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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. Itis 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).



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 Ca?* 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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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 GABAAa 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.qg.,
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 'C or ‘8F 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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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 (Kp) 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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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 (Ca?*, Mg?*, Zn?*,
Cu?") 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 Ca?* concentration ([Ca?*}) 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 Ca?* indicators for cell-specific live imaging). Ratiometric [Ca?']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 [Ca?*] (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 Ca?*

fluxes. In such cases, it is still possible to use Fura-2 by growing the cells on coverslips at an
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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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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 NTPDasel/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



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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