that pharmacological treatment may more effectively prevent sepsis-induced cognitive dysfunctions in the evaluated time. Differently, the P2X7 receptor genetic ablation and blockade preserved spatial working memory (MWMT) after sepsis, corroborating the findings of Wang et al. (2022) who demonstrated that P2X7 blockade improved spatial memory in sepsis-surviving mice 7 days after sepsis induction. P2X7 receptor deletion or inhibition improves behavioral changes in certain neurological diseases, such as Alzheimer’s disease, Huntington’s disease, and stress conditions (Díaz-Hernández et al., 2009; Iwata et al., 2016; Farooq et al., 2018; Martin et al., 2019). Furthermore, the administration of BBG reversed cognitive deficits induced by Aβ (amyloid protein) in an Alzheimer’s model (Chen et al., 2014). Interestingly, there are conflicting data about the P2X7 receptor in behavioral tests, which can be related to the P2X7 gene proximity to the locus for affective disorders (Lucae et al., 2006). Labrousse et al. (2009) demonstrated impaired spatial memory in the Y-Maze test but not in recognition memory performance in P2X7 knockout mice. We did not detect any changes in behavioral tests of P2X7 receptor-knockout mice under basal conditions.
Cholinergic pathway hypofunction is related to behavioral abnormalities (Ricceri et al., 2004). It has been proposed that sepsis might alter cholinergic signaling, and once after sepsis recovery, animals present long-term cognitive impairment, which is attributed to reduced cholinergic innervation (Semmler et al., 2007; van Gool et al., 2010). In addition, this pathway may exert an anti-inflammatory effect by suppressing the release of pro-inflammatory cytokines during endotoxemia (Borovikova et al., 2000). Overexpression of human AChE in transgenic mice leads to cognitive impairment (Beeri et al., 1995). Considering the relation between sepsis and the cholinergic pathway, we evaluated AChE activity in the brain of sepsis-surviving mice. We observed a significant increase in AChE activity in the hippocampus and cerebral cortex of both septic-surviving mice (WT and P2X7−/−). Corroborating with these findings, Zaghloul and others demonstrated that septic-surviving mice presented increased AChE activity in the hippocampus and cerebral cortex (Zaghloul et al., 2017). In addition, IL-1β induced AChE mRNA expression in vivo and activity in vitro (Li et al., 2017), reflecting the pro-inflammatory scenario caused by sepsis. However, P2X7−/− septic mice demonstrated decreased AChE activity and expression in the cerebral cortex compared to WT septic mice. It has been reported that septic-surviving mice treated with cholinesterase inhibitors presented lower inflammation (Jeremias et al., 2016). Therefore, our results could partly explain that the memory impairment detected in NORT depends on increased AChE activity in the hippocampus, while the preserved spatial working memory in the WTMT in P2X7−/− septic mice might be due to a reduced AChE activity in cerebral cortex compared to WT septic mice. Indeed, low levels of acetylcholine may negatively modulate memory, which correlates with high levels of AChE (Soreq, 2001), and microglial activation has been suggested to dysregulate cholinergic components (Zaghloul et al., 2017). Furthermore, AChE can activate glial cells promoting an inflammatory response in AD models (Von Bernhardi et al., 2003).
The blood-brain barrier is disrupted by systemic inflammation, allowing inflammatory mediators to enter the brain and activate microglial cells (Sankowski et al., 2015). Glial activation seems to be chronic in sepsis, since 48 h and 10 days later, it continues to occur in the hippocampus and prefrontal cortex (Catalão et al., 2017, 2020). Accordingly, we found that positive modulation of glial markers continued to occur in the cerebral cortex 13 days after sepsis induction. We found that Iba1 and GFAP were upregulated in WT septic mice, whereas P2X7−/− septic mice prevented this event in the cerebral cortex, indicating that the absence of the P2X7 receptor may be involved in the reversal GFAP and Iba-1 upregulation during sepsis. In addition, GFAP expression increased at the protein level in both CLP groups indicating astrocytic activation. However, in P2X7−/− septic mice, GFAP gene expression cannot be correlated with increased protein levels because of the several mechanisms of gene expression regulation and translation or post-translational events that might occur during distinct stimuli, such as injury and cellular stress, among others (Escartin and Galea, 2021). Indeed, even without disease, the GFAP levels are fluid and may vary from cell to cell. Therefore, future studies investigating inflammatory signals that promote astrocyte polarization and phenotypic changes are also required (Liddelow and Barres, 2017; Lawrence et al., 2023). Surprisingly, we did not detect an increase in the expression of these glial markers in the hippocampus during this period. Some studies have pointed out that astrocytic activation can persist for up to 15 days after sepsis onset, depending on the sepsis model (Danielski et al., 2022). Furthermore, Hernandes and others demonstrated that microglia and astrocytes were activated 5 days after the onset of sepsis in the hippocampus (Hernandes et al., 2014), reinforcing the complexity of sepsis and the experimental model used. Long-term cognitive dysfunction in this context also depends on microglial reactivity and inflammatory processes due to sepsis (Michels et al., 2015).
Under systemic inflammation, eATP is increased and reaches the brain being able to activate the P2X7 receptor (Virgilio et al., 2023). In addition, the activated glial cell can secrete ATP in brain tissue. Once activated, the P2X7 receptor acts as a second signal for the inflammasome assembly, caspase-1 activation, and IL-1β cleavage (Piccini et al., 2008). A previous study by our group showed that IL-1β levels were increased in the hippocampus and cerebral cortex of WT septic mice 24 h after sepsis (Savio et al., 2017). Cultured mouse primary microglia have been described as the cells responsible for IL-1β release, and this mechanism is dependent on P2X7 receptor activation, in contrast to TNF-α (Mingam et al., 2008; Shieh et al., 2014). Moraes and others verified microglial and astrocytic activation in the brain of mice 24 h after sepsis induction, attributing the main source of cognitive deficit to IL-1β released from microglia (Moraes et al., 2015). We observed a sustained neuroinflammatory process in these surviving animals, and 13 days after sepsis induction, we detected increased IL-1β and TNF-α levels in both structures (hippocampus and cerebral cortex) of septic-surviving WT mice. We also found that genetic deletion or pharmacological blockade (BBG) of the P2X7 receptor in septic-surviving mice decreased the level of these cytokines in both structures 13 days after sepsis, demonstrating that this receptor can contribute to the neuroinflammatory process in sepsis survivors. In the same line of evidence, it was demonstrated that P2X7 receptor inhibition limited the inflammatory response induced by LPS in microglial cells (Choi et al., 2007). In addition, P2X7 blockade with BBG decreases TNF-α levels after LPS injection (Ma et al., 2014), and IL-1β in the cerebral cortex and hippocampus (Savio et al., 2017). The ability of Brilliant Blue G to penetrate the blood-brain barrier exerts a protective effect in certain neuropathologies, such as spinal cord injury and Alzheimer’s (Peng et al., 2009; Diaz-Hernandez et al., 2012), possibly explaining our results of the decreased cytokine levels and behavioral improvement. Despite the selectivity for the P2X7 receptor, BBG can inhibit, to a lesser extent, the P2X4 receptor (Jiang et al., 2000); therefore, we cannot rule out additional effects in cognitive improvement in long-term neurological alterations after sepsis.
Here, we found increased levels of IL-10 in the cerebral cortex of both CLP mice (WT and P2X7−/−). Despite increased IL-10 levels in the hippocampus of WT septic mice, genetic deletion of P2X7 decreased this cytokine. This result partially corroborates our previous work, which demonstrated that P2X7 inhibition decreased IL-10 levels in the hippocampus 24 h after sepsis induction (Savio et al., 2017). Furthermore, it has been demonstrated that septic mice survivors present high levels of IL-10 in the serum, which correlates with the coexistence of the compensatory state in sepsis survivors (Zaghloul et al., 2017). In fact, reports demonstrate that IL-10 prevents neurodegeneration in the cerebral cortex of LPS-induced rats and can limit the neuroinflammation caused by CNS pathogens (Rasley et al., 2006; Keun et al., 2007).
Taken together, our data suggest that ATP-P2X7R axis contributed to exacerbating the harmful effects caused by sepsis in the brain since the absence or blockade of P2X7 receptor improved cognitive impairment and modulated sepsis-associated neuroinflammation. Thus, these results suggest using the P2X7 receptor as a pharmacological target in adjuvant therapies to modulate sepsis-associated brain dysfunction.
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