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Editorial on the Research Topic 
Purinergic signalling in the central nervous system and its pharmacological importance in neurological and psychiatric illnesses


This Research Topic aims to honour the 80th birthday of Professor Peter Illes, who is a member of the European Academy of Sciences, the founder/first president of the German Purine Club, and honorary president of the Chinese Purine Club. His connections with China explain that a number of Chinese scientists contributed with articles to this Research Topic. Peter Illes established a worldwide co-operation network on purinergic signalling and is an internationally recognized leader in the field of his discipline.
Adenosine Triphosphate (ATP) is an intracellular energy-storing molecule, but may also reach the extracellular space, where it participates in cell-to-cell signalling. For this purpose, ATP utilises a range of purinergic receptors activated either by ATP itself (P2X receptors; seven subtypes) or by ATP/ADP and UTP/UDP (P2Y receptors; eight subtypes) and finally via its enzymatic degradation product, adenosine (P1/A receptors; four subtypes). Purine nucleotides and nucleosides together with the whole plethora of receptors and degrading enzymes constitute the purinome. This fascinating and extensive network exists both in animals and humans and is essential in regulating important physiological functions. Disturbances in the network can lead to a variety of illnesses clinically associated with both neurological or psychiatric traits. In recent years, hope has arisen that pharmacology and medicinal chemistry together with various newly developed methods, will enable researchers to discover and design efficient drugs for treating these neurodegenerative and affective illnesses, based on disturbances of the purinergic system. Although this Research Topic clearly concentrates on brain diseases due to misbalance and inefficiency of the purinome, it has to be pointed out that a wide range of diseases arise because of the same reason in all parts of the human body, which is however no subject of the present discussions.
In this Research Topic, seven original articles, one mini-review, and two overviews were included. Of three review papers, one focuses on the potential application of P2Y12 receptor (R)-ligands in the diagnosis and treatment of epilepsy (Chen et al.), another two summarize the roles and neurobiological mechanisms of adenosine and its receptors in sleep-wake regulation, torpor and hibernation (Ma et al.), as well as the role of purinergic signalling in the modulation of blood-brain barrier (BBB) permeability (Wang et al.), respectively.
In the following we will enumerate in a one sentence synopsis the content of the individual articles included in our Research Topic. 1) The adenosine receptor-subtype A2A was identified to exert distinct control on the morphology of retinal ganglion cells (RGC), in order to cell-type specifically fine-tune the RGC dendritic morphological complexity during normal development and neonatal inflammation (Hu et al.). 2) P2X3 receptors in the dorsal root ganglion and spinal cord have been shown to mediate the analgesic effect of Polyphyllin VI (Luo et al.), known to be responsible for cell-cycle arrest and acupuncture efficiency. 3) Diclofenac was demonstrated, by the application of two-electrode voltage clamp electrophysiology, to be a strong antagonist of the human (h)P2X3 and hP2X2/3Rs, but a weaker blocker of hP2X1, hP2X4, and hP2X7Rs (Grohs et al.). 4) Morphotyping and single cell shape descriptor analysis demonstrated that in cultured microglia, treatment with the P2X7R agonist dibenzoyl-ATP (Bz-ATP), and the inflammatory activator lipopolysaccharide (LPS) in combination with Bz-ATP, increased round/ameboid microglia and decreased polarized ramified morphology of this cell type (von Mücke-Heim et al.). 5) Cytokines appear to play important roles in the antidepressant-like effect of zinc in male mice (Iring-Varga et al.). 6) A small nucleotide polymorphism (SNP) analysis performed in epileptic patients indicated that the TT genotype and T allele of rs4431401 in CD73 (ecto 5′-nucleotidase, generating adenosine from AMP) were genetic risk factors for epilepsy in male patients, whereas rs2267076, rs2298383, rs4822492, and rs4822489 polymorphisms of the A2AR were mainly associated with female subjects (Shi et al.). 7) Finally, eicosapentaenoic acid (EPA) was described to be an inhibitor of the vesicular nucleotide transporter (VNT), which actively transports nucleotides into secretory vesicles responsible for the storage of ATP. VNT certainly appears to plays an essential role in purinergic transmission, although it is still premature to conclude that EPA is a specific inhibitor of this enzyme (Moriyama et al.).
In this Research Topic, hP2X1, hP2X3, hP2X2/3, hP2X4, and hP2X7Rs, as well as the human SNPs of CD73 and A2ARs were investigated in diverse studies. It was an interesting finding that in male and female mice, different SNPs cause predisposition to epilepsy. However, only future studies will decide which of the reported data have major significance for clinical practice.
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Vesicular nucleotide transporter (VNUT), an active transporter for nucleotides in secretory vesicles, is responsible for the vesicular storage of ATP and plays an essential role in purinergic chemical transmission. Inhibition of VNUT decreases the concentration of ATP in the luminal space of secretory vesicles, followed by decreased vesicular ATP release, resulting in the blockade of purinergic chemical transmission. Very recently, Miyaji and colleagues reported that eicosapentaenoic acid (EPA) is a potent VNUT inhibitor and effective in treating neuropathic and inflammatory pain and insulin resistance through inhibition of vesicular storage and release of ATP. However, our validation study indicated that, in bovine adrenal chromaffin granule membrane vesicles, EPA inhibited the formation of an electrochemical gradient of protons across the membrane with the concentration of 50% inhibition (IC50) being 1.0 μM without affecting concanamycin B-sensitive ATPase activity. Essentially, similar results were obtained with proteoliposomes containing purified vacuolar H+-ATPase. Consistent with these observations, EPA inhibited the ATP-dependent uptakes of ATP and dopamine by chromaffin granule membrane vesicles, with ID50 being 1.2 and 1.0 μM, respectively. Furthermore, EPA inhibited ATP-dependent uptake of L-glutamate by mouse brain synaptic vesicles with ID50 being 0.35 μM. These results indicate that EPA at sub-μM acts as a proton conductor and increases proton permeability across the membrane, regardless of the presence or absence of VNUT, thereby inhibiting non-specifically the vesicular storage of neurotransmitters. Thus, EPA may affect a broader range of chemical transmission than proposed.
Keywords: chromaffin granules, eicosapentaenoic acid, purinergic chemical transmission, SLC17A9, synaptic vesicles, V-ATPase, VNUT
INTRODUCTION
Purinergic chemical transduction is intercellular signal transduction that uses nucleotides such as ATP and adenosine as transmitters and regulates various higher-ordered vital activities such as pain perception and inflammation (Burnstock, 2007). To initiate the purinergic chemical transmission, cytoplasmic ATP appears in the extracellular space through three independent pathways, vesicular storage and release, permeation through ATP-permeable channels, and leakage from the cells (Lazarowski, 2012). Among them, vesicular storage and release of ATP occur through the exact mechanism of classical neurotransmitters such as acetylcholine and dopamine in the synaptic vesicles in neurons. First, the neurotransmitters are stored in the secretory vesicles through active transport by vesicular neurotransmitter transporters using an electrochemical gradient of protons across the membranes established by the V-ATPase. Then, the neurotransmitters are released extracellularly through exocytosis (Zimmermann, 2008; Omote & Moriyama, 2013; Moriyama et al., 2017).
Vesicular nucleotide transporter (VNUT), the ninth member of the SLC17-type organic anion transporter family, is a molecular device performing vesicular storage of nucleotides in ATP-secreting cells and plays an essential role in the purinergic chemical transduction (Sawada et al., 2008; Mutafova-Yambolieva & Durnin, 2014; Moriyama et al., 2017; Wightman et al., 2018; Miras-Portugal et al., 2019; Hasuzawa et al., 2020). Mice lacking the VNUT gene (SLC17A9) show depletion of ATP in secretory vesicles, followed by reduced or abolished vesicular ATP release, resulting in blockade of purinergic chemical transduction for suppression of pain perception and secretion of inflammatory cytokines (Sakamoto et al., 2014; Estevez-Herrera et al., 2016; Masuda et al., 2016; Moriyama et al., 2017; Kinoshita et al., 2018; Hasuzawa et al., 2020). In contrast, the cells harboring overexpressed VNUT secrete more ATP with increased pain perception and inflammation (Masuda et al., 2016; Hasuzawa et al., 2020). Agents that inhibit VNUT may reduce ATP concentration in the luminal space of the secretory vesicles, thereby reducing the amount of ATP released, concomitantly blocking purinergic chemical transmission (Miras-Portugal et al., 2019; Hasuzawa et al., 2021). Indeed, clodronate, the first-generation bisphosphonate, acts as a VNUT inhibitor and suppresses vesicular storage and release of ATP, providing therapeutic effects on intractable pain, chronic inflammation, hepatocyte fibrosis, and insulin resistance (Kato et al., 2017; Moriyama & Nomura, 2018; Hasuzawa et al., 2020; Tatsushima et al., 2021). Therefore, increased attention has been paid to developing VNUT inhibitors for treating intractable pain and intractable inflammatory diseases (Moriyama & Nomura, 2018; Miras-Portugal et al., 2019).
Eicosapentaenoic acid (EPA), an essential fatty acid belonging to ω3 fatty acids, exhibits a wide range of beneficial pharmacological actions, such as analgesic and anti-inflammatory effects, although its mechanism of action is far less understood (Simopoulos, 2002; Ko et al., 2010; Poudyal et al., 2011; Dyall, 2015; Liao et al., 2019). Very recently, Miyaji and colleagues reported that EPA is a potent VNUT inhibitor using proteoliposomes reconstituted with purified VNUT as an assay system and concluded that VNUT is a molecular target of EPA for treatment of neuropathic and inflammatory pain treatment (Kato et al., 2022). However, as mentioned above, vesicular storage and release of ATP require multiple factors besides VNUT. Impairment of each factor may arrest vesicular storage and release of ATP, providing similar effects to VNUT inhibitors. For example, proton conductors such as CCCP increase H+ permeability across the vesicle membrane, thereby apparent inhibiting ATP uptake, followed by inhibition of vesicular storage and release of ATP (Omote & Moriyama, 2013; see Figure 1). V-ATPase inhibitors such as bafilomycins and concanamycins may have similar effects to proton conductors. Therefore, we suspected that Miyaji and colleagues needed to pay more attention to the possibility that EPA works on factors other than VNUT.
[image: Figure 1]FIGURE 1 | Possible modes of action of EPA in the vesicular storage of ATP. (left) V-ATPase pumps protons upon hydrolysis of ATP and establishes an electrochemical gradient of protons across the vesicular membranes, and drives storage of monoamine and ATP. (right) EPA may interact with 1) VNUT, 2) V-ATPase, or 3) vesicular membranes. If the interaction between EPA and VNUT is specific, EPA will not affect the ATP-dependent formation of ΔpH, Δψ, and ATP-dependent dopamine uptake in chromaffin granule membranes. ATP-dependent L-glutamate uptake in synaptic vesicles would be unaffected as well.
This study was conducted to validate that EPA is an inhibitor of VNUT. To rule out the possibility that EPA affects factors other than VNUT, we evaluated the effects of EPA on V-ATPase and vesicular uptake of neurotransmitters in chromaffin granule membrane vesicles and brain synaptic vesicles. Consequently, we obtained an unexpected result that EPA increased proton permeability across membranes, thereby non-specifically affecting the vesicular uptake of neurotransmitters. The novel role of the EPA on chemical transmission was also discussed.
MATERIALS AND METHODS
Materials
EPA obtained from Cayman Chemicals was suspended in ethanol to a concentration of 100 mg/ml. ATP-tris salt, CCCP, valinomycin, and oligomycin were obtained from Sigma-Aldrich. Bafilomycin A1 was from Fuji film/Wako. Concanamycin B (con B), a V-ATPase inhibitor (Ito et al., 1995), was kindly supplied by Dr. Kouich Ito (Center for Cancer Research, MIT). [2,8-3H] adenosine triphosphate tetrasodium salt (26.0 Ci/mmol), 3,4-[RING-2,5,6-3H] dihydroxyphenylethylamine (dopamine) (30 Ci/mmol) were obtained from New England Nuclear. [3,4-3H] L-glutamic acid (20 Ci/mmol) was from Moravek Inc.
Preparations
Bovine adrenal glands were obtained from a local slaughterhouse and brought to the laboratory in an ice bath. Then chromaffin granule membrane vesicles were prepared as described previously (Moriyama & Nelson, 1987; Nelson et al., 1988). Synaptic vesicles [lysis pellet 2 (LP2)] were prepared from the mouse brain isolated from C57BL/6J male mice (25—30 weeks) as described previously (Huttner et al., 1983) with a slight modification (Moriyama & Futai, 1990). These membrane vesicles were frozen and kept at −80°C until use. All mouse procedures and protocols were conducted under the Guide for the Care and Use of Laboratory Animals and approved by the Ethics Committee on Animal Experimentation from Kurume University. Chromaffin granule V-ATPase was purified as described previously and stored at −80°C until use (Moriyama & Nelson, 1987). When necessary, the V-ATPase fraction (∼0.5 ml) was diluted 50 folds into an appropriate buffer, centrifuged at 150,000 g for 1 h, and the resultant clear precipitate (the reconstituted proteoliposomes containing V-ATPase) was suspended in the buffer as specified, kept on ice and used within the day of preparation.
Assays
ATP-dependent formation of ΔpH (acidic inside) of membrane vesicles or proteoliposomes was assayed using fluorescence quenching of acridine orange with excitation and emission wavelengths of 420 and 500 nm in 2 ml of the buffer consisting of 20 mM MOPS-tris, pH 7.0, 0.1 K KCl, 0.2 M sucrose, 5 mM Mg acetate, 0.2 μg valinomycin, 2 μM acridine orange and membranes (∼20 μg for membrane vesicles or 2 μg for proteoliposomes (Moriyama et al., 1991). ATP-dependent formation of Δψ (inside positive) by membrane vesicles was measured using oxonol-V fluorescence quenching with excitation and emission wavelengths of 580 and 630 nm in the buffer consisting of 20 mM MOPS-tris, pH 7.0, 0.3 M sucrose, 5 mM KCl, 5 mM Mg-acetate, 5 μM oxonol-V and ∼20 μg membrane vesicles (Moriyama et al., 1991). ATP-dependent ATP uptake by chromaffin granule membrane vesicles was assayed in the buffer 0.5 mM consisting of 20 mM MOPS-tris pH 7.0, 5 mM KCl, 5 m, 0.3 M sucrose, 5 mM Mg acetate, 1 mM radioactive ATP (15 KBq/one assay), 0.5 mM creatine phosphate, 10 unit creatine phosphate, and ∼20 μg membrane vesicles as reported previously (Bankston & Guidotti, 1996). The assay mixture was incubated at 30°C, and aliquots (200 μl) were taken at the time intervals and filtrated through MF-MilliporeTM 0.45 μm MCE Membrane Filters. Then, the filters were washed with ice-cold 13 ml of 20 mM MOPS-tris pH 7.0, 0.3 M sucrose, 5 mM KCl, 5 mM Mg acetate, and solved in Clear-sol II (Nakalai Tesque). Then the radioactivity remaining on the filters was counted on a liquid scintillation counter. ATP-dependent uptake of L-glutamate was also assayed as described above, except that radio-labeled L-glutamate (0.1 mM, 8 KBq/one assay) was used, and both creatine phosphate and creatine kinase were omitted (Moriyama and Yamamoto, 1995). ATP-dependent dopamine uptake was also assayed as described above, except that the buffer consisting of 20 mM MOPS-tris pH 7.0, 0.1 M KCl, 0.1 M sucrose, 5 mM Mg-acetate, dopamine (10 μM, 15 KBq/one assay) and ∼20 μg membrane vesicles used.
Other procedures
ATPase activity was measured colorimetrically using 10 mM KH2PO4 solution as standard inorganic phosphate as described (Moriyama et al., 1991). One unit was defined as 1 μmol of Pi released/min/mg protein at 30°C. Polyacrylamide gel electrophoresis in the presence of SDS was performed as described (Moriyama et al., 1991). Protein concentrations were determined by the method by Bradford using bovine serum albumin as a standard according to the manufacturer’s protocol (BIORAD).
Data analysis
If otherwise specified, all numerical values are shown as means ± standard errors of the means (SEMs; n = 3–5). Statistical significance was determined by Student’s t-test.
RESULTS
Effect of eicosapentaenoic acid on V-ATPase activities from chromaffin granules
As the first step of the study, we investigated the effect of EPA on the ATP-dependent proton transport of chromaffin granule membrane vesicles, which has been used as a model system for vesicular accumulation of neurotransmitters (Njus et al., 1986; Johnson, 1988; Nelson et al., 1988). Then, EPA in ethanol solution was included in the assay mixture to give the final concentrations according to the published procedure (Kato et al., 2022).
The addition of ATP to the buffer containing chromaffin granule membrane vesicles caused quenchings of the fluorescence of acridine orange, which restored upon the addition of CCCP, a proton conductor, or concanamycin B (con B), a V-ATPase inhibitor, indicating ATP-dependent formation of ΔpH (acidic inside) across the membranes (Figure 2A). EPA at 5 μM inhibited the ATP-dependent formation of ΔpH. Parallelly, we detected the ATP-dependent formation of Δψ (positive inside) across the chromaffin granule membrane vesicles by monitoring fluorescence quenching of oxonol-V (Figure 2B). EPA at 10 μM inhibited the ATP-dependent formation of Δψ. EPA-evoked inhibition on the ATP-dependent formation of ΔpH and Δψ exhibited in a dose-dependent fashion. The concentrations of EPA required 50% inhibition for ΔpH and Δψ were around 1 μM each (Figure 2C). Under the assay conditions, around 65% Mg2+-ATPase activity was sensitive to con B at 1 μM. CCCP at 1 μM stimulated the con B-sensitive ATPase activity by ∼ 140% (Figure 2D). EPA at 5 μM slightly stimulated the con B-sensitive ATPase activity (Figure 2D).
[image: Figure 2]FIGURE 2 | EPA uncouples ATP-dependent proton transport and ATPase activity in the chromaffin granule membrane vesicles and reconstituted proteoliposomes. Typical examples of the ATP-dependent formation of ΔpH (acridine orange fluorescence quenching) (A) and Δψ (oxonol-V fluorescence quenching) (B) in chromaffin granule membrane vesicles (20 μg protein) were shown. Additions, ATP at 2 mM; EPA 5 μM in (A) and 10 μM in (B); CCCP, 1 μM, con B 1 μM. (C). Dose dependence on the effect of EPA. Acridine orange (□), oxonol-V (●). 100% corresponding to the fluorescence intensity before adding ATP. An average of duplicate determinations. (D) The effect of EPA at 5 μM and CCCP at 1 μM on the Mg-ATPase activity. About 60% of the total ATPase activity was sensitive to con B at 1 μM of the chromaffin granule membrane vesicles, corresponding to 0.25 units/mg protein. n = 5; p < 0.005. (E) Purified V-ATPase was dissociated with sample buffer containing 1% SDS, and protein (2 μg) was subjected to 5%—20% gradient polyacrylamide containing SDS (ePAGEL, Atto) and electrophoresed. After electrophoresis, the gel was stained with Coomassie Brilliant Blue. Lane 1, Molecular weight marker (Perfect Protein™ Markers, 15–150 kDa) (Novagen). Lane 2, Purified V-ATPase. The positions of subunits A, B, and c were also indicated. * corresponded to phospholipids. (F) Dose dependence of EPA on the ATP-dependent formation ΔpH (acridine orange fluorescence quenching). ATP-dependent acridine orange fluorescence quenching in the reconstituted proteoliposomes (4 μg protein) was measured as described in the Experimental procedures in the presence or absence of EPA at listed concentrations. Results were average of duplicate determinations and expressed as relative activities taking 100% as the maximum ATP-dependent quenching in the absence of EPA (25% fluorescence intensity). (G) ATP hydrolysis by the reconstituted proteoliposomes was measured in the 20 mM MOPS-tris, pH 7.0, 0.1 M NaCl, 5 mM Mg-acetate and the reconstituted proteoliposomes (4 μg protein) in the presence or absence of CCCP (1 μM) or EPA 5 μM. More than 95% of the ATPase activity was sensitive to con B at 1 μM. 100% corresponds to 4.0 units/mg protein. n = 5; p < 0.01.
Essentially similar effects were obtained with the proteoliposomes containing purified V-ATPase. We purified chromaffin granule V-ATPase according to the established procedure (Moriyama & Nelson, 1987; Nelson et al., 1988). Figure 2E indicated a Coomassie Brilliant Blue (CBB)-stained image of purified V-ATPase after SDS gel electrophoresis, showing the same subunit structure of chromaffin granule V-ATPase as reported previously (Moriyama & Nelson, 1987). Because purified ATPase fraction also contains endogenous phospholipids, the proteoliposomes containing V-ATPase can form upon dilution of V-ATPase fraction with an appropriate buffer. As shown in Figure 2F, EPA inhibited ATP-dependent quenching of acridine orange with ID50 being 1 μM. Under the conditions, EPA at 5 μM did not inhibit the Mg2+-ATPase activity, and CCCP at 1 μM stimulated it (Figure 2G). Together, these results indicated that EPA does not affect the V-ATPase but increases proton permeability across the membrane in the chromaffin granule membrane and proteoliposomes. Thus, EPA uncouples ATP-dependent proton transport and ATP hydrolysis by V-ATPase.
Effect of eicosapentaenoic acid on ATP-dependent uptakes of ATP and dopamine by chromaffin granule membrane vesicles
Subsequently, we investigated the effects of EPA on ATP-dependent uptakes of ATP and dopamine by chromaffin granule membrane vesicles: Both activities are regarded to reflect the transport activity by VNUT and the combinations of VMAT1 and VMAT2, respectively (Henry et al., 1994; Bankston & Guidotti, 1996; Moriyama et al., 2017). As shown in Figure 3A, ATP-dependent ATP uptake by chromaffin granule membrane vesicles was observed in the presence of 5 mM KCl, which was inhibited by the addition of CCCP or con B. EPA also inhibited the ATP uptake at 60 min with ID50 being around 1.2 μM (Figure 3B). We further measured ATP-dependent dopamine uptake by chromaffin granule membrane vesicles. The dopamine uptake was driven by the addition of ATP (Figure 3C). The ATP-dependent dopamine uptake was inhibited by the addition of either CCCP or con B (Figure 3C). EPA also inhibited ATP-dependent dopamine uptake with the ID50 values being 1 μM (Figures 3C,D).
[image: Figure 3]FIGURE 3 | EPA inhibits uptakes of ATP and dopamine in chromaffin granule membrane vesicles. (A,B) Effect of EPA on the ATP-dependent ATP uptake by chromaffin granule membrane vesicles. (A) indicates the time course of ATP uptake. Assays were performed in the absence ([image: FX 1]) or presence of EPA, 1 μM ([image: FX 2]), con B, 1 μM ([image: FX 4]), or CCCP 1 μM ([image: FX 3]). (B) indicates the EPA dose dependence. ATP uptake was assayed as in Figure 3 in the presence or absence of the listed concentration of EPA. The amount of ATP uptake in the presence of con B at 1 μM at either 40 min or 60 min was subtracted from the total amount of ATP uptake to obtain V-ATPase coupled ATP uptake. Note that con B-resistant ATP uptake was insensitive to EPA. (C,D) Effect of EPA on the ATP-dependent dopamine uptake by chromaffin granule membrane vesicles. (C) indicates the time course of dopamine uptake. Assays were performed in the absence ([image: FX 1]) or presence ([image: FX 2], [image: FX 6], [image: FX 4], [image: FX 5]). Additions; EPA at 1 μM ([image: FX 6]); CCCP at 1 μM ([image: FX 4]); con B at 1 μM ([image: FX 5]). (D) indicates the dose dependence on the effect of EPA. The ATP-dependent dopamine uptake at the listed EPA concentrations at 15 min ([image: FX 1]) or 30 min ([image: FX 7]) was shown.
Effect of eicosapentaenoic acid on ATP-dependent uptake of L-glutamate by synaptic vesicles
Finally, we measured ATP-dependent glutamate uptake by synaptic vesicles as an index of transport activities by VGLUT1 and VGLUT2 (Pietrancosta et al., 2020). As shown in Figure 4A, synaptic vesicles took up L-glutamate upon adding ATP. Conversely, either CCCP or con B inhibited the ATP-dependent L-glutamate uptake. EPA strongly inhibited the ATP-dependent L-glutamate uptake, with ID50 values being 0.35 μM (Figures 4A,B).
[image: Figure 4]FIGURE 4 | EPA inhibits ATP-dependent L-glutamate uptake by synaptic vesicles. (A) Time course. Additions, no additions ([image: FX 1]); ATP ([image: FX 2]); ATP + EPA at 0.4 μM ([image: FX 6]); ATP + con B at 1 μM ([image: FX 8]); ATP + CCCP at 1 μM ([image: FX 9]). (B) EPA Dose dependence. ATP-dependent L-glutamate uptake at the listed EPA concentrations at 15 min ([image: FX 1]) or 30 min ([image: FX 7]) were measured.
DISCUSSION
In the present study, we investigated the validity of EPA as a VNUT inhibitor. Miyaji and colleagues have evaluated the action of EPA using soybean phospholipid liposomes in which purified VNUT was incorporated (Kato et al., 2022). Because the transporter function, and the action of hydrophobic compounds, are occasionally affected by the phospholipid composition, we investigated the effect of EPA on the functions of V-ATPase and vesicular transporters in the chromaffin granule membrane vesicles and synaptic vesicles as examples of native secretory vesicles.
We found that EPA increased the proton permeability of chromaffin granule membranes. The ID50 values on the effects on ΔpH (acridine orange fluorescence quenching) and Δψ (oxonol-V fluorescence quenching) were almost equal, around 1 μM. Under these conditions, EPA did not inhibit the con B-sensitive ATPase activity, which corresponded to V-ATPase activity in the chromaffin granule membrane and proteoliposomes. Furthermore, a proton conductor, CCCP, exhibited a similar but more pronounced effect to that of EPA, a well-known phenomenon observed when a proton conductor is applied to vesicles containing electrogenic proton ATPase. Thus, it is evident that EPA increases proton permeability across the membranes and acts as an uncoupler in chromaffin granule membranes.
The property of EPA as an uncoupler in secretory vesicles raised the possibility that EPA inhibits the uptake of neurotransmitters by secretory vesicles because vesicular neurotransmitter transporters are energetically coupled with V-ATPase. Indeed, EPA inhibited ATP-dependent ATP and dopamine uptake in chromaffin granule membrane vesicles, with ID50 values being 1.2 and 1.0 μM, respectively. ATP-dependent ATP uptake means ATP uptake driven by V-ATPase, defined as the difference in ATP uptake when V-ATPase is inhibited by con B (con B-sensitive ATP uptake). Notably, the inhibitory effect of EPA on ATP uptake is approximately equal to that of dopamine uptake, not more potent than dopamine uptake. Moreover, according to Miyaji and colleagues, the ID50 of EPA on the ATP uptake in the reconstituted proteoliposomes is 67 nM, and about 20% ATP uptake activity remains even at 1 μM (Kato et al., 2022). However, this degree of inhibition is not particularly strong compared to the effect of EPA on the ATP uptake by the chromaffin granule membrane vesicles shown in this paper. Moreover, we found that EPA inhibited ATP-dependent L-glutamate uptake in synaptic vesicles with ID50 values of 0.35 μM, whose inhibitory potency is comparable to that of VNUT reported by Miyaji and colleagues (Kato et al., 2022). Therefore, we concluded that, in chromaffin granules and synaptic vesicles, EPA acts as a proton conductor rather than a specific inhibitor of VNUT and non-specifically inhibits the vesicular storage of neurotransmitters. It should be stressed that the present results do not deny the existence of any direct interaction between VNUT and EPA. However, such hypothetical interactions, if any, may not be VNUT-specific, but may have broader coverage.
The proposal by Miyaji and colleagues that EPA, as a VNUT inhibitor, can block purinergic chemical transmission might lose the point. However, it could be significant because it focuses on vesicular neurotransmitter storage. The present results expanded their idea and suggested that EPA may act non-specifically on the vesicular storage of neurotransmitters and inhibit a broader range of chemical transmission, including purinergic chemical transmission. Furthermore, since the primary reaction site for uncouplers is mitochondria, the results presented in this study speculate that EPA also likely influences mitochondrial bioenergetics, including oxidative phosphorylation. Overall, these actions may explain, at least in part, EPA-evoked beneficial therapeutic effects.
Currently, the mechanism by which EPA increases H+ permeability across secretory vesicle membranes is unknown. However, hydrophobic acids, such as various fatty acids, generally have an uncoupling action (Paola & Lorusso, 2006). Furthermore, a certain level Δψ remains even with adding 2—5 μM EPA. At the same time, the uptake of neurotransmitters by secretory vesicles is inhibited (Figures 3B,D), suggesting that EPA may possess the ability as a decoupler that inhibits oxidative phosphorylation without increasing proton permeability (Shinohara & Terada, 2000).
In conclusion, given the current results, it is difficult to conclude that EPA is a VNUT-specific inhibitor because of its nonspecific effectiveness in the vesicular uptake of neurotransmitters.
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The adenosine A2A receptor antagonist KW6002 distinctly regulates retinal ganglion cell morphology during postnatal development and neonatal inflammation
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Adenosine A2A receptors (A2ARs) appear early in the retina during postnatal development, but the roles of the A2ARs in the morphogenesis of distinct types of retinal ganglion cells (RGCs) during postnatal development and neonatal inflammatory response remain undetermined. As the RGCs are rather heterogeneous in morphology and functions in the retina, here we resorted to the Thy1-YFPH transgenic mice and three-dimensional (3D) neuron reconstruction to investigate how A2ARs regulate the morphogenesis of three morphologically distinct types of RGCs (namely Type I, II, III) during postnatal development and neonatal inflammation. We found that the A2AR antagonist KW6002 did not change the proportion of the three RGC types during retinal development, but exerted a bidirectional effect on dendritic complexity of Type I and III RGCs and cell type-specifically altered their morphologies with decreased dendrite density of Type I, decreased the dendritic field area of Type II and III, increased dendrite density of Type III RGCs. Moreover, under neonatal inflammation condition, KW6002 specifically increased the proportion of Type I RGCs with enhanced the dendrite surface area and volume and the proportion of Type II RGCs with enlarged the soma area and perimeter. Thus, A2ARs exert distinct control of RGC morphologies to cell type-specifically fine-tune the RGC dendrites during normal development but to mainly suppress RGC soma and dendrite volume under neonatal inflammation.
Keywords: adenosine A2A receptor, retinal ganglion cell, morphology, 3D reconstruction, development, neonatal inflammation
1 INTRODUCTION
Adenosine, an endogenous nucleoside, is a neuromodulator and intracellular messenger, which is widely present in the central nervous system, including the retina. Adenosine can modulate neuronal excitability, neurotransmitter release and synaptic activity by acting at four subtypes of adenosine receptors, namely A1, A2A, A2B, and A3 receptors (Chen et al., 2013). Among them, adenosine A2A receptor (A2AR) appears early in the retina during development, which is detected at embryonic day 6 in chick embryo retina (Brito et al., 2012) and is also expressed widely in the retina, such as photoreceptors, inner nuclear layer neurons, starburst amacrine cells and retinal ganglion cells (RGCs). Previous studies have shown that the retinal A2ARs exert control of dark-adaption in regulating photoreceptor coupling (Li et al., 2013), expression of rod opsin mRNA in tiger salamander (Alfinito et al., 2002), the release of glutamate from rod photoreceptors (Stella et al., 2003), the generation of the electroretinogram a- and b-waves and oscillatory potentials (OPs) (Jonsson and Eysteinsson, 2017) and the generation and modulation of retinal waves (Huang et al., 2014).
Both in vitro and in vivo studies have revealed that A2ARs play important roles in brain development (Silva et al., 2013; Ribeiro et al., 2016; Alcada-Morais et al., 2021). Our previous study has found that A2ARs modulate microglia-mediated synaptic pruning of the retinogeniculate pathway in the dorsal lateral geniculate during postnatal development (Miao et al., 2021). However, the exact role of the A2ARs on the development of retinal neurons including different RGC types is still not known. The RGCs are rather heterogeneous and have been classified into over 30 different types, based on their dendritic anatomies, functional characteristics or transcriptomic features (Baden et al., 2016; Bae et al., 2018; Goetz et al., 2022; Huang et al., 2022). Furthermore, retinal A2ARs also participate in not only the normal retinal development but also the development under pathological processes in the retina, such as neuroinflammation and inflammation-associated retinal degeneration. While the involvement of adenosine and A2AR in the regulation of brain microglia in two neonatal rat models of neuroinflammation (Colella et al., 2018) has been studied, much less attention has been paid to the effects of A2ARs on the development of RGCs after neonatal inflammation.
In the present study, we investigated how A2ARs regulate the morphology of RGCs during retinal development and neonatal inflammation, using the Thy1-YFPH transgenic mice coupled with three-dimensional (3D) neuron reconstruction method. We demonstrated that during normal development, the A2AR antagonist KW6002 mainly decreased RGC morphogenesis as evident by the reduced dendritic field area of Type II and III RGCs, and the reduced dendrite density of Type I but with the increased the dendrite density of Type III RGCs. Moreover, under neonatal inflammation, KW6002 specifically increased the proportion of Type I RGCs with enhanced the dendrite surface area and volume and the proportion of Type II RGCs with enlarged the soma area and perimeter. Thus, A2ARs distinctly regulate RGC morphologies by fine-tuning the RGC dendrites in a cell type-specific manner during normal development, but mainly suppressing RGC soma and dendrite volume under neonatal inflammation.
2 MATERIALS AND METHODS
2.1 Animals
All animal protocols were approved by the Animal Care Committee of Wenzhou Medical University. The YFPH line of transgenic mice was obtained from the Jackson Laboratory (strain: B6. Cg-Tg (Thy1-YFPH) 2Jrs/J; Bar Harbor, Maine). All mice were given ad libitum access to food and water under a 12 h light/dark cycle with 50–60% humidity. The day of birth was counted as postnatal day 0 (P0).
The littermates of the Thy1-YFPH mice were randomly divided into two groups. Pups received intraperitoneal (IP) injections of the A2AR antagonist KW6002 (10 mg/kg body weight, freshly prepared in dimethyl sulfoxide (DMSO, Sigma), ethoxylated castor oil (Sigma), and phosphate-buffered saline (PBS) with a proportion of 15%:15%:70% (Miao et al., 2021)) every day from P4 to P6. The control group was administered the corresponding vehicle in the same volume. The neonatal inflammation was induced in Thy1-YFPH mice by an intraperitoneal injection of lipopolysaccharide (LPS, 1 mg/kg, E. coli 055: B5; Sigma) 4 min after KW6002 treatment at P4.
2.2 Immunohistochemistry of retinal whole-mounts
Immunohistochemistry experiments were carried out as previously described (Gao et al., 2018). Briefly, after the Thy1-YFPH mice were anesthetized, the eyes were enucleated on P21 and fixed in 4% paraformaldehyde (PFA) for 30 min. The retinas were isolated from eyeballs, fixed in 4% PFA for additional 10 min, and incubated with 3% H2O2 for 20 min. After being blocked in a blocking solution (5% normal donkey serum plus 1% BSA, 0.2% glycine, 0.2% lysine, and 0.3% Triton X-100) for 2 h at room temperature, retinas were incubated with goat polyclonal antibodies against GFP (1:500, NB100-1770, Novus Biologicals) for 2 days at 4°C. Then the retinas were sequentially incubated with the biotinylated donkey anti-goat antibodies, the avidin-biotin complex (Vectastain ABC Elite Kit; Vector Laboratories, USA), the 3,3′-diaminobenzidine (DAB tablets, Sigma), and finally flat-mounted on glass slides with aqueous mounting medium (IMMCO Diagnostics, Inc).
2.3 3D reconstruction and quantitative morphometry
The fully and strongly stained YFP-positive RGCs (that achieve the standard for the detailed morphological analyses) were randomly selected and reconstructed, while those with faint staining and uncompleted structure were discarded. The morphology of RGCs was reconstructed by using Neurolucida system (MicroBrightField Inc., USA) and a bright-field light microscope (Zeiss, Germany) at a magnification of ×63, as previously described (Gao et al., 2018). A battery of morphological parameters were extracted from 251 fully reconstructed RGCs by the NeuroExplorer (MicroBrightField Inc., USA). Sholl analysis on dendrites of RGCs was also performed using “Sholl Analysis” in Neuroexplorer (Sholl, 1953). The spatial distributions of dendritic intersection with the concentric circles were quantified in terms of stepped distance circle regions (10 μm) from the soma.
2.4 Statistical analysis
Results were expressed as mean ± standard error of mean (SEM). Kruskal-Wallis one-way ANOVA (k samples), independent Student’s t-test and chi-square test were performed by SPSS 26. The significant level was set at p < 0.05 for all comparisons.
3 RESULTS
3.1 The A2AR antagonist KW6002 did not alter the proportion of RGC morphological types during the development
Since the RGCs are rather heterogeneous in the retina, we take advantage of the Thy-1 YFPH transgenic line, which expresses the yellow fluorescent protein (YFP) only in a fraction of RGCs (Barnstable and Dräger, 1984; Feng et al., 2000), to study the effect of A2AR on the development of RGCs. During retinal development, Thy-1 YFPH neonates received intraperitoneal injections of the A2AR antagonist KW6002 from P4 to P6 and were sacrificed at P21 (Figure 1A). 3D reconstruction of well-stained YFP+ cells (n = 120 cells) for detailed morphometric analyses was performed in the retina at P21 (Figure 1B). As described previously, we classified these Thy1-positive RGCs labeled with YFP into three major morphological classes (Type I, II and III), based on the morphological features of the dendritic field and dendrite density (Gao et al., 2018). Type I had a small dendritic field area and high dendrite density, whereas Type III had a large dendritic field area but low dendrite density. Type II was just between Type I and III (Figure 1C). The quantitative analysis further confirmed the significant differences among the three RGC types (**p < 0.01, ***p < 0.001, Figures 1D,E). Compositions of the three RGC types were similar between the KW6002-treated and control groups (Type I: control, n = 12, 22.22% vs. KW6002, n = 22, 33.33%; Type II: control, n = 26, 48.15% vs. KW6002, n = 30, 45.45%; Type III: control, n = 16, 29.63% vs. KW6002, n = 14, 21.21%; p > 0.05; Figure 1F). Therefore, KW6002 had no effect on the proportion of these RGC morphological types during retinal development.
[image: Figure 1]FIGURE 1 | The effect of A2AR antagonist KW6002 on the proportion of different morphological types of RGCs during the development. (A) Timeline of KW6002 (or vehicle) administration in transgenic Thy-1 YFPH mice. (B) Representative flat-mounted whole retina showing three different morphological types of RGCs in different colors from transgenic Thy-1 YFPH mice (red, Type I; blue, Type II; green, Type III). The morphology of an individual RGC was revealed by immunohistochemistry and reconstructed by the Neurolucida system. Scale bar, 500 μm. (C) Representative 3D reconstructions of the three morphological types of RGCs as shown in B. Scale bar, 100 μm.(D,E) Quantitative evaluation of dendritic field area (D) and dendrite density (E) among different morphological types of RGCs. (F) The proportion of different morphological types of RGCs from the control and KW6002-treated mice during the development. Values are mean ± SEM; **p < 0.01, ***p < 0.001. 54 RGCs from six retinas (3 vehicle-treated mice) and 66 RGCs from eight retinas (4 KW6002-treated mice) were analyzed in the control and KW6002-treated group, respectively. On average, nine RGCs were analyzed in each eye in the control group, while 8.25 RGCs per eye were analyzed in KW6002-treated group.
3.2 KW6002 mainly decreased RGC morphogenesis by the reduced dendritic field area of Type II and III RGCs, and the reduced dendrite density of Type I but with the increased dendrite density of Type III RGCs
The RGC somata have different shapes, such as triangular, round, and oval. RGCs with different morphological shapes are used to the different parameters. We firstly studied the somatic development of RGCs and found that KW6002 significantly increased the soma area by 18.69% in Type I (control, 244.04 ± 15.10 μm2 vs. KW6002, 289.66 ± 13.04 μm2; *p < 0.05; Figures 2A,B and Supplementary Table S1), while no significant effect was found on Type II and III (p > 0.05; Figures 2A,B). Meanwhile, no significant difference was found in the soma perimeter of the three morphological types of RGCs by KW6002 (p > 0.05; Figures 2A,C). These results indicate that A2ARs can differentially modulate the somatic development of RGCs during retinal development.
[image: Figure 2]FIGURE 2 | The effect of KW6002 on the somatic morphology of the three RGC types during the development. (A) Representative pictures of somata in each RGC type examined from vehicle -treated and KW6002-treated group. Scale bar, 20 μm. (B,C) Comparative analysis of soma area (B) and perimeter (C) of different RGC types between vehicle-treated and KW6002-treated mice. Data represent mean ± SEM. *p < 0.05.
We further compared the morphological features of dendrites, such as dendritic field area, dendrite density, segment number, length, surface area and volume etc, between the two groups (Figure 3). The dendritic field area was diminished by 10.13% and 10.99%, respectively, in Type II (control, 78,610.04 ± 2295.94 μm2 vs. KW6002, 70,646.83 ± 2472.02 μm2; *p < 0.05; Figures 3A,B) and Type III RGCs (control, 123,035.42 ± 4269.09 μm2 vs. KW6002, 109,513.94 ± 2438.7 μm2; **p < 0.01; Figures 3A,B) after KW6002 treatment, whereas no significant effect was found in Type I (p > 0.05; Figure 3B). Compared to the control group, KW6002 attenuated the dendrite density by 12.00% (control, 9.50 ± 0.48 (×10–2, 1/µm) vs. KW6002, 8.36 ± 0.28 (×10–2, 1/µm); *p < 0.05; Figure 3C) in Type I RGCs, but induced 19.62% enhancement of the dendrite density (control, 3.72 ± 0.14 (×10–2, 1/µm) vs. KW6002, 4.45 ± 0.24 (×10–2, 1/µm); *p < 0.05; Figure 3C) in Type III RGCs. KW6002 didn’t change the dendrite segment number and total dendrite length of all three RGC types during normal development (p > 0.05; Figures 3D,E). As to the dendrite surface area and volume, no significant effect was found in each RGC type after KW6002 treatment during normal development (p > 0.05; Figures 3F,G). These results implied that A2ARs can reorganize the dendritic architecture of RGCs in the retina, which is dependent on the RGC types.
[image: Figure 3]FIGURE 3 | KW6002 differentially affected the dendritic morphology of RGCs during the development. (A) Representative 3D reconstructions of the three RGC types from the vehicle-treated and KW6002-treated mice. (B–G) Comparative analysis of dendritic field area (B), dendrite density (C), dendrite segment number (D), dendrite length (E), dendrite surface area (F) and dendrite volume (G) in each RGC type between the vehicle-treated and KW6002-treated group. Data represent mean ± SEM. *p < 0.05; **p < 0.01. Scale bar, 100 μm.
To further investigate the effect of KW6002 on the spatial distribution of dendritic morphology, Sholl analyses were performed on quantifications of the distribution of dendritic intersections and revealed that KW6002 had a dual effect on Type I and III RGCs. KW6002 significantly decreased the dendritic intersection of Type I RGCs at 30–50 μm, but increased them at 110–160 μm from the soma (*p < 0.05 or **p < 0.01; Figure 4A) On the contrary, as to the Type III RGCs, the dendritic intersections were significantly increased at 50–70 μm and 100 μm but decreased at 180–200 μm from the soma (*p < 0.05 or **p < 0.01; Figure 4C) after KW6002 treatment. Meanwhile, KW6002 significantly decreased the dendritic intersection of Type II RGCs mainly at 120–170 μm, which is far from the soma (*p < 0.05 or **p < 0.01; Figure 4B). These results indicate the fine-tune effect of A2ARs on the dendritic development of RGCs during the retinal development.
[image: Figure 4]FIGURE 4 | The dendritic complexity of RGCs was differentially altered by KW6002 during the development.(A–C) Quantitative Sholl analysis of dendrite intersection numbers in each RGC type from the vehicle-treated and KW6002-treated group during the development. Inset, a series of concentric circles with increasing radius at a 10 μm step were superimposed on the RGC. Data represent mean ± SEM. *p < 0.05; **p < 0.01.
3.3 KW6002 changed the proportion of RGC morphological types after neonatal inflammation
Apart from its physiological role, we further studied the effects of A2AR on the development of RGCs after the neonatal inflammation. To induce the neonatal inflammation, neonates received a single intraperitoneal injection of LPS immediately after KW6002 treatment at P4. Then they were administrated with KW6002 in the same manner as that in the normal condition and were sacrificed at P21 (Figure 5A). The well-stained YFP+ cells (n = 131 cells) in the retina were 3D reconstructed for detailed morphometric analyses at P21. We found that after neonatal LPS exposure, the compositions of Type I and Type II RGCs significantly increased, but Type III decreased in the KW6002-treated groups, compared to the control groups (Type I: control, n = 9, 14.29% vs. KW6002, n = 16, 23.53%; Type II: control, n = 37, 58.73% vs. KW6002, n = 45, 66.18%; Type III: control, n = 17, 26.98% vs. KW6002, n = 7, 10.29%; *p < 0.05; Figure 5B). These results indicate that A2ARs altered the compositions of the three RGC types after neonatal inflammation.
[image: Figure 5]FIGURE 5 | KW6002 changed the proportion of RGC morphological types after neonatal inflammation. (A) Timeline of KW6002 (or vehicle) administration with an intraperitoneal injection of LPS in transgenic Thy-1 YFPH mice. (B) The proportion of different morphological types of RGCs from the control and KW6002-treated mice after neonatal LPS exposure. *p < 0.05. 63 RGCs from 14 retinas (7 vehicle-treated mice) and 68 RGCs from 12 retinas (6 KW6002-treated mice) in the control and KW6002-treated group after neonatal LPS exposure, respectively. On average, 4.5 and 5.67 RGCs per eye were analyzed in each group.
3.4 KW6002 increased the proportion of Type I RGCs with enhanced the dendrite surface area and volume and Type II RGCs with enlarged soma after neonatal inflammation
After LPS treatment, KW6002 significantly enlarged the soma area by 19.10% (control, 303.54 ± 16.96 μm2 vs. KW6002, 361.51 ± 18.69 μm2; *p < 0.05; Figures 6A,B and Supplementary Table S2) and the soma perimeter by 10.73% (control, 69.64 ± 1.79 μm vs. KW6002, 77.11 ± 2.01 μm; **p < 0.01; Figure 6C) in Type II. However, KW6002 had no significant effect on the soma area and perimeter of Type I and III after neonatal LPS exposure(p > 0.05; Figures 6B,C). Beside the soma, we also examined the dendritic morphology and found that the dendritic field area and total dendrite length of the three morphological types of RGCs were not affected by KW6002 after neonatal LPS exposure (p > 0.05; Figures 7A, B,E). Interestingly, KW6002 significantly augmented the dendrite density (control, 5.73 ± 0.17 (×10–2, 1/µm) vs. KW6002, 6.32 ± 0.19 (×10–2, 1/µm); *p < 0.05; Figure 7C) and segment number (control, 79.16 ± 3.50 vs. KW6002, 92.29 ± 4.03; *p < 0.05; Figure 7D) of Type II RGCs, but didn’t affect those of Type I and Type III RGCs after neonatal LPS exposure. Moreover, KW6002 significantly enhanced the dendrite surface area and volume of Type I RGCs (control, 3861.30 ± 227.05 μm2 vs. KW6002, 4700.80 ± 283.86 μm2; *p < 0.05; Figure 7F; control, 474.82 ± 31.88 μm3 vs. KW6002, 629.75 ± 40.26 μm3; **p < 0.01; Figure 7G) after neonatal exposure to LPS, while no significant change was found in the other two RGC types. These results suggest that A2ARs induced differential alterations in the soma and dendritic architecture of RGCs after neonatal inflammation.
[image: Figure 6]FIGURE 6 | KW6002 enlarged the soma of Type II RGCs after neonatal LPS exposure. (A) Representative pictures of somata in each RGC type examined from vehicle -treated and KW6002-treated group after neonatal LPS exposure. Scale bar, 20 μm. (B,C) Comparative analysis of soma area (B) and perimeter (C) of different RGC types between vehicle-treated and KW6002-treated mice after neonatal LPS exposure. Data represent mean ± SEM. *p < 0.05; **p < 0.01.
[image: Figure 7]FIGURE 7 | The effect of KW6002 on the dendritic morphology of RGCs after neonatal LPS exposure. (A) Representative 3D reconstructions of the three RGC types from the vehicle-treated and KW6002-treated mice after neonatal LPS exposure. (B–G) Comparative analysis of dendritic field area (B), dendrite density (C), dendrite segment number (D), dendrite length (E), dendrite surface area (F) and dendrite volume (G) in each RGC type between the vehicle-treated and KW6002-treated group after neonatal LPS exposure. Data represent mean ± SEM. *p < 0.05; **p < 0.01. Scale bar, 100 μm.
We further performed Sholl analyses to study the effect of KW6002 on the spatial distribution of dendritic morphology after neonatal LPS exposure. We found that KW6002 only significantly decline dendritic intersections at 110 and 130 μm from the soma in Type III RGCs (*p < 0.05 or **p < 0.01; Figure 8C), while no significant difference was found either in Type I or Type II RGCs (p > 0.05; Figures 8A,B). These results suggest that A2ARs only had slight effect on dendritic complexity after neonatal LPS exposure.
[image: Figure 8]FIGURE 8 | KW6002 decreased the dendritic complexity of Type III RGCs after neonatal LPS exposure. (A–C) Quantitative Sholl analysis of dendrite intersection numbers in each RGC type from the vehicle-treated and KW6002-treated group after neonatal LPS exposure. Data represent mean ± SEM. *p < 0.05; **p < 0.01.
4 DISCUSSION
The A2AR is recently proposed as a potential therapeutic target for retinal diseases (Santiago et al., 2020). However, what exact role of A2AR plays in retinal development, especially RGC morphogenesis, is still not be fully elucidated. To simplify the framework for analysis of rather heterogenous RGC types in the retina, here we classified the Thy1-positive RGCs from Thy-1 YFPH transgenic mouse strain into three major morphological types (Type I, II and III) as our previous study (Gao et al., 2018). We found that A2AR antagonist KW6002 produced mainly decreased RGC morphogenesis as evident by the reduced dendritic field area of Type II and III, and the reduced dendrite density of Type I but with the increased dendrite density of Type III (Figure 9). The dendritic field represents the input receptive area, while dendrite density represents the intensity of bipolar and amacrine axonal input that RGCs receive within their covered region. Thus A2ARs may modulate the RGC input receptive area and input from bipolar and amacrine in a cell-type specific manner during development. Furthermore, KW6002 had a bidirectional effect on dendritic complexity of Type I and Type III RGCs, suggesting that the fine-tune ability of the A2ARs on the dendritic development of RGCs. Due to lack of an appropriate A2AR antibody that reliably and specifically detects A2AR in RGCs, whether the different density of A2ARs in the three types of RGCs leads to the distinct effects of KW6002 on the morphology of RGCs remains to be studied in the future. Given the morphology similarity of Type I cells with W3B-RGC (Kim et al., 2010), which is postulated as a selective feature detector (Zhang et al., 2012), Type II cells with ON-sustained alpha RGCs (Bleckert et al., 2014; Krieger et al., 2017; Smeds et al., 2019), and Type III cells with melanopsin M2 cell (Sanes and Masland, 2015), we speculate that A2AR activity may potentially modulate local edge detecting (Type I RGC), single-photon visual signal transmission to the brain (Type II RGC) and the function of intrinsically photosensitive melanopsin-containing RGC (Type III RGC). The exact function of three RGCs affected by A2AR needs to be characterized by further functional studies.
[image: Figure 9]FIGURE 9 | Summary of RGC morphological changes by KW6002 under physiological and pathological conditions The A2AR antagonist KW6002 differentially altered these morphological parameters of different RGC types during normal and neonatal inflammation. The arrow means significant up or down-regulation by KW6002, while horizontal line means no significant difference.
We further studied the effect of A2AR on RGC morphology after neonatal LPS exposure and found that antagonism of A2AR changed the compositions of the three RGC types, while no composition change was found in normal development or after neonatal inflammation (Supplementary Figure S1) (Gao et al., 2018). Previous studies have reported that the A2AR antagonist prevents RGC loss in retinal organotypic cultures upon exposure to LPS (Madeira et al., 2015) and in several models of retinal neurodegeneration (Madeira et al., 2016; Boia et al., 2017; Aires et al., 2019a; Aires et al., 2019b). It may be possible that A2AR antagonists preferrentially protect Type I and II RGCs from death after neonatal inflammation, thus upregulating the proportion of the two types. Notably, after neonatal inflammation, A2AR antagonist KW6002 specifically increased the proportion of Type I RGCs with enhanced the dendrite surface area and volume and the proportion of Type II RGCs with enlarged the soma area and perimeter, indicating that the A2AR activation exerts mainly suppression on RGC soma and dendrite volume under neonatal inflammation. The increased RGC size of Type I and II by KW6002 may be associated with the upregulation of cell processes such as mitochondrial dynamics to resist cell loss (Miettinen and Bjorklund, 2016). Furthermore, the modulation pattern of A2AR antagonist on RGC morphology is quite different from that during normal development (Figure 9), which indicating that A2ARs have distinct effects on RGC morphological development under physiological and pathological conditions. These distinct effects on RGC morphology by KW6002 treatment may attribute to the different local environmental changes. Indeed, different glutamate concentration has been shown to switch the effect of A2AR from anti-inflammatory to proinflammatory (Dai et al., 2010). In addition, these distinct effects of A2ARs on RGC morphology may be attributed to different cell types targeted by KW6002. During the normal retinal development, KW6002 may mainly block the A2AR on the RGCs, thus affecting the morphological development of RGCs. However, after neonatal inflammation KW6002 may act on the A2AR on microglia or both on microglia and RGCs to modulate the morphology of RGCs, since previous studies have found that inflammation can cause a marked increase in microglial A2AR (Canas et al., 2004; Wittendorp et al., 2004). Whether the direct effect of KW6002 on microglia or not remains to be determined by future experiment with genetic deleption of the microglial A2AR. Our results are in notably agreement with previous studies showing that the complex and differential roles of A2AR play under physiological and pathological conditions. For example, we recently found that genetic inactivation of A2AR attenuates pathologic angiogenesis in the development of retinopathy of prematurity, but it does not affect developmental angiogenesis in the mouse retina (Liu et al., 2010; Zhang et al., 2017; Zhang et al., 2022). The effect of A2AR on the control of peripheral inflammation and chronic neuroinflammation is also opposite (Cunha, 2005). Therefore, A2AR signaling may distinctly regulate RGC development under normal and pathological conditions in the retina and the underlying mechanisms need to be further investigated in the future.
Collectively, during development A2AR activation can modulate the RGC morphology in a cell type-specific manner and fine-tune the dendritic development by bidirectionally regulating the dendritic complexity of Type I and III RGCs. After neonatal inflammation, A2AR activation mainly reduces the soma and dendrites of Type I and II RGCs and diminishes their proportions, which is totally different from the roles it plays during the development. These findings may provide an integrated view of the multi-faced effects of A2AR signaling on the morphology of RGCs, which is depending on the cell-types and conditions.
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This review outlined evidence that purinergic signaling is involved in the modulation of blood-brain barrier (BBB) permeability. The functional and structural integrity of the BBB is critical for maintaining the homeostasis of the brain microenvironment. BBB integrity is maintained primarily by endothelial cells and basement membrane but also be regulated by pericytes, neurons, astrocytes, microglia and oligodendrocytes. In this review, we summarized the purinergic receptors and nucleotidases expressed on BBB cells and focused on the regulation of BBB permeability by purinergic signaling. The permeability of BBB is regulated by a series of purinergic receptors classified as P2Y1, P2Y4, P2Y12, P2X4, P2X7, A1, A2A, A2B, and A3, which serve as targets for endogenous ATP, ADP, or adenosine. P2Y1 and P2Y4 antagonists could attenuate BBB damage. In contrast, P2Y12-mediated chemotaxis of microglial cell processes is necessary for rapid closure of the BBB after BBB breakdown. Antagonists of P2X4 and P2X7 inhibit the activation of these receptors, reduce the release of interleukin-1 beta (IL-1β), and promote the function of BBB closure. In addition, the CD39/CD73 nucleotidase axis participates in extracellular adenosine metabolism and promotes BBB permeability through A1 and A2A on BBB cells. Furthermore, A2B and A3 receptor agonists protect BBB integrity. Thus, the regulation of the BBB by purinergic signaling is complex and affects the opening and closing of the BBB through different pathways. Appropriate selective agonists/antagonists of purinergic receptors and corresponding enzyme inhibitors could modulate the permeability of the BBB, effectively delivering therapeutic drugs/cells to the central nervous system (CNS) or limiting the entry of inflammatory immune cells into the brain and re-establishing CNS homeostasis.
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1 INTRODUCTION
A well-developed central nervous system (CNS) barrier is very important for maintaining the homeostasis of the neural microenvironment. The blood-brain barrier (BBB) is a critical component of the CNS barrier and is composed of continuous endothelial cells within brain microvessels, which outline the physical structure of the BBB along with the end-feet of astrocytic glial cells, pericytes, and microglia (Kadry et al., 2020) (Figure 1). The BBB is the major site of blood-CNS exchange, controlling substances that can enter or leave the nervous tissue in a precise and tight manner. It also prevents harmful substances such as pathogens and toxins from entering the brain while allowing circulating nutrient substances from the blood to enter. BBB provides strong support for synaptic function, information processing, and neural communication, which explains why BBB is essential for maintaining the homeostasis of the intracerebral environment and peripheral blood.
[image: Figure 1]FIGURE 1 | Structure of the blood-brain barrier (BBB) depicted graphically. Created with BioRender.com.
BBB is highly selective for substances to cross; these distinct properties tightly control the delivery of ions, molecules, and cells between the blood and the neural microenvironment. BBB endothelial cells are connected by various molecular junctional complexes, including tight junctions and adherens junctions. Tight junctions (TJ) involve occludin and claudin-1, claudin-3, claudin-5, and claudin-12, ZO-1, ZO-2, and ZO-3, and adherens junctions involve cadherins, the platelet endothelial cell adhesion molecule (PECAM-1), and the junctional adhesion molecules (JAMs): JAMA, JAMB, and JAMC (Sweeney et al., 2019) (Figure 1). Oxygen, carbon dioxide, and small lipid-soluble molecules (weight <400 Da) or containing <8 hydrogen bonds (such as ethanol) could cross the BBB in transmembrane diffusion manner (Sweeney et al., 2019). Additionally, the BBB also provides a combination of specific ion channels and transporters on the abluminal membrane of the BBB to regulate the balance of ions in the brain, such as the sodium pump (Na+, K+-ATPase), regulating sodium influx into and exchange for potassium efflux out. In addition, ATP-binding cassette (ABC) transporters are concentrated on the luminal side of the BBB, mediating the movement of molecules such as drugs and xenobiotic agents (Dean et al., 2022). The existence of solute carrier-mediated transport (CMT) and receptor-mediated transcytosis (RMT) ensures the entry of macromolecules into the brain. CMT improves the transport of macromolecules like carbohydrates, amino acids, fatty acids, hormones, vitamins, et al., while RMT ensures the exchange of proteins and peptides between the blood and brain (Zhao et al., 2015; Sweeney et al., 2019).
Although the presence of the BBB protects the CNS from neurotoxic substances circulating in the blood, the BBB also prevents the transfer of most macromolecules (e.g., peptides, proteins, and nucleic acids), severely limiting the treatment of CNS diseases (e.g., neurodegenerative diseases, brain tumors, brain infections, and strokes). BBB breakdown has been identified as a critical component in several neurological conditions. It is reported that in clinical trials and animal experiments, BBB dysfunction promoted the progression of various CNS disorders such as Alzheimer’s disease (AD) (Cai et al., 2018; Zhao et al., 2021), multiple sclerosis (MS) (Niu et al., 2019), hypoxia and ischemia (Yang et al., 2018), and traumatic brain injury (TBI) (Dinet et al., 2019; van Vliet et al., 2020). Therefore, an in-depth dissection of the mechanisms to understand the basic properties of BBB is necessary to elucidate the development of the physiology and pathology of the CNS.
Purinergic signaling is essential in the CNS for maintaining the function of neurons, astrocytes, and microglia and controlling their homeostasis, consequently influencing synaptic transmission and higher cognitive processes (Burnstock, 2017; Burnstock, 2020; Illes et al., 2020). It has been demonstrated that several purinergic receptors are broadly dispersed throughout the CNS, being present in neurons, glial cells, and endothelial cells (Burnstock, 2007; Muhleder et al., 2020). The integrity of the endothelial barrier is affected by the action of extracellular adenosine triphosphate (ATP) and its metabolites adenosine diphosphate (ADP) and adenosine (ADO) on the purinoceptors of endothelial cells (Communi et al., 2000). Endothelial cells are capable of releasing nucleotides in response to a variety of physiological or pathological stimuli. Endothelial cells produce nucleotides in reaction to pathological stimuli including inflammation, hypoxia, blood flow fluctuations, shear stress, and changes in osmotic pressure (Gunduz et al., 2006; Hartel et al., 2007). Meanwhile, a growing number of studies have shown significant modulation of the endothelial barrier by purinergic substances or purinergic receptors, including modulation of BBB permeability (Wang et al., 2015; Chen et al., 2020; Wu et al., 2022). Here, we present current in vivo and in vitro investigations that implicate purinergic receptors and major metabolic enzymes as crucial regulatory routes for BBB permeability. Modulation of purinergic signaling, on the one hand, has effects on promoting its integrity and protecting the CNS from damage by peripheral harmful substances and, on the other hand, is expected to allow therapeutic drugs to cross the BBB effectively to reach the brain parenchyma and optimize the treatment of CNS diseases.
2 PURINERGIC SYSTEM
Purinergic signaling was proposed by Geoffrey Burnstock in 1972, with the theory indicating that virtually all extracellular purines were involved in cell communication in all animals and humans (Burnstock, 1972). The four major purines, as important components of the purine system, are ATP, ADP, adenosine monophosphate (AMP), and adenosine. ATP supports intracellular energy storage and also serves as a neurotransmitter and signaling molecule for intercellular communication (Burnstock, 1972). The purinergic system also includes three key enzymes, named the ectonucleoside triphosphate diphosphohydrolases (E-NTPDases: NTPDase1/CD39), ectonucleotide pyrophosphatase/phosphodiesterases (E-NPP), and ecto-5′-nucleotidase (E-5′-nucleotidase/CD73). Extracellular ATP is broken down by metabolic enzymes to produce ADP, AMP, and adenosine, which may stimulate a series of purinergic receptors expressed on the cell surface (Abbracchio and Burnstock, 1994). Purinergic receptors are divided into two main categories, P1 and P2 receptors. The P1 receptor is composed of four adenosine-selective receptor subtypes: A1, A2A, A2B, and A3 receptors. P2 receptors mainly include P2X receptors and P2Y receptors. In detail, P2X receptors include P2X1-7, seven ligand-gated cation channel subtypes, and P2Y receptors contain P2Y1, 2, 4, 6 and 11–14, eight metabolic G-protein-coupled receptor (GPCR) subtypes. Notably, P2X receptors respond only to ATP, whereas P2Y receptors respond to multiple nucleotides, including ATP/ADP, UTP/UDP, or UDP-glucose. Adenine-based nucleotides such as ATP are actively released by cells in the neurovascular unit, particularly astrocytes, microglia, and endothelial cells, which activate a variety of nearby purinergic receptors and induce changes in BBB barrier function (Burnstock and Knight, 2017; Lee et al., 2021).
The focus of purinergic research has been on adenine-based nucleotides and adenosine, while guanine-based components of this system have received comparatively less attention. Until now, there has been growing evidence of the extracellular effects of guanine-based purines. The nucleotides guanosine 5′-triphosphate (GTP), guanosine 5′-diphosphate (GDP), and guanosine 5′-monophosphate (GMP) constitute the guanine-based purines (GBPs). These purines are metabolized to guanosine by extracellular nucleotidases, and conversely, guanosine is converted to guanine by purine nucleoside phosphorylases (Rathbone et al., 2008).
Guanosine has been demonstrated to be neuroprotective in numerous in vitro and in vivo models of CNS illnesses, such as ischemic stroke, AD, Parkinson’s disease (PD), etc. (Su et al., 2009; Hansel et al., 2015; Lanznaster et al., 2017). The neuroprotective mechanisms of guanosine may involve the decrease of glutamatergic excitotoxicity to influence astrocyte function (Schmidt et al., 2007; Schmidt et al., 2008); modulation of the adenosinergic system (Almeida et al., 2017); as well as impacts on the inflammatory cascade response and oxidative stress (Paniz et al., 2014; Kovacs et al., 2015). However, there are few reports of guanosine-related purines directly regulating the integrity of the blood-brain barrier. In a rat model of cerebral ischemia, intranasal guanosine was delivered 3 h after stroke to prevent ischemia-induced motor impairment, brain cell death, and blood-brain barrier permeability (Muller et al., 2021).
Notably, it has been demonstrated that 3′-5′-cyclic guanosine monophosphate (cGMP), produced by GTP catalyzed by guanylate cyclase, disrupts the integrity of the BBB (Choi et al., 2018; Janigro et al., 1994; Chi et al., 1999). Although guanosine effects could open a new window in therapeutic approaches toward purinergic signaling in the CNS (Massari et al., 2021), due to the limited data on the effects of guanosine on the blood-brain barrier, this review focuses primarily on determining the association between adenine-based nucleotides, their receptors, and BBB permeability.
3 P2X RECEPTORS AND SIGNALING
P2X receptors belong to the family of ligand-gated ion channels, and seven subunits have been identified, namely P2XR (1–7). P2X receptors direct the inward flow of Ca2+, Na+, and K+ cations upon activation by extracellular nucleotides such as ATP (Shieh et al., 2006; Bernier et al., 2018). P2X receptors are widely distributed in tissues. P2X receptors in smooth muscle cells mediate fast excitatory junctional potentials, while in the central nervous system, activation of P2X receptors causes calcium ions to enter neurons and elicit neuromodulatory responses. Although the ATP-binding sites of P2X receptors are highly conserved, there are differences in ATP potency among the different isoforms (Illes et al., 2021). P2XR (1–6) receptors are active at low micromolar to submicromolar concentrations of ATP, whereas P2X7 receptors require hundreds of micromolar concentrations of ATP to activate.
3.1 P2X receptors in neurovascular unit (NVU)
Neuronal and perivascular microglia are in touch with endothelial cells, pericytes, and astrocytes, which form the neurovascular unit. All P2X receptor mRNAs and proteins have been detected in the endothelium of multiple vessels (Loesch and Burnstock, 2000; Glass et al., 2002; Ramirez and Kunze, 2002; Wilson et al., 2007), but the expression of these receptors is not completely uniform in the neurovascular units of the brain. Using immunocytochemistry and transmission electron microscopy, Andrzej Loesch found that P2X1 was predominantly expressed in the astrocyte end-foot of the rat cerebellar vascular neural unit, with no significant expression in cerebellar endothelial cells and pericytes (Loesch, 2021). Similarly, the perivascular component of glial cells in the cerebellum showed P2X4 receptor immunoreactivity, while it was unlabeled in endothelial and pericytes (Loesch, 2021). However, both microvascular endothelial and perivascular astrocytes in the hypothalamus were immunoreactive for P2X4 receptors, but positive expression of P2X4 receptors in pericytes was not observed (Loesch, 2021). In addition, P2X6 receptors were expressed mainly in rat paraventricular nucleus microvascular endothelial cells and perivascular astrocytes end-foot (Loesch, 2021). Human brain microvascular endothelial cells (HBMECs) express P2X7 receptors (Wang et al., 2022). After stimulation by LPS, intracellular mitochondria produced a large amount of ATP and activated P2X7R, which further mediated the activation of the intracellular Omi/HtrA2 apoptosis signaling pathway and promoted cell apoptosis (Wang et al., 2022). Although the expression of these receptors in neurovascular units is partially understood, how P2X receptors regulate BBB permeability is less well studied, and the regulation of BBB by receptors other than P2X4 and P2X7 is unclear. Table 1 shows the effects of P2X receptor agonists and antagonists on the BBB.
TABLE 1 | Effect of P2 receptors agonist/antagonist on blood-brain barrier permeability.
[image: Table 1]3.2 P2X receptors and blood-brain barrier
3.2.1 P2X4
P2X4 is a typical P2X receptor, which can bind to P2X2, P2X5, and/or P2X6 to form heterotrimers (Antonio et al., 2014). It is expressed on the plasma membrane and in intracellular compartments. Meanwhile, P2X4 is a highly sensitive purinergic receptor that recognizes extracellular free ATP produced by dying cells following tissue injury, and is located in central and peripheral neurons, microglia, astrocytes, endothelial cells, and epithelial tissues (Montilla et al., 2020). The function of the P2X4 receptor in microglia has received extensive attention because of the relatively high level of expression of this receptor in these cells (Stokes et al., 2017). Microglia rely on migration and motility for active surveillance of the brain. P2X4 receptor activation drives microglia movement mainly through the phosphatidylinositol 3-kinase (PI3K)/Akt pathway (Ohsawa et al., 2007). Thus, microglia that move to the injured brain area express high levels of the P2X4 receptor (Domercq et al., 2013). P2X4 also contributes to the immune response of microglia, which affects BBB permeability in neuroinflammatory and degenerative diseases (Vazquez-Villoldo et al., 2014). After intracerebral hemorrhage (ICH), microglia activation and immune cell infiltration exacerbate cell death and BBB damage. P2X4R was shown to be overexpressed in the brains of ICH patients as well as in ICH animals. Its activation inhibited the secretion of anti-inflammatory cytokines from microglia after cerebral hemorrhage, which exacerbated inflammatory brain injury. Concomitantly, P2X4R inhibition with the selective inhibitor (5-(3-bromophenyl)-1,3-dihydro-2H-benzofuro[3,2-e]-1,4-diazepin-2-one (5-BDBD)) dramatically reduced cerebral edema, blood-brain barrier leakage in ICH animals by decreasing pro-inflammatory activity of microglia (Wu et al., 2022). In addition, 5-BDBD treatment significantly inhibited P2X4R expression in monocytes and microglia after ischemic stroke, while reducing neurological deficit scores, interleukin-1 beta (IL-1β) levels, and BBB permeability (Srivastava et al., 2020). Furthermore, P2X4R knockout reduced leukocyte infiltration into brain tissue and improved neurological function in an ischemic stroke model (Verma et al., 2017). Thus, P2X4 receptor regulation of microglia activity may be partially involved in the regulation of BBB permeability, but the in-depth mechanisms need further investigation.
3.2.2 P2X7
ATP-induced proinflammatory effects of the P2X7 receptor have been extensively studied. The P2X7 receptor is best known for its effects on proliferation, apoptosis, and inflammation (Gu and Wiley, 2018). In addition, the P2X7 receptor (P2X7R) is of particular interest because of its association with BBB disruption (Andrejew et al., 2019). Recently, P2X7R has been implicated in alcohol and nicotine-induced BBB damage (Le Dare et al., 2019; Le Dare et al., 2021). Electronic-cigarette (E-Cig) vape (0% or 1.8% nicotine) decreased occludin and glucose transporter 1 (Glut1) protein expression in brain tissue and increased BBB permeability in vivo (Heldt et al., 2020). In vitro (Mekala et al., 2022), treatment of brain microvascular endothelial cells with ethanol (ETH), acetaldehyde (ALD), or 1.8% e-Cig elevated P2X7R and TRPV1 channel gene expression. Meanwhile, the P2X7R antagonist A804598 (10 µM) restored mitochondrial oxidative phosphorylation levels and played a protective role in preventing extracellular ATP release. BBB functional assays using trans-endothelial electrical resistance showed that blocking P2X7R channels enhanced barrier function. P2X7R antagonist may prevent alcohol or e-cigarette-induced BBB damage by improving mitochondrial dysfunction in endothelial cells. In addition, P2X7R plays a key role in LPS-induced BBB injury in mice. LPS significantly upregulated hippocampus P2X7R expression, whereas treatment with the P2X7R inhibitor A-438079 prevented the LPS-induced decrease in hippocampal Occludin and ZO-1 expression in mice (Wang et al., 2022).
Microglia also contribute to the structural and functional integrity of the BBB. Although P2X7 receptors are expressed in a variety of cells in the brain, such as oligodendrocytes and astrocytes, their expression is highest in microglia (Illes et al., 2012; Illes, 2020). P2X7 is a receptor involved in microglial activation, which is significantly upregulated in the postmortem brain of Alzheimer’s patients and in animal models of various neurodegenerative diseases, promoting central neuroimmune and inflammatory responses that exacerbate disease progression (Takenouchi et al., 2010). Stimulation of P2X7Rs on the surface of microglia by high concentrations of ATP molecules activates NLRP3, which initiates the cleavage of pro-caspase-1 to caspase-1, followed by caspase-1-induced protein hydrolysis to convert pro-IL-1β to mature IL-1β. Studies have shown that P2X7 receptor activation of microglia leads to the release of the pro-inflammatory cytokine IL-1β (Ferrari et al., 2006; Takenouchi et al., 2009), which promotes the production of matrix metalloproteinase-9 (MMP-9) (Gu and Wiley, 2006) and decreases the expression of the tight junction protein ZO-1, thereby disrupting the blood-brain barrier in vivo and vitro (Harkness et al., 2000; Mori et al., 2002; Oliveira-Giacomelli et al., 2021). A breakdown in the blood-brain barrier resulted in neuroinflammation, ion dysregulation, and cerebral edema, leading to increased intracranial pressure, neuronal malfunction, and neurodegeneration (Profaci et al., 2020). For instance, extracellular aggregation of amyloid (Aβ) peptides is a key characteristic of AD, serving as an important trigger for glial cell activation and ATP release, thereby activating P2X7 receptors. Under AD pathology, high concentrations of ATP or Aβ peptides promoted the activation of P2X7 in microglia, which in turn induced increased release of chemokines such as CCL3 and the recruitment of CD8+ T cells into the hippocampus and choroid plexus and exacerbated the development of central inflammation (Martin et al., 2019) (Figure 2).
[image: Figure 2]FIGURE 2 | Microglia P2X7 receptor signaling on blood-brain barrier permeability in Alzheimer’s disease (AD) and Parkinson’s disease (PD). In AD, the process of neuronal death induces high levels of ATP release into the extracellular space, which activates microglia P2X7 receptors and leads to the release of IL-1β. In addition, the ATP/P2X7 receptor pathway enhances metalloproteinase (MMP) activity, leading to degradation of tight junction (TJ) protein, which results in increased blood-brain barrier permeability. Aβ peptide synergistically promotes P2X7 activation in microglia, which further induces increased release of chemokines such as CCL3 and recruitment of neutrophils and CD8+ T cells into the central nervous system (CNS) in the presence of BBB injury, promoting disease progression. In PD, α-synuclein aggregation leads to dopaminergic neuron death, increased ATP levels and P2X7 hyperactivation. On the other hand, α-synuclein activates microglia, leading to the release of excitatory glutamate and reactive oxygen species (ROS) from microglia to damage dopaminergic neurons, while α-synuclein binds to and stimulates the transcription of P2X7 receptors in microglia. α-synuclein and P2X7 receptors both increase the release of IL-1β and chemokines, increase MMP activity, disrupt the BBB, and lead to extravasation of red blood cells, which leads to cerebral microhemorrhage, as well as causing parenchymal infiltration of peripheral immune cells and exacerbating the pathological process of PD. Created with BioRender.com.
In addition, postmortem patients with PD have more phagocytically active reactive microglia in the brain (Toulorge et al., 2016), as well as increased microglia activation in the striatum and substantia nigra in a rat model (Carmo et al., 2014), accompanied by elevated P2X7 receptor gene expression (Oliveira-Giacomelli et al., 2021). α-synuclein protein is a crucial component of PD pathogenesis, and its aggregation is believed to be connected with disruption of the blood-brain barrier. Administration of α-synuclein dramatically increased the permeability of endothelium co-cultured with rat brain pericyte cells, while inducing the release of IL-1β, IL-6, TNF-α, MCP-1, and MMP-9 (Dohgu et al., 2019). Furthermore, α-synuclein protein activates microglia, causes the release of excitotoxic glutamate from microglia, and releases reactive oxygen species (ROS) to damage dopaminergic neurons (Dos-Santos-Pereira et al., 2018), as well as also binding to and stimulating transcription of P2X7 receptors in microglia (Jiang et al., 2015). Interestingly, P2X7 receptor activation increases IL-1β release, which in turn promotes MMP-9 secretion and disrupts the blood-brain barrier’s tight junctions (Yang et al., 2016). In PD disease, breakdown of the BBB causes extravasation of erythrocytes (Pienaar et al., 2015), which leads to cerebral microhemorrhages, as well as causing brain infiltration of peripheral immune cells and exacerbating the PD pathological process (Sweeney et al., 2018) (Figure 2).
P2X7 signaling in endothelial cells also plays a key role in BBB permeability regulation. Increased P2X7 receptor signaling in brain microvascular endothelial cells of septic encephalopathy (SE) mice induced by cecal ligation and puncture (CLP) enhanced the adhesion of Mac-1-expressing leukocytes to endothelial cells via intercellular cell adhesion molecule-1 (ICAM-1) and upregulated endothelial cell chemokine (C-X3-C motif) ligand 1 (CX3CL1), which triggered microglia activation. In addition, activation of NLRP3/caspase-1/IL-1β signaling via P2X7 receptor signaling in endothelial cells also accelerates BBB breakdown and neurovascular damage during SE (Wang et al., 2015) (Figure 3).
[image: Figure 3]FIGURE 3 | Endothelial P2X7 signaling on the permeability of the blood-brain barrier in septic encephalopathy (SE). Increased P2X7 receptor signaling in brain microvascular endothelial cells of SE mice generated by cecal ligation and puncture (CLP) increased adherence of Mac-1 expressing leukocytes to endothelial cells intercellular cell adhesion molecule-1(ICAM-1) and upregulated endothelial cell chemokine (C-X3-C motif) ligand 1 (CX3CL1), which activated microglia. The uncertainty exists as to whether CX3CL1 directly alters blood-brain barrier integrity during this process. P2X7 receptor signaling also promoted BBB breakdown and neurovascular injury during SE by activating NLRP3/caspase-1/IL-1β signaling. Created with BioRender.com.
It has been determined that astrocytes participate in BBB function and can affect the permeability of the BBB (Bang et al., 2017; Heithoff et al., 2021). Formation and maintenance of the blood-brain barrier require astrocyte endfeet on the abluminal side of endothelial cells. In primary astrocytes, BzATP activates the P2X7 receptor and generates a 2.5-fold increase in RhoA activity, which is reduced by the P2X7 antagonist BBG, demonstrating that RhoA is activated in the signaling pathway downstream of the P2X7 receptor (Henriquez et al., 2011; Beckel et al., 2014). In vivo, increased expression of P2X7 receptors was observed in astrocytes and endothelial cells surrounding the hematoma 24 h after ICH in rats (Zhao et al., 2016). Disruption of the blood-brain barrier is one of the most significant pathophysiological alterations early in the course of ICH, leading to the production of vasogenic brain edema, which can result in a poor prognosis for the disease (Zhou et al., 2014). By suppressing RhoA activation, A438079, and P2X7R siRNA alleviated neurological impairments, brain edema, and minimized BBB degradation (Zhao et al., 2016). Numerous studies have identified RhoA, a small guanosine triphosphatase (GTPase), as a key regulator of barrier formation and disruption. RhoA governs endothelium actin cytoskeleton dynamics and contraction, affecting intercellular junctional complexes, vascular permeability, and signal transduction (Amado-Azevedo et al., 2014; Ramos and Antonetti, 2017). Activation of RhoA in endothelial cells promotes the onset of BBB barrier disruption, as evidenced by the fact that its activation leads to stress fiber formation associated with disruption of interendothelial junctions, thereby increasing paracellular flux (Beckers et al., 2010; Ramos and Antonetti, 2017).
The basement membrane (BM) is the extracellular matrix (ECM) that provides structural support for the BBB and also serves as a link between NVU intercellular communication and signaling pathways. It consists of structural proteins including type IV collagen, fibronectin, laminin, and other glycoproteins (Langen et al., 2019). P2X7 receptors are involved in the degradation of laminin and type IV collagen by the neurotoxic compound 3,4-methyldioxymethamphetamine (MDMA) (Rubio-Araiz et al., 2014). The intervention with MDMA activated microglia in the hippocampus and increased microglial P2X7 receptor expression. MDMA increased matrix metalloproteinase-3 (MMP-3) and MMP-9 activity in the hippocampus, which was accompanied by a decrease in laminin and collagen IV expression, an increase in IgG extravasation into the brain parenchyma, and finally lead to higher BBB permeability. Following treatment with P2X7 antagonists (Bright Blue G (BBG) and A-438079), BBB damage was minimized and its integrity was maintained (Rubio-Araiz et al., 2014; Perez-Hernandez et al., 2017).
Pericytes are in close contact with endothelial cells via “peg and socket” junctions in the common basal lamina, which are necessary for the formation and maintenance of the BBB (Cheslow and Alvarez, 2016; Liebner et al., 2018). One study has shown that P2X7R is co-expressed with PDGFβR, a pericyte marker localized to microvascular units (Grygorowicz et al., 2018). In a rat model of experimental autoimmune encephalomyelitis (EAE), P2X7 receptor expression was increased in capillaries, which correlated with low levels of expression of PDGFβR protein and Claudin-5. Treatment of P2X7R antagonists with immunized rats significantly reduced the clinical signs of EAE and enhanced the expression of claudin-5 and PDGFβR. These results suggest that P2X7 receptors located on pericytes may be involved in pathological mechanisms in brain microvessels that affect BBB integrity during EAE (Grygorowicz et al., 2018).
4 P2Y RECEPTORS AND SIGNALING
P2Y receptors are GPCRs with eight isoforms that respond to extracellular adenine and uracil nucleotides. P2Y receptors contain two subfamilies, the Gq protein-coupled P2Y1-like receptors P2Y1, 2, 4, 6, 11, and the Gi protein-coupled P2Y12-like receptors P2Y12−14. Almost all cells contain P2Y receptors, which are implicated in pathophysiological reactions like pain, inflammation, platelet aggregation, and neuroprotective effects (von Kugelgen, 2021). P2Y receptors are one of the most extensively researched therapeutic targets in the treatment of clinical diseases; e.g., clopidogrel, an antagonist targeting platelet P2Y12, is an anti-thrombogenic drug, and diclofosfamide, a nucleotide agonist targeting P2Y2 receptor, is used to treat dry eye disease (Guo et al., 2021).
4.1 P2Y receptors in NVU
P2Y receptors are mostly expressed in neurons, glial cells, and microvasculature in the brain, where they co-mediate neurotransmission, neuroprotection, neuron-glia interactions, and cerebral blood flow regulation alongside P2X receptors (Weisman et al., 2012; Toth et al., 2015; Burnstock, 2017). P2Y1 and P2Y2 receptors are present in brain pericapillary cells, and extracellular ATP causes pericyte contraction by stimulating these two receptors and causing intracellular Ca2+ concentrations to rise (Horlyck et al., 2021). P2Y1, P2Y2, and P2Y13 receptors, which are present in neurons, are involved in the regulation of neuronal differentiation and neuroprotection (Perez-Sen et al., 2015; Miras-Portugal et al., 2019). Notably, P2Y1, P2Y2, P2Y4, and P2Y6 receptors in endothelial cells have an induced vasodilation effect (Jacobson et al., 2020). Astrocytes in the hippocampus, cortex, striatum, cerebellum, and spinal cord express multiple P2Y receptors, such as P2Y1, 4, 6, 13 (Franke et al., 2012). Indeed, P2Y12 is relatively restricted in distribution, is mainly expressed in microglia, and has an important role in inflammation and neuropathic pain (Tozaki-Saitoh et al., 2008). The effects of P2Y receptors agonists or antagonists on BBB are shown in Table 1.
4.2 P2Y receptors and blood-brain barrier
Multiple P2Y receptor subtypes are expressed by endothelial cells throughout the vascular system. P2Y receptors in endothelial cells have been studied mainly in the context of their NO-mediated vasodilatory properties. Therefore, there are fewer findings on the role of P2Y receptors in maintaining the BBB. Bowden and Patel have identified the importance of the tyrosine kinase/mitogen-activated protein kinase (MAPK) cascades in P2Y receptor regulation of prostacyclin production in major vascular endothelial cells (Bowden et al., 1995; Patel et al., 1996). MAPK cascades are essential for cell adhesion, and there is substantial evidence that tyrosine-phosphorylated proteins are involved in maintaining the BBB integrity. Coexisting P2Y receptors in brain endothelial cells may variably control phosphoinositide hydrolysis, cyclic AMP, and MAPK, resulting in various effects on the BBB (Albert et al., 1997). The P2Y1 receptor exacerbates leukocyte recruitment and induces inflammation, and the P2Y1 inhibitor MRS2500 is able to reduce vascular inflammation. Meanwhile, in P2Y1-deficient mouse, monocyte adherence to inflammatory factor-stimulated mouse endothelial cell monolayers was drastically reduced in vitro (Zerr et al., 2011). Additionally, it has been discovered that primary cultured brain microvascular endothelial cells have minimal P2Y1 receptor expression and that hypoxic damage stimulated elevation of this receptor expression, which resulted in degradation of endothelial cell junctional proteins and increased endothelial permeability (Raghavan et al., 2022). Similarly, the P2Y1 receptor antagonist MRS2500 enhanced endothelial barrier integrity.
The development of epilepsy is accompanied by a disruption of BBB (Sweeney et al., 2019). The kainic acid-induced epileptic rat model presented angiogenesis and disruption of BBB integrity, along with a significant increase in the expression of TSP-1, TGF-β1, and pSmad2/3. Treatment with pyridoxal phosphate-6-azophenyl-2′, 4′-disulfonic acid (a broad P2 receptor antagonist) or Reactive Blue 2 (a P2Y4 receptor antagonist) inhibited TSP-1 expression and Smad2/3 phosphorylation level, while significantly reducing acute seizure severity, decreasing Evans Blue contents, and attenuating BBB damage (Zhang et al., 2019).
The P2Y12 receptor is a unique purinergic receptor expressed only by microglia in the central nervous system (CNS) (Gu et al., 2016). As a chemotactic receptor, it is highly expressed in microglia (Sasaki et al., 2003) and drives microglial migration to areas of CNS damage (Ransohoff and Cardona, 2010; Sipe et al., 2016). Following central capillary injury, perivascular microglia, a component of the neurovascular unit, rapidly generate dense aggregates of microglial protrusions at the site of injury. In addition, P2Y12 receptor-mediated chemotaxis of microglia processes is necessary for the rapid closure of the BBB after its rupture (Lou et al., 2016). Movement of paravalvular microglial protrusions was significantly reduced and failed to close the opening of the laser-induced BBB in mice intervened with the P2Y12 receptor inhibitor clopidogrel and in mice knocked out with the P2RY12 gene (Lou et al., 2016). Given that P2Y12 receptor antagonists are commonly used as platelet inhibitors in patients with coronary heart disease and cerebrovascular disease, who are at increased risk for stroke with impaired BBB destruction, these findings may have clinical implications.
5 ADENOSINE AND ADENOSINE (P1) RECEPTORS
Adenosine is a bioactive compound that has been shown to possess strong neuromodulatory effects. It is able to function as a signaling molecule between the body’s periphery and the brain since it can easily penetrate the BBB (Chiu and Freund, 2014). AMP is a major source of intracellular and extracellular adenosine. Intracellular adenosine is a synergistic intermediary between nucleic acids and ATP, which is generated by AMP metabolism via 5′-nucleotidase and synthesized by adenosine kinase. Adenosine can also be produced outside of the cells by the breakdown of ATP or ADP that has been released by the cell. In this pathway, CD39 or E-NTPDase converts ATP/ADP to AMP, while CD73 or 5′nucleotidase converts AMP to adenosine (Yegutkin, 2008). Adenosine exerts its effect by acting on four expressed G-protein-coupled adenosine receptors (A1, A2A, A2B, and A3) on cell surfaces, and these receptors are expressed in some combination on almost all CNS cells. Under physiological conditions, extracellular adenosine levels range between 20 and 300 nM (Newby, 1985; Newby et al., 1985); however, local adenosine concentrations in the brain increase nearly 1000-fold under stress and inflammatory conditions (Hagberg et al., 1987). A1 and A2A receptors have a higher affinity for adenosine, in contrast to A2B and A3 receptors, which have a lower affinity for adenosine, indicating that A1 and A2A receptors in the CNS could be activated by reasonable levels of extracellular adenosine (Carman et al., 2011).
5.1 Adenosine receptors in NVU
The human brain endothelial cell line hCMEC/D3 exhibited A1, A2A, and A2B receptors (Mills et al., 2011). A1 and A2A receptors were also expressed in primary human brain endothelial cells and in Bend.3 mouse brain endothelial cells (Carman et al., 2011). In addition, in vivo immunofluorescence reveals that A1 and A2A receptor proteins are expressed in mouse cortical brain endothelial cells, while in vitro, the two receptor proteins are present in primary mouse brain endothelial cells (Carman et al., 2011). Four P1 receptors (A1, A2A, A2B, and A3) have been identified in astrocytes (Dare et al., 2007). In astrocytes, cyclic adenosine monophosphate (cAMP) synthesis is inhibited by A1 receptors, while A2 receptors enhance cAMP synthesis, and A2B receptors are able to lead to a dose-dependent accumulation of cAMP (Peakman and Hill, 1994). Adenosine receptors govern various features of astrocytes, including A2A receptors that regulate glutamate uptake (Matos et al., 2012), but also A1 receptors that preserve cell integrity (Ciccarelli et al., 2001; D'Alimonte et al., 2007), and A3 receptors that protect against hypoxia-induced cell death and regulate CCL2 chemokine production (Wittendorp et al., 2004; Bjorklund et al., 2008). In physiological conditions, A1, A2A, A2B and A3 receptors are moderately expressed in glial cells, but their levels are upregulated in a central inflammatory environment (Hasko et al., 2005). The blood-brain barrier could be altered with disruptive changes in endothelial cells and tight junctions during central chronic inflammation, mediated mainly by adenosine receptors and CD39/CD73 expression (Selmi et al., 2016). The effects of adenosine receptors agonists or antagonists on BBB are shown in Table 2.
TABLE 2 | Effect of P1 receptors agonist/antagonist on blood-brain barrier permeability.
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5.2.1 A1 and A2A receptors
Adenosine A1 and A2A receptors are expressed on both human and murine brain microvascular endothelial cells (Kalaria and Harik, 1988; Carman et al., 2011; Mills et al., 2011). Two studies have shown that Ginkgo biloba extract increases BBB permeability by activating the A1 adenosine receptor signaling pathway (Guo et al., 2020; Liang et al., 2020). In these studies, BBB models were constructed by co-culture with human cerebral microvascular endothelial cells (hCMEC/D3) and human normal glial cells (HEB) in vitro. The hCMEC/D3 cell line is the first stable, well-differentiated human brain endothelial cell line that expresses CD73, a cell surface enzyme that converts extracellular AMP to adenosine, as well as adenosine receptor subtypes A1, A2A, and A2B (Mills et al., 2011). Intervention with Ginkgo biloba extract increased BBB permeability, as evidenced by an increased fluorescein sodium (Na-F) penetration rate, disruption of tight junction structures, and increased actin-binding proteins ezrin, radixin and moesin (ERM) and myosin light chain (MLC) phosphorylation levels in vitro (Guo et al., 2020; Liang et al., 2020). ERM (ezrin/radixin/moesin) has been shown to be an important actin-binding molecule and the target of threonine phosphorylation in a variety of signaling pathways (Garcia-Ponce et al., 2015). Increased phosphorylation of ERM can induce actin remodeling and increase vascular permeability. Meanwhile, the phosphorylation of myosin light chain kinase (MLCK) to MLC causes actin filaments at the tight junction of endothelial cells to contract, leading to the opening of the barrier. Indeed, administration of the A1 receptor antagonist DPCPX or adenosine A1 receptor siRNA inhibited ERM and MLC phosphorylation levels, altered TJ ultrastructure, and improved BBB integrity (Guo et al., 2020; Liang et al., 2020) (Figure 4).
[image: Figure 4]FIGURE 4 | Adenosine receptors (ARs) modulate the permeability of blood-brain barrier. Endothelial cells of the microvasculature of the brain express adenosine receptors, CD39, and CD73. Under conditions of tissue damage, stress, and inflammation, ATP is released and converted by CD39 into ADP and AMP, which are then converted to adenosine by CD73. Adenosine binds to adenosine receptors on endothelial cells and operates to restructure the actin cytoskeleton, thereby disrupting tight junctions and adherens junctions and affecting BBB integrity. Created with BioRender.com.
A2A receptors are expressed at increased levels in brain tissue in multiple animal models, such as sleep restriction and thromboembolic stroke, accompanied by BBB damage (Hurtado-Alvarado et al., 2018; Zhou et al., 2019; Medina-Flores et al., 2020). Lack of sleep produces a low-grade inflammatory state that increases pro-inflammatory mediators, which regulate BBB function in a subtle but sustained manner (Hurtado-Alvarado et al., 2018). Sleep restriction increased the expression of A2A adenosine receptors in the hippocampus and basal nucleus. Blockade of A2A receptors by SCH58261 reversed sleep restriction-induced BBB dysfunction, including increased dextrans coupled to fluorescein (FITC-dextrans) and Evans blue permeability, degraded tight junction protein expression, and increased expression of neuroinflammatory markers Iba-1 and GFAP (Hurtado-Alvarado et al., 2016).
Besides, the human striatum contains high levels of A2A receptors, while the cerebral cortex, hippocampus, and immune cells contain lower levels (van Waarde et al., 2018). It was demonstrated that the broad AR agonist NECA [activates all ARs (A1, A2A, A2B, A3)], the selective A1 agonist CCPA and the A2A receptor agonists CGS 21680 or Lexiscan increased the permeability of the BBB to 10 kDa dextran, while the effect of these ARs on BBB permeability was attenuated in mice knocked out of A1 or A2A receptors (Carman et al., 2011). Notably, in vitro, NECA and Lexiscan intervention in mouse brain endothelial cells inhibited the expression of intercellular tight junctions ZO-1, claudin-5, and Occludin and reduced transendothelial electrical resistance (TEER) (Carman et al., 2011). Consistent with these results, in animal models of neurodegenerative disease, investigators observed that caffeine, a broad-spectrum AR antagonist, attenuated Parkinson and Alzheimer animal models-induced leakage of Evans blue dye, degradation of occludin and ZO-1, and ameliorated BBB dysfunction (Chen et al., 2008a; Chen et al., 2008b). Likewise, the FDA-approved A2A AR agonist Lexiscan, a selective A2A receptor agonist, increased the permeability of the human brain endothelial barrier (hBBB) model in vitro (Kim and Bynoe, 2015). A2A receptor activation mediated increase in cAMP and RhoA signaling activation, which in turn stimulated instability of the actin-cytoskeleton, decreased phosphorylation of factors involved in focal adhesion ERM and focal adhesion kinase (FAK) and degradation of Claudin-5 and VE-Cadherin, hence increasing the permeability of the hBBB (Figure 4). Notably, the high permeability of hBBB induced by A2A agonists is rapid, time-dependent and reversible.
Accordingly, expression of A2A receptors in endothelial cells was increased after thromboembolic stroke (Zhou et al., 2019). In mice specifically lacking endothelial Adora2a (Adora2a ΔVEC), Evans blue leakage, leukocyte infiltration, brain edema, and neuroinflammation were attenuated. In vitro silencing of the Adora2a gene using siRNA in cultured brain microvascular endothelial cells also attenuated endothelial inflammation by inhibiting the NLRP3 inflammasome and downregulating expression of cleaved caspase 1 and IL-1β (Zhou et al., 2019). These results suggest that A2A receptor-mediated NLRP3 activation may have a role in brain endothelial inflammation and need to be investigated in depth. It has also been shown that obesity and insulin resistance disrupt the BBB in both humans and animals (Banks, 2019; Banks and Rhea, 2021). The activation of A2A receptors in endothelial cells is also closely associated with cognitive impairment caused by obesity. In this study, diet-induced insulin-resistant mice exhibited elevated BBB permeability to low molecular weight sodium fluorescein (NaFl) and Evans blue; however, administration of the A2A antagonist SCH58261 restored the BBB barrier integrity (Yamamoto et al., 2019). SCH58261 is a selective adenosine A2A receptor antagonist that crosses the BBB (Mohamed et al., 2012). Further study showed that Adora2a activation in endothelial cells exacerbated BBB damage and cognitive dysfunction in diet-induced insulin-resistant mice, while mice specifically knockout of endothelial Adora2a protected BBB integrity after suffering from diet-induced insulin resistance (Yamamoto et al., 2019). These results indicate that Adora2a-mediated signaling in vascular endothelial cells, which resulted in BBB failure, may be a potential mechanism for cognitive deficiencies caused by obesity and insulin resistance.
Certain viruses and bacteria infiltrated the CNS through boosting the local expression of adenosine, which promoted the BBB permeability and quickly opened the BBB (Zhao et al., 2020). For instance, Haemophilus influenzae type a (Hia) infection stimulated A2A and A2B adenosine receptors in a model of BBB co-cultured with human brain microvascular endothelial cells (BMEC) and pericytes (BMPC) in vitro, which induced the release of large amounts of VEGF from pericytes. VEGF caused pericyte shedding and endothelial cell proliferation, which triggered the BBB disorder (Caporarello et al., 2018). In addition, adenosine produced by a surface enzyme (Ssads) of Streptococcus suis promotes its pathogen’s entrance into the brains of mice, hence causing meningitis. A1 AR activation increases S. suis BBB penetration, and A1 AR signaling exploitation may represent a generic virulence mechanism (Zhao et al., 2020).
Conversely, some studies have shown that A2A receptor activation also protects the integrity of BBB barrier. Brain metastases is the most common and lethal malignancy of the CNS, (Lowery and Yu, 2017; Singh et al., 2018), yet it is unknown how primary cancer cells traverse the BBB and metastasis to physiological regions of brain tissue. The A2A receptor agonist CGS21680 inhibited the proliferation and migration ability of PC-9 cells, a type of lung cancer cell, and suppressed brain metastasis (Chen et al., 2020). Notably, activation of A2A receptors in vitro increased the expression levels of Claudin-5, Occludin, and ZO-1, reduced the expression of MMP-2 and MMP-9, and increased the BBB integrity, whereas the opposite effect was obtained with the A2A receptor antagonist SCH58261 (Chen et al., 2020). Stromal cell-derived factor-1 (SDF-1) is an important chemokine in homeostasis that interacts with C-X-C motif chemokine receptor 4 (CXCR4), which is commonly classified as a GPCR (Janssens et al., 2018). The interaction between SDF-1 and CXCR4 has been identified to regulate several cellular physiological processes, such as transcription, energy metabolism, cell adhesion, and chemotaxis (Mao et al., 2017). Their findings also showed that A2A receptor stimulation inhibited CXCR4 expression and that A2A receptor agonists and CXCR4 antagonists protected nude mice from the metastasis of malignant tumor cells in vivo and prolonged their survival time (Chen et al., 2020). Mechanistically, A2A receptor activation maintained BBB integrity by regulating the SDF-1/CXCR4 axis, which in turn inhibited brain metastasis (Figure 4). Besides, specific A2A receptor agonist CGS-21680 improved pathological and clinical manifestations of EAE by decreasing BBB permeability, inhibiting neuroinflammation (Liu et al., 2018). Th1 cytokines are known to activate MLCK, which promotes phosphorylation of MLC (p-MLC) and disrupts actin-myosin interactions, thereby regulating endothelial cell morphology (Capaldo and Nusrat, 2009). Thus, activation of MLCK also leads to TJ injury (Rissanen et al., 2013). In vitro, brain endothelial cells treated with the Th1 cytokines IL-1β, TNF-α, and IFN-γ exhibited barrier failure. By inhibiting MLC phosphorylation and promoting ZO-1 and Claudin-5 expression, the A2A receptor-specific agonist CGS-21680 provided direct BBB protection (Liu et al., 2018). In addition, CGS-21680 helps maintain the shape of endothelial cells by reducing the formation of stress fibers in cells caused by Th1 cytokines (Liu et al., 2018). Activation of the A2A receptor may safeguard BBB function by suppressing MLCK-mediated MLC phosphorylation in EAE (Figure 4). According to tissue injury and associated pathological conditions, activating A2A receptors has both beneficial and detrimental effects in different diseases (Chen et al., 2013). It was shown that A2A inhibited specific lymphocyte proliferation, reduced infiltration of CD4+ T lymphocytes, and suppressed inflammatory cytokine production, thus inhibiting EAE progression. Additionally, Lexiscan, an A2A receptor-specific agonist, is an FDA-approved drug with proven therapeutic effects in inflammatory bowel disease, lung injury, and hepatic ischemia-reperfusion (Liu et al., 2016). Based on the complexity of the brain microenvironment, the activation of A2A receptors may also have a dual effect on the function of the BBB.
5.2.2 A2B and A3 receptors
The interaction of A2B receptors and A3 receptors with the BBB has been less reported. The A2B receptor agonist BAY 60-6583 reduced the volume of tissue plasminogen activator (tPA)-induced lesions and attenuated brain swelling and BBB disruption in rats with ischemic stroke (Li et al., 2017). BAY 60-6583 inhibited tPA-enhanced MMP-9 activation, possibly by increasing the tissue inhibitor matrix metalloproteinase 1 (TIMP-1), thereby reducing TJ protein degradation and protecting the blood-brain barrier (Li et al., 2017) (Figure 4).
In a mouse model of traumatic brain injury, the adenosine A3 receptor agonist AST-004 decreased the permeability of BBB and neuroinflammation, and enhanced spatial memory (Bozdemir et al., 2021). Intervention with AST-004 boosted ATP production in astrocytes and enhanced neuroprotective efficacy after brain injury; however, the precise mechanism of enhancing BBB function requires additional investigation.
5.2.3 CD39 and CD73
Ecto-5′-nucleotidase CD73 is an enzyme present on the cell surface that participates in the purine catabolism process and is capable of catalyzing the breakdown of AMP to adenosine. In the central nervous system, neurons, astrocytes, endothelium, and other cells release ATP, then CD39 catalyzes the conversion of ATP/ADP to AMP, and CD73 metabolizes AMP to adenosine (Burnstock and Boeynaems, 2014; Fuentes and Palomo, 2015). Multiple types of endothelial cells express CD39 and CD73 (Koszalka et al., 2004; Dudzinska et al., 2014), and expression of CD39/CD73 at the cellular level regulates tissue barrier function via modulating ATP levels (Colgan et al., 2006). CD73 is expressed in mouse (Bend.3) and hCMEC/D3 brain endothelial cell lines in vitro (Carman et al., 2011; Mills et al., 2011). Compared to human brain endothelial cells, mouse brain endothelial cell CD73 expression is extremely low in vivo (Mills et al., 2008). CD73 is highly expressed on choroid plexus epithelial cells that form the blood-cerebrospinal fluid barrier, but its expression is lower on brain endothelial barrier cells under steady-state conditions (Mills et al., 2008). However, CD73 was increased in the presence of cellular stress, local inflammation, or tissue injury that produced adenosine. Meanwhile, CD39 is widely expressed in brain endothelial cells (Wang and Guidotti, 1998), and CD39 on endothelial cells is conducive to reducing inflammatory cell transport and platelet reactivity, thereby reducing tissue damage after cerebral ischemia (Hyman et al., 2009). Extracellular adenosine is generated by ATP via metabolism of the CD39/CD73 extracellular nucleotidase axis and subsequently could regulate BBB permeability via adenosine receptor signaling expressed on BBB cells (Bynoe et al., 2015).
In BBB, CD73 expression is at a low level but is sensitive to cAMP through its promoter (Narravula et al., 2000). The released adenosine activates cell surface adenosine A2B receptors, leading to reorganization of endothelial junctions and promoting barrier function (Narravula et al., 2000). In addition, interferon (IFN)-β treatment increased CD73 expression in human blood-brain barrier endothelial cells (BBB-EC) and human astrocytes, and upregulation of CD73 and increased adenosine production may contribute to the beneficial effects of IFN-β on multiple sclerosis(MS) by enhancing endothelial barrier function (Niemela et al., 2008). Grunewald et al. also demonstrated that in vitro, CD73 increased adenosine production and maintained cell shape and actin cytoskeleton stability, thereby reducing endothelial barrier permeability (Grunewald and Ridley, 2010).
6 BBB-PERMEABLE A2A-RELATED COMPOUNDS UNDER CLINICAL TRIALS IN NEURODEGENERATIVE DISEASES
BBB-permeable purine-related compounds are primarily associated with A2A receptors in clinical trials of neurodegenerative diseases. Caffeine is the most commonly consumed A2A receptor antagonist that penetrates the blood-brain barrier. Caffeine enhances cognitive performance by decreasing hippocampus tau hyperphosphorylation, attenuating neuroinflammation, and reversing memory loss (Laurent et al., 2014; Carvalho et al., 2019; Jacobson et al., 2022), offering evidence for targeting A2A receptors in the therapy of AD. The effect of caffeine on cognitive function in AD is being investigated in the Phase 3 clinical trial NCT04570085. Istradefylline is a potent selective A2A antagonist that crosses the blood-brain barrier and has a high affinity for human A2A receptors, improving dyskinesia in PD patients (Muller, 2015; Torti et al., 2018). Indeed, it has been used as a combination therapy with Levodopa (L-DOPA) in PD treatment. It was approved early in Japan and Korea and passed various clinical safety and efficacy tests in the United States in August 2019. In addition, Tozadenant (SYN115) was originally developed for the treatment of PD and has been studied as a monotherapy for PD and as a combination therapy with L-DOPA or dopamine agonists (Pourcher and Huot, 2015; Shang et al., 2021). In the initial clinical studies for the therapeutic efficacy of the decreased closure time, no major adverse effects were observed; however, seven cases of sepsis and six deaths occurred in 890 patients in phase 3 clinical trial (Lewitt et al., 2020). As a result, clinical development of this drug was terminated in 2018. Noteblely, Tozadenant analogues, including 18F-labeled radiotracers for prospective positron emission tomography (PET) imaging, have recently been identified as A2A antagonists (Renk et al., 2021). Besides, vipadenant also belongs to a group of potent A2A antagonists, which was used for the treatment of PD (Pourcher and Huot, 2015), but its development was stopped due to safety concerns and later switched to cancer immunotherapy (Yu et al., 2020). Table 3 summarized the BBB-permeable A2A-related compounds under clinical trials in neurodegenerative diseases, and some of these clinical trials have been completed while others are still ongoing.
TABLE 3 | BBB-permeable A2A-related compounds under clinical trials in neurodegenerative diseases.
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The BBB strictly regulates the movement of ions, molecules and cells between the blood and brain cells and is essential for neurological function and protection. Despite the BBB’s protective function, it restricts the availability of therapeutic compounds to the brain, making it more difficult to treat illnesses of the central nervous system (Profaci et al., 2020). The emergence of drug modification modalities based on receptor-mediated transcytosis, neurotropic virus-mediated transport, nanoparticles and exosomes all provide solutions for crossing the BBB, and drugs supported by these technologies are currently being evaluated in multiple clinical trials (Zhou et al., 2018; Liu et al., 2021; Terstappen et al., 2021). Our literature review demonstrates that antagonists of P2X7 and A2A receptors have beneficial therapeutic effects on brain damage, central inflammation, neurodegeneration etc., and attenuate the concurrent deterioration of the BBB barrier function. Up to now, a number of P2X7R antagonists that can cross the BBB have been developed (Bhattacharya, 2018; Wei et al., 2018). The compounds JNJ-47965567 and JNJ-42253432 demonstrated significant activity against P2X7R in rodents and humans, as well as effective BBB penetration. Likewise, novel blood-brain barrier permeable derivatives have been designed and synthesized as potential P2X7 antagonists known as compound 6 (2-(6-chloro-9h-purin-9-YL)-1-(2,4-dichlorophenyl) ethan 1-one), named ITH15004 (Calzaferri et al., 2021). It is a most potent, selective and highly BBB permeable antagonist and is considered to be the first non-nucleotide purine proposition for future drug optimization (Calzaferri et al., 2021). In addition, overexpression of A2A receptor leads to progressive neurodegeneration, and A2A antagonists have broad prospects for the treatment of CNS diseases. In the latest literature review, Merighi et al. used standard commercial software to calculate multi-parameter optimization (MPO) scores of CNS drugs for A2A antagonists in clinical trials to predict the likelihood of the compound crossing the blood-brain barrier with appropriate metabolic stability (Merighi et al., 2022). Meanwhile, their analysis suggested that alkylxanthines caffeine and DMPX have good ability to cross the blood-brain barrier and are expected to be potential drugs for the treatment of CNS diseases (Merighi et al., 2022).
In addition, researchers concentrated on developing strategies to control the BBB in order to facilitate access to the CNS (Rajadhyaksha et al., 2011). Determining how to accomplish this in a safe and effective manner has a profound impact on the treatment of a variety of neurological conditions. Current interventions include the use of drugs such as mannitol or bradykinin analog (Cereport/RMP7) to induce disruption of barrier function. Hypertonic mannitol, reduces tight junction integrity through endothelial cell contraction (Dabrowski et al., 2021), but its limitation is that it may cause seizures (Marchi et al., 2007). Cereport/RMP-7 has shown some potential to transiently increase BBB permeability (Borlongan and Emerich, 2003) and has shown some efficacy in animal models for the treatment of CNS pathology, but has not yielded satisfactory results in clinical trials (Prados et al., 2003).
Agonists of some receptors are able to open the BBB to allow large molecules or cells to enter. The observation of transiently increased BBB permeability upon A2A receptor activation suggests that exploiting this pharmacological effect holds the promise of facilitating drug delivery within the CNS (Carman et al., 2011; Kim and Bynoe, 2015). By labeling several copies of A2A receptor-activating ligands on dendrimers, a sequence of nanoagonists (NAs) was produced. NAs tagged with varying amounts of AR-activating ligands can adjust the BBB opening time-window within a range of 0.5–2.0 h (Gao et al., 2014). The FDA-approved A2A receptor agonist Lexiscan or the broad-spectrum agonist NECA increases BBB permeability and allows delivery of macromolecules to the CNS (Carman et al., 2011). Notably, there was a correlation between the duration of induced permeability and the half-life of the agonist. The half-life of BBB permeation induced by NECA intervention was 4 h. Its duration is substantially longer than that of Lexican, which induces BBB permeation with a half-life of 2.5 min (Carman et al., 2011). These findings suggest that the use of this agonist to briefly open the BBB may facilitate the delivery of therapeutic antibodies to the central nervous system. Since NECA is a broad-spectrum adenosine receptor agonist, additional research is necessary to better comprehend the mechanisms by which A1/A2A/A2B receptors specifically mediate signaling involved in BBB permeability regulation and to optimize the parameters for drug design.
8 CONCLUSION
Extracellular nucleotides acting on purinergic receptors of BBB cells modulate the permeability of the blood-brain barrier, with different types of receptors and concentrations of nucleotides affecting the specific modulatory effects. Inhibition or knockdown of P2X4, P2X7, P2Y1, or P2Y4 receptors protect BBB barrier integrity, limiting the entry of toxic substances, inflammatory immune cells, etc. into the brain and conversely, inhibition of P2Y12 receptor further exacerbates BBB permeability. The P2X7 receptor is highly investigated in the regulation of BBB integrity, although the distribution of other P2 receptors in the NVU and the pharmacological effects of inhibitors of these receptors are comparatively less explored. Additionally, specific subtypes of P1 receptors also variably influence BBB permeability, with A1 and A2A receptor activation boosting BBB permeability and A2B and A3 receptor agonists protecting BBB integrity. Although a small number of studies have demonstrated a protective effect of A2A agonists on BBB integrity, it cannot be overlooked that A1 and A2A agonists transiently open the BBB to facilitate the passage of large or small molecules and that this process is reversible, with the BBB closing as the drug’s half-life passes, offering great promise for drug delivery to the CNS. Therefore, purinergic signaling, as the gatekeeper of the BBB, has a switching regulatory function on the BBB, and the intervention of appropriate agonist/antagonist of purinergic receptors is beneficial to restore CNS homeostasis under pathological conditions. Furthermore, purinergic receptors are widely distributed in NVU, and their regulation of the blood-brain barrier is intricate. However, studies on the regulatory effects of purinergic receptors on the BBB have primarily focused on endothelial cells, and the targeting of these receptors on other BBB cells such as pericytes is not well understood. For validation purposes, more in vitro BBB models and in vivo research targeting purinergic receptors on cells other than endothelial cells are required.
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Polyphyllin VI screened from Chonglou by cell membrane immobilized chromatography relieves inflammatory pain by inhibiting inflammation and normalizing the expression of P2X3 purinoceptor
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Objective: Inflammatory pain is one of the most common diseases in daily life and clinic. In this work, we analysed bioactive components of the traditional Chinese medicine Chonglou and studied mechanisms of their analgesic effects.
Material and methods: Molecular docking technology and U373 cells overexpressing P2X3 receptors combined with the cell membrane immobilized chromatography were used to screen possible CL bioactive molecules interacting with the P2X3 receptor. Moreover, we investigated the analgesic and anti-inflammatory effects of Polyphyllin VI (PPIV), in mice with chronic neuroinflammatory pain induced by CFA (complete Freund’s adjuvant).
Results: The results of cell membrane immobilized chromatography and molecular docking showed that PPVI was one of the effective compounds of Chonglou. In mice with CFA-induced chronic neuroinflammatory pain, PPVI decreased the thermal paw withdrawal latency and mechanical paw withdrawal threshold and diminished foot edema. Additionally, in mice with CFA-induced chronic neuroinflammatory pain, PPIV reduced the expression of the pro-inflammatory factors IL-1, IL-6, TNF-α, and downregulated the expression of P2X3 receptors in the dorsal root ganglion and spinal cord.
Conclusion: Our work identifies PPVI as a potential analgesic component in the Chonglou extract. We demonstrated that PPVI reduces pain by inhibiting inflammation and normalizing P2X3 receptor expression in the dorsal root ganglion and spinal cord.
Keywords: Chonglou, polyphyllin VI, chronic neuroinflammatory pain, P2X3 receptor, cell membrane immobilized chromatography
1 INTRODUCTION
Pain, and the inflammatory pain in particular, is common in daily life and clinical practice, (Taneja et al., 2017). (Ronchetti et al., 2017). Even after resolution of inflammation, chronic pain can develop and last for a long period (Demir et al., 2013; Raja et al., 2020; Finnerup et al., 2021). Over 7% of the world’s population is estimated to have chronic pain with neuropathic symptoms, however, due to the challenges in categorization and the incomplete understanding of the underlying processes, this proportion may be understated (van Hecke et al., 2014; Bouhassira, 2019).
Neuroinflammation that can affect the peripheral or central nervous system is primarily defined by the infiltration of leukocytes, reactive gliosis, and the upregulation of inflammatory mediators (Escartin et al., 2021). It is generally believed that inflammation is crucial in the maintenance and management of chronic pain (Vergne-Salle and Bertin, 2021). Findings from fundamental studies utilizing chronic pain-prone animals demonstrated that chronic pain results from a pathologically altered neural circuits evoked by peripheral tissue inflammation and peripheral nerve damage (Malcangio, 2019). ATP promotes nociceptive processing by activating the ligand-gated ion channel family of P2X receptors, among which, the P2X3 receptor, is highly expressed by primary afferent neurons. In sensory neurons, P2X3 receptors function as homomeric (P2X3) and heteromeric (P2X2/3) channels (Jarvis, 2003). Exogenous application of ATP and related agonists excites the peripheral and central nervous system and increases sensitivity to noxious stimuli. Specific targeting of the P2X3 receptor by genetic deletion and knockdown results in a hypoalgesic phenotype (Butler and Meegan, 2008). Studies have shown that the pharmacological blockade of P2X3 receptors completely blocked specific types of chronic inflammatory and neuropathic pain (Kaan et al., 2010; Xu et al., 2012; Jorge et al., 2020). Peripheral nerve injury differentially alters the functional expression of P2X3 receptors in small- and large-diameter primary afferent neurons (Inoue, 2021). As a result, P2X2,3 purinoceptors can represent targets for pain therapy.
Chonglou (CL) is the dried rhizome of Paris polyphylla var. yunnanensis or P. polyphylla ar. chinensis. Steroidal saponins, flavonoids, sugars, volatile oils, amino acids, trace minerals, etc., are among CL’s active constituents, mediating anti-tumor (Tian et al., 2020), anti-infection (Qiumin et al., 2017), organ-protecting (Man et al., 2014), and anti-inflammatory effects (Yan et al., 2021; Zhou et al., 2021). Several active compounds of CL such as polyphyllin D, polyphyllin A, polyphyllin I, polyphyllin II, polyphyllin VI (PPVI), and polyphyllin VII were identified (Wang Q. et al., 2018; Pang et al., 2020; Teng et al., 2020; Ahmad et al., 2021; Kwon et al., 2021). Bioactive chemicals from CL for the treatment of inflammatory pain and the underlying mechanisms were not fully elucidated.
The development and use of traditional Chinese medicines (TCM) are significantly hampered by the difficulty in identifying active compounds among the hundreds of ingredients in medicinal formulae. A novel screening technique named Cell Membrane Immobilization Chromatography (CMIC), based on the biospecific affinity adsorption of biologically active substances to receptors or channels in cells was developed for isolating active compounds from the natural samples (Nie et al., 2008; Nie et al., 2011; Zhang et al., 2021). In this study, we used cell membrane immobilized chromatography (CMIC) to screen the active ingredients in CL that may interact with the P2X3 receptor. We identified PPVI as the main active ingredient of the CL extract and investigated the analgesic potency and mechanism of PPVI by molecular docking combined with CMIC on U373 cells expressing P2X receptors. The flowchart in Figure 1 overviews technical procedures and experimental outcomes for assessing PPVI’s impact and mechanisms of action.
[image: Figure 1]FIGURE 1 | The flowchart the article. Polyphyllin VI was screened from CL by CMIC and relieved the chronic inflammatory pain via suppressing P2X3R in the following experiments.
2 MATERIAL AND METHODS
2.1 Preparation and extraction of CL
CL was purchased from the First Affiliated Hospital of Jinan University and certified by Professor Nie Hong. The drugs were pulverized to a fine powder (30 mesh) by the grinder, 1.25 g of fine powder was dissolved in 50 mL of analytical methanol (99.9%), and sonicated for half an hour under ultrasonic conditions (60°C, 39.6 kHz) to obtain 25 mg/mL CL decoction liquid. The medicinal liquid of the decoction was filtered by double-circle quantitative filter paper and passed through a 0.22 μm microporous membrane to obtain the CL decoction liquid sample. Polyphyllin I (B21668, Polyphyllin II (B21669 and Polyphyllin VI (B21670) were purchased from Shanghaiyuanye Bio-Technology Co. Ltd.; the purity of each reference compound was greater than 98%, which was evaluated by analytical high-performance liquid chromatography combined with diode array detection and mass spectrometry (HPLC-DAD-MS).
2.2 HPLC with mass spectrometry
HPLC-DAD analysis using Agilent 1200 series was equipped with ChemStation software (Agilent Technologies, Valderbrunn, Germany). Chromatographic separation was performed on a ChromCoreTM 120 C18 column (laboratory technology NanoChrom, Jiangsu, China) with a diameter of 4.6 × 250 mm and a length of 5 μm. The mobile phase consisted of 0.1% aqueous ammonia (A) and acetonitrile (B). The following gradient elution procedure is used for separation: 0–40 min, 30%–60% B; 40–50 min, 60%–30% B; then balance for 10 min. The flow rate was 1 mL/min and the column temperature was maintained at 30°C. The DAD is set to scan from 190 to 400 nm. The separated compound was detected at 203 nm. Agilent 3500 TOF/MS (Agilent Technologies, Santa Clara, California, United States) equipped with electrospray ionization (ESI) interface for HPLC-DAD-TOF/MS analysis. ESI mass source spectrometers operate in negative and positive ion modes. Operating parameters are set as follows: dry gas temperature, 325°C; dry gas (N2) flow rate, 11.0 L/min; atomizer, 30 PSIG; Fragmentation voltage, 175 V; and capillary voltage, 3500 V. The range is set to 100–1000 m/z. Data acquisition and analysis were performed using Masshunter Workstation software (version B.02.00, Agilent Technologies, Inc., Waldbronn, Germany).
2.3 Cell membrane immobilized chromatography
U373 cells (College of Pharmacy, Jinan University) were cultured in Dulbecco’s modified Eagle’s media with 10% fetal bovine serum (v/v), 1% 100 U/mL penicillin, and 100 μg/mL streptomycin to perform CMIC. A 37°C humidified incubator with 5% carbon dioxide (CO2) was used to keep U373 cells. U373 cells were plated in a cell culture flask (25 cm2) cultivated until confluency was achieved. For 1 h, U373 cells were cultured in a humidified incubator with 5% CO2 at 37°C and 2 mL of CL water extracts (5 g/L). To get rid of any potential non-selectively combining elements, the CL water extracts in the flask were removed. The flask was then rinsed five times with 1 mL of phosphate-buffered saline (PBS). Washing duration was tuned by analyzing CL in a separate washing eluate because full removal of components that are not particularly binding is essential. For analysis using HPLC-DAD-TOF/MS (HPLC-DAD-coupled with diode array detection and time of flight mass spectrometry), the eluate from the fifth washing was collected. The last phase involved denatured U373 cells and the dissociation of associated chemicals by co-incubation with 2 mL of methanol for 30 min. Using a Termovap sample concentrator, the attached ingredients solution was evaporated to 500 μL at room temperature. The material that had evaporated was analyzed using HPLC-DAD-TOF/MS. The CMIC was described in detail previously (Zhang et al., 2021).
2.4 Molecular docking simulation
Using Open Babel 2.4.1, the molecular structure file of PPVI was downloaded and converted to PDBQT format after being obtained and downloaded from PubChem (https://pubchem.ncbi.nlm.nih.gov/). The crystal structure of the target protein was then retrieved and downloaded from the RCSB Protein Data Bank database (RCSBPDB, https://www.rcsb.org/). Using AutoDock Tools (Trott and Olson, 2010), the target protein’s ligands and water were eliminated, yielding a new protein. It simultaneously determines the size and center of the docking box, calculates charge, inserts hydrogen atoms, outputs the PDBQT format file, and all of these things. Vina was used to dock the active ingredients with the target protein one at a time, choosing the conformation with the best docking score (Affinity). The outcomes were then examined using Pymol, which produced graphs.
2.5 Animals
6–9 weeks adult female C57BL/6 mice (20–25 g) were obtained from Guangdong Yaokang Biotechnology Co., Ltd. They were housed in Jinan University Laboratory Animal Center at a standard temperature of 24°C ± 1°C under a 12 h light-dark cycle (dark from 7:00 p.m. to 7:00 a.m.) with free access to food and water. All experiments were conducted by the National Institutes of Health Guide for the Care and Use of Laboratory animals in rigorous line with the International Association for the Study of Pain guidelines. Our research was approved by the Jinan University Animal Ethics Committee. The behavioral test was performed by experimenters who were blinded to the experimental group.
2.6 Construction of CFA model and drugs administration
The mechanical withdrawal threshold (MWT) and the thermal paw withdrawal latency (TWL) of C57BL/6 mice were measured after the mice were placed in the animal room for a week to adjust to the environment. Mice were then placed on a metal mesh, covered with plexiglass, and tested. Mice with no significant differences were selected according to MWT and TWL, and divided into six groups (N = 10) using a random number table. The following experimental groups were set: Control group, CFA model group, and CFA model + different dosages of Polyphyllin by intraperitoneal injection (1.5, 3, and 6 mg/kg, respectively designated as PPVI-1.5, PPVI-3, and PPVI-6 groups); The CFA modeling approach including three steps were used. The mouse left hind foot was injected with 30 μL of CFA, the mice pain threshold was measured in Von-Frey nylon silk and hot plate protocols, and the mice ability to tolerate pain was assessed. Based on the mice ability to tolerate pain, the validity of the CFA model was judged. The diclofenac sodium (7.5 mg/kg) was administered by intraperitoneal injection following CFA modeling. Five days after the CFA model was established drugs were administered once per day for a total of 7 days. Carbon dioxide was utilized for euthanasia after the experiment.
2.7 The von Frey test
After 30 min of acclimatization, mice were tested using von Frey hair (0.04 g, 0.07 g, 0.16 g, 0.40 g, 0.60 g, 1.00 g, 1.40 g, and 2.00 g), which was slightly bent to stimulate the lateral part of the mouse’s left plantar. The mice were placed on an elevated mesh metal plate, covered with perforated transparent 10 cm × 6 cm × 6 cm plexiglass cages. Special emphasis was taken to separate pain-induced withdrawal behavior from the withdrawal response following physical exercise. If the stimulus is positive, it is recorded with an X; if it is negative, it is marked with an O. After changing the O to X or X to O, the above procedure is repeated for four rounds, with the pressure value indicated by the letter X (the last used fiber) being recorded after each round. If there is no response, the level of pressure is increased to the next level, the first mechanical stimulation is given with a force of 1.0 g, and so on. The formula for calculating the threshold value is as follows: Log 50%g threshold = Xf + kδ (Xf = value (in log units) of the final von Frey hair used; k = tabular valufor the pattern of positive/negative responses; and δ = mean difference (in log units) between stimuli (Chaplan et al., 1994).
2.8 The hot-plate test
Before the experiment, mice were prescreened by having their abdominal hair removed, and being placed one at a time on a (55.00.5) °C hot plate apparatus. The pain thresholds were recorded using hind feet licked or lifted as pain indicators. Mice with a pain threshold of 5–30 s were chosen for the experiment. The selected mice were placed one at a time on the hot plate device, and the mice pain threshold was measured three times, with 10-min intervals between each measurement. The average value was taken as the baseline pain threshold or the pre-administration, normal pain tolerance. The average time that mice spend licking their paws on a hot plate after taking PPVI, which correlates to the mice’s response to heat stimulation after taking PPVI, is measured as the pain threshold. The pain thresholds before and after administration were determined and counted for the 60 s if the mice on the hot plate equipment still did not exhibit any signs of discomfort after the 60 s.
2.9 The measurement of foot swelling
Vernier calipers were used to measure each group of mice toe thickness before modeling, during modeling, and after drug treatment. The difference between the thickness of the left and right hind limbs was utilized to indicate the degree of inflammation and swelling. Each group’s degree of swelling was calculated.
2.10 RT-qPCR
Using Trizol reagent (Thermo Fisher), total RNA was obtained from L3-L5 DRG and the spinal cord. The concentration and purity of extracted RNA were assessed using a spectrophotometer. For qPCR, RNA with an approximate absorbance ratio of 2.0 (OD260/OD280 nm) was selected, and RT Master Mix for qPCR II was used to transcribe the RNA into cDNA. Quantitative real-time PCR (RT-qPCR) was performed to measure the expression of the mRNA using a qPCR PreMix (SYBR Green) Kit. The test’s primers are listed in Table 1. The relative expressions of the relevant genes were calculated using the 2−ΔΔCT method.
TABLE 1 | Primer sequences for RT-qPCR.
[image: Table 1]2.11 Western blot
Protein extraction was described by (Luo et al., 2021). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate 20 µg of proteins from each sample, which was then placed onto a polyvinylidene fluoride (PVDF) membrane. Before the primary antibody incubation at 4°C overnight, the membranes were blocked with 5% milk for 2 h. The following primary antibodies were then used: P2X3 (Abcam, ab300493), IL-1 (Abcam, ab283818), GAPDH (Abcam, ab9485), TNF-α (Abcam, ab215188), and IL-6 (Abcam, ab290735). Horseradish peroxidase (HRP)-conjugated secondary antibody was applied to the blotted PVDF membrane following the primary antibody reaction (Boster Biological Technology Co. Ltd.). The ECL chemiluminescence western blot detection technique was carried out via the use of a gel imaging device and ImageJ.
2.12 Histology and immunohistochemistry
2.12.1 Hematoxylin-eosin staining
The DRG and spinal cord tissue of the L3-L5 segment of mice were fixed in 4% paraformaldehyde for 24 h, dehydrated in the order of 75%, 85%, and 95% alcohol for 2 h, dehydrated with absolute ethanol I, II for 30 min. Anhydrous ethanol-xylene and xylene were dehydrated for 10 min respectively, and then transferred to 58°C paraffin wax I, II, and III for 1 h. Tissues were embedded using a Leica embedding machine and then placed in a −20°C freezer until the paraffin solidified. The DRG and spinal cord were cut into 5 μm thick wax slices with a microtome, placed in a 60 oven for 20 min, and then soaked in xylene for 20 min to completely remove the remaining paraffin; The DRG and spinal cord slices were restored the tissue water in absolute ethanol, 95%, 85%, 75%, 50%, rinsed for 3 min and put in hematoxylin staining for 3 min, rinsed with tap water for 3 min, exposed to 1% alcohol hydrochloric acid to differentiate for 5 s, and waited for the tissue to turn red before rinsing in distilled water. Hematoxylin and eosin-stained sections of the DRG and spinal cord were observed under an optical microscope and scanned with a pathological slide scanner.
2.12.2 Immunohistochemistry
Mice underwent intra-cardiac perfusion with 4% paraformaldehyde for tissue fixation. L3-L5 segment DRGs and spinal cord were dissected and placed in 4% paraformaldehyde, fixed at room temperature for 6 h. Fixed DRG and spinal cord preparations were cut into 5um thick slices and dried in an incubator set to 50°C to 60°C for 20 min. The slices were subjected to a 5-min soak in absolute ethanol twice, followed by 2-min soaks in 95%, 80%, and 70% ethanol, and 5 min in distilled water. 3% H2O2 solution was added for 10 min. Subsequently, DRG and spinal cord slices were washed three times and rinsed with PBS for 5 min. Goat serum was added for blocking for 45 min. Slices were incubated with primary antibody against P2X3 receptors (Abcam, ab300493) at 1: 200 dilutions overnight at 4°C, washed, incubated with HRP-conjugated secondary antibody (goat polyclonal; Abcam; 1: 200) for 40 min, washed, soaked in DAB solution for 3 min, mounted on neutral gum and observed under an optical microscope and scanned with a pathological slide scanner.
2.13 Statistical analysis
The means and standard error of means (SEM) for each outcome are shown. The GraphPad Prism 8.0 program was used for statistical analysis. Independent-sample t-tests were used to assess potential differences between any given pair of groups. Tukey’s post hoc analysis was performed to examine differences between any two groups using a one-way analysis of variance (ANOVA). Two-way repeated ANOVA was used to compare different groups, and then Tukey’s post hoc analysis was conducted. The p < 0.05 significance level was used for the whole experiment.
3 RESULTS
3.1 Screening and identification of active compounds in PPVI using cell membrane immobilized chromatography
First, we identified the primary components of the CL extract by HPLC-MS. Seven primary peaks were discovered in the CL extract HPLC with two peaks matching the standard solution PPVI and PPI (Figures 2A, B). CL was further analyzed with HPLC-DAD-TOF/MS to reveal these substances in the CL extract (Figure 2C), identified by comparing the retention time (tR), UV absorption traits, and mass spectra with those in the literature and/or those of known reference compounds (Qin et al., 2018; Guan et al., 2021; Xie et al., 2021) to provide a preliminary compounds description (Table 2). These ingredients are Gracillin, Dioscin, Polyphyllin H, Polyphyllin I, Polyphyllin V, Polyphyllin VI, and Polyphyllin F. Second, we compared the components of U272 cells before and after overexpressing the P2X3 receptor, and screened out the components with the greatest difference. No peaks were seen in the eluate of the sixth washing (Figures 2D, E). However, in the dissociative eluate of the U373 cells overexpressing P2X3, the PPVI response value in the HPLC was relatively increased compared with the control U373 cells (Figures 2F, G). These results indicated that PPVI could interact with P2X3 receptors.
[image: Figure 2]FIGURE 2 | The CMIC of CL with U373 cells. (A) The HPLC chromatogram of the standard solution (Polyphyllin VI, Polyphyllin I). (B,C) THe HPLC-MS chromatogram of CL extract. (D,E) The HPLC chromatogram of the eluate of U373 cells and U373 cells expressing P2X3. (F,G) The HPLC chromatogram of dissociation medium of U373 cells and U373 cells expressing P2X3.
TABLE 2 | HPLC-MS chromatogram of CL extract compounds identification.
[image: Table 2]3.2 Molecular docking of PPVI and P2X3 receptor
Molecular docking was applied to validate the binding of P2X3 receptors to seven active compounds shown in Table 3. Dioscin, Polyphyllin H, Polyphyllin I, Polyphyllin V, Polyphyllin VI, and Polyphyllin F are compatible with the structure of the P2X3 receptor, had binding energies of −12.0, −11.7, −11.6, −11.2, −10.8, and −10.6 kcal/mol, respectively, showing good binding of the receptor to the ligand by considering the absolute affinity value with >6 kcal/mol as the selected standard, implying a possible modulatory role (Figures 3A–F).
TABLE 3 | Affinities and amino acid sites of ligand-protein detected by molecular docking.
[image: Table 3][image: Figure 3]FIGURE 3 | Molecular docking models of P2X3 and Dioscin, Polyphyllin H, Polyphyllin I, Polyphyllin V, Polyphyllin VI, Polyphyllin F. (A) P2X3 and Polyphyllin I docking mode and the interaction plane diagram. (B) P2X3 and Polyphyllin H docking mode and the interaction plane diagram. (C) P2X3 and Polyphyllin V docking mode and the interaction plane diagram. (D) P2X3 and Polyphyllin F docking mode and the interaction plane diagram. (E) P2X3 and Polyphyllin VI docking mode and the interaction plane diagram. (F) P2X3 and Dioscin docking mode and the interaction plane diagram.
3.3 Effects of the PPVI on thermal withdrawal latency and mechanical withdrawal threshold in CFA-induced pain mice
The results of TWL and MWT are shown in Figure 6 and the TWL (Figure 4A) and MWT (Figure 4C) were assessed in mice before modeling on days 1, 3, and 5 after the CFA injection. We found significant differences between the CFA group, the PPVI treatment group (1.5 mg/kg, 3 mg/kg, 6 mg/kg), and the diclofenac sodium group as compared to the control group, supporting the validity of the CFA paradigm. The TWL (Figure 4B) and MWT (Figure 4D) of mice in the PPVI administration group and the diclofenac sodium group were significantly higher than that of mice in the CFA group (p < 0.001). In the 1.5 mg/kg PPVI administration group analgesic effect was comparable to that of the diclofenac sodium group.
[image: Figure 4]FIGURE 4 | Effect of administration of PPVI on the TWL and MWT in CFA-induced chronic neuroinflammatory pain mice. (A) The TWL of mice in each group were detected on the day before CFA injection, 1, 3, 5 days after injection, and 1, 3, 5, and 7 days after PPVI admistration, n = 10 in each group. (B) THe TWL of mice in ache group were detected 12 days after CFA injection. (C) The MWT of mice in each group were detected on the day before CFA injection, 1, 3, 5 days after injection, and 1, 3, 5, and 7 days after PPVI administration. n = 10 in each group. (D) The MWT of mice in each group was detected 12 days after CFA injection. Data are presented as mean ± S.E.M, significant differences among different groups are indicated as ###p < 0.001, vs. control; **p < 0.001 vs. CFA group.
3.4 Effects of PPVI on foot swelling in CFA-induced chronic neuroinflammatory pain mice
The paw swelling was assessed in mice before pharmacological treatment on days 1, 3, and 5 following the CFA injection. The paws of the mice were swollen with significant differences (Figure 5) between the CFA, PPVI treatment group (1.5 mg/kg, 3 mg/kg, and 6 mg/kg), and diclofenac sodium group as compared to the control group, proving the validity of the CFA paradigm. Then, for 7 days, the PPVI group and the diclofenac sodium group received PPVI and diclofenac sodium injections, while the CFA and control groups received normal saline injections, while the left paw swelling was continuously monitored. The paw swelling of the mice in the PPVI groups (1.5 mg/kg, 3 mg/kg, and 6 mg/kg) and the diclofenac sodium group was significantly attenuated (Figures 5A–C).
[image: Figure 5]FIGURE 5 | Effect of administration of PPVI on the foot swelling of CFA-induced chronic neuroinflammatory pain mice. (A) The foot swelling of mice in each group was detected on the 12 days after CFA injection. (B) The foot swelling of mice in each group was detected on the day before CFA injection, 1, 3, and 5 days after injection, and 1, 3, 5, and 7 days after PPVI administration, n = 10 in each group. (C) The foot swelling of mice in each group was detected 12 days after the CFA injection. Data are presented as mean ± S.E.M, significant differences among different groups are indicated as ###p < 0.001, vs. control; *p < 0.05 vs. CFA group.
3.5 Effects of PPVI on the expression of pro-inflammatory factors in CFA-induced chronic neuroinflammatory pain mice
To verify the anti-inflammatory effect of PPVI on DRGs and the spinal cord in CFA-induced mice, we performed assays using WB and qPCR. The results showed that the protein expression (Figures 6A–D) and mRNA expression (Figures 6E–G) of IL-1β, IL-6, and TNF-α of DRGs and spinal cord in CFA-induced mice were significantly increased compared with the control group. However, after 7 days of treatment with PPVI (1.5 mg/kg, 3 mg/kg, and 6 mg/kg), the expression of the IL-1β, and IL-6, TNF-α were normalized compared with the CFA-induced mice group.
[image: Figure 6]FIGURE 6 | Effect of administration of PPVI on the expression of inflammatory factors IL—1β, IL-6, TNF-α in CFA-induced chronic neuroinflammatory pain mice. (A–D) The protein expression of inflammatory factors IL—1β, IL-6, and TNF-α in each group (n = 10). (E–G) The mRNA expression of inflammatory factors IL—1β, IL-6, and TNF-α in each group (n = 10). Data are presented as mean ± S.E.M, significant differences among different groups are indicated as ###p < 0.001, vs. control; *p < 0.05, **p < 0.01, ***p < 0.001 vs. CFA group.
3.6 Effects of PPVI on neural cells in DRG and spinal cord in CFA-induced inflammatory pain mice
HE-stained DRG and spinal cord sections are shown in Figure 7. Few inflammatory cells were observed in L3-L5 DRGs, while in the CFA group DRGs contained neutrophils, lymphocytes and macrophages gathered into small clusters (Figures 7A, B). After treatment with 1.5 mg/kg, 3 mg/kg, and 6 mg/kg PPVI, the presence of these inflammatory cells was significantly reduced in L3-L5 DRGs (Figures 7C–F). The distribution of glial cells is relatively uniform in the dorsal horn of the L3-L5 spinal cord of the control group. In contrast in the CFA group, aggregation of glial cells with pyknosis and vacuolization of neurons were observed in the dorsal horn of the L3-L5 spinal cord (Figures 7G, H indicated with an arrow). However, treatment with 1.5 mg/kg, 3 mg/kg, and 6 mg/kg PPVI reversed these changes (Figure 7I–L).
[image: Figure 7]FIGURE 7 | HE staining of DRG and spinal cord. (A–F) The HE staining of DRG in nerve cells in each group was detected by microscope (×200, ×400). (G–L) The HE staining of the spinal cord in nerve cells in each group was detected by microscope (×100, ×200).
3.7 PPVI affects the expression of P2X3 receptors in DRG of CFA pain mice
Immunohistochemistry showed that the expression of P2X3 receptors in L3-L5 DRGs from CFA mice was significantly increased compared with the control group (Figures 8A, B). However, treatment with PPVI (1.5 mg/kg, 3 mg/kg, and 6 mg/kg) and diclofenac sodium restored the expression of P2X3 receptors to control levels (Figures 8C–F) which is a significant difference compared with the CFA group. Further WB analysis showed that expression of P2X3 in DRGs was significantly upregulated in CFA mice compared with the control group and treatment with PPVI (1.5 mg/kg, 3 mg/kg, and 6 mg/kg) and diclofenac sodium restored the expression of P2X3 receptors in L3-L5 DRGs (Figures 8G–I).
[image: Figure 8]FIGURE 8 | Effect of administration of PPVI on the expression of P2X3 of DRG in CFA-induced chronic neuroinflammatory pain mice. (A–F) The expression of P2X3 in nerve cells in each group was detected by immunohistochemistry (n = 3). (G–I) The protein and mRNA expression of P2X3 detected by western blot and qPCR in each group (n = 10). Data are presented as mean ± S.E.M, significant differences among different groups are indicated as ###p < 0.001, vs. control; *p < 0.05, **p < 0.001 vs. CFA group.
3.8 PPVI normalized expression of P2X3 receptors in the dorsal horn of the spinal cord in CFA-induced pain mice
We also analyzed the effect of PPVI on the expression of P2X3 receptors in the L3-L5 spinal cord of CFA-induced pain mice. Compared with the control group, the expression of P2X3 receptors in the dorsal horn of the spinal cord of CFA mice was significantly upregulated (Figures 9A,B). However, treatment with PPVI (1.5 mg/kg, 3 mg/kg, and 6 mg/kg) and diclofenac sodium restored the expression of P2X3 receptors (Figures 9C–F). Further WB analysis showed increased protein expression of P2X3 receptors in the dorsal horn of CFA mice compared with the control group. However, treatment with PPVI (1.5 mg/kg, 3 mg/kg, and 6 mg/kg) and diclofenac sodium restored the protein expression of P2X3 receptors (Figures 9G–I).
[image: Figure 9]FIGURE 9 | Effect of administration of PPVI on the expression of P2X3 of the spinal cord in CFA-induced chronic neuroinflammatory pain mice. (A–F) The expression of P2X3 in nerve cells in each group was detected by immunohistochemistry (n = 3). (G–I) The protein and mRNA expression of P2X3 detected by western blot and qPCR in each group (n = 10). Data are presented as mean ± S.E.M, significant differences among different groups are indicated as ###p < 0.001, vs. control; *p < 0.05, **p < 0.01, ***p < 0.001 vs. CFA group.
4 DISCUSSION
Polyphylla var. yunnanensis is widely used as an anti-tumor treatment in traditional Chinese medicine (He et al., 2015). A recent study found that Rhizoma Paridis saponins extract from Polyphylla var. yunnanensis demonstrates analgesic effects in a mouse model of chronic cancer pain (Wang G. et al., 2018), although underlying mechanisms and the active ingredients of Polyphylla var. yunnanensis remain unknown. In this study, the Polyphylla var. yunnanensis extract contained seven main active ingredients: Dioscin, Polyphyllin H, Polyphyllin I, Polyphyllin V, Polyphyllin VI, and Polyphyllin F. In glioblastoma or glial cells, little or no P2X3 receptors were expressed since P2X3 is specific for sensory neurons (Inoue and Tsuda, 2021). Therefore, we used the U373 cells overexpressing P2X3 receptors to compare the differences between the U373 cells overexpressing P2X3 and normal U373 cells to observe the dissociated fluid components caused by the increase of P2X3 receptors. Combining the results of the docking of P2X3 and active molecules, we initially screened the main active ingredient polyphyllin VI in the Chonglou extract that may have a regulatory effect on the P2X3 receptor.
A suspension of whole or crushed, heat-inactivated mycobacteria is present in mineral oil that is used to make CFA (Stills, 2005). Stimulation of the immune response, which results in delayed hypersensitivity at the injection site, as well as significant inflammatory reactions and hyperalgesia induces chronic pain. (Sadler et al., 2022).
Changes in functional expression of P2X3 receptors are closely related to inflammation, while CFA injections or chronic nerve compression and temporal mandibular joint disorders increase the expression of P2X3 receptors (Xu and Huang, 2002; Ambalavanar et al., 2005; Shinoda et al., 2005). Intrathecal injection of P2X3 receptor agonist α, β-meATP enhances pain behavior (Xiang et al., 2008), while intrathecal injection of P2X3 receptor antagonist A-317491 or treatment with antisense P2X3 receptor oligonucleotides significantly reduces formalin- or α,β-meATP injection-induced nociceptive behavior and nociceptive inflammatory response in DRG and spinal cord after partial sciatic nerve ligation, CFA adjuvant, formalin or α,β-meATP injection into the skin (Barclay et al., 2002; Hemmings-Mieszczak et al., 2003; McGaraughty et al., 2003; Pissanetzky, 2016). In addition, inflammatory cytokines IL-1, IL-6, and TNF-α also contribute to the pathophysiology of chronic pain (del Rey et al., 2012; Li et al., 2017; Yang et al., 2020). Inflammatory cytokines have a role in peripheral inflammation, a key contributor to chronic pain. IL-1, IL-6, and TNF-α, that can trigger immunopathological reactions and intensify inflammatory signals, are particularly important (del Rey et al., 2012; Burnstock, 2016; Yang et al., 2020).
Several cell types in DRG and the spinal cord, including immune cells, neurons, and glial cells, produce IL-1 in response to peripheral nerve injury (Liddelow et al., 2017; Voet et al., 2019; Trapero and Martin-Satue, 2020). Increased expression of P2X3 receptors may potentiate the production of IL-1, which intensifies the inflammatory response of microglia in the spinal cord (Shieh et al., 2006). Hypomethylation of the P2X3 receptor gene promoter regions in rat tumor cells improves the binding of members of the NF-κB family of transcriptional regulators and increases pain sensitivity, which (Zhou et al., 2015). These studies suggest that inflammation can upregulate the expression of P2X3 in sensory nerves, while the activation of P2X3 can promote the secretion of inflammatory factors. This study found that PPVI reduced CFA mice paw edema and pain threshold, indicating a significant analgesic effect. Further experiments showed that PPVI reduced the number of inflammatory cells in DRG and downregulated the inflammatory factors TNF-α, IL-1β, and IL-6 expression in DRG and spinal cord of CFA mice. Subsequently, we demonstrated that PPVI inhibited P2X3 expression in the DRG and spinal cord of CFA mice, indicating that the analgesic effect is linked to the decrease in P2X3 receptors expression and the decrease in inflammatory cytokines. However, further research is still needed to investigate how PPVI regulates the signaling pathway between P2X3 and inflammation in DRG and the spinal cord.
5 CONCLUSION
In summary, by using molecular docking technology and U373 cells overexpressing P2X3 receptors combined with the cell membrane immobilized chromatography we identified PPVI as the main active component of CL. PPVI increases the mechanical and thermal withdrawal threshold of CFA-induced pain mice and relieves the pain and foot swelling. In addition, PPVI downregulates the expression of TNF-α, IL-1β, and IL-6 in DRG and spinal cord to alleviate the inflammation; PPVI also normalizes the expression of P2X3 purinoceptors. Our work provides insight into the potential new targets of PPVI for the treatment of inflammatory pain.
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Sleep, torpor, and hibernation are three distinct hypometabolic states. However, they have some similar physiological features, such as decreased core body temperature and slowing heart rate. In addition, the accumulation of adenosine seems to be a common feature before entry into these three states, suggesting that adenosine and its receptors, also known as P1 receptors, may mediate the initiation and maintenance of these states. This review, therefore, summarizes the current research on the roles and possible neurobiological mechanisms of adenosine and P1 receptors in sleep, torpor, and hibernation. Understanding these aspects will give us better prospects in sleep disorders, therapeutic hypothermia, and aerospace medicine.
[image: Graphical Abstract]GRAPHICAL ABSTRACT | Adenosine mediates sleep, torpor and hibernation through P1 receptors. Recent reasearch has shown that P1 receptors play a vital role in the regulation of sleep-wake, torpor and hibernation-like states. In this review, we focus on the roles and neurobiological mechanisms of the CNS adenosine and P1 receptors in these three states. Among them, A1 and A2A receptors are key targets for sleep-wake regulation, A1Rs and A3Rs are very important for torpor induction, and activation of A1Rs is sufficient for hibernation-like state.
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1 INTRODUCTION
Sleep, torpor, and hibernation are three distinct states which can reduce energy expenditure. Sleep, which takes up nearly one-third lifetime of most mammals and birds, is divided into rapid eye movement (REM) sleep and non-REM (NREM) sleep. REM sleep is characterized by phasic changes in various autonomic functions and an elevation in metabolic rate. However, NREM sleep is characterized by the organism’s active contact with the environment and by a decrease in metabolism, body temperature (Tb), and energy expenditure (Silvani and Dampney, 2013; Schmidt, 2014; Silvani et al., 2018). Torpor is an energy-saving strategy in most mammals and birds, sometimes lasting only for a few hours, that helps organisms cope with the stress of an adverse environment (Ruf and Geiser, 2015). Just like NREM sleep, torpor state occurs with a reduction in Tb and metabolic rate (Ruf and Geiser, 2015). Hibernation, also called multi-day torpor, is a seasonal energy conservation strategy that reduces Tb, energy expenditure, and water loss (Geiser, 2013; Ruf and Geiser, 2015). Most hibernators generally remain in hibernation for a winter, which helps them effectively withstand the cold environment.
Adenosine is a ubiquitous endogenous cell signal transducer and regulator, which mainly acts by activating 4 G protein-coupled receptors (GPCRs), namely, adenosine A1, A2A, A2B, and A3 receptors, as known as P1 receptors (Kazemzadeh-Narbat et al., 2015). Activation of A1 and A3 receptors exert inhibitory effects, however A2A and A2B exert excitatory. The four P1 receptors can reduce and increase the intracellular cyclic adenosine-3, 5 monophosphate (cAMP) concentration via inhibiting or activating adenylate cyclase (AC), which makes adenosine and P1 receptors essential for the regulation of energy balance (Chiu and Freund, 2014).
Sleep, torpor, and hibernation are integral to energy balance. At the same time, adenosine which is a homeostatic bioenergetic network regulator appears to accumulate before entry into the three states, suggesting that adenosine and P1 receptors, may mediate sleep, torpor and hibernation (Drew and Jinka, 2013; Silvani et al., 2018). Much evidence suggests that activation or inhibition of the central nervous system (CNS) adenosine receptors by genetic or pharmacological means can alter the states of sleep, torpor, and hibernation. In this review, we focus on the role of adenosine in the CNS and summarize the current research on the roles and possible biological mechanisms of adenosine and P1 receptors in sleep, torpor, and hibernation. This may help us solve many problems in the future, such as treating sleep disorders and using artificial hibernation for medical applications and space exploration.
2 PHYSIOLOGICAL CHARACTERISTICS DURING SLEEP, TORPOR, AND HIBERNATION
Sleep, torpor, and hibernation appear shallow to deep states of diminished body temperature and metabolic rate. Sleep is a relatively rapid and reversible state. However, the animals in a torpor state are more difficult to awaken than sleepers. They may not respond immediately to stimuli, while hibernators typically take an hour or more from hibernation to awakening (Siegel, 2009). Animals control the duration of torpor based on the circadian system, typically remaining dormant for only part of the day and returning to a physiological state when Tb rises to a consistently high level.
In contrast to torpor, hibernation lasts for days or weeks, and hibernators generally do not forage, relying mainly on early food storage or fat storage (Ruf and Geiser, 2015). Hibernation is not as common as daily sleep and torpor; only one-third of mammalian species are hibernators (Berger, 1984). Sleep, torpor, and hibernation are both energy-saving strategies for animals that share similar physiological characteristics and have their own characteristics (Table 1). An interesting commonality between sleep, torpor, and hibernation is the involvement of adenosine receptors. Adenosine is a purine nucleoside involved in many signaling pathways of energy homeostasis. One of the functions of sleep is to restore brain energy homeostasis, while the primary function of hibernation and torpor is to restore or protect body energy homeostasis (Drew and Jinka, 2013). According to many previous studies, adenosine A1 receptors and A2A receptors (A1Rs and A2ARs) play an essential role in inducing NREM, the activation of A1R and A3 receptors (A3Rs) may induce torpor (Silvani et al., 2018), and the onset of hibernation may be due to the activation of A1Rs (Jinka et al., 2011; Frare and Drew, 2021). In the following, we will briefly introduce the physiological characteristics of the three states and expand our review based on this.
TABLE 1 | Physiological characteristics of sleep, daily torpor, and hibernation.
[image: Table 1]2.1 Sleep
Most mammals and birds spend about one-third of their lives asleep, a quiet state in which humans or animals are less sensitive to their environment. Sleep is regulated by biological rhythms and neural loops and plays a vital role in the human body’s functional recovery, learning and memory, and growth and development. It is characterized by loss of consciousness, decreased Tb, metabolism, and a decrease in heart rate (HR) and blood pressure (BP). According to the characteristic electroencephalographic (EEG) patterns, sleep can be divided into NREM and REM sleep.
NREM and REM sleep occur alternately throughout sleep time, with NREM accounting for the majority of the sleep time (Silvani and Dampney, 2013; Schmidt, 2014; Silvani et al., 2018). NREM sleep shows decreased systemic function, regular breathing, HR, reduced energy consumption, an EEG that consisted mainly of slow waves, reduced muscle tension, but still a definite posture, with no noticeable eye changes. NREM sleep is divided into four stages. Stages Ⅰ and Ⅱ are light sleep, and stages Ⅲ and Ⅳ are deep sleep. During deep sleep, cellular metabolism can be promoted throughout the body, immunity can be strengthened, and energy depleted during the wake period can be restored (Silvani et al., 2018). REM sleep is characterized by rapid eye movement, loss of thermoregulation, EEG activity similar to waking, marked decrease or disappearance of muscle tension, muscle relaxation, but active neurons in most brain regions, increased cerebral blood flow, irregular breathing, and increased HR. During REM sleep, humans or animals maintain a relatively high level of vigilance, which is essential for animals to survive in nature (Roth, 2004; Schmidt, 2014).
2.2 Torpor
Torpor, a behavior that saves energy by reducing metabolic rate (MR), is often identical to sleep, which occurs daily or lasts for days, transitions into sleep (also called daily torpor), and is regulated by circadian rhythms (Berger, 1984). A drastic reduction of MR associated with a decrease in Tb results in the occurrence of torpor (Giroud et al., 2020). In addition, the autonomic nervous system is intimately involved in all stages of torpor. During an episode of torpor, the respiratory rate decreased, the HR related to ventilation increased periodically, and the decrease in ventilation was more significant than the MR, resulting in mild respiratory acidosis (Silvani et al., 2018).
A decrease in brain temperature usually accompanies the onset of torpor. If the brain temperature is above 25°C, EEG morphology and frequency during torpor are closest to the characteristics of NREM sleep. Then, both EEG amplitude and power decrease with decreasing Tb. When the brain temperature falls below 25°C, REM sleep gradually disappears, and when the temperature is between 10°C and 20°C, the animals alternate between long NREM sleep and short wakefulness. EEG becomes equipotential when the brain temperature is below 10°C, and it is impossible to determine alertness by electrophysiological methods (Ruf and Geiser, 2015; Ambler et al., 2021; Huang et al., 2021). When electromyography (EMG) was examined, EMG activity was found to decrease significantly with the inhibition of shivering thermogenesis, and a decrease of Tb when entering the state of torpor was observed (Huang et al., 2021). Daily torpor appears independent of ambient temperature (Ta), season, and nutritional status, as it can last only a few hours and is frequently interrupted by activity and foraging. Torpor can occur throughout the year, although it is more frequent in winter. However, in some species that live in warm climates, summer torpor is more common than winter torpor. Compared with waking, the metabolic rate drops to an average of about 30% of the basal metabolic rate (BMR) during torpor. The energy consumption is usually reduced by 10% to 80%, depending on the time and depth of torpor (Geiser, 2013).
2.3 Hibernation
Hibernation is a physiological adaptation that allows endothermic animals to cope with periodic limitations in their energy supply by lowering Tb and metabolism and improve their freezing tolerance, which may enable them to survive seasonal changes in the food supply and temperature reduction (Geiser, 2013; Storey and Storey, 2013; Storey and Storey, 2017). When the metabolic rate decreases during hibernation, ventilation decreases, and prolonged apnea occurs (Milsom and Jackson, 2011). During deep hibernation, the Tb of most mammals is near Ta. However, as Tb approaches the freezing, MR rises sharply, preventing tissue damage from increased heat production (Milsom and Jackson, 2011; Geiser, 2013). Hibernating species include facultative hibernators (hamsters, bats) and obligatory hibernators (ground squirrels, bears, and lemurs). Facultative hibernators are animals that go into hibernation only when they sense cold, lack of food, or photoperiodic changes. Obligatory hibernators are animals that go into hibernation spontaneously and punctually at a specific time of year, regardless of food availability or temperature (Xu et al., 2013; Mohr et al., 2020).
Hibernation is not an uninterrupted process over several months. With the rise of Ta and the accumulation of metabolites, spontaneous periodic awakening may occur and interrupt dormancy. After a brief awakening, the animal returns to dormancy and repeats the cycle of dormancy-awakening until the end of hibernation. This periodic awakening consumes most of the energy during hibernation. The onset of hibernation is highly dependent on temperature. When Ta is between 20°C and 30°C, some species still hibernate, but the duration is usually only a few hours, similar to daily torpor (Geiser, 2013; Ruf and Geiser, 2015; Mohr et al., 2020; Ambler et al., 2021). Gene transcription and translation are significantly inhibited during hibernation, and many other physiological parameters are significantly reduced and recover after awakening, such as HR, respiration, metabolic rate, and so on (Xu et al., 2013).
3 SOURCES AND METABOLIC PATHWAYS OF ADENOSINE IN THE CENTRAL NERVOUS SYSTEM
3.1 Source of adenosine
Intracellular adenosine is mainly produced through five pathways (Figure 1): 1) Adenosine triphosphate (ATP) loses two phosphate groups under the action of ATPase to become adenosine monophosphate (AMP), and AMP continues to lose the phosphate group under the action of an internal 5′-nucleotidase (5′-NT) to produce adenosine (Lopes et al., 2011). 2) Adenine reacts with 1-phosphate ribose to form adenosine (Hall and Frenguelli, 2018). 3) S-adenosylmethionine (SAM) and L-homocysteine produce S-adenosylhomocysteine (SAH) and further produce adenosine under the action of S-adenosylhomocysteine hydrolase (SAHH), but this pathway is not common in the CNS (Deussen et al., 1989; Latini and Pedata, 2001). 4) Extracellular adenosine is transported into the cell by the balanced nucleoside transporter in the cell membrane (Liu Y. J. et al., 2019). 5) cAMP is generated from ATP under the action of AC, which is regulated by GPCRs, and then converted through phosphodiesterases (PDEs) to AMP, which is eventually used to generate adenosine (Dos Santos-Rodrigues et al., 2015).
[image: Figure 1]FIGURE 1 | Adenosine metabolism and P1 receptors in the central nervous system. Adenosine metabolism occurs mainly in neuronal synapses and astrocytes. In cells, adenosine is formed from ATP, cAMP, or SAH. Extracellular adenosine is produced by ATP and cAMP metabolism but mainly by the balance of nucleoside transporters to regulate the concentration level inside and outside the membrane. SAM, S-adenosylmethionine; SAH, S-adenosyl homocysteine; LH, L-homocysteine; SAHH, S-adenosyl homocysteine hydrolase; ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP, adenosine monophosphate; cAMP, cyclic adenosine monophosphate; ADO, adenosine; ADD, adenosine deaminase; ADK, adenosine kinase; 5′-NT, 5′-nucleotidase; etco-5′-NT, etco-5′-nucleotidase; AC, adenylate cyclase; GPCR, G protein-coupled receptors; ENT, equilibrating nucleoside transporter; A1Rs, adenosine A1 receptors; A2ARs, adenosine A2A receptors; A2BRs, adenosine A2B receptors; A3Rs, adenosine A3 receptors; Pre-, presynaptic membrane; Post-, postsynaptic membrane.
Production of extracellular adenosine occurs mainly by two pathways (Figure 1): 1) intracellular adenosine is transported to the extracellular space by the balanced nucleoside transporter located in the cell membrane (Sala-Newby et al., 1999). 2) Extracellular ATP and adenosine diphosphate (ADP) are converted to AMP by the enzyme ecto-nucleoside triphosphate diphosphohydrolase (E-NTPDase), also known as CD39. Subsequently, adenosine is generated by ecto-5′-nucleotidase (ecto-5′-NT), also known as CD73, which is mainly expressed on astrocytes, oligodendrocytes and microglia (Lazarus et al., 2019a).
In the equilibrium state, the intracellular adenosine level is 100 nM, and the extracellular adenosine level is 140–200 nM (Dunwiddie and Diao, 1994), but in the pathological state, such as ischemia and hypoxia, extracellular adenosine level increases three- to 10-fold (Andiné et al., 1990; Dux et al., 1990). It is worth noting that although adenosine can be produced from the synaptic terminals of neurons and enter the synaptic space, it is not secreted through vesicles but transported through nucleoside transporters, which has nothing to do with neural activities. Thus, adenosine is not a neurotransmitter but a regulatory factor (Huang et al., 2011; Lopes et al., 2011; Huang et al., 2014).
3.2 Adenosine metabolism
Adenosine has three main metabolic pathways (Figure 1): 1) It becomes inosine under the action of adenosine deaminase [8], and then generates hypoxanthine and hypoxanthine nucleotides by nucleoside phosphorylase, and finally becomes uric acid (Fredholm et al., 2005). 2) Adenosine is transported intracellular and extracellular domain through two-way balanced nucleoside transporter to regulate intracellular and extracellular adenosine levels (Liu Y. J. et al., 2019). 3) Adenosine kinase (ADK), which is mainly found in astrocytes, generates AMP and ADP by phosphorylating adenosine in the presence of ATP. This metabolic pathway can only occur in cells, so extracellular adenosine must enter cells to complete the cycle (Huang et al., 2011; Huang et al., 2014; Garcia-Gil et al., 2021).
4 EXCITATORY AND INHIBITORY EFFECTS OF VARIOUS ADENOSINE RECEPTORS
The physiological functions of adenosine is mediated by four purinergic type 1 receptors, known as A1, A2A, A2B, and A3 receptors, which belong to GPCR family. A1Rs and A3Rs belong to the inhibitory adenylate cyclase G protein (Gi) family, whereas A2ARs and A2BRs belong to the stimulatory adenylate cyclase G protein (Gs) family (Wall and Dale, 2008; Lopes et al., 2011).
4.1 A1 receptors
A1Rs have the highest affinity for adenosine and can be activated when the concentration of adenosine is in the pM range. They are the most prominent adenosine receptor in the CNS, distributed mainly in the cerebral cortex, hippocampus, and thalamus. A1Rs are located primarily in the excitatory nerve terminals (Kashfi et al., 2017). Activation of A1Rs can inhibit the activity of adenylate cyclase (AC), decrease the cAMP content, and regulate the activity of cAMP-dependent protein kinase. A1R activation can increase the release of intracellular Ca2+, inhibit N-, Q- and P-type calcium channels, decrease the influx of extracellular Ca2+, block the release of neurotransmitters, and reduce neuronal discharge to regulate neuronal activity (Wall and Dale, 2008). In the postsynaptic membrane, A1Rs are activated to open K+ channels and increase K+ outflow, resulting in membrane hyperpolarization, which reduces excitability and protects neurons. When activated, A1Rs can also open the ATP-sensitive potassium channel (KATP) of substantia nigra neurons, increasing outward currents and decreasing membrane excitability (Stockwell et al., 2017).
4.2 A2A receptors
The affinity of A2ARs for adenosine is lower than that of A1Rs, and the activation concentration of adenosine is in the nM range. A2ARs are mainly distributed in dopaminergic areas, such as striatum, nucleus accumbens (NAc), olfactory nodules and so on (Fang et al., 2017; Dong et al., 2022). When A2ARs are activated, they are coupled with Gs protein in the brain to increase the activity of AC and cAMP in striatal cells. In the hippocampus, A2ARs appear to be coupled with Gi/Go protein (Diógenes et al., 2004). A2ARs are mainly expressed in D2 dopamine receptor cells and are particularly abundant in the plasma membrane of dendrites and dendritic spines, but less so in axons, axon terminals, and glial cells, and has an antagonistic effect with dopamine D2 receptors (D2Rs) (Ferre et al., 1991; Strömberg et al., 2000). Presynaptic A2ARs can regulate the inhibition of A1Rs. In contrast to A1Rs, adenosine promotes the release of excitatory transmitters by activating A2ARs. In astrocytes, A2ARs are involved in the regulation of glutamate release and γ-aminobutyric acid (GABA) uptake (Cristóvão-Ferreira et al., 2009). The balance between A1 and A2ARs is crucial to the adenosine response, and this close interaction between them can produce a response that is different from the sum of the two (Chiu and Freund, 2014).
4.3 A2B receptors
A2BRs have a low affinity for adenosine, and the activation concentration of adenosine should reach μM, suggesting that A2BRs mainly play a role under pathological conditions with increased extracellular adenosine concentration. A2BRs are primarily distributed in hippocampal neurons and glial cells, and a small amount is also found in the thalamus, lateral ventricle, and striatum. A2BRs can activate AC via Gs or phospholipase C (PLC) via Gq. Activation of A2BRs can increase intracellular cAMP, promote glycogen decomposition, and increase the energy supply of neurons to resist the pathological state of ischemia and hypoxia (van Calker et al., 1979; Hösli and Hösli, 1988; Dos Santos-Rodrigues et al., 2015).
4.4 A3 receptors
A3Rs have the lowest sensitivity compared to other adenosine receptors, but activation of A3Rs has neuroprotective and neurotrophic effects. Although A3Rs are distributed throughout the brain, their content varies greatly in different brain regions, especially in the hippocampus and cerebellum. A3Rs act through Gi-mediated AC inhibition and Gq-mediated PLC activation. A3Rs can regulate hippocampal synaptic plasticity and decrease adenylate cyclase activity. In short, A3Rs activation is closely related to inflammation inhibition and cell protection (Lopes et al., 2003; Vlajkovic et al., 2007; Lopes et al., 2011).
5 THE ROLES AND NEUROBIOLOGICAL MECHANISMS OF ADENOSINE AND P1 RECEPTORS IN SLEEP, TORPOR, AND HIBERNATION
5.1 Increased levels of extracellular adenosine lead to drowsiness
Thanks to neurobiology and molecular biology advances, we are beginning to understand how sleep is initiated and maintained. Sustained wakefulness causes the body to produce and accumulate one or more endogenous somnogenic factors that induce sleep after reaching a certain threshold. The hypnotic effect of adenosine, an endogenous somnogenic factor, was discovered in 1954 (Feldberg and Sherwood, 1954). Typically, extracellular adenosine concentrations in the cerebral cortex and basal forebrain (BF) gradually increase during prolonged arousal, reaching a certain threshold that leads to drowsiness, while slowly decreasing during recovery sleep (Porkka-Heiskanen et al., 1997; Clasadonte et al., 2014; Huang et al., 2014; Tartar et al., 2021; Omond et al., 2022). Extracellular adenosine levels may be partially regulated by glutamatergic neurons (Peng et al., 2020; Sun and Tang, 2020). This is because activation of the glutamatergic BF neurons causes a large increase in extracellular adenosine, and specific ablation of glutamatergic BF neurons reduces the level of extracellular adenosine and significantly impairs sleep homeostasis regulation (Peng et al., 2020). Although adenosine is known to act on four evolutionarily conserved receptors, it is currently thought to regulate sleep-wake states by acting on the A1Rs and A2ARs (Huang et al., 2014; Lazarus et al., 2019b).
5.2 Regulation of sleep homeostasis by A1Rs is brain region-dependent
A1Rs are required for normal sleep homeostasis because the conditional knockout of A1Rs in the CNS during sleep restriction results in a reduced rebound slow-wave activity response (Bjorness et al., 2009). Mainstream research suggests that activation of A1Rs promotes sleep, as A1Rs agonists increase sleep (Radulovacki et al., 1984; Benington et al., 1995), whereas A1Rs antagonists decrease sleep (Methippara et al., 2005; Thakkar et al., 2008). For example, when Oishi et al. (2008) injected the A1Rs-selective agonist N6-cyclopentyladenosine (CPA) into the rat tuberomammillary nucleus (TMN), this significantly increased NREM sleep. A1Rs may mediate sleep through three pathways (Lazarus et al., 2019b): 1) A1Rs promote sleep by inhibiting wake-promoting neurons. A1Rs are expressed in hypocretin/orexin neurons of the lateral hypothalamus (LH) and histaminergic neurons of the TMN, which are typical arousal centers. Activation of A1Rs inhibits excitatory neurotransmission, including cholinergic arousal systems in the brainstem (Rainnie et al., 1994) and BF (Alam et al., 1999; Thakkar et al., 2003), the hypocretin/orexin neurons in the LH (Thakkar et al., 2002; Liu and Gao, 2007), and histaminergic systems in the TMN (Oishi et al., 2008). 2) A1Rs promote sleep by disinhibiting sleep-active neurons in the ventrolateral preoptic nucleus (VLPO) and anterior hypothalamic area (Chamberlin et al., 2003; Morairty et al., 2004). 3) A1Rs mediate homeostatic sleep pressure based on astrocytic gliotransmission (Halassa et al., 2009).
Moreover, A1Rs do not appear to fully promote sleep because A1R knockout mice did not differ from wide-type mice in basal sleep amount and sleep-wake behavior after sleep deprivation (Stenberg et al., 2003). Infusion of CPA into the lateral ventricle of mice did not significantly alter NREM and REM sleep (Urade et al., 2003). However, microdialysis of the adenosine transporter inhibitor nitrobenzyl-thio-inosine (NBTIs) or A1R agonists into the lateral preoptic area (LPO) increased the amount of wakefulness in rats (Methippara et al., 2005). Thus, A1Rs may exert different sleep-wake effects by acting on different brain regions.
5.3 A2ARs are important receptors that mediate the sleep-promoting effect of adenosine
A2ARs are important targets in the regulation of sleep. A2ARs mediate the effects of many sleep-promoting substances, such as ethanol and sake yeast (El Yacoubi et al., 2003; Nakamura et al., 2016; Fang et al., 2017; Nishimon et al., 2021). The selective A2AR agonist CGS21680 injected into the subarachnoid space adjacent to the BF and LPO of rats or the lateral ventricle of mice significantly increased NREM and REM sleep (Satoh et al., 1998; Scammell et al., 2001; Urade et al., 2003; Methippara et al., 2005). Immediately after the cessation of CGS21680 perfusion, there is a strong rebound in wakefulness (Gerashchenko et al., 2000). However, the sleep-promoting effect induced by CGS21680 was abolished entirely in A2AR knockout mice.
In addition, intraperitoneal administration of a positive A2AR allosteric modulator {3, 4-difluoro-2-[(2-fluoro-4-iodophenyl) amino] benzoic acid} in WT mice but not A2AR knockout mice enhanced A2AR signaling and promoted NREM sleep in a dose-dependent manner (Korkutata et al., 2019). Several studies suggested that A2ARs mediated the sleep-regulating effects of prostaglandin D2 (PGD2). After administration of PGD2 or CGS21680 into the rostral BF, c-fos-positive cells were significantly increased in the VLPO, a sleep center, resulting in enhanced induction of NREM sleep, and in contrast, c-fos-positive neurons significantly decreased in the TMN of the posterior hypothalamus, a wake center (Satoh et al., 1999; Scammell et al., 2001). In in-vivo microdialysis experiments, infusion of CGS21680 into the BF dose-dependently decreased histamine release in the frontal cortex and medial preoptic area and increased GABA release in the TMN, but not in the frontal cortex (Hong et al., 2005). Furthermore, VLPO neurons have been divided into two types according to their different responses to serotonin and adenosine: Type-1 neurons were inhibited by serotonin, and type-2 neurons were excited. A2AR agonists excited postsynaptic type-2 neurons in the VLPO but not type-1 neurons. Type-2 neurons were involved in sleep initiation, whereas type-1 neurons may contribute to sleep consolidation because type-1 neurons were activated only when the inhibitory effects of the arousal system were absent (Gallopin et al., 2005). In addition to the VLPO, injection of CGS21680 into the rostral BF also increased c-fos expression in the shell of the NAc and the medial portion of the olfactory tubercle (OT) (Satoh et al., 1999; Scammell et al., 2001). Microinjection of CGS21680 into the NAc shell also induced sleep-promoting effects (Satoh et al., 1999). A2ARs are highly expressed in the caudate putamen, NAc, and OT. Our recent series of studies have shown that activation of A2AR neurons in these nuclei can strongly promote sleep (Oishi et al., 2017; Yuan et al., 2017; Li et al., 2020). Activation of the A2AR neurons of the NAc core projecting to the ventral pallidum (VP) strongly induced NREM sleep. Conversely, inhibiting these neurons reduced sleep but did not affect the sleep homeostasis rebound (Oishi et al., 2017). Yuan et al. demonstrated the important role of the striatal A2AR neurons projecting to the external globus pallidus (GPe) parvalbumin (PV) neurons in sleep control. Chemogenetic inhibition of striatal A2AR neurons significantly decreased NREM sleep in the active period, which was mediated by the formation of inhibitory circuits between striatal A2AR neurons and GPe PV neurons (Yuan et al., 2017). The OT A2AR neurons project to the VP and LH via inhibitory innervations, and pharmacological or chemogenetic activation of OT A2AR neurons resulted in increased NREM sleep in mice (Li et al., 2020). Moreover, A2ARs are co-localized with dopamine D2Rs in these nuclei (Missale et al., 1998). Our studies demonstrated that D2R-expressing neurons are essential for the induction and maintenance of wakefulness (Qu et al., 2008; Qiu et al., 2009; Qu et al., 2010; Liu Y. Y. et al., 2019; Yang et al., 2021). Thus, A2ARs and D2Rs may jointly influence the sleep-wake cycle by balancing their activity.
Caffeine, unlike adenosine, is a wake-promoting substance abundant in refreshing beverages such as coffee and tea. Caffeine is an antagonist of A1Rs and A2ARs, with similar affinity for both at low doses (Fredholm et al., 2001). Using A1R knockout and A2AR knockout mice, Huang et al. demonstrated that caffeine-induced wakefulness is dependent on A2ARs, as caffeine dose-dependently increased wakefulness in both wild-type and A1R knockout but not A2AR knockout mice (Huang et al., 2005). Similarly, selective silencing of A2ARs in the NAc shell inhibited caffeine-induced wakefulness (Lazarus et al., 2011).
In conclusion, the regulatory effect of A1Rs on sleep-wake regulation is brain region-dependent. The excitation of A1Rs in wake-promoting nuclei induces sleep and, conversely, causes arousal on sleep-promoting neurons. The A2ARs are the major sleep-regulating receptors that mediate the wake-promoting effects of caffeine, and activation of A2ARs promotes sleep by inhibiting major arousal systems (Figure 2).
[image: Figure 2]FIGURE 2 | Neurobiological mechanisms of the A2ARs regulate sleep-wake states. A2ARs are important targets in sleep regulation, promoting sleep by inhibiting major arousal systems. Activation of A2AR neurons in the NAc core, striatum, and OT promotes sleep, with A2ARs neurons in the NAc core projecting to the VP, striatal A2AR neurons, and GPe PV neurons forming inhibitory circuits, and OT A2AR neurons projecting to the VP and LH. Furthermore, BF glutamatergic neurons may regulate extracellular adenosine levels, and A2ARs rather than A1Rs mediate the wake-promoting effects of caffeine. A2ARs, adenosine A2A receptors; A1Rs, adenosine A1 receptors; NAc, nucleus accumbens; VP, ventral pallidum; GPe, external globus pallidus; OT, olfactory tubercle; LH, lateral hypothalamus; Glu, glutamic acid; GABA, γ-aminobutyric acid.
5.4 Adenosine A1Rs and A3Rs play important roles in torpor
Adenosine may play a key role in torpor, as pyruvate induces torpor in obese mice based on adenosine signaling (Soto et al., 2018). In mice lacking all four adenosine receptors, adenosine does not cause hypothermia, bradycardia, or hypotension typical of the torpor state (Xiao et al., 2019). Peripheral or central infusion of adenosine or AMP results in a decrease in metabolic rate and body temperature similar to that observed in natural torpor, even in rats that do not naturally enter torpor (Swoap et al., 2007; Jinka et al., 2011; Iliff and Swoap, 2012; Olson et al., 2013; Tupone et al., 2013; Carlin et al., 2017; Vicent et al., 2017). Furthermore, the administration of A1R or A3R agonists to mice induces several features of daily torpor, including hypothermia (Anderson et al., 1994; Iliff and Swoap, 2012; Carlin et al., 2017; Swoap, 2017; Vicent et al., 2017), whereas A2ARs and A2BRs agonists do not (Anderson et al., 1994).
Currently, there are three ways to mimic the induction of torpor: 1) inhibition of the raphe pallidus (rPA) neurons in the brainstem (Cerri et al., 2021); 2) activation of A1Rs or A3Rs in the brain; 3) activation of glutamatergic Adcyap1+ neurons in the hypothalamus (Hrvatin et al., 2020). Here, we will discuss the induction of synthetic torpor by controlling A1Rs and A3Rs through pharmacological experiments. Although neither A1Rs nor A3ARs are required for fasting-induced torpor (Carlin et al., 2017), administration of A1R or A3R agonists such as N6-cyclohexyladenosine (CHA) induces torpor-like states in some animals (Jinka et al., 2011; Olson et al., 2013; Tupone et al., 2013; Vicent et al., 2017; Frare et al., 2018), while antagonist administration prevents torpor or causes arousal from torpor during torpor phases (Jinka et al., 2011; Iliff and Swoap, 2012; Tamura et al., 2012). It is not yet certain whether adenosine action triggers the occurrence of natural torpor, but adenosine mediates at least some of the physiological features during torpor. For example, A3R stimulation leads to hypothermia via peripheral mast cell degranulation, histamine release, and activation of central histamine H1 receptors. However, A1R agonist-induced hypothermia occurs via central sites, and the rPA, nucleus of the solitary tract (NTS) and the hypothalamic-pituitary-thyroid axis gate appear to play a pivotal role (Tupone et al., 2013; Carlin et al., 2017; Frare et al., 2018).
In the future, further efforts should be made to confirm the role of adenosine in torpor and its possible neurobiological and molecular mechanisms. First, microdialysis experiments, adenosine probes, and chemogenetic and optogenetic techniques should be used to confirm whether there is an accumulation and dynamic change of adenosine concentration during the initiation and maintenance of torpor and to reveal the possible mechanisms.
5.5 Central activation of A1Rs is sufficient to induce and maintain a hibernation-like state
Seasonal changes in brain adenosine levels may contribute to an increase in A1R sensitivity leading to the onset of hibernation (Frare and Drew, 2021). Although the mechanisms controlling hibernation are currently unclear, activation of A1Rs signaling in the CNS appears to be required for the onset of this phenomenon, as activation of the A1Rs in the CNS can induce hibernation or some hibernation-like states in obligate, facultative, or non-hibernating animals (Drew et al., 2017; Shimaoka et al., 2018; Frare and Drew, 2021). In addition, Shimaoka et al. (2018) activated central A1Rs in rats, a non-hibernating animal, which induced a hypothermia response similar to hibernation.
It is worth noting that activation of A1Rs maintains core body temperature at a low level. In hibernators, core body temperature and metabolic rate reduction occur before hibernation, which may be the key to the A1R-mediated hibernation (Barros et al., 2006). A1Rs are highly expressed throughout the CNS, including the NTS. The NTS is the center that controls cardiovascular, respiratory, and metabolic functions, and the NTS neurons are responsible for the integration of central and peripheral signals related to energy expenditure-related (Barros et al., 2006). A1Rs act as inhibitory receptors whose activation prevents the release of GABA to the NTS neurons that inhibit thermogenesis (Cao et al., 2010). Furthermore, the administration of CHA to the arctic ground squirrel increased c-fos expression in the NTS in both summer and winter (Frare et al., 2019). After the microinjection of CHA into the NTS, it inhibited brown adipose tissue (BAT) thermogenesis and shivering responses. In contrast, inhibition of A1Rs counteracted BAT thermogenesis induced by intracerebroventricular injection of CHA (Tupone et al., 2013). In addition to inhibiting BAT thermogenesis, activation of A1Rs in the NTS increases vasopressin secretion, which constricts blood vessels, including skin vessels, thereby increasing arterial blood pressure (McClure et al., 2005; McClure et al., 2011) and causing bradycardia, one of the initial physiological features of natural hibernation (Jinka, 2012). The rPA, the median preoptic area (MnPO) and the supraoptic nucleus (SON) also appear to mediate the effect of A1Rs in BAT thermogenic, as the rPA and MnPO c-fos expression is lower in winter than in summer after CHA administration, and inhibition of rPA neurons produces hypothermia, however the SON is related to the seasonal increase in vasoconstriction (Cerri et al., 2013; Frare et al., 2019). Therefore, A1Rs could mediate hypothermia similar to hibernation by inhibiting BAT thermogenesis via the NTS and rPA or by inhibiting cardiovascular function. In addition, as previously mentioned, in contrast to sleep, EEG amplitudes are significantly reduced during hibernation (Golanov and Reis, 2001; Magdaleno-Madrigal et al., 2010). Central activation of A1Rs synchronized the EEG, whereas activation in the thalamus significantly reduced EEG amplitude (Saper et al., 2005). After central administration of CHA in rats, the EEG amplitude was greatly reduced, the delta wave amplitude was significantly reduced, and the theta wave almost disappeared (Tupone et al., 2013). Thus, the change in EEG amplitude may be another way A1Rs mediate hibernation.
As with torpor, it is currently unclear whether adenosine accumulation is necessary for the initiation of hibernation, so further efforts are needed to address these scientific questions.
6 CONCLUSION AND FUTURE PERSPECTIVE
In this review, we summarize the roles and neurobiological mechanisms of adenosine and its receptors in sleep-wake regulation, torpor, and hibernation (Table 2, Figure 3). The first step toward translating adenosine and P1 receptors into targets for medical applications is to understand their roles and mechanisms underlying these states of diminished metabolism and body temperature. We now know that A1Rs and A2ARs jointly mediate sleep-wake regulation (Huang et al., 2014; Lazarus et al., 2019b), that activation of A1Rs and A3Rs is important for torpor (Carlin et al., 2017) and that hibernation requires A1Rs rather than other adenosine receptors (Shimaoka et al., 2018; Frare and Drew, 2021).
TABLE 2 | Roles of adenosine receptors in sleep, torpor, and hibernation.
[image: Table 2][image: Figure 3]FIGURE 3 | The relevant brain regions about adenosine and P1 receptors mediate sleep, torpor, and hibernation. The CNS adenosine and P1 receptors are important for the regulation of sleep-wake, torpor and hibernation. The roles and mechanisms of several brain regions and nuclei have been gradually revealed, such as the A2ARs-expressing neurons in the NAc, striatum, OT and other structures have a significant effect on sleep-wake regulation. The NTS and rPA may be the key brain regions of adenosine and P1 receptors mediating torpor and hibernation. NAc, nucleus accumbens; OT, olfactory tubercle; LH, lateral hypothalamus; BF, basal forebrainvlpo; VLPO, ventrolateral preoptic nucleus; LPO, lateral preoptic area; MnPO, median preoptic area; SON, supraoptic nucleus; TMN, tuberomammillary nucleus; rPA, raphe pallidus; NTS, nucleus tractus solitarius.
It is worth noting that the adenosine system is also altered in various sleep disorders, for example, sleeping sickness and chronic insomnia disorder (Rijo-Ferreira et al., 2020; Ren et al., 2021). Some agonists, antagonists, or allosteric modulators targeting adenosine receptors have the potential to be used for treating sleep disorders (Jenner et al., 2020; Korkutata et al., 2022) or inducing synthetic torpor or hibernation for therapeutic hypothermia, organ preservation, space exploration or longevity promotion (Jinka et al., 2015; Cerri, 2017; Sisa et al., 2017; Hadj-Moussa and Storey, 2019; Al-Attar and Storey, 2020; Cerri et al., 2021), showing that the pharmacological importance of targeting adenosine receptors in the future. However, much work remains to be done because small-molecule drugs targeting adenosine receptors have side effects (Korkutata et al., 2022) and can only mimic some physiological properties of torpor or hibernation by activating adenosine receptors, which is different from natural torpor or hibernation (Swoap, 2017; Vicent et al., 2017). Therefore, it is necessary to explore further the roles and mechanisms of adenosine and its receptors in sleep, torpor, and hibernation and gain more adenosine receptor modulators by structure- and function-based drug discovery. It is important to investigate the neural networks and molecular mechanisms that sleep torpor and hibernation have in common. The first step in conducting these studies is to confirm adenosine accumulation before torpor or hibernation and the dynamic changes in adenosine concentrations during torpor or hibernation using available technologies such as microdialysis, adenosine probes, and chemogenetic and optogenetic methods. Subsequently, several key technologies, from conditional knockout mice based on Cre/lox technology and RNA interference to modulation of neuronal activity with genetic or pharmacological techniques, can be used to confirm neuronal networks of sleep, torpor, and hibernation.
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GLOSSARY
A1Rs adenosine A1 receptors
A2ARs adenosine A2A receptors
A2BRs adenosine A2B receptors
A3Rs adenosine A3 receptors
AC adenylate cyclase
ADK adenosine kinase
ADP adenosine diphosphate
AMP adenosine monophosphate
ATP adenosine triphosphate
BAT brown adipose tissue
BF basal forebrain
BMR basal metabolic rate
BP blood pressure
cAMP cyclic adenosine-3,5 monophosphate
CHA N6-cyclohexyladenosine
CNS central nervous system
CPA N6-cyclopentyladenosine
EEG electroencephalographic
EMG electromyography
E-NTPDase ecto-nucleoside triphosphate diphosphohydrolase
Gi inhibitory adenylate cyclase G protein
GPCR G protein coupled receptor
GPe external globus pallidus
Gs stimulating adenylate cyclase G protein
HP heart period
HR heart rate
KATP ATP sensitive potassium channel
LH lateral hypothalamus
MR metabolic rates
NAc nucleus accumbens
NBTIs nitrobenzyl-thio-inosine
NREM non-rapid eye movement
NTS nucleus tractus solitarius
OT olfactory tubercle
PAM positive allosteric modulator
PLC phospholipase C
PV parvalbumin
REM rapid eye movement
rPA raphe pallidus
MnPO median preoptic
SON supraoptic
SAH S-adenosylhomocysteine
SAHH S-adenosylhomocysteine hydrolase
SAM S-adenosylmethionine
SWS slow-wave sleep
Ta ambient temperature
Tb body temperature
TMN tuberomammillary nucleus
VLPO ventrolateral preoptic nucleus lateral preoptic area
LPO  lateral preoptic
VP ventral pallidum γ-aminobutyric acid
GABA γ-aminobutyric acid
5′-NT 5′-nucleotidase
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Introduction: The P2X3 receptor (P2X3R), an ATP-gated non-selective cation channel of the P2X receptor family, is expressed in sensory neurons and involved in nociception. P2X3R inhibition was shown to reduce chronic and neuropathic pain. In a previous screening of 2000 approved drugs, natural products, and bioactive substances, various non-steroidal anti-inflammatory drugs (NSAIDs) were found to inhibit P2X3R-mediated currents.
Methods: To investigate whether the inhibition of P2X receptors contributes to the analgesic effect of NSAIDs, we characterized the potency and selectivity of various NSAIDs at P2X3R and other P2XR subtypes using two-electrode voltage clamp electrophysiology.
Results: We identified diclofenac as a hP2X3R and hP2X2/3R antagonist with micromolar potency (with IC50 values of 138.2 and 76.7 µM, respectively). A weaker inhibition of hP2X1R, hP2X4R, and hP2X7R by diclofenac was determined. Flufenamic acid (FFA) inhibited hP2X3R, rP2X3R, and hP2X7R (IC50 values of 221 µM, 264.1 µM, and ∼900 µM, respectively), calling into question its use as a non-selective ion channel blocker, when P2XR-mediated currents are under study. Inhibition of hP2X3R or hP2X2/3R by diclofenac could be overcome by prolonged ATP application or increasing concentrations of the agonist α,β-meATP, respectively, indicating competition of diclofenac and the agonists. Molecular dynamics simulation showed that diclofenac largely overlaps with ATP bound to the open state of the hP2X3R. Our results suggest a competitive antagonism through which diclofenac, by interacting with residues of the ATP-binding site, left flipper, and dorsal fin domains, inhibits the gating of P2X3R by conformational fixation of the left flipper and dorsal fin domains. In summary, we demonstrate the inhibition of the human P2X3 receptor by various NSAIDs. Diclofenac proved to be the most effective antagonist with a strong inhibition of hP2X3R and hP2X2/3R and a weaker inhibition of hP2X1R, hP2X4R, and hP2X7R.
Discussion: Considering their involvement in nociception, inhibition of hP2X3R and hP2X2/3R by micromolar concentrations of diclofenac, which are rarely reached in the therapeutic range, may play a minor role in analgesia compared to the high-potency cyclooxygenase inhibition but may explain the known side effect of taste disturbances caused by diclofenac.
Keywords: P2X3 receptor, nociception, chronic pain, non-steroidal anti-inflammatory drugs (NSAIDs), competitive antagonist, drug screening
1 INTRODUCTION
P2X receptors (P2XR) constitute a family of non-selective cation channels gated by extracellular ATP (North and Barnard, 1997). Seven different subtypes (P2X1–7) can assemble into homo- or heterotrimers (Nicke et al., 1998; North, 2002).
The P2X3R, which is expressed in sensory neurons (Chen et al., 1995), plays a crucial role in nociception (Burnstock, 2016). P2X3-deficient mice exhibit an attenuated pain behavior after injection of ATP into the hind paw compared to wild-type mice (Cockayne et al., 2000), whereas the response to acute mechanical pain stimuli remains unchanged (Souslova et al., 2000). Accordingly, pharmacological inhibition of P2X3R has been shown to effectively reduce chronic or neuropathic pain in rodents (Jarvis et al., 2002). Recently, the modulator TMEM163, a 289-amino acid transmembrane protein, was shown to be required for the complete function of the neuronal P2X3R- and P2X4R- and pain-related ATP-evoked behavior in mice (Salm et al., 2020). In addition to P2X3R, involvement in nociception could also be assigned to heterotrimeric P2X2/3R, P2X4R, and P2X7R (Chessell et al., 2005; Cockayne et al., 2005; Tsuda et al., 2009). All of these seem to be more relevant for the development of neuropathic or inflammatory pain than for acute nociception (Chessell et al., 2005; Tsuda et al., 2009).
The significant role of P2X3R in nociception makes P2X3R a promising target for the development of new analgesics (North and Jarvis, 2013). However, until now, none of the developed antagonists has been approved for clinical use as an analgesic, even if gefapixant (formerly AF-219) is approved as an anti-cough agent in Japan (details are given as follows). One of the first potent and selective P2X3R (and P2X2/3R) antagonists was A-317491, which successfully reduced chronic pain in rodent models (Jarvis et al., 2002), but showed insufficient distribution in the central nervous system (Sharp et al., 2006). Several other P2X3R antagonists have been developed as clinical candidates, such as AF-219/gefapixant, BAY-1817080/eliapixant, BLU-5937, MK-3901, or S-600918/sivopixant (Spinaci et al., 2021; Niimi et al., 2022). The availability of the crystal structures of the human P2X3R (Mansoor et al., 2016), together with cryo-EM techniques, is ideally suited to facilitate structure-based drug design for P2X3Rs by revealing and characterizing novel ligand-binding sites (Oken et al., 2022).
The most advanced is the development of gefapixant, a P2X3R and P2X2/3R antagonist, which effectively reduced chronic cough caused by hypersensitivity of the cough reflex in phase 2 and 3 trials (Abdulqawi et al., 2015; Marucci et al., 2019). However, a disturbance in taste sensation was described as a side effect by all patients (Abdulqawi et al., 2015). Gefapixant is a first-in-class, non-narcotic selective P2X3 receptor antagonist and was recently approved for marketing in Japan as a treatment option for refractory or unexplained chronic cough (Markham, 2022). Another promising substance, BLU-5937, was able to effectively reduce chronic cough in animal models without altering taste sensation, possibly due to its considerably higher selectivity for P2X3R versus P2X2/3R (Garceau and Chauret, 2019). BLU-5937 is now part of a phase 2 study for the treatment of chronic cough (Marucci et al., 2019). Also, sivopixant was shown to reduce objective cough frequency and improved health-related quality of life, with a low incidence of taste disturbance, among patients with a refractory or unexplained chronic cough in a phase 2a trial (Niimi et al., 2022). Eliapixant showed favorable tolerability with no taste-related adverse events in its first-in-human study, and in a phase 1/2a study, eliapixant administration showed reduced cough frequency and severity and was well-tolerated with acceptable rates of taste-related events (Morice et al., 2014; Klein et al., 2022).
In light of the promising role of P2X3R antagonists for the treatment of pain and refractory cough, as well as the high likelihood of taste disturbances caused by not fully selective P2X3R antagonists (against heteromeric P2X2/3R), it appears interesting to investigate whether already approved drugs do affect the P2X3R-mediated responses. For this purpose, a screening of 2000 approved drugs, natural products, and bioactive substances was performed in a previous study of our group. In this screening, aurintricarboxylic acid (ATA) was identified as a potent P2X1R and P2X3R antagonist (Obrecht et al., 2019). An inhibitory effect could also be demonstrated for other drugs. These included various non-steroidal anti-inflammatory drugs (NSAIDs), and diclofenac showed the highest inhibitory effect of the screened NSAIDs. The analgesic, antipyretic, and anti-inflammatory effect of NSAIDs is generally described to result from the inhibition of prostaglandin synthesis by inhibiting cyclooxygenases COX-1 and COX-2 (Vane, 1971). Most NSAIDs constitute reversible, competitive blockers of the enzyme cyclooxygenase (COX), while acetylsalicylic acid (Aspirin®) can cause irreversible inactivation of COX through acetylation of serine 530 (Rome and Lands, 1975; DeWitt et al., 1990).
Considering the involvement of P2X3R in nociception, it is conceivable that inhibition of P2X3R by NSAIDs represents an additional mode of action besides COX inhibition. To investigate whether the inhibition of P2XR contributes to the analgesic effect of NSAIDs, we determined the potency and selectivity of various NSAIDs at P2X3R and other P2XR subtypes using two-electrode voltage clamp (TEVC) electrophysiology. The investigated NSAIDs included diclofenac, ibuprofen, flunixin, meclofenamic acid, naproxen, and flufenamic acid (FFA). The latter was chosen because it additionally plays an important role in research as a non-selective ion channel blocker (Guinamard et al., 2013).
In the present study, we have for the first time shown that diclofenac is a hP2X3R and hP2X2/3R antagonist with micromolar potency. Our results strongly support a competitive antagonism through which diclofenac, by interacting with residues of the ATP-binding site, left flipper, and dorsal fin domains, inhibits the gating of P2X3R by conformational fixation of the left flipper and dorsal fin domains. In addition, a weaker inhibition of hP2X1R, hP2X4R, and hP2X7R was shown. Less potent inhibition of hP2X3R was observed for all other investigated NSAIDs. FFA was proven to significantly inhibit hP2X3R, rP2X3R, and hP2X7R.
2 MATERIALS AND METHODS
2.1 Chemicals
The investigated NSAIDs and most standard chemicals were purchased from Sigma–Aldrich/Merck (Taufkirchen, Germany), if not otherwise specified. ATP sodium salt and α,β-meATP were purchased from Roche Diagnostics (Mannheim, Germany) and Tocris Bioscience (Bristol, United Kingdom), respectively. Collagenase type 2 was purchased from Worthington Biochemical Corp (Lakewood, United States and distributed by CellSystems, Troisdorf, Germany).
2.2 Expression of P2X receptors in X. laevis oocytes
Oocyte expression plasmids encoding the wild-type (wt) and N-terminally His-tagged (His-) fusion constructs of the hP2X2R, hP2X3R, hP2X4R, and hP2X7R, and the mutant His-20RMVL23KVIV23S26N-hP2X1R, S15V-rP2X3R, and His-S15V-hP2X3R were the same as used in previous research (Hausmann et al., 2006; Wolf et al., 2011; Hausmann et al., 2014; Obrecht et al., 2019). In most cases, the N-terminal His-tagged variants of P2XRs were used here and in the previous studies to allow biochemical analyses on affinity-purified proteins using the same constructs. Although this was not required for the present study, it allows for better comparability with our previous studies. Capped cRNAs of different P2XRs were already available in the research group or were synthesized as previously described (Schmalzing et al., 1991; Stolz et al., 2015). cRNA was injected into collagenase-defolliculated X. laevis oocytes in aliquots of 41 nl or 23 nl (see Supplementary Table S1 for the amount of cRNA used for expression of the indicated P2XR) using a Nanoliter 2000 injector (World Precision Instruments, Sarasota, United States of America) as described previously (Hausmann et al., 2014; Stolz et al., 2015; Obrecht et al., 2019). To express the heteromeric hP2X2/3 receptor, cRNAs encoding His-hP2X2R and wt-hP2X3R were coinjected at a ratio (w/w) of 1:6. Oocytes were stored at 19°C in an oocyte ringer solution (ORi+) containing 90 mM NaCl, 1 mM KCl, 1 mM CaCl2, 1 mM MgCl2, and 10 mM HEPES (Carl Roth, Karlsruhe, Germany) adjusted to pH 7.4 with NaOH and supplemented with 50 μg/ml gentamicin (AppliChem, Darmstadt, Germany). The procedures followed for the maintenance of and the surgical treatment for X. laevis adults were approved by the governmental animal care and use committee of the State Agency for Nature, Environment, and Consumer Protection (LANUV, Recklinghausen, Germany; reference no. 81-02.04.2019. A355), in compliance with Directive 2010/63/EU of the European Parliament and of the Council on the protection of animals used for scientific purpose.
2.3 Two-electrode voltage clamp electrophysiology
Ion currents mediated by P2X receptors were evoked by the indicated concentration of ATP or α,β-meATP and were recorded 1 or 2 days after cRNA injection at ambient temperature at a holding potential of −60 mV by two-electrode voltage clamp (TEVC) as previously described (Hausmann et al., 2006). Calcium-free ORi− solution (90 mM NaCl, 1 mM KCl, 2 mM MgCl2, 10 mM HEPES, pH 7.4) was used to avoid bias due to calcium-activated chloride channels (CaCC) endogenously expressed in X. laevis oocytes (Miledi, 1982; Methfessel et al., 1986). For recordings of wt-hP2X7R, the composition of the ORi− solution was modified according to protocols described previously and contained 100 mM NaCl, 2.5 mM KCl, 1 mM MgCl2, 5 mM HEPES, pH 7.4 (Klapperstück et al., 2000). The oocytes were continuously superfused with ORi− by gravity flow (5–10 ml/min). The agonists ATP or α,β-meATP and the investigated NSAIDs were diluted in ORi− on the day of the recording. The following agonist concentrations were used for the different P2X subtypes: 1 μM ATP (hP2X1R mutant, hP2X3R, rP2X3R, S15V-hP2X3R, and S15V-rP2X3R); 10 μM ATP (hP2X2R and hP2X4R); 300 μM free ATP4- (hP2X7R); and 1 μM α,β-meATP (hP2X2/3R). A peak current protocol (Supplementary Figure S1) was used to analyze fast- and intermediate desensitizing P2XR subtypes (P2X1R, P2X3R, and S15V-P2X3R), and a steady-state protocol (Supplementary Figure S2) was used for slowly or partially desensitizing P2X subtypes (P2X2R, P2X2/3R, and P2X4R). For recordings of P2X7R, a modified steady-state protocol was used (Hausmann et al., 2006). The application of different bath solutions was controlled by computer-operated magnetic valves controlled by the CellWorks E 5.5.1 software (npi electronic, Tamm, Germany).
2.4 Pig dorsal root ganglia preparation
The dorsal root ganglia (DRG) of pigs were sampled according to the 3R criteria for reductions in animal use, as leftovers from previous independent animal studies (e.g., LANUV reference no. 81-02.04.2018. A051). For this purpose, pigs of the German Landrace breed, with an average age of 15 weeks (14.6 SD2.7) and weight of 47.3 kg (SD11.2), were euthanized using an overdose of pentobarbital 60 mg/kg body weight. Subsequently, the DRG were collected. The DRG of pigs were transferred on ice, and fine excision was performed in ice-cold DMEM F12 medium containing 10% FBS and treated with 1 mg/ml collagenase P, 1 mg/ml trypsin T1426, and 0.1 mg/ml DNAse for digestion. Then, the DRG were cut into small pieces inside the digestion medium for surface enlargement and incubated at 37°C and 5% CO2 for 120 ±30 min. After approximately 60 min in the digestion medium, the DRG were triturated using a glass pipette. After the full incubation time, they were triturated thrice using custom-pulled glass pipettes with decreasing tip diameters (from ∼1.1–1.2 to ∼0.3–0.4 mm). For further purification, the DRG were centrifuged at 500 G and 4°C twice for 4 minutes each, and the pellets were suspended in DMEM F12 with 10% FBS. They were subsequently separated from lighter cell fragments and myelin by centrifugation of a Percoll gradient containing a 60% Percoll and a 25% Percoll gradient for 20 min at 500 G. DRG neurons were plated on coverslips coated with poly-D-lysine (100 μg/ml), laminin (10 μg/ml), and fibronectin (10 μg/ml). Neurons were then cultured in neurobasal A medium supplemented with B27, penicillin, streptomycin, and L-glutamine and used for voltage-clamp recordings after 12–72 h in culture.
2.5 Whole-cell patch-clamp recordings of pig DRG neurons
Whole-cell voltage-clamp recordings of DRG neurons were performed using glass electrodes with micropipette tip resistances of 1.3–3.5 MΩ, pulled and fire-polished with a Zeitz DMZ-puller. The intracellular solution contained 10 mM NaCl, 140 mM CsF, 10 mM HEPES, 1 mM EGTA, 5 mM glucose, and 5 mM TEA-Cl (adjusted to pH 7.3 using CsOH). The extracellular bathing solution contained 140 mM NaCl, 3 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 10 mM HEPES, and 20 mM glucose (adjusted to pH 7.4 using NaOH). The liquid junction potential was corrected by −7.8 mV. Membrane currents were measured at room temperature, with a holding potential of −77.8 mV, using a HEKA EPC-10 USB amplifier. α, β-methylene ATP (10 μM) and 100 μM diclofenac were applied using a gravity-driven perfusion system during the recordings. PatchMaster/FitMaster software (HEKA Electronics) and IGOR Pro (WaveMetrics) were used for data acquisition and analysis. Signals were digitized at a sampling rate of 5 kHz. The low-pass filter frequency was set to 10 kHz. Series resistance compensation was between 2.5 and 11.1 MΩ.
2.6 Data analysis
The recorded TEVC currents were analyzed using CellWorks Reader 6.2.2 (npi electronic, Tamm, Germany) and Microsoft Excel (Microsoft Corporation, Redmond, United States). The displayed current traces were generated using IGOR Pro 6.21 (WaveMetrics, Portland, United States) and edited with Microsoft PowerPoint (Microsoft Corporation, Redmond, United States). To generate concentration–response curves, non-linear regression analysis was performed using GraphPad Prism 5 (GraphPad Software, San Diego, United States).
Antagonist concentration–response data and IC50 values were calculated by normalizing ATP-induced responses to the control responses (recorded in the presence and absence of the antagonist, respectively). The four-parameter Hill equation (Eq. 1) was iteratively fitted to data collected from a minimum of four independent repeat experiments to obtain antagonist concentration–response curves and IC50 values.
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Imax is the control response in the absence of the antagonist, IAnt is the response at the given antagonist concentration (Ant), and IC50 is the antagonist concentration that causes 50% inhibition of the response elicited by a given agonist concentration. The ratio between the response in the presence of a certain antagonist concentration and the control response in the absence of the antagonist is indicated as “% control current”.
In the case of fast-desensitizing P2XR subtypes (P2X1R and P2X3R), ATP is applied five times in repetition, and the ATP-induced current amplitude in the presence (after pre-incubation) of the antagonist (fourth application) is compared to the arithmetic mean of flanking control ATP-induced current amplitudes in the absence of the antagonist (third and fifth ATP application). Since some of the investigated NSAIDs showed an enduring, potentially irreversible inhibitory effect on the current amplitude, only the preceding (third) ATP-induced current amplitude was used to calculate the control current. The typical run-down of current amplitudes between consecutive, repetitive ATP applications was considered by applying a correction factor. The correction factor was calculated as the ratio of the fourth ATP-induced current amplitude to the third amplitude (Eq. 3) when the experiment was performed in the absence of the antagonist. When the experiment was performed in the presence of the antagonist, the ATP-induced current amplitude of the preceding current (third amplitude) was multiplied by this correction factor/quotient (Eq. 4) to obtain a control current corrected for the run-down effect. Since the magnitude of the run-down varies from day to day and batch to batch of oocytes, the correction factor was determined on each day of the experiments and was calculated as the arithmetic mean of several recordings (at least 3–5 and on average 5) on each day. Based on many years of experience with corresponding measurements, it was determined that the correction factor should be >0.4 and should scatter by a max of 10% around the mean value between the different measurements of a day for its calculation to include data from the experimental measurement day in the evaluation.
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In the case of hP2X7R, the control current in the absence of the antagonist had to be extrapolated (Supplementary Figure S4 and Supplementary Figure S5) presuming a linear increase in permeability during continuous ATP application (North, 2002) since the permeability of the receptor is affected by the antagonist.
The IC50 values are displayed as geometric means with 95% confidence intervals (95% CI). All other values (including % control current or % inhibition) are presented as arithmetic means ± SEM, if not otherwise stated. Values were compared using the t-test or one-/two-way analysis of variance and multiple comparison tests as indicated. Statistical significance was set at p < .05.
2.7 hP2X3R X-ray structure-based molecular-dynamics simulations and evaluation of diclofenac binding
The human ionotropic cation-selective ATP receptor P2X3 was modeled based on its structure in the apo-closed state (PDBID: 5SVJ) (Mansoor et al., 2016) and embedded in a 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) bilayer using the g_membed functionality (Wolf et al., 2010) in GROMACS. Modeller was used to build the single-point mutant L191A of the P2X3 apo-closed state to make the supposed binding cavity of diclofenac easily accessible to simulate the binding event within the µs-time-scale of the simulations (Fiser and Sali, 2003). The standard protonation state at neutral pH was assigned to all residues. The system was simulated using GROMACS (Abraham et al., 2015) version 2021, with an integration time-step of 2 fs.
A pressure of 1 bar was applied semi-isotropically with a Berendsen barostat (Berendsen et al., 1984) using a time constant of 5 ps. A temperature of 310 K was maintained with a velocity-rescaling thermostat (Bussi et al., 2007). Van der Waals interactions were calculated with the Lennard–Jones potential and a cutoff radius of 1.2 nm, with forces smoothly switched to 0 in the range of 1.0–1.2 nm with no dispersion correction. The protein was described by the CHARMM36m (Huang et al., 2017) force field, lipids by the CHARMM36 force field (Klauda et al., 2010), and water by the TIP3P model (Jorgensen et al., 1983).
Na+ and Cl− were added to provide a bulk concentration of approximately 50 mM NaCl. The crystal structure of hP2X3R in complex with the AF-219 negative allosteric modulator (PDB-ID: 5YVE) was aligned with apo-state hP2X3 (PDB-ID: 5SVJ); one diclofenac molecule per protomer was then fitted onto the AF-219 molecule using PyMOL and placed into the apo-state structure. Seven independent systems, each of the wildtype P2X3 apo-closed state and L191A apo-closed state, were simulated for more than 200 ns each, preceded by equilibration for about 200 ns: first with restraints on all heavy atoms and lipids in the z-direction, second on all heavy atoms, and third on backbone atoms only. All trajectories that showed a stable binding of diclofenac were selected and clustered with the GROMACS tool gmx cluster using the GROMOS algorithm; the cut-off for RMSD differences in a cluster was set to 0.35 nm.
Initial force-field parameters for diclofenac were generated according to the CHARMM generalized force field (CGenFF) (Vanommeslaeghe et al., 2010; Vanommeslaeghe et al., 2012; Vanommeslaeghe and MacKerell, 2012; Yu et al., 2012), using the CHARMM-GUI webserver (https://charmm-gui.org/). The initial molecular geometry and charge assignments were further optimized using the force-field toolkit (ffTK) (Mayne et al., 2013) version 2.1 plugin for the visual molecular dynamics (VMD) version 1.9.4a57 analysis suite (Humphrey et al., 1996). The ffTK program provides a workflow of quantum-mechanical calculations using ORCA (Neese et al., 2020) 5.0.3, followed by Newtonian optimizations using the nanoscale molecular dynamics (NAMD) (Phillips et al., 2020) engine. An initial parameter file is generated in ffTK by analogy using the protein structure file (psf) and protein coordinate file generated by CHARMM-GUI. The initial molecular geometry was optimized using ORCA at the MP2/6-31G* level of theory. After geometry optimization had converged, atomic partial charges were approximated using ORCA by calculating water-interaction energies at the HF/6-31G* level of theory. Aliphatic and aromatic hydrogens were assigned partial charges of .09 and .115, respectively; only hydroxyl hydrogens were optimized. To account for the positive charge associated with the dipole created by halogens known as alpha-holes, a lone-pair particle (LP) was added automatically via CHARMM-GUI (Pang et al., 2020). New bonded parameters for diclofenac only contained two dihedral terms, which are consistent with the CHARMM36 force field, used for diclofenac simulations; dihedral bonds were not further optimized due to having a bond energy penalty of less than 50 (unitless penalties as provided by the CGenFF program). Detailed instructions for using the most updated ffTK with support for the open-source quantum chemistry package, ORCA, can be found at the ffTK website (https://www.ks.uiuc.edu/Research/vmd/plugins/fftk) and the updated tutorial (https://www.ks.uiuc.edu/∼mariano/fftk-tutorial.pdf).
3 RESULTS
3.1 Validation of the inhibitory effect of various NSAIDs on P2X3R-mediated currents
In a previous screening of 2000 approved drugs, natural products, and bioactive substances, various NSAIDs were found to inhibit S15V-rP2X3R-mediated currents (Obrecht et al., 2019). These included diclofenac, flunixin meglumine, meclofenamic acid, and niflumic acid, where diclofenac showed the greatest inhibitory effect (>80% inhibition) of the screened NSAIDs (Obrecht et al., 2019). Since pharmacological analyses of P2X3Rs are hampered by fast desensitization, preventing a binding equilibrium being reached between ATP and a simultaneously present antagonist, we used the S15V-P2X3R mutant in the present study, which was shown to be more suitable for automated fluorescence-based screening and also facilitated the pharmacological characterization of specific P2X3R ligands by TEVC (Hausmann et al., 2014; Obrecht et al., 2019). To validate the screening results, we characterized the potency of diclofenac, flunixin, and meclofenamic acid using TEVC on X. laevis oocytes heterologously expressing S15V-rP2X3R and His-S15V-hP2X3R. Instead of niflumic acid, we decided to investigate the structurally related flufenamic acid (FFA). Furthermore, we included the NSAIDs ibuprofen and naproxen in our investigations because these are used extensively in daily practice. The structural formulas of the NSAIDs investigated are shown in Figure 1 (Figure 1, compounds 1–6).
[image: Figure 1]FIGURE 1 | Chemical structures of the investigated NSAIDs (1–6).
A peak current protocol including a 30-s preincubation of the antagonist was applied (Supplementary Figure S1) to determine the inhibitory effect of the NSAIDs at P2X3Rs. The current amplitude in the presence of the antagonist was compared to that of the preceding control current in the absence of the antagonist. The inhibitory effect of diclofenac, FFA, and flunixin was not reversible by the following washout, which was reflected in a reduced amplitude of the subsequent control current that could not be explained by the run-down alone (c.f. Figure 2A). Due to this potentially irreversible inhibitory effect, the subsequent amplitude in the absence of the antagonist did not provide a suitable reference and was not taken into account to calculate the control current.
[image: Figure 2]FIGURE 2 | Diclofenac inhibition of ATP-induced currents of P2X3R is concentration-dependent. The effect of diclofenac on ATP-induced (1 μM) currents through S15V-hP2X3R (A) and S15V-rP2X3R (B) expressed in X. laevis oocytes was analyzed by TEVC electrophysiology. (A,B) Representative original current traces show the effects of 300 µM diclofenac on ATP-induced (black bars) currents of the indicated P2X3R. To ensure a binding equilibrium was reached, diclofenac was pre-incubated for 30 s before adding ATP (gray bar). (C) The resulting concentration–inhibition curve of diclofenac at hP2X3R exhibited an IC50 of 138.2 µM (95% CI: 46.0–415.1 µM). Data points represent the means and SEM.
All investigated NSAIDs were less effective at the rat P2X3R than at the human P2X3R (Figures 2A, B) or even had no effect at all on rat P2X3R; thus, we decided to focus our further investigation on human P2X receptors. Concentration–response analysis revealed that ATP-evoked hP2X3R-mediated responses were inhibited by various NSAIDs. Desensitizing P2X receptors showed increased error bars with lower diclofenac concentrations (see for instance S15V-hP2X3 in Figure 2C/Figure 3B or the 20KVIV23/26N-hP2X1 in Figure 3B). This may be due to non-equilibrium during preincubation of low concentrations of diclofenac and/or the more error-prone evaluation of current amplitudes in the peak current protocol (Supplementary Figure S1) when using low diclofenac concentrations (likely due to the necessary estimation of the control current at the time of the combined agonist/antagonist based on the previous ATP application and the necessary correction factor consideration). Thus, we have refrained from testing concentrations below 3 μM because the increasing errors may have resulted in unreliable values. Diclofenac proved to be the most effective antagonist, with an IC50 value of 138.2 µM (95% CI: 46.0–415.1 µM; Figure 2C) and a maximum inhibition of ∼80% at a concentration of 1 mM (Table 1). FFA proved to inhibit hP2X3R-mediated currents with a non-significant lower potency (IC50 value of 221.7 µM; 95% CI: 98.9–496.8 µM; Table 1) in comparison to diclofenac. Flunixin, which is exclusively approved and used in veterinary medicine, had a significantly greater potency for the hP2X3 receptor than FFA (IC50 value of 32.4 µM; 95% CI: 11.6–90.2 µM; Table 1), but a maximum inhibition of only 53% at a concentration of 1 mM was observed, indicating a significantly lower efficacy of flunixin than of diclofenac. By contrast, only weak inhibition of hP2X3R was observed for ibuprofen, meclofenamic acid, and naproxen. The current amplitude in the presence of 100 μM meclofenamic acid, naproxen, or ibuprofen was reduced by a maximum of 15%–18%, suggesting an estimated IC50 value of >300 µM (Table 1). Due to their low inhibitory potency (ibuprofen, meclofenamic acid, and naproxen), low efficacy (flunixin) (c.f. Table 1), or their exclusive use in veterinary medicine (flunixin), these were not investigated further. Thus, only diclofenac—being the most effective antagonist—and FFA, due to its additional use in research, were further analyzed.
[image: Figure 3]FIGURE 3 | Effect of diclofenac at heteromeric hP2X2/3R and selectivity profiling. (A) Representative original current traces show the effects of 3–1000 µM diclofenac (gray bars) on α,β-meATP-induced (1 μM, black bars) currents through heteromeric hP2X2/3R expressed in X. laevis oocytes. (B) Concentration–inhibition curve of diclofenac at the indicated P2XR isoforms are shown as obtained from TEVC measurements using a peak current (P2X1R and P2X3R) or steady-state (P2X2/3R and P2X4R) protocol (c.f. Supplementary Figure S1/Supplementary Figure S2). All IC50 values are summarized in Table 2. Best-fit values of logIC50 values of hP2X2/3R and S15V-hP2X3R are significantly different (p = .0293). Best-fit values of logIC50 of 20KVIV23/26N-hP2X1R are significantly different from hP2X2/3R (p < .0001) but not from S15V-hP2X3R (p = .2409). Best-fit values of logIC50 of hP2X4R are significantly different from hP2X2/3R (p < .0001) but not from S15V-hP2X3R (p = .0917).
TABLE 1 | Concentration–response analysis of NSAIDs at S15V-hP2X3R expressed in X. laevis oocytes. n.d., not determined. 1) Best-fit values of logIC50 values of diclofenac and flufenamic acid are not significantly different (p = .3071). 2) Best-fit values of logIC50 values of diclofenac and flunixin are not significantly different (p = .0775). 3) Best-fit values of logIC50 values of flufenamic acid and flunixin are significantly different (p = .001). 4) Mean values of diclofenac and flufenamic acid are not significantly different (p = .1813). 5) Mean values of diclofenac and flunixin are significantly different (p = .0017). 6) Mean values of flufenamic acid and flunixin are not significantly different (p = .0537).
[image: Table 1]3.2 Characterization of the potency and selectivity of diclofenac at P2X receptors by TEVC
Selectivity profiling of diclofenac was performed at hP2X1R, hP2X2/3R, hP2X2R, hP2X4R, and hP2X7R (Figure 3B). To analyze the heteromeric hP2X2/3R, the ATP derivate α,β-meATP was used (Figure 3A) to evoke hP2X2/3R-mediated currents because it does not activate the homotrimeric hP2X2R. Currents mediated by the homotrimeric hP2X3R can be neglected due to its strong desensitization and run-down, when α,β-meATP is applied repetitively in short intervals (Bianchi et al., 1999; North, 2002). The desensitization kinetics of the heterotrimeric hP2X2/3 receptor resemble those of the homotrimeric hP2X2 receptor; therefore, the steady-state protocol was used (Figure 3A) (North, 2002). Diclofenac antagonized the heteromeric P2X2/3R with the highest potency of 76.7 µM (95% CI: 64.6–91.2 µM) and showed the following rank order of its potencies at P2XR subtypes: hP2X2/3R > hP2X3R > hP2X1R > hP2X4R. However, it should be noted that the differences in the IC50 values were not significantly different between hP2X3R, hP2X1R, and hP2X4R. All IC50 values are summarized in Table 2. By contrast, at the hP2X2R, diclofenac did not antagonize ATP-evoked P2X2R-mediated responses, but the presence of diclofenac exhibited a 1.7-fold increase in the P2X2R responses, and thus showed a potentiating effect at the P2X2R. Neither 100 µM diclofenac nor 300 µM FFA induced current at hP2X2R in the absence of ATP (Supplementary Figure 3 SA).
TABLE 2 | Concentration–response analysis of diclofenac at the indicated hP2XR subtypes expressed in X. laevis oocytes. *, no inhibition, but potentiation (c.f. Supplementary Figure S3); n.d., not determined. 1) Best-fit values of logIC50 values of hP2X2/3R and S15V-hP2X3R are significantly different (p = .0293). 2) Best-fit value of logIC50 of20KVIV23/26N-hP2X1R is significantly different from hP2X2/3R (p < .0001). 3) Best-fit value of logIC50 of20KVIV23/26N-hP2X1R is not significantly different from that of S15V-hP2X3R (p = .2409). 4) Best-fit value of logIC50 of hP2X4R is significantly different from that of hP2X2/3R (p < .0001). 5) Best-fit value of logIC50 of hP2X4R is not significantly different from that of S15V-hP2X3R (p = .0917). 6) Mean values of hP2X2/3R and S15V-hP2X3R are significantly different (p < .0001). 7) Mean values of20KVIV23/26N-hP2X1R and hP2X2/3R are significantly different (p = .0376). 8) Mean values of20KVIV23/26N-hP2X1R and S15V-hP2X3R are not significantly different (p = .3381). 9) Mean value of hP2X4 is significantly different from all other determined values (p = < .0003).
[image: Table 2]In summary, diclofenac was shown to be significantly more potent at hP2X2/3R (IC50 76.7 µM; 95% CI: 64.6–91.2 µM) than at hP2X3R (IC50 138.2 µM; 95% CI: 46.0–415.1 µM). However, it should be noted that the use of different agonists (α,β-meATP hP2X2/3R; ATP hP2X3R) complicates the assessment of a quantitative comparative analysis.
To assess the effect of diclofenac on the non-desensitizing hP2X7R, a modified steady-state protocol was used. For recordings of P2X7R, most scientists use divalent-free solutions such as ORi supplemented with 100 µM flufenamic acid (FFA) as an unselective ion channel blocker to inhibit non-specific chloride conductance in the absence of divalent ions (Weber et al., 1995; Hülsmann et al., 2003). However, since FFA is one of the investigated NSAIDs, this supplement was not reasonable. Therefore, the composition of the ORi-solution was modified as follows: 100 mM NaCl, 2.5 mM KCl, 1 mM MgCl2, 5 mM HEPES, pH 7.4, and according to former protocols (Klapperstück et al., 2000), a free ATP4−concentration of 300 µM was adjusted. About 300 µM of diclofenac reduced the ATP4--induced current amplitude by approximately 33% (Supplementary Figure S4), which suggested an estimated IC50 value of >300 µM for diclofenac at hP2X7R. Since such high concentrations of diclofenac are clinically irrelevant, we refrained from performing a concentration–response analysis.
3.3 Mechanism of action of diclofenac
Although the S15V mutant of P2X3R desensitizes slowly (Hausmann et al., 2014), the desensitization may still prevent the reliable assessment of the mechanism of antagonism (Hausmann et al., 2014). Thus, the non-desensitizing heteromeric hP2X2/3R was used to assess the mechanism of action of diclofenac, which was also inhibited by diclofenac with the highest potency. To this end, the extent of inhibition of heteromeric hP2X2/3R by 30 µM diclofenac was determined using α,β-meATP concentrations of 1 or 30 µM as an agonist. We refrained from determining full agonist concentration–response curves at hP2X2/3R because simultaneous activation of homomeric hP2X2R occurs when hP2X2 and hP2X3 subunits are co-expressed and agonist concentration exceeds 30 µM α,β-meATP (Spelta et al., 2002). Approximately 30 μM diclofenac inhibited 1 or 30 µM α,β-meATP-induced current responses of the heteromeric hP2X2/3R by 44.8% ± 21.9% or 25.1% ± 10.1%, respectively (Figure 4A). Thus, inhibition by 30 µM diclofenac could be overcome by increasing concentrations of the agonist α,β-meATP, indicating competition of diclofenac and α,β-meATP at hP2X2/3R.
[image: Figure 4]FIGURE 4 | Diclofenac inhibition is modulated by the agonist concentration and the L191A mutant. (A) Bar graph showing the inhibition of the heteromeric hP2X2/3R by 30 µM diclofenac as determined with agonist concentrations of 1 µM or 30 µM α,β-meATP as indicated (% inhibition by 30 µM diclofenac ±SEM: 1 µM α,β-meATP, 44.8% ± 8.1%, n = 7; 30 µM α,β-meATP, 25.1% ± 3.8%, n = 7; t-test p = .049). (B) Left panel: comparative analysis of diclofenac inhibition of 10 µM ATP-induced currents of S15V-hP2X3R (“WT”), G189A/S15V-hP2X3R, N190A/S15V-hP2X3R, and L191A/S15V-hP2X3R. Bar graphs showing the inhibition of the indicated receptor by 10 µM diclofenac (% inhibition ±SEM: S15V (WT) −5.9% ± 3.9%, n = 12; G189A/S15V 6.4% ± 3.0%, n = 6; N190A/S15V 8.1% ± 3.1%, n = 9; L191A/S15V 18.4% ± 3.3%, n = 15; ANOVA multiple comparison showed that only the L191A/S15V was significantly different (p = .0243 (*) from S15V (WT), while G189A/S15V (p = .9996 (ns)) or N190A/S15V (p = .9536 (ns)) were not. Right panel: comparative analysis of diclofenac inhibition of 10 µM ATP-induced currents of S15V-hP2X3R and L191A/S15V-hP2X3R. Bar graphs showing the inhibition of the indicated receptor by 3, 10, or 30 µM diclofenac (% inhibition ±SEM: 3 µM diclofenac: S15V −1.6% ± 2.02%, n = 8 and L191A/S15V 7.7% ± 3.5%, n = 16, ANOVA multiple comparison p = .285 (ns); 10 µM diclofenac: S15V 5.9% ± 3.9%, n = 12 and L191A/S15V 18.4% ± 3.3%, n = 15, ANOVA multiple comparison p = .046 (*); 30 µM diclofenac: S15V 24.0% ± 6.2%, n = 8 and L191A/S15V 37.3% ± 2.8%, n = 20, ANOVA multiple comparison p = .053 (ns).
To further support the competitive nature of the inhibition and to exclude the possibility that diclofenac does bind in the negative allosteric site of hP2X3R as do other modulators (or negative allosteric antagonists) such as gefapixant (formerly AF-219) (Wang et al., 2018) or ATA (Obrecht et al., 2019), we examined mutations of amino acid residues in the allosteric site with respect to the effect of diclofenac. The allosteric site is formed by the lower body and dorsal fin domains of one subunit and the left flipper and lower body domains from the adjacent subunit and is thus located more closely to the transmembrane domains than the distinct ATP binding site (distance between the centers of the allosteric site and the ATP binding sites ∼15 Å; minimal distance between both sites ∼6 Å), which is formed by the head domain, upper body, and left flipper domains of one subunit and lower body and dorsal fin domains of the adjacent subunit (Mansoor et al., 2016; Wang et al., 2018). We have analyzed N190A and the G189R mutants [in the background of the S15V-hP2X3R (Obrecht et al., 2019)] of the negative allosteric binding site described in previous studies (Wang et al., 2018; Obrecht et al., 2019). These were inhibited by 10 µM diclofenac to a similar extent as the S15V-hP2X3R (Figure 4B), suggesting that the negative allosteric site of hP2X3R is not the binding site of diclofenac. In contrast to the findings for negative allosteric antagonists gefapixant/AF-219 (Wang et al., 2018) or ATA (Obrecht et al., 2019), the L191A/S15V-hP2X3R mutant was inhibited to a markedly greater extent by 10 µM diclofenac compared to the S15V-hP2X3R (Figure 4B). However, whether the greater inhibition of the L191A/S15V-hP2X3R mutant by diclofenac may be due to either an energetically more favorable diclofenac binding environment (see below) or a lower agonist potency of ATP remains unknown. A competitive mechanism of action is also compatible with our findings of diclofenac inhibition as well as FFA inhibition of the L191A/S15V-hP2X3R mutant shown in Supplementary Figure S6, which illustrates representative original current traces of the L191A/S15V-hP2X3R, showing the effects of 10 µM diclofenac or 30 µM FFA on ATP-induced currents. The initial inhibition by diclofenac or FFA at the beginning of the co-application could be overcome by prolonged ATP co-application (arrow), suggesting the competitive binding of ATP and the antagonist to the ATP-binding site. However, we did not quantify these findings because the time course of solution exchange may have varied between experiments, which may affect the accuracy and thus precise quantification.
To investigate the binding mode of diclofenac and to shed light on a possible inhibition mechanism, we performed extensive all-atom molecular dynamics simulations of hP2X3R (Figure 5A) embedded in a lipid bilayer and surrounded by a physiological NaCl-based solution. Since the L191A mutation appears to facilitate diclofenac binding in our experiments, we initially assumed that diclofenac interacts with the receptor at a similar site like the allosteric inhibitor AF-219 (Wang et al., 2018), although L191A was shown to reduce binding of this compound. Therefore, we aligned the crystal structure of hP2X3R in complex with the negative allosteric modulator AF-219 (Wang et al., 2018) with the apo-state hP2X3, with one diclofenac molecule per protomer fitted onto the position of AF-219. We assessed the stability of the diclofenac-binding pose in our MD simulations and observed that diclofenac reoriented and moved toward the ATP-binding pocket on time scales of hundreds of nanoseconds.
[image: Figure 5]FIGURE 5 | Competitive mechanism of action revealed by extensive all-atom molecular dynamics simulations. (A) Surface representation of apo-state P2X3 (PDB: 5SVJ) with bound diclofenac (obtained in our MD simulations) in the agonist-binding pocket between two adjacent subunits. (B) Close-up of the diclofenac-binding pocket as in (A). (C) Average structure of the most frequently observed binding pose of diclofenac in P2X3 wildtype. Interacting residues within 4-Å distance are shown as sticks. (D) Same as C in the apo-state L191A mutant. The average structure of the first cluster of the independent simulations of the mutant shows a nearly identical binding pose. (E) RMSF (root-mean-squared fluctuation) of the left flipper domain for apo-state P2X3 wildtype with and without bound diclofenac to the agonist binding pocket. (F) Open-state P2X3R with bound ATP (PDB: 5SVK, ATP shown in red) with an overlay of AF-219 (shown in orange) and diclofenac (DIC, shown in green) shows the spatial position of the three molecules bound to hP2X3R. The position of AF-219 and diclofenac was obtained from an alignment of hP2X3R in complex with the AF-219-negative allosteric modulator (PDB-ID: 5YVE, AF-219 shown in orange) and the apo-state hP2X3R (PDB-ID: 5SVJ) with bound diclofenac and the ATP-bound open state PDB: 5SVK). An alignment of the open-state hP2X3R with bound ATP (5SVK) and hP2X3R in complex with the AF-219 negative allosteric modulator (5YVE) is shown in Supplementary Figure S8).
In the seven independent simulation replicas, with three diclofenac molecules each, we observed 14 stable binding events for the hP2X3 wild-type and 14 for the L191A mutant, with some dissociation events (Supplementary Figure S7). We consistently observed diclofenac to alternatingly form salt–bridge interactions between its carboxyl groups and residues K65, K63, and K176. Furthermore, diclofenac binding was stabilized by a hydrogen bond with E270 and interactions between one of diclofenac’s chlorine atoms at K176 and K201 (Figures 5B, C). A similar diclofenac binding pose was observed in simulations of L191A-hP2X3R. We speculate that the removal of the bulky hydrophobic sidechain of L191 may facilitate diclofenac binding by creating an energetically more favorable environment (Figure 5D). We then calculated the root-mean-squared fluctuations of the loop of the left flipper domain (residue stretch 265–277, hP2X3 numbering) and observed a reduction in flexibility upon diclofenac binding. Thus, it appears that diclofenac binding may partially rigidify this region and may thereby impair allosteric communication between the ATP-binding site and the lower body and transmembrane domains (Figure 5E). Summarizing, our simulations imply the binding pose of diclofenac, which is nearby but distinct from the binding pose of the allosteric inhibitor AF-219 and partially overlaps with ATP, suggesting a partially competitive inhibition mechanism (Figure 5F).
3.4 Effect of diclofenac at native P2XRs in DRG neurons
To examine whether diclofenac is capable of inhibiting native P2X3-subunit-containing receptors of nociceptive neurons with similar potency as oocyte-expressed recombinants hP2X2/3Rs and P2X3Rs, DRG neurons of pigs (3–4 months old) were analyzed. Currents elicited by 10 μM α,β-meATP were found in medium-sized (∼35–60 μm diameter) porcine DRG neurons. 10 μM α,β-meATP was applied repeatedly every 3 min for 3 s duration onto cultured porcine DRG neurons (Figures 6A, B). Whole-cell currents elicited by α,β-meATP appeared as a slowly activating and non-desensitizing phenotype mediated by heteromeric P2X2/3Rs. These were inhibited by 100 μM diclofenac (pre-equilibrated for 20 s) by 70.5% ± 35.8% (n = 11) (Figure 6C). Thus, diclofenac inhibited native pig P2X2/3Rs expressed in medium-sized DRG neurons to a similar extent to hP2X2/3Rs heterologously expressed in X. laevis oocytes (c.f. Figure 3).
[image: Figure 6]FIGURE 6 | Diclofenac inhibition of P2X2/3R currents in dissociated porcine DRGs. (A) Representative original current traces of one porcine DRG neuron exposed four times for 3 s to 10 µM α,β-meATP in 3-min intervals. Please note that the neurons were exposed to five applications and that the first application is not shown here. Before the fourth application, 100 µM diclofenac was pre-incubated for 20 s before 10 µM α,β-meATP and 100 µM diclofenac were co-applied. (B) Representative picture of dissociated porcine DRGs at day 2 in culture. In the center a middle-sized DRG neuron is visible. Scale bar = 50 µm. (C) Bar graphs showing the relative diclofenac inhibition as calculated by the quotient of the max. α,β-meATP-induced peak current amplitude of the fourth application (in presence of diclofenac) vs. the preceding third ATP application (mean block ±SD = 70.2 ± 34.3%, n = 11) (left bar) or vs. the mean of the preceding (third) and following (fifth) α,β-meATP application [mean Block ±SD = 70.9 ± 37.2%, n = 11, t-test p = .963 (ns)] (right bar).
3.5 Characterization of the potency and selectivity of FFA at selected P2X receptors
Concentration–response analysis revealed a concentration-dependent inhibition of hP2X3R- and rP2X3R-mediated currents by micromolar concentrations of FFA. IC50 values of 221.7 µM (95% CI: 98.9–497 µM) and 264.1 µM (95% CI: 56.9–612 µM) were determined at hP2X3R and rP2X3R, respectively (Figure 7A). In contrast to diclofenac, FFA did inhibit rP2X3R-mediated currents and was equipotent at hP2X3R and rP2X3R, (IC50 value of 221.7 and 264.1 μM, respectively, not significantly different; Figure 7A). This indicates a weaker selectivity of FFA toward the human P2X3R in comparison to diclofenac. Importantly, a concentration of 100 μM FFA exerted a relevant inhibitory effect of 30% on hP2X3R and 25% on rP2X3R (Figure 7A).
[image: Figure 7]FIGURE 7 | FFA inhibits P2X3R-mediated responses but potentiates hP2X2R-mediated responses. (A) Concentration–inhibition curve of FFA at human (●) and rat (▪) S15V-P2X3R exhibited IC50 values of 221.7 µM (95% CI: 98.9–497 µM) and 264.1 µM (95% CI: 56.9–612 µM), respectively. LogIC50 values are not significantly different (p = .197). Data points represent the means and SEM (B) Left panel: Representative original current trace shows the effect of 1 mM FFA (gray bar) on the ATP-induced (10 μM, black bar) current mediated by hP2X2R expressed in X. laevis oocytes. Right panel: Concentration–response curve of FFA at hP2X2R (●) exhibited a half-maximal potentiation value of 158.4 µM (95% CI: 64.4–389.7 µM; n = 8). Data points represent the means and SEM.
In the case of FFA, selectivity profiling was performed at hP2X2R and hP2X7R. These two subtypes were chosen because they either were potentiated or are often analyzed in the presence of FFA, respectively. When ATP and FFA were co-applied at the hP2X2R, the current amplitude increased up to 8-fold compared to the steady-state current in the absence of FFA (Figure 7B). Thus, in comparison to diclofenac, FFA shows a markedly higher potentiating effect on hP2X2Rs. The effect of FFA on hP2X7R-mediated currents was assessed by applying concentrations of 100, 300, and 1000 µM. A concentration of 100 μM exerted a relevant inhibitory effect of ∼39% (Supplementary Figure S5). A rough assessment of the IC50 value, using the three tested concentrations, suggested a value of approximately 900 μM for hP2X7R inhibition.
4 DISCUSSION
4.1 Inhibition of hP2X3R-mediated currents as an additional mode of action of NSAIDs
Our findings demonstrate the inhibition of the human P2X3R by various NSAIDs. Diclofenac proved to be the most effective antagonist with an IC50 value of 138.2 µM. Among the investigated NSAIDs, diclofenac, FFA, and flunixin exerted an enduring, potentially irreversible inhibitory effect on the current amplitude, which could not be eliminated by the following washout period.
Considering the involvement of hP2X3R in nociception, it is conceivable that inhibition of hP2X3R contributes to the analgesic effect of NSAIDs and represents an additional mode of action besides COX inhibition. However, plasma levels and IC50 values must be taken into consideration. In the case of diclofenac, low nanomolar plasma levels are reached during the transdermal application, whereas 10–20-fold higher concentrations can be observed in synovial tissues (Efe et al., 2014). When injected intramuscularly, significantly higher plasma levels of approximately 1.8 μg/ml (∼6 μM) can be achieved (Drago et al., 2017). Similarly, maximum plasma levels of approximately 2.3–2.6 μg/ml (∼7–8 μM) can be achieved with the oral application of 50–75 mg diclofenac (Kurowski et al., 1994; Kienzler et al., 2010). According to our experimental data, the current amplitude of hP2X2/3R and hP2X3R was reduced by approximately 20%–30% in the presence of 3–10 µM diclofenac. Therefore, it can be assumed that clinically relevant concentrations of diclofenac exert a significant inhibitory effect on hP2X3R-mediated currents. However, diclofenac shows a many-fold higher potency at COX1 (IC50 value of .075 µM) and COX2 (IC50 value of .038 µM) (Warner et al., 1999) than at hP2X3R (IC50 value of 138.2 µM). The effect of diclofenac besides COX inhibition has also been studied by other groups, such as Gan (2010). For instance, in addition to COX inhibition, other effects such as the inhibition of acid-sensing ion channels (ASICs) were discovered (Voilley et al., 2001). However, the inhibition of P2X3R has not yet been described.
Similar to our findings for diclofenac, Hautaniemi et al. (2012) described the inhibition of P2X3R by the NSAID naproxen. According to our TEVC data, high micromolar to low millimolar concentrations of naproxen are necessary to inhibit hP2X3R, indicating a low potency of naproxen. These results are consistent with the results that Hautaniemi et al. (2012) obtained from calcium imaging of rat trigeminal neurons. Despite its lower potency in comparison to diclofenac, naproxen might as well exert a relevant inhibitory effect due to higher plasma levels. When administered orally, maximum plasma levels of approximately 70–80 μg/ml (∼300–350 µM) are reached after about 2 h (Desager et al., 1976; Dresse et al., 1978).
4.2 Selectivity profiling of diclofenac at P2X receptors and related side effects
Selectivity profiling of diclofenac at different P2XR subtypes showed strong inhibition of hP2X3R and hP2X2/3R and weaker inhibition of hP2X1R, hP2X4R, and hP2X7R. The rank order of its potencies is as follows: hP2X2/3R > hP2X3R > hP2X1R > hP2X4R > hP2X7R.
Diclofenac had a similar maximum inhibitory effect and potency at hP2X1R and hP2X3R. In contrast to its potentially irreversible effect on hP2X3R, diclofenac seemed to exert a reversible inhibitory effect on hP2X1R. Inhibition of hP2X1R, which is involved in inflammatory responses (Lecut et al., 2009), might contribute to the anti-inflammatory effect of diclofenac. However, the difference in potency between hP2X1R (IC50 337.8 μM) and COX (IC50 value of 0.075 µM or 0.038 µM of COX1 or COX2, respectively) should be kept in mind.
Considering its low potency at hP2X4R and hP2X7R, it is unlikely that inhibition of these P2X subtypes, which are involved in nociception (Chessell et al., 2005; Tsuda et al., 2009), contributes to the analgesic effect of diclofenac.
Remarkably, diclofenac had a weak potentiating effect on hP2X2R-mediated currents. Regarding its strong inhibitory effect on hP2X3R and its weak potentiating effect on hP2X2R, a predominantly inhibitory effect on the heterotrimeric hP2X2/3 receptor could have been expected. Surprisingly, diclofenac proved to be more potent at hP2X2/3R (IC50 76.7 µM) than at hP2X3R (IC50 138.2 µM). However, it should be kept in mind that the use of the correction factor in hP2X3R measurements and the use of different agonists at hP2X2/3 and hP2X3R imply a bias that may affect an accurate, direct quantitative comparison. Since the run-down varies between different recordings, the inhibitory effect of diclofenac on hP2X3R might be underestimated.
It is presumed that taste disorders, which have been observed in clinical trials of newly developed P2X3R antagonists, mainly result from the inhibition of heterotrimeric P2X2/3R (Garceau and Chauret, 2019; McGarvey et al., 2022). Therefore, the question arises whether diclofenac might cause taste disorders due to its inhibitory effect on hP2X2/3R. While taste disorders as a side effect are listed as “very rare” in the prescribing information, more than 110 suspected cases of ageusia, dysgeusia, or taste disorders have been reported in the European Union so far in EudraVigilance (up to 28/11/2022) due to diclofenac administration (http://www.adrreports.eu/de/). It must also be assumed that there are a high number of unreported cases. In a prospective, randomized clinical trial regarding the postoperative administration of diclofenac, 58% of patients reported an impaired taste sensation (Attri et al., 2015). Therefore, it seems likely that diclofenac affects taste sensation due to the inhibition of hP2X2/3R.
4.3 Mechanisms of action of diclofenac at P2X3R and functional implications for gating
We have found the following lines of experimental evidence for competitive inhibition of the P2X3-subunit containing receptors by diclofenac: 1) inhibition by 30 µM diclofenac of hP2X2/3R could be overcome by increasing concentrations of the agonist α,β-meATP; 2) at L191A/S15V-hP2X3R, the inhibition by diclofenac or FFA at the beginning of the co-application with ATP could be overcome by prolonged ATP co-application; 3) the N190A and the G189R mutants of the negative allosteric binding site (Wang et al., 2018; Obrecht et al., 2019), which markedly affected the extent of inhibition of hP2X3R by the allosteric antagonists gefapixant/AF-219 or ATA, were inhibited by 100 µM diclofenac to a similar extent to hP2X3R.
In addition, our extensive all-atom molecular dynamics simulations have shown that the most common binding pose of diclofenac at hP2X3R largely overlaps with ATP bound to the open-state conformation of hP2X3R. Furthermore, we show by RMSF analysis that diclofenac when bound to hP2X3R alters the conformational flexibility of the left flipper and dorsal fin domains, crucially implicated in the ATP-induced gating of hP2X3R (Mansoor et al., 2016; Mansoor, 2022). Our simulation results also offer a mechanistic explanation for the inhibition of the ATP-induced gating of hP2X3R; the strong interactions of diclofenac with the residues K201 and E270 of the dorsal fin and left flipper domains, respectively, are likely to prevent the conformational rearrangements of the dorsal fin and left flipper domains. These are otherwise essential for channel gating or, mechanistically, for the transmission of ATP binding to the conformational rearrangement of the lower body domain, and eventually the opening of the ion channel pore.
According to our MD simulations, the strongest interactions of diclofenac and amino acid residues of the putative binding site were ionic interactions with lysines K63, K65, and K176 and hydrogen bonds with charged residues E270, K176, and K201. All of these amino acid residues are fully conserved between P2X subtypes and are essential for ATP binding, thus preventing targeted functional experiments for validating the diclofenac-binding pose. Therefore, we speculate that only non-conserved amino acid residues, dispensable for ATP binding or species-specific allosteric effects, may account for the differences in diclofenac-mediated effects between human and rat P2X3R. In summary, although awaiting further experimental confirmation, our results suggest that diclofenac acts via a similar mechanism of action to TNP-ATP (Mansoor et al., 2016).
4.4 Selectivity profiling of FFA at P2XRs questions its use in P2XR assays
FFA proved to inhibit human P2X3R-mediated currents with a similar potency (IC50 value of 221.7 µM) to diclofenac (IC50 138.2 µM). In contrast to diclofenac, FFA did inhibit rat P2X3R-mediated currents (IC50 value of 264,1 µM), indicating a weaker selectivity of FFA toward the human P2X3R. As FFA is usually applied transdermally, plasma levels do not exceed 180 nM even with repetitive application (Drago et al., 2017). Due to its low potency at hP2X3R and its low plasma levels, it must be assumed that P2X3R inhibition does not contribute to the analgesic effect of FFA in a relevant manner.
However, the inhibitory effect of FFA on P2X3R could be of importance for other scientists who perform functional recordings of P2XRs with solutions supplemented with FFA. Being a non-selective ion channel blocker, FFA is widely used in research to avoid bias resulting from the activation of various other ion channels (Guinamard et al., 2013). Our findings demonstrate that a commonly used concentration of 100 μM FFA exerts a relevant inhibitory effect of approximately 30% on hP2X3R and 25% on rP2X3R. However, especially for recordings of P2X7R, FFA is often used as a supplement to divalent-free ORi-solution (Hülsmann et al., 2003). While inhibition of the P2X3R by FFA has not yet been described by other groups, there are contradictory results regarding its effect on P2X7R. Suadicani et al. (2006) suggested a competitive antagonism of FFA at P2X7R, whereas Ma et al. (2009) did not find an inhibitory effect of FFA on P2X7R, but rather an inhibition of Pannexin-1 by FFA. According to our data, hP2X7R-mediated currents are reduced by approximately 40% in the presence of 100 μM FFA. Even when FFA is no longer applied, the permeability of the receptor remains affected as shown in Supplementary Figure S5 by comparing the slope of the linearly increasing current before and after FFA application, which may indicate a potentially irreversible effect of FFA on hP2X7R-mediated current responses.
Taken together, our results question the use of FFA as a non-selective ion channel blocker when P2XR-mediated currents are to be measured and add another target to the already known unspecific ion-channel modulation by FFA (Guinamard et al., 2013).
In comparison to diclofenac, FFA shows a significantly higher potentiating effect on hP2X2R with a 7–8-fold increase in current amplitudes. This potentiating effect of FFA on hP2X2R has already been described by other groups (Schmidt et al., 2018). However, Schmidt et al. (2018) did not attribute this effect to a direct interaction of FFA with the receptor, but to membrane alterations caused by the amphiphilic FFA. However, from our point of view, this theory seems questionable since it cannot explain the opposing effects of FFA on hP2X2R and hP2X3R.
5 CONCLUSION/SUMMARY
In a previous screening of 2000 approved drugs, natural products, and bioactive substances, various NSAIDs were found to inhibit S15V-rP2X3R-mediated currents (Obrecht et al., 2019). Using TEVC, we identified diclofenac as a hP2X3R and hP2X2/3R antagonist with micromolar potency (with IC50 values of 138.2 and 76.72 µM, respectively), which was also shown to be effective in antagonizing native P2X2/3R-mediated responses in pig DRG neurons. Considering their involvement in nociception, the inhibition of hP2X3R and hP2X2/3R by micromolar concentrations of diclofenac may contribute to the analgesic effect of diclofenac and represent an additional, although less potent, mode of action besides the well-known COX inhibition. Our results support the presence of a competitive antagonism through which diclofenac, by interacting with residues of the ATP-binding site, left flipper, and dorsal fin domains, inhibits the gating of P2X3R by conformational fixation of the left flipper and dorsal fin domains. FFA proved to inhibit hP2X3R, rP2X3R, and hP2X7R, calling into question its use as a non-selective ion channel blocker, when P2XR-mediated responses are under study.
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Single-nucleotide polymorphisms are connected with the risk of epilepsy on occurrence, progress, and the individual response to drugs. Progress in genomic technology is exposing the complex genetic architecture of epilepsy. Compelling evidence has demonstrated that purines and adenosine are key mediators in the epileptic process. Our previous study found the interconnection of P2Y12 receptor single-nucleotide polymorphisms and epilepsy. However, little is known about the interaction between the purine nucleoside A2A receptor and rate-limiting enzyme ecto-5′-nucleotidase/CD73 and epilepsy from the genetic polymorphism aspect. The aim of the study is to evaluate the impact of A2AR and CD73 polymorphisms on epilepsy cases. The study group encompassed 181 patients with epilepsy and 55 healthy volunteers. A significant correlation was confirmed between CD73 rs4431401 and epilepsy (p < 0.001), with TT genotype frequency being higher and C allele being lower among epilepsy patients in comparison with healthy individuals, indicating that the presence of the TT genotype is related to an increased risk of epilepsy (OR = 2.742, p = 0.006) while carriers of the C allele demonstrated a decreased risk of epilepsy (OR = 0.304, p < 0.001). According to analysis based on gender, the allele and genotype of rs4431401 in CD73 were associated with both male and female cases (p < 0.0001, p = 0.026, respectively). Of note, we found that A2AR genetic variants rs2267076 T>C (p = 0.031), rs2298383 C>T (p = 0.045), rs4822492 T>G (p = 0.034), and rs4822489 T>G (p = 0.029) were only associated with epilepsy in female subjects instead of male. It is evident that the TT genotype and T allele of rs4431401 in CD73 were genetic risk factors for epilepsy, whereas rs2267076, rs2298383, rs4822492, and rs4822489 polymorphisms of the A2AR were mainly associated with female subjects.
Keywords: A2A receptor, CD73, single-nucleotide polymorphism, epilepsy, purinergic receptor
INTRODUCTION
Single-nucleotide polymorphisms (SNPs) are valuable for diagnosis and treatment guidance in epilepsy (Pal et al., 2010). As one of the prominent forms of gene variations in the human genome (Kim and Misra, 2007), SNPs are utilized to detect encoded proteins for prevention and treatment in epilepsy genetic studies. With progress in genomic technology, almost a thousand genes have been verified to relate to epilepsy etiology (Wang et al., 2017). Observational publications have reported that the GABA receptor and GABA transporter-1 SNPs are associated with the risk of epilepsy (Sesarini et al., 2015; Schijns et al., 2020). Several autophagy-related protein 5 gene polymorphisms show significant associations with the susceptibility to late-onset epilepsy and temporal lobe epilepsy (Zhang et al., 2021). Additionally, there is an increasing focus on the role of purinergic signaling receptors in various central nervous system diseases, including epilepsy (Scheffer et al., 2017; Nikolic et al., 2020; Beamer et al., 2021). We reported in our former study that the polymorphisms of the P2Y12 receptor are related to epilepsy susceptibility, and one of the polymorphisms may be specifically associated with seizure frequency (Wang et al., 2022). CD73 plays a key role in ATP metabolism, which generates the adenosine that activates the A2AR. The overfunction of A2AR is sufficient to trigger brain dysfunction and induce neuronal excitotoxicity (Cunha et al, 2016). In addition, genetic deletion of CD73 was found to attenuate neuron degeneration in mice (Augusto et al., 2021). However, the relationship between epilepsy and SNPs from the purinergic signaling facet, particularly adenosine A2A receptors (A2AR) and 5′-nucleotidase (CD73), currently has only a limited number of investigations.
It has already been widely studied that A2AR and CD73 participate in the etiology of epilepsy, whether in experimental or observational studies (Xu et al., 2022; El Yacoubi et al., 2009; Augusto et al., 2021). A2AR exists in both synapses and neurons (Rebola et al., 2005; Borea et al., 2018), is associated with adenylyl cyclase activation, and is thought to have an excitatory effect on neurons upon activation (Corvol et al., 2001). In the hippocampus of both animal models and those of human brains, A2AR upregulation in synapses has been demonstrated to be one of the pathogenic characteristics of epilepsy (Canas et al., 2018; Crespo et al., 2018; Barros-Barbosa et al., 2016). Patients with mesial temporal lobe epilepsy have an elevated proportion of A2AR during epileptogenesis, and this enhanced astrocytic A2AR has more public involvement in disorders linked to neuroexcitotoxicity (Barros-Barbosa et al., 2016). Neuronal excitation in epilepsy may increase synaptic A2A activation, which aggravates synaptotoxicity and causes standard circuitry to deteriorate, resulting in epilepsy progression (Barros-Barbosa et al., 2016). In other words, A2AR overfunction plays an essential role in the cumulative aggravation of epilepsy rather than in the onset of seizure activity (Moreira-de-Sá et al., 2021). These studies support that A2AR may be involved in the pathophysiology of epilepsy by controlling the function of glial cells. Accordingly, the corresponding gene (ADORA2A) is studied as a promising candidate for epilepsy. ADORA2A is located on chromosome 22q 11.23 and has two coding exons spanning about 9 kb (MacCollin et al., 1994; Peterfreund et al., 1996). rs2298383 was proven to be associated with childhood epilepsy and a predisposition to childhood epilepsy (Fan et al., 2020). However, whether the association exists in a wider age range remains unclear. CD73 is an enzyme that catalyzes the last step in the extracellular metabolism of ATP to form adenosine (Alcedo et al., 2021) and is positioned ideally to promote A2AR activation after the conversion of released adenine nucleotides into adenosine (Cunha et al., 1996). A rodent study demonstrates that CD73 lost its activity along with the decreasing density of A2AR 48 h after hyperthermia-evoked convulsions. The amount and distribution of CD73 in the hippocampus of mesial temporal lobe epilepsy patients were higher and broader than that in control individuals, and hippocampal astrogliosis was observed in patients (Barros-Barbosa et al., 2016). Together, CD73 may be associated with epilepsy by promoting the A2AR activation after the conversion of released adenine nucleotides into adenosine. Furthermore, genetic variations in enzymes influencing extracellular adenosine homeostasis, including CD73, have been significantly associated with epilepsy. SNPs of CD73 have been significantly connected with epileptogenesis in the Caucasian race since variants may alter the function of CD73 to regulate the extracellular adenosine and seizure activity (Diamond et al., 2015), whereas the functions of ATP-related CD73 SNPs have not been completely illuminated in epileptic disease in the Asian race yet.
Given the substantiation that the adenosine A2AR and CD73 take part in the etiology of epilepsy in both clinical and rodent experiments, we designed this study to investigate changes between epilepsy cases and control individuals and from genetic variations aspects which are worth exploring as therapeutic targets for treatment development.
PARTICIPANTS AND METHODS
Subjects
Between August 2020 and August 2021, 181 epilepsy cases (92 male and 89 female) were diagnosed according to the 2014 International League against Epilepsy criteria (Thijs et al., 2019), and there were 50 healthy participants (22 male and 28 female). The medians (ranges of the first quartile to the third quartile) of age for the cases and volunteers were 28 (23–47) and 26 (25–28), respectively. The subjects were recruited at the Sichuan Academy of Medical Science and Sichuan Provincial People’s Hospital in China. Clinical data of patients were collected, including gender, age, disease diagnosis, seizure onset frequency, medical history, drug treatment, and imaging examination. Individuals with missing abovementioned clinical data were excluded from the study. Those with a history of pseudo-epileptic seizures, as well as with impaired hepatic and/or renal function, were excluded. Healthy controls were neurologically normal, with no personal or family history of epilepsy.
Following approval of the Sichuan Academy of Medical Science and Sichuan Provincial People’s Hospital Ethics Committees, written informed consent was obtained from the individuals before participation in the study. Blood samples were taken with the consent of the individuals, and 2 ml blood from each participant was collected in EDTA tubes and kept at −20°C for extraction of DNA and genotyping. Samples were stored at −70°C until analysis.
DNA extraction and genotyping
Genomic DNA was isolated from peripheral blood using a QIAGEN kit (QIAGEN, Hilden, Germany). Extracted DNA was quantified using a NanoDrop analyzer (ND-2000) spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, United States). Qualified DNA samples were stored at −80°C until further use.
We selected fourteen single-nucleotide polymorphisms from two genes involved in the adenosine cycle for analysis. Genotyping of CD73 rs4431401 T>C, rs2065114 A>G, rs2229523 A>G, rs4579322 T>A, rs9444348 G>A, rs9450282 A>G, rs6922 T>G, rs4373337 A>C, rs2267076 T>C, and A2AR rs3761422 T> rs2298383 C>T, rs4822492 C>G, rs2236624 T>C, and rs4822489 T>G polymorphisms was performed by the MassARRAY platform (Agena Bioscience, San Diego, CA, United States) at CapitalBio (Beijing, China). The primers for PCR amplification and extension were designed using the MassARRAY Assay Design v4.0 software. The PCR cycle program, as well as shrimp alkaline phosphatase digestion and extension, was performed according to the manufacturer’s protocol. Extension products were desalted and detected using matrix-assisted laser desorption ionization time-of-fight. Finally, the data were processed with Typer v4.0 software (Agena Bioscience, San Diego, CA, United States).
Statistical analysis
Statistical analysis was performed using the Statistical Package for the Social Sciences (SPSS), version 26.0 (IBM, Chicago, IL, United States). Categorical variables were expressed as numbers and percentages and compared by using the Pearson chi-squared test and Fisher’s exact test. Numerical variables were expressed as medians with interquartile ranges and compared by the non-parametric independent-sample Wilcoxon signed-rank test. The χ2 test was used to assess the deviation from the Hardy–Weinberg equilibrium. The χ2 statistics or Fisher’s exact test was used to compare the statistical differences in genotype distributions and allele frequencies between the cases and controls. The odds ratio (OR) was calculated with 95% confidence intervals (CIs). Statistical significance was defined as two-tailed p < 0.05.
RESULTS
Genotype frequencies of all investigated ADORA2A and CD73 SNPs conformed to the Hardy–Weinberg equilibrium in epilepsy and the healthy control samples.
Clinical characteristics of the study participants
Demographic and clinical characteristics of the 231 enrolled participants are shown in Table 1.
TABLE 1 | Demographic and clinical characteristics of the enrolled population.
[image: Table 1]The study included 181 patients (92 male and 89 female) and 50 volunteers (22 male and 28 female) with median ages of 28 years and 26 years, respectively. There were no statistically significant differences between epileptic patients and healthy controls in terms of gender or age.
Genotypic and allelic distribution of the CD73 and A2AR SNPs
The frequency distributions of the CD73 and A2AR polymorphisms were compared between epilepsy patients and healthy controls. Of the fourteen investigated SNPs, a significant difference was observed in the CD73 SNP rs4431401. The genotype frequencies of CD73 rs4431401 T>C polymorphism CC, CT, and TT genotypes were found in 12.7%, 40.9%, and 46.4% of cases and 48%, 28%, and 24% of the control group, respectively. The allelic frequency was 33.1% for the C allele and 66.9% for the T allele in patients, while it was 62% for the C allele and 38% for the T allele in the volunteer group. The T allele and TT genotype were conspicuously higher among patients than in healthy controls (OR = 0.305, 95% CI = 0.193–0.483, p = 0.0001 for C vs. T; OR = 2.714, 95% CI = 1.333–5.529, p = 0.006 for TT vs. CT/CC), indicating that individuals with the T allele and TT genotype of rs4431401 T>C might have higher risks for epilepsy (Table 2). However, the risk of epilepsy did not differ in other CD73 and A2AR polymorphisms between the cases and the control group (Supplementary Tables S1, S2).
TABLE 2 | Genotypic and allelic distribution of the CD73 gene between all patients and controls.
[image: Table 2]Genotypic and allelic distribution of CD73 and A2AR SNPs in different genders
The CD73 and A2AR genotype and allele frequencies between the patients and controls of different genders are summarized in Table 3, Table 4, and Supplementary Tables S3 and S4. We found that the frequencies of the alleles and genotypes in CD73 rs4431401 between both male and female groups varied significantly (p < 0.001). With the T allele and TT genotype frequency being lower among the healthy in comparison with the epilepsy subjects, the presence of the T allele and TT genotype was connected with an increased risk of epilepsy (OR = 0.149, CI = 0.069–0.322, p < 0.001; OR = 5.092, CI = 1.408–18.407, p = 0.013, respectively) (Table 3). Females carrying the C allele/CC variant in CD73 rs4431401 had a lower risk of epilepsy in contrast with females who carried no copies (OR = 0.483, 95% CI = 0.263–0.890, p = 0.026 for C vs. T; OR = 3.039, 95% CI = 1.119–8.258, p = 0.045 for CT/TT vs. CC) (Table 3). No additional significant genotypic and allelic distribution between the female and male patients was observed in our study (Supplementary Table S3).
TABLE 3 | Genotypic and allelic distribution of the CD73 gene between all patients and controls in different genders.
[image: Table 3]TABLE 4 | Genotypic and allelic distribution of the A2AR gene between all patients and controls in different genders.
[image: Table 4]In the A2AR gene, there were no associations of the identified SNPs, rs3761422 and rs2236624, with analysis based on gender (Supplementary Table S4). Interestingly, we observed that SNPs for the A2AR gene differed between female cases and controls, including rs2267076 T>C (p = 0.031), rs2298383 C>T (p = 0.045), rs4822492 T>G (p = 0.034), and rs4822489 T>G (p = 0.034). The differences were mainly attributed to a greater proportion of heterozygotes and fewer homozygotes. They were observed in A2AR gene polymorphisms, where female cases with CT in rs2267076 (OR = 0.327, CI = 0.130–0.819, p = 0.017), TC in rs2298383 (OR = 0.337, CI = 0.137–0.827, p = 0.018), CG in rs4822492 (OR = 0.322, CI = 0.131–0.791, p = 0.016), and GT in rs4822489 (OR = 0.322, CI = 0.131–0.791, p = 0.016) had a higher proportion of heterozygotes than homozygotes (Table 4). Therefore, females who are heterozygous genotype carriers of rs2267076, rs229838, rs4822489, and rs4822492 polymorphisms have a higher risk of epilepsy.
Subgroup analysis of A2AR and CD73
We conducted sub-analyses to determine whether risk varied by subgroups differing in drug treatment, neuroimaging, or epileptic seizure frequencies. We did not find any significant connection between neuroimaging and seizure frequency subgroups but did find an association between genotypes and drug therapy among epilepsy cases (Supplementary Tables S5, S6). This relationship was evident only for single-nucleotide polymorphisms on the A2AR gene (Table 5). The frequency of the TT genotype (38.6% for polytherapy; 46.7% for monotherapy) and T allele (60.5% for polytherapy; 46.7% for monotherapy) for rs2298383 in the A2AR gene was higher among cases of polypharmacy than in single drug treatment groups, suggesting that patients that had the TT genotype and T allele (TT vs. CT/CC: OR = 0.390, CI = 0.194–0.781, p = 0.010; C vs. T: OR = 1.749, CI = 1.113–2.478, p = 0.017) had a higher potential of requiring two or more antiepileptic drugs. Similar to former results, in rs4822492, the GG genotype and G allele were associated with polytherapy (GG vs. CG/CC: OR = 0.370, CI = 0.184–0.744, p = 0.006; C vs. G: OR = 1.844, CI = 1.172–2.902, p = 0.009). In addition, we found that patients carrying the GG variant in A2AR rs4822489 were associated with polypharmacy (OR = 2.706, CI = 1.343–5.449, p = 0.006).
TABLE 5 | Genotypic and allelic distribution of CD73 and A2AR genes between patients with monotherapy and polytherapy.
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We tested the hypothesis that adenosine-related SNPs are connected with the risk of epilepsy.
Our data showed that the T allele and TT genotype of SNP rs4431401 of CD73 was associated with a more pronounced predisposition to an increased risk of epilepsy, while A2AR gene rs2267076, rs2298383, rs4822492, and rs4822489 polymorphisms were more strongly linked with female epileptic patients. In contrast, there was no evidence for interactions of the identified SNPs: rs2065114, rs2229523, rs4579322, rs9444348, rs9450282, rs6922, and rs4373337 of CD73, rs3761422, and rs2236624 of A2AR. Noteworthily, rs2298383, rs4822492, and rs4822489 on the A2AR gene were associated with medication administered among epilepsy cases. These findings provide insight into the genetic susceptibility of epileptic disease and assistance for clinical drug therapy.
We found that carriers of rs4431401 in CD73, with a higher proportion of T allele and TT genotype, may have a higher predisposition for epilepsy. Observational studies focused on nephrotic syndrome (NS) (Yang et al., 2018; Zaorska et al., 2021) and uremia patients (Rothe et al., 2017) and found that rs4431401 (T>C) was significantly correlated with both differed NS risk and altered hormone sensitivity to NS. We also observed that both female and male subjects have a higher frequency of TT genotype compared to the controls. Since the risk factors of epilepsy are complex, such as family history, excessive sleep deprivation, and use of alcohol (Gavvala and Schuele, 2016), we speculate that one of the possible mechanisms is that gender difference influences the cognitive strategies on brain activation, such as women preferring the left hemisphere while men favoring the right hemisphere (Koepp, 2011). In addition, endogenous sex hormones may play a role. In an earlier cohort study, rs9444348 of CD73 was reported to have been significantly associated with a shorter time to first seizure and an increased seizure rate within 3 years of post-traumatic brain injury in Caucasian patients (Diamond et al., 2015). However, no difference was found in our present study. Race, the pathogenesis of epilepsy, and the statistical method were regarded to be the feasible reasons which are causing differences in results.
Females who carried a greater proportion of heterozygotes in rs2298383, rs2267076, rs4822492, and rs4822489 polymorphisms on the A2AR gene were identified to have an increased risk of epilepsy. On the contrary, no significant difference was observed in male patients. Consistent with this, a rodent study showed that female rats were more susceptible to acquiring seizures than male rats (Dai et al., 2014). Since sex hormones are associated with neuronal development, neuronal excitability, and epileptic susceptibility (Patrone et al., 1999; Zupanc, 2006; Liu et al., 2012), the possible reason is the effect of endogenous sex hormones, such as androgen, estrogen, and progesterone, as well as their metabolites. In addition, a recent study based on southern Chinese children with epileptic diseases shows that the carriers of the rs2298383 TT genotype tended to have a lower chance of epilepsy (Fan et al., 2020). In addition, the haplotype C frequency at rs2298383 and rs4822492 polymorphisms was reported to be significantly higher than in controls in acute encephalopathy with biphasic seizures and late reduced diffusion in children from Japan (Shinohara et al., 2013). The fact that these results are incompatible with ours could be attributed to the differences in age and the regions from where the participants were enrolled. As for s2267076 and rs4822489, we found no directly comparable studies when we searched PubMed for studies published in English that investigated the association between them and the risk of epilepsy. We have, therefore, provided comparisons with broader literature. The current study indicates that a higher risk of rheumatoid arthritis was found in patients who consume more caffeine with a CT genotype of rs2267076 (Soukup et al., 2020). rs4822489 is associated with chronic heart failure and type 1 diabetes (Charles et al., 2011; Zhai et al., 2015). To our knowledge, the genetic polymorphisms rs2267076 and rs4822489 were first identified to be associated with epilepsy in the present study.
We also observed an increased risk of polypharmacy in individuals with the TT genotype and T allele of rs2298383. An earlier case-control study reported that rs2298383 polymorphisms associated with tear volume increase after caffeine intake (Arita et al., 2012). Caffeine has various pharmacologic effects on the human body, including stimulation of the central nervous system (van Dam et al., 2020). A2AR, as one of the main target receptors of caffeine, has already been proven to play an important role in caffeine metabolism (Cappelletti et al., 2015). In addition, genetic factors are revealed to be associated with the direct effects of caffeine (Yang et al., 2010). In this way, an in-depth study needs to investigate whether rs2298383 is linked with polypharmacy of antiepileptic drugs and caffeine. In addition, though our results suggest that A2AR and CD73 gene polymorphisms do not correlate with the epileptic seizure frequency or abnormal/normal neuroimaging, they still require further investigation.
Some potential limitations should be considered. First, we only analyzed the population in southwestern China because representation from other regions of the country is lacking. Future studies should involve patients from the greater China region. Second, the SNPs of CD73 have been rarely reported in epilepsy. Hence, the discussion concerning the SNPs of CD73 is limited. Further validation and studies are necessary to confirm the relationship between CD73 and epilepsy. Finally, this study was confined to the association of SNPs with epilepsy and lacked specific epileptic sub-types due to the limited sample size. Therefore, more in-depth research is needed to improve our understanding of the association between CD73 and A2A receptors and the pathophysiology of epilepsy.
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Introduction: In recent years, purinergic signaling via the P2X7 receptor (P2X7R) on microglia has repeatedly been implicated in depression genesis. However, it remains unclear which role the human P2X7R (hP2X7R) plays in regulating both microglia morphology and cytokine secretion upon different environmental and immune stimuli, respectively.
Methods: For this purpose, we used primary microglial cultures derived from a humanized microglia-specific conditional P2X7R knockout mouse line to emulate different gene-environment interactions between microglial hP2X7R and molecular proxies of psychosocial and pathogen-derived immune stimuli. Microglial cultures were subjected to treatments with the agonists 2′(3′)-O-(4-benzoylbenzoyl)-ATP (BzATP) and lipopolysaccharides (LPS) combined with specific P2X7R antagonists (JNJ-47965567, A-804598).
Results: Morphotyping revealed overall high baseline activation due to the in vitro conditions. Both BzATP and LPS + BzATP treatment increased round/ameboid microglia and decreased polarized and ramified morphotypes. This effect was stronger in hP2X7R-proficient (CTRL) compared to knockout (KO) microglia. Aptly, we found antagonism with JNJ-4796556 and A-804598 to reduce round/ameboid microglia and increase complex morphologies only in CTRL but not KO microglia. Single cell shape descriptor analysis confirmed the morphotyping results. Compared to KO microglia, hP2X7R-targeted stimulation in CTRLs led to a more pronounced increase in microglial roundness and circularity along with an overall higher decrease in aspect ratio and shape complexity. JNJ-4796556 and A-804598, on the other hand, led to opposite dynamics. In KO microglia, similar trends were observed, yet the magnitude of responses was much smaller. Parallel assessment of 10 cytokines demonstrated the proinflammatory properties of hP2X7R. Following LPS + BzATP stimulation, IL-1β, IL-6, and TNFα levels were found to be higher and IL-4 levels lower in CTRL than in KO cultures. Vice versa, hP2X7R antagonists reduced proinflammatory cytokine levels and increased IL-4 secretion.
Discussion: Taken together, our results help disentangle the complex function of microglial hP2X7R downstream of various immune stimuli. In addition, this is the first study in a humanized, microglia-specific in vitro model identifying a so far unknown potential link between microglial hP2X7R function and IL-27 levels.
Keywords: P2X7 receptor (P2X7R), mouse model, cell culture, immunomodulation, knockout (KO) mice, microglia, cytokine secretion
1 INTRODUCTION
Major depression is a common and multifactorial mental disorder, which arises from complex gene-environment interactions (GBD-2017-Collaborators, 2018; Lopizzo et al., 2015). Alarmingly, current trend analyses report a significant and worldwide rise in depression incidence (Moreno-Agostino et al., 2021). Aside from the well characterized impact of genetic vulnerability and acute as well as chronic psychosocial stress (Lopizzo et al., 2015; Gonda et al., 2018), alterations in cellular and humoral immunity feeding into mild systemic inflammation have been identified as important factors in depression genesis (Miller and Raison, 2016; Wohleb et al., 2016; Medina-Rodriguez et al., 2018), at least in a subset of about 30% of patients (Raison and Miller, 2011; Nobis et al., 2020). The latter experience elevated blood levels of proinflammatory cytokines like tumor necrosis factor alpha (TNFα), C-reactive protein (CRP), or interleukin (IL)-6 (Felger and Lotrich, 2013; Miller and Raison, 2016; Mac Giollabhui et al., 2020), changes in immune cell composition and function (Miller, 2010; Miller and Raison, 2016; Drevets et al., 2022), which are often accompanied by altered metabolic parameters (de Kluiver et al., 2019; Lamers et al., 2020). Especially the monocyte-macrophage system including microglia, natural killer cells (NKs), and regulatory T cells (Treg) along with different T helper cells (Th) display molecular and functional aberrations in depressed patients (Miller, 2010; Suzuki et al., 2017; Beurel et al., 2020; Cattaneo et al., 2020; Bauer and Teixeira, 2021). A recent study by Costi and colleagues, for instance, demonstrated a relation between elevated blood-derived immune cell reactivity in the form of cytokine release following ex vivo lipopolysaccharides (LPS) stimulation and anhedonia as well as reward anticipation in depression (Costi et al., 2021). This aligns with the existing literature on the relation between cytokine burden and symptom load (Rengasamy et al., 2021; Roohi et al., 2021; Sha et al., 2022), as well as with the beneficial effects of different anti-cytokine treatments for depressive symptoms in systemic inflammatory disorders (Köhler et al., 2014; Kappelmann et al., 2018; Wittenberg et al., 2020). This highlights the importance of immune mechanisms in psychiatric disorders and the need to improve our understanding of its complex interplay with depression genesis, clinical course, and symptom burden (Himmerich et al., 2019).
Among the different immune pathways potentially involved in depression genesis, purinergic signalling via the adenosine triphosphate (ATP) selective, membrane bound ionotropic P2X7 receptor (P2X7R) is considered a promising candidate (Di Virgilio et al., 2017; Deussing and Arzt, 2018; Drevets et al., 2022). Multiple studies have shown its involvement in stress-induced inflammation, depression, and depressive-like behaviours (von Mücke-Heim and Deussing, 2022; von Muecke-Heim et al., 2021). In the context of mood disorder genesis (Andrejew et al., 2020; Illes et al., 2020), both clinical and preclinical findings from mouse models emphasize the role of chronic psychosocial stress in causing ATP release in the central nervous system (CNS), leading to sterile inflammation via P2X7R-depedent purinergic pathways, which contribute to the development of depression (Franklin et al., 2018; Iwata et al., 2016; Ribeiro et al., 2019a; Velasquez and Rappaport, 2016; von Mücke-Heim and Deussing, 2022; Wohleb et al., 2016). On a functional level, binding of ATP or its synthetic agonist 2′(3′)-O-(4-benzoylbenzoyl)-ATP (BzATP) trigger rapid potassium efflux and sodium plus calcium influx, initiating proinflammatory intracellular pathways including, but not limited to, the NLR family pyrin domain containing 3 (NLRP3) inflammasome (Adinolfi et al., 2018). Downstream of these pathways, cells release proinflammatory cytokines like IL-1β, IL-6, and TNFα (Di Virgilio et al., 2017; Junger, 2011; von Muecke-Heim et al., 2021). Aptly, P2X7R is considered a major player in inflammation (Di Virgilio et al., 2017; Adinolfi et al., 2018). It is expressed on immune cells and is functionally particularly important for microglia and T cells (Junger, 2011; Jacobson and Müller, 2016; He et al., 2017; Burnstock, 2018; Rivas-Yáñez et al., 2020). In microglia and monocytes, P2X7R activation has differential effects on M1 and M2 states (de Torre-Minguela et al., 2016; Jiang et al., 2022). Still, it remains largely unknown which exact role the human P2X7R (hP2X7R) on microglia plays in regulating morphology and cytokine expression after P2X7R-targeted stimulation or inhibition.
The present study therefore aims to shed light on these mechanisms by use of primary microglia cultures of a humanized microglia-specific conditional knockout mouse line (hP2RX7-Cx3cr1) (Metzger et al., 2017). A cluster of pro- and anti-inflammatory cytokines along with microglial morphology were analysed at baseline as well as following both P2X7R agonistic and antagonistic stimuli. To the best of our knowledge, this is the first study to examine hP2X7R-expressing murine microglia beyond the well characterized IL-1β and TNFα release on a morphological as well as secretory level.
2 MATERIALS AND METHODS
2.1 Animals
Animals were housed in individually ventilated cages (Tecniplast, IVC Green Line-GM500) under standard laboratory conditions (21°C ± 2°C, 50% ± 5% humidity, 12:12 h light:dark cycle, lights on at 7:00 a.m.). Food and water were provided ad libitum. All experiments and protocols were performed in accordance with the European Communities’ Council Directive 2010/63/EU and were approved by the committee for the Care and Use of Laboratory animals of the Government of Upper Bavaria, Germany.
Humanized mice expressing the human P2X7R (hP2X7R) instead of the murine variant had been established earlier (P2rx7tm1.1(P2RX7)Jde). The humanized P2rx7 allele is additionally equipped with loxP sites which allow for conditional disruption of hP2X7R expression (Metzger et al., 2017). Conditional knockout mice lacking hP2X7R in microglia were generated by breeding homozygous floxed hP2X7R mice (hP2rx7P2RX7/P2RX7) to the microglia-specific tamoxifen-inducible driver line Cx3cr1-CreERT2 (Cx3cr1tm2.1(cre/ERT2)Litt; Parkhurst et al., 2013). Mice for primary cultures were obtained from breeding hP2rx7P2RX7/P2RX7; Cx3cr1+/+ females to hP2rx7P2RX7/P2RX7; Cx3cr1+/CreERT2 males. Control (CTRL; hP2rx7P2RX7/P2RX7; Cx3cr1+/+) and conditional knockout mice (KO; hP2rx7P2RX7/P2RX7; Cx3cr1+/CreERT2) were born in a 1:1 ratio. Genotyping was performed by polymerase chain reaction (PCR) analysis of tail DNA using specific primers. P2rx7: hP2X7R-mIntron1-for 5′-AGA CTG TCA CCA GCA GCA GCT C-3′, hP2X7R-mIntron2-rev-a 5′-GCC AAG CAT TCT ACC AGT TGA-GC-3′, hP2X7R-hExon2 rev 5′-CAC GAA GAA AGA GTT CCC CTG C-3′, hP2X7R-KO-for 5′-GCA GTC TCT CTT TGC CTC GT-3′, hP2X7R-KO-rev 5′-CGT CGA CTG TCT TCT GGT CA-3′ (PCR products: wildtype = 417 bp; floxed = 298 bp; knockout = 222 bp). Cx3cr1: Cx3cr1-Cre-14278 5′-CTC CCC CTG AAC CTG AAA C-3′, Cx3Cr1-Cre-14277: 5′-CCC AGA CAC TCG TTG TCC TT-3′, Cx3Cr1-Cre-14276 5′-GTC TTC ACG TTC GGT CTG GT-3′ (PCR products: wildtype = 500 bp, Cre = 410 bp).
2.2 Primary microglia culture
Preparation of primary murine microglia cultures was performed as previously described (Lian et al., 2016). Standard T75 cell culture flasks (Sarstedt) were coated with 0.05 mg/mL poly-D-lysine (PDL, 70.000 mol wt, Sigma Aldrich) followed by three washing steps. Pups were decapitated at P1–P3 and the heads were immediately transferred to ice-cold dissection medium Dulbecco’s Modified Eagle’s Medium F-12 Nutrient Mixture (DMEM/F-12) with GlutaMax™ supplement (Gibco™, Sigma Aldrich) and 1% Penicillin/Streptomycin (P/S) (Fisher Scientific). Brains were extracted on a horizontal-laminar flow bench under sterile conditions. After the meninges, brainstem, cerebellum, and white matter were removed, the remaining cortical tissue was reduced to small pieces by use of microsurgical scissors, followed by glass Pasteur pipette dissociation. The suspension was centrifuged for 5 min at room temperature (RT) at 1,200 rpm. Supernatant was discarded and neuroglial cells were seeded in PDL coated flasks in dissection medium plus 10% heat-inactivated fetal bovine serum (Merck), 1% non-essential amino acids (Gibco™, Fisher Scientific), and 1% sodium pyruvate (Gibco™, Fisher Scientific). Individual neuroglia cultures were maintained for 14 days with two medium changes per week.
At day 15, microglia were extracted from neuroglia culture flasks by combined enzymatic and mechanic separation. In accordance with Saura et al. (2003) and Caldeira et al. (2014), flasks were first incubated for 30–60 min at 37°C with 0.25% Trypsin-EDTA (Gibco™, Fisher Scientific) diluted 1:2 with dissection medium (Saura et al., 2003; Caldeira et al., 2014). This mild trypsinization caused the detachment of a carpet-like layer of cells containing mainly astrocytes, leaving microglia attached to the flask bottom. In a second step and adapted from Woolf et al. (2021), pure 0.25% Trypsin-EDTA was added to the flask for 5 min (Woolf et al., 2021). In the meantime, flasks were shaken and tapped gently, resulting in an almost complete detachment of microglia. Trypsin-EDTA was then blocked by addition of serum-containing growth medium. Cells were centrifuged for 5 min at RT at 1,200 rpm and supernatant was discarded. Quantification of cells was performed by use of the Trypan Blue (Gibco™, Fisher Scientific) exclusion test using a Neubauer counting chamber. At least two 16-square quadrates were counted per flask (Strober, 2015). In the end, 5 × 104 cells were seeded per well in 0.5 mL growth medium in 24-well plates equipped with PDL-coated 5 mm cover slips.
Cre-mediated hP2RX7 inactivation was induced by 4-hydroxytamoxifen (OH-TAM, Sigma Aldrich). OH-TAM was dissolved in methanol and added (final concentration 1 µM/well). OH-TAM treatment lasted 7 days and included two growth medium changes.
2.3 Treatments with LPS, BzATP, and selective P2X7R antagonists
To emulate different gene-environment interactions between microglial hP2X7R and molecular proxies pf psychosocial and pathogen-derived immune challenges, cell cultures wells were subjected to the following treatments at day 22 after the initial brain extraction: either 1) 30 min of 1 µM JNJ-47965567 (Sigma Aldrich), 2) 30 min of 10 µM A-804598 (Sigma Aldrich), 3) 60 min of 200 μM BzATP (Sigma Aldrich), or 4) priming for 24 h with 100 ng/mL LPS (Sigma Aldrich) plus 60 min of 200 μM BzATP. LPS and BzATP were dissolved in water and JNJ-47965567 along with A-804598 were solved in pure dimethyl sulfoxide (DMSO, Cell Signaling Technology). The added volume of all treatment substances per well was chosen as small as practically feasible (i.e., 0.49 µL of the JNJ-47965567 stock solution in 500 µL medium ≙ 0.1 %v/v; 3.2 µL of the A-804598 stock solution in 500 µL medium ≙ 0.6 %v/v) to avoid DMSO-related cytotoxicity. For each animal, two separate cell culture wells remained untreated as controls and were both used for analysis. Concentrations of stimulations and selective P2X7R antagonists were chosen based on previous studies to model a solitary stress-related (i.e., stimulation with BzATP) or double hit in the form of a bacterial plus stress-related stimulus (i.e., LPS + BzATP) in vitro (Bradley et al., 2011; de Torre-Minguela et al., 2016; He et al., 2017; He et al., 2021). In the end, cell culture supernatant was aliquoted in PE tubes and stored at −20°C for cytokine measurements. The two control wells per animal were pooled to minimize variability.
2.4 Cytokine measurements
To study the effects of different immunomodulatory stimuli on microglial hP2X7R-dependant cytokine release, the post-treatment cell culture supernatants were analyzed. The following cluster of pro- and anti-inflammatory cytokines was selected to, among other things, allow inferences for leucocytes, NK and T cells, and microglia with their proinflammatory M1 and anti-inflammatory M2 pole (Frade and Barde, 1998; Zhang and An, 2007; Zhu et al., 2010; Orihuela et al., 2016; Dubbelaar et al., 2018; Martinez-Sanchez et al., 2018; Himmerich et al., 2019; Jurga et al., 2020): TNFα, INF-γ, IL-1β, IL-2, IL-4, IL-6, IL-10, IL-12, IL-17/IL-17A, IL-27. To measure these factors in vitro, a custom-made high-sensitivity analyte kit for murine cytokines was purchased from R&D Systems (Luminex® Discovery Assay).
Before measurements were performed, the Luminex® 200 instrument (Invitrogen) was cleansed and calibrated according to its operating instructions. Sample preparation and measurements were performed strictly according to the kit manufacturer’s specifications. In brief, the provided standards were reconstituted to establish two separate serial dilutions (i.e., 6 times 10 × dilution). Growth medium and calibrator diluent were added to improve the signal-to-noise ration by correcting for fluorescent background noise caused by the different carrier substances. Samples were mixed 1:1 (=1:2 dilution) with the calibrator diluent (75 µL each). Next, either 50 µL of samples and standard was transferred to the 96-well plate and 50 µL of fluorescent bead cocktail was added. The plate was covered with aluminum foil and incubated at RT on a horizontal shaker at 800 rpm for 2 h. Wells were cleansed 3x with wash buffer using a magnetic plate clipped to the 96-well plate bottom. Next, 50 μL of diluted biotin-antibody cocktail was added to each well and incubated in the dark at RT on a shaker at 800 rpm for 1 h. Wells were washed again 3x, followed by the addition of 50 μL of diluted Streptavidin-phycoerythrin and a 30 min incubation period at RT on a shaker at 800 rpm. Washing was performed another 3x and 100 μL of wash buffer was added to each well, followed by 2 min at RT on a shaker at 800 rpm. Finally, the 96-well plate was then transferred to the Luminex® 200 system and measurements were commenced. Doublet discriminator gates were set at 8,000 and 16,500, while reporter gain settings were left at default. For quality control, triplicate measurements were performed in two independent samples with different activation levels (i.e., LPS + BzATP in a Cre-negative sample; control sample of a Cre-positive animal). Results confirmed reliability of measures (Supplementary Figure S1). Standard curves were calculated by use of five parameters logistic regression and the provided six standards. Based on these, cytokine concentrations (pg/mL) were extracted and values were then doubled due to the 1:2 dilution. Next, the background (i.e., mean cytokine concentration of the two untreated growth medium measurements) was subtracted. Since in some groups control wells yielded a concentration of 0 pg/mL, each treatment well’s value was put into relation to the mean of the group’s control wells (x = individual value treatment/mean of group’s control wells). The controls contained the cell culture supernatant of the two control wells per animal in a 1:1 mixture.
2.5 Immunocytochemistry und fluorescence microscopy
Cover slips were fixed with 4% paraformaldehyde for 30 min, washed 3x with phosphate buffered saline (PBS) and then blocked with 5% normal goat serum (NGS, Thermo Fisher Scientific) in 0.2% Triton X-100 PBS for 30 min. Primary antibody incubation with rabbit anti-Iba1 (Synaptic Systems), rat anti-CD86 (Invitrogen), or mouse anti-cleaved-caspase 3 (Affinity) was performed over night with a 1:500 dilution under mild agitation at 4°C in the dark. The next morning, cover slips were washed 3x with PBS. Secondary antibody incubation was done using 1:500 goat anti-rabbit Alexa Fluor 488 (Invitrogen) or anti-rat Alexa Fluor 488 (Invitrogen) in 5% NGS in 0.2% Triton X-100 PBS at RT and under mild agitation in the dark for 2 h. Lastly, cover slips were washed thrice with PBS and mounted on standard glass slides with 20 µL of DAPI Fluoromount-G™ (Invitrogen).
Fluorescence images were acquired on an Olympus VS120 Slide Scanner. Per cover slip, two regions of interest (ROI, size: ∼1 mm2) were chosen at random in the DAPI channel to avoid bias based on microglia morphology to calculate cell numbers. The same ROIs were used for all image analyses and the respective statistics. Images were taken with a ×20 magnification, an exposure time of 515 ms (Iba-1/Alexa488 channel) and a Z-range of 18 µm (spacing: 6 µm, plane count: 3). Experimenters were blinded to genotype and treatments during image acquisition and analyses.
2.6 Image analysis: Cell numbers and microglia morphology
Images were analyzed using the Fiji software package (GNU General Public License, Release 2.9.0). Microglia number were calculated using a custom-designed macroinstruction (macro). Due to the purity of our cultures (Figure 1), a double discriminatory approach was unnecessary. Automated cell counting was therefore performed in the DAPI channel. The generated Fiji macro was validated, yielding no difference between the manual quantification of two blinded and independent experimenters and the automated macro results (Supplementary Figure S2).
[image: Figure 1]FIGURE 1 | Purity and vitality of microglia based on two different isolation methods irrespective of genotype. Comparison of microglia yield from tapping and two-step mild trypsinization: (A) The total number of cells, (B) the proportion of microglia and (C) vital cells after 14 days of culturing after microglia enrichment. Data are expressed as mean ± S.E.M, T-test with Welch correction; tapping: n = 33, mild trypsinization: n = 25; n = 10 ROIs.
Since microglia are highly reactive and dynamic cells, they respond to an array of stimuli by changes in their morphology. The latter can thus serve as a proxy of the underlying genetic, molecular, and functional changes as well as the environmental circumstances (Nimmerjahn et al., 2005; Dubbelaar et al., 2018; Fernández-Arjona et al., 2019; Jurga et al., 2020). Microglia morphology analysis was based both on morphotype categories and objective shape descriptors. Based on previous observations from our lab and in the style of a related study by He et al. (2021), microglia were classed by the respective experimenter according to three distinct morphotypes: 1) round or amoeboid (no processes), 2) polarized or rod-like (length-to-width ratio ≥ 3), and ramified (≥3 extensions/ramification). To obtain objective measures of cell shape, maximum intensity projections (MIP) containing both DAPI (blue) and Iba-1/Alexa488 (green) were generated and microglia were manually delineated. The following shape descriptors were extracted for each individual cell:
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Based on morphological assumptions (i.e., resting microglia have a small soma and many, thin, and long ramifications; activated microglia loose or reduce ramifications and their soma enlarges), we devised the following complexity index:
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For circularity and solidity, the interval of potential values is x ∈ [0; 1]. The interval for the aspect ratio and complexity index is x ∈ [0; ∞]. As an in vitro alternative to the often used skeletonization approach in immunohistochemistry (Morrison et al., 2017; Young and Morrison, 2018), we developed the aforementioned complexity index. It rests on the assumption, that microglia are closer to the in vivo resting state and that their shape complexity is higher, if the cell perimeter is long and the surface area is comparatively small. This means, the higher the complexity index, the more complex the cell. Within this hypothesis frame, rod-like or polarized microglia are also labeled as more complex than round or ameboid cells. In addition to the shape descriptors and indices, the cell area and perimeter were extracted.
For qualitative intensity analyses, mean cellular gray values were extracted from Iba1+/DAPI+ cells (i.e., microglia) in the Iba1/GFP-channel of both ROIs.
2.7 Statistical analysis and Z scoring
Data are expressed as mean ± standard error of the mean (SEM) or percentage. Statistical analysis was performed using GraphPad Prism (Version 9.3.1). Statistical significance was defined as p < 0.05 and indexed as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Depending on the sample size and data structure, analyses were performed by a two-tailed T-test with Welch correction, a Chi2 test, a one-Way ANOVA with Turkey’s multiple comparisons test, or the Kruskall-Wallis test (KW) followed by Dunn’s test for multiple comaprisons. To account for possible batch effects and experimental variability, cell numbers and shape descriptor data were put in relation to their two individual control wells [x = individual value treatment/mean of control wells (n-fold) OR x = treatment value − mean of control wells (delta)]. Morphological data were trimmed and outliers were calculated from raw values for each analysis type and excluded from group statistics if divergence was smaller than the first quartile (Q1) − 1.7 * interquartile range (IQR) or larger than Q3 + 1.7 * IQR. During data collection and analysis, experimenters remained blinded.
To allow a comparison of cytokine clusters between groups, Z tests and scores were used as previously described (Guilloux et al., 2011; von Mücke-Heim et al., 2022):
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In brief, Z test calculations were performed for each cytokine and condition using hP2X7R KO sample values (X) and the CTRL groups mean (µ) and standard deviation (σ) of the same cytokine. Pro- and anti-inflammatory cytokine Z test results were then pooled in pro- and anti-inflammatory Z scores per animal and treatment condition.
To validate the cytokine Z score results, shape descriptor-based Z scores with similar directionality derived from roundness for pro-inflammatory and aspect ratio for anti-inflammatory clusters were added. As described above, hP2X7R KO sample values (X) and the CTRL groups mean (µ) and standard deviation (σ) of the respective shape descriptor were used to obtain shape descriptor Z scores. Lastly, the cytokine and shape descriptor Z scores were then summarized into a pro-inflammatory (ProIF) or anti-inflammatory (AntiIF) combined Z score per animal as follows:
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3 RESULTS
3.1 Mild trypsinization yields high-quality microglia cultures
We used the two-step mild trypsinization approach to isolate primary microglia (Saura et al., 2003; Woolf et al., 2021). In comparison to the shaking and tapping method (Lian et al., 2016), mild trypsinization yielded almost 9-fold more cells (Figure 1A). With the two-step trypsinization protocol we obtained cultures of high purity (≥98% of cells were microglia) and vitality (Figures 1B, C). Cultured microglia appeared healthy and, as known from primary murine cultures with serum-containing medium, less ramified than in the in vivo situation. As previously described (He et al., 2021), we were also able to identify three distinct and different microglia morphotypes. In addition, we detected large and multinucleated cells (Figure 2A). However, since multinucleated cells were present only in about 5% of all ROIs, quantitative statistical analysis was not done (Figure 2B).
[image: Figure 2]FIGURE 2 | Morphotypes of microglia in primary cell cultures. (A) Representative images of the four main microglia morphotypes identified in primary cultures. (B) Percentage of ROIs with multinucleated Iba1-positive microglia in all samples irrespective of genotype.
3.2 hP2X7R evokes changes of microglia numbers and morphology
At baseline, cell counts did not differ between microglial cultures isolated from hP2X7R proficient (CTRL) and P2X7R deficient (KO) animals, respectively (79 ± 61/µm2 in CTRLs and 82 ± 57/µm2; p > 0.05 in T-test with Welch correction). Following stimulation with BzATP, cell numbers increased by 33% in CTRL but not in KO cultures (Figure 3A). Whereas, the combined LPS + BzATP stimulation resulted in a 27% decline in CTRL and a minimal incline in KO cultures (Figure 3A). To uncover the reason for these observations, immunohistochemistry was performed: mean cellular intensity revealed higher values for cleaved caspase-3 and CD86 in LPS + BzATP treated CTRL compared to KO cultures (Supplementary Figure S3). This suggests more M1-polarization and apoptotic activity in double stimulated CTRL compared to KO cultures and a direct contribution of hP2X7R. The P2X7R antagonist-treated groups, on the other hand, showed higher cell counts in both genotypes. The difference was most prominent in JNJ-47965567-treated CTRL cells with a two-fold increment compared to controls. This increase, however, was mostly driven by one culture (5.3-fold gain), which also explains the high standard error in this group. Overall, changes in microglia numbers did not reach statistical significance (Figure 3A). The cell area, on the other hand, was significantly different in CTRL and KO animals in all treatment groups expect in the LPS + BzATP treated wells (Figures 3A, B). Mean indexed cell size decreased in the BzATP group as well as in the P2X7R antagonist conditions in both genotypes, but the extent of the decrease was more pronounced in CTRL cultures. This is interesting, since the absolute cell area mean was about 20% lower in CTRL microglia already at baseline (448 ± 210 μm2 in CTRLs and 553 ± 243 μm2).
[image: Figure 3]FIGURE 3 | Cell count and area dynamics following hP2X7R-targeting treatments (i.e., BzATP, LPS + BzATP, JNJ-47965567, or A-804598). (A) Comparison of microglia cell number changes in relation to untreated genotype-matched control wells (visual red reference line: 1 = no difference) after treatment between CTRL and KO microglia. Cell counts were corrected per group by the respective untreated within-genotype controls. The hP2X7R-proficient group (CTRL) is displayed in white, the hP2X7R-knockout group (KO) is shown is grey. Data are expressed as mean + S.E.M, KW with Dunn’s test, n = 7–10 mice per group (A-804598 in hP2X7R wildtype animals n = 4). (B) Between-genotype comparison of microglia cell area changes following pro- and anti-inflammatory treatments. Cell areas were corrected per group by the respective untreated within-genotype controls. The hP2X7R-proficient group (CTRL) is displayed in white, the hP2X7R-knockout group (KO) is shown is grey. Data are expressed as mean + S.E.M, KW with Dunn’s test, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, n = 8–11 mice with 813–1989 cells per group (except: A-804598 in CTRL group, n = 5 mice and 654 cells).
Morphotyping revealed that most microglia were round or ameboid in all conditions and that polarized or ramified phenotypes were rare (at baseline % round/ameboid: CTRL = 78.6%, and KO = 82.6%) (Figures 4A, B). In both groups, stimulation with BzATP and even more stimulation with LPS + BzATP caused a significant increase of round or ameboid microglia and a subsequent decrease of the other two morphotypes. While the increase was similar for the LPS + BzATP condition in both groups, BzATP had a stronger effect in CTRL cells. Both P2X7R antagonists caused a significant reduction of round or ameboid microglia and a gain of polarized and ramified cells in CTRL cultures. Whereas, no relevant changes were found in this respect in the KO groups (Figures 4A, B).
[image: Figure 4]FIGURE 4 | Manual morphotyping of microglial phenotype. Within-group comparison of (A) CTRL and (B) KO microglia morphology proportion changes between the baseline and after hP2X7R-targeting treatments (i.e., BzATP, LPS + BzATP, JNJ-47965567, A-804598). Data are expressed as % of total Iba1-positive cells per genotype and treatment condition including the untreated genotype controls. Chi2 Test for the proportion of [round/ameboid] vs. [polarized + ramified microglia] between the CTRL or KO group’s untreated control wells and the respective treatment conditions, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, n = 8–11 mice with 952–3,428 cell per group (except: A-804598 in CTRL groups, n = 5 mice and 933 cells).
At baseline, the mean cell perimeter was comparable in CTRL and KO microglia (100 ± 32 µm in CTRLs and 107 ± 37 µm in KOs). Shape descriptor analysis revealed a relative cell perimeter decrease in both genotype groups and in all conditions (Figure 5A). Based on the axiom that microglia activation generally leads to an overall reduction in ramification, this observation is in line with the trend found in the cell area analysis. However, is has to be noted, that the cell area and cell perimeter do not have a simple or linear relation, but very much depend on the experimental condition and the general microenvironment. In agreement with the trend seen in morphotyping, roundness and circularity increase in parallel following BzATP and LPS + BzATP, but decrease after JNJ-47965567 or A-804598 treatment in CTRL cultures. Similar yet less severe dynamics were found in KO cultures (Figures 5B, C). The reverse phenomenon was found with regard to the aspect ratio (Figure 5D). This is not surprising, since roundness and aspect ratio are mathematically related (roundness = 1/aspect ratio). While solidity increased in the CTRL BzATP and LPS + BzATP condition, it remained stable in the JNJ-47965567, and decreased in the A-804598 treated microglia. In KO cultures, on the other hand, the solidity increased in all conditions (Figure 5E). Lastly, the newly devised complexity index was attenuated in response to BzATP and LPS + BzATP in both groups. Surprisingly, the decremental effect of BzATP is decimal in CTRL compared to KO cultures. This difference is driven mainly by the data obtained from a single animal and well, respectively. If removed from the analysis, no difference can be found in the BzATP condition between CTRL and KO cultures. In the P2X7R antagonist treatment, complexity increases in CTRL but not in KO cultures (Figure 5F). In line with the between-genotype findings, within-genotype comparison confirmed hP2X7R-dependent dynamics (Supplementary Figure S4).
[image: Figure 5]FIGURE 5 | Microglia shape descriptors after hP2X7R-targeting treatments (i.e., BzATP, LPS + BzATP, JNJ-47965567, A-804598). Graphs show between-genotype and treatment comparisons of (A) cell perimeter, (B,C) roundness and circularity, (D) aspect ratio, (E) solidity, and (F) the complexity index. Shape descriptor values were corrected per group by the respective untreated within-genotype control well means. The hP2X7R-proficient group (CTRL) is displayed in white, the hP2X7R-knockout group (KO) is shown is grey. Data are expressed as mean + S.E.M, KW with Dunn’s test, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, n = 8–11 mice per group (except: A-804598 in CTRL group, n = 5 mice). Cells per group (CTRL A-804598): perimeter = 831–2,131 (666); roundness = 815–2039 (645); circularity = 836–2,132 (666); aspect ratio = 785–1997 (616); solidity = 777–2072 (657); complexity = 800–2093 (651).
3.3 Cytokine levels are altered by hP2X7R-tageted stimulation and inhibition
To study the effects of different immunomodulatory stimuli on microglial hP2X7R-dependant cytokine release, we measured ten cytokines (TNFα, INF-γ, IL-1β, IL-2, IL-4, IL-6, IL-10, IL-12, IL-17/IL-17A, IL-27) in cell culture supernatant using the Luminex® technology (Figure 6). At baseline, cytokine levels between CTRL and KO cultures did not differ significantly. Following stimulation with BzATP, a minor and not statistically significant increase of IL-1β levels was seen in CTRL but not in KO cultures. BzATP also caused a decrease of IL-4 levels (9-fold decrease in CTRL; 6-fold in KO cultures). Changes, however, did not reach statistical significance. After 24 h of priming with 100 ng/mL LPS and 1 h of BzATP, considerable n-fold changes in cytokine levels were detected in both groups for TNFα, IL-6, and IL-27. In this respect, CTRL cultures showed consistently higher levels than KO cultures. The L-1β level increase was significantly different between CTRL and KO cultures (p < 0.05). In the P2X7R antagonist conditions, on the other hand, no statistically significant differences were found. Still, a slight trend was observed: in both genotypes treated with either one of the two P2X7R antagonists, the levels of TNFα, INF-γ, and partially IL-6—all highly proinflammatory cytokines–were found to have a mean coefficient of ≤ 1. This equals a drop below within-genotype untreated control well levels, which indicates anti-inflammatory properties of the inhibitors and khP2X7R knockout. Aptly, antagonist application increased IL-4 quantity in CTRL but not KO cultures by 2-fold.
[image: Figure 6]FIGURE 6 | Cytokine secretion alterations following the different hP2X7R-targeting treatments (i.e., BzATP, LPS + BzATP, JNJ-47965567, A-804598). Graphs show the n-fold changes measured in cell culture supernatant of CTRL and KO microglia cultures side by side. For each of the ten cytokines (TNFα, INF-γ, IL-1β, IL-2, IL-4, IL-6, IL-10, IL-12, IL-17/IL-17A, IL-27), a stimulation (_S) and an antagonism (_A) graph is shown. All cytokine levels were first corrected by the untreated within-genotype control well means and n-fold changes were then calculated per group and treatment condition. The hP2X7R-proficient group (CTRL) is displayed in white the hP2X7R-knockout group (KO) is shown is grey. Comparisons were performed between the two genotypes for each of the treatments. Data are expressed as mean + S.E.M, T-test with Welch correction, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, n = 5–7 mice per group.
In line with the single cytokine results comparing genotypes and treatments, Z score calculations referring to all (Figure 7A) or core (Figure 7B) proinflammatory and anti-inflammatory cytokines confirmed the differences between CTRL and KO cultures: except for the BzATP condition in the anti-inflammatory Z scores, hP2X7R-targeted stimulation led to a weaker increase of pro-inflammatory cytokine cluster in KO compared to CTRL microglia, while hP2X7R-targeting inhibition led to a stronger decrease of the same cytokines in KO compared to CTRL microglia. A corresponding trend was found for the anti-inflammatory Z scores. In the BzATP condition, however, the drop of anti-inflammatory cytokines IL-4, Il-10 ± IL-27 was overall half a standard deviation less in KO compared to CTRL cultures (Figures 7A, B—right). Though not statistically significant, this corroborates the stronger anti-inflammatory mechanisms and pathways in the absence of a functional hP2X7R. The augmented cytokine and shape descriptor Z scores confirmed these observations (Figure 8). For the combined ProIF Z score, a statistically significant difference between KO and CTRLs was found for comparing LPS + BzATP with the JNJ-47965567 condition (p < 0.05) (Figure 8A). Similarly, the AntiIF combined Z scores revealed a significant difference for the comparison of the BzATP and LPS + BzATP treatment with the A-804598 condition (p < 0.01 and < 0.05, respectively) (Figure 8B). These findings demonstrate the importance of hP2X7R in mediating the effects of both sterile (BzATP) and pathogen plus sterile (LPS + BzATP) stress. The synopsis of the single cytokines and related Z scores with the results of the combined ProIF and AntiIF Z scoring (Figures 6–8) confirms the modulatory role of microglial hP2X7R on a secretory, morphological, and combined level in the context of different immunomodulatory stimuli.
[image: Figure 7]FIGURE 7 | Z scores of pro- and anti-inflammatory cytokine clusters. Pro-inflammatory Z scores are coloured in dark grey, anti-inflammatory ones in light grey. (A) Z scores of all pro- or anti-inflammatory cytokines per KO animal and treatment condition in relation to the CTRL sample. (B) Z scores of only the core pro- or anti-inflammatory cytokines per KO well and treatment condition in relation to the CTRL sample. Data are expressed as mean + S.E.M, one-way ANOVA with Turkey’s multiple comparisons test, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, n = 5–7 mice per group.
[image: Figure 8]FIGURE 8 | Combined Z scores of (A) three core pro-inflammatory cytokines IL-1β, IL-6, and TNFα and microglial roundness (displayed in dark grey) and (B) of two core anti-inflammatory cytokines IL-4 and IL-10 and the aspect ratio of microglia per KO animal and treatment condition in relation to the CTRL sample. Data are expressed as mean + S.E.M, one-way ANOVA with Turkey’s multiple comparisons test, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, n = 5–7 mice per group.
Lastly and on a more general note, measurements revealed low absolute cytokine concentrations in cell culture supernatants with no significant differences between CTRL and KO cultures at baseline (Supplementary Figure S5).
4 DISCUSSION
To further characterize the role of microglial hP2X7R signaling in mediating the cellular and humoral response following stimulation or selective P2X7R antagonism, we have used fluorescence-based single cell morphotyping as well as cytokine measurements in primary murine microglia cultures. The novelty of our approach lies in the use of a genetically engineered mouse model possessing a humanized P2X7R together with detailed morphological analyses and measurements of so far unchartered cytokines. This combinatory method allowed us to generate meaningful and new insight into hP2X7R properties and the consequences of its absence in different treatment conditions, which is vital for further in vivo and clinical studies. We were able to demonstrate that hP2X7R influences microglia morphology as well as cell count, area, perimeter, roundness, circularity, aspect ratio, solidity, and complexity following stimulation as well as selective antagonism. Cytokine quantification confirmed the effects of hP2X7R, primarily following stimulation via LPS and/or BzATP, in the form of TNFα, IL-1β, IL-6, and IL-27 level increase and IL-4 level decrease. To the best of our knowledge, this is the first detailed in vitro characterization of both morphological and cytokine changes in hP2X7R-expressing microglia after selective immune stimulation or inhibition.
In contrast to the in vivo situation (Kozlowski and Weimer, 2012; Leyh et al., 2021), we found microglial cell area to be increased in both genotypes. In addition, KO microglia were about 25% larger than WT cells at baseline. The mean microglial cell perimeter was, however, relatively low compared to the in vivo situation. Our findings are, though somewhat different from the in vivo condition, in line with previous publications evaluating microglial morphology in primary murine cell cultures (Caldeira et al., 2014). The observed combination of an increased cell area and a small perimeter together with the high proportion of round or ameboid microglia at baseline indicate that our in vitro microglia are somewhat activated compared to resting in vivo cells. Whether the observed morphological observation is exclusively indicative of a rather proinflammatory M1 polarization remains unclear. It has been shown that, compared to naive cells, a higher cell area is associated with a more M2-like phenotype, while a smaller cell area is commonly found in M1 polarized macrophages (Rostam et al., 2017). Whether this observation also transfers to murine microglia, especially in the in vitro situation, is not known. The classical ameboid morphology of microglia is however, at least in vivo, associated with an increased phagocytotic capacity, proinflammatory cytokine release, and therefore M1 polarization (Tam and Ma, 2014). Aptly, immunohistochemistry-based machine learning approaches have shown that ameboid microglia (i.e., activated morphotype) are associated with a small cell area and perimeter as well as an increased solidity in the murine cortex and hippocampus (Leyh et al., 2021). Since the employed procedure of microglia isolation from neonatal mice as well as the in vitro culturing is unphysiological and thus a strong contextual stimulus, observing morphologically activated microglia (i.e., round or ameboid) is not surprising and must be considered an inherent methodological drawback of primary cell cultures, especially in serum-containing growth medium (Montilla et al., 2020). In line with this argument and similar to our findings, previous studies that have made use of serum-containing medium have shown that microglia lose the majority of their ramifications in vitro (Caldeira et al., 2014; He et al., 2017; He et al., 2021; Hu et al., 2022). This phenomenon of “deramification” can be partially prevented with a serum-free growth medium, which contains TGF-β2, cholesterol, and macrophage colony-stimulating factor (TIC factors) to sustain microglia survival (Bohlen et al., 2017; Montilla et al., 2020). Some scholar have even argued that TIC medium is closer to the in vivo and thus physiological condition (i.e., the cerebrospinal fluid), since it contains only low protein and bioactive factor levels (Montilla et al., 2020). In opposition to this argument we reason, that both the serum-containing as well as TIC medium have inherent advantages and drawbacks. For instance, while serum-containing growth medium sustains and simultaneously activates cultured microglia, the serum-free TIC medium of Bohlen et al. (2017) artificially antagonizes the effects of the isolation procedure and culturing condition by forcing cells back into a more ramified and less activated state using TGF-β2. This TIC environment might bias experiments on inflammatory properties of microglia. Both methods are thus, by definition, non-physiological conditions and therefore skew observations in one or the other way (Montilla et al., 2020). However, if factoring in the methodological drawbacks into the experimental framework and data interpretation, both approaches can yield meaningful results. Since our primary study objective was to characterize the inflammatory effects of microglial hP2X7R under different conditions in vitro, an anti-inflammatory environment in the form of the TIC growth medium was deemed unsuitable. This decision was further corroborated by findings from in vitro experiments with serum-containing medium, which have shown that method-related inflammation drops significantly after 10 days in vitro (Caldeira et al., 2014).
As to be expected from prior studies, our morphotyping and shape descriptor analysis revealed that most microglia were rather large and round with little to no ramifications in both genotypes and all conditions. Irrespective of this clearly shifted morphological baseline, we were able to identify a distinct and, compared to CTRL cells, hP2X7R-potentiated increase in morphological and secretory activation towards a more M1 polarized phenotype (i.e., increase in round or ameboid cells, decrease in area and perimeter, increase in roundness/circularity and a decrease in aspect ratio, increase in solidity, reduction of complexity, increase of CD86 intensity in the LPS + BzATP condition, inflammatory cytokine release including IL-1β). This agrees with findings from earlier studies, which have found IL-1 β expression to be associated with a proinflammatory morphotype including a decrease in cell area and perimeter as well as an increase in circularity (Fernández-Arjona et al., 2019). Our findings further agree with the triangle TNFα, IL-1β, and IL-6, which is the typical secretory cluster seen in M1 polarization (Orihuela et al., 2016). This becomes even more evident when considering the cytokine dynamics beyond TNFα, IL-1β, and IL-6, namely, the decrease of the anti-inflammatory IL-4 and IL-10 following BzATP in both genotype groups as well as the increase following antagonist application in CTRL cells. IL-4 has a strong anti-inflammatory effect on microglia, triggers M2 polarization, and promotes neuronal stem cell survival and proliferation (Zuiderwijk-Sick et al., 2021; Jiang et al., 2022). This combination of P2X7R amplified humoral inflammation and morphological activation and, vice versa, P2X7R inhibition induced anti-inflammatory cytokine secretion and a trend towards a resting morphotype emphasizes the role of hP2X7R in inflammation regulation. This is highly important, since P2X7R has been hypothesized to mediate psychosocial stress induced neuroinflammation and ultimately depression and depressive-like behaviours, respectively (von Mücke-Heim and Deussing, 2022; von Muecke-Heim et al., 2021). Accordingly, clinical trials have demonstrated the effect of gain-of-function single nucleotide polymorphisms (SNPs) on depression (Andrejew et al., 2020; Ribeiro et al., 2019a; Urbina-Treviño et al., 2022; von Mücke-Heim and Deussing, 2022), which fits the hypothesis of an increased immune activation along with defective inflammation resolution mechanisms in depression (Debnath et al., 2021). Our cytokine findings are furthermore in line with the well-known connection between toll-like receptor mediated LPS effects in pro-IL-1β production and P2X7R induced caspase-1 activation in amplifying mature IL-1β release (Ferrari et al., 2006; Mingam et al., 2008). Also, the shift towards ameboid morphology and elevated cytokines TNFα, IL-1β, IL-6 were found in related studies using LPS + BzATP (de Torre-Minguela et al., 2016; He et al., 2021). These findings are also conceptually in agreement with studies using BzATP and LPS as well as P2X7R antagonists in vivo and in vitro (Andrejew et al., 2020; Ribeiro et al., 2019a; Ribeiro et al., 2019b; von Muecke-Heim et al., 2021). Accordingly, and beyond these well-known proinflammatory effects, we were able to identify an increase of complex phenotypes (i.e., polarized and ramified microglia, reduction in roundness and circularity and solidity, increased complexity) as well as a tendential decrease in inflammatory cytokines after JNJ-4796556 and A-804598 application. Cluster findings in the form of cytokine and combined cytokine-morphology Z score analyses confirmed the findings from morphotyping, shape descriptor extraction, and single cytokine comparison. With regard to the observed microglia area and perimeter dynamics in CTRL microglia, we argue that stimulation caused the cells to be activated and to polarize towards a small and ameboid morphotype, while P2X7R antagonism resulted in a similar yet less pronounced trend without the increase of round or ameboid cells. Based on the evidence presented above and considering the shifted baseline and morphotyping results, respectively, the cell area and perimeter decrease in stimulation conditions likely equals a trend towards M1-like activation, while the P2X7R antagonism resembles a trend towards polarized or rod-like cells and thus more M2-like microglia. This aligns with findings from prior studies, which have shown that M2 microglia exhibit an elongated morphology (i.e., rod-like/polarized morphology) and even express typical M2 surface markers accompanied by a reduced secretion of inflammatory cytokines when forced in a polarized shape (McWhorter et al., 2013). And even though the concept of M1 and M2 polarization has been criticized for being a too simplistic approach towards microglia phenotypes (Ransohoff, 2016), it provides a useful framework of activation with two maxima. The latter is a helpful tool to dissect inflammation in an experimental setting (Orihuela et al., 2016; Jurga et al., 2020). Keeping this and all the observed morphological and secretory phenomena in mind, our data demonstrate the effect of hP2X7R on microglia on the continuum between ramified or resting, rod-like or polarized, and round or ameboid microglia (Tam and Ma, 2014; Jurga et al., 2020). It has, however, also been demonstrated that P2X7R is part of inflammation resolution via pathways other than NLRP3 and NFκB signaling in resting and M2 macrophages (de Torre-Minguela et al., 2016). This highlights the complexity of interpreting P2X7R-related dynamics in cell culture as well as in specific diseases and inflammatory stages (von Mücke-Heim and Deussing, 2022), which also relates to our findings. However, though we consider our findings overall conclusive, especially taking into account the detailed morphological analyses, our cytokine data have limitations with regards to the sample size and the multiplex analyte kit used for cytokine measurements. Therefore, we would suggest future studies to increase the sample size and to employ high-sensitivity ELISA-based assays for quantification of cytokines combined with intracellular pathway analyses (e.g., NFκB or PPAR δ) to best determine the role of hP2X7R in M1 and M2 polarization (Wang et al., 2014). Though it is established that antigen-presenting cells including microglia secret IL-27 (Kawanokuchi et al., 2013), this is, to the best of our knowledge, the first report of hP2X7R changed IL-27 secretion in the context of microglia and hP2X7R. Though IL-27 was initially classed as proinflammatory by promoting TNFα release and its relation with IL-6 signaling (Yoshida and Hunter, 2015), novel evidence has highlighted its function as a negative regulator of Th1, Th2, Th9, and Th17 function (Kawanokuchi et al., 2013; Yoshida and Hunter, 2015). Novel results even indicate a role of IL-27 in increasing Treg function (Yoshida and Hunter, 2015; Le et al., 2020), which suggests a role of IL-27 in inflammation resolution (Yoshida and Hunter, 2015; Lalive et al., 2017). This function of IL-27 is highly interesting in the context of the emerging evidence on immunometabolic subtypes and related phenomena in depression (Milaneschi et al., 2020; von Mücke-Heim and Deussing, 2022). Several studies have demonstrated altered T cell function in depression, particularly an increase in Th17 and a decrease in Treg cells (Miller, 2010; Suzuki et al., 2017; Ellul et al., 2018; Moschny et al., 2020). Surprisingly, IL-27 has not been extensively investigated in depression and does therefore not surface in large metanalyses on cytokine alterations in depression (Osimo et al., 2020). Ultimately, our findings underline the complex functions of microglial hP2X7R in inflammation downstream of sterile and combined immune stimuli and single out the potential connection between microglial hP2X7R and IL-27. The relevance of our findings remains to be determined. Thus, further trials are needed to investigate this potential role of P2X7R in altering microglia-derived IL-27 secretion patterns. The latter might be particularly relevant in the context of inflammation resolution of mood disorders like depression via treatments like electroconvulsive therapy, which is known to a cause short-term spike yet long-term attenuation of systemic and CNS inflammation (van Buel et al., 2015a; van Buel et al., 2015b; van Buel et al., 2017).
Taken together, we have demonstrated that microglial hP2X7R causes and potentiates morphological and secretory changes downstream of targeted immune stimulation as well as inhibition. In the future, additional in vitro and in vivo studies are necessary to further clarify the contribution of P2X7R-related purinergic signaling to mood disorder genesis and therapy. These studies should focus on immune changes downstream of differential gene-environment interactions (i.e., hP2X7R expression and function x psychosocial and/or pathogen-derived stressors), since the corresponding patterns, which are currently largely unchartered, likely contribute to state- and subtype-specific mood disorder immune pathology.
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There lacks biomarkers in current epilepsy diagnosis, and epilepsy is thus exposed to inadequate treatment, making it necessarily important to conduct search on new biomarkers and drug targets. The P2Y12 receptor is primarily expressed on microglia in the central nervous system, and acts as intrinsic immune cells in the central nervous system mediating neuroinflammation. In previous studies, P2Y12R in epilepsy has been found capable of controlling neuroinflammation and regulating neurogenesis as well as immature neuronal projections, and its expression is altered. P2Y12R is involved in microglia inhibition of neuronal activity and timely termination of seizures in acute seizures. In status epilepticus, the failure of P2Y12R in the process of “brake buffering” may not terminate the neuronal hyperexcitability timely. In chronic epilepsy, neuroinflammation causes seizures, which can in turn induce neuroinflammation, while on the other hand, neuroinflammation leads to neurogenesis, thereby causing abnormal neuronal discharges that give rise to seizures. In this case, targeting P2Y12R may be a novel strategy for the treatment of epilepsy. The detection of P2Y12R and its expression changes can contribute to the diagnosis of epilepsy. Meanwhile, the P2Y12R single-nucleotide polymorphism is associated with epilepsy susceptibility and endowed with the potential to individualize epilepsy diagnosis. To this end, functions of P2Y12R in the central nervous system were hereby reviewed, the effects of P2Y12R in epilepsy were explored, and the potential of P2Y12R in the diagnosis and treatment of epilepsy was further demonstrated.
Keywords: P2Y12 receptor, epilepsy, seizures, neuroinflammation, diagnosis, therapy
1 INTRODUCTION
Epilepsy is one of the most common and disabling chronic neurological disorders, which affects over 70 million people globally and imposes considerable socio-economic burdens (Beghi, 2020; Hauser, 2019; Thijs et al., 2019). Besides, it is defined as a chronic disorder of spontaneous seizures caused by an imbalance between excitability and inhibition in the brain, and the neurobiological, cognitive, psychological and social consequences of the condition (Mo et al., 2019; Sarmast et al., 2020). Epilepsy can be caused by brain dysplasia, brain injury (infections, stroke, tumors, and traumatic brain injury (TBI)), also genetic abnormalities (e.g., genetic polymorphisms, copy number variants, or de novo mutations) (Rees, 2010; Pitkänen, A., and Lukasiuk, 2011; Pitkanen and Engel, 2014; Klein et al., 2018). The pathological process of epilepsy includes synaptic reorganization, blood-brain barrier (BBB) disruption, alterations in neurotransmitter release, abnormal neurogenesis, neurodegeneration, and neuroinflammation (Jacobson and Boeynaems, 2010; Henshall and Kobow, 2015; Pitkanen et al., 2015; Guzman and Gerevich, 2016). At present, the diagnosis of epilepsy remains complex and clinically challenging. Video electroencephalography (EEG) monitoring is still the gold standard in hospitals, but this method is time-consuming, costly and low-yielding, and requires a high level of expertise (Engel and Pitkanen, 2020). The clinical manifestations of epilepsy are diversified, and some epilepsies (especially non-convulsive epilepsies) are easily confused with other disorders and may be misdiagnosed or missed, thus causing incorrect or unnecessary treatment. As a result, the diagnosis of epilepsy remains inadequate. Biomarkers have potential in the diagnosis of epilepsy (Engel and Pitkanen, 2020), which are useful in the diagnosis, differential diagnosis and prediction of seizures, and also have potential therapeutic uses, such as identifying persistent seizures and their mechanisms, predicting the effectiveness of antiepileptic drugs, assessing the likelihood of recurrence after stopping treatment, as well as assessing susceptibility to drug side effects (Sueri et al., 2018; Engel and Pitkanen, 2020; Perucca, 2021), making it necessarily important to search for biomarkers of epilepsy and further improve the diagnostic accuracy of epilepsy.
The current treatment choice for epilepsy is still antiepileptic drugs, with more than 30 antiseizure medications (ASMs) clinically available (Perucca, 2021). However, antiepileptic drugs control only 70% of patients with epilepsy, have no appreciable effect on disease process, and can cause serious side effects (such as fatigue, irritability, and dizziness) (Bialer and White, 2010; Thijs et al., 2019). Besides medication, additional treatments include neuromodulation devices and stimulators (such as vagus nerve stimulators (VNS)), reactive neuromodulation (RNS), Deep Brain Stimulator (DBS), resective epilepsy surgery and ketogenic diet (Rincon et al., 2021; Dyńka et al., 2022; Foutz and Wong, 2022; Hartnett et al., 2022; Imdad et al., 2022; Rho and Boison, 2022). In this case, it is still necessary to search for alternative therapeutic schemes with new mechanism to modify the disease progression and provide effective treatment for drug-resistant epilepsy (Alves et al., 2018). Therefore, different mechanisms of therapeutic regimens should be currently developed to suppress epilepsy and even to influence epilepsy progression.
For note, there is growing academic interest in the effect of neuroinflammation in epilepsy (Terrone et al., 2017). Microglia are intrinsic immune cells of the central nervous system that mediate neuroinflammation, on which, P2Y12 receptor (P2Y12R) is mainly expressed in the central nervous system (CNS); Thus, P2Y12R plays an influential pathophysiological role in the neuroinflammatory response to epilepsy and is potentially valuable for the diagnosis and treatment of epilepsy. This review will focus on the P2Y12 receptor, giving a brief overview of the structure and expression of P2Y12R, detailing the effects of P2Y12R in epilepsy, particularly neuroinflammation, and highlighting potential applications of P2Y12R in the diagnosis and treatment of epilepsy.
2 POTENTIAL THERAPEUTIC VALUE OF P2Y12R
P2Y12R is a member of the purinergic signaling family (Dahlquist and Diamant, 1974; Hynie, 1995; Burnstock, 2004; Burnstock, 2007). Purinergic signaling, which includes nucleotides (e.g., adenosine triphosphate (ATP)), their hydrolysis products (adenosine diphosphate (ADP), adenosine monophosphate (AMP)), nucleosides (e.g., adenosine), enzymes (CD39, CD73) and purinergic p) receptors, was proposed by Burnstock in 1972 and has been recognized as a new etiological factor or promising potential target for the treatment of central nervous system disorders (Huang et al., 2021; Li et al., 2022; Trinh et al., 2022; Iring et al., 2021; Ribeiro et al., 2022). The binding of extracellular nucleosides and nucleosides to purinergic receptors leads to the activation of intracellular signaling pathways, which in turn gives rise to changes in cell physiology (Zimmermann, 2006; Burnstock, 2008; Burnstock, 2018; Burnstock, 2020). ATP and its derivatives, diadenine nucleotides, act as partial agonists or antagonists of P2Y12R (Kauffenstein et al., 2004), where ADP is an endogenous agonist of P2Y12R (Bodor et al., 2003). P2Y12R, coupled with Gi protein, inhibits adenylate cyclase, thus reducing the production of cAMP and affecting intracellular calcium concentration (Cheffer et al., 2017). The crystal structure of P2Y12R is composed of seven hydrophobic transmembrane regions (TMs), which are connected by three extracellular loops (ELs) and three intracellular loops (Zhang K et al., 2014; Zhang et al., 2015). P2Y12R contains 342 amino acid residues and has two potential N-linked glycosylation sites at its extracellular amino terminus, which regulates its activity (Takasaki et al., 2001; Cattaneo, 2015). P2Y12R has four cysteine residues at the ELs (Cys 17, 97, 175, 270), which form two disulfide bonds that act accordingly upon stimulation/inhibition (Algaier et al., 2008; Ding et al., 2009; Hillmann et al., 2009; Gomez Morillas et al., 2021). Initially, the P2Y12 receptor was thought to be expressed only on platelets (Nie et al., 2017), and drugs that block P2Y12R (e.g., clopidogrel) were widely used as antiplatelet aggregation agents for the treatment of cardiovascular diseases (Raju et al., 2008). However, Hollopeter et al. found that P2Y12R was expressed in the brain (Hollopeter et al., 2001), and other studies further showed that it was also expressed on microglia, vascular smooth muscle cells, dendritic cells, lymphocytes, brown adipocytes, osteoblasts, osteoclasts, and primary cilia of bile duct cells (Wihlborg et al., 2004; Ben Addi et al., 2010; Diehl et al., 2010; Kronlage et al., 2010; Rauch et al., 2010; Gachet, 2012; Liverani et al., 2014; Jacobson et al., 2020; Mansour et al., 2020). It is currently believed that in the central nervous system (CNS), P2Y12R is primarily expressed in microglia and is stably expressed during the development of human brain (Butovsky et al., 2014; Zhang, Y et al., 2014; Lou et al., 2016; Cserép et al., 2020). Microglia are the first cells to respond to brain injury and neurodegeneration. Therefore, P2Y12R is considered as a marker to distinguish microglia cells from other brain cells and myeloid cells throughout human life (Moore et al., 2015; Mildner et al., 2017; Hammond et al., 2018; Cserép et al., 2020).
In the SE mouse model induced intra-amygdala KA and intraperitoneal pilocarpine, the transcription levels of uracil-sensitive P2Y receptors (P2Y2R, P2Y4R, and P2Y6R) in the hippocampus were increased, while those of adenine-sensitive P2Y receptors (P2Y1R, P2Y12R, and P2Y13R) were decreased. However, at the protein level, the expression of P2Y1, P2Y2, P2Y4 and P2Y6 was increased, while that of P2Y12 was decreased after SE, which might be attributed to the increased G protein coupling of the receptor to the P2Y receptor coupled to Gq, as well as the downregulated or unchanged P2Y receptor coupled to Gi (Alves et al., 2017). Additionally, in chronic epilepsy, levels of P2Y1R, P2Y2R, and P2Y6R transcripts and P2Y1, P2Y2, and P2Y12 proteins were elevated, while those of other P2Y receptors were unchanged (Alves et al., 2017).
P2Y12R is essential for maintaining brain homeostasis. A recent study shows that P2Y12R deficiency disrupts neuronal precursor cell proliferation and leads to structural abnormalities in developmental and adult cortical cells (Cserép et al., 2022). Meanwhile, microglia affect neuronal proliferation in a P2Y12R-dependent manner and regulate neurogenesis and projections of immature neurons (Mo et al., 2019; Cserép et al., 2022). Besides, P2Y12R also promotes the proliferation of adult mouse subventricular zone (SVZ) cells (Suyama et al., 2012). Interestingly, the activation of P2Y1R and P2Y12R induces astrocyte proliferation in vitro (Quintas et al., 2011). Furthermore, in astrocyte and microglia co-cultures, microglia P2Y12R and P2Y13R are involved in blocking ADPβS-mediated astrocyte proliferation (Quintas et al., 2014). P2Y12R and P2Y13R are integrally linked, with the latter enhancing the chemotactic response of the former (Kyrargyri et al., 2020). Also, microglia P2Y12 is required for synaptic plasticity in the mouse visual cortex, and the destruction of P2Y12 reduces the branching of basal microglia processes under homeostasis, indicating a close correlation between microglia branching and P2Y12 expression (Haynes er al., 2006; Sipe et al., 2016). In addition, microglia-neuron interaction is known as microglial protuberance convergence (MPC) toward neuronal axons and dendrites (Eyo et al., 2018). Cserép et al. observed the unique nanostructure known as somatic purinergic connections of microglia-neuron connections in mouse and human brains, and claimed that somatic preferences in the adult brain promote the site formation of Kv2.1 clusters in neuronal cytosol, which are associated with neuronal mitochondrial activity, and are highly dynamic and P2Y12R-dependent (Cserép et al., 2020; Cserép et al., 2022). Microglia P2Y12Rs defines the somatic purinergic connection on doublecortin-positive (DCX+) developing neurons that enable microglia to monitor and shape neural development and facilitate neuronal integration within cortical networks (Cserép et al., 2022). In capillary injury, P2RY12-mediated activation of paravalvular microglia and microglia protrusions rapidly forms dense plexiform aggregate at the site of injury, which consists of membrane attachments expressing E-calmodulin, and acts as a physical barrier that temporarily closes the blood-brain barrier (Lou et al., 2016).
Microglia participate in neuroinflammation as resident immune cells in the brain. Under physiological conditions, microglia take a branching form, extending and retracting in all directions to survey the brain (Gomez Morillas et al., 2021). Purinergic signaling will be the primary system for triggering microglial cell extension (Koizumi et al., 2013), and microglia protrusions in P2Y12R-deficient mice do not extend, suggesting the involvement of P2Y12R in microglia protrusion extension and tropism (Haynes et al., 2006). Besides, ATP/ADP also inhibits the adenylyl cyclase pathway downstream of P2Y12R through the induced activated phospholipase C (PLC) and phosphatidylinositol 3-kinase (PI3K) pathways, and the activation of integrin-β1 and its accumulation at the end of extended protrusions are involved in the extension of microglia protrusions in brain tissues (Ohsawa et al., 2010; Ohsawa and Kohsaka, 2011). In addition, the activation of P2Y12R has been reported to enhance the activity of the twik-related halothane inhibitory K+ channel (THIK-1), which regulates microglia differentiation and brain monitoring functions under physiological conditions and maintains the “resting” potential of microglia (Madry et al., 2018; Gomez Morillas et al., 2021). In this case, P2Y12R is considered to mediate the monitoring role of microglia in the resting state.
2.1 Antiepileptic effect of P2Y12R works by controlling neuroinflammation
Neuroinflammation is an essential pathological process in epileptogenesis, which gives rise to the hyperexcitability of the brain (Engel et al., 2021). Currently, the potential applications of targeting inflammatory cytokines and purinergic receptors in epilepsy have been fully demonstrated (Burnstock, 2017; Alves et al., 2018; Rana and Musto, 2018). The Anne Schaefer team found that microglia inhibit neuronal activity in a negative feedbacking way similar to that of inhibitory neurons, acting as a “brake buffer” (Badimon et al., 2020), and matter considerably in the process of inhibiting neuronal activity in P2Y12R. Neuroinflammation overexcites neurons, and seizures result (Vezzani et al., 2010). During a seizure, ATP is released from the cell and metabolic ADP activates P2Y12R, which modulates the microglial phenotype after a seizure. ATP via P2Y12R attracts microglia, and the microglia ATP/ADP then hydrolyzes ectoenzyme CD39 into AMP. AMP is converted by CD73 into adenosine, which mediates the inhibition of neuronal activity via adenosine receptor A1R (Badimon et al., 2020), and finally acute epilepsy ceases. In status epilepticus, the failure of P2Y12R in the process of “brake buffering” may not terminate the neuronal hyperexcitability in time. Models of status epilepticus have been used in previous experiments, and the exacerbation of seizures in P2Y12R knockout mice again supports this idea (Eyo et al., 2014). In chronic epilepsy, neuroinflammation causes seizures on the one hand, which can in turn induce neuroinflammation, while on the other, neuroinflammation can lead to neurogenesis, which in turn causes abnormal neuronal discharges that lead to seizures. Recurrent seizures perpetuate chronic inflammation, which may be the cause of recurrent chronic epilepsy.
P2Y12R may be a drug target in epilepsy, where there is growing evidence proving its role in regulating neuroinflammation. Besides, an interaction exists between neuroinflammation and epilepsy. Previous studies have shown that neuroinflammation can cause epilepsy, seizures can also result from it, and neuroinflammation can promote neuronal hyperexcitability and lead to seizures (Vezzani et al., 2010). The mRNAs encoding P2Y12 and P2Y13 receptors are observed in the rat brainstem, where there are also cell bodies of catecholaminergic neurons innervating the hippocampus, and the activation of P2Y12R inhibits the release of norepinephrine in the hippocampus to affect neuronal excitability (Csölle et al., 2008). A variety of inflammatory mediators can be detected in brain tissue sections from epilepsy patients after surgical resection (Vezzani and Granata, 2005; Choi et al., 2009). Animal experiments have also indicated that extracellular ADP enhances microglia inflammation by acting on P2Y12R to activate nuclear factor-κ-gene binding (NF-κB) and NOD-like receptor thermal protein domain associated protein 3(NLRP3) inflammatory vesicles and the release of IL-1β and IL-6, thereby increasing seizures (Cieślak et al., 2017; Suzuki et al., 2020). Besides, IL-1β induces seizures through the activation of the GluN2B subunit of the NMDA receptor, and increases the production of GluN2B mRNA and the upregulation of NMDA receptors on postsynaptic cells. In addition, 24 h after pentylenetetrazole (PTZ)-induced status epilepticus, it was observed in the rat hippocampal slices that GluN2B subunit expression is increased and LTP at hippocampal synapses is reduced, leading to impaired synaptic plasticity (Viviani et al., 2003; Postnikova et al., 2017). There are also alterations in the concentration of IL-1β in TLE that reduce GABA-mediated neurotransmission up to 30%, and lead to seizures due to neuronal hyperexcitability (Roseti et al., 2015). Both IL-1β and IL-6 reduce long-term potentiation (LTP), and microglia stimulation and elevated IL-1β levels will also result in the upregulation of IL-6 (Erta et al., 2012; Gruol, 2015; Rana and Musto, 2018). Upregulation of IL-6, an inflammatory cytokine, reduces LTP and hippocampal neurogenesis, while changes in hippocampal structure and morphology as well as the hyperexcitability of the hippocampal region lead to epileptogenesis (Samuelsson, 2005; Erta et al., 2012; Pineda et al., 2013; Levin and Godukhin, 2017). Lipopolysaccharide (LPS) that induces neuroinflammation may also lower the threshold for seizures (Sayyah et al., 2003; Heida and Pittman, 2005; Galic et al., 2008; Auvin et al., 2009; Auvin et al., 2010). Additionally, seizure activity itself can induce inflammation in the brain, and recurrent seizures can perpetuate chronic inflammation (Vezzani et al., 2010). These inflammatory factors can influence the severity and recurrence of seizures, thereby forming a vicious cycle (Vezzani et al., 2010). However, the role of P2Y12R in it is still not clear at present, and needs further explorations.
Under neuroinflammatory conditions, ATP is released extracellularly, activates both the P2Y12R receptor as ATP/ADP, and stimulates the adenosine receptor (AR) A3 as a metabolic receptor. P2Y12R activation acts as the first responder to microglial activation, and acts synergistically with A3. Meanwhile, high expression of both mediates the extension of microglial protrusions towards the injury site. Subsequently, upregulation of ARA2A and downregulation of P2Y12R induce microglia protrusion retraction. The microglia migratory activity is controlled by the interaction of P2Y12R and P2X4R. When the protrusions are fully retracted, microglia will transform into amoeboid morphology. Finally, P2Y6R and P2X4R activation induces phagocytosis and pinocytosis, respectively, while P2X4R and P2X7R are involved in secretory activity (Rivera et al., 2016; Fekete et al., 2018; Illes et al., 2020; Gomez Morillas et al., 2021). The activation of a number of other P1 and P2 receptors (Koizumi et al., 2013) regulates P2Y12 receptor-mediated responses, suggesting a close interaction between P2Y12R and other purinergic receptors that act together to get involved in neuroinflammation.
P2Y12 receptor-mediated greater response to the signals of “eat me” and “find me” renders activated microglia the ability to intervene more rapidly in damaged cells (Avignone et al., 2008). P2Y12R is involved in membrane fluffing, protrusion extension or retraction, and chemotactic motions of microglia. Activation of P2Y12R induces microglia reactivity and causes microglia protrusion growth, which also mediates microglia chemotaxis via phosphatidylinositol 3-kinase (PI3K)/phospholipase C (PLC) signaling. This matters considerably for the clearance of infected cells or cellular debris and tissue recovery (Ohsawa et al., 2007; Irino et al., 2008; Engel et al., 2021). Similar to synaptic extension, P2Y12 receptor-mediated migration of microglia also involves inhibition of the adenylate cyclase pathway and reduction of the cAMP levels and protein kinase A (Nasu-Tada et al., 2005). Charolidi et al. found that blocking microglia P2Y12 receptors with PSB0739 inhibits the release of chemokines (CCL2 and CXCL1), and microglia P2Y12R thus regulates the release of chemokines CCL2 and CXCL1 (Charolidi et al., 2015). All these processes depend on dual-pore domain-type potassium channels and are associated with alterations in mitochondrial membrane potential (Suzuki et al., 2020). Besides, microglia couple phagocytosis to apoptotic processes through P2Y12R signaling during development (Blume et al., 2020). The P2Y12R signaling pathway is involved in phagocytosis-mediated chemotaxis to the “find-me” signal ADP (Haynes et al., 2006), which is necessarily important for the rapid and efficient clearance of microglia-mediated apoptotic cells (Blume et al., 2020). Impaired microglial phagocytosis and reduced neurogenesis are observed in P2Y12 KO mice, and the involvement of microglia phagocytosis in a feedback loop that maintains homeostasis of adult hippocampal neurogenesis is also hereby revealed (Diaz-Aparicio et al., 2020).
Expression of P2Y12R on microglia depends on different activation patterns and CNS microenvironments (Colonna and Butovsky, 2017). Once activated, microglia are often categorized as the “classical” proinflammatory phenotype (M1) or the “alternative” anti-inflammatory type (M2) (Colonna and Butovsky, 2017). Under selective activation conditions (M2; IL-4 and IL-13), P2Y12 receptor expression increases, mediates microglia migration, and contributes to triggering an acute proinflammatory response to danger-related molecules released during central nervous system injury (Moore et al., 2015). However, under pro-inflammatory conditions, P2Y12R expression is reduced in rodent microglia, resulting in the failure to migrate up the ADP gradient (De Simone et al., 2010). In addition, P2RY12 expression is upregulated on the microglia of resting and non-inflammatory phenotype (M2), but downregulated during the M1/M2 transition of the post-activation inflammatory phenotype (Honda et al., 2001; Haynes et al., 2006). In this case, P2Y12R is considered a valuable sign that indicates the shift of the microglia functional pattern from chemotaxis to phagocytosis (Koizumi et al., 2013; Gomez Morillas et al., 2021), identifies non-pathological microglia, and differentiates activated microglia from stationary microglia (Mildner et al., 2017).
P2Y12R has been shown to regulate the microglia phenotype after seizures (Eyo et al., 2014; Eyo et al., 2017; Eyo et al., 2018). In the hippocampus of P2Y12 knockout (KO) mice intraperitoneally injected with kainic acid (KA) (18 mg/kg), the number of microglia primary protrusions is reduced, and seizures are worsened (Eyo et al., 2014). During seizures, neurons are highly active, and release glutamate from presynaptic terminals. Meanwhile, elevated glutamate levels activate neuronal NMDA receptors, thus causing an inward flow of extracellular calcium ions, while elevated intracellular calcium may lead to the release of ATP through ion channels such as pannexin 1 (PX1) or prepackaged vesicles. Besides, the released ATP diffuses into the extracellular space, forming a chemotactic gradient that activates P2Y12R in microglia, and inducing the extension of microglia protrusions toward neurons (Eyo et al., 2014). Acute seizures significantly alter the morphology and number of microglia in the hippocampal region, while glutamate treatment and prolongation of microglia protrusions during seizures play a neuroprotective role (Eyo et al., 2014). During seizures, P2Y12 receptors also regulate the microglial cell landscape through a cell shift mechanism (Eyo et al., 2018). In tissue slices from epileptic patients stained with fluorescent lectin, activation of the P2Y12 receptor initiates the extension of microglia protrusions (Haynes et al., 2006), which is similar to the situation in rodents, but the difference is that microglia retraction is triggered by the joint activation of P2Y1/P2Y13 receptors. Additionally, it was observed that low doses (1–10 μM for 15–30 min) of ADP induce the process extension for both initially amoeboid and ramified microglia, while high doses (1–2 mM for 30 min) of ADP cause process retraction and membrane ruffling (Milior et al., 2020). In summary, P2Y12R exerts a potential protective effect on epilepsy.
2.2 P2Y12R regulating neurogenesis and immature neuronal projections after seizures
Mo et al. ever claimed that P2Y12R regulates neurogenesis and immature neuronal projections after seizures in the intracerebroventricular kainic acid model, which composes some features of the epileptogenic environment (Danzer, 2018; Mo et al., 2019). Besides, it was hereby figured out that on the one hand, P2Y12R may promote the hyperactivity in epileptogenesis subsequent to the initial seizure, while on the other, as mentioned above, P2Y12R is involved in controlling neuroinflammation and microglia inhibiting neuronal activity and thus imposes an antiepileptic effect, so future work is needed to help further understand the detailed mechanism of the dual role of P2Y12R, epileptogenic and anti-epileptogenic (Mo et al., 2019). Interestingly, the removal of microglia exerts a more pronounced effect on seizure-induced neurogenesis than elimination of P2Y12R, suggesting that P2Y12R is not the only microglia protein that regulates seizure-induced neurogenesis (Mo et al., 2019). Therefore, other factors that regulate seizure-induced neurogenesis remain to be further investigated.
3 POTENTIAL DIAGNOSTIC VALUE OF P2Y12R
3.1 P2Y12R expression during epilepsy
As described in the first study of expression in the P2YR family after seizures, increased P2Y12 Rtranscription in the hippocampus and increased P2Y12 activation-mediated microglial cell membrane currents 48 h after status epilepticus (SE) were observed in a mouse model of intraperitoneal kainic acid (KA)-induced SE (Avignone et al., 2008). The movement of microglia in the epileptic hippocampus toward P2Y12 receptor agonists was also found twice as rapid as in the normal hippocampus (Avignone et al., 2008). On the contrary, as stated before, in the SE mouse model induced intra-amygdala KA and intraperitoneal pilocarpine, P2Y12R transcription and protein expression were reduced after status epilepticus and P2Y12R protein levels were increased in chronic epilepsy (Alves et al., 2017). The expression of P2Y12R varied and diverged in different epilepsy models and at different stages of the disease. However, all indicated that P2Y12R expression was altered in epilepsy, which was endowed with the potential to assist in the diagnosis of epilepsy. The future application of positron emission tomography (PET) for the detection of P2Y12R itself in the brain needs further study.
3.2 Association between P2Y12R single-nucleotide polymorphism and epilepsy susceptibility
A study was reported on the association of single nucleotide polymorphisms (SNPs) in the P2Y12R gene with epilepsy, and it was found that carriers of the G allele of rs1491974 G>A or rs6798347 G>A may be associated with increased risk of epilepsy, with the rs1491974 G> A genotype and allele frequency differing significantly in females only, and individuals with this genotype may be exposed to more frequent seizures (Wang et al., 2022). However, a larger sample size and epilepsy classification are needed to further investigate the correlation between P2Y12R SNPs and epilepsy. P2Y12R SNPs currently have the potential to serve as a risk factor for epilepsy, with the potential for individualized diagnosis of epilepsy. There may be P2Y12R gene loci insensitive to P2Y12R-targeted drugs, and patients with insensitive loci can be removed by P2Y12R SNPs detection to achieve precision medicine in the future.
4 CONCLUSION AND FUTURE PERSPECTIVES
P2Y12R is closely associated with epilepsy and seizures (Table 1), and is thus endowed with potential application value in the diagnosis of epilepsy and seizures, which is also promising as an effective drug target. In acute seizures, P2Y12R is involved in the process of neuronal activity inhibition by microglia, terminating neuronal hyperexcitability and avoiding status epilepticus, while in chronic epilepsy, P2Y12R is a potential drug target by controlling neuroinflammation. Meanwhile, P2Y12R antagonists can inhibit neurogenesis and immature neuronal projections to prevent the next seizure, but the mechanism is still unclear and requires further exploration. The altered expression of P2Y12R in epilepsy and its own detection may support the diagnosis of epilepsy. In addition, P2Y12R SNPs can be a risk factor for epilepsy to inform the likelihood of epileptogenesis. In the future, it is expected that drugs targeting P2Y12R will act only on brain regions or cells where neurons are over-excited, terminate seizures, and delay seizure progression without affecting normal brain regions and cells. However, there are still considerable issues to be addressed before the application of P2Y12R to the diagnosis and treatment of epilepsy.
1) There are differences and divergences in the expression of P2Y12R in different epilepsy models and at different stages of pathogenesis. Changes in the expression and mechanism of P2Y12R across different seizure types, seizure severity and frequency, disease stages, animal models and epileptic patients should be additionally explored to provide new ideas for the diagnosis and treatment of epilepsy;
2) Changes in P2Y12 expression are not specific to epilepsy. A single change in purine signaling cannot be used as an independent diagnostic criterion, which, actually, needs to be combined with other measures for diagnostic evaluation in the clinical setting (Wong and Engel, 2022);
3) The association of P2Y12R SNPs with epilepsy requires a larger sample size of patients and different epilepsy types to verify the possibility of using P2Y12R as a genetic marker;
4) The current P2Y12R PET tracer for pro- and anti-inflammatory microglia has been validated in mouse models and human brain sections (Villa et al., 2018; Jackson et al., 2022; van der Wildt et al., 2022). Attempts should also be made to develop P2Y12R PET tracers and detect P2Y12R in animal models of epilepsy or in the human brain;
5) The dual mechanism of pro-epileptic and anti-epileptic action of P2Y12R in the whole process of epilepsy is still not completely understood, making it necessary to carry out further studies;
6) There is not yet a P2 receptor-based treatment that can entirely stop seizures, and P2 receptors are likely to be used for an adjunctive treatment (Engel et al., 2021). In early seizures, P2Y12R agonists inhibit neurohyperexcitability, control neuroinflammation, and assist in terminating seizures, while after seizures, P2Y12R antagonists inhibit neurogenesis and immature neuronal projections to prevent the next seizure. It is thus advisable for future research to combine P2Y12R with antiepileptic drugs to determine a more refined strategy for epilepsy treatment, particularly in refractory epilepsy.
TABLE 1 | Summary of the effects of P2Y12R in epilepsy.
[image: Table 1]In conclusion, much future research on the effect of P2Y12R in epilepsy should be carried out to further advance it into clinical practice.
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Background: As a member of the purinergic receptor family, divalent cation-regulated ionotropic P2X7 (P2rx7) plays a role in the pathophysiology of psychiatric disorders. This study aimed to investigate whether the effects of acute zinc administration and long-term zinc deprivation on depression-like behaviors in mice are mediated by P2X7 receptors.
Methods: The antidepressant-like effect of elevated zinc level was studied using a single acute intraperitoneal injection in C57BL6/J wild-type and P2rx7 gene-deficient (P2rx7 −/−) young adult and elderly animals in the tail suspension test (TST) and the forced swim test (FST). In the long-term experiments, depression-like behavior caused by zinc deficiency was investigated with the continuous administration of zinc-reduced and control diets for 8 weeks, followed by the same behavioral tests. The actual change in zinc levels owing to the treatments was examined by assaying serum zinc levels. Changes in monoamine and brain-derived neurotrophic factor (BDNF) levels were measured from the hippocampus and prefrontal cortex brain areas by enzyme-linked immunosorbent assay and high-performance liquid chromatography, respectively.
Results: A single acute zinc treatment increased the serum zinc level evoked antidepressant-like effect in both genotypes and age groups, except TST in elderly P2rx7 −/− animals, where no significant effect was detected. Likewise, the pro-depressant effect of zinc deprivation was observed in young adult mice in the FST and TST, which was alleviated in the case of the TST in the absence of functional P2X7 receptors. Among elderly mice, no pro-depressant effect was observed in P2rx7 −/− mice in either tests. Treatment and genotype changes in monoamine and BDNF levels were also detected in the hippocampi.
Conclusion: Changes in zinc intake were associated with age-related changes in behavior in the TST and FST. The antidepressant-like effect of zinc is partially mediated by the P2X7 receptor.
Keywords: purinergic receptor, P2X7, depression, zinc, behavior
1 INTRODUCTION
Major depressive disorder (MDD) is the most common psychiatric disorder, affecting 300 million people worldwide, regardless of age or sex, and causes an extremely high social and economic burden (Trivedi, 2020). A diagnosis of this mental condition requires a substantial mood change lasting at least 2 weeks, such as sadness or irritability, accompanied by a variety of psychophysiological changes, such as decreased sleep or sexual desire, lack of appetite, lethargy, and at its most extreme, suicidal thoughts (Belmaker and Agam, 2008). However, with the development of our knowledge about its pathophysiology and the expanding range of antidepressants, still 29%–46% of patients refuse to take the drugs prescribed by the physician for an inadequate response or at delayed effect (Fava and Davidson, 1996; Schroder et al., 2022). Most antidepressants target the inhibition of transporters responsible for the reuptake of monoamines (Artigas et al., 2002) or stimulation of monoaminergic transmission by other mechanisms (Maes, 1999; Schumacher et al., 2005). In addition, promising research supports the use of the N-methyl-D-aspartate (NMDA) receptor antagonist ketamine in the treatment of MDD and posttraumatic stress disorder (Ates-Alagoz and Adejare, 2013; Sachdeva et al., 2023).
As a complex disease, both genetic and environmental factors play key roles in its development. Several chromosomal regions may be involved in the development of mood disorders (Caspi et al., 2003; Roceri et al., 2004), such as purinergic receptor family member P2X7 (P2rx7) gain-of-function polymorphism (Czamara et al., 2018; Wingo et al., 2021), the role of which in the development of major depression remains controversial (Viikki et al., 2011; Feng et al., 2014). This structure is a non-selective cation channel that belongs to the P2X receptor family, which is sensitive to high ATP concentrations (Sperlagh et al., 2006). It is expressed on many cells of the human body, such as hematopoietic and immune cells, glial cells of the central and peripheral nervous system, central neurons, and hippocampal–cortical pyramidal cells and interneurons. The expression of the P2X7 receptor by neurons remains a subject of longstanding debate (Illes et al., 2017; Miras-Portugal et al., 2017). It modulates neurotransmitter release (Sperlagh et al., 2006; Sperlagh and Illes, 2007), and its activity is attributed to the influx of Ca2+ and an increase in the release of glutamate and gamma amino-butyric acid (GABA) from nerve endings (Alloisio et al., 2008) and different areas of the brain (Sperlagh et al., 2002). P2X receptor-mediated currents are modulated by divalent cations, including Zn2+ (Acuna-Castillo et al., 2007; Drevets et al., 2022). The receptor-mediated ion current is inhibited through the direct binding site of the extracellular loop (Kasuya et al., 2016) owing to allosteric modulation by agonist binding (Virginio et al., 1997). In terms of the inhibitory effect of divalent metal cations, zinc ranks first in terms of P2rx7 activation. The amino acids involved in this process are histidine and aspartic acid. According to previous measurements, the median inhibition concentration of Zn2+ upon activation of mP2X7R is 183 ± 22 µM (Fujiwara et al., 2017).
Several animal experiments on rodents, have demonstrated the involvement of P2rx7 in the pathophysiology of depression. Inhibition of this receptor prevents depression-like behavior in mice (Kongsui et al., 2014; Iwata et al., 2016; Otrokocsi et al., 2017; Ribeiro et al., 2019a; Huang and Tan, 2021), and deletion of the receptor itself results in antidepressant-like behavior (Csolle et al., 2013a). The development of antidepressants that inhibit the P2X7 receptor is currently in the clinical phase (Bhattacharya and Jones, 2018; Drevets et al., 2022) for the treatment of therapy-resistant depression.
Zinc (Zn) is one of the most important essential trace element in the human body and is concentrated in glutamatergic synaptic vesicles. Changes in the extracellular and intracellular concentrations can lead to compromised homeostasis, which can cause or exacerbate psychiatric disorders (Ranjbar et al., 2013; Szewczyk et al., 2018). The hippocampus is the most zinc-rich region of the brain, where high concentrations of zinc are found in the mossy fiber terminals of the CA3 region, which use glutamate as a transmitter (Williams and Undieh, 2010). Zn is released into the extracellular space during neural activity and modulates ion channels (e.g., NMDA and AMPA) that are associated with abnormalities in depression tests. Short-term zinc deficiency causes depression-like behavior as observed in the tail suspension test (TST) and forced swim test (FST) in animals (Whittle et al., 2009; Mlyniec et al., 2012; Mlyniec and Nowak, 2012). Long-term zinc deprivation, lasting 2 weeks, also results in depression-like behavior; however, in this case, measurable differences can be observed in the hippocampal monoamine and zinc content in animals (Tamano et al., 2009), as well as in their serum corticosterone levels (Watanabe et al., 2010). Increased zinc levels as a result of various treatments induce antidepressant-like behavioral patterns in animals, and the immobility time decreases in these tests (Nowak et al., 2003; Szewczyk et al., 2019). Research to measure depression was also carried out in connection with the importance of the age of the animals (Shoji and Miyakawa, 2019), where the FST results may reflect a stronger panic-like response to a sudden aversive stimulus in aged animals, which showed greater immobility than younger mice. In contrast, aged mice showed less immobility than young mice in the TST, suggesting a reduction in depression-related behavior in aged mice. In human studies, serum zinc concentration has been proposed as a potential biomarker for the detection of MDD (Styczen et al., 2017). The concentration of zinc in the serum of patients with MDD was <0.12 μg/mL, whereas that of the control group was 0.66–1.10 μg/mL (Wang et al., 2018). This value fluctuated over a 24-h period; its change reached 20% depending on the food consumed (Roohani et al., 2013).
In this study, we investigated whether the acute administration of zinc in its active form of zinc ion (Zn2+) as a ZnCl2 solution induces antidepressant-like behavior in the presence or absence of P2X7 receptors. To examine the long-term effect of Zn, mice were fed different Zn-containing controlled diets for 8 weeks. As a result of aging, mice react more sensitively to changes in Zn homeostasis in behavioral experiments. To understand the molecular pathways, we measured monoamine content and brain-derived neurotrophic factor (BDNF) levels in the hippocampus (HC) and prefrontal cortex (PFC). However, zinc-induced antidepressant-like behaviors and changes in behaviors elicited by zinc deprivation in the diet were not consistently eliminated in P2rx7 gene-deficient animals, indicating that the effect of the micronutrient is partially mediated by the receptor.
2 MATERIALS AND METHODS
2.1 Animals
In this study, behavioral tests and subsequent measurements were performed on 2–3-month “young” (average weight: 30 g) and 16–18-month “elderly” (average weight: 40 g), wild-type P2rx7 +/+ and knockout P2rx7 −/− C57Bl/6J male mice. Preliminary experiments were performed on young 2–3-month-old wild-type and knockout male and female (average weight: 22 g) C57Bl/6J animals. The original breeding pairs of P2rx 7-/- mice were kindly supplied by Christopher Gabel (Pfizer Inc., Groton CT, United States). The breeding and genotyping strategy protocol is described in details in our previous study (Csolle et al., 2013b). All mice in the experiment were housed on a 12 h-on/12 h-off light cycle at controlled temperature (23°C ± 2°C) and humidity (60% ± 10%) in individual plastic cages with ad libitum access to food and water. Rodents, such as mice, strongly compete to establish dominance hierarchies in their natural and artificial laboratory environments (Poshivalov, 1980; Capanna et al., 1984). The animals were individually housed to exclude possible confounding effects caused by competition. Preliminary validation experiments indicated that the pre-experiment separation of the animals, although it might have its own effect on behavior, is necessary to reveal consistent antidepressant effects in behavioral tests under our experimental conditions. Experiments and treatments were performed between 9:00 and 13:00 during the light phase (7:00–19:00). All efforts were made to minimize suffering and reduce the number of animals used. All experimental procedures were approved by the local Animal Care Committee of the Institute of Experimental Medicine (Budapest, Hungary, ref. no. PEI/EA/900-7/2020) in accordance with the Institutional Ethical Codex and Hungarian Act of Animal Care and Experimentation guidelines (40/2013, II.14). To use the appropriate number of animals, G*Power 3.1.9.7 software was used to calculate the sample size. For the calculation, we used the main experimental set-up as a basis, thus comparing two groups, WT SAL + WT 1 mg/kg ZnCl2, with the following parameters: ANOVA fixed effects, 2-way: a priori: compute required sample size; α error probability: 0.05; power: 0.9; effect size: 1.987. Based on these settings, the use of an average of seven animals per group was recommended.
2.2 Treatment protocols
Two different experimental designs were used (Figure 1).
[image: Figure 1]FIGURE 1 | Representation of the study timeline. In experiment 1, young and elderly animals received a single intraperitoneal injection of ZnCl2 (1 mg/kg) solution or saline, 30 min before the start of the experiments. After behavioral tests, mice were euthanized (n = 8–11 animals/group). In experiment 2, after the 8-week protocol, we started behavioral experiments, followed by euthanasia of the mice (n = 8–11 animals/group).
2.2.1 Acute treatment
The first experimental protocol tested the antidepressant effects of a zinc solution. Mice were fed a standard laboratory diet (18 mg M Zn/kg, equivalent to 50 mg/kg zinc sulfate monohydrate, S8189-S095, Ssniff). Prior to each experiment, the animals were treated with an acute intraperitoneal (i.p.) 1 mg/kg ZnCl2 (Sigma-Aldrich, United States) solution (0.48 mg M Zn/kg). As a control, physiological saline (0.9% NaCl) was added as previously described. Behavioral experiments (TST and FST) were started 30 min after treatments. The animals were euthanized immediately after the completion of the behavioral tests.
2.2.2 Long-term zinc-controlled diets
To study the long-term effect of zinc on mood-related behavior, in the second experimental protocol, P2rx7 +/+ and −/− mice were fed a higher (23 mg M Zn/kg, which is equivalent to 35 mg/kg zinc-carbonate D10012M, Research Diets) and lower zinc-supplemented and zinc-deficient (4 mg M Zn/kg, did not contain an added source of zinc, D19041002, Research Diets) diet for 8 weeks. Behavioral experiments began after the 2-month period.
2.3 Behavioral tests
2.3.1 Tail suspension test
To assess depression-like behavior (Cryan, Mombereau, and Vassout, 2005), experiments were performed using an automated instrument (BIO-TST2, Bioseb, France). The device was connected to a computer that recorded the movement of the animals in real-time. In each trial, three animals were suspended using an adhesive tape placed 1–2 centimeters from the end of their tails. Each chamber was activated 5 s after the last mouse was placed, and the measurements lasted for 6 min. The immobility time during the test was measured in seconds. In some cases, the animals (0%–16%) showed an abnormal movement pattern for the experiment, e.g., climbing on the hook and clinging to the wall of the device. These animals were excluded from the calculations in the post hoc analysis.
2.3.2 Forced swim test
The FST series of experiments can be used to detect depression-like phenotypes (Porsolt et al., 1977). The behavioral tests were performed one after the other 5 days apart. Similar to the previous behavioral experiment, the acutely treated animals received an i.p. injection 30 min before the start of the test. The immobility of mice is authoritative when they stop swimming, making movements only to keep their heads above the water surface. The animals were placed in a 2-L (height: 25 cm; diameter: 10 cm) clear glass cylinder (water temperature: 20° ± 2°C) filled to the same water level. The experiment lasted for 6 min for each case. In one study, four animals were simultaneously tested, the water was changed to fresh water, and the rollers were wiped clean before starting a new series of experiments. To prevent the animals from cooling, wipes were placed into their cages to soak up excess water. The results were evaluated using Noldus Observer XT software (Wageningen, Netherlands). The swimming time of the mice was expressed in seconds, and the final value was obtained as a percentage (%) of floating time/experimental time.
2.4 Biochemical analyses
2.4.1 Sample preparation
Immediately after the last behavioral experiment, the animals were anesthetized by isoflurane inhalation for blood collection from the inferior vena cava in 2-mL untreated collection tubes. Blood samples were allowed to stand at room temperature (20°C–25°C) for 1 h. Then, they were centrifuged for 15 min at 1,500 x g at 4°C (Megafuge 1.0 R, Heraeus, Germany), and the serum was used for zinc level determination. The samples were stored at −20°C before the assay. After serum collection, the mice were quickly decapitated to remove the HC and PFC. The brain areas were quickly stabilized with liquid nitrogen prior to high-performance liquid chromatography (HPLC) measurements. To measure BDNF protein levels, the prepared brain areas were placed on dry ice and stored at −20°C until homogenization. All samples were used for measurements within 1 month of the euthanization of the experimental animals.
2.4.2 Serum zinc concentration
The frozen samples were thawed at room temperature prior to use. A sensitive fluorometric kit (ab176725, Abcam, United States) was used for quantitative assays. Then, 50 µL of the thawed samples and standard zinc solution was pipetted into a 96-well plate. A detection solution was added to each sample to achieve a final concentration of 100 µL/well. The zinc in the sample bound with high specificity to the zinc detector in the solution, and the zinc probe exhibited a large and greatly increased fluorescence upon exposure to Zn2+. We determined the fluorescence increase using a multi-mode plate reader at Ex/Em = 485/525 nm (Cytation™5 Cell Imaging Multi-Mode Reader, BioTek, United States). Zn concentrations (ng/mL) were calculated using GraphPad (GraphPad Software Inc., United States).
2.4.3 Determination of tissue monoamine content
Catechol and indole amines in the tissue extracts were measured by HPLC. The brain tissue homogenate concentration in C57BL/6 and P2X7 receptor-deficient mice was 100 mg/mL. The extract was prepared from hippocampus and prefrontal cortex brain area samples in an ultrasonic homogenizer with 0.1 M perchloric acid (PCA) solution containing theophylline (as an internal standard) at 10 µM concentration and 0.5 mM sodium metabisulphite (antioxidant for biogenic amines). The tissue extract was centrifuged at 3,510 g for 10 min at 4°C, and the pellet was saved for protein measurement according to Lowry et al. (1951). Perchloric anions in the supernatant were precipitated using 4 M dipotassium phosphate and removed by centrifugation. Samples were stored at −20°C until analysis, and 10 µL was used for separation. Quantification of the monoamines, noradrenaline (NA), dopamine (DA), and serotonin (5-HT), was performed using an online column switching liquid chromatographic technique. The solid phase extraction was carried out on an HALO Phenyl-Hexyl (75 × 2.1 mm I.D., 5 µm) column, and for separation, it was coupled to an ACE UltraCore SuperC18 (150 × 2.1 mm I.D., 5 µm) analytical column. The flow rate of the mobile phases [“A” 10 mM potassium phosphate, 0.25 mM EDTA “B” with 0.45 mM octane sulphonyl acid sodium salt, 8% acetonitrile (v/v), and 2% methanol (v/v), pH 5.2] was 250 μL/min in a step gradient application (Baranyi et al., 2006). A Shimadzu LC-20 AD HPLC system was used. The signs of the sample components were collected using an Agilent UV (1100 series variable wavelength detector) and a (BAS CC-4) amperometer. Monoamines were electrochemically detected at an oxidation potential of 0.73 V, whereas the internal standard was indicated by UV at 253 nm. Concentrations were calculated using a two-point calibration curve internal standard method: (Ai × f × B)/(C × Di × E) (Ai: area of the biogenic amine component; B: sample volume; C: injection volume; Di: response factor of the 1 pmol biogenic amine standard; E: protein content of the sample; f: recovery factor of the internal Standard [IS area in calibration/IS area in actual].
2.4.4 BDNF protein assay
At the beginning of the measurement, the samples were removed from the freezer and weighed. The specimens were processed using a tissue tearor (Model 985370, BioSpec, United States). For homogenization, 250 µL 1-amino-9,10-dihydro-9,10-dioxo-4-[[4-(phenylamino)-3-sulfophenyl]amino]-2-anthracenesulfonic acid sodium salt (PSB) solution and 250 µL lysis buffer (pH = 7.4, 50 mM Tris HCL, 150 mM NaCl, 5 mM CaCl2, 0.02% NaN2, and 1% Triton X-100 with 0.1% protease inhibitor) were added to each sample. HC and PFC were sonicated at power level 2 using pulses at 1-s intervals for 10–15 s. Subsequently, the samples were centrifuged at 5,000 g for 5 min at 4°C. The supernatants were collected and used for the measurements. For the BDNF assays, we used a human/mouse BDNF DuoSet enzyme-linked immunosorbent assay (ELISA) kit (DY248, R&D Systems, United States) and a Pierce™ BCA Protein Assay Kit (23227, Thermo Fisher Scientific, United States). The optical density of the samples (OD) was determined at 450 nm (Cytation™5 Cell Imaging Multi-Mode Reader, BioTek, United States), and the level of BDNF expression (pg/mL) of each sample was calculated against the seven-point standard curve plotted with GraphPad (GraphPad Software Inc, United States). The assay detection limit was 20–1,500 pg/mL. To measure the total protein levels in the samples, absorbance was measured at 560 nm, and values were expressed in pg/mg protein.
2.5 Statistics
Statistical analyses were performed using GraphPad Prism software v.8.0.2. (GraphPad Software Inc., United States). All data were presented as the mean ± SEM of “n” determinations. In behavioral experiments, animals with incorrect movements were excluded from the analysis. Other possible outlier values were detected by the ROUT method (q = 1%) (Motulsky and Brown, 2006). Data from behavioral tests and biochemistry analyses were analyzed by two- and three-way ANOVA, followed by Tukey’s post hoc test. For determination of monoamine content, data were expressed as the mean ± standard error of mean at pmol/mg protein concentration. Data processing, calculations, and graphical representation were performed using Microsoft Office Excel 2010, and the TIBCO Data Science Workbench was used for statistical analysis. The Kolmogorov–Smirnov test was used to examine the normality of all continuous variables in the measurement. Where the measured variables met the normality assumption, factorial analysis of variance (FR-ANOVA) was used. We determined group differences in HC and PFC monoamine variance caused by acute i.p. zinc administration and long-term feeding with zinc-supplemented and -deficient diets in young and elderly, wild-type and P2X7 receptor-deficient mice. The threshold for statistical significance was set at p < 0.05. For detailed statistical tests of all experiments, the n and p-values are given in Supplementary Table S1.
3 RESULTS
3.1 The antidepressant effect of a single intraperitoneal ZnCl2 treatment is not associated with the P2X7 receptor
In the acute animal studies, we hypothesized that a single intraperitoneal ZnCl2 treatment would exert antidepressant effects. Preliminary experiments (30, 10, 3, 1, and 0.5 mg/kg ZnCl2, converted: 14.39, 4.8, 1.44, and 0.24 mg M Zn/kg) were performed to determine the dose (Supplementary Figures S1A–E). Higher doses caused more toxic effects; therefore, 1 mg/kg was selected for subsequent experiments (Supplementary Figures S1. F). To assess whether acute inhibition of P2rx7 with zinc can modify locomotor behavior, we performed an open field test (OFT) (Supplementary Material S1) on young, acutely treated male mice. ZnCl2 treatment did not affect the activity of wild-type and P2X7 KO mice compared to saline-treated groups, and there was no significant difference in the locomotion of WT and P2X7 KO mice after i.p. administration (Supplementary Figure S2).
Confirming the results described in previous studies (Basso et al., 2009; Csolle et al., 2013a), P2rx7 deficiency elicited an antidepressant-like effect in male mice (Figure 2A). As a result of 1 mg/kg zinc solution, both the immobility and floating time of the mice in TST and FST, respectively, were substantially reduced in P2rx7 +/+ young adult animals. These effects were replicated in P2rx7 −/− mice, suggesting that the antidepressant-like effect of acute zinc treatment was negligibly mediated by P2X7 receptors (Figure 2A). We tested the antidepressant-like effects of zinc in young adult female mice. No differences were observed between the saline-treated wild-type and P2rx7-deficient animals. Moreover, 1 mg/kg zinc administration substantially increased the immobility time of wild-type animals in the TST, but not in the FST. No effects of acute zinc treatment were observed in female P2rx7-deficient mice (Supplementary Figure S3).
[image: Figure 2]FIGURE 2 | Investigation of the association between zinc content and depression in animal experiments (A–D). P2rx7 +/+ control or P2rx7 −/− mice were treated with a single intraperitoneal injection of 1 mg/kg ZnCl2 or saline in young (n = 7–11) (A) and elderly (n = 9–10) (B) animals. In the long-term experiments, wild-type or P2rx7-KO young (n = 6–10) (C) and elderly (n = 9–11) (D) animals were fed with a Zn-controlled diet. TST and FST behavior experiments were performed, the immobility or floating time is shown in the bar diagrams. Data are expressed as mean ± S.E.M. Data were analyzed by two-way ANOVA, followed by Tukey’s test. *p < 0.05; **p < 0.01; ***p < 0.001. TST: tail suspension test; FST: forced swim test; WT: wild-type; KO: knockout; ZnS: zinc-supplemented diet; ZnD: zinc-deficient diet.
Identical experiments were performed using elderly male mice. No significant differences were observed among the genotypes of these animals (Figure 2B). In the TST, zinc treatment caused a decrease in the immobility time in wild-type animals; however, in P2rx7-deficient animals, zinc did not have a significant effect. In the FST, zinc treatment substantially decreased the immobility of both P2rx7 +/+ and P2rx7 −/− mice, with an overall genotype effect, but without a significant interaction. Because the effect of the treatment was also observed in knockout animals, it can be concluded that besides the TST in elderly animals, the effect of a single ZnCl2 injection is not mediated by the P2X7 receptor.
To verify the effect of acute zinc injection, we measured serum zinc concentrations in the blood after the injections, which displayed substantial elevations in both young adults and elderly mice of both genotypes (Figures 3A, B).
[image: Figure 3]FIGURE 3 | Results of zinc content in blood serum (A–D). Wild-type and knock out, young (n = 6–8) (A) and elderly (n = 7–8) (B) mice were injected with an acute treatment of ZnCl2 (1 mg/kg) or saline. P2rx7 +/+ and −/−, young (n = 4–6) (C) and elderly (n = 8–9) (D) mice were fed a Zn-controlled diet. Data are expressed as mean ± S.E.M. Data were analyzed by two-way ANOVA, followed by Tukey’s test. *p < 0.05; **p < 0.01; ***p < 0.001. WT: wild-type; KO: knockout; ZnS: zinc-supplemented diet; ZnD: zinc-deficient diet.
3.2 The zinc-deficient diet caused depression-like behavior in young and elderly animals, which was partly mediated by the P2X7 receptor
Next, we compared the effect of a zinc-containing diet over a 2-month period on the behavior of male mice with no zinc supplementation. As a result of the long-term experiments, relative zinc deficiency induced depression-like behavior in young mice, as reflected in longer immobility time in both TST and FST (Figure 2C). In contrast, no significant difference was detected in knockout animals that received either zinc-enriched or zinc-deprived diets in the TST, but not in the FST, indicating that the relative depression-like effect of the zinc-deficient diet might be partly mediated by P2X7 receptors. Similar results were observed in the elderly group that received different zinc-containing diets (n = 9–11 animals/group) (Figure 2D). In the wild-type groups receiving the zinc-deficient diet, substantially higher values of immobility were measured in both the TST and FST. We did not observe any significant difference in the weights of the animals during the 8-week experiment (Supplementary Figure S4). Just like in young adult mice, the depression-like effect of zinc deficiency was eliminated in the absence of the P2X7 receptor in the elderly groups.
Despite the different Zn2+ content of the diet, serum Zn2+ levels were uniformly increased when compared to those of the animals kept on a standard laboratory diet, probably because of the difference between the two diets in overall Zn 2+ content (Figures 3C, D). This was true for both young adult and elderly animals, although the serum zinc levels were considerably lower in the latter group (Figure 3D). In summary, we observed that in the case of the TST in young adult and in elderly mice, the antidepressant-like effect of long-term zinc enrichment was partially P2X7 receptor-dependent.
3.3 Excess zinc intake increased the serotonin content of the hippocampus
After the behavioral experiments, we examined how our results could be explained by two accepted theories of depression development: the monoamine and BDNF hypotheses. Using HPLC, concentrations of monoamines, such as NA, DA, and 5-HT, were measured in the HC, a brain area relevant to the behaviors measured in the FST and TST (Hao et al., 2019). Following a single injection of ZnCl2 solution, 5-HT levels in the HC of young mice were increased in both wild-type and knockout animals (Figure 4A), whereas no treatment-induced changes were observed in DA and NA levels (Figures 4A–D). Likewise, a long-term zinc-deficient diet decreased serotonin levels in the HC (Figure 4B), but only in wild-type mice, which was consistent with the behavioral results found in the TST (Figure 2C). In the elderly group, a substantial increase in 5-HT levels was observed in P2rx7 +/+ mice, but not in KO mice, which was consistent with the results of the behavioral experiment (Figures 2B, 4C). In contrast, the zinc-deficient diet reduced the levels of all three monoamines in elderly wild-type mice (Figure 4D), which might be associated with lower basal serum zinc levels in these animals (Figure 3D). In the PFC, we detected treatment-related changes in monoamine levels only in the elderly animals (Supplementary Figures S5A, B). The 5-HT content increased in the wild-type group, but not in the P2rx7 −/− animals acutely treated with ZnCl2 (n = 6–7 animals/group) (Supplementary Figure S5A). In the elderly group, long-term feeding of zinc-deprived diet animals (n = 9–11 animals/group), NA and 5-HT levels were reduced in a P2X7-dependent way in the PFC (Supplementary Figure S5B).
[image: Figure 4]FIGURE 4 | Zinc intake affects the monoamine contents of the hippocampus (A–D) using HPLC technique. Noradrenaline, dopamine and serotonin levels in P2rx7 +/+ and P2rx7 −/− mice were plotted in the acute (n = 5–9) (A) and long-term fed with zinc-controlled diets young (n = 6–7) (B) animals. Monoamine contents were also measured in elderly animals, that received similar acute treatment (n = 6–9) (C) or a zinc-controlled diet (n = 9–11) (D). Data are expressed as mean ± S.E.M. Data were analyzed by two-way ANOVA followed by Tukey’s test. *p < 0.05; **p < 0.01; ***p < 0.001. HC: Hippocampus; WT: wild-type; KO: knock out; ZnS: zinc-supplemented diet; ZnD: zinc-deficient diet.
Another important neurochemical readout of an antidepressant action is the change in hippocampal BDNF levels. Corresponding to the effects detected in behavioral studies, in young adult animals, acute ZnCl2 treatment increased, where Zn deprivation reduced hippocampal BDNF levels, with an overall genotype effect in the former group, but without interaction (Figures 5A, C). In the elderly group, acute ZnCl2 treatment did not affect the BDNF level in the hippocampus of wild-type animals (Figure 5B), whereas zinc-controlled diet and Zn deprivation decreased it (Figure 5D). In P2rx7-deficient animals, neither acute ZnCl2 treatment nor zinc deprivation had any effect on hippocampal BDNF levels in either age groups (Figures 5A–D). Similar data were obtained during the PFC examination (Supplementary Figure S6). Acute zinc treatment caused an increase in BDNF levels only in young P2X7 +/+ animals (Supplementary Figure S6A). The long-term diets showed changes between genotypes in the elderly group, and both diets increased the BDNF levels in the knockout males (Supplementary Figure S6D).
[image: Figure 5]FIGURE 5 | Examination of hippocampus BDNF protein content by ELISA (A–D). Wild-type and knockout young (n = 5–11) (A) and elderly (n = 6–11) (B) mice were injected intraperitoneally with an acute treatment of saline or ZnCl2 (1 mg/kg). P2rx7 +/+ and −/− young (n = 6) (C) or elderly mice were fed a Zn-controlled diet (n = 9–11) (D). Data are expressed as mean ± S.E.M. Data were analyzed by two-way ANOVA, followed by Tukey’s test. *p < 0.05; **p < 0.01; *** p < 0.001. HC: hippocampus; WT: wild-type; KO: knockout; ZnS: zinc-supplemented diet; ZnD: zinc-deficient diet.
4 DISCUSSION
The antidepressant action of P2rx7 inhibition (Csolle et al., 2013b; Wang et al., 2016; Ribeiro et al., 2019b) and Zn2+ (Mlyniec et al., 2012; Mlyniec et al., 2014; Wang et al., 2018) has been well-established in animal studies, and the inhibitory action of Zn2+ on P2X7 receptors has also been documented (Moore and Mackenzie, 2008; Kovacs et al., 2018; Martinez-Cuesta et al., 2020). Zn2+ and other divalent cations inhibit P2rx7-mediated ion currents via direct binding to the extracellular loop (Liu et al., 2008; Kasuya et al., 2016). Zn is a micronutrient essential for the functioning of the human body and predominantly accumulates in specific regions of the brain, such as the cortex, hippocampus, and amygdala. The largest amount is bound to metalloproteins; the rest is stored in presynaptic vesicles, and the neurons containing them are called zinc-enriched neurons (ZENs) (Takeda, 2000). In the cortex and hippocampus, these ZEN terminals are associated with glutamatergic neurotransmission (Westbrook and Mayer, 1987), whereas in the cerebellum, they are associated with GABA neurotransmission (Wang et al., 2002). By inhibiting glutamate and GABA receptors, zinc plays an important role in synaptic plasticity (Wolf et al., 2018) and can modify the excitability of neurons (Sperlagh et al., 2002; Acuna-Castillo et al., 2007). Zn also inhibits P2X7-mediated functional responses in the hippocampus, such as increased glutamate release in acute slices (Sperlagh et al., 2002) and propidium uptake by hippocampal astrocytes (Kovacs et al., 2018).
Based on these data, our primary goal was to investigate whether P2rx7 plays a role in the mechanism of action of zinc in modulating depression-like behavior in mice in the TST and FST. Simple behavioral tests are widely used for screening potential antidepressant effects; however, they have some drawbacks. Certain drugs and antidepressants increase motor activity, thus yielding false positive results in the aforementioned behavioral experiments (Borsini and Meli, 1988). To achieve this goal, we examined the effects of acute systemic ZnCl2 treatment and a special diet enriched or deprived of zinc. To examine these two effects, we used diets with different zinc contents for the acute and long-term zinc-regulated series of experiments. In the acute protocol, we investigated the antidepressant effects of a single excess dose of Zn. In this case, the diet of the mice did not change compared with the previously used standard laboratory diet, and we measured the changes caused by the injected zinc solution. In the 8-week zinc-controlled diet series of experiments, we examined depression-like behavior caused by zinc deficiency, where we built our own protocol based on literature data (Mlyniec et al., 2012). To validate the effect of the aforementioned treatments, zinc concentrations were measured in the serum following these interventions as based on a previous study, where serum and brain zinc levels were inferred from each other (Wang et al., 2010). In accordance with the available literature (Rafalo-Ulinska et al., 2022), the serum zinc concentration in wild-type mice was substantially increased by acute zinc treatment. Rafało-Ulińska et al. administered 40 mg zinc hydroaspartate/kg or 0.9% NaCl solution orally to their male mice, 1 h before decapitation. Based on their measurements, compared to the serum zinc concentration of the control animals (0.4 ± 0.04 μg/mL), the zinc content of the blood serum of the treated animals was 15 times higher, 6.0 ± 0.85 μg/mL. In our experiments, the 1 mg/kg ZnCl2 solution with the shorter duration of action (30 min), compared to the 0.9% NaCl i.p., compared to treated control mice (7.29 ± 1.27 ng/mL), resulted in a nearly 5-fold higher serum zinc concentration (33.05 ± 4.02 ng/mL). A similar change was observed in the P2rx7 −/− animals; compared to the serum zinc concentration of 4.69 ± 1.77 ng/mL in the controls, we measured a value of 20.03 ± 3.17 ng/mL in the treated mice. Accordingly, acute zinc intake in young and elderly animals reduced the floating time for both genotypes in the behavioral experiments, except for the TST of old animals, where no significant difference was found in the immobility time of the KO animals. This is an antidepressant-like effect, which cannot be explained by the action on locomotor activity, as we could not find either a treatment- or genotype-related difference between the groups in the open field arena within the timeframe of the FST and TST (Supplementary Figure S2). We also replicate previous literature data showing that P2rx7 deficiency by itself exhibited an antidepressant effect, and regarding the movement of the control, that of WT mice was identical to the results of previous experiments (Kroczka et al., 2000; Szewczyk et al., 2002; Nowak et al., 2003; Rosa et al., 2003; Csolle et al., 2013a). However, we were not able to replicate these results in young female mice. One possible explanation for these findings is that the estrous cycle influences the responsiveness of female animals to these tests. The estrous cycle may have an effect on female mouse behavior in anxiety- and fear-related tests compared to male mice (Lovick and Zangrossi, 2021). We also failed to observe an antidepressant-like effect of zinc in female mice, which is noteworthy, as previous studies on the association between zinc and depression were also performed in male animals (Mlyniec et al., 2012; Mlyniec and Nowak, 2012). Therefore, because the prevalence of depression is higher in female animals, the effects of excess zinc and zinc deprivation on depression-like behaviors in female mice require further investigation. Our results in male mice imply that the antidepressant-like effect of acute systemic ZnCl2 treatment is largely independent of the genotype and is mediated by other signaling pathways, such as glutamatergic or GABAergic transmission, or a direct or indirect impact on BDNF levels, as confirmed in the present study (Figure 5A). When animals were fed a long-term, Zn-controlled diet, serum zinc levels were higher than those in the animals fed a standard laboratory diet irrespective of the genotype, in young adults but not in elderly animals. The exact reason for this discrepancy is unknown; however, the most likely reason is the different actual zinc content of the standard laboratory diet (18 mg M Zn/kg) and the Zn-controlled diet (23 mg M Zn/kg). Zinc deprivation in the controlled diet group did not affect serum zinc concentrations. This is consistent with the findings of Wong et al. (2009) and might be explained by the fact that, in contrast to the acute, high-dose treatment, fewer micronutrients were administered to the mice for a longer period, so the serum levels could be saturated.
We have also found differences in basal immobility values between the experiments assessing the effect of acute Zn treatment and the effects of the zinc-controlled diet. The difference in the results obtained by the control groups in the behavioral tests can be explained by the different experimental designs. The mice in the zinc-controlled diet experiment did not receive an injection of saline solution before the behavioral test, which itself is a stressful stimulus. This assumption is supported by the fact that the basal immobility time of wild-type mice is uniformly lower in long-term zinc-regulated diet experiments with naïve mice in both the young adult and elderly groups than in their acutely saline-treated counterparts.
Nevertheless, in our experiments, we showed that a long-term zinc-deprived diet increased immobility in both the FST and TST, and the effect in the TST was attenuated in P2rx7-deficient mice. The same effects were observed in elderly animals, that is, the pro-depressant effect of zinc deprivation was also lost in the absence of P2X7Rs. These results indicate that, in the case of an acute Zn2+ treatment, the divalent cation has a multiplicity of molecular targets, especially ion channels that might mediate its effect on depressive-like behavior. These include NMDA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), GABA receptors, Zn transporters, and G protein-coupled receptor 39 (GPR39) (Costa et al., 2023). The immobility time of wild-type control animals of the same age, but participating in different experiments, varied more than that of P2X7 KO mice (Figures 2A, B). Further experiments are required to determine the specific explanation; however, according to our observations and those of others (Smith et al., 2020), in general, P2X7 KO animals are calmer than their peers and adapt more easily to changing conditions. This is supported by the attenuated adrenocorticotropic hormone and corticosterone responses to acute stress (Csolle et al., 2013b; von Muecke-Heim et al., 2021). In addition, P2X7 receptors might participate in the effect of the TST in old animals; however, this partial involvement argues against the major contribution of the P2X7 receptor to the antidepressant effect of an acute, systemic Zn load. In contrast, in the case of more subtle, long-term changes in Zn concentrations in the local brain microenvironment caused by dietary changes, the inhibitory effect of Zn on P2X7 receptor channels might be more substantial as a mediator of Zn2+-related actions on behavior, as observed in the TST in both young adult and elderly animals and in the corresponding neurochemical alterations.
While searching for potential mechanisms of action, we examined brain monoamine and BDNF levels, which are consistent with the underlying hypotheses of depression-like behaviors. According to the monoamine hypothesis, the pathophysiological basis of depression is a deficit in monoaminergic transmission in the central nervous system (Delgado, 2000; Hirschfeld, 2000), whereas the BDNF theory emphasizes that depression is owing to dysfunctional neurogenesis in brain regions responsible for emotions and cognition (Duman and Monteggia, 2006); that is, the expression of neuronal growth factors decreases when we perceive a stress effect (Kim et al., 2020). In our experiments, as a result of acute Zn injection, the concentration of 5-HT in the HC was increased in both young and old mice, all of which validated the results of the behavioral experiments. Moreover, long-term Zn deprivation reduced monoamine levels in both age groups, indicating that the hippocampal NA, DA, and 5-HT levels of elderly animals are more sensitive to treatment. In this group, changes in PFC monoamine levels were also consistent with depression-like behavior caused by the zinc-deprived diet, especially in the case of NA and 5-HT, which are key pharmacological targets in mood disorders. As for BDNF measurements, our data partially support the results found in the literature, demonstrating increased hippocampal BDNF levels in young adult wild-type animals in response to the acute Zn treatment and a decrease in response to Zn deprivation (Williams and Undieh, 2010; Csolle et al., 2013a; Starowicz et al., 2019; Rafalo-Ulinska et al., 2020). The effect of acute Zn treatment to stimulate BDNF production in young adult wild-type mice is also demonstrated in the PFC. However, in old animals, only zinc deprivation, but not acute treatment, affected BDNF levels and only in wild-type animals.
In conclusion, our data demonstrate that the antidepressant-like effect of extracellular zinc is partially mediated by P2rx7 in a male mouse model, which is supported by changes observed in behavioral experiments. The extent of its contribution probably also depends on the age of the animal and the initial zinc saturation in the serum and brain.
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SNP ID

Gender

Genetic model

Genotype/

allele

Controls

2639

152267076 | Female | Codominant CCvs. TCvs. TT | 32(35%)/49(55.1%)/8(9%) 14(50%)/8(28.6%)/6(21.4%) | - - 0.031*
Allele contrast Cuw.T 113(63.5%)/65(36.5%) 36(64.3%)/20(35.7%) 0966 0.516- 1
1806
Dominant TT vs. TC+CC 8(9%)/81(91%) 6(21.4%)/22(78.6%) 0362 0.114- 0,097
1154
Recessive TC+TT vs. CC 57(64%)/32(36%) 14(50%)/14(50%) 1781 | 0755 0267
4.201
Overdominant CC+TT vs. TC 40(44.9%)/49(55.1%) 20(71.4%)/8(28.6%) 0327 0.130- 0017+
0819
Male Codominant CCvs. TCvs. TT | 37(40.2%)/37(40.2%)/ 7(31.8%)/10(45.5%)/ - - 0822
18(19.6%) 5(22.7%)
Allele contrast Cw.T 111(60.3%)/73(39.7%) 24(54.5%)/20(45.5%) 1267 | 0653 0499
2459
Dominant TT vs. TC+CC 18 (19.6%)/74(0.4%) 5(227%)/17(77.3%) 0827 | 0.289- 0770
2.541
Recessive TC+TT vs. CC 55(59.8%)/37(40.2%) 15(68.29%)/7(31.8%) 0,694 0.258- 0.627
1.865
Overdominant CC+TT vs. TC 55 (59.8%)/37(40.2%) 12(54.5%)/10(45.5%) 1239 0485 0810
3162
152298383 | Female | Codominant CCvs. CTvs. TT | 16(18%)/52(584%)/21(23.6%) | 7(25%)/9(32.1%)/12(429%) | - - 0.045*
Allele contrast Cuw. T 84(47.2%)/94(52.8%) 23(41.1%)/33(58.9%) 1282 0.689- 0446
2356
Dominant TT vs. CT+CC 21(23.6%)/68(76.4%) 12(42.9%)/16(57.1%) 0412 0.168- 0057
1.007
Recessive CT+TT vs. CC 73(82%)/16(18%) 21(75%)/7(25%) 1521 0553- 0587
4185
Overdominant CCHTT vs. CT 37(41.6%)/52(58.4%) 19(67.9%)/9(32.1%) 0337 | 0137- 0.018*
0827
Male Codominant CCvs. CTvs. TT | 27(29.3%)/40(43.5%)/ 5(22.7%)/10(45.5%)/ - - 0870
25(27.2%) 7(31.8%)
Allele contrast Cw.T 94(51.1%)/90(48.9%) 20(45.5%)/24(54.5%) 1253 0.648- 0615
2425
Dominant TT vs. CT+CC 25(27.2%)/67(72.8%) 7(31.8%)/15(68.2%) 0800 0.292- 0792
2191
Recessive CT+TT vs. CC 65(70.7%)/27(29.3%) 17(77.3%)/5(22.7%) 0708 | 0.237- 0.608
2113
Overdominant CC+TT vs. CT 52(56.5%)/40(43.5%) 12(54.5%)/10(45.5%) 1083 0425 1
2759
154822492 | Female | Codominant CCvs. CGvs.GG | 16(17%)/53(60.2%)/2022.7%) | 7(25%)/9(321%)/12(429%) | - - 0.034°
Allele contrast Cw.G 85 (47.8%)/93(52.2%) 23(41.1%)/33(58.9%) 1311 0714 0443
2409
Dominant GG vs. CG+CC 20(22.5%)/69(77.5%) 12(429%)/16(57.1%) 0386 | 0.157- 0051
0949
Recessive CG+GG vs. CC 73(82%)/16(18%) 21(75%)/7(25%) 1521 0553 0587
4.185
Overdominant CC+GG vs. CG 36(40.4%)/53(59.6%) 19(67.9%)/9(32.1%) 0322 0131- 0.016*
0.791
Male Codominant CCvs. CGvs. GG | 26(28.3%)/41(44.6%)/ 5(22.7%)/10(45.5%)/ - - 0872
25(25.8%) 7(31.8%)
Allele contrast Cvw.G 93(50.5%)/91(49.5%) 20(45.5%)/24(54.5%) 1226 0634- 0616
2373
Dominant GG vs. CG+CC 25(27.2%)/67(72.8%) 7(31.8%)/15(68.2%) 0800 0.292- 0792
2191
Recessive CG+GG vs. CC 66(71.7%)/26(28.3%) 17(77.3%)/5(22.7%) 0747 | 0250- 0791
2233
Overdominant CC+GG vs. CG 51(55.4%)/41(44.6%) 12(54.5%)/10(45.5%) 1037 | 0407- 1
2639
154822489 | Female | Codominant GGvs. GT vs. TT | 20(22.7%)/53(602%)/16(17%) | 12(27.6%)/9(53.4%)/7(19%) | - - 0.034°
Allele contrast Gus. T 93(522%)/85(47.8%) 33(58.9%)/23(41.1%) 0763 | 0.415- 0443
1401
Dominant TT vs. GT+GG 16(18%)/73(82%) 7(25%)/21(75%) 0,658 0.239- 0.587
1809
Recessive GT+IT vs. GG 69(77.5%)/20(22.5%) 16(57.1%)/12(42.9%) 2588 | 1053- 0051
6357
Overdominant GG+TT vs. GT 36(40.4%)/53(59.6%) 19(67.9%)/9(32.1%) 0322 0131- 0.016*
0791
Male Codominant GG vs. GT vs. TT | 25(27.2%)/41(44.6%)/ 7(31.8%)/10(45.5%)/ - - 0872
26(28.3%) 5(22.7%)
Allele contrast Gw. T 91(49.5%)/93(50.5%) 24(54.5%)/20(45.5%) 0815 0421- 0616
1578
Dominant TT vs. GT+GG 26(28.3%)/66(71.7%) 5(227%)/17(77.3%) 1339 0.448- 0791
4006
Recessive GT+IT vs. GG 67(72.8%)/25(27.2%) 15(68.2%)/7(31.8%) 1251 0456 0792
3427
Overdominant GG+TT vs. GT 51(55.4%)/41(44.6%) 12(54.5%)/10(45.5%) 1037 | 0407- 1
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Gene

CD73

A2AR

A2AR

A2AR

A2AR

SNP ID

154431401

152267076

152298383

154822492

154822489

Genotype/
allele

Monotherapy

Polytherapy

Codominant CCvs. CTvs. TT | 14 (1L5%)/51 (41.8%)/ 9 (15.8%)/22 (38.6%)/ - - 0733
57 (46.7%) 26 (45.6%)
Allele contrast Cw.T 79 (32.4%)/165 (67.6%) 40 (35.1%)/74 (64.9%) 0886 0554-1416  0.631
Dominant TT vs. CT+CC 57 (46.7%)/65 (53.3%) 26 (45.6%)/31 (54.4%) 1046 0.556-1965 | 1
Recessive CTVITw.CC | 108 (8514 (11.5%) 48 (84.2%)/9 (15.8%) 1446 0586-3571 | 0474
Overdominant CC+TT vs. CT 71 (58.2%)/51 (41.8%) 35 (61.4%)/22 (38.6%) 0.875  0460-1665 0745
Codominant CCvs. TCvs. TT | 41 (33.6%)/63 (51.6%)/ 27 (47.4%)/23 (40.4%)/ - - 0222
18 (14.8%) 7 (12.3%)
Allele contrast Cw.T 145 (59.4%)/99 (40.6%) 77 (67.5%)/37 (32.5%) 0704 | 0441-1124 | 0.161
Dominant TT vs. TC+CC 18 (14.8%)/104 (85.2%) 7 (123%)/50 (87.7%) 1236 0485-3.152 | 0818
Recessive TCHTT vs. CC 81 (66.4%)/41 (33.6%) 30 (52.6%)/27 (47.4%) 1778 | 0.936-3377 | 0098
Overdominant CC+TT vs. TC 59 (48.4%)/63 (51.6%) 34 (59.6%)/23 (40.4%) 0.634 | 0335-1198 | 0.199
Codominant COvw CTw TT | 32 @62%)/66 (5419 10 (17.5%)/25 (43.9%)/ - - 0023
24 (19.7%) 22 (38.6%)
Allele contrast Cw.T 130 (53.3%)/114 (46.7%) 45 (39.5%)/69 (60.5%) 1749 | 1113-2748 | 0017°
Dominant TT vs. CT+CC 4 (19.7%)/98 (80.3%) 22(38.6%)/35(61.4%) 0390 | 0.194-0781 | 0.010%
Recessive CT+TT vs. CC 90 (73.8%)/32 (26.2%) 47 (82.5%)/10 (17.5%) 0598 | 0271-1322 | 0257
Overdominant CC+TT vs. CT 56 (45.9%)/66 (54.1%) 32 (56.1%)/25 (43.9%) 0.663 | 0352-1248  0.261
Codominant CCvs. CGvs. GG | 32 (26.29%)/67 (54.9%)/ 9 (15.8%)/26 (45.6%)/ - - 0013+
23 (18.9%) 22 (386%)
Allele contrast Cw.G 131 (53.7%)/113 (46.3%) 44 (38.6%)/70 (61.4%) 1844 | 1172-2902 | 0009
Dominant GG, CGHCC | 23 (189599 (811%) 22 (38.6%)/35 (61.4%) 0370 | 0.184-0744 | 0.006*
Recessive CG+GG vs. CC 90 (73.8%)/32 (26.2%) 48 (842%)/9 (15.8%) 0527 | 0233-1195 | 0.132
Overdominant CC+GG vs. CG 55 (45.1%)/67 (54.9%) 31 (54.4%)/26 (45.6%) 0.688  0366-1295 0265
Codominant GG ve. GT w. TT | 23 (18.9%) 67 (549%) 22 (38.6%)/26 (45.6%)/ - - 0013+
32 (262%) 9 (15.8%)
Allele contrast G T 113 (46.3%)/131 (53.7%) 70(61.4%)/44(38.6%) 0542 03450853 0.009
Dominant T GT/GG | 32 @625)/90 (735%) 9 (15.8%)/48 (84.2%) 1896 | 0.837-4298 | 0132
Recessive GT + TT vs. GG 9 (81.1%)/23 (18.9%) 35 (61.4%)/22 (38.6%) 2706 | 1343-5449 | 0.006%
Overdominant GG+ TTvs. GT | 55 (45.1%)/67 (54.9%) 31 (54.4%)/26 (45.6%) 0.688  0366-1295 0265
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SNPID  Gender Genetic Genotype/ Controls p value

model allele
154431401 | Male Codominant CCvs. CTvs. TT | 11(12%)/40(43.5%)/ 15(68.29)/4(18.2%)/ - - 0.000*
41(44.6%) 3(13.6%)
Allele contrast Cw.T 62(33.7%)/122(66.3%) 7027 0149 0.069-0322 | 0.000%
Dominant TT vs. CT+CC 41(44.6%)/51(55.4%) 3(13.6%)/19(86.4%) 5002 1.408-18.407 | 0013*
Recessive CT+TT vs. CC 81(88%)/11(12%) 7(31.8%)/15(68.2%) 15779 | 5.273-47.221 | 0.000°
Overdominant CC+TT vs. CT 52(56.5%)/40(43.5%) | 1s18%74082%) 0289 0.091-0921 | 0.049%
Female | Codominant | CCus T T | 12035%)/3408259) 9(32.1%)/10(35.7%)/ - - 0067
43(48.3%) 9(32.1%)
Allele contrast Cw.T 58(32.6%)/120(67.4%) | assomy2850%) 0483 0263-0.890 | 0.026%
Dominant TT vs. CT+CC | a3 350a6(51.7%) | sa100019(67.9%) Clomy oso6asm | 0150
Recessive CT+TT vs. CC 77(86.5%)/12(13.5%) 19(67.9%)/9(32.1%) 3039 1119-8258 | 0.045%
Overdominant CC+TT vs. CT 55(61.8%)/34(38.2%) 18(64.3%)/10(35.7%) 0899 | 03712174 | 0828
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Protein

P2X,

Dioscin
Polyphyllin H
Polyphyllin I
Polyphyllin V
Polyphyllin VI
Polyphyllin F

Gracillin

Binding energy kcal/mol

-120

-117

-1L6

-112

-10.8

-10.6

=57

Amino acid binding site

ARG295/281, TYR285, TRP152, GLY129/130
ARG295/529, GLN102, TRP152, GLU109
TYR285, ARG295, GLN102, TRP152
GLU109/156, GLY129/130, ARG295, TYR285
ARG295/281, TYR285, TRP152, GLY129/130
ARG295/281, TYR285, TRP152, GLU109

ARG25, GLY314, ASP248
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Name
IL-1B (Forward sequence)
IL-1B (Reverse sequence)
1L-6 (Forward sequence)
IL-6 (Reverse sequence)
TNF-a (Forward sequence)
TNF-a (Reverse sequence)
P2X, (Forward sequence)
P2X; (Reverse sequence)
B-Actin (Forward sequence)

B-Actin (Reverse sequence)

i
)

GCAACTGTTCCTGAACTCAACT

Sequence (5!

ATCTTTTGGGGTCCGTCAACT

TAGTCCTTCCTACCCCAATTTCC

TTGGTCCTTAGCCACTCCTTC

CCCTCACACTCAGATCATCTTCT

GCTACGACGTGGGCTACAG

AAAGCTGGACCATTGGGATCA

CGTGTCCCGCACTTGGTAG

GTGACGTTGACATCCGTAAAGA

GCCGGACTCATCGTACTCC
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NO.  Expected Retention  Retention time  Adduct/  Formula  Precursor  Found at Mass Component
RT time Delta (min) Charge mass mass error name
(ppm)
1 219 249 0 [M-H] CysHy,0,; 883.47 883.4703 07 Gracillin
2 25.74 2574 0 [M-HJ CuHyO1 869.454 869.4521 -22 Polyphyllin H
3 26.65 26.65 0 [M-H] CioHexO1 737412 7374112 -08 Polyphyllin VI
4 35.61 35.69 0.08 [M-H] CsiHy0z0 1013.533 035243 | 83 Polyphylin F
5 37.07 37.1 0.03 [M-H] CisHy:O6 867.475 867.4784 42 Dioscin
6 38.56 386 0.04 [M-HJ CuHyO6 853.459 8534587 -04 Polyphyllin I
7 4096 4095 001 [M-H] CiHexOr2 721417 7214157 -16 Polyphyllin V' J
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Sleep Torpor Hibernati References

Adenosine Yes Unknow Unknow Porkka-Heiskanen et al. (1997), Clasadonte

accumulation etal. (2014), Huang et al. (2014), Tartar et al.
(2021), Omond et al. (2022)

Key receptors ARRS, AyRs ARs, AjRs ARs

Related brain TMN, LH, Brain stem, BF, VLPO, LPO, | NTS, rPA, hypothalamus | NTS, rPA, MnPO, SON, Huang et al. (2014), Yuan et al. (2017), Oishi

regions NAc, OT, Striatum thalamus, et al. (2017), Shimaoka et al. (2018), Silvani
etal, 2018, Li et al, 2020

Roles of AR-mediated sleep-wake effects are Activation of A,Rs or ARs may mediate hibernation | Huang et al. (2014), Drew et al. (2017), Silvani

adenosine brain region-dependent; A,Rs promote | A;Rs mimic the induction
receptors sleep by inhibiting arousal systems of torpor

via regulating core body etal. (2018), Lazarus et al. (2019a)
temperature.
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Sleep Hibernatio ferences
Energy saving 5%-15% >90% Swoap et al. (2017), Mohr et al. (2020)
Metabolic rate 70%-90% ~35% of BMR 6% of BMR Ruf and Geiser (2015)
of BMR
BP (relative decrease to normal value) ~10% 25%-30% 40%-80% Silvani and Dampney (2013), Ambler
etal. (2021)
Body temperature (the decrease compared | <3'C 5C-20C 15°C-35°C Berger (1984)
10 36:C-40°C)
Respiration rate (% of active state) 100%-80% 5%-20% 2%-3% Mohr et al. (2020)
HR (% of active state) 70%-90% 10%-30% minimum HR (70 o 1%-4% minimum HR (5to  Swoap et al. (2017), Mohr et al. (2020)
150 bpm) 10 bpm)
EEG (NREM) 1 1 1L Huang et al. (2021)
EMG (NREM) 1 U i Huang et al. (2021)
HP 1 1 1 Silvani and Dampney (2013)
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Observation

Reference(s)

Receptor/Agonist/ Drug name

Antagonists

P2X4 antagonists 5-BDBD
P2X4 antagonists 5-BDBD
P2X7 antagonist A-804598
P2X7 antagonist A-804598

P2X7 agonist BZATP
P2X7 antagonist A-438079
P2X7 KO
P2X7 antagonist A-438079

Mouse ICH

Mouse
MCAO

E-cigarette-induced BBB damage in vitro

LPS-induced BBB injury mouse

Human astrocytes and hCMEC/D3 coculture

Human astrocytes and hCMEC/D3 coculture

Cecal ligation and puncture (CLP) mouse

Rat intracerebral hemorrhage (ICH)

Cerebral edema ; Infiltrating leukocytes and
‘microglia|; Claudin-5; Extravasation of Evans
Blue|

Neurological deficit scores|; IL-1p; Infiltrating
leukocytes|; Microglia/monocyte activation;
Extravasation of Evans Blue|

Prevent BBB damage by improving
mitochondrial dysfunction in endothelial cells

Hippocampal Occludin and ZO-11; Prevent
BBB damage

ZO-1 and Occludin; IL-1p and MMP-9T;
10 KDa dextran extravasationT; Increased BBB
permeability

70-1 and Occludin; IL-1§ and MMP-9;
10 KDa dextran extravasation|; Prevent BBB
damage

Caspase-1and MMP-9]; breakdown product of
Z0-1 and spectrin.

Neurobehavioral deficits|; brain water
content|; Evans blue extravasation]; activated
RhoA |; Occludin, VE-Cadherin, ZO-1T

Wu et al. (2022)

Srivastava et al.
(2020)

Mekala et al. (2022)

Wang et al. (2022)

Yang et al. (2016)

Yang et al. (2016)

Wang et al. (2015)

Zhao et al. (2016)

P2X7 antagonists Bright Blue G (BBG)

and A-438079
P2X7 antagonists BBG
P2V, antagonist MRS2500

P2Y, antagonist Reactive Blue 2(RB-2)

P2Y); antagonist/P2Y,, KO | P2Y,; antagonist

clopidogrel

MDMA-induced neuroinflammation in rats

Rat model EAE
Hypoxic damage stimulated mouse primary
brain microvascular endothelial cells in vitro

Kainic acid-induced epileptic rat model

Laser-induced BBB opening in mice

MMP-9, MMP-3 activity|, basal lamina
degradation]; IgG extravasation]; microglial
activation|; Reduces BBB breakdown

Clinical signs of EAE[; claudin-5 and
PDGERT; Decreased BBB permeability

Z0-1 and VE-cadherin; Enhanced endothelial
barrier integrity

P2Y4/TSP-1/TGF-betal/pSmad2/3 pathwayl,
Evans Blue contents|; Outflow of Alexa Fluor
488 from capillaries|

Exhibited significantly diminished movement

of juxtavascular microglial processes; outflow of

Alexa Fluor 488 from capillariesT; Aggravated
BBB defects

Rubio-Araiz et al.
(2014)

Grygorowicz et al.
(2018)

Raghavan et al.
(2022)

Zhang et al. (2019)

Lou et al. (2016)
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Drug name

Receptor/Agonist/

Antagonists

Observation LEEEEO)]

A, antagonist DPCPX

A, and A, agonists; A, KO;
Az KO

A, agonists: CCPA; Agy
agonists: CGS 21680 or Lexiscan

In vitro BBB model:Co-culture of
hCMEC/D3 and HEB

Mouse model of brain drug delivery;
mouse brain endothelial cells in vitro

MPTP-induced PD mouse model

Cholesterol-induced AD model in
rabbits

Sleep-restricted rats model

‘Thromboembolic stroke mice

Diet-induced insulin-resistant mice

Human brain endothelial barrier
(hBBB) model in vitro

Brain metastasis of lung cancer

ERM and MLC phosphorylation ; Liang et al. (2020)

TEERT; Na-F permeability ; Improved
BBB integrity

In vivoithe permeability of the BBB to | Carman et al. (2011)

low molecule dextrant In vitro:
TEER; Tight junction molecules|;
Actinomyosinstress fiber formationT;
Ai/As agonists induced BBB
permeability, effects lost in KO mice

Leakage of Evan's blue dye and FITC- | Chen et al. (2008a)

albumin |; ZO-1and occludinf;
Reactive gliosis|
Extravasation of IgG and fibrinogen |; Chen et al. (2008b)
Leakage of Evan's blue dyel, Occludin
and ZO-17; astrocytes activation and
microglia density|

Hurtado-Alvarado et al.
(2016)

Z0-1 and claudin-57 10 and 70 kDa
FITC-dextran permeability|; Evans
blue permeability; GFAP and Tba-1

overexpression|

Evans blue leakage|; Leukocyte Zhou et al. (2019)

infiltration, brain edema, and
neuroinflammation |; NLRP3, caspase
LIL-1B]; Improved BBB integrity

Evans blue and NaFl leakage ; claudin- = Yamamoto et al. (2019)

5and Occludin]

Phosphorylation of ERM and FAKT; | Kim and Bynoe (2015)

Claudin-5 and VE-Cadherin|

Proliferation and migration ability of | Chen et al. (2020)
PC-9 cells|; Claudin-5, Occludin, and
ZO-11, MMP2 and MMP9] Improved

BBB integrity

Broad-spectrum adenosine Caffeine
receptors(AR) antagonist
Broad-spectrum AR antagonist Caffeine
Aay antagonist SCH58261
Adora2a ¢ mice
A2A antagonist; Adora2a®* SCH58261
mice
FDA-approved A, agonist Lexiscan
Ay agonist CGS21680
Ay agonist CGS21680
Azp agonist BAY 60-6583
A, agonist AST-004

In vivo: EAE model mice; In vitro:
Thi cytokine stimulation in mouse
brain endothelial cells

Rats with (tMCAO)

Mouse Model of Traumatic Brain
Injury

MLC phosphorylation|; ZO-1 and Liu et al. (2018)

Claudin-51; Formation of stress fibers ;.
Safeguard BBB function

Volume of tissue lesions; Brain Lietal. (2017)
swelling|; leakage of albumin|; MMP-
9]; ZO-1 degradation|; Protects the

blood-brain barrier

Leakage of Evans Blue|; ATP Bozdemir et al. (2021)

production in astrocytes|






OPS/images/fphar-14-1112758/fphar-14-1112758-t003.jpg
Compound

Company or sponsor (country)

Disease

Clinicaltrials.Gov number
(phase)

Caffeine University Hospital, Lille (France) AD 200 mg NCT04570085 (3)
B

Istradefylline Kyowa Hakko Bio (Japan) PD 20 or 40 mg NCT00250393 (2)

BID NCT00955526 (3)

NCT01968031 (3)

Tozadenant Hoffmann-La Roche (The Switzerland); Biotie Therapies (Finland) PD 120 0r 180 mg BID | NCT01283594(2)

NCT03051607 (3)

7Vipadgmnl Vernalis (United Kingdom); Biogen Idec, RedoxTherapies (Juno PD 300r 100 mg | NCTOM38607(2)

‘Therapeutics) (US)
QD NCT00442780 (2)
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