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ABSTRACT  

P2X receptors (P2XR) are a family of seven cation channels gated by extracellular ATP 

(eATP). Activation of P2XRs results in diverse cellular responses, including cell signalling, 

proliferation, differentiation, and death - all critically important in multiple physiological 

and pathophysiological states. These receptors, therefore, represent therapeutic targets 

of considerable interest. However, P2XRs, while structurally related, exhibit highly 

divergent and context-dependent functions. Their spatiotemporal and functional 

complexity is evident by overlapping expression across multiple cell types that can shift 

dynamically during physiological processes or disease progression. Furthermore, P2XRs 

can assemble as homo- or hetero-trimers, with distinct functional properties. These factors 

complicate definitive identification of a given P2XR responsible for a specific 

pathophysiological effect. Receptor activity in vivo is transient because of receptor-

specific mechanisms and follows eATP breakdown by ectonucleotidases. Any correlation 

of ATP release with receptor engagement, as assessed in vitro, often does not correspond 

with the in vivo dynamics. Translation from animal models to humans is complicated by 

the species-specific pharmacology of some P2XRs, confounded by many animal models 

in use not fully replicating human P2XR function and regulation in pathology. Furthermore, 

there are no clinical biomarkers to distinguish incomplete receptor blockade from lack of 

therapeutic effect. Thus, translation has been very limited. To identify and validate specific 

P2XR functionalities, future experimental designs should use approaches and assays that 

can reliably assess receptor involvement, while reducing methodologically flawed 

findings. We propose guidelines developed in consultation with the purinergic community 

for consistent and reliable research practices in P2XR studies.  

We dedicate this work to the memory of Francesco di Virgilio. He was not only an 

outstanding leader in purinergic signalling research but a mentor and friend to many of 

us, always inspiring a culture of data reliability and scientific innovation. 

 

FACTS 
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assisting survival in another. This variability underscores the multifaceted P2XR functions but also 

highlights the potential of these receptors as therapeutic targets in various human diseases. To 

this end, a variety of selective pharmacological agonists, antagonists, and biologics have been 

developed, with new therapeutic agents continually emerging (2). Several of these agents entered 

clinical trials, emphasising the potential for P2X receptor-targeted therapies (3,4). Yet, many trials 

reported disappointing results (5,6), which may partly be due to the incomplete understanding of 

specific functions of P2XRs. 

Given the growing momentum in developing therapeutically relevant drugs targeting P2XRs, it 

seems important to establish a universally accepted set of criteria to validate the specificity and 

potency of these agents. It is also helpful to provide the scientific community with reliable 

recommendations detailing assays that can robustly assess P2XR roles across a variety of 

experimental paradigms. Such standards would allow researchers to better cross-reference 

findings between laboratories, without stifling the development of new, improved assays or 

methods. This approach may also provide newcomers to the field a practical toolkit for assessing 

core P2XR functions.  

We present a contemporary set of guidelines developed in consultation with the wide purinergic 

community. It is intended for researchers to plan and interpret their experiments, and for reviewers 

to critically assess experimental approaches involving P2XRs. Adherence to these guidelines 

should enhance the quality of analysis and facilitate the identification of new P2XR functions and 

therapeutic applications. As experimental methodologies evolve and new assays emerge, these 

guidelines will need to be revisited and refined. Nevertheless, these will hopefully serve as a 

foundation for consistent and reliable research practices in P2XR studies.  

Analysing P2XR functions requires several key factors to be considered (Figure 2), as these 

receptors exhibit significant functional diversity despite shared characteristics. Specifically, 

although ATP is the primary agonist for P2XRs, different subtypes have varying response 

thresholds, spanning the nM to mM range. Furthermore, different P2XRs have distinct 

desensitization kinetics; kinetics of receptor-generated ion current and ATP stability are 

temperature-dependent and pH-sensitive. Therefore, the pH and temperature of the assay 

medium must be controlled, and agonist application timing optimised. The functional inhibition by 

extracellular divalent cations must also be considered (see section: The electrophysiological 

methods in P2X receptor studies). 
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The release of endogenous ATP can be triggered, in a cell-specific manner, by relatively trivial 

manipulations of cells in culture, and affect the experimental outcome. On the other hand, eATP 

degradation occurring in the course of the experiment can diminish the P2XRs activation but also 

produce bioactive breakdown products (e.g., adenosine), activating other receptors, often with 

opposing functions (see section: Control for ATP release and degradation). 

Additionally, specific assays may not be applicable across all cell types, tissues, or organisms, 

with some noticeable species-specific P2XR differences. Primary cell cultures (e.g., neuroglia, 

immune cells) often express multiple P2XR subtypes whose expression can vary with time in 

culture and culture conditions. Recombinant expression of specific P2XRs provides more 

controlled conditions, but such systems should be controlled for the effects of receptor 

overexpression, altered receptor trafficking, and also ensure the appropriate receptor interactome 

for the physiologically relevant readouts. Moreover, some cell lines can express endogenous 

receptors. 

Use of specific positive and negative controls is an obvious, yet sometimes overlooked, 

requirement in P2XR assays. The application of appropriate receptor antagonists and 

corresponding vehicle controls, knockout (KO) cells and organisms, molecular, biochemical, and 

immunodetection methods confirming the target receptor presence ensures the desired outcome. 

The choice of assay/detection methods also requires consideration. Electrophysiology can 

provide direct ion flux measurements and assess conductance changes, while Ca2+ imaging 

extends the understanding of functional P2XR activation after the opening of the channel (see 

sections: The electrophysiological methods in P2X receptor studies and Calcium imaging 

in P2X receptor studies). Furthermore, some P2XRs evoke unique functional responses that 

can be measured (see section: P2X7 receptor-specific assays).  

Finally, it is important to recognize that a significant portion of data generated in isolated cells 

maintained in vitro may not accurately reflect the physiological roles of P2XRs in vivo, where the 

function is often modulated by cell-cell interactions and various physiological and pathological 

factors. Therefore, in vitro studies must be interpreted with caution and ideally replicated in vivo 

or in organotypic models to fully understand the functional relevance of P2XR signalling (see 

sections: Selection of cellular models and experimental strategies and Assessing P2X 

receptors in vivo).  

ATP release as a confounding factor, and quantification of eATP  
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ATP release occurs through multiple pathways, including exocytosis, membrane channels, and 

passive leakage from damaged cells. While it serves diverse biological roles and can also 

contribute to pathological conditions, it also needs to be reckoned with when designing any P2XR 

experiments.  

ATP can be released when the cell membrane potential changes, upon agonist or hormone 

stimulation, hypoxia, or in response to mechanical disturbances such as shear or osmotic stress. 

The latter phenomena can occur in physiological situations, such as fluid flow in pre-urine in 

kidney tubule or secreting or distending epithelium (7
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mixtures to media directly above cells to record ATP release following pharmacological or 

mechanical stimulation (20). Alternatively, a luciferase enzyme bound to the cell surface with an 

anchor protein, e.g., Staphylococcus protein A for the spaLUC probe can be used (21), with 

exogenous luciferin substrate added to the system. In an online assay, luminescence can be 

rapidly triggered, but the readout may linger after ATP has been degraded, thus providing real-

time measurements for ATP release but not its removal. Soluble luciferase-based assays are 

broadly used in vitro and in biofluids collected by microdialysis (22,23), but not suitable for in vivo 
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ion channels (34,41), synthetic challenges (35), the lack (until recently) of structure-based design 

approaches (39,41), and the lability of many of the ligands in biological systems (34). Many of the 

P2XR antagonists do not compete with ATP, and the elucidation of their allosteric binding enables 

future ligand discovery (36,39). The family of natural products related to ivermectin [13, 14] was 

characterized as P2X4R allosteric enhancers (38). Their confounding activity at GABAA receptors 

has been overcome [16], and a simplified scaffold has been shown to retain the P2X4R-enhancing 

activity [15].  

It is important to scrutinise the selectivity and affinity of a given antagonist to a particular species 

under study, as many display species variability (34,36,37), whereas heteromeric P2XRs (e.g., 

P2X2/3R) can show unique species differences compared to homomers. Potency shifts mean 

rodent doses may not predict human therapeutic doses. Moreover, the pharmacokinetics of a 

given ligand should be considered, as many of these compounds have short half-lives and lack 

bioavailability, depending on the route of administration. Much effort has been devoted to the 

introduction of antagonists that cross the blood-brain barrier (BBB), for probing CNS effects (36). 

For example, [44, 47, 49, 50, and 52] readily cross the BBB. The phosphate-containing ligands, 

mostly P2XR agonists, cannot penetrate the intact BBB and enter the CNS, and their activity in 

vivo may reflect their conversion to ADP or adenosine, which activate metabotropic P2Y or 

adenosine receptors.  

Antagonists for P2X3R [29-32] and P2X7R have progressed to clinical trials for anti-inflammatory 

[43-45, 48] and psychiatric (JNJ-61393215, JNJ-89495120, not shown) therapeutics (42) and as 

imaging agents [44, 50-52], (19,43). At least one P2X4R antagonist (NC-2600, structure not 

disclosed) has progressed to the clinical trial stage for chronic pain (36). P2X3R antagonists, 

designed for the treatment of chronic cough, have varying degrees of affinity at heteromeric 

P2X2/P2X3 receptors, which are responsible for side effects, including reduced taste sensation. 

Ligands for positron emission tomography (PET) imaging in vivo, containing an 11C or 18F isotope 

(mostly for P2X7R, but also for P2X4R), were characterised (36). Such tools are important for 

establishing a pharmacokinetics and pharmacodynamics (PK/PD) relationship for experimental 

drugs, especially for CNS applications. Unfortunately, various P2X7R antagonists have already 

failed in clinical trials. One possible reason for the failure may be the many naturally occurring 

single-nucleotide polymorphisms (SNPs) leading to various missense mutations in the P2X7R 

that are widespread in human populations (43), but other possibilities should also be considered 

(see chapter: ASSESSING P2X RECEPTORS IN VIVO) 
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Modulation of P2X receptors  

A key consideration when modulating P2XR activity is the concentration of the agonist. For 

example, for P2X7R, ATP concentration critically influences the outcome, with low levels 

promoting pro-survival effects, while high levels can induce cell death (44). A dose
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and structural studies (39,46
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purification protocol for the hP2X3R was modified to include extensive dialysis of harvested cell 

membranes before detergent solubilization to remove the bound ATP (52). This protocol was 

further refined/optimized to isolate the hP2X1R in the apo closed state conformation (55). This 

method prevents endogenous ATP from altering conformational states and can be applied to the 

purification of other P2XR subtypes, such as the hP2X2R (60).   

 

Several ligand binding assays on purified P2XRs can be used to study and quantitate small-

molecule/receptor interactions. For example, radioactive filter binding and scintillation proximity 

assays (SPA) have been employed to directly measure the low nanomolar binding affinity of 

radiolabelled ATP (3H-ATP) to purified, detergent-solubilized zfP2X4R and hP2X3R, respectively 

(52,59). SPA was also used to assess the binding of competitive antagonists to detergent-

solubilized hP2X3 receptors by measuring the inhibition/displacement of 3H-ATP binding (52). 

However, attempts at using these same radio-isotope techniques to measure ligand binding to 

the P2X7R were not successful, presumably due to the significantly lower affinity of ATP to the 

P2X7R subtype. To overcome this, a recently developed protocol using bio-layer interferometry 

(BLI) to measure the kinetics and equilibrium binding affinity of ATP to purified detergent-

solubilized rP2X7R and hP2X7R can be utilised (39,54,56,61).  

 

To maximise the signal between the large ligand and small analyte, the raw data are double-

reference subtracted. The BLI experiments directly measuring the binding affinity (KD) of the P2X7 

receptor for ATP confirmed that the P2X7R does have a lower binding affinity for ATP compared 

to other P2XR subtypes (39,56). Notably, P2X6R subunits cannot homo-oligomerise into the 

trimeric structure typical of functional P2XRs (62). 

 

The major advantage of BLI is the possibility of studying the interactions of ligands to receptors 

without requiring radioactive compounds. While radioactive ATP is readily available and relatively 

inexpensive, it can only be used to assess the binding of competitive antagonists through 

displacement assays. The synthesis of radioactive analogues for ligands that bind outside the 

orthosteric ATP-binding pocket is not easily accomplished. BLI, on the other hand, can be used 

to evaluate the binding of allosteric antagonists, as was successfully performed for the binding of 

methyl blue to rP2X7R (54). It should be noted, though, that measuring the binding of small 

molecules to the P2X7R is at the edge of detectability for this method (for example, the binding 

of three ~500 Da molecules of ATP to a P2X7R that is > 200 kDa in size), and BLI might not be 

ideally suited for hydrophobic ligands.  
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The electrophysiological methods in P2X receptor studies 

Electrophysiological techniques used to study P2XRs, as well as to identify novel subtype-

selective agonists and antagonists for clinical applications, include two-electrode voltage-clamp 

and whole-cell patch-clamp recordings. The pharmaceutical industry leverages high-throughput 

automated patch-clamp approaches, which enable simultaneous recording from multiple cells 

(63). 

The patch-clamp technique combined with targeted mutagenesis revealed the general 

characteristics of homo or hetero-trimeric P2XRs (e.g., P2X1/5R, P2X2/3R), the subunit structure-

function correlations (64), ATP binding pocket arrangement (65), and agonist/antagonist 

specificity. 

As frog oocytes and HEK293 cells do not express endogenous P2XRs, all subtypes of 

recombinant P2XRs, and their modifications, can be expressed in these cells following 

transfection with specific constructs (64) Patch-clamp recordings demonstrated that the 

recombinant and native receptors respond identically to ATP. However, it has to be remembered 

that recombinant receptors expressed in heterologous systems are unlikely to have their native 

interactome involved in downstream signalling. 

Thus, the ion current recordings can reveal molecular events immediately coupled to receptor 

activation (inward fluxes of Na+/Ca2+ and outward flux of K+). The Ca2+ imaging further extends 
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made only in the equilibrium state. More advantageous is the pressure application of agonists at 

single drug concentrations from micropipettes, whereas fast local superfusion systems are 

optimal, because these allow for the rapid change of minute quantities of drug concentrations 

around the cell (66,67). However, in many cells, fast superfusion or injection can cause ATP 

release, and this needs to be controlled. 

Filling of cells with a fluorescent dye, such as lucifer yellow, helps cell identification. Co-staining 

using lucifer yellow with post-hoc immunohistochemistry with one of the neuronal, astrocytic, 

oligodendrocyte, or microglial markers ensures cell type identification. 

It is also worth noting the unique properties of specific P2XRs subtypes, such as rapid 

desensitization of P2X1Rs and P2X3Rs (64), agonist sensitivity where P2X7R requires 

micromolar-millimolar range, considerably higher than P2X1-6 receptors, or the ability to open the 

large pore on long-lasting or repetitive agonist application (see chapter: P2X7 RECEPTOR-

SPECIFIC ASSAYS). The functional inhibition by extracellular divalent cations (Ca2+, Mg2+, Zn2+, 

Cu2+) is also a consideration (68), where e.g., P2X7R currents can be amplified by the low divalent 

cationic conditions in the bath solution (69). 

Use of structural analogues of ATP with increased specificity for particular subtypes can help 

distinguish receptors even further (see section: Agonists and antagonists used in P2X 

receptor research).  

 

Calcium imaging in P2X receptor studies 

Recording changes in intracellular Ca2+ concentration ([Ca2+]i) is used in studies of P2XR function 

and pharmacology. This method is advantageous for cells growing in suspension or primary cells 

that are not easily transfected or difficult to patch, such as myeloblasts (70). Several fluorescent 

dyes, with specific properties, are being used, including Fura-2 (ratiometric, reduces background 

noise), Fluo-4 (single-wavelength, easy for high-throughput screening), and GCaMP (genetically 

encoded Ca2+ indicators for cell-specific live imaging). Ratiometric [Ca2+]i measurements are 

based on the monitoring of changes in the Fura-2 emission ratio at 340/380 nm excitation 

wavelengths, allowing estimation of the actual [Ca2+]i (71). The protocol was developed for cells 

maintained in suspension, but it can be used for most adherent cell types following their 

detachment. However, some cells need to adhere to the substrate to show P2XR-dependent Ca2+ 

fluxes. In such cases, it is still possible to use Fura-2 by growing the cells on coverslips at an 
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adequate density, loading them with the dye while still on this support, and mounting the 

coverslips in a fluorimeter cuvette for measurements (72



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 
 

descends rapidly, so their appearance is different from that of the sustained entry measured for 

non-desensitizing P2XRs. However, to completely exclude a P2Y-dependent component in the 

[Ca2+]i  rise activated by the agonist applied, control experiments with no Ca2+ in the measurement 

buffer, and with either EDTA or BAPTA addition to completely chelate extracellular Ca2+, can be 

performed. Under these conditions, any [Ca2+]i  rise following the administration of an agonist 

denotes that Ca2+ is released from intracellular stores and, therefore, has a P2Y-dependent effect. 

For more details on the experimental settings, see (44,85
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fluorescent signal, these dyes need to be added 10-15 min before ATP-mediated opening of the 

P2X7R. Also, use of a physiological buffer (93) or a sucrose-based saline solution (70,94,95) 

rather than cell culture media or PBS is preferable for optimal response, and serum in the assay 

buffer dramatically reduces the potency of ATP effects (see section: Impact of serum in the 

assay buffer). Dye uptake usually starts 5-10 min after ATP stimulation and lasts for ~30 min 

(96). However, in some studies, shorter dye preincubation times were sufficient, and responses 

were evoked within seconds (97). Dye uptake can also be assessed in cells in suspension using 

a fluorimeter with stirred cuvettes, and in slices (98). 

Anionic dyes, such as lucifer yellow, can also be used, but seem to present different uptake 

properties depending on the cell type employed, e.g., being captured by macrophages, but not 

by HEK293 cells expressing P2X7R (98,99). In muscle cells but not in macrophages, autophagy 

is needed for LP formation and molecules entering through the pore can be targeted to 

phagophores (100).  

Analysis of P2X7R structure, both in apo and ATP-bound states, was unable to identify a receptor 

state with a dilated pore (53). Therefore, it is still an open question whether the P2X7R ion channel 

dilates over time of activation and forms an initial conduit for LP formation that can then be 

amplified with the activation of accessory proteins. Several proteins have indeed been linked to 

P2X7R LP formation, including pannexin-1 and gasdermin D. The expression of these proteins 

will condition the dye uptake found in different cellular models.  

When analysing LP formation in lipopolysaccharide (LPS)-primed macrophages, it needs to be 

considered that P2X7Rs also trigger the NLRP3 inflammasome (see section: NLRP3 

inflammasome activation); activation of caspase-1 will lead to gasdermin D oligomerization in 

the plasma membrane and the formation of pores (101). These pores allow the dyes to pass and 

could interfere with the identification of P2X7R LP induction. Thus, specific inhibitors of NLRP3 

(e.g., MCC950) need to be used to eliminate the contribution of gasdermin D to dye uptake. 

 

NLRP3 inflammasome activation  

When eATP is studied as a pro-inflammatory molecule, classical experimentation relies on the 

treatment of macrophages with mM concentrations to trigger the P2X7R-induced nucleotide-

binding NLRP3 inflammasome. These treatments are usually acute (around 30 min), and the use 

of a physiological buffer (93) without serum is recommended to obtain the best responses (see 

section: Impact of serum in the assay buffer).  
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Before application of ATP, macrophages are primed with compounds that activate NF-
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measured by ELISA, as very little of the cytokine is produced. Alternatively, ASC (apoptosis-

associated speck-like protein containing a caspase recruitment domain (CARD)) oligomerization 

can be measured with flow cytometry (110,111). This protocol allows for a monocyte-specific 

assessment of ATP-induced NLRP3 inflammasome formation, and this measure could be used 

as a standardized method to investigate the immunocompetence of myeloid cells in patients 

(112). 

Additional determinants of inflammatory processes triggered downstream of P2X7R activation in 

macrophages include inflammatory lipid production (prostaglandin or thromboxane), CD14 

shedding, metalloprotease activation, or release of extracellular vesicles (113
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Given that P2X7Rs are not the only player involved in the vesicular release process, and that their 

activation can change their content, the important control step is to collect vesicles from 

unstimulated cells. These two vesicle populations can be compared in terms of number, size, 

bioactive content, and biological effects in vitro and in vivo. The characterisation of EVs released 

upon P2X7R stimulation typically involves confocal and electron microscopy, as well as Nanosight 

or Videodrop technologies, to assess vesicle size and mitochondrial content. Their cellular origins 

can be further explored using Western blotting with markers from distinct subcellular 

compartments (122
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signalling are also impacted by the surrounding ionic milieu (130,131), the lipid composition of the 

membrane (132,133) and the presence of serum components that can modulate receptor activity. 

Control for ATP release and degradation 

In purinergic signalling, equally important to receptor activation by eATP in an autocrine or 

paracrine manner are the other components of cellular purine turnover cascade, which include: 

(i) the release of ATP; (ii) catabolism and inactivation of eATP and other related compounds via 

a network of purine-converting ectoenzymes; (iii) binding of nucleotide-derived adenosine to G-

protein coupled adenosine receptors; and finally, (iv) scavenging of extracellular adenosine by 

ecto-adenosine deaminase or cellular adenosine uptake through the equilibrative nucleoside 

transporters (e.g., ENT1/SLC29A1) and concentrative nucleoside transporters (CNTs/SLC28) 

(Figure 6). This ATP release and degradation should be taken into consideration when designing 

the experiments. Specifically, activation of P2X7R and most other P2XRs usually occurs at eATP 

concentrations within the low millimolar or sub-millimolar range that significantly exceeds the 

nanomolar ATP levels reported for extracellular fluids and interstitial space (121). This apparent 

discrepancy can be explained by focal ATP release and the ability of the cells to retain high 

concentrations of eATP in the pericellular space without significant nucleotide convection into the 

bulk milieu (134,135). Such relatively high concentrations of eATP at the outer aspect of the 

plasma membrane are detected in pancreatic beta cells responding to high glucose levels. 

Simultaneous imaging of eATP and intracellular ATP sensor indicates close coordination between 

cell metabolism and ATP release (11). 

The presence of a complex network of membrane-bound and soluble nucleotide-inactivating and 

ATP-regenerating enzymes adds another level of complexity to the experimental design, as these 

regulatory mechanisms govern the duration and magnitude of purinergic responses. Furthermore, 

cellular adenosine uptake by ENT or CNT, and its intracellular metabolism are expected to have 

an equally important yet understudied role in activation of adenosine receptor-independent 

metabolic and epigenetic functions (136
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Impact of serum in the assay buffer 

Most cell types used to explore purinergic signalling require a complex mix of nutrients, hormones, 

adhesion molecules, and growth factors in their growth media. These are introduced by the 

addition of a serum. Foetal bovine serum (FBS) is the most commonly used supplement, human 

serum is employed where humanized conditions are desired, and sera of other species (e.g., 

horse) are used for specific applications. Synthetic serum replacements are utilized mostly in cell 

culture experiments requiring the elimination of animal-derived products (139). 

However, the inclusion of serum in the assay may impact results significantly. FBS contains 

bioactive ATP (22,140), where the broad range reflects the significant FBS batch-to-batch 

variability. Thus, cells grown in serum-supplemented media are exposed to varying degrees of 

purinergic stimulation even before any experimental manipulations. This should be considered in 

the assay design.  

Serum also contains soluble and catalytically active forms of NTPDase1/CD39, ecto-nucleotide 

pyrophosphatase/phosphodiesterase-1 (ENPP1), adenylate kinase-1, and other purine-

converting enzymes (141). Therefore, additional heat-inactivation of serum samples may be 

useful for excluding the possibility of undesirable hydrolysis and metabolism of ATP and other 

purinergic agonists in the assay medium. Furthermore, FBS and horse serum contain active 

matrix metalloprotease 2 (MMP2) that can cleave the P2X7R on the cell surface. Physiologically, 

sustained activation of P2X7Rs triggers the release of active MMP2, which, in a feedback loop 

mechanism cleaves the receptor (amongst other proteins), thus halting its function. This 

mechanism appears to be universal, operating in cells as diverse as macrophages, dystrophic 

myoblasts, human tumour cells, and P2X7R-transfected HEK293 cells (142). 

Significant MMP2 activity is detected in various sera, and heat inactivation fails to eliminate this 

activity. As a result, serum concentrations of 5% or higher in the assay buffer have been shown 

to inhibit P2X7R ion channel function and large pore formation in different cell types (140). On the 

other hand, tissue inhibitors of metalloproteinases, especially tissue inhibitor of 

metalloproteinases 2 (TIMP-2) present in the blood, may inhibit MMP-2 activity, which could 

explain why P2X7R function can still be measured in whole blood (143). 

Consequently, serum should be avoided, or synthetic serum replacements should be considered 

for specific experiments. Alternatively, MMP2 inhibitors have been shown to effectively restore 

P2X7R functions. On the other hand, in in vitro studies investigating cells from organs with 
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permeable capillaries, inclusion of blood or serum in the receptor assays may mimic the 

conditions in vivo.  

 

SELECTION OF CELLULAR MODELS AND EXPERIMENTAL STRATEGIES 

 

Cells used in in vitro assays and the ex vivo systems: Practical considerations  

Native primary cells often express multiple P2XR subtypes, and these can vary under 

physiological and pathological conditions. This heterogeneity can make the isolation of the 

contributions of individual P2XR challenging.  

Recombinant expression systems, where a target P2XR is overexpressed in a heterologous cell 

line, allow investigations of precise receptor properties, such as ion permeability and kinetics 

under well-defined settings (144). Yet, certain commonly used cell lines can endogenously 

express some purinergic receptors, especially P2Y receptor subtypes (145) and these 

background signals can complicate data interpretation.  

Therefore, it is essential to verify receptor expression profiles in experimental systems, especially 

novel ones, through RT-PCR, Western blotting, or functional assays to ensure accurate attribution 

of responses to the intended P2XR. Moreover, for heterologous models to produce physiologically 

relevant data, the impact of overexpression, potentially altered receptor trafficking, and the cellular 

interactome must be carefully considered, as receptor density and the absence of the native 

membrane composition, intracellular signalling partners, and regulatory proteins can influence 

receptor functions significantly. Depending on the expression vector used and/or the presence 

and localization of a tag (whether N- or C-terminal), or sometimes the location of the mutated site 

in a recombinant receptor, the expression levels, the localization, and the functionality of P2XR 

can be affected. Therefore, it is recommended to characterise the receptor presence, and its 

correct localisation at the cell membrane before any kind of measurements (146). 

This precaution is also mandatory when working with established cell lines that can express 

multiple variants of P2XRs. Specifically, in the case of P2X7R, specific variants that retain the ion 

channel activity but lack LP formation have been identified (147,148). Among those, a P2X7B 

splice variant present only in humans, has been associated with multiple phenotypes, including 

cell proliferation (94,149), cancer progression, metastasis, and therapy resistance 
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Differentiated neurospheres should be assayed for neural maturation together with P2XR 

expression by immunostaining and quantitative image analysis. For that, fixed neurospheres can 
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regulation of ATP release and degradation by ectonucleotidases, which significantly alter receptor 

activation patterns, can only be accurately assessed in vivo.  

For instance, purinergic responses in cancer illustrate the complex interplay between ATP 

release, specific purinergic receptor activation on various cells, and eATP metabolism with its 

signalling consequences (Figure 7). For example, recent studies have demonstrated an interplay 

between P2X7R, ectonucleotidases and ADORA in cancer progression (167



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 
 

Drug repurposing approach offers several advantages in drug development, including cost 

reduction and accelerating treatment availability for various disorders, and is especially important 

in rare diseases that lack dedicated drug development programs due to limited commercial 

incentives. For example, AZT (Zidovudine), a nucleoside reverse transcriptase inhibitor, has been 

shown to block P2X7R function and alleviate disease progression in the mouse model of 

Duchenne muscular dystrophy (181).  

Genetic approaches include KO models (reviewed in (182). P2X7R KO mice have been widely 

used to study neuropathic pain (183), depression (172,184), neuroinflammation (185), and 

exocrine gland secretion (186). Notably, C57BL6 and DBA2 mice commonly used experimentally 

express an allelic gene variant that results in compromised functionality of the expressed P2X7R, 

specifically impacting the ability to form pores (187). Hypofunctional receptor expression can 

modulate disease phenotypes in mouse models, potentially mitigating or exacerbating observed 

outcomes.  

Several reporter mice have been used to try and identify the cell type-specific expression and 

localization of P2X7Rs in the brain. This includes a mouse model which expresses soluble GFP 

under the mouse P2rx7 promoter (188), and a reporter mouse with P2X7R C-terminally fused to 

EGFP (189), Of note, follow-up studies have shown that the reporter mouse expressing soluble 

GFP also shows increased expression of P2X4Rs and P2X7Rs. Thus, results from this mouse 

model should be considered with caution (190). 

P2X3R KO mice have been used to examine chronic pain (191,192) and visceral hypersensitivity 

(193) while P2X4R KO mice help investigate their role in neuropathic pain (175,194) and affective 

disorders (195). 

 

The cell type-specific effects of P2X receptor signalling in vivo 
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(204), possibly adding to cell type-specific differences in P2X7R function. It is therefore important 

to consider this diversity in experimental paradigms. 

 

P2X7R antagonists reached clinical trials (205,206), but results were unsatisfactory (42). 

Challenges in translating pre-clinical data into the clinic (207
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the disease model or impact on P2XR expression. P2XR expression in floxed mice may be 

altered, sometimes in a cell type-specific manner (182). Thus, careful considerations should be 

taken when choosing the right controls. 

Behavioural studies to assess P2X receptor functions 

The P2XR family plays crucial roles in pain signalling, neuroinflammation, mood regulation, and 

cognitive processes. Understanding their function in vivo requires well-designed behavioural 

studies combined with pharmacological approaches and genetically modified animal models.  

Behavioural tests should align with the specific P2XR function under investigation. Pain sensitivity 

can be assessed using von Frey filaments (mechanical pain), the hot plate test (thermal pain), 

a
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The roles of P2XRs in stroke and multiple sclerosis have been investigated with intensity. In stroke 

research, middle cerebral artery occlusion (MCAO) models are widely used to assess their 

contribution and therapeutic potential ((156) reviewed in (231)). P2X4R and P2X7R have been 

implicated in reactive microgliosis, neuroinflammation, and ischemic lesion expansion, whereas 

P2X1R and P2X3R may contribute to vascular and sensory components of ischaemic brain injury 

(232,233). However, the inherent variability of MCAO models in the extent of ischemic damage, 

due to differences in occlusion technique, collateral circulation, and postoperative care, can 

obscure subtle pharmacological effects. Incomplete representation of human stroke 

pathophysiology in aged patients or those with comorbidities (e.g., hypertension, diabetes), where 

P2XR expression and function can shift, is another limitation. Therefore, it is important to 

standardise the procedure before evaluating the therapeutic potential of subtype-selective 

ligands. 

For multiple sclerosis research, experimental autoimmune encephalomyelitis (EAE) remains a 

standard immune-driven demyelination model and has been used in demonstrating P2X7R 

involvement in oligodendrocyte death, axonal damage, and neuroinflammation (156). However, 

EAE primarily models T cell
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The low sensitivity of P2X7Rs for ATP can be modulated from the extracellular side of the plasma 

membrane by other proteins, by posttranslational modification, e.g., ADP-ribosylation of arginine 

residues, and/or nanobodies and antibodies (239
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Blocking antibodies inhibit or prevent ATP-induced gating of P2X7Rs. None of the potentiating 

antibodies or nanobodies selected so far induces gating of P2X7Rs on their own, but they 

markedly reduce the threshold for gating of P2X7Rs by ATP (242). Thus, nanobodies and 

antibodies are useful tools, not only to detect P2X7Rs on cells ex vivo and in vivo, but also to 

modulate their function in experimental settings (241,242,261).  

P2X7R-specific nanobodies are stable soluble binding modules that can easily be fused to other 

nanobodies, the Fc-domain of any antibody isotype, or even the capsid of AAV vectors 

(Supplementary Figure 3) (263,264). All these constructs can be secreted at high yield by 

transfected HEK293 cells, and then the product can simply be added to a P2X7R cell assay before 

or during treatment with ATP.  

In mice, nanobodies and heavy chain antibodies can reach P2X7Rs on the surface of 

parenchymal immune cells in the spleen, liver, and kidney within 10 minutes after intravenous or 

intraperitoneal injection (242,255). In contrast, targeting P2X7Rs on microglia or immune cells in 

the brain, requires either stereotactic injection into the cerebrospinal fluid or continued 

endogenous production in the periphery, e.g., upon intramuscular administration of AAV vectors 

coding for the selected nanobody (265), as described later. 

 

Application of AAV vectors coding for selected nanobody-based biologics to modulate 

P2X7 receptor function in vivo 

Based on their properties, nanobodies are a useful novel tool to validate the contribution of 

P2X7Rs in the pathophysiology of several diseases (32,245,261,265
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and several cancer models. The penetrance of the P2X7R blocking nanobody across the blood-

brain barrier to reach P2X7R at the surface of microglial cells was evaluated using either direct 

intracerebroventricular delivery of the recombinant nanobody, its systemic injection, or following 

the AAVnano strategy, i.e., upon intramuscular administration of AAV vectors coding for the same 

nanobody-based biologics (265). Interestingly, 21 days post AAVnano peripheral administration, 

80% of the P2X7Rs on the surface of microglial cells were bound with the nanobody-based 

biologics, which resulted in significant P2X7R-inhibition (265).  

 

Manipulation of P2X receptors by optical control techniques  

 

Given the broad activity of ATP across all P2XRs and most P2Y receptors (269), conventional 

approaches may lack the specificity to resolve receptor subtype functions in vivo. Emerging 

optical control strategies, including optopharmacology and optogenetics, enable high-resolution, 

spatiotemporal modulation of P2XR activity, facilitating precise functional dissection. 

 

Optopharmacology uses light-sensitive molecules or their derivatives to modulate the activity of 

native receptors. ATP can be linked covalently to a protecting group, such as 4,5-dimethoxy-2-

nitrobenzyl (DMNB), 4,5-dimethoxy-2-nitrophenyl (DMNPE), and 
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trans isomerization of the azobenzene, with azobenzene-linked maleimide bound to a cysteine 

residue introduced into the transmembrane domain, allowing P2X2R, P2X3R, and heteromeric 

P2X2R/P2X3R receptors channel opening and closing in response to 440 nm or 360 nm 

wavelengths, respectively (279
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throughout disease progression; (iii) P2XR forming homo- or heterotrimers with distinct 

pharmacology, so results from homomeric studies may not reflect physiological signalling; (iv) A 

relative paucity of highly selective ligands that can reach the target tissue (e.g. permeate BBB), 

and the species-specific pharmacology that may contribute to failed translation of animal studies, 

further exacerbated by animal models and biochemical reactions (e.g., ribosylation) not fully 

replicating human disease in the context of P2XR regulation; (v) Receptor stability measured in 

vitro not corresponding with the in vivo conditions, where P2XR activity may be a lot more 

transient; (vi) eATP breakdown by ectonucleotidases making direct correlation of ATP release 

with receptor engagement difficult to standardise. These guidelines aim to support experimental 

design and reliable interpretation of results to improve reproducibility and facilitate translation into 

clinical applications. 
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Figure legends 

Figure 1. Francesco DiVirgilio (1954 - 2024) 

Figure 2. Experimental framework for P2X receptor studies. Flow diagram summarising key 

considerations for designing and advancing P2XR studies from in vitro to in vivo in health and 

disease. Experimental design should integrate selection of cell types and expression systems 

with controls for receptor functionality and subtype specificity. The choice of agonists and 

antagonists, including their concentration, exposure time, species selectivity, and susceptibility to 

enzymatic degradation, must be considered. Breakdown of ATP and related agonists generates 

metabolites (e.g., ADP, adenosine) that activate other receptors. Assay conditions (e.g., 

temperature, ion composition, pH) can strongly influence P2XR gating and should be 

standardised. Measurements should use receptor-specific readouts whenever possible, 

supported by appropriate positive and negative controls to confirm the specificity of observed 

effects. Novel findings in vitro should ideally be validated in ex vivo systems (e.g., tissue slices, 

organoids) and in vivo, including in relevant disease models. In vivo experiments must distinguish 

between a true absence of biological effect and insufficient receptor activation or inhibition by the 

pharmacological agents used. Identification and application of biomarkers that confirm adequate 

modulation of receptor activity are critical for interpreting results in preclinical studies and in 

clinical trials. All these aspects are explored in depth in the subsequent sections. 

Figure 3. P2XR nucleotide ligands (agonists and antagonists) and PAMs. The yellow highlights 

on the PAMs indicate key regions of modification. The compound numbers correspond to those 

listed in bold in the text. Affinities of selected compounds are as cited (35,38). 

Figure 4. P2XR non-nucleotide antagonists (allosteric and orthosteric). The compound numbers 

correspond to those listed in bold in the text. The affinities (µM) (34,36,39) at the target P2XR 
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Figure 6. Pathways of cellular ATP release and degradation to other purinergic agonists. Along 

with massive nucleotide leakage following cell damage, ATP is released through several, often 

cell-type
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