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Editorial on the Research Topic
Purinergic pharmacology, Volume II

Extracellular purine nucleotides and nucleosides serve as crucial signalling molecules,
acting as neurotransmitters and neuromodulators. Tightly regulated extracellular levels of
adenosine 5′-triphosphate (ATP) and adenosine, which are controlled by various enzymes
and transporters, activate a variety of purinergic receptors. These receptors, which appear
early in evolution, are among the most abundant receptors in living organisms and regulate
numerous physiological processes, making them attractive therapeutic targets for a wide
range of diseases. While P1 (adenosine) receptors are selective for adenosine, the breakdown
product of ATP, P2 receptors respond to purine and pyrimidine nucleotides. Importantly,
purinergic receptors, including both G protein-coupled receptors (ARs and P2YRs) and
ligand-gated ion channel receptors (P2XRs), are involved in a multitude of neuronal and
non-neuronal mechanisms, such as pain, immune responses, exocrine and endocrine
secretion, platelet aggregation, endothelium-mediated vasodilatation, and inflammation.
However, since purinergic receptors are widely distributed throughout the body, it is
challenging to develop drugs that selectively target specific receptor subtypes without
causing unwanted side effects. Additionally, extracellular levels of purines and
pyrimidines can also vary greatly, leading to the simultaneous activation of different
purinergic receptors in response to oscillating concentrations of endogenous purines.
Consequently, through these different subtypes of P1 and P2 receptors, cells integrate
extracellular purine responses, harmonising short- and long-term purinergic signalling.
Therefore, the selectivity of drugs is a crucial goal in the field of purinergic pharmacology.
For decades, medicinal chemists have been developing potent and selective synthetic
agonists and antagonists for purinergic receptors, as well as allosteric modulators that
allow for event-responsive and temporally specific manipulation of the endogenous
purinergic system. Additionally, modulation of the metabolism and uptake of
extracellular purine nucleotides and nucleosides can also regulate purinergic processes.
Overall, the field of purinergic pharmacology is rapidly expanding and presents exciting
opportunities for pharmacotherapeutic development.

In this Research Topic that follows an earlier volume on the same Research Topic
(Ciruela and Jacobson), an overview of purinergic pharmacology is provided through
13 articles written by 82 authors. This comprehensive compilation contains
1 minireview, 1 review, 1 brief research report, and 10 original research articles. The
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minireview provides an update on the recent development of
allosteric modulators for adenosine receptors and their
therapeutic applications (Pasquini et al.). The authors highlight
that allosteric modulators of ARs may evolve into valuable
pharmacological tools that can overcome the limitations of
orthosteric ligands. Thus, while several allosteric modulators have
been identified for A1R and A3R, with some promising results in
preclinical settings, the discovery of allosteric modulators for A2R
and A2BR has been less successful, although current findings are still
encouraging. Despite the promising results, no AR allosteric
modulator has yet advanced to clinical trials, highlighting the
considerable challenges involved in the discovery and
development of this class of compounds. Adenosine signalling is
known to be upregulated during periods of restricted oxygen
availability, such as those experienced during ischemic events or
inflammatory conditions. Yuan et al. elegantly review the molecular
connection between netrin-1 and A2BR and summarise relevant
research on their interaction within the context of tissue
inflammation (Yuan et al.). It is suggested that netrin-1 may
serve as an endogenous anti-inflammatory agent during organ
injury by enhancing the adenosine-A2BR axis, which has anti-
inflammatory properties.

The Research Topic contains a series of original research
articles covering important aspects of purinergic pharmacology.
A brief research report article shows the use of machine learning
models to find ligands for the different AR subtypes (Puhl et al.).
The authors have made an interesting discovery by identifying
three new modulators for ARs (crisaborole, febusostat, and
paroxetine) that are structurally different from previously
known compounds targeting ARs. These medications, in some
cases suggesting noncanonical interaction with ARs, could
potentially be repurposed for adenosine-related diseases. Five
articles revolve around P2XR, with particular attention paid to
P2X7R. These articles explore various aspects such as structural
studies, analysis of frequent coding polymorphisms, and
physiological evaluations, indicating the considerable interest
in P2X7R. Molecular determinants of antagonist potency in
the allosteric binding pocket of human P2X4R were identified
(Pasqualetto et al.). Therefore, through a combination of
molecular docking, mutagenesis, and functional assay, they
demonstrate the likely binding pocket for the allosteric
antagonist BX430, a potent allosteric P2X4R receptor
antagonist, to human P2X4R. Interestingly, the importance of
the amino acid residue Ile312 for the receptor sensitivity to
BX430 is confirmed. These findings have immense potential to
aid in the design and development of potent allosteric P2X4R
antagonists. In an associated article, the same group identified a
novel P2X7R antagonist using structure-based virtual screening
(Pasqualetto et al.). This study conducted virtual screening using
a molecular model of human P2X4R based on the crystal
structure of Danio rerio P2X4R. From a library of
300,000 drug-like compounds, none of these compounds
displayed a significant antagonist effect in P2X4R. However,
when the same set of compounds was tested against human
P2X7, one compound (GP-25) showed partial antagonistic
activity. Next, in a separate article on the Research Topic,
effective antagonism of microglial P2X7R is accomplished
using nanobodies and nanobody-encoding adeno-associated

virus (Pinto-Espinoza et al.). The results obtained in this
study offer novel and in-depth information on optimal
conditions, including route, dose, and administration time, for
effective nanobody-mediated receptor targeting of microglia.
Thus, the potential of nanobodies as a promising new
therapeutic strategy for the treatment of sterile brain
inflammation is highlighted. The existence of P2X7Rs in CNS
neurones is a matter of ongoing debate. While some argue that
only non-neuronal cells bear this receptor type and indirectly
signal to neighbouring neurons, others propose that CNS
neurons themselves possess these receptors. Additional aspects
of this hypothesis are explored (Zhang et al.). Using genetic
deletion of P2X7Rs specifically in astrocytes, oligodendrocytes,
and microglia, and then recording current responses in neurons
to 2ʹ(3ʹ)-O-(4-benzoylbenzoyl)-ATP (Bz-ATP), a P2X7R agonist,
the authors demonstrate that pyramidal neurons of mouse
CA1 and CA3 did not possess P2X7Rs, but were indirectly
modulated by astrocytic and oligodendrocytic P2X7Rs,
respectively. Finally, the origin, distribution, and function of
three frequent coding polymorphisms in the gene for the
human P2X7R ion channel were evaluated (Schäfer et al.). The
human P2RX7R gene has multiple single nucleotide
polymorphisms (SNPs) but unlike other P2XR family
members, non-synonymous SNPs in P2X7R are prevalent.
Three of these SNPs have a frequency of more than 25% and
impact the extracellular head domain of P2X7R (155 Y/H), the
lower body (270 R/H), and the tail in the second transmembrane
domain (348 T/A). The authors contribute to a deeper
understanding of how the structure of P2X7R influences
receptor function and highlight the importance of
incorporating P2X7R variants into the design of clinical trials
targeting this receptor.

There are eight known subtypes of P2YR, each of which has a
different ligand specificity and signalling pathway. The potential role
of P2Y2R in the cardioprotective effects of transplanted
undifferentiated cardiac adipose derived stem cells (cADSC) was
examined in a mouse model of myocardial infarction (Diaz Villamil
et al.). Their findings suggest that P2Y2R serves as a crucial regulator
of the therapeutic use of undifferentiated cADSC for the treatment
of cardiac ischemia. This new insight could help optimise the
development of cardiac repair cell therapies, potentially
improving patient outcomes. In a separate article, the potential
association between P2Y4R mutations and the severity of coronary
artery disease (CAD) is studied in a population study involving
50 patients diagnosed with (CAD) and 50 age-matched control
individuals (Horckmans et al.). Accordingly, the authors focus on a
polymorphism in the coding region (rs3745601) that results in the
replacement of asparagine at residue 178 with threonine (N178T)
located in the P2Y4R second extracellular loop. The N178T variant
represents a loss-of-function of the receptor that is associated with
less severe coronary artery atherosclerosis and lower fasting plasma
glucose in coronary patients.

Another article investigated the impact of bisphosphonate
clodronate, which has been suggested to act as a potent vesicular
nucleotide transporter (VNUT) blocker in vitro, on the
spontaneous and/or electrically evoked release of ATP/
metabolites and noradrenaline from the perivascular nerve
terminals in the mesentery sympathetic nervous system
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(Donoso et al.). Surprisingly, the authors demonstrate that
clodronate inhibits adenosine deaminase activity in isolated
endothelial cells as in a crude extract preparation, a finding
that may explain the accumulation of adenosine after
clodronate mesentery perfusion. Subsequently, the role of
A2AR signalling in sudden unexpected death in epilepsy
(SUDEP) is evaluated (Shen et al.). The article introduces a
novel animal model of SUDEP using a combined paradigm of
intrahippocampal and intraperitoneal administration of kainic
acid (KA) in mice with genetically modified adenosine kinase
(ADK) knockdown (Adk+/−), which exhibit reduced ADK in the
brain. Through this model, the authors identified a critical role
for A2AR in the nucleus tractus solitarius in the pathophysiology
of SUDEP, highlighting A2AR as a potential therapeutic target to
prevent the risk of SUDEP. Guanine-based purines (GBPs) exert
numerous biological effects in the central nervous system
through putative membrane receptors, the existence of which
is still elusive. To shed light on this question, Garozzo et al.
conducted a screening of orphan and poorly characterized G
protein-coupled receptors (GPRs) expressed in glioma cells,
where GBPs showed an antiproliferative effect. Among the
GPRs tested, GPR23, also known as the lysophosphatidic acid
4 receptor, was found to counteract the growth inhibition caused
by GBPs in U87 cells (Garozzo et al.). These data indicate the
involvement of GPR23 in modulating guanine responses in
tumour cell lines.

In general, this Research Topic explores in detail the wide-
ranging physiological functions of purines and the underlying
structural and mechanistic basis of purinergic signalling. It holds
significant promise for the development of innovative therapies for
both chronic and acute diseases, while posing a challenge to
achieving drug selectivity. The potential to translate basic
purinergic knowledge into clinical opportunities is enormous,
and further exploration of this field could lead to exciting
breakthroughs in pharmacotherapy.
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Adenosine-A2A Receptor Signaling
Plays a Crucial Role in Sudden
Unexpected Death in Epilepsy
Hai-Ying Shen1*, Sadie B. Baer1, Raey Gesese1, John M. Cook1, Landen Weltha1,
Shayla Q. Coffman1, Jie Wu2, Jiang-Fan Chen3, Ming Gao2 and Teng Ji4

1Department of Neuroscience, Legacy Research Institute, Portland, OR, United States, 2Department of Neurobiology, Barrow
Neurological Institute, St. Joseph’s Hospital and Medical Center, Phoenix, AZ, United States, 3Molecular Neuropharmacology
Laboratory, School of Optometry and Ophthalmology and Eye Hospital, Wenzhou Medical University, Wenzhou, China,
4Department of Pediatric Neurology, Randall Children’s Hospital, Legacy Emanuel Medical Center, Portland, OR, United States

Adenosinergic activities are suggested to participate in SUDEP pathophysiology; this
study aimed to evaluate the adenosine hypothesis of SUDEP and specifically the role of
adenosine A2A receptor (A2AR) in the development of a SUDEPmouse model with relevant
clinical features. Using a combined paradigm of intrahippocampal and intraperitoneal
administration of kainic acid (KA), we developed a boosted-KA model of SUDEP in
genetically modified adenosine kinase (ADK) knockdown (Adk+/-) mice, which has
reduced ADK in the brain. Seizure activity was monitored using video-EEG methods,
and in vivo recording of local field potential (LFP) was used to evaluate neuronal activity
within the nucleus tractus solitarius (NTS). Our boosted-KA model of SUDEP was
characterized by a delayed, postictal sudden death in epileptic mice. We
demonstrated a higher incidence of SUDEP in Adk+/- mice (34.8%) vs. WTs (8.0%),
and the ADK inhibitor, 5-Iodotubercidin, further increased SUDEP in Adk+/- mice (46.7%).
We revealed that the NTS level of ADK was significantly increased in epileptic WTs, but not
in epileptic Adk+/- mutants, while the A2AR level in NTS was increased in epileptic (WT and
Adk+/-) mice vs. non-epileptic controls. The A2AR antagonist, SCH58261, significantly
reduced SUDEP events in Adk+/- mice. LFP data showed that SCH58261 partially restored
KA injection-induced suppression of gamma oscillation in the NTS of epileptic WT mice,
whereas SCH58261 increased theta and beta oscillations in Adk+/- mutants after KA
injection, albeit with no change in gamma oscillations. These LFP findings suggest that
SCH58261 and KA induced changes in local neuronal activities in the NTS of epileptic
mice. We revealed a crucial role for NTS A2AR in SUDEP pathophysiology suggesting A2AR
as a potential therapeutic target for SUDEP risk prevention.

Keywords: adenosine A2A receptor, NTS, nucleus tractus solitarius, brainstem, SUDEP (sudden unexplained death in
epilepsy), local field potential, adenosine kinase

INTRODUCTION

SUDEP is the leading cause of death in individuals with epilepsy, and as yet, no pharmacological
intervention is available (Surges et al., 2009; Devinsky et al., 2016; Maguire et al., 2016). Although the
mechanisms underlying SUDEP remain elusive, brainstem-related central apnea and cardiac arrest
are considered two characteristic hallmarks (Stöllberger and Finsterer, 2004; Hirsch, 2010; Shorvon
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and Tomson, 2011). Animal models of SUDEP currently remain
limited (Devinsky et al., 2016; Pansani et al., 2016; Li and
Buchanan, 2019) in representing key features of clinical
SUDEP cases, (i.e., the chronic nature of epilepsy and the
preceding convulsive seizures), which in turn, impedes efforts
in investigating SUDEP mechanisms.

The adenosinergic system has been proposed as one of the
potential mechanisms for the pathophysiological development of
SUDEP (Shen et al., 2010; Massey et al., 2014; Devinsky et al.,
2016; Faingold et al., 2016; Kommajosyula et al., 2016; Ashraf
et al., 2021). Findings from animal studies and clinical evidence
also suggest a complexity of adenosinergic adaptations in epilepsy
and SUDEP, including changes in adenosine metabolism and
adenosine receptors (ARs). For instance, adenosine A1 and A2A

receptors (A1R and A2AR) are identified to express on synapses in
limbic cortical areas (Tetzlaff et al., 1987; Rebola et al., 2003a;
Rebola et al., 2005a; Rebola et al., 2005b); an increased A2AR
density and a decreased A1R density are shown at excitatory
terminals of different limbic areas from animal models of epilepsy
and patients with epilepsy (Rebola et al., 2003b; Rebola et al.,
2005c; He et al., 2020). The disrupted adenosinergic system, e.g.,
altered densities of A1R, A2AR, and the adenosine metabolic
enzyme, adenosine kinase (ADK) were also seen in different
brain areas in patients with temporal lobe epilepsy (TLE) and
correlated to SUDEP risk (Patodia et al., 2020). Thus, further
characterization of brain area-dependent changes is warranted to
reveal the complexity of adenosine and A2AR-mediated
regulation actions in SUDEP. During seizure events, adenosine
is increased by tremendous consumption of ATP, and
sequentially, increased adenosine alters neurotransmission in
the brain and acts as a potent endogenous anticonvulsant to
terminate seizures (During and Spencer, 1992; Dunwiddie and
Masino, 2001). This anticonvulsive effect is mainly due to A1Rs-
mediated inhibition of excitatory neurotransmissions
(Dunwiddie and Masino, 2001). However, seizure-induced
increases of extracellular adenosine can also broadly affect
brain regions outside the primary seizure origins to exert a
wide spectrum of actions through dominantly distributed A1Rs
in the hippocampus, cerebral cortex, and cerebellum and
enriched A2ARs in the striatum, nucleus accumbens, and
brainstem (Fredholm et al., 2001; Sebastião and Ribeiro, 2009).
Indeed, adenosine actions in the brainstem contribute to the
central regulation of cardiorespiratory functions (Barraco and
Janusz, 1989; Phillis et al., 1997) that are proposed to play a
crucial role in SUDEP events (Hirsch, 2010; Massey et al., 2014;
Devinsky et al., 2016). Since NTS is a critical hub for
cardiorespiratory regulation, manipulation of A2ARs and A1Rs
in the NTS affects cardiac and respiratory functions (Minic et al.,
2015). Specifically, activation of A2ARs can alter GABAergic
neuron activity (Wilson et al., 2004; Minic et al., 2015) and
overactivation of A2AR was associated with increased mortality in
mice with febrile seizures (Fukuda et al., 2012). These findings
indicate an important role of A2ARs and the brainstem in SUDEP
pathophysiology.

The metabolic clearance of extracellular adenosine is
important for limiting the activation of adenosine receptors
and seizure-related death. Clinical studies showed upregulated

ADK densities in the brains of TLE patients (Aronica et al., 2011).
We previously demonstrated that inhibition of ADK led to
increased sudden deaths in mice with acute seizures (Shen
et al., 2010), indicating that adenosine removal is essential for
the brain to respond to the seizure-induced adenosine surge in the
seizing brain to maintain balanced adenosinergic activities, i.e., as
an endogenous anticonvulsant affecting seizure risk. Of note,
seizure-induced increases of extracellular adenosine were
reported in patients with intractable epilepsy (During and
Spencer, 1992), and importantly, patients with uncontrolled or
refractory seizures are associated with a high risk of SUDEP
(Sperling, 2001; Devinsky et al., 2016).

Taken together, we hypothesized that in the brainstem chronic
seizure-induced adenosine surges, in combination with abnormal
metabolic adenosine removal, may cause fatal overactivation of
A2AR and result in cardiorespiratory dysfunctions and increased
risk of SUDEP. The present study aimed to evaluate whether
targeting A2AR activity can reduce SUDEP risk. To accomplish
this objective, we developed a new SUDEP mouse model with
relevant clinical features, using a boosted-KA administration
paradigm, and we investigated the vulnerability of SUDEP
phenotype in mutant Adk+/- mouse (Boison et al., 2002;
Palchykova et al., 2010) that was characterized by a ~50%
decrease in ADK and thus impaired adenosine clearance.

MATERIALS AND METHODS

Animals and Pharmacological Reagents
All animal procedures were conducted in accordance with
protocols approved by the Institutional Animal Care and Use
Committee of the Legacy Research Institute (LRI, No. 120–2018,
114–2020, and 120–2021) and Barrow Neurological Institute
(BNI, No. 366) consistent with the principles outlined by the
National Institutes of Health. Adk+/- mutants (Boison et al., 2002;
Palchykova et al., 2010) and their wild-type (WT) littermates
were bred at the LRI (Portland, OR, United States). Adult male
mice (bodyweight of 26–30 g) were used for the experiments,
which were housed in a temperature- and humidity-controlled
room with a 12-h light/dark cycle (lights on at 7:00 a.m.)
throughout the experimental period. The reagents used in this
study were commercially purchased: Kainic acid (KA, 0222,
Tocris), 5-Iodotubercidin (5-ITU, 1745, Tocris), SCH58261
(S4568, Sigma).

Boosted Kainic Acid Model of SUDEP
To develop a SUDEP model with clinically relevant features, we
designed a boosted-KA administration paradigm that consists of
an intrahippocampal KA (IHKA) injection followed by a single
systemic KA (SKA) intraperitoneal (i.p.) injection (Figure 1A).
Specifically, 1) for generating chronic epilepsy, adult male Adk+/-

and WT mice were subjected to unilateral IHKA (400 ng KA in
200 nl 0.9% saline—a dose used in our previous studies to
establish chronic seizures (Shen et al., 2015)) or
intrahippocampal injection of 200 nl saline (as sham control)
into the right hemisphere, using coordinates (to Bregma): AP =
−2.00 mm; ML = ± 1.25 mm; DV = −1.70 mm from procedures
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published previously (Shen et al., 2015). Ten days after the IHKA
or vehicle injection, mice were implanted with bipolar coated
stainless steel electrodes (80 μm in diameter; Plastics One) into
the right hippocampus using the same coordinates as the IHKA
injection (Shen et al., 2015). Animals were maintained in a group
in their housing cage throughout the experiment period, except
for the v-EEG monitoring period in which the mice were single-
housed. 2) For triggering convulsive seizures and possible
postictal SUDEP phenotype, one single SKA injection
(15 mg/kg, i. p.—a dose that is not expectable to trigger
convulsions in naïve mice) was given to the epileptic mice that
received IHKA injection 6–8 weeks prior. Then, animals
underwent a block of 72-h v-EEG recording for evaluation of
possible SUDEP phenotype, and EEG seizure activities were also
determined and analyzed (see next section).

Video-Electroencephalogram Recording
and Analysis
The video-electroencephalogram (v-EEG) was performed
according to previously published methods (Shen et al., 2015).
Mice were singly housed while tethered for the acquisition of the
EEG recordings. Four weeks after IHKA injection, each mouse

was subjected to a baseline EEG evaluation of an epileptic
phenotype with a block of 24-h EEG monitoring and
recording (P511/P122 Grass Instruments, Astro-Med, West
Warwick, RI). Electrical brain activity was digitized (ML880
PowerLab 16/30; AD Instruments, Colorado Springs, CO) and
quantification of EEG seizure activity was determined as in our
previous work (Shen et al., 2015). For evaluation of possible
SUDEP phenotype and pharmacological pretreatment on SUDEP
risk, animals underwent a block of 72-h v-EEG recording, starting
prior to the pretreatment of A2AR antagonist, SCH58261
(3 mg/kg), ADK inhibitor, 5-ITU (2 mg/kg), or vehicle (1.5%
DMSO in saline) i. p. and lasting for 72 h. EEG seizure activities
were determined and analyzed as aforementioned.

Immunohistochemistry
For immunohistochemistry assessment of chronic epilepsy-
induced biochemistry changes, a set of mice (n = 22) was
sacrificed 6 weeks post-IHKA or vehicle injection after
completion of EEG evaluation but without receiving systemic
KA injection. Mice were transcardially perfused with 4%
formaldehyde; the dissected brains were postfixed in 4%
formaldehyde and cryoprotected in 30% sucrose PBS solution
before sectioning into 30 μm sagittal sections using a cryostat (VT

FIGURE 1 | Boosted kainic acid (KA) model of SUDEP. (A) Boosted KA administration paradigm that consists of an intrahippocampal KA (IHKA) injection followed
by a single systemic KA (SKA) intraperitoneal (i.p.) injection. (B) Baseline EEG evaluation of Adk+/- mice and their WT littermates at 4 weeks after IHKA injection. (C)
Representative EEG traces of non-lethal seizure (upper panel), ictal death (middle panel), and SUDEP event (lower panel). Open arrows indicate the stop points of
seizures; solid arrows indicate the point of death occurrence. (D) The postictal period from the end of the seizure until the death occurred. (E) Rates of ictal death,
SUDEP, and total mortality in mice received IHKA injection (IHKA) or vehicle control (Sham). Data are mean ± SEM. #p < 0.05 vs. SUDEP in Adk-WT, Fisher’s exact test,
two-sided; **p < 0.01 vs. ictal death, unpaired t-test.
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1000 S, Leica, Bannockburn) (Shen et al., 2015). For staining,
tissue sections were pretreated with citrate buffer at 80°C for
30 min; then blocked in goat blocking buffer (GBB, containing 2%
goat serum, 0.05% Triton X-100 and 1% BSA) for 1 h and
incubated at 1% sodium tetraborate for 30 min at room
temperature. Pretreated sections were then incubated at 4°C
for 48 h in GBB containing corresponding primary antibodies
with the indicated dilution: ADK (A304-280A, Bethy Labs, 1:
1,000), A2AR (A2A-GP-Af1000, Frontier Institute, 1:100), or
cAMP (MAB2146, R&D Systems, 1:200); followed by
incubation of corresponding secondary antibodies: Goat anti-
guinea pig IgG H&L, Alexa Fluor 488 (A11073, Thermo, 1:500),
Donkey anti-rabbit IgG H&L, Alexa Fluor 555 (A-31572,
Thermo, 1:1,000), Donkey anti-mouse IgG H&L, Alexa Fluor
647 (ab150107, Abcam, 1:500), or NeuroTrace 435/455 Blue
Fluorescent Nissl Stain (N21479, Thermo, 1: 1,000), for 90 min
at room temperature. Sections were then washed andmounted on
slides. Once dried, sections were cover-slipped with Vectashield
Antifade Mounting Medium (H-1000) for fluorescence
microscopy observation on a Leica TCS SPE confocal laser-
scanning microscope (LAS X 3.1.2.16221). Three independent
sections were stained for each method. All sections were
processed in parallel using identical solutions and incubation
times, while stain slices without either primary or secondary
antibodies were used for controls.

Image Quantification of Densitometry
High-resolution digital images were acquired under identical
conditions using the LasX software system (Leica, Buffalo
Grove, IL, United States). Fluorescence intensity analysis was
performed using Leica Application Suite analysis software (Leica,

Buffalo Grove, IL) or ImageJ software (ImageJ, US. National
Institutes of Health, Bethesda, MD; ImageJ.nih.gov/ij/). All image
processing was applied identically across experimental groups.
The NTS region was selected as shown in Figure 2A, and
immunoreactive material was measured in the same
designated area of NTS for each sample and expressed as
relative optical density (ROD) by area. Three levels were
measured for each mouse, and data analysis is expressed as
the mean ± SEM of ROD. The average levels in treatment
groups were normalized according to that in the
corresponding control group (as baseline).

Electrophysiology Recording of Local Field
Potential in the NTS
In vivo LFP in the NTS was recorded with similar procedures as
our previous work (Gao et al., 2007) using the below coordinates
(to Bregma): AP = −7.35 mm; ML = 0.20 mm; DV = 4.50 mm,
with animals under anesthesia (isoflurane; induction 3.0%,
maintenance 1.5%). For LFP recordings, the signals were
collected by tetrodes and amplified by a 16-channel amplifier
(Plexon DigiAmp; bandpass filtered at 0.1–300 Hz, 2,000× gain,
sampled at 2 k Hz). First, a baseline LFP was recorded for 30 min,
then mice received pretreatment of SCH58261 (3 mg/kg, i. p.) or
0.9% saline (0.3 ml, i. p.) as control with continued recording;
30 min later mice were given a single KA dose (15 mg/kg, i. p.)
and recording was continued for another 30 min. For LFP
analysis, the raw data of the 2 min prior to the onset of drug
administration were selected as representing ongoing LFP
activity. A time-frequency transformation was performed
(Hanning window; FFT size, 256) with NeuroExplorer, and

FIGURE 2 | ADK changes in the NTS of IHKA modeled epileptic mice. (A) Representative immunofluorescence (IF) image and an indication of selection of NTS
region. (B) Representative images of IF staining for ADK in the NTS of IHKA modeled epileptic mice (Epileptic) vs. sham controls (Sham). (C) Quantitative analysis of the
NTS expression levels of ADK (presented as relative optical density, ROD) in IHKA modeled epileptic (Epi) mice vs. sham controls (Sham). Data are mean ± SEM. ***p <
0.001 vs. sham controls of same genotype; ###p < 0.001 vs. WT sham controls; ####p < 0.0001 vs. WT epileptics; unpaired t-test. Scale bar = 35 μm.
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the spectral power was calculated for each frequency resolution.
The spectral power from all frequencies included within the
bandwidth was averaged. LFP signals were divided into
different frequency bands: theta (2–12 Hz), beta (15–35 Hz),
and gamma (36–95 Hz).

Statistical Analyses
All data were analyzed using GraphPad Prism software. The
quantitative data are presented as mean ± SEM and were analyzed
using one-way ANOVA, two-way ANOVA, or t-tests, as
appropriate. The categorical data were analyzed using Fisher’s
exact test or Chi-square test, as appropriate. A p-value < 0.05 was
considered significant.

RESULTS

Establishment of a Boosted KA Mouse
Model of SUDEP
We established a new SUDEP model using a boosted-KA
paradigm (Figure 1A) and tested the vulnerability of SUDEP
risk in Adk+/- mutants that have approximately 50% reduction in
ADK protein level in the brain and compromised ability to
metabolize adenosine (Boison et al., 2002; Palchykova et al.,
2010). This model consists of two phases - chronic epilepsy
modeled by IHKA injection (400 ng) and a potential
phenotypic SUDEP (i.e., delayed postictal sudden death) event
triggered by a single SKA (15 mg/kg) challenge (Figure 1A). We
first assessed the epileptic features between Adk+/- and WT mice
at 4 weeks post-IHKA (or vehicle) injections as a baseline EEG
evaluation. No EEG seizures were observed in sham control
animals with the intrahippocampal injection of saline (WT n
= 10 and Adk+/- n = 12), whereas spontaneous recurrent
electrographic seizures were developed in IHKA-injected WTs
and Adk+/- mutants. There was no significant difference in
seizure-onset frequencies (p = 0.2778), seizure burden
(i.e., total duration of seizure activity, p = 0.5995), and average
length of seizures (p = 0.9687), between IHKA-injected Adk+/- vs.
WT mice (n = 23–25 per genotype, unpaired t-test, two-tailed)
(Figure 1B).

After baseline EEG evaluations, mice were subjected to SKA
(15 mg/kg, i. p.) to trigger possible SUDEP events. The v-EEG
monitoring data showed SKA injection-induced convulsive
seizures in all the epileptic animals, which eventually resulted
in two outcomes: non-lethal seizures or lethal seizures
(Figure 1C). Importantly, v-EEG monitoring demonstrated
two distinctive phenotypes of lethal seizures: 1) ictal death -
which occurred immediately after the end of SKA-induced
seizures (Figure 1C, middle panel), or 2) delayed postictal
death (aka, SUDEP event (Ryvlin et al., 2013)) - defined as a
sudden death that occurred without coexisting behavioral and/or
electrographic EEG seizures (based on v-EEG monitoring) for
more than 5 min (Figure 1C, lower panel). In contrast, SKA
(15 mg/kg, i. p.) did not trigger any death in non-epileptic sham
control mice without prior IHKA (but intrahippocampal saline)
injection, regardless of their genotypes (n = 10–12 per genotype)
(Figure 1E, right panel). The v-EEG analysis showed that the

SUDEP events occurred in a period of 12.73 ± 3.40 min after the
last v-EEG-recorded seizure (Figure 1D), with the longest
seizure-free period prior to a SUDEP event being 38.5 min.
The periods from last seizure to death occurrence were
significantly different between defined ictal deaths vs. SUDEP
events (p = 0.0067, unpaired t-test, n = 8–10/phenotype)
(Figure 1D). Remarkably, the occurrences of SUDEP events in
epileptic Adk+/- mutants (34.8%, 8/23) was significantly higher
than epileptic WTs (8.0%, 2/25, p = 0.0335, Fisher’s exact test,
two-sided), whereas the ictal seizure death rate was not
significantly different between Adk+/- mutants (8.7%, 2/23)
and WTs (24.0%, 6/25) (p = 0.2487, Fisher’s exact test, two-
sided), and the seizure-related total mortality was not
significantly different between Adk+/- mutants (43.5%, 10/23)
andWTs (32.0%, 8/25) (p = 0.5524, Fisher’s exact test, two-sided)
(Figure 1E, left panel). This suggests that Adk+/- mice, with
impaired adenosine removal, are more vulnerable to SUDEP risk.

Chronic Epilepsy-Induced Adenosinergic
Changes in the Brainstem of Mice
To understand the underlying mechanisms of chronic epilepsy-
associated SUDEP, we evaluated the molecular changes related to
adenosinergic activity with immunofluorescence staining of
ADK, A2AR, and cAMP in the NTS. The NTS level of ADK
(Figures 2B,C) was altered by Adkmutation and IHKA-modeled
epilepsy (genotype factor, p < 0.0001 F(1,18) = 189.2; modeling
factor, p = 0.0012, F(1,18) = 14.69; interaction, p = 0.002, F(1,18) =
22.21; two-way ANOVA, n = 5–6 per group). Specifically, the
basal NTS level of ADK in sham Adk+/- mutants was lower than
sham WTs (p < 0.0002), at 57.9% of the level of sham WTs
(Figures 2B,C). The epileptic WTs had significantly (36.5%)
increased NTS ADK vs. sham WTs (p = 0.0006, unpaired
t-test). Of note, epileptic Adk+/- mutants showed no increase
in NTS ADK level vs. sham mutants (p = 0.9514, unpaired t-test),
whereas NTS ADK level in epileptic Adk+/- mutants was
significantly lower vs. epileptic WTs (p < 0.0001, unpaired
t-test) (Figures 2B,C). This suggests an epilepsy-induced
compensatory increase of ADK in the NTS of WTs whereas
Adk+/-mice were devoid of this change. Furthermore, NTS A2AR
level was altered by IHKA epilepsy vs. sham controls (p < 0.0001,
F(1,18) = 166.5, modeling factor, two-way ANOVA, n = 5-6 per
group), in both epileptic Adk+/- and WT mice vs. their
corresponding sham controls (p < 0.0001 and p < 0.0001,
unpaired t-test) (Figures 3A,B). These indicate an epilepsy-
induced adaptive A2AR increase in the NTS of both genotypes,
regardless of ADK levels.

To further explore A2AR activation-related changes, we
evaluated cAMP in the NTS (Figure 3C). IHKA-modeled
epilepsy significantly increased NTS cAMP levels (p < 0.0001,
F(1,18) = 32.17, treatment effect, two-way ANOVA, n = 5-6 per
group) without a difference between genotypes (p = 0.4676, F(1,18)
= 0.5506, two-way ANOVA) (Figure 3D). Specifically, NTS
cAMP levels were increased in both epileptic WTs and Adk+/-

mutant vs. their corresponding non-epileptic sham controls (p =
0.0022, p = 0.0080, t-test, n = 5–6 per group) (Figure 3D), which
was in line with the changing pattern of A2AR in the NTS
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(Figure 3B). Together, these biochemistry findings revealed that
chronic epilepsy resulted in increased ADK levels for the removal
of excessive adenosine, and increased A2AR activities were in line
with increased cAMP in the NTS.

Blockade of A2AR Activation Reduced the
SUDEP Risk in Epileptic Mice
Having demonstrated perturbations in the adenosinergic
pathway in the NTS induced by epilepsy, we further explored
whether the increased A2AR activity contributes to the risk of
SUDEP events. We tested if suppressing A2AR activity, with A2AR
antagonist SCH58261, can reduce the risk of SUDEP and whether
ADK inhibition can exacerbate SUDEP risk. A cohort of epileptic
Adk+/- mutants and WTs was generated by IHKA-injection and
confirmed via EEG evaluation for their baseline epileptic features
(Figure 4A). They then were randomly assigned to three groups
to receive pretreatment of SCH58261 (3 mg/kg, i. p, n = 11–12),
5-ITU (2 mg/kg, i. p, n = 15), or vehicle (n = 17); and 30 min later
each mouse was given a single injection of SKA (15 mg/kg, i. p.)
followed by v-EEG monitoring for 72 h (Figure 4A). Figure 4B
demonstrates the epileptic features of each group of mice at
4 weeks post-IHKA injections as their baseline EEG evaluation.
There was no significant difference in seizure-onset frequencies
between groups (n = 11–17 per group) (p = 0.7769, F(2, 81) =

0.2532, two-way ANOVA) or between genotypes (p = 0.9867 F(1,
81) = 0.0002, genotype effect, two-way ANOVA) (Figure 4B,
upper panel); no significant difference was observed in seizure
burden between groups (p = 0.8933, F(2, 81) = 0.1130, two-way
ANOVA) or between genotypes (p = 0.2321, F(1, 81) = 1.450,
genotype effect, two-way ANOVA) (Figure 4B, middle panel);
also no difference was shown in average seizure length across
groups (p = 0.5270, F(2, 81) = 0.6456) and genotypes (p = 0.1338,
F(1, 81) = 2.294) (Figure 4B, lower panel).

The v-EEG analysis showed that the SUDEP occurrences
increased in 5-ITU pretreatment (46.7%, 7/15), whereas
SCH58261-pretreatment drastically reduced SUDEP events
(0%, 0/11) in Adk+/-mutants vs. vehicle-pretreated controls
(29.4%, 5/17) (X2

(2, N=43) = 6.901, p = 0.0317). The SCH58261-
pretreatment also reduced SUDEP events in WTs (0%, 0/11),
but 5-ITU pretreatment did not significantly increase SUDEP
onset vs. vehicle pretreatedWTs (X2

(2, N=44) = 1.904, p = 0.3860)
(Figure 4C). These findings indicate that A2AR overactivation
could contribute to increased SUDEP risk, and A2AR blockade
efficiently reduced the SUDEP risk. Retrospective analysis of
their baseline EEG showed that no significant differences were
found in seizure onset frequencies among mice of survival,
ictal death, and SUDEP groups that received different
treatments (F(5,10) = 1.799, p = 0.2007, one-way ANOVA)
(Figure 4D). This suggests that the baseline epileptic

FIGURE 3 | Changes of A2AR and cAMP in the NTS of IHKA modeled epileptic mice. Representative images of IF staining for A2AR (A) and cAMP (C) in the NTS of
IHKA modeled epileptic mice (Epileptic) vs. sham controls (Sham). Quantitative analysis of the NTS densities of A2AR (B) and cAMP (D) (presented as relative optical
density, ROD) in IHKA modeled epileptic (Epi) mice vs. sham controls (Sham). Data are mean ± SEM. **p < 0.01 and ****p < 0.0001, vs. sham controls within same
genotype, unpaired t-test. Scale bar = 35 μm.
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phenotype was not linked to their seizure-related death
phenotypes.

A2AR Blockade Disinhibits
Seizure-suppressed Coordination of
Activity in the NTS
To mechanistically dissect the A2AR effects on the
coordination of activity in the NTS, SCH58261 or saline (as
control) was administrated 30 min prior to KA injection in a
separated cohort of IHKA-modeled Adk+/- and WT mice (n =
4-6 per group), and LFP of NTS was recorded to reflect the
neural activity of the assembly of cells surrounding the
recording site (Bantikyan et al., 2009). We compared the
LFP signals in epileptic Adk+/- and WT mice following
pretreatment with saline or SCH58261, and afterward with
KA injections (Figure 5). The raw LFP signals were divided
into three frequency bands, i.e., theta, 2–12 Hz; beta, 15–35 Hz;
gamma, 36–95 Hz (Figure 5A). The heat map of the power
spectrum of LFP signals shows an overt continuous reduced
gamma response after KA in WT mice with saline
pretreatment (Figure 5B). Analysis of averaged power
spectrums between the genotypes demonstrated that the
baseline oscillation power of gamma was significantly lower

in Adk+/- mice vs. WTs (p = 0.0037, unpaired t-test) while their
baseline theta or beta powers were not different (p = 0.8656
and p = 0.9081, unpaired t-test, n = 5-6 per group) (Figure 5C).

Further analysis showed that the saline- or SCH58261-
pretreatment per se did not cause LFP power changes in
theta (F(2,9) = 1.801, p = 0.2189), beta (F(2,9) = 1.017, p =
0.3997), or gamma (F(2, 9) = 0.0742, p = 0.9290, one-way
ANOVA) band vs. baselines (Figure 5E). KA injection
following saline pretreatment decreased the gamma
oscillation in WTs (F(2, 6) = 9.504, p = 0.0138, one-way
ANOVA; p = 0.0077 vs. saline, p = 0.0115 vs. baseline,
paired t-test), but the reduction of gamma oscillation was
not seen when following SCH58261 pretreatment (F(2, 6) =
3.057, p = 0.1215, one-way ANOVA; p = 0.0967 vs. SCH58261,
p = 0.0328 vs. baseline, paired t-test), suggesting that
SCH58231 partially blocked the KA suppression on gamma.
The inferred role of A2AR is similar to that previously reported
(Pietersen et al., 2009), although in this previous study kainate
enhanced cortical gamma power. Also, while the baseline
power of gamma oscillation in Adk+/- mutants was
significantly lower than WTs (Figure 5D), no gamma
power change resulted after KA injection following saline
pretreatment (F(2, 10) = 0.0021, p = 0.9979, one-way
ANOVA; p = 0.9509 vs. saline, p = 0.9649 vs. baseline,

FIGURE 4 | A2AR antagonist SCH58261 reduced SUDEP occurrence in epileptic mice. (A) The paradigm of pharmacological pretreatment (pTx) in the boosted KA
model of SUDEP. (B) EEG validation of epileptic phenotypes in each group of Adk+/- mice and their littermates (Adk-WT) at 4 weeks after IHKA injection, prior to the
experimental SKA (15 mg/kg, i. p.) injections. (C) Rates of ictal death, SUDEP, and total mortality among groups with pretreatment of i. p. injection of vehicle (VEH), 5-
Iodotubercidin (5-ITU, 2 mg/kg), and SCH58261 (SCH, 3 mg/kg). (D) Baseline EEG evaluation of seizure onset frequencies (seizure/hour) in mice grouped as
survivors, ictal death, and SUDEP, with different pretreatments of a VEH, 5-ITU, or SCH. * Indicating zero animals with SUDEP existing in the marked (SCH) group. #p <
0.05 vs. same treatment group in Adk-WT mice, Chi-square test.
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paired t-test) (Figure 5E, lower panel). Similarly, no KA-
induced changes in theta (F(2, 10) = 0.6913, p = 0.5234) or
beta (F(2, 10) = 0.3417, p = 0.7185, one-way ANOVA) were
found in Adk+/- mice when following saline pretreatment.
Remarkably, the SCH58261 pretreatment significantly
increased the theta (F(2, 8) = 8.959, p = 0.0091, one-way
ANOVA; p = 0.0056, paired t-test) and beta powers (F(2, 8)

= 5.452, p = 0.0321, one-way ANOVA; p = 0.0119, paired
t-test) in Adk+/- mice post-KA injection (Figure 5E, upper and
middle panels). Together, we demonstrated the differential
effects of KA-induced LFP power changes and SCH58261
manipulation on KA effects between WT and Adk+/- mice.

DISCUSSION

While the mechanisms of SUDEP remain elusive (Stöllberger and
Finsterer, 2004; Hirsch, 2010; Shorvon and Tomson, 2011),
studies suggested that abnormalities in the adenosinergic
system may play an important role in SUDEP events (Shen
et al., 2010; Boison, 2012; Devinsky et al., 2016). We
hypothesized that repeated seizure-induced adenosine
increases in the brainstem can result in potentially fatal

overactivation of A2AR while decreased ADK can exacerbate
fatality. We developed a new SUDEP model characterized by a
delayed postictal death phenotype in mice with chronic epilepsy.
Our findings suggest an enhanced A2AR activity in the NTS of
epileptic mice - while LFP alteration can result from a local
modulation by A2AR and/or potentially by a long-distance
network effect triggered by A2AR in different brain regions -
and provide experimental evidence supporting A2AR as a
therapeutic target for SUDEP prevention. To better
understand the role of A2AR in SUDEP and its therapeutic
potential, the following aspects warrant further discussion.

SUDEP Animal Models and Clinically
Relevant Phenotypes
The unmet need in developing pharmacological preventative
therapies against SUDEP was not only due to inadequate
understanding of SUDEP mechanisms (Hirsch, 2010; Shorvon
and Tomson, 2011; Stöllberger and Finsterer, 2004) but also was
compromised by limitations of available SUDEP animal models
(Surges et al., 2009; Devinsky et al., 2016; Pansani et al., 2016). Of
the previous animal models used for SUDEP research, most carry
genetic mutations that mimic several major clinical conditions

FIGURE 5 | Electrophysiological LFP recording in the NTS of Adk+/- and WT epileptic mice. (A) Typical LFP signals from one WTmouse after saline treatment (top)
and subsequent KA injection (bottom). The first row of both upper (WT Saline-raw) and lower (WT KA-raw) panels showing a 5 s of the raw trace; the second to fourth
rows in both panels showing a 5 s of filtered signals (Theta, Beta, and Gamma, respectively). (B) The power spectrum of the above LFP signals showing a reduced
gamma response after KA injection. (C) The averaged power spectrums of LFP from WT and Adk+/- mice, indicating a lower baseline gamma response in Adk+/-

mice. (D) The histogram showing a significant decrease in baseline gamma response in Adk+/- mice. (E) Histograms of the averaged power spectrum of LFP signals
showing quantitative changes in theta (top panel), beta (middle panel) and gamma (bottom panel) bands fromWT and Adk+/- mice after injections of saline followed KA or
SCH followed KA. Data are mean ± SEM. *p < 0.05 vs. corresponding baseline, one-way ANOVA, in (E); **p < 0.01 vs. WT baseline, paired t-test, in (D).
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related to sudden death (e.g., cardiac arrhythmia, arrest, and
coincidence of seizures) (Massey et al., 2014; Scheffer and
Nabbout, 2019; Tu et al., 2011). Also, there is a lack of data in
systematically characterizing the types of death (such as ictal
death vs. delayed postictal death). These include rodents with
mutations in the SCN1A gene (mimics Dravet syndrome)
(Scheffer and Nabbout, 2019), SCN5A gene (mimics Brugada
syndrome), KCNH2, KCNQ1 genes (mimics Long QT syndrome),
etc. (Tu et al., 2011). These genetic mutations could be potential
causes of SUDEP; however, while they can result in
pathophysiological changes, e.g., prolonged cardiac action
potential, ventricular tachycardia, syncope, and sudden death,
these genetic deficits were rarely reported in clinical SUDEP cases
or patients with TLE—the most common form of epilepsy
involved in SUDEP cases (Massey et al., 2014; Patodia et al.,
2020; Devinsky, 2011). Facing these limitations, we developed a
new SUDEP mouse model using a boosted-KA paradigm that
mimics major, clinically relevant features of SUDEP cases,
including: 1) a chronic nature of spontaneous seizures
(Figure 1B) (Shen et al., 2015); and 2) a delayed postictal
death phenotype - i.e., SUDEP event - one of the central
revelations of the MORTEMUS study (Ryvlin et al., 2013),
dissociated from prior convulsive and/or electrographic
seizures (Figure 1C). Notably, the average latency to the
SUDEP event is substantially longer than the delay seen in
most (but not all) epilepsy patients reported in the
MORTEMUS study (Ryvlin et al., 2013). A limitation of this
study is the need for cardiopulmonary monitoring, which should
be undertaken in future studies to fully characterize this model. It
may be of interest to note that the adenosine modulation system
also has direct cardiorespiratory effects which are affected in the
global genetic and pharmacological manipulation attempted in
this study. Additionally, future work could optimize our
paradigm. For example, we utilized 15 mg/kg KA to trigger
behavior seizures in epileptic mice; a lower KA dose may
achieve a less severe behavioral seizure phenotype, while still
triggering a SUDEP event in epileptic animals, resulting in a
longer postictal period before SUDEP occurrence. These models
have the potential for better characterization of adenosinergic
changes in other brain regions in SUDEP, e.g., hippocampus,
cortex, and other brainstem nuclei. Nevertheless, this
adenosinergic SUDEP mouse model provides a novel tool for
the SUDEP research field while it warrants continued
optimization. The biological sex variable should also be
investigated and addressed in future studies.

Disturbances in the Adenosinergic
Signaling Pathway Resulted in SUDEP
Adenosinergic activities are tightly linked to the etiological and
pathophysiological outcomes of seizures and epilepsy (Ashraf
et al., 2021; Faingold et al., 2016; Kommajosyula et al., 2016;
Masino et al., 2014; O’Brien, 1988; Shen et al., 2014). Acute and
chronic seizures can trigger repeated adenosine surges and
increase adenosine tone in the brain, which can act as an
endogenous anticonvulsant and also reset neuron network
stability by affecting neurotransmission at the synapse

(Masino et al., 2014; O’Brien, 1988). It is increasingly
established that two main systems are contributing to the
extracellular adenosine that engages the adenosine
modulation system in the brain: the activity of equilibrative
nucleoside transporters (ENTs) and of ADK mostly associated
with a global A1R function and CD73-mediated formation of
ATP-derived adenosine tightly associated with A2AR
activation (Cunha, 2016). Seizure-induced adenosine surges
can result in changes in ADK (Aronica et al., 2011), which
together with adaptive alterations of the density and activity of
adenosine receptors (He et al., 2020; Rebola et al., 2005c)
maintain balanced adenosine activities in epileptic sites.
Despite Adk+/− mutants having reduced endogenous brain
ADK, intriguingly, no overt genotype effect of Adk+/−

mutants was observed in IHKA-induced chronic seizures
(Figure 1B). This could be attributed to potential
adaptations of mutants to genetic knockdown of ADK
during their development, or it could be masked by
undetermined compensatory changes in the adenosinergic
pathway: changes in additional adenosine metabolic
pathways, e.g., adenosine deaminase (to process adenosine
into inosine and then into hypoxanthine), and/or changes
in adenosine receptors in the hippocampus of Adk+/−

mutants. These potential changes may separately and/or
synergistically affect the seizure phenotypes in Adk+/− mice.
The complexity and seeming discrepancy of the relationship
between the ADK/adenosine and seizure phenotypes were also
shown in the Sandau et al. study with similar ADK deletion in
the hippocampus (Sandau et al., 2016), in which the AdkΔbrain

mice (i.e., Nestin-Cre+/−:Adkfl/fl mice) were used with the
characterized conditional Adk gene deletion, which caused
brain-wide ADK deficiency and increased synaptic
adenosine levels. However, AdkΔbrain mice surprisingly
showed an increase in spontaneous seizures and
susceptibility to seizure induction compared to their WT
littermates (Sandau et al., 2016). The findings from
AdkΔbrain mice and our Adk+/− mutants indicated a
complexity between ADK/adenosine and seizure (onset)
phenotypes, which is also a suggestive indication supporting
the contention that studying only ADK as a controller of the
adenosine levels may well be inadequate. The work of Sandau
et al. (2016) did not consider the possibility that changes in
ATP release and ect-nucleotidase activity might have occurred
in the tested Adk transgenic mice. Nevertheless, whether
genetic ADK knockdown can yield possible preconditioning
effects against the development of epilepsy warrants additional
evaluation.

In the brainstem, we demonstrated that chronic seizures led to
a compensatory increase in NTS ADK (of WT mice), an area
outside the hippocampal seizure origin; epileptic Adk+/- mice did
not experience any ADK level increases, which may have
contributed to their increased death rates. The NTS level of
A2ARs was enhanced in epileptic mice along with increased
cAMP, suggesting an increased output of A2AR activation.
Notably, in epileptic Adk+/- mice, the combination of impaired
adenosine removal potential with increased A2ARs in the NTS
could result in lethal suppression on cardiorespiratory reflexes of
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chemo- and baroreceptors inputs (Wilson et al., 2004; Zoccal
et al., 2014; Minic et al., 2015). Mechanistically, A2ARs can alter
GABAergic activities in several aspects: 1) A2AR controls the
depolarization-evoked GABA release in synaptosomes in the
hippocampus (Cunha and Ribeiro, 2000) and striatum (Kirk
and Richardson, 1994); 2) A2AR controls the activity of
GABAergic interneurons, increasing synchronization in
hippocampal networks (Rombo et al., 2015) and most
evidently controlling adaptive plastic changes in GABAergic
synapses in the prefrontal cortex (Kerkhofs et al., 2018); 3)
previous studies in different animal models of epilepsy
suggested that the neuroprotection afforded by A2AR blockade
might involve a rebalance of GABAergic transmission (Seo et al.,
2020); 4) A2AR are critical mediators of the stability of
GABAergic synapses (Gomez-Castro et al., 2021). Thus,
overactivation of A2ARs in the NTS can attenuate
depolarization-evoked GABA release (Saransaari and Oja,
2005) and affect oscillations of GABAergic interneurons
(Buzsáki and Wang, 2012). Meanwhile, it has been shown that
A2AR is located in glutamatergic synapses (Rebola et al., 2005b)
acting as a controller of plasticity processes at glutamatergic
synapses, either in the hippocampus (Costenla et al., 2011),
dorsal or ventral (Reis et al., 2019) hippocampus, the striatum
(Shen et al., 2008; Li et al., 2015), the amygdala (Simões et al.,
2016), or the prefrontal cortex (Kerkhofs et al., 2018).
Overactivated A2AR may also lead to altered synaptic
glutamatergic activities in NTS neurons.

Remarkably, A2AR antagonist SCH58261 disinhibited KA-
induced continuous suppression in gamma oscillation and
enhanced theta and beta oscillations in anesthesia preparation
(Figure 5E), likely preventing the lethal suppression of NTS
neuronal activity during and after seizures (Kuo et al., 2016).
Theta, beta, and gamma oscillations not only represent activity
changes of local neurons in the recorded area but also activities
from specific brain circuits of information flow (Massimini et al.,
2004). Our study demonstrated that under chronic epileptic
condition, KA and/or acute seizure tends to decrease the slow-
wave synchrony, suggesting decreased communications between
brain regions. SCH58261 pretreatment can restore KA-induced
inhibition on slow waves, indicating the disinhibition is mainly
mediated by A2AR activation. In the mammalian cortex, neural
communication is organized by 30–100 Hz gamma oscillation,
with gamma frequency related to processing speed in neural
networks (Insel et al., 2012). Furthermore, this fast band typically
requires interplay between excitatory and inhibitory transmission
(Buzsáki et al., 2012). However, we need to bear in mind that
though LFP recorded from the anesthetized animal has been
accepted in epilepsy studies (Williams et al., 2016; Wenzel et al.,
2017) to reflect synchronous activities of neuronal assemblies, the
anesthetized states might mask changes in seizure activity,
respiration, and potential neurobehavioral outcomes. The LFP
findings aimed to mechanistically demonstrate the local neuronal
activities in the NTS, linked to IHKA-induced chronic epilepsy
and/or affected by adenosine-A2AR activities.

In the NTS, neurons are segregated into neuronal clusters,
which receive distinct cardiorespiratory afferents and regulate
their function by regulating NMDAR- and GABAAR-mediated

excitatory/inhibitory synaptic plasticity (Bantikyan et al., 2009).
We propose that, in ADK+/− mice, the inhibitory transmission
may predominate in the NTS because of its impaired capacity to
remove the endogenous adenosine, which may lead to a potential
tonic suppression of cardiorespiratory function, and a higher
vulnerability to SUDEP risk. As such, the additional KA injection
can cause a higher sudden death rate in ADK−/+ mice. While the
cell type- and/or neurotransmitter-dependent actions of A2AR in
the NTS warrant further characterization to reveal the complexity
of A2AR-mediated regulation in NTS circuits, a report from
Derera et al (2017) supports the role of A2AR in the NTS in
an increased risk of cardiorespiratory dysfunction and sudden
death in TLE patients (Derera et al., 2017). Enhanced A2AR
signaling may not be limited to NTS; it may affect other
autonomic brainstem structures that potentially contribute to
SUDEP. Our findings indicate a crucial role of A2AR in the
pathophysiology of SUDEP and suggest that antagonism of
A2AR may be a therapeutic strategy for SUDEP prevention.

Adenosinergic Intervention—do the Timing
and Subtype of Receptor Matter?
With a broader consideration, seizures also trigger a release of
ATP (Wieraszko et al., 1989; Augusto et al., 2021) and an
increased extracellular catabolism of ATP into adenosine
(Bonan et al., 2000; Bruno et al., 2003; Nicolaidis et al., 2005),
which sustains A2AR activation (Augusto et al., 2013; Carmo
et al., 2019; Gonçalves et al., 2019; Alçada-Morais et al., 2021;
Augusto et al., 2021) that is critically associated with seizure-
induced neurodegeneration (Cognato et al., 2010; Canas et al.,
2018; Augusto et al., 2021). This evidence is of key importance to
understand the role of A2AR and the limitations in studying only
the relation between ADK and adenosine neuromodulation
without considering the whole limb of ATP release and
ectonucleotidase activity selectively associated with A2AR
activation (Augusto et al., 2013; Carmo et al., 2019; Gonçalves
et al., 2019; Alçada-Morais et al., 2021; Augusto et al., 2021).
Strangely, it has never been tested if decreased ADK results in
aberrantly increased ATP release upon neuronal activation.

Further, due to the complexity of the adenosinergic actions in the
CNS and diverse and wide distributions of A1R and A2AR across
brain regions (O’Brien, 1988; Chen et al., 2014; Fredholm et al., 2005;
Chen et al., 2013), the application of adenosinergic interventions to
prevent SUDEP deserves deeper discussion. In the hippocampus,
A1R suppresses the ictal firing of excitatory neurons; conversely,
hippocampal A2AR activation is proconvulsant and proseizure
(Zeraati et al., 2006; El Yacoubi et al., 2009). Clinical findings
revealed upregulated hippocampal A2ARs in patients with TLE,
which supports the notion of applying A2AR antagonists without
exacerbating epileptic seizures. In the brainstem, a working
hypothesis is that A2AR activation leads to suppression of
GABAergic inhibitory neurons and their mediated
cardiorespiratory functions, whereas A1R activation promotes
opposite effects (Phillis et al., 1997). These diverse effects of A2AR
vs. A1R limit the potential application of the widely used, non-
selective adenosine receptor antagonist, caffeine. Indeed, the cause-
and-effect relationship between caffeine and epileptic seizures has
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long been debated (Kaufman and Sachdeo, 2003; Samsonsen et al.,
2013) and was recently reviewed (Tescarollo et al., 2020) with due
care to distinguish the effects of acutely administered caffeine
compared to the ‘chronic’ consumption of caffeine, the latter
attenuating epileptic-like phenotypes. Rather, specific antagonism
of A2AR can reduce the adenosine surge-related brainstem
suppression, while avoiding interference with A1R-mediated
anticonvulsive actions. Last but not least, antiepileptic drug-
resistant/refractory patients are linked to a high risk of SUDEP,
while having tonic-clonic seizures is considered the greatest risk
factor (Annegers and Coan, 1999). With the recent FDA approval of
the A2AR antagonist istradefylline for PD treatment (Chen and
Cunha, 2020), our results indicate istradefylline should be examined
for repurposing for epileptic patients at risk of SUDEP. Together,
A2AR antagonists may be a potential add-on anti-SUDEP approach.
This approach may provide an important reduction of SUDEP with
a remaining question as to the suppression of seizures.
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UTP Regulates the Cardioprotective
Action of Transplanted Stem Cells
Derived From Mouse Cardiac Adipose
Tissue
Esteban Diaz Villamil, Lucas De Roeck, Marion Vanorlé and Didier Communi*

Institute of Interdisciplinary Research, IRIBHM, Université Libre de Bruxelles, Brussels, Belgium

Adipose tissue is a source of stem cells with a high potential of differentiation for cell-based
regenerative therapies. We previously identified mouse P2Y2, an ATP and UTP nucleotide
receptor, as a regulator of adipogenic and endothelial differentiation of cardiac adipose-
derived stem cells (cADSC). We investigated here the potential involvement of P2Y2

receptor in the cardioprotective action of undifferentiated cADSC transplantation in mouse
ischemic heart. Transplantation of cADSC was realized in the periphery of the infarcted
zone of ischemic heart, 3 days after left anterior descending artery ligation. A strong
reduction of collagen stained area was observed 14 days after cADSC injection, compared
to PBS injection. Interestingly, loss of P2Y2 expression totally inhibits the ability of
transplanted cADSC to reduce cardiac fibrosis. A detailed gene ontology enrichment
analysis was realized by comparing RNA-sequencing data obtained for UTP-treated wild
type cASDC and UTP-treated P2Y2-null cASDC. We identified UTP target genes linked to
extracellular matrix organization such as matrix metalloproteinases and various collagen
types, UTP target genes related to macrophage chemotaxis and differentiation into pro-
fibrotic foam cells, and a significant number of UTP target genes linked to angiogenesis
regulation. More particularly, we showed that UTP regulated the secretion of CCL5,
CXCL5, and CCL12 chemokines and serum amyloid apolipoprotein 3, in the supernatants
of UTP-treated cADSC. Interestingly, CCL5 is reported as a key factor in post-infarction
heart failure and in the reparative and angiogenic action of transplanted ADSC on ischemic
tissue. We investigated then if a UTP-pretreatment of cADSC amplifies their effect on
cardiac revascularization in mouse ischemic heart. Transplantation of cADSC was able to
increase peri-infarct capillary density, 14 days after their injection. This beneficial effect on
cardiac revascularization was enhanced by a UTP-pretreatment of cADSC before their
transplantation, and not observed using P2Y2-null cADSC. Our data support that the
efficacy of transplanted cADSC can be regulated by the release of inflammatory mediators
such as extracellular nucleotides in the ischemic site. The present study highlights the P2Y2

receptor as a regulator of cADSC cardioprotective action, and as a potential target for the
therapeutic use of undifferentiated cADSC in post-ischemic cardiac ischemia.

Keywords: P2Y receptors, adipose-derived adult stem cells, cardiac ischemia, extracellular nucleotides,
cardioprotection
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INTRODUCTION

Adipose-derived stem cells (ADSC) are now recognized as an
ideal source for therapeutic applications due to their
multidifferentiation capacity and low immunogenicity
(Schenke-Layland et al., 2009). ADSC implanted in the
myocardium after ischemic injury produce and release pro-
angiogenic, anti-apoptotic and anti-inflammatory cytokines
and growth factors (Lévy et al., 2013; Zhao et al., 2017).

The therapeutic effects of ADSC are caused more by their
secretory potential than by their cardiac differentiation capacity
and direct integration into damaged tissue (Gnecchi et al., 2008).
It is thus essential to elucidate the paracrine mechanisms
underlying tissue repair and regeneration after ADSC
transplantation. Pretreatment of ADSC before transplantation
with specific factors constitutes a major approach to improve
ADSC cardioprotective therapeutic effects (Stubbs et al., 2012;
Zhu et al., 2015). Nevertheless the optimization of the
cardioprotective abilities of transplanted ADSC in myocardial
infarction treatment remains a major issue. ADSC isolated from
cardiac adipose tissue display a better potential to differentiate
into multiple cardiovascular cells including cardiomyocytes,
endothelial cells, and vascular smooth muscle cells in vitro
than stem cells derived from other fat depots such as
subcutaneous and visceral adipose tissues (Nagata et al., 2016).

Therapeutic treatments for myocardial infarction display a
limited success in preventing the progression of left ventricular
remodeling, which results in only a partial restoration of cardiac
function (Zhu et al., 2015; Zhao et al., 2017). Many research
studies and clinical trials have highlighted the ability of ADSC
injection to reduce myocardial infarction, promote post-ischemic
vascularization and improve cardiac function (Yang et al., 2013;
Chen et al., 2014). The use of ADSC has reinforced the idea that
stem cell transplantation is still a promising strategy of
therapeutic revascularization developed for patients with
myocardial infarction (MI) (Cai et al., 2009). The regulation of
cardiac fibrosis as well as revascularization and restoration of
blood flow are the basis of the used therapeutic interventions to
myocardial ischemia. Therapy based on the use of adipose-
derived stem cells has already been performed for tissue
regeneration and revascularization. Their paracrine actions
include pro-angiogenic and anti-apoptotic effects through the
secretion of various cytokines (Nagata et al., 2016) and their
efficacy has been already tested in clinical trials (Cai et al., 2009;
Chen et al., 2014).

An important release of extracellular nucleotides by
cardiomyocytes and cardiac endothelial cells has been reported
during myocardial ischemia (Dutta et al., 2004) and could
modulate the inflammatory and fibrotic response within the
infarcted area. P2Y2 receptor is an ubiquitously expressed
ATP/UTP G-protein-coupled nucleotide receptor coupled to
the phosphoinositide pathway (Lustig et al., 1993). P2Y2

activation significantly reduces cardiomyocyte death induced
by hypoxia and UTP administration to rats reduces infarct
size (Yitzhaki et al., 2005). We demonstrated previously that
loss of P2Y4 receptor, another ATP/UTP nucleotide receptor, is
associated with a protection against infarction and a decrease in

cardiac inflammation, fibrosis and permeability (Horckmans
et al., 2015). Purinergic receptors are considered as key
regulators of proliferation, differentiation, cell death, and
engraftment of diverse stem cells (Glaser et al., 2012; Zippel
et al., 2012; Kaebisch et al., 2015). We demonstrated the
differential involvement of P2Y2 and P2Y4 receptors on
adipogenic differentiation of mouse cardiac adipose-derived
stem cells (cADSC) (Lemaire et al., 2017; Negri et al., 2019).
More recently, we showed that UTP is a regulator of endothelial
differentiation and angiogenic properties of cADSC (Vanorlé
et al., 2021).

Therapeutic applications based on ADSC preconditioning
with extracellular nucleotides may provide a new advance for
cardiac tissue repair. In the present study, we investigated the
potential role of P2Y2 receptor in the cardioprotective action of
transplanted undifferentiated cADSC in an in vivo model of
mouse myocardial infarction.

METHODS

Animals
P2Y2 knockout (KO) CD1/C57BL/6J mice were a kind gift from
Dr. B. Koller (University of North Carolina, Chapel Hill,
United States) (Homolya et al., 1999). 12- to 16-week-old male
and female wild type (WT) and P2Y2 KO mice were used
randomly for cADSC isolation and ischemia experiments.

cADSC Isolation and Culture
cADSC were isolated from the stromal vascular fraction of wild
type (WT) and P2Y2 KO mouse cardiac adipose tissue and their
purity was checked by flow cytometry as previously described
(Nagata et al., 2016). The cardiac adipose tissue, located between
the visceral pericardium and the epicardium (including epi- and
pericardic fat depots) was freshly harvested. Adipose tissue was
washed in phosphate-buffered saline (PBS) and minced, followed
by a digestion in collagenase A (2.5 g/L) at 37°C for 45 min. The
digested tissue was filtered through a 100 μm cell strainer
(Corning) and centrifuged at 500 g for 5 min. The supernatant
containing adipocytes and debris was discarded. A red blood cell
lysis was performed on the pelleted cells by an osmotic shock
using ammonium-chloride-potassium (ACK) lysing buffer
containing 0.15 M ammonium chloride, 0.01 M potassium
bicarbonate and 0.0001 M disodium EDTA. After a last
centrifugation at 500 g for 5 min, the resultant pellet, named
the stromal vascular fraction, was suspended in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco) supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin, plated at
a density of 5 × 104 per cm2 and incubated at 37°C in a humidified
95% O2/5% CO2 atmosphere. cADSC were selected by their high
plastic adhesion, non-adherent cells were removed after 24 h, and
the culture medium was subsequently replaced every 2 days. The
cADSC cultures were not stimulated or stimulated daily with
UTP (100 µM) for 7 days in the DMEMmedium described above.
A fraction of cADSC was used to check their purity before
transplantation by flow cytometry using CD90, C105, and
CD44 markers, as previously described (Nagata et al., 2016).
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Myocardial Infarction Model and
Intra-Myocardial cADSC Injection
WT mice were anesthetized with a mixture of Dormazolam
(midazolam, 5 mg/kg), Domitor (medetomidine hydrochloride,
0.5 mg/kg) and Fentadon (fentanyl, 0.05 mg/kg), intubated and
mechanically ventilated (rate 130 stroke/min, tidal volume
0.13 ml). Optical magnification loop was used for better
visualization of the operation field. A left side thoracotomy
was performed between the third and the forth rib, and the
pericardium was incised. Once the heart was exposed, MI was
induced by the permanent ligation of the left anterior descending
artery (LAD) proximal to its bifurcation from the main stem.
Successful performance of coronary occlusion was confirmed by
blanching of the myocardium distal to the coronary ligation. The
thoracic incision was then closed with a 5-0 silk suture at the
muscle tissue and a 7-0 silk suture at the skin. An antagonist
cocktail of Naloxon (naloxone hydrochloride, 1.2 mg/kg),
Anexate (flumazenil, 0.5 mg/kg) and Atipam (atipamezole
hydrochloride, 2.5 mg/kg) was finally administered to the mice
to reverse the general anesthesia. An intraperitoneal injection of
Temgesic (buprenorphine, 0.3 mg/kg) was administered after the
surgery and the next morning. Three days after LAD, mice
underwent a second thoracotomy, as described above. This
was followed by intramyocardial cADSC injections. Briefly,
cADSC cultured in DMEM for 7 days, untreated or stimulated
daily with UTP (100 µM), were detached with trypsin/EDTA and
resuspended in PBS. These cells were then injected at a
concentration of 104 cells/µl at 3 different sites along the
infarct border zone with a final volume of 10 μl at each site (3
× 105 cells/heart). Sham/control group mice underwent the same
experimental procedure excepted that they were subjected only to
PBS injection. 14 days after injection, hearts were perfused with
PAF 4%, collected, fixed in PAF 4%, and either immerged in
isopropanol 70% and embedded in paraffin or immerged in a
10%, 20%, and finally a 30% sucrose solution and embedded in
Tissue-Tek OCT compound (Sakura Finetek) and frozen
at −80°C.

Quantification of Fibrosis Area in Ischemic
Hearts
Paraffin cross-sections (8 µm) of infarcted hearts were cut, fixed
in Bouin’s solution (Sigma-Aldrich) and stained with Masson’s
trichrome (Sigma-Aldrich), according to the manufacturer’s
protocol. Sections were counterstained with hematoxiline and
mounted. Images of whole hearts were acquired with
NanoZoomer-SQ (Hamamatsu) at 0.23 μm/pixel. Fibrosis was
quantified as the relative area of the blue staining (collagen) on
five sections per ischemic heart compared to the left ventricle
surface, using ImageJ software.

Quantification of Vascular Density in
Ischemic Hearts
The vascularity of the ischemic myocardium was assessed by
staining with specific markers recognizing the presence of

capillaries and arterioles. Briefly, 8 µm-thick heart cryosections
were stained with an anti-isolectin B4 antibody—Alexa Fluor ™
647 conjugate (1/400 ON at 4°C) (Invitrogen, Merelbeke,
Belgium), an anti-α-smooth muscle actin antibody—Cy3™
conjugate (1/400 1 h at RT) (Sigma-Aldrich, St. Louis, MO,
United States) and Hoechst (1/2000 1 min at RT) (Thermo
Scientific, Merelbeke, Belgium). The area of the infarct border
zone was determined as the 0.5 mm region of histologically intact
myocardium surrounding the infarct-related fibrocellular region.
Capillary and arteriole density was quantified in this peri-infarct
myocardium. The final data were expressed as the number of
capillaries or arterioles (<20 µm in diameter) per square
millimeter, the percentage is referring to the ratio between
control condition (PBS injection) and cADSC injection
conditions. These analyses were performed using ImageJ
software by examining 30 counting surfaces/field for capillary
and arteriole density on a total of five sections per heart, at ×10
magnification, in a blinded fashion. Sections were counterstained
with Hoechst to visualize the entire population of cell nuclei
within each myocardial section.

Image Acquisition of Transplanted Ischemic
Hearts
Images were acquired at LiMiF (Université Libre de Bruxelles,
Faculté de Médecine, Bruxelles, Belgique), on an Axio Observer
Z1 inverted microscope (Zeiss) equipped with a Zeiss Axiocam
702mono camera using a EC Plan NeoFluar ×10/0.3 dry objective
(Zeiss). The microscope is equipped with an HBO 100 light
source. Three channels were recorded with narrow band-pass
filter sets (Zeiss) #49 (ex. 335–383 nm, em. 420–470 nm), #43 (ex.
538–562 nm, em. 570–640 nm), and #50 (ex. 625–655 nm, em.
665–715 nm) used to visualize blue, red and far-red
fluorochromes, respectively. Images of 2.3 pixels (Axiocam
702 m) were acquired and recorded as 16-bit czi files. The
field of view is defined by the ×10 objective resulting in
1.13 mm by 712.58 micron images. The pixel scaling results in
0.586 micron by 0.586 micron. Settings were kept identical for all
conditions. Single plane images were displayed using Zen (Blue
Edition) software (Zeiss) and exported as uncompressed TIF
images.

RNA-Sequencing Experiments
RNA-sequencing experiments were performed on WT or P2Y2

KO cADSCs cultured in DMEM for 7 days, untreated or treated
every 24 h with UTP (100 µM). RNA was extracted using the
RNeasy Mini Kit (Qiagen) after cell lysis using TRI Reagent
Solution (Invitrogen). 1 µg/50 µl of RNA was engaged and the
quality was checked using a Bioanalyzer 2100 (Agilent
technologies). RNA-sequencing experiments were performed
on two different pools of RNA from two cADSC cultures per
condition. Complementary DNA (cDNA) libraries were obtained
using the TruSeq Stranded mRNA Library Prep kit (NuGen)
following manufacturer recommendations. The multiplex
libraries (18 pM) were loaded on flow cells and sequences
were produced using a HiSeq PE Cluster Kit v4 and TruSeq
SBS Kit v3-HS from a HiSeq 1500 (Ilumina). Approximately 25
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million paired-end reads per sample were mapped against the
mouse reference genome (GRCm38.p4/mm10) using STAR
software to generate read alignments for each sample.
Annotations Mus_musculus GRC38.87.gtf were obtained from
ftp.Ensembl.org. After transcripts assembling, gene level counts
were obtained using HTSeq.

A gene enrichment analysis was performed with DAVID
software on the RNA-sequencing data to determine which
biological processes were enriched for differentially expressed
genes. Only genes with CPM > 0.5 and a fold change >2 or <0.5
were considered. The modified Fisher Exact p-value or EASE
score was reported by the software and indicated as logarithmic
p-value.

Quantitative Reverse-Transcription
Polymerase Chain Reaction
Total mRNA was extracted from cADSC, cultured for 7 days in
DMEM and untreated or treated daily with UTP (100 µM), as
described above. RNA samples were eluted with RNase-Free
water and RNA concentration was quantified by NanoDrop.
Reverse transcription was performed with 500 ng mRNA,
0.5 µl random hexamers, 1 µl dNTPs (10 mM), 4 µl ×5 First
Strand Buffer (250 mM Tris-HCl, pH 8.3, 375 mM KCl,
15 mM MgCl2), 2 µl DTT (0.1 M), 1 µl RNaseOUT
ribonuclease inhibitor (40 U/µl), 1 µl SuperScript II reverse
transcriptase (200 U/µl) and RNase-Free water up to a volume
of 20 µl. Samples were incubated at 42°C for 50 min to synthesize
cDNA and at 70°C for 10 min to stop the reaction. Quantitative
polymerase chain reaction (qPCR) experiments were performed
using 5 ng cDNA, specific primers (5 µM) for UTP target genes
and P2Y receptors, 2x KAPA SYBR FAST qPCR Master Mix
[KAPA SYBR FAST DNA Polymerase, reaction buffer, dNTPs,
SYBRGreen I dye, andMgCl2 (2.5 mM)], 50x KAPA SYBR FAST
ROX Low and RNase-Free water up to a 20 µl volume on a 7500
Fast Real-Time PCR System (Applied Biosystems). Expression
values for each gene were normalized to the expression of the
housekeeping gene Rpl32. Results were expressed as 2−ΔCt. The
specific primers for Ccl5, Cxcl5, Ccl12, Saa3, and Rpl32 genes and
for P2ry2 and P2ry4 genes are shown in Table 1.

ELISA Experiments
Supernatants from cADSC cultured in DMEM for 7 days,
untreated or treated daily with UTP (100 µM), were collected.
CCL5, CXCL5, CCL12, and SAA3 protein levels were quantified

by ELISA following the manufacturer’s procedure (R&D
Systems). Total proteins were quantified using Pierce™
660 nm Protein Assay Reagent (Thermo Scientific)
supplemented with Ionic Detergent Compatibility Reagent
(Thermo Scientific) to normalize ELISA results.

Statistical Analysis
All data are expressed as mean ± SEM, and statistical analysis was
performed with Prism Software (version 6; GraphPad, San Diego,
CA, United States). Endpoint comparisons between 2 groups
were performed using unpaired 2-tailed Student’s t-test. For
multiple comparisons, false discovery rate according
Benjamini-Hochberg was applied to control for type I false
positive errors, FDR was set to 0.05. For parallel repeated-
measures studies, 2-way ANOVA was used with Bonferroni
post-hoc evaluation to determine the significance for
individual time points. A 2-tailed p < 0.05 was considered as
significant.

RESULTS

Role of P2Y2 Receptor in the Ability of
Transplanted cADSC to Reduce
Post-ischemic Cardiac Fibrosis
Stromal cells were isolated from cardiac adipose tissue of WT and
P2Y2 KO mice. Non-adherent cells were removed 24 h after the
plastic adherence step. Flow cytometry experiments were
performed with adherent stromal cells using CD90, CD105,
and CD44 as markers of mesenchymal stem cells, and CD26
as fibroblast marker. More than 90% of isolated cells were CD90+

CD105+ CD44+ CD26−, and they were cultured for 7 days in
proliferation medium (data not shown). These cADSC were then
counted for intramyocardial injections (3 × 10 µl containing 105

cells each). LAD ligation was performed on WT mice and
intramyocardial injections of PBS (control), WT cADSC and
P2Y2 KO cADSC were performed in the peri-infarct border zone,
3 days after LAD ligation. 14 days after injection, hearts were
harvested and embedded in paraffin for further analysis.

Five heart sections per transplanted ischemic heart were
stained with Masson’s trichrome to evaluate cardiac fibrosis.
Fibrosis was quantified by calculating the area stained blue,
expressed as a percentage of the left ventricle’s total area
(Figures 1A,B). We observed a strong reduction of cardiac

TABLE 1 | Specific primers for UTP target genes, P2Y receptor genes and Rpl32 gene. Specific primers for UTP target genes Ccl5, Cxcl5, Ccl12, and Saa3, and for P2ry2
and P2ry4 receptor genes, were used in qPCR experiments and normalized to Rpl32 mRNA level.

Gene Forward primer sequence Reverse primer sequence

Ccl5 5’-GCTGCTTTGCCTACCTCTCC-3′ 5′-TCGAGTGACAAACACGACTGC-3′
Cxcl5 5′-CCTCCTTCTGGTTTTTCAGTTTAGC-3′ 5′-GCATTCTGTTGCTGTTCACGCTG-3′
Ccl12 5′-AGTCCTCAGGTATTGGCTGG-3′ 5′-CTTCCGGACGTGAATCTTCT-3′
Saa3 5′-GTTGACAGCCAAAGATGGGT-3′ 5′-CCCGAGCATGGAAGTATTTG-3′
P2ry2 5′-AGCCCTTGTACTGCGCAAAAC-3′ 5′-GAAGATATAGAGAGCCACGACGTT-3′
P2ry4 5′-GCCCAAGTTCTGGAGATGGTG-3′ 5′-GGTGGTTCCATTGGCATTGG-3′
Rpl32 5′-GCACCAGTCAGACCGATAT-3′ 5′-CAGGATCTGGCCCTTGAAC-3′
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fibrosis in ischemic heart transplanted with WT cADSC
compared to mice injected with PBS. Collagen stained area
was reduced from 24.0 ± 1.3% of left ventricle area in PBS-
injected hearts to 9.0± 1.3% of left ventricle area in WT cADSC-
injected hearts (decrease of 62.5 ± 8.5%; mean ± SEM; ***: p <
0.001) (Figure 1A). Very interestingly this cardiac fibrosis
reduction was not observed after transplantation of cADSC
isolated from P2Y2 KO mice (Figures 1A,B). Effectively
collagen stained area observed in PBS-injected ischemic mice
(24.0 ± 1.3%; mean ± SEM), was comparable after P2Y2 KO
ADSC transplantation (22.3 ± 1.0%; mean ± SEM). We observed
comparable collagen blue staining for the fibrotic area of ischemic
hearts injected with P2Y2 KO cADSC and PBS-injected ischemic
hearts (Figure 1A, ×20 magnification). Collagen stainings are
shown inside the fibrotic and remote areas of ischemic hearts
injected with PBS, WT cADSCs or P2Y2 KO cADSC (Figure 1A,
×80 magnification).

The inhibitory effect of undifferentiated cADSC
transplantation on post-ischemic cardiac fibrosis is thus
dependent on their P2Y2 receptor expression. Reduced cardiac
fibrosis was observed without any required pretreatment of
cADSC. The release of endogenous extracellular nucleotides
currently observed during ischemia could thus regulate the
cardioprotective action of transplanted cADSC through
activation of P2Y2 receptors expressed at their surface.

Identification of UTP Target Genes inMouse
cADSC
RNA-sequencing experiments were assessed on undifferentiated
cADSC cells, unstimulated or treated daily with UTP (100 µM)
during 7 days of culture in proliferation medium. RNA samples
were extracted from two different cADSC cultures per condition
and pooled for RNA-sequencing experiments. Among the 1,359

differentially regulated genes, 598 genes were upregulated by UTP
(fold change > 2) and 761 were downregulated by UTP (fold
change <0.5). MA-plot representation provides an overview of
regulated-gene distribution within two-sample comparison
(Figure 2A). We observed inter alia upregulation of Ccl5,
Ccl22, Cxcl5, and downregulation of Ccl12 chemokine genes
by UTP in ADSC (Figure 2A). A gene ontology (GO) enrichment
analysis with DAVID software on the RNA-sequencing data
obtained from UTP-treated ADSC versus untreated ADSC
revealed that several biological processes linked to innate
immune response, inflammation, as well as signal/receptor
transduction and transmembrane/ion transport were enriched
(Figure 2B). The modified Fisher Exact p-value or EASE score
was reported by the software and indicated as logarithmic
p-value.

Detailed Analysis of Genes Regulated by
UTP Through P2Y2 Receptor Activation in
Mouse cADSC
We have previously demonstrated differential involvement of
both mouse P2Y2 and P2Y4 receptors for UTP and ATP, in
cADSC adipogenic differentiation thanks to P2Y2 and P2Y4

knockout mice (Lemaire et al., 2017; Negri et al., 2019). The
absence of a clear detection of membrane-bound P2Y2 receptors
remains a limitation. Our use of mouse monoclonal anti-P2Y2

antibody (H-5) from Santa Cruz Biotechnology (sc-518121) at 1:
500 dilution was previously unsuccessful in mouse cADSC (data
not shown). A comparable weak staining of cADSC was obtained
with phycoerythrin-conjugated m-IgGκ secondary antibody
alone (sc-516141; Santa Cruz Biotechnology) (data not shown).

We decided to compare UTP-regulated genes inWT and P2Y2

KO cADSC to identify more precisely genes and associated-
biological processes specific of P2Y2 activation in these cells,

FIGURE 1 | Role of P2Y2 receptor in the transplanted cADSC ability to reduce post-ischemic cardiac fibrosis. (A) Representative Masson’s trichrome staining of
cardiac fibrosis in transplanted ischemic hearts. PBS, WT cADSC or P2Y2 KO cADSC were injected in the peri-infarct zone of ischemic hearts, 3 days after LAD ligation.
14 days after injection, images of Masson’s trichrome staining (in blue) in ischemic hearts were obtained for total heart (scale bar represents 1 mm), at ×20 magnification
for the fibrotic area (scale bar represents 100 µm) and at ×80 magnification inside the infarcted and remote area regions (scale bar represents 25 µm) (B).
Quantification of fibrosis area normalized to total left ventricle area in ischemic hearts, 14 days after injection of PBS, WT cADSC or P2Y2 KO cADSC. Fibrosis area was
quantified as the relative surface of collagen blue staining on five sections per ischemic heart, quantified by color image analyzer ImageJ in left ventricle (LV) and
expressed as percentages of total LV surface (n = 3–5). Data represent mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001, n.s., not significant.
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and potentially linked to our cardiac fibrosis data using WT and
P2Y2 KO ADSC (Figure 1). UTP is used as a stimulating agent
instead of ATP to avoid regulation of genes related to ADP or
adenosine receptor activation after ATP degradation. We have
not detected expression of P2Y6 UDP receptor in cADSC (data
not shown). A UTP-treatment during 7 days with UTP would
thus activate only P2Y2 and P2Y4 receptors in cADSC.

RNA-sequencing experiments were performed using P2Y2 KO
cADSC, unstimulated or treated daily with UTP (100 µM). UTP
gene expression profile was compared in both WT and P2Y2 KO
cADSC, only genes with CPM >0.5 and a fold change >2 or <0.5
being considered. Among the 1,359 regulated genes identified inWT

cADSC (Figure 2A), we observed that 977 genes were no more
regulated in P2Y2 KO cADSC whereas 382 genes were still regulated
byUTP in P2Y2KO cADSC. A detailedGO enrichment analysis was
made for these 977 UTP target genes only identified in WT ADSC
and not in P2Y2 KO ADSC (Figure 3A). Besides the important
number of genes involved in immune and inflammatory responses,
GO analysis revealed enriched biological processes linked to
multicellular organism development, cell differentiation and
adhesion, angiogenesis and response to hypoxia (Figure 3A).
Table 2 shows UTP target genes linked to processes moderately
enriched but potentially related to our model of cardiac ischemia.
Among the 977 UTP target genes, we identified genes linked to
extracellular matrix organization and collagen catabolic process such
as matrix metalloproteinases Mmp1b, Mmp9, and Mmp25 and
collagen types Col10a1, Col17a1, and Col25a1, and genes related to
macrophage chemotaxis such as Ccr7 chemokine receptor and
colony-stimulating factor 1 receptor (Csf1r) (Table 2). We also
identified UTP target genes involved in macrophage differentiation
into pro-fibrotic foam cell such as Csf2, macrophage scavenger
receptor Msr1 and apolipoprotein B (ApoB), as well as genes linked
to response to hypoxia such as Agtr1b, purinergic receptor P2X2,
adenosine A1 receptors and uncoupling protein Ucp3 (Table 2).
Interestingly, we identified a significant number of UTP target genes
linked to angiogenesis regulation such as Wnt7a, Ramp3, Mmp9,
Nos3, and Adam8 (Table 2).

UTP Induces CCL5, CXCL5 and SAA3
Secretion and Inhibits CCL12 Secretion by
cADSC
Among all the UTP-regulated genes, we studied further the up-
regulation of three pro-angiogenic genes, Ccl5, Cxcl5, and Saa3, and
the down-regulation of the pro-fibrotic chemokine Ccl12. We
confirmed up-regulation of Ccl5, Cxcl5, and Saa3, and
downregulation of Ccl12 mRNAs in response to UTP in cADSC
by qPCR experiments (Figure 3B). CCL5, CXCL5, CCL12, and
SAA3 protein levels were quantified by ELISA in the supernatants of
UTP-treated or untreated undifferentiated cADSC. We observed
that UTP treatment increased the release of CCL5, CXCL5, and
SAA3, and decreased the release of CCL12 by cADSC (Figure 3C).

SAA3 is a key inflammatory adipocyte-derived factor which is the
murine ortholog of human serum amyloid A promoting
angiogenesis in many diseases. (Lv et al., 2016; Tannock et al.,
2018) Interestingly, CCL5 chemokine was previously reported as a
major regulator of ADSC migration and post-ischemic reparative
capacities. (Kauts et al., 2013; Kimura et al., 2014) UTP-mediated
release of CCL5, CXCL5, and SAA3 by cADSC, as well as the
consistent number of UTP-regulated genes involved in angiogenesis
regulation (Table 2), led us to investigate the potential action of
UTP-treated cADSC transplantation on cardiac revascularization.

Effect of Transplanted UTP-Treated cADSC
on Post-ischemic Cardiac
Revascularization
WT and P2Y2 KO cADSC were cultured without or with daily
stimulation of UTP (100 µM) for 7 days in proliferation medium.

FIGURE 2 | Identification of UTP target genes in mouse cADSC (A). MA-
plot of RNA-sequencing data comparing UTP-treated and untreated
undifferentiated cADSC. RNA-sequencing experiments were performed on
two RNA pools from two independent cultures of cADSC after 7 days in
proliferation medium, and with or without daily stimulation with 100 µM UTP.
Examples of upregulated genes (Agtr1b, Ccl5, Ccl22, Cxcl5, Saa3) and
downregulated genes (Myh6, Ccl12, Siglec1, Stab1, Adam 8) are indicated by
arrows. MA-plot shows the average expression on the X-axis and the log fold
change on the y-axis of the two groups. MA plot; X = ln(√(x1*x2)), Y = log2(x1/
x2). (B) Enriched biological processes related to UTP target genes in cADSC.
Biological processes revealed as enriched for differentially expressed genes
between UTP-treated and untreated cADSC after GO enrichment analysis
performed with DAVID software (DAVID Bioinformatics Resources).
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FIGURE 3 |Detailed analysis of genes regulated by UTP through P2Y2 receptor activation in cADSC. (A) Enriched biological processes related to UTP target genes
after comparison of RNA-sequencing data in WT and P2Y2 KO cADSC. RNA-sequencing experiments were performed on two RNA pools from two independent
cultures of WT and P2Y2 KO cADSC after 7 days in proliferation medium and daily stimulated or not with 100 µM UTP. Comparison of RNA-sequencing data identified
977 genes regulated by UTP only in WT ADSC and not in P2Y2 KO cADSC. GO detailed analysis revealed various enriched biological processes related to the 977
UTP target genes. (B) Confirmation of specific UTP target genes by qPCR experiments. Ccl5, Cxcl5, and Saa3 mRNAs are upregulated, and Ccl12 mRNA is
downregulated, in UTP-treated versus untreated cADSC in RNA-sequencing and qPCR experiments. Quantification of Ccl5, Cxcl5, Saa3, and Ccl12 mRNA level was
performed by qPCR in at least six independent cADSC cultures and normalized to Rpl32 mRNA level. (C) UTP increases CCL5, CXCL5, and SAA3 release, and inhibits
CCL12 release by cADSC. CCL5, CXCL5, SAA3, and CCL12 protein level wasmeasured in the supernatants of cADSC cultures after 7 days in proliferation mediumwith
or without daily stimulation with UTP 100 µM. ELISA data were obtained for six to nine independent cADSC cultures. Values represent mean ± SEM. *p < 0.05, **p < 0.01
and ***p < 0.001.
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TABLE 2 | Selection of genes regulated by UTP through P2Y2 receptor activation in cADSC. RNA-sequencing data comparison of UTP target genes in WT and P2Y2 KO
cADSC, revealed 977 genes regulated by UTP only in WT ADSC and not in P2Y2 KO cADSC. Several processes and associated UTP target genes potentially linked to
the studied model of cardiac ischemia, were identified after a detailed GO analysis.

Gene symbol Gene name Ratio

UTP-regulated genes involved in extracellular matrix organization and
collagen catabolic process
Col17a1 Collagen type XVII. alpha 1 (Col17a1) 3.38
Mmp9 Matrix metallopeptidase 9 (Mmp9) 2.76
Col25a1 Collagen type XXV. alpha 1 (Col25a1) 2.00
Mmp1b Matrix metallopeptidase 1b (interstitial collagenase) (Mmp1b) 2.00
Prtn3 proteinase 3 (Prtn3) 0.50
Adamts19 A disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin

type 1 motif. 19 (Adamts19)
0.48

Tgfbi Transforming growth factor. beta induced (Tgfbi) 0.43
Mmp25 Matrix metallopeptidase 25 (Mmp25) 0.43
Tnf Tumor necrosis factor (Tnf) 0.43
Col10a1 Collagen type X. alpha 1 (Col10a1) 0.19
Rxfp1 Relaxin/insulin-like family peptide receptor 1 (Rxfp1) 0.17

UTP-regulated genes involved in macrophage chemotaxis and macrophage-derived foam cell differentiation
Csf2 Colony stimulating factor 2 (granulocyte-macrophage) (Csf2) 2.00
Apob Apolipoprotein B (Apob) 2.00
Cebpe CCAAT/enhancer binding protein (C/EBP). epsilon (Cebpe) 0.50
Spib Spi-B transcription factor (Spi-1/PU.1 related) (Spib) 0.50
Pla2g5 Phospholipase A2. group V (Pla2g5) 0.50
Msr1 Macrophage scavenger receptor 1 (Msr1) 0.37
Csf1r Colony stimulating factor 1 receptor (Csf1r) 0.37
C3ar1 Complement component 3a receptor 1 (C3ar1) 0.32
Ccr7 Chemokine (C-C motif) receptor 7 (Ccr7) 0.31
C5ar1 Complement component 5a receptor 1 (C5ar1) 0.26

UTP-regulated genes involved in the response to hypoxia
Agtr1b Angiotensin II receptor. type 1b (Agtr1b) 4.50
P2rx2 Purinergic receptor P2X. ligand-gated ion channel. 2 (P2rx2) 3.33
Chrna4 Cholinergic receptor. nicotinic. alpha polypeptide 4 (Chrna4) 2.78
Ascl2 Achaete-scute family bHLH transcription factor 2 (Ascl2) 2.00
Trh Thyrotropin releasing hormone (Trh) 2.00
Ucp3 Uncoupling protein 3 (mitochondrial. proton carrier) (Ucp3) 2.00
Casp1 Caspase 1 (Casp1) 0.47
Adora1 Adenosine A1 receptor (Adora1) 0.44
Myb Myeloblastosis oncogene (Myb) 0.42

UTP-regulated genes involved in the regulation of angiogenesis
Wnt7a Wingless-type MMTV integration site family. member 7A (Wnt7a) 4.14
Ramp3 Receptor (calcitonin) activity modifying protein 3 (Ramp3) 2.92
Mmp9 Matrix metallopeptidase 9 (Mmp9) 2.76
Nos3 Nitric oxide synthase 3. endothelial cell (Nos3) 2.07
Cnmd Chondromodulin (Cnmd) 2.00
Il17f Interleukin 17F (Il17f) 2.00
Nrxn3 Neurexin III (Nrxn3) 0.50
Shh Sonic hedgehog (Shh) 0.50
Arhgap22 Rho GTPase activating protein 22 (Arhgap22) 0.49
Pik3r6 Phosphoinositide-3-kinase regulatory subunit 5 (Pik3r6) 0.47
Lepr Leptin receptor (Lepr) 0.45
Hhex Hematopoietically expressed homeobox (Hhex) 0.45
Cxcr3 Chemokine (C-X-C motif) receptor 3 (Cxcr3) 0.44
Plxdc1 Plexin domain containing 1 (Plxdc1) 0.44
Alox5 Arachidonate 5-lipoxygenase (Alox5) 0.43
Tgfbi Transforming growth factor. beta induced (Tgfbi) 0.43
Tal1 T cell acute lymphocytic leukemia 1 (Tal1) 0.43
Cysltr1 Cysteinyl leukotriene receptor 1 (Cysltr1) 0.42
Cx3cr1 Chemokine (C-X3-C motif) receptor 1 (Cx3cr1) 0.41
Cysltr2 Cysteinyl leukotriene receptor 2 (Cysltr2) 0.40
Vav3 Vav 3 oncogene (Vav3) 0.39
Cd40 CD40 antigen (Cd40) 0.35
Adam8 A disintegrin and metallopeptidase domain 8 (Adam8) 0.34

(Continued on following page)
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Flow cytometry experiments revealed a comparable amount,
between 92% and 95%, of CD90+ CD105+ CD44+ CD26− cells in
all the cell cultures (data not shown). We have performed qPCR
experiments to quantify P2Y2 and P2Y4mRNA in wild type cADSC,
after stimulation or not with 100 µM during 7 days (Figure 4A). We
observed a high level of expression of P2Y2 mRNAs compared to
weakly detected P2Y4 receptor mRNAs, in cADSC after 7 days of
culture in the proliferation medium (Figure 4A). We also observed
that sustained stimulation with 100 µM UTP during 7 days did not
induce down-regulation of P2Y2 receptor mRNAs (Figure 4A).

Intramyocardial injections of PBS (control), untreated WT or
P2Y2 KO cADSC, and UTP-treated WT or P2Y2 KO cADSC were
performed in ischemic mice, 3 days after LAD ligation.
Immunofluorescent stainings using anti-isolectin B4 and anti-α-
SMA antibodies were performed on heart sections, 14 days after
cASC injection, to quantify capillary and arteriole density
respectively, in infarct border zone at different levels of the
ischemic heart (Figure 4B). Analysis of peri-infarct
microvasculature 14 days after cADSC injection revealed a higher
capillary density in heart transplanted with untreated cADSC
compared to PBS-injected mice (increase of 15.2 ± 2.8%; mean ±
SEM; ***: p< 0.001) (Figures 4C,D). Capillary density was evenmore
enhanced in heart transplanted with UTP-treated cADSC compared
to PBS-injected mice (increase of 27.2 ± 4.2%; mean ± SEM; ***: p <
0.001) (Figure 4D). Interestingly, capillary density was similar in
P2Y2 KO cADSC-transplanted mice and in PBS-injected mice
(Figure 4D). Moreover, the effect of UTP treatment on the
capacity of cADSC to increase capillary density, was not observed
using UTP-treated P2Y2 KO cADSC (Figure 4D). No significant
effect of UTP-treated or untreated ADSC transplantation was
observed on arteriole density, defined by the number of α-SMA
positive vessels with a diameter <20 µm (Figures 4E,F).

DISCUSSION

Therapeutic strategies contributing to myocardial repair by
regulating cardiac fibrosis and revascularization still need to be
improved. Early reperfusion by restoration of blood flow is the
way to heal the ischemic myocardium by limiting infarct size and
improving clinical outcomes (Zhao et al., 2017). Multiple
challenges have to be solved to establish a routine clinical use
of ADSC-based cell therapy. The regulatory function of cardiac
adipose tissue in cardioprotection represents a major interest by

its proximity to the myocardium. Despite its limited size, cardiac
adipose tissue was described as an ideal source of therapeutically
effective ADSC for cardiac regeneration (Nagata et al., 2016).
cADSC have a higher proliferation activity in vitro than ADSC
isolated from other sources, such as visceral, subcutaneous and
subscapular adipose tissues (Nagata et al., 2016). Systemic
transfusion of cADSC in ischemic mice leads to the highest
cardiac functional recovery after myocardial infarction,
compared to other types of ADSC (Nagata et al., 2016).

We have previously demonstrated that UTP regulates the
endothelial differentiation and the angiogenic effects of cADSC
(Vanorlé et al., 2021). This previous work was exclusively based
on the use of UTP-treated cADSC differentiated into endothelial
cells, to regulate post-ischemic revascularization (Vanorlé et al.,
2021). The present study investigates the potential involvement of
P2Y2 on the beneficial effects of undifferentiated cADSC injection
on post-ischemic cardiac fibrosis and revascularization.
Undifferentiated cADSC were used here to study the
consequence of their injection into mouse ischemic heart
without any orientation into a specific cell lineage. Their effect
on both post-ischemic cardiac fibrosis and revascularization was
observed without a required pretreatment of cADSC with
extracellular nucleotides. Interestingly, the inhibitory effect of
undifferentiated cADSC transplantation on cardiac fibrosis was
no more observed using P2Y2 KO cADSC. The release of
endogenous extracellular nucleotides on the ischemic site
could thus contribute to regulate the cardioprotective action of
transplanted cADSC through activation of P2Y2 receptors
expressed at their surface.

RNA-sequencing experiments revealed a gene expression
profile very different in UTP-treated undifferentiated cADSC,
than the one we had previously reported in UTP-treated cADSC
differentiated into endothelial cells (Vanorlé et al., 2021). We
have previously demonstrated differential involvement of both
P2Y2 and P2Y4 receptors in cADSC adipogenic differentiation
(Lemaire et al., 2017; Negri et al., 2019). We compared here UTP-
regulated genes in WT and P2Y2 KO cADSCs to discriminate
genes and associated-biological processes specific of P2Y2

activation in these cells. Detailed gene profiling analysis
revealed UTP-regulated genes linked to extracellular matrix
organization and collagen catabolism such as matrix
metalloproteinases and many collagen types, and UTP-
regulated genes related to macrophage chemotaxis and foam

TABLE 2 | (Continued) Selection of genes regulated by UTP through P2Y2 receptor activation in cADSC. RNA-sequencing data comparison of UTP target genes in WT
and P2Y2 KO cADSC, revealed 977 genes regulated by UTP only in WT ADSC and not in P2Y2 KO cADSC. Several processes and associated UTP target genes
potentially linked to the studied model of cardiac ischemia, were identified after a detailed GO analysis.

Gene symbol Gene name Ratio

Mir27b microRNA 27b (Mir27b) 0.33
C3ar1 Complement component 3a receptor 1 (C3ar1) 0.32
Pik3cg Phosphatidylinositol-4.5-bisphosphate 3-kinase catalytic subunit gamma

(Pik3cg)
0.32

C5ar1 Complement component 5a receptor 1 (C5ar1) 0.26
Angptl3 Angiopoietin-like 3 (Angptl3) 0.25
C6 Complement component 6 (C6) 0.25
Thbs4 Thrombospondin 4 (Thbs4) 0.25
Ccl12 Chemokine (C-C motif) ligand 12 (Ccl12) 0.19
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cell differentiation. We also demonstrated UTP-mediated
inhibition of CCL12 release by ADSC. CCL12 is a pro-fibrotic
chemokine that generates an unfavorable cardiac healing
environment (DeLeon-Pennell et al., 2017). The inhibition of
CCL12 release by extracellular nucleotides present on the
ischemic site could contribute to ADSC inhibitory action on
cardiac fibrosis, and ameliorate cardiac repair. Ccl22 was also
identified as a UTP target gene in ADSC in our RNA-sequencing
experiments. CCL22 is involved in CCR4-mediated cardiac cell
migration (Safa et al., 2016) and CCL22/CCR4 polymorphisms
have been associated to patients diagnosed with myocardial
infarction (Noori et al., 2018).

Interestingly, a significant number of UTP-regulated genes in
ADSC are linked to angiogenesis regulation. More precisely, we
showed that UTP increased pro-angiogenic Ccl5, Cxcl5, and Saa3
mRNAs by qPCR experiments, and the release of CCL5, CXCL5,

and SAA3 in the supernatants of undifferentiated ADSC. The
release of CCL5/RANTES by cADSC in response to UTP was
particularly interesting. CCL5 is an angiogenic chemokine, and
CCL5/CCR5 axis is notably involved in VEGF-mediated tumor
angiogenesis (Wang et al., 2015). CCL5 was also reported to
stimulate multipotency, migration and post-ischemic reparative
capacities of ADSC (Kimura et al., 2014). The fact that
transplanted ADSC have higher repair capacities of the
ischemic tissue than bone marrow or dental tissue
mesenchymal cells was associated to their higher secretion of
CCL5 chemokine (Kimura et al., 2014). ADSC were the most
effective stem cells to increase microvessel formation and ADSC
lacking CCL5 expression were no more able to restore blood flow
in the ischemic limb model (Kimura et al., 2014).

A high expression of P2Y2 receptor mRNAs was detected
in unstimulated and UTP-treated cADSC used for

FIGURE 4 | Effect of transplanted UTP-treated cADSC on revascularization of ischemic hearts. (A) Expression of P2Y2 and P2Y4 receptor mRNA in cADSC used
for transplantation. mRNA expression level of P2Y2 and P2Y4 receptors was evaluated in cADSCs after 7 days of culture in the presence or the absence of 100 µM UTP
by quantitative PCR experiments. The data have been normalized to RPL32 mRNA expression. (B) Immunofluorescence images of Isolectin B4 (IB4) (green), α-Smooth
Muscle Actin (α-SMA) (red) and Hoechst (blue) in the peri-infarct border zone of ischemic hearts, 14 days after injection of PBS,WT or P2Y2 KO cADSC untreated or
treated with UTP (100 µM). Representative counting surface/field of capillary density quantification, based on IB4-staining (green), and representative counting surface/
field of arteriole density quantification, based on α-SMA-staining (red) are indicated by squares. Scale bar represents 100 µm (×10 magnification). (C) Representative
counting surface (0.1 mm2)/field of capillary density quantification in IB4 (green) and Hoechst (blue) stained hearts sections. Scale bar represents 20 µm. (D) Capillary
density quantification, based on IB4-staining, 14 days after injection of PBS, untreated or UTP-treated WT or P2Y2 KO cADSC in ischemic hearts. Capillary density was
calculated in 30 counting surfaces per ischemic heart. (E) Representative counting surface (0.4 mm2)/field of arteriole density in α-SMA (red) and Hoechst (blue) stained
heart sections. Scale bar represents 50 µm. (F) Arteriole density quantification, based on α-SMA (red)/IB4 (green) staining, 14 days after injection of PBS, untreated or
UTP-treated WT or P2Y2 KO cADSC in ischemic hearts. Arteriole density was calculated in 30 counting surfaces per ischemic heart. Values are presented as mean ±
SEM (n = 5–8 mice per each group). *p < 0.05, **p < 0.01, ***p < 0.001, and n.s., not significant.
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transplantation, compared to low P2Y4 receptor mRNA
expression. P2Y4 receptor is involved in cADSC adipogenic
differentiation (Lemaire et al., 2017) but its expression in
these cells was effectively very low after 7 days of culture in
the proliferation medium. We used UTP instead of ATP to
prestimulate cADSC to avoid ADP or adenosine receptor
activation due to ATP degradation. We confirmed that
prolonged UTP stimulation during 7 days did not induce
P2Y2 receptor desensitization before transplantation.
Quantification of capillary and arteriole density in the
ischemic border zone revealed that, 14 days after
intramyocardial transplantation of WT cADSC, a higher
capillary density was found around the necrotic zone. This
effect was enhanced by a pretreatment of cADSC with UTP
before transplantation. Interestingly this positive effect on
post-ischemic revascularization was lost using P2Y2 KO
cADSC. These data showed that the orientation of cADSC
differentiation into endothelial cells was not necessary to
have an effect of their transplantation on post-ischemic
revascularization and highlight the importance of P2Y2

expression in their capacity to increase capillary density.
Extracellular nucleotide-mediated CCL5 secretion by cADSC

in the ischemic heart could contribute to their beneficial action on
cardiac revascularization and fibrosis after transplantation.
Neutralizing anti-CCL5 antibodies have provided a therapeutic
benefit in a mouse model of chronic cardiac ischemia
(Montecucco et al., 2012). Nevertheless targeting CCR5 was
not always effective in cardiovascular treatments because
CCL5/CCR5 facilitates progenitor cell recruitment and
promotes vascular endothelial cell repair (Zhang et al., 2020).
CCR5 signaling is reported to suppress inflammation and reduce
adverse remodeling of the infarcted heart (Dobaczewski et al.,
2010).

A P2Y2-mediated cardioprotective effect of UTP injection
was described in ischemic mice. Cohen et al. (2011) described
that UTP injection reduces infarct size and improves cardiac
function after myocardial infarct in mice through P2Y2

activation of cardiomyocytes (Cohen et al., 2011).
Therapeutic use of UTP intramyocardial injection is
problematic, knowing its rapid degradation and the
ubiquitous expression of P2Y2 receptor, accompanied by
multiple side effects on cardiac and immune cells. The
activation of P2Y2 receptors and its target proteins in
cADSC before their transplantation would be an
appropriate way to amplify their beneficial effects and
ameliorate post-ischemic cardiac response. This therapeutic
approach would avoid the problems inherent to
intramyocardial injection of extracellular nucleotides which
are due to their rapid metabolism and ubiquitous receptor
expression.

Injected stem cells are known to be rapidly eliminated after
their injection in the ischemic heart, limiting strongly their
possible integration into the fibrotic area or in newly formed
capillaries (Schenke-Layland et al., 2009; Zhao et al., 2017;
Vanorlé et al., 2021). The restricted engraftment of
intramyocardial transplanted stem cells points out the
importance of their paracrine effects (Patel and Zhang, 2014).

A lot of inflammatory mediators including extracellular
nucleotides, chemokines and angiogenic factors, are released in
the infarct zone and can modulate the action of injected cADSC.
Extracellular nucleotides could contribute to the regulation of
cADSC paracrine signals, such as the secretion of pro-angiogenic
chemokines and other target proteins identified in our RNA-
sequencing experiments. The supernatant of cADSC is removed
for cell counting before injection in the ischemic heart, but their
pretreatment with UTP changes their gene expression profile and
amplifies their effects on cardiac revascularization. Strategies
using stem cell preconditioning are known to improve their
paracrine ability to release cardioprotective factors (Baraniak
and McDevitt, 2010). The identification of UTP target genes
in cADSC involved in cardiac angiogenesis and fibrosis, is very
promising and needs further investigation to define all the
involved mechanisms.

Altogether, our data indicate that the activation of nucleotide
receptors on the surface of cADSC exerts a prevalent action on
their cardioprotective abilities. The present study defines P2Y2

receptor as a key regulator of the therapeutic use of
undifferentiated cADSC against cardiac ischemia, and provides
a novel insight for the optimization of cardiac repair cell
therapies.
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Machine Learning for Discovery of
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Adenosine (ADO) is an extracellular signaling molecule generated locally under
conditions that produce ischemia, hypoxia, or inflammation. It is involved in
modulating a range of physiological functions throughout the brain and periphery
through the membrane-bound G protein-coupled receptors, called adenosine
receptors (ARs) A1AR, A2AAR, A2BAR, and A3AR. These are therefore important
targets for neurological, cardiovascular, inflammatory, and autoimmune diseases
and are the subject of drug development directed toward the cyclic adenosine
monophosphate and other signaling pathways. Initially using public data for A1AR
agonists we generated and validated a Bayesian machine learning model (Receiver
Operator Characteristic of 0.87) that we used to identify molecules for testing. Three
selected molecules, crisaborole, febuxostat and paroxetine, showed initial activity
in vitro using the HEK293 A1AR Nomad cell line. However, radioligand binding, β-
arrestin assay and calcium influx assay did not confirm this A1AR activity. Nevertheless,
several other AR activities were identified. Febuxostat and paroxetine both inhibited
orthosteric radioligand binding in the µM range for A2AAR and A3AR. In HEK293 cells
expressing the human A2AAR, stimulation of cAMP was observed for crisaborole (EC50

2.8 µM) and paroxetine (EC50 14 µM), but not for febuxostat. Crisaborole also increased
cAMP accumulation in A2BAR-expressing HEK293 cells, but it was weaker than at the
A2AAR. At the human A3AR, paroxetine did not show any agonist activity at 100 µM,
although it displayed binding with a Ki value of 14.5 µM, suggesting antagonist activity.
We have now identified novel modulators of A2AAR, A2BAR and A3AR subtypes that are
clinically used for other therapeutic indications, and which are structurally distinct from
previously reported tool compounds or drugs.
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INTRODUCTION

Adenosine (ADO) is an extracellular signaling molecule
generated locally under conditions that produce ischemia,
hypoxia, or inflammation and is involved in modulating a
range of physiological functions throughout the brain and
periphery by activating membrane-bound G protein-coupled
receptors (GPCRs) (Borea et al., 2018). There are four
subtypes of adenosine receptors (A1AR, A2AAR, A2BAR, and
A3AR), which are the subject of vigorous drug development
directed toward the cyclic adenosine monophosphate (cAMP)
and other signaling pathways (Borea et al., 2016; Borea et al.,
2018; Jacobson et al., 2019; Effendi et al., 2020). Adenosine
receptors (ARs) were first classified according to their
differential coupling to adenylate cyclase (AC) to regulate
cAMP levels (Borea et al., 2018). Adenosine induces various
biological effects associated with each adenosine receptor on
the membrane surface of specific cells or tissues (Borea et al.,
2018). Based upon sequence similarity and G protein-coupling
specificity, A1AR and A3AR share 49% sequence identity and
preferentially couple to Gαi/o to inhibit AC (Effendi et al., 2020),
which subsequently inhibits presynaptic glutamate release
(Ciruela et al., 2006; Effendi et al., 2020). In contrast, A2AAR
and A2BAR receptors, which are ~59% identical and couple to
Gαs, are able to stimulate AC (Cheng et al., 2017) increasing levels
of cAMP (Wardas, 2002). A1AR and A2AAR receptors possess
high affinity for ADO, while A2BAR and A3AR receptors show
relatively lower affinity. A1AR has been found to be widely
distributed throughout the body. In the brain, it slows
metabolic activity by a combination of actions. At neuronal
synapses, it reduces synaptic vesicle release. A1AR is
implicated in sleep promotion by inhibiting wake-promoting
cholinergic neurons in the basal forebrain (Elmenhorst et al.,
2007). A1AR is also present in smooth muscle throughout the
vascular system (Fredholm et al., 2001; Tawfik et al., 2005). A1AR
has antiseizure activity and contributes to neuroprotection in
models of neurodegeneration (Effendi et al., 2020). A1AR
activation under hypoxic conditions leads to inhibition of
presynaptic Ca2+ influx-related release of transmitters (Wu
and Saggau, 1997) such as dopamine, acetylcholine, GABA,
and, especially, glutamate, to generate neuroprotection (Stone
et al., 2009).

A2AAR has been linked to the anti-inflammatory effects of
adenosine. Activation of A2AAR reduces immune cell
migration and produces tissue protection from ischemia/
reperfusion injury (Okusa et al., 1999; Ohta and Sitkovsky,
2001). In contrast to other adenosine receptors, A2BAR, shows
upregulated expression in many pathological conditions, such
as inflammation, cancer and hypoxia (Borea et al., 2016; Cekic
and Linden, 2016; Gao and Jacobson, 2019). It interacts with
Gs to induce the PKA signaling to increase cAMP and can
trigger signaling transduction to elevate intracellular Ca+2

levels (Effendi et al., 2020). Activation of A2BAR in mast
cells might be useful in the treatment of asthma (Gao and
Jacobson, 2017). A3AR is widespread with abundant
expression in the lung and liver, and its activation reduces
inflammation and chronic neuropathic pain (Jacobson et al.,

2019). A3AR coupled to Gi proteins inhibits AC, decreases
cAMP accumulation and PKA activity, while A3AR also
increases Ca2+ levels and modulates PKC activity (Baraldi
et al., 2012; Borea et al., 2018).

ARs are therefore important targets for neurological,
cardiovascular, inflammatory, and autoimmune diseases (Borea
et al., 2016; Borea et al., 2018). In addition, selective ligands are
available for the different AR subtypes, which increase the
chances to achieve spatially-specific modulation, representing a
pharmacological opportunity to control addictive
psychostimulant consumption, among many other health
problems (Ballesteros-Yáñez et al., 2017). Initially, we used
machine learning models to find agonists of A1AR and futher
expanded the testing against other subtypes, and we have
identified novel AR modulators that are structurally distinct
from previously reported tool compounds or drugs in clinical
trials for targeting ADO receptors (Jacobson et al., 2019).

METHODS

Reagents
All test compounds were purchased from MedChemExpress
(MCE, Monmouth Junction, NJ).

Machine Learning
Initially, an A1ARmodel was built with data reported in ChEMBL
(Gaulton et al., 2017) (target 262). Assay Central® was used to
build the model using EC50 values, and non-druglike compounds
such as Zn2+ (CHEMBL1201279), Li+ Cl− (CHEMBL69710), and
Li+ (CHEMBL1234004) were removed to increase the
performance of the model. The ChEMBL compounds for
ADORA1 consisted of 430 compounds with EC50 values, and
the corresponding Bayesian model was built using Assay
Central®. Assay Central® has been used by our group in
various drug discovery projects (Hernandez et al., 2018; Lane
et al., 2018; Russo et al., 2018; Sandoval et al., 2018; Ekins et al.,
2019a; Anantpadma et al., 2019; Ekins et al., 2019b; Dalecki et al.,
2019; Wang et al., 2019; Ekins et al., 2020); its use as well as
clarification on the applicability of the model statistics have been
previously described. Metrics such as Receiver Operator
Characteristic (ROC), Recall, Precision, F1 Score, Cohen’s
Kappa and Matthew’s Correlation Coefficient are generated
from internal five-fold cross-validation of the model. To
maximize these internal performance statistics, the software
can select a reasonable activity threshold, and generate
predictions as well as applicability scores for any desired
compound. Higher prediction scores are desirable as scores
higher than 0.5 are assigned to active compounds (inhibitors).
Higher applicability scores are also desirable as they ensure the
representation of a given drug in the training set (Clark et al.,
2015). The activity threshold for this external dataset was set to
100 nM, and Assay Central™ was used to generate the model
performance metrics.

We have also used our updated Assay Central® software which
now uses multiple classification algorithms described previously
(Lane et al., 2018) as well as multiple regression algorithms
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including adaboost, Bayesian, elastic net, K-nearest neighbors
(knn), random forest, support vector machine and XGboost. We
have further curated data available from ChEMBL for not only
A1AR (ChEMBL226) but also A2AAR (ChEMBL251), A2BAR
(ChEMBL255) and A3AR (ChEMB256L). The data on
CHEMBL comprise a diverse set of molecules and may
comprise both full agonists and positive allosteric modulators
(PAMs). For classification models the cut-off was set to 100 nM.
5-fold cross validation was performed for all algorithms except
deep learning, which used the removal of 20% of the training set,
in a stratified manner, and these were used as external test sets for
models trained on the remainder of the data.

A1AR–cAMP Assay
This assay was performed using the screening services of
Innoprot (Bizkaia, Spain). For screening of the initial
compounds predicted by machine learning models to activate
A1AR receptor, we used the HEK293 A1AR Nomad cell line,
which consists of HEK293 cells stably expressing human A1AR
with no tag. This cell line has been designed to assay compounds
or analyze their capability to modulate the A1AR. When the
agonist binds to A1AR in this engineered cell line a Go protein is
activated, which in turn, triggers a cellular response mediated by
cAMP inhibition. This cellular response can be measured by
quantifying the increase in fluorescence intensity and its cellular
distribution. An agonist assay was performed for 29 compounds
(predicted to be active by the machine learning model) in the
human recombinant HEK293 A1AR Nomad cell line using a
fluorescence-based assay. An agonist effect of the compounds was
measured by quantifying the changes in the fluorescence emission
cAMP Nomad biosensor, this elevation of fluorescence was
analyzed using a plate reader Synergy 2 (Biotek, Winooski,
VT). The error bars represent the standard deviation among
the three replicate wells. The 29 compounds were tested at 10 μM
using nonselective AR agonist adenosine-5′-N-ethyluronamide
(NECA) at 10 μM as a reference.

Radioligand Binding Assays
HEK293 cells stably expressing the human A1AR, A2AAR, A3AR
were cultured in DMEM supplemented with 10% fetal bovine
serum, 100 Units/ml penicillin, 100 µg/ml streptomycin, and
2 µmol/ml glutamine. To prepare cell membranes, cells were
detached from culture plates by scraping into cold PBS and
centrifuged at 250 g for 5 min. The pellets were resuspended in
ice-cold PBS buffer (pH 7.4) and then homogenized. After
homogenization and suspension, cells were centrifuged at
1,000 g for 10 min, and the pellet was discarded. The
suspension was then re-centrifuged at 20,000 g for 60 min at
4°C. The pellets were resuspended in buffer containing 3 Units/ml
adenosine deaminase (Worthington Biochemical, Lakewood, NJ)
and incubated at 37°C for 30 min. The aliquots of membrane
preparations were stored at −80°C until the binding experiments.
For displacement binding assays, membrane preparations
(20 µg proteins/tube) were incubated at 25°C for 60 min with
a final concentration of [3H]DPCPX (0.5 nM), [3H]ZM241385
(1.0 nM), [3H]DPCPX (5.0 nM) and [125I]I-AB-MECA (0.1 nM)
for A1AR, A2AAR, A3AR, respectively, in a mixture containing

50 µl of increasing concentrations of a test ligand in a total assay
volume of 200 µl of 50 mM Tris HCl, pH 7.4, containing 10mM
MgCl2. Nonspecific binding was determined using 100 µM of
XAC. The reaction was terminated by filtration with GF/B
filters using a Brandel (Gaithersburg, MD) 24-channel harvester.
Filters were placed in scintillation vials containing 5 ml of
Hydrofluor scintillation buffer (National Diagnostics, Atlanta,
GA) and counted using a Tricarb 2810TR liquid scintillation
counter (PerkinElmer, Waltham, MA).

cAMP Assay in AR-Expressing HEK293
Cells
HEK293 cells were grown in 96-well plates in DMEM
supplemented with 10% fetal bovine serum, 100 Units/ml
penicillin, 100 µg/ml streptomycin, and 2 µmol/ml glutamine.
After overnight growth, cells were treated with assay buffer
containing phosphodiesterase (PDE) inhibitor rolipram
(10 µM), and adenosine deaminase (3 units/ml) for 30 min (for
A1AR, A2AAR and A3AR assays PSB603 (8-[4-[4-(4-
chlorophenzyl)piperazide-1-sulfonyl)phenyl]]-1-propylxanthine,
1 µM, was included to block the endogenous A2BAR)
followed by addition of agonists and a 20 min incubation. For
A1AR and A3AR, after incubation with agonists for 20 min,
forskolin (10 µM) was added and the mixture incubated for
an additional 15 min. The reaction was terminated upon
removal of the supernatant and addition of 100 µl Tween-20
(0.3%). Intracellular cAMP levels were measured with an
ALPHAScreen cAMP assay kit as instructed by the
manufacturer (PerkinElmer).

A1AR–bla U2OS–Agonist Screen
This assay was performed using the screening services of Thermo
Fisher (Waltham, MA). A1AR-bla U2OS cells are thawed and
resuspended in Assay Media (Freestyle media) to a concentration
of 312,500 cells/ml. 32 μl of cell suspension (10,000 cells) was
added to each well of a 384-well TC-Treated assay plate. Cells in
Assay Media were incubated for 16–24 h in the plate at 37°C/5%
CO2 in a humidified incubator. 4 μl aliquots of a 10X serial
dilution of NECA (control agonist starting concentration,
500 nM) or compounds were added to appropriate wells of the
plate. 4 μl of Assay Media was added to all wells to bring the
final assay volume to 40 μl. The plate was incubated for 5 h at
37°C/5% CO2 in a humidified incubator. 8 μl of 1 μM substrate
+ Solution D Loading Solution was added to each well and the
plate was incubated for 2 h at room temperature. The plate was
read on a fluorescence plate reader.

PathHunter
®
β-Arrestin Assays

This assay was performed using the screening services of Eurofins
(Luxembourg). The PathHunter® β-Arrestin assay monitors the
activation of a A1AR in a homogenous, non-imaging assay format
using a technology developed by DiscoverX called Enzyme
Fragment Complementation (EFC) with β-galactosidase (β-
Gal) as the functional reporter. The enzyme is split into two
inactive complementary portions (EA for Enzyme Acceptor and
PK for ProLink) expressed as fusion proteins in the cell. EA is
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fused to β-Arrestin and PK is fused to the A1AR. When the A1AR
is activated and β-Arrestin is recruited to the receptor, ED and EA
complementation occurs, restoring β-Gal activity which is
measured using chemiluminescent PathHunter® Detection
Reagents. PathHunter cell lines were expanded from freezer
stocks according to standard procedures. Cells were seeded in
a total volume of 20 μl into white walled, 384-well microplates
and incubated at 37°C for the appropriate time prior to testing.
For agonist determination, cells were incubated with sample to
induce response. Intermediate dilution of sample stocks was
performed to generate 5X sample in assay buffer. 5 μl of 5X
sample was added to cells and incubated at 37°C or room
temperature for 90–180 min. Vehicle concentration was 1%.
Assay signal was generated through a single addition of 12.5
or 15 μl (50% v/v) of PathHunter Detection reagent cocktail,
followed by a 1 h incubation at room temperature. Microplates
were read following signal generation with a PerkinElmer
Envision™ instrument for chemiluminescent signal detection.
Compound activity was analyzed using CBIS data analysis suite
(ChemInnovation, San Diego, CA). For agonist mode assays,
percentage activity was calculated using the following formula: %
Activity = 100% x (mean RLU of test sample–mean RLU of
vehicle control)/(mean MAX control ligand–mean RLU of
vehicle control).

A1AR–Calcium Influx Assay
This assay was performed using the screening services of Eurofins.
Evaluation of the agonist activity of compounds at the human A1

receptor expressed in BA/F3 cells was determined bymeasuring their
effect on cytosolic Ca2+ ion mobilization using a fluorimetric
detection method. The cells were suspended in HBSS buffer
(Invitrogen) complemented with 20mM Hepes and then
distributed in microplates at a density of 5 × 104 cells/well. The
fluorescent probe (Fluo8, AAT Bioquest, San Francisco, CA) mixed
with probenicid in HBSS buffer (Invitrogen) complemented with
20mMHepes (Millipore, Burlington, MA) (pH 7.4) was then added
into each well and equilibrated with the cells for 60 min at 30°C.
Thereafter, the assay plates were positioned in a microplate reader
(FlipR Tetra, Molecular Devices, San Jose, CA), which was used for
the addition of the test compound, reference agonist or HBSS buffer
(basal control), and for themeasurements of changes in fluorescence
intensity that varies proportionally to the free cytosolic Ca2+ ion
concentration. For stimulated control measurements, N6-
cyclopentyladenosine (CPA) at 0.25 μM was added in separate
assay wells. The results were expressed as a percent of the control
response to CPA at 0.25 μM. The standard reference agonist was
CPA, which was tested in each experiment at several concentrations
to generate a concentration-response curve from which its EC50

value was calculated.

RESULTS

Machine Learning
Assay Central® (Clark and Ekins, 2015; Clark et al., 2015) is our in-
house software that was used to curate the published A1AR data,
build and validate machine learning models then enable predictions

for molecules. This software has been previously used to build
Bayesian machine learning models that generate predictions in
toxicological and drug discovery projects (Lane et al., 2018; Russo
et al., 2018; Zorn et al., 2019). The interpretation of the model
metrics as well as the prediction and applicability scores have been
described in detailed in previously published work (Clark et al., 2015;
Lane et al., 2018; Russo et al., 2018; Zorn et al., 2019). While our
Assay Central® software can select a reasonable threshold, 100 nM
was set for the original A1AR Bayesian model (and subsequent
models derived with additional algorithms). Compounds with an
EC50 lower than this threshold were considered active, and those
above were considered inactive. The initial Bayesianmodel for A1AR
agonists using literature data (Figure 1A), demonstrated a five-fold
cross-validation ROC of 0.87, which is excellent. This model was
then used to predict the SuperDrug library (Siramshetty et al., 2018)
and our in-house library of compounds (predominantly consisting
of FDA approved drugs and other compounds of interest), and 30
compounds were initially selected for testing for agonist activity in
the A1AR cAMP assay (Supplementary Table S1).

Subsequently we have also built classification and regression
models using our latest version of the Assay Central software for
A1AR, A2AAR, A2BAR and A3AR (Supplementary Figures
S1–S4). The classification machine learning models (100 nM
cutoff) all had good 5-fold cross-validation statistics, and we
have additionally generated regression models that can be used
for scoring and selecting new compounds for testing in future.
We used these additional models to predict activity of the hits
selected from our initial models (Supplementary Table S2).

A1AR Assays
The initially selected 29 molecules were tested using the HEK293
A1AR Nomad cell line stably expressing human protein with no
tag (Figure 1B). Activation of A1AR by an agonist engages Gi1/2/3
or Go protein to inhibit adenylate cyclase and, therefore, decreases
the cAMP concentration. Compounds were tested at 10 µM using
NECA at 10 µM as the reference agonist. The fluorescence
intensity was normalized to NECA at 10 µM and vehicle
(DMSO) alone, which were considered 100% and 0%,
respectively. The normalized results showed that febuxostat,
BAY11-7082 ((E)-3-(4-methylphenylsulfonyl)-2-propenenitrile)
and crisaborole showed a normalized activity with respect to the
positive control of 94.53%, 95.74% and 98.52%, respectively
(Figure 1B). Additionally, tilorone hydrochloride and
paroxetine hydrochloride showed a normalized activity with
respect to the positive control of 55.9 % and 68.0%,
respectively (Figure 1B). Other compounds predicted
computationally by Assay Central showed an activity of less
than 50% at the concentration tested. We therefore conducted
additional assays with crisaborole, febuxostat and paroxetine
using radioligand binding assays and measured dose response
curves in the HEK293 A1AR assay using ALPHAScreen (Perkin
Elmer) assay, as described below.

Radioligand Binding
The first step toward activation involves receptor binding. Thus,
we have measured the inhibition of the binding of standard AR
radioligands at the orthosteric site of three AR subtypes (Table 1).
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No significant binding inhibition was observed at 100 µM for the
three compounds at the human A1AR or human A2BAR or by
crisaborole at human A2AAR and A3ARs. However, febuxostat
and paroxetine both inhibited orthosteric radioligand binding in
the µM range for A2AAR and A3AR.

Functional Activity on cAMP Levels in
Transfected HEK Cells
Functional activity on cAMP levels in transfected HEK cells
was determined for the three hit compounds. No A1AR agonist
activity was observed (Figure 2). In HEK cells expressing the
human A2AAR, stimulation of cAMP was observed for

crisaborole (EC50 2.8 µM) and paroxetine (EC50 14 µM), but
not for febuxostat. We did not measure A2BAR and A3AR
effects of febuxostat in the cAMP cell assays. However,
crisaborole is not an orthosteric A2AAR agonist, because it
did not inhibit binding. Istradefylline, an A2AAR antagonist,
only minimally affected crisaborole’s effect, suggesting a
mechanism of crisaborole-induced cAMP accumulation that
is different from standard full agonist NECA. Istradefylline
(1 µM) had minimum effect, but it slightly lowered both basal
value and the maximum effect. This concentration of
istradefylline (Ki = 2.2 nM) should be sufficient to saturate
the orthosteric A2AAR binding site. Curiously, crisaborole also
increased cAMP accumulation in A2BAR-expressing HEK293

FIGURE 1 | A1AR machine learning model and testing of predictions. (A) Bayesian machine learning model 5-fold cross validation ROC plot showing statistics for
A1AR (B) Normalized agonist effect of compounds in the activation of A1AR receptor. The cells were treated with 30 compounds at 10 µM concentration. Data points
represent the mean ± SD for each condition for a single experiment performed in triplicate. The results were normalized to 10 µM NECA and vehicle (DMSO) that were
considered to be 100% and 0%, respectively.

TABLE 1 | Inhibition of specific binding at all four ARs (% inhibition at 100 µM of the radioligand shown, or Ki (µM)).a

Molecule A1 ([3H]DPCPX) A2A ([3H]ZM241385) A2B ([3H]DPCPX) A3 ([125I]I-AB-MECA)

Crisaborole 36.9 ± 3.4% 31.2 ± 5.6% <10% 28.8 ± 16.3%
Febuxostat 29.8 ± 5.2% 22.9 ± 4.3 µM <10% 67.3 ± 45.7 µM
Paroxetine 9.1 ± 3.9% 40.4 ± 9.8 µM <10% 14.5 ± 9.7 µM

aData are expressed as mean ± standard error from three independent experiments. Experimental procedures are described in Methods.

TABLE 2 | Summary table of in vitro data for compounds tested against adenosine receptors.

Adenosine receptor Binds with Adenosine Adenylate
cyclase/cAMP

Crisaborole cAMP Febuxostat cAMP Paroxetine cAMP

A1AR Gi High affinity Inhibition/Decrease Not active Not active Not active
A2AAR Gs High affinity Stimulate/Increase Active Emax = 67% Not active Active Emax = 69%
A2BAR Gs Low affinity Stimulate/Increase Emax = 17% N/A N/A
A3AR Gi High affinity Inhibition/Decrease N/A N/A Not active
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cells, but it was weaker than at the A2AAR. At the human
A3AR, paroxetine did not show any agonist activity at 100 µM,
although it displayed a binding Ki value of 14.5 µM, suggesting
antagonist activity. A summary table of in vitro data for
compounds tested against adenosine receptors is showed in
Table 2.

A1AR–β-Arrestin Assay
We used A1AR-bla U2OS cells to test activation of A1AR
receptor by crisaborole and paroxetine. This parental cell line
stably expresses a beta-arrestin/TEV protease fusion protein
and the beta-lactamase reporter gene under the control of a UAS
response element. Paroxetine and crisaborole showed no
activation in this system (Supplementary Figure S5). We
also used a secondary assay PathHunter® β-Arrestin assay,
which monitors the activation of A1AR in a homogenous,
non-imaging assay format using a technology developed by
DiscoverX called Enzyme Fragment Complementation (EFC)
with β-galactosidase (β-Gal) as the functional reporter. This
data was normalized to the maximal and minimal response
observed in the presence of control agonist CPA and vehicle
(Supplementary Figure S6), and no activation of the A1AR
receptor was observed in this assay at the maximum crisaborole
concentration of 20 µM.

A1AR–Calcium Influx Assay
Crisaborole was tested using cellular and nuclear receptor
functional Assays (Eurofins) for calcium influx assay and
showed no activity of the A1AR receptor at the maximum
concentration tested (20 μM) (Supplementary Figure S7).

DISCUSSION

While there have been several previous attempts to use machine
learning for ARs (Saad et al., 2019; Wang et al., 2021), few have
performed external validation. One recent study used deep learning
combined with pharmacophore and docking approaches to identify
novel A1/A2A antagonists (Wang et al., 2021). In contrast, we were
keen to use machine learning alone to potentially repurpose existing
drugs for ARs. Using our initial machine learning model, we have
identified crisaborole as weakly binding to A1AR, but without
activity on the cAMP, β-arrestin and calcium influx assays.
However, crisaborole can activate A2AAR and A2BAR at the
highest concentrations examined. Unexpectedly, the presence of
an orthosteric A2AAR antagonist istradefylline did not antagonize
the effect of crisaborole, suggesting a mechanism of crisaborole-
induced cAMP accumulation that is different from standard full
agonist NECA. Paroxetine induced weak activation of A2AAR, but

FIGURE 2 | Functional effects measured in transfected HEK cells. (A) Determination of cAMP inhibition in A1AR-expressing cells, usingN6-bicyclo [2.2.1]hept-2-yl-
5′-chloro-5′-deoxyadenosine (Cl-ENBA) as a reference full agonist (100% stimulation). (B) Determination of cAMP stimulation in A2AAR-expressing cells, using 2-[p-(2-
carboxyethyl)phenyl-ethylamino]-5′-N-ethylcarboxamidoadenosine (CGS21680) as a reference full agonist (100% stimulation). (C) Lack of antagonism, by an orthosteric
agonist istradefylline, of the crisaborole-induced cAMP stimulation in A2AAR-expressing cells. A2A activation by crisaborole in the absence of antagonist showed an
EC50 = 2.78 µM, and in the presence of istradefylline EC50 = 2.99 µM. (D) Comparison of cAMP stimulation by crisaborole in A2A- and A2BAR-expressing cells, using
NECA as a reference full agonist (100% stimulation). (E) Lack of agonist effect of paroxetine in A3AR-expressing cells, in comparison to (1S,2R,3S,4R,5S)-4-(6-((3-
chlorobenzyl)amino)-2-((3,4-difluorophenyl)ethynyl)-9H-purin-9-yl)-2,3-dihydroxy-N-methylbicyclo [3.1.0]hexane-1-carboxamide (MRS5698) as a reference full agonist
(100% stimulation).
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no activation of A3AR, despite a binding Kd of 14.5 ± 9.7 µM. The
lack of A3AR activation suggested that paroxetine is an antagonist at
this subtype. The structures of the three hit compounds do not
resemble AR-targeting drugs that have been studied in clinical trials
previously (Jacobson et al., 2019) (Supplementary Figure S8).

We evaluated the activity of crisaborole using several different
in vitro assays. Crisaborole is an inhibitor of phosphodiesterase 4
(PDE4), which is responsible for the hydrolysis and subsequent
inactivation of cyclic nucleotides such as cAMP. A1AR activation
promotes inhibition of adenylate cyclase and consequently
inhibits cAMP production leading to the inhibition of
presynaptic glutamate release (Wardas, 2002). Thus, since
crisaborole is an inhibitor of PDE4 and A1AR, it may have
different effects on cAMP levels that are antagonistic. When
crisaborole was tested in a second independent β-arrestin assay
using the A1AR-bla U2OS Cells and PathHunter technology, it
showed no agonist activity at the A1AR (Supplementary Figures
S5, S6) and had no activity in the calcium influx assay
(Supplementary Figure S7).

In the United States, crisaborole is indicated for topical treatment
of mild to moderate atopic dermatitis in people 3 months of age and
older (Schlessinger et al., 2020). Crisaborole enhances cellular
control of inflammation by inhibiting PDE4 and its ability to
degrade intracellular cAMP. Apparent A2AAR agonist-like activity
of crisaborole in combination with its PDE4 inhibitory activity may
contribute when used topically in the clinic, regardless of the
mechanism of A2AAR activation.

The medicinal chemistry surrounding the development of
novel adenosine receptor ligands has largely been driven by
derivatization of the adenosine and other purine-like scaffolds
to gain understanding of the structure-activity relationships
especially in the early stages to distinguish between A1AR and
A2AAR (Geldenhuys et al., 2017). From these studies, novel
scaffolds were developed, such as the A2AAR antagonist core
8-styrylxanthine. It was discovered that substitution of the styryl
moiety with an 8-phenoxymethyl moiety leads to a dual A1/A2A

receptor antagonist (Harmse et al., 2016). The current study
provides additional scaffolds based on approved drugs that could
be modified in the future to improve activities against these
receptors.

The A2AAR receptor is also expressed in the brain, where it
has important roles in the regulation of glutamate and
dopamine release, making it a potential therapeutic target
for the treatment of conditions such as insomnia, pain,
depression, and Parkinson’s disease (Borea et al., 2018).
A2AAR is recognized as the main adenosine subtype located
in the striatum, where it is colocalized with dopamine D2

receptors (D2R). This results in A2AAR/D2R heteromers that
have a crucial role in the modulation of motor function (Borea
et al., 2018). A2AAR may be a therapeutic target in Alzheimer’s
disease, Huntington’s disease, epilepsy, acute and chronic
stress, and memory fear (Borea et al., 2018).
Pharmacological agents that increase the activation of A1AR
in response to adenosine would be useful for the treatment of
CNS, cardiovascular, and inflammatory pathologies (Borea
et al., 2018). Coactivation of two AR subtypes might be
therapeutically beneficial, such as both A1AR and A3AR in

cardioprotection (Jacobson et al., 2005). Understanding the
mechanisms of drug actions at GPCRs and translating this
understanding into more selective and effective medicines
remains a challenge (May et al., 2007). The effects of an
allosteric modulator on ligand efficacy and on affinity at the
orthosteric site do not always correlate, such that a modulator
can increase the affinity of an orthosteric ligand while
decreasing the efficacy and vice versa (May et al., 2007).

CONCLUSION

The goal of this work was to use machine learning approaches to
assist in identifying new molecules to modulate ARs. In the
process we have identified several approved drugs with in vitro
functional activity against the A2AAR, A2BAR and A3AR
subtypes, which could potentially be repurposed. The three
molecules derived from machine learning each had a distinct
pharmacological activity, which diverged in the different in vitro
assays used and, in some cases, suggested non-canonical
interaction with these receptors. Subsequent pharmacological
characterization, including the use of AR-knockout mice (Xiao
et al., 2019), will be needed to better understand their respective
modes of action in future. The data generated in this study may
also be used to improve ourmachine learningmodels and provide
further structural diversity for starting points for medicinal
chemistry efforts for AR modulators.
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During hypoxia or inflammation, extracellular adenosine levels are elevated.

Studies using pharmacologic approaches or genetic animal models pertinent to

extracellular adenosine signaling implicate this pathway in attenuating hypoxia-

associated inflammation. There are four distinct adenosine receptors. Of these,

it is not surprising that the Adora2b adenosine receptor functions as an

endogenous feedback loop to control hypoxia-associated inflammation.

First, Adora2b activation requires higher adenosine concentrations compared

to other adenosine receptors, similar to those achieved during hypoxic

inflammation. Second, Adora2b is transcriptionally induced during hypoxia or

inflammation by hypoxia-inducible transcription factor HIF1A. Studies seeking

an alternative adenosine receptor activation mechanism have linked netrin-1

with Adora2b. Netrin-1 was originally discovered as a neuronal guidance

molecule but also functions as an immune-modulatory signaling molecule.

Similar to Adora2b, netrin-1 is induced by HIF1A, and has been shown to

enhance Adora2b signaling. Studies of acute respiratory distress syndrome

(ARDS), intestinal inflammation, myocardial or hepatic ischemia and

reperfusion implicate the netrin-Adora2b link in tissue protection. In this

review, we will discuss the potential molecular linkage between netrin-1 and

Adora2b, and explore studies demonstrating interactions between netrin-1 and

Adora2b in attenuating tissue inflammation.

KEYWORDS

adenosine, netrin-1, Adora2b, hypoxia, inflammation

Introduction

Hypoxia and inflammation are highly interdependent (Taylor, 2008; Taylor and

Colgan, 2017). Inflammatory lesions are characterized by an imbalance in metabolic

supply and demand. The active inflammatory process consumes a large amount of

oxygen. For example, polymorphonuclear neutrophils (PMNs) consume such vast

amounts of oxygen when activated that they can cause hypoxic imprinting on

neighboring stromal or epithelial cells (Campbell et al., 2014). Other inflammatory
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cells such as natural killer cells (Victorino et al., 2015; Hoegl et al.,

2016), eosinophils (Patel et al., 2014; Masterson et al., 2015;

Wang et al., 2021a), macrophages (Gao et al., 2020), or T-cells

(Sun et al., 2010; Clambey et al., 2012; Ehrentraut et al., 2012;

Ehrentraut et al., 2013; Yuan et al., 2019) contribute to shaping

the metabolic environment in inflammatory or infectious foci

(Koeppen et al., 2011a; Gumbert et al., 2020). At the same time,

the supply of metabolites from the bloodstream is often

diminished due to microvascular occlusions, edema or

shunting (Eltzschig and Collard, 2004). In addition, alterations

of specific metabolites (e.g., accumulation of succinate) can

further shape a hypoxic microenvironment and contribute to

transcriptional reprogramming (Haeberle et al., 2008; Eckle et al.,

2013a; Vohwinkel et al., 2021). Many studies have found that

during hypoxia-induced inflammation (inflammatory hypoxia),

extracellular levels of adenosine are elevated (Ohta and Sitkovsky,

2001; Sitkovsky et al., 2004; Sitkovsky and Lukashev, 2005; Thiel

et al., 2005), and implicate extracellular adenosine signaling in an

endogenous feedback loop to attenuate hypoxia-induced

inflammation (Cronstein, 1994; Eltzschig and Carmeliet, 2011;

Eltzschig et al., 2012).

Adenosine is part of a group of biomolecules termed purines,

defined as heterocyclic aromatic molecules (Eltzschig, 2013).

These molecules belong to the most ancient and conserved

biochemical molecules during evolution (Miller and Urey,

1959). These relatively simple biochemical molecules are fitted

together from adenine and guanine, resembling the most critical

building block for mammalian genes (Fredholm and

Verkhratsky, 2010). Therefore, the purine adenosine has

earned its place as the biomolecular building block of the

genetic code and as part of the universal biological energy

currency, adenosine triphosphate (ATP) (Khakh and

Burnstock, 2009; Eltzschig, 2013). However, adenosine plays

diverse roles in phyeiological and pathophysiological

conditions (Khakh and Burnstock, 2009). Beyond these

functions, adenosine has been recognized as a signaling

molecule through the activation of four receptors named A1,

A2A, A2B, and A3 receptors (Adora1, Adora2a, Adora2b,

Adora3). These G-protein coupled receptors have many

biological functions. For example, activation of Adora1 slows

the heart rate, allowing adenosine injection to be used for treating

supraventricular tachycardia (Koeppen et al., 2009). Adora2a is

expressed on immune cells, such as PMNs (Cronstein et al., 1990)

and T-cells (Yang et al., 2006a), and has been shown to dampen

harmful inflammation (Ohta and Sitkovsky, 2001; Hasko and

Cronstein, 2004). Adora3 has been implicated in mast cell

activation and the pathogenesis of asthmatic airway disease

(Jin et al., 1997; Zhong et al., 2003).

In contrast to the other three adenosine receptors, the

Adora2b is somewhat unique in its role for hypoxia

adaptation (Eltzschig et al., 2003; Kong et al., 2006) and has

been considered a safety signal during inflammatory hypoxia

(Grenz et al., 2011a; Koeppen et al., 2011b). Two features make

Adora2b well suited to hypoxia adaptation. First, Adora2b is

transcriptionally induced by hypoxia-inducible transcription

factor HIF1A (Kong et al., 2006; Poth et al., 2013), and

therefore levels of Adora2b are highest during hypoxia or

inflammatory states (Eckle et al., 2013b; Eckle et al., 2014;

Hoegl et al., 2015; Wang et al., 2021b). Second, it is the most

“insensitive” of the four adenosine receptors, requiring the

highest adenosine concentrations to be activated (Feoktistov

and Biaggioni, 1997; Aherne et al., 2011; Koeppen et al.,

2011b). Such high concentrations of extracellular adenosine

are present during hypoxia and inflammation and activate the

Adora2b receptor (Feoktistov and Biaggioni, 1997; Feoktistov

and Biaggioni, 2011).

Interestingly, several studies have suggested an

alternative adenosine independent mechanism of Adora2b

activation, particularly during hypoxia or inflammation. This

process involves the neuronal guidance molecule netrin-1.

Netrin-1 is one of neuronal guidance molecules that are

critical for neuronal development by either attracting or

repelling developing neurons (Serafini et al., 1994; Serafini

et al., 1996; Corset et al., 2000; Mirakaj and Rosenberger,

2017; Keller et al., 2021). Several studies suggest that during

inflammatory conditions, netrin-1-elicited organ protection

during inflammatory hypoxia is dependent on Adora2b

signaling (Rosenberger et al., 2009). Additionally, other

studies indicate that netrin-1 is a direct ligand of Adora2b

(Stein et al., 2001; Feoktistov and Biaggioni, 2011). In the

present review, we will first discuss the role of Adora2b

during hypoxia and inflammation. Subsequently, we will

explore studies linking netrin-1 with Adora2b signaling

during hypoxia, inflammation or ischemia and reperfusion.

Finally, we will discuss potential molecular mechanisms

connecting netrin-1 with Adora2b and the evidence that

argues for and against a direct activation of the Adoar2b

by netrin-1.

Extracellular adenosine signaling
during hypoxia and inflammation

That hypoxia is associated with increased extracellular

adenosine levels has been known for many years. For

example, studies from the early 1990s showed that plasma

adenosine levels in rats rose from approximately 80 nM at

baseline to approximately 190 nM following exposure to

ambient hypoxia (8% oxygen) (Phillis et al., 1992). Hypoxia-

driven increases of extracellular adenosine have been implicated

as an endogenous feedback mechanism to promote hypoxia

adaptation. For example, recent reports indicate that

adenosine levels in plasma are induced in a rapid manner

after high altitude exposure. Importantly, the induction is

amplified upon re-ascent. This observation has been

subsequently linked with faster adaptation to high altitudes
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and more rapid acclimatization (Liu et al., 2016; Song et al., 2017;

Sun et al., 2017).

Studies in genetic and pharmacologic models with altered

adenosine production have provided insight into mechanisms

controlling extracellular adenosine levels during hypoxia and

inflammation. Extracellular adenosine can be enzymatically

produced from precursor nucleotides, which involves a two-

step enzymatic process (Figure 1). The first step involves the

conversion of precursor nucleotides–such as ATP or ADP to

AMP (Garcia-Morales et al., 2016a; Bowser et al., 2017a; Bowser

et al., 2017b; Bowser et al., 2018). This conversion is controlled by

ecto-apyrase CD39 (Kaczmarek et al., 1996; Enjyoji et al., 1999;

Robson et al., 2001; Robson et al., 2005). During injurious

conditions such as hypoxia or inflammation, many cells

release precursor nucleotides (Eltzschig et al., 2006a; Faigle

et al., 2008; Colgan and Eltzschig, 2012), and therefore the

extracellular production of AMP is dramatically increased

(Eltzschig et al., 2006b; Eckle et al., 2007a; Kohler et al., 2007;

Eltzschig et al., 2009a; Friedman et al., 2009; Reutershan et al.,

2009; Hart et al., 2010; Le et al., 2019). The second step for the

extracellular generation of adenosine is mediated by the ecto-5′-
nucleotidase CD73, a glycosylphosphatidylinositol (GPI)-

anchored protein that converts AMP to adenosine, and

functions as extracellular pacemaker for the production of

adenosine (Hansen et al., 1995; Weissmuller et al., 2005;

Eltzschig et al., 2008; Zhang et al., 2013). Studies in mice with

genetic deletion of Cd39 or Cd73 suggested that these animals

have more severe vascular leakage and inflammatory responses

during hypoxia exposure (Eltzschig et al., 2003; Eltzschig et al.,

2004; Thompson et al., 2004). Similarly, they experience more

profound tissue injury and inflammation when exposed to

models of acute respiratory distress syndrome (ARDS) (Eckle

et al., 2007a; Eckle et al., 2008a; Reutershan et al., 2009; Koeppen

et al., 2011c), myocardial ischemia and reperfusion (Eckle et al.,

2006; Eckle et al., 2007b; Kohler et al., 2007; Eckle et al., 2011),

liver injury (Hart et al., 2008a; Hart et al., 2008b; Hart et al.,

2010), or intestinal inflammation (Hart et al., 2008c; Hart et al.,

2008d; Louis et al., 2008; Friedman et al., 2009; Hart et al., 2009).

Taken together, these studies indicate that during inflammatory

hypoxia, the production of extracellular adenosine is elevated and

serves as an endogenous feedback signal to diminish excessive

inflammation (Eltzschig et al., 2012).

Several studies have elucidated the molecular mechanisms

involved in hypoxia-dependent enhancement of extracellular

adenosine signaling (Figure 2). These studies identified a

central regulatory role of HIF1A by regulating the

expressional levels of CD73. Hypoxia signaling through HIFs

FIGURE 1
Extracellular adenosine generation, signaling, and
termination. Extracellular adenosine can be enzymatically
produced from precursor nucleotides, which involves a two-step
enzymatic process involving the conversion from ATP or ADP
to AMP. This conversion is controlled by ecto-apyrase CD39. The
second step for the extracellular generation of adenosine is
mediated by the ecto-5′-nucleotidase CD73, a
glycosylphosphatidylinositol (GPI)-anchored protein that converts
AMP to adenosine, and functions as an extracellular pacemaker for
the production of adenosine. Once liberated into the extracellular
compartment, adenosine binds to four G-protein coupled
adenosine receptors, including the Adora1, Adora2a, Adora2b and
the Adora3 adenosine receptor with specific biologic functions
during health or disease. Finally, extracellular adenosine signaling
is terminated via ENTs to be uptaken into the intracellular space
and converted to inosine or AMP.

FIGURE 2
Links between hypoxia and extracellular adenosine. Several
studies have elucidated the molecular mechanisms involved in
hypoxia-dependent enhancement of extracellular adenosine
signaling. Firstly, hypoxia and concomitant HIF1A stabilization
directly induces the expressional levels of CD73. Secondly, hypoxia
dependent CD39 induction is controlled by a transcriptional
mechanism involving SP1 Furthermore, HIF1A and HIF2A
stabilization results in the enhancement of adenosine receptors
expression, such as Adora2b and Adora2a, respectively. Finally,
previous studies also implicate HIF1A in the repression of both
ENTs and adenosine kinases, which indirectly promotes the
additional elevations of extracellular signaling events.
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resembles an adaptive signaling pathway that has been selected

from ancient atmospheres for survival benefit under flunctuating

oxygen levels (Taylor and McElwain, 2010). During hypoxia or

inflammation, HIF1A is stabilized and forms a transcriptionally

active heterodimer with HIF1B. Subsequent translocation to the

nucleus and binding to hypoxia response elements (HREs) in

hypoxia-controlled target genes typically causes induction of the

gene product (Eltzschig et al., 2014; Ju et al., 2016; Semenza,

2020). Notable HIF target genes include, for example,

erythropoietin, the group of enzymes controlling the glycolytic

flux of carbohydrate intermediates, and vascular endothelial

growth factor (Wang and Semenza, 1993; Semenza et al.,

1994; Wang et al., 1995; Forsythe et al., 1996; Semenza et al.,

1996). The discovery of the HIF pathway was recognized by the

2019 Nobel Prize in medicine or physiology (Fandrey et al., 2019;

Colgan et al., 2020). While most commonly HIF binding causes

induction of target genes (Zheng et al., 2009), there are also many

instances where HIF1A activity causes gene repression (Eltzschig

et al., 2005; Loffler et al., 2007; Morote-Garcia et al., 2008;

Morote-Garcia et al., 2009; Ju et al., 2021), such as by the

induction of HIF-dependent microRNAs (Ferrari et al., 2016a;

Ferrari et al., 2016b; Neudecker et al., 2016; Neudecker et al.,

2017a; Lee et al., 2020a). Studies of hypoxia exposure of epithelial

cells or vascular endothelia demonstrate that both CD39 and

CD73 are induced by hypoxia (Synnestvedt et al., 2002; Eltzschig

et al., 2003). While CD39 is controlled by SP1 (Eltzschig et al.,

2009a; Hart et al., 2010), the promoter of CD73 contains an HRE,

and studies with transcription factor binding and promoter

constructs directly implicate HIF1A in the transcriptional

induction of CD73 (Synnestvedt et al., 2002; Garcia-Morales

et al., 2016b). Additional molecular mechanisms of HIF-

dependent increases in extracellular adenosine during hypoxia

and inflammation include transcriptional repression of

adenosine uptake and metabolism (Eltzschig et al., 2005;

Loffler et al., 2007; Morote-Garcia et al., 2008). Adenosine

signaling is terminated by equilibrative nucleoside

transporters, ENT1 or ENT2 mediated uptake of extracellular

adenosine towards intracellular spaces (Rose et al., 2011; Eckle

et al., 2013b; Morote-Garcia et al., 2013; Aherne et al., 2018;

Wang et al., 2021b) (Figure 1). Previous studies implicate HIF1A

in the repression of both ENT1 (Eltzschig et al., 2005) and ENT2

(Morote-Garcia et al., 2009) during hypoxia or inflammatory

diseases, leading to additional elevations of extracellular signaling

events (Loffler et al., 2007). Similarly, HIF1A causes

transcriptional repression of the adenosine kinase (Morote-

Garcia et al., 2008), a response that dampens intracellular

adenosine metabolism from adenosine to AMP, thereby

functioning to further enhance adenosine signaling events in

the extracellular compartment (Decking et al., 1997; Ferrari et al.,

2016a; Ferrari et al., 2016b; Ferrari et al., 2016c; Yuan et al., 2021).

Taken together, these studies accentuate the functional role of

HIF1A in the control of extracellular adenosine signaling during

hypoxia and inflammation (Poth et al., 2013).

Adora2b during hypoxia and
inflammation

Once liberated into the extracellular compartment,

adenosine binds four G-protein coupled adenosine receptors:

Adora1, Adora2a, Adora2b and Adora3 (Figure 1) (Hasko and

Cronstein, 2004; Sitkovsky et al., 2004; Sitkovsky and Lukashev,

2005; Hasko et al., 2008; Eltzschig, 2009; Idzko et al., 2014a; Idzko

et al., 2014b). Each of these receptors has been associated with

specific biologic functions during health or disease states (Chen

et al., 2013). For example, the Adora1 was suggested to mediate

the heart-rate slowing effects of adenosine (Koeppen et al., 2009).

As such, functional studies implicate this receptor in cardio-

protection during ischemic pre- or post-conditioning (Matherne

et al., 1997; Reichelt et al., 2005), an experimental strategy where

short periods of non-lethal ischemia can be applied to increase

myocardial resistance to ischemia (Eckle et al., 2006; Redel et al.,

2008). The Adora2a is expressed on inflammatory cells and has

been shown to dampen acute inflammatory responses in a variety

of models (Cronstein et al., 1990; Ohta and Sitkovsky, 2001;

Sitkovsky et al., 2004; Thiel et al., 2005; Hasko et al., 2008). The

Adora3 has been shown to be expressed on mast-cells and has

been implicated in asthmatic airway disease (Salvatore et al.,

2000; Zhong et al., 2003), while studies in Adora3−/− mice show

elevated blood pressure, aggressiveness and hypoalgesia (Ledent

et al., 1997). The Adora2b receptor has been identified as a “low-

affinity” receptor (Feoktistov and Biaggioni, 1997; Feoktistov and

Biaggioni, 2011), and since it appears to have many similar

functions to the Adora2a (e.g., both receptors promote

intracellular cAMP levels), it was initially thought to be

redundant or lesser physiologic compared to the other

adenosine receptors (Aherne et al., 2011). However, several

factors have led to a rethinking of Adora2b, and have

identified the Adora2b as a critical adenosine receptor during

adaptation to hypoxia or inflammation. First, the fact that

signaling events through the Adora2b require higher

adenosine levels than other three adenosine receptors

highlights that the Adora2b is particularly active during states

of elevated adenosine levels, such as during hypoxia and

inflammation (Van Linden and Eltzschig, 2007; Eltzschig

et al., 2009b; Koeppen et al., 2011b; Wen et al., 2011; Zhang

et al., 2011; Grenz et al., 2012; Karmouty-Quintana et al., 2012).

Secondly, several studies provide evidence for selective induction

of the Adora2b during hypoxia or inflammation. For example, a

screen for transcriptional responses in human vascular

endothelial cells exposed to hypoxia (2% oxygen) revealed that

only the Adora2b transcript levels were induced (Eltzschig et al.,

2003). Functional studies in Adora2b−/− mice demonstrate that

these mice experience more profound vascular inflammation,

including significantly increased leukocyte adhesion to the

vasculature and increased pro-inflammatory cytokine levels

upon stimulation with LPS (Yang et al., 2006b). Similarly,

Adora2b−/− mice are more prone to obesity, delayed glucose
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clearance and augmented insulin levels compared to controls

(Johnston-Cox et al., 2012). Other studies highlight that

Adora2b−/− mice are susceptible to developing vascular lesions

in vascular injury models (Yang et al., 2008). Together with other

studies (Eltzschig et al., 2003; Eltzschig et al., 2004), these findings

highlight functional roles for the Adora2b during tissue

inflammation and hypoxia, as an endogenous feedback cue to

control excessive inflammation.

Discovery and function of netrin-1 as
a neuronal guidance molecule

Netrin-1 was initially discovered as a neuronal guidance

molecule (Serafini et al., 1994; Serafini et al., 1996). The name

netrin comes from the Sanskrit word “netr,” meaning “one who

guides”. Netrin-1 belongs to the family of netrins, which are

composed of secreted proteins that are critical to the developing

brain, due to their function to attract or repel growing axons.

Neuronal guidance is a critical aspect of brain development,

where neurons send out axons to reach their correct targets

(Colamarino and Tessier-Lavigne, 1995). Purification of proteins

derived from embryonic chick brain has led to the identification

of the protein netrin-1, which showed commissural axon

outgrowth-promoting activity (Serafini et al., 1994). In

addition, studies in gene-targeted mice for netrin-1

(Ntn1−/−mice) revealed impaired spinal commissural axon

projections, implicating functional roles of netrin-1 in axon

guidance (Serafini et al., 1996). The neurologic defects in

homozygous Ntn1−/− mice are so severe that these mice are

born and die withing a few days due to significant neurologic

defects including the lacking of suckling, and inability to move

their forelimbs (Serafini et al., 1996). Subsequent studies used

transgenic mice with a “floxed” netrin-1 gene, so that studies in

adult mice would be possible (Brunet et al., 2014; Varadarajan

et al., 2017; Zhu et al., 2019; Li et al., 2021). Nevertheless, the

above described early studies in mice gene-targeted for netrin-1

established netrin-1 as a guidance molecule that functions during

vertebral brain development (Serafini et al., 1996).

Netrin-1 as a guidance cue during
inflammation

The properties and functions on netrin-1 within the CNS as

neuronal guidance molecule make it an ideal candidate for also

guiding inflammatory cell trafficking events. In fact, several other

neuronal guidance molecules (Konig et al., 2012; Mirakaj et al.,

2012; Kohler et al., 2013; Kohler et al., 2020) have been implicated

in immunomodulation and coordination of inflammatory events

or resolution of inflammation (Mirakaj and Rosenberger, 2017;

Keller et al., 2021). The unique characteristic of netrin-1 to

repulse or abolish the attraction of developing neuronal cells

via signaling events through the UNC5b receptor makes it a

perfect candidate gene for coordinating inflammatory cell

migration (Figure 3). In line with this hypothesis, studies

showed that netrin-1 is expressed on vascular endothelial

cells, where its expression can be regulated by infection or

inflammation. Similarly, UNC5b was found to be expressed

on leukocytes and interacts with netrin-1 as migration

inhibitor to different chemotaxis (Ly et al., 2005).

Subsequent studies suggest that netrin-1 can also function to

promote atherosclerosis by entrapping macrophages in plaques

(van Gils et al., 2012). In line with these findings, a recent study

demonstrates that silencing of netrin-1 in the myeloid lineage

promotes the resolution of inflammation and plaque regression

(Schlegel et al., 2021). Netrin-1 signaling can also function as a

macrophage retention signal for the promotion of chronic

inflammation and insulin resistance in adipose tissue

(Ramkhelawon et al., 2014) or in the pathogenesis of

abdominal aortic aneurism in vascular smooth muscle cells

(Hadi et al., 2018). Other studies suggest a functional role of

netrin-1 signaling in osteoclast differentiation (Mediero et al.,

2015), inflammatory arthritis (Mediero et al., 2016; Zhu et al.,

2019), or pulmonary fibrosis (Gao et al., 2021). In line with the

concept that netrin-1 can have highly diverse signaling functions,

a very elegant study implicated netrin-1 signaling in the

resolution process of inflammation, an intricate process

involving pro-resolving mediators (Serhan and Levy, 2018;

FIGURE 3
Netrin-1 receptors. DCC is a transmembrane protein
composed of four immunoglobulin like repeats and six fibronectin
type II like repeats on the extracellular site. It is involved in the
netrin-1 mediated bi-functional guidance of neurons.
Neogenin shares a similar structure to DCC and has been
implicated in tissue morphogenesis, angiogenesis, as well as axon
guidance. Adora2b has been identified as a netrin-1 coreceptor in
netrin-1 signaling in certain tissues, although detailed mechanisms
are still under investigation. UNC5 receptors (UNC5A-D) are
composed of two immunoglobulin like repeats and two
throbomspondin domains in the extracellular area.
UNC5 receptors have been suggested in the long range and short
range repulsion during axon guidance.
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Mirakaj, 2021). During zymosan-initiated peritoneal

inflammation, the vagus nerve was found to regulate the local

expression of netrin-1 (Mirakaj et al., 2014). A vagotomy results

in delayed resolution through inhibition of pro-resolving

mediators. Using genetic studies, the authors found that in

mice with partial netrin-1 deficiency, pro-resolving mediator

resolvin D1 failed to reduce neutrophil influx, thus

dampening the resolution of peritonitis compared with

controls. Similarly, when human monocytes were treated with

recombinant netrin-1, their production of lipid proresolving

mediators was increased. These findings suggest that the vagus

nerve controls both netrin-1 and pro-resolving programs

(Mirakaj et al., 2014). Beyond those studies, and pertinent to

the present review, several studies over the past 2 decades have

repeatedly shown that the anti-inflammatory and pro-resolution

role of netrin-1 signaling can be mediated through the Adora2b

adenosine receptor (Eltzschig, 2009; Aherne et al., 2013).

Linkages between Adora2b and
netrin-1 signaling

Not long after its original discovery as a neuronal guidance

molecule (Serafini et al., 1994; Colamarino and Tessier-Lavigne,

1995; Serafini et al., 1996), a study reported a previously

unrecognized interaction between netrin-1 and the Adora2b

adenosine receptor (Corset et al., 2000). This study was based

on the notion that the interaction of netrin-1 with its receptor

deleted in colorectal carcinoma (DCC) might involve an

additional co-receptor, since netrin-1 protein only co-

immunoprecipitate with DCC if cross-linked. Moreover,

netrin-1 did not bind to a soluble fusion protein of the

extracellular domain of DCC directly in vitro (Meyerhardt

et al., 1999). To find such a co-receptor, a subsequent study

utilized a two-hybrid screen of human brain complementary

DNA and identified a fragment corresponding to the last

23 amino acids of the intracellular domain of the Adora2b

with potential binding to intracellular domain of DCC. Using

co-immunoprecipitation, they demonstrated a direct interaction

of the Adora2b with DCC, but only in the presence of netrin-1.

Additionally, they showed that the Adora2b can serve as a netrin-

1 receptor, including the induction of cAMP elevations upon

binding of netrin-1 to the Adora2b. Finally, they performed

studies on netrin-1 mediated axon growth and described that

netrin-1-mediated outgrowth of dorsal spinal cord axons

requires Adora2b signaling (Corset et al., 2000). In contrast to

those findings, a subsequent study found that netrin-1 directly

regulates axon guidance, independent of the Adora2b (Stein

et al., 2001). Moreover, another study demonstrated that

netrin-1 does not bind to Adora2b. However, Adora2b

activation by adenosine analogs facilitates neuron response to

netrin-1 by reducing the levels of cell surface Unc-5 netrin

receptor A (UNC5A) receptor, thereby supporting an indirect

interaction between Adora2b and netrin-1 in the developing

brain (McKenna et al., 2008). Recently, the notion that netrin-1

and Adora2b signaling are linked was rejuvenated in a study of

hypoxia-associated inflammation, where netrin-1 released from

intestinal epithelial cells dampened inflammatory responses by

activating Adora2b receptors expressed on polymorphonuclear

granulocytes (PMNs) (Rosenberger et al., 2009), a finding that

was subsequently confirmed in many other studies (He et al.,

2014; Schlegel et al., 2016; Zhou et al., 2019; Chen et al., 2020).

Coordination of netrin-1 and Adora2b
signaling by hypoxia

As discussed above, the interaction of netrin-1 with the

Adora2b was first established in brain development (Corset

et al., 2000), but did not find consistent support from

subsequent studies (Stein et al., 2001; McKenna et al., 2008).

However, studies on inflammatory responses explored the

possibility of the Adora2b-netrin-1 link (Rosenberger et al.,

2009). The first study linking Adora2b signaling with netrin-1

during inflammation was based on the hypothesis that hypoxia

would elicit endogenous adaptive responses that could dampen

hypoxia-associated inflammation. In line with this hypothesis,

the authors found that netrin-1 is expressed in intestinal

epithelial cells and is induced by hypoxia. Studies on the

mechanism of hypoxia-dependent induction of netrin-1

identified an HRE within the promoter region of netrin-1 that

interacts with HIF1A during conditions of hypoxia, as shown by

studies of netrin-1 promoter constructs, chromatin

immunoprecipitation, and in vitro and in vivo studies of

HIF1A mutations (Rosenberger et al., 2009). For example,

wild-type mice would have robust induction of netrin-1 in

their intestinal epithelial cells upon exposure to ambient

hypoxia (4 h in 8% oxygen), while mice with intestinal

epithelial Hif1a deletion would fail to induce netrin-1

expression (Rosenberger et al., 2009; Grenz et al., 2012).

Subsequent functional studies demonstrated that netrin-1

signaling dampens hypoxia-associated inflammation via

signaling events through the Adora2b receptor expressed on

PMNs. Several subsequent studies confirmed the role of

HIF1A in inducing netrin-1, including studies in macrophages

exposed to ambient hypoxia (Ramkhelawon et al., 2013) or

during LPS induced inflammation (Berg et al., 2021). In this

later study, an unbiased screen revealed that netrin-1 was the

highest induced neuronal guidance molecule released from

macrophages exposed to LPS. Similar to the above studies, the

authors found an important role of HIF1A in inducing netrin-1

upon LPS stimulation, and demonstrated in functional in vivo

studies, that mice with myeloid deletion of netrin-1 (Ntn1loxp/loxp

LysMCre + mice) experienced exaggerated mortality and lung

inflammation. More detailed examination of the Ntn1loxp/loxp

LysMCre + mice demonstrated a functional role of netrin-1 in
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repelling natural killer cells, a response which could potentially

implicate Adora2b signaling (Berg et al., 2021). Other studies

found upregulation of netrin-1 by hypoxia during cancer (Chen

et al., 2016; Jin et al., 2019), or in promoting anti-apoptotic

function in endothelial progenitor cells under hypoxia conditions

(Jiang et al., 2022). In conjunction with previous studies

demonstrated that the Adora2b is a classic HIF target gene

(Kong et al., 2006), and is selectively induced during hypoxia

(Eltzschig et al., 2003; Schingnitz et al., 2010), ischemia (Eckle

et al., 2007b; Eckle et al., 2008b; Grenz et al., 2008) or

inflammation (Frick et al., 2009; Hart et al., 2009; Csoka et al.,

2010; Ehrentraut et al., 2012; Eckle et al., 2014; Aherne et al.,

2015; Hoegl et al., 2015), the above findings introduce the

possibility that conditions of hypoxia coordinate Adora2b and

netrin-1 signaling. During inflammatory hypoxia, netrin-1

expression is increased, Adora2b is induced, leading to

increased Adora2b-dependent signaling events. Therefore, it is

not surprising that previous studies of hypoxia-associated

inflammation have provided links between netrin-1 and

Adora2b signaling (Aherne et al., 2013).

Netrin-1 in alternative adenosine
receptor activation during
inflammation or ischemia and
reperfusion

As described above, inflammatory hypoxia is associated with

heightened expression of netrin-1 and Adora2b receptors, setting

the stage for interactions between netrin-1 and Adora2b

signaling. Several studies have found a functional role of the

netrin-1-Adora2b link during studies that examine inflammatory

conditions in tissue compartments where hypoxia-associated

inflammation and changes in metabolic supply and demand

cause stabilization of HIFs. Examples include ARDS,

inflammatory bowel disease, myocardial and hepatic ischemia

and reperfusion injury.

Acute respiratory distress syndrome

ARDS is an inflammatory disease of the lungs characterized by

acute onset, the presence of bilateral pulmonary edema in the

absence of left heart failure, and profound hypoxia with PaO2/

FiO2 less than 300 mmHg (Lee et al., 2019; Li et al., 2020). Patients

frequently requiremechanical ventilation (Williams et al., 2021), and

ARDS carries a very high rate of morbidity and mortality (Eckle

et al., 2009; Ranieri et al., 2012; Dengler et al., 2013; Bellani et al.,

2016). Based on its effect on repelling leukocyte infiltration, one of

the first studies to examine functional roles of netrin-1 during ARDS

used injurious mechanical ventilation to induce ARDS, as

neutrophilia is consistently observed in this model (Eckle et al.,

2008a; Koeppen et al., 2011c). Studies of mice with partial netrin-1

deficiency showed increased lung inflammation during injurious

mechanical ventilation, and could be resuscitated by treatment with

recombinant netrin-1 via inhalation or intravenous administration

(Mirakaj et al., 2010). Another study confirmed the protective effects

of netrin-1 treatment using a large animal model (Mutz et al., 2010).

In this study, ARDS was induced by an intravenous infusion of LPS,

and mice were subsequently treated with intravenous netrin-1 or

inhaled netrin-1. Netrin-1 treatment provided lung protection by

reducing inflammatory markers and histologic injury, and

computed tomography corroborated attenuated pulmonary

damage in both netrin-1 treatment arms (Mutz et al., 2010).

Additional studies implicate HIF1A in the induction of netrin-1

and its protection during ARDS, and particularly implicate myeloid-

derived netrin-1 in lung protection (Berg et al., 2021). Importantly,

several previous studies demonstrate that HIF1A is stabilized during

ARDS, and can function to dampen alveolar inflammation (Eckle

et al., 2013a; Eckle et al., 2014; Vohwinkel et al., 2015; Garcia-

Morales et al., 2016a; Vohwinkel et al., 2021). Studies on the

signaling mechanism involved in netrin-1-elicited lung protection

indicate that netrin-1 requires Adora2b signaling. For example, the

lung protective effects during treatment with recombinant netrin-1

were completely abolishedwhen applied inmice with global deletion

of the Adora2b (Adora2b−/− mice) (Mirakaj et al., 2010). Moreover,

other studies implicate netrin-1 in promoting alveolar fluid

clearance by enhancing Adora2b signaling during ARDS (He

et al., 2014). These findings were based on previous studies that

had demonstrated links between adenosine signaling and fluid

clearance during ARDS (Factor et al., 2007; Kreindler and

Shapiro, 2007). Indeed, measurements of alveolar fluid clearance

directly implicate Adora2b signaling in the enhancement of

FIGURE 4
The netrin-1/Adora2b link in acute respiratory distress
syndrome (ARDS). Several studies implicate that netrin-1 provide
lung protection during ARDS. In alveolar epithelial cells, netrin-1
enhances alveolar fluid clearance and reduces alveolar
inflammation, and this process is highly dependent on Adora2b
signaling. Furthermore, macrophage derived netrin-1 inhibits
neutrophil and natural killer cell recruitment, leading to reduced
inflammation during endotoxin induced ARDS.
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amiloride-sensitive fluid transport and elevations of pulmonary

cAMP during ARDS induced by mechanical ventilation,

suggesting that Adora2b agonist treatment (such as BAY 60-

6583 or netrin-1) could provide protection during ARDS by

“drying out” the lungs (Eckle et al., 2008c; Eckle et al., 2013b;

Hoegl et al., 2015; Wang et al., 2021b). In summary, these studies

provide evidence from genetic and pharmacologic studies that

netrin-1 is protective during ARDS, and implicate Adora2b

signaling in mediating the observed lung protection (Figure 4).

Inflammatory bowel disease

Inflammatory bowel disease (IBD) includes Crohn’s disease and

ulcerative colitis, and is marked by persistent infiltration of the

intestinal tissues with inflammatory cells. Due to its role

orchestrating leukocyte trafficking, several studies have

investigated the function of netrin-1 in IBD (Aherne et al., 2011;

Aherne et al., 2013). Mice with partial netrin-1 deficiency (Ntn1+/−)

experience more profound weigh-loss and intestinal inflammation

when exposed to dextran sulfate sodium (DSS) (Aherne et al., 2012).

Since previous studies had shown a protective role of Adora2b

signaling during DSS colitis (Eltzschig et al., 2009b; Frick et al.,

2009; Aherne et al., 2015; Aherne et al., 2018) or intestinal ischemia

and reperfusion (Hart et al., 2009), subsequent studies addressed the

functional role of the Adora2b in netrin-1-elicited gut protection. For

this purpose, the authors used an osmotic pump system to treat mice

with recombinant netrin-1 during DSS colitis (Aherne et al., 2012).

These studies demonstrated that wild-type mice that were treated

with exogenous mouse netrin-1 experienced dramatically reduced

intestinal inflammation, disease severity and weight loss.When those

studies were repeated using gene-targeted mice deficient of the

Adora2b, the treatment effects of recombinant netrin-1 delivered

by osmotic pump were completely abolished (Aherne et al., 2012).

Importantly, previous studies had shown that the Adora2b is induced

by HIF1A, and implicate Adora2b signaling in attenuating

inflammation in a variety of models of intestinal inflammation

(Eltzschig et al., 2009b; Frick et al., 2009; Hart et al., 2009; Aherne

et al., 2015; Aherne et al., 2018). Together, these studies implicate the

netrin-1-Adora2b link in attenuating intestinal inflammation, as

shown during inflammatory bowel disease.

Myocardial infarction

Myocardial ischemia and reperfusion injury is a leading cause of

morbidity andmortality world-wide. Therefore, the search for novel

therapeutic approaches to enhance myocardial resistance to

ischemia or dampen myocardial reperfusion injury are areas of

intense research (Eltzschig and Eckle, 2011; Heusch, 2020). Several

previous studies have implicated netrin-1 signaling in attenuating

myocardial ischemia and reperfusion injury (Mao et al., 2014), and

have also identified signaling events related to classic netrin-1

receptors, e.g., via DCC signaling (Zhang and Cai, 2010;

Bouhidel et al., 2015; Li et al., 2015). A recent study examined

tissue-specific functions as well as the role of the netrin-1-Adora2b

link (Li et al., 2021). This study showed increased circulating netrin-

1 levels in patients suffering from myocardial infarction or in mice

exposed to in situ myocardial ischemia and reperfusion injury.

Tissue-specific studies suggested a myeloid source of netrin, since

mice with myeloid netrin-1 deletion (Ntrn1loxp/loxp LysMCre+)

experienced larger myocardial infarct sizes, and showed

attenuated netrin-1 blood levels (Li et al., 2021). Interestingly,

mice with myocardial netrin-1 deletion (Ntrn1loxp/loxp Myosin Cre

+ mice) had no phenotype with regard to myocardial injury.

Subsequent studies using antibody mediated depletion (Lys6G) of

PMNs (Neudecker et al., 2017b) implicated neutrophils as a key

source for the cellular release of netrin-1 into the blood during

myocardial injury (Li et al., 2021). After establishing a

pharmacologic protocol to use recombinant netrin-1 for the

treatment of myocardial injury, the authors deleted Adora2b

from different tissue compartments in the heart (Eckle et al.,

2012; Eltzschig et al., 2013; Seo et al., 2015). These studies

directly implicated myeloid-dependent Adora2b signaling in

cardioprotection, since the protection provided by netrin-1

treatment was abolished in Ntrn1loxp/loxp Myosin Cre + mice.

Together, these findings implicate neutrophil-dependent netrin-1

release inmediating cardioprotection from ischemia and reperfusion

by activating myeloid-dependent Adora2b adenosine receptors

FIGURE 5
The netrin-1/Adora2b link in ischemia reperfusion injury of
the heart. Myeloid cell derived netrin-1 has shown to be important
for cardiac protection during ischemia reperfusion injury. Netrin-1
level increases during in situ myocardial infarction in mice
and antibody mediated depetion of neutrophil abolished the
induction, suggesting the importance of neutrophil as key sources
of netrin-1. Furthermore, studies using treatment of recombinant
netrin-1 implicated myeloid-dependent Adora2b signaling in
cardioprotection, since the protection provided by netrin-1
treatment was completely abolished in Ntrn1loxp/loxp Myosin Cre +
mice. Together, these findings implicate neutrophil-dependent
netrin-1 release in mediating cardioprotection from ischemia and
reperfusion by activating myeloid-dependent Adora2b adenosine
receptors.
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(Figure 5). These findings are also in line with previous studies

showing a functional role of HIF in promoting Adora2b signaling

during ischemia and reperfusion injury of the heart and

cardioprotection (Eckle et al., 2008b; Eckle et al., 2012; Eltzschig

et al., 2013; Koeppen et al., 2018; Lee et al., 2020b).

Hepatic ischemia and reperfusion

Hepatic ischemia and reperfusion injury occurs during major

liver surgery, or during liver transplantation, and represents a major

hurdle towards improving outcomes in these clinical scenarios (Ju

et al., 2016; Lee et al., 2020a; Cata et al., 2020; Conrad and Eltzschig,

2020). Previous studies had implicated hypoxia-signaling in liver

protection, and provided a strong rationale for exploring the netrin-

Adora2b link during hepatic ischemia and reperfusion injury

(Eltzschig et al., 2009b; Gao et al., 2020; Ibars et al., 2020; Wang

et al., 2021a; Ju et al., 2021; Kim et al., 2021). In this context it is not

surprising that studies inmice with partial netrin-1 deletion (Ntn1+/−)

experienced lower efficacy in reducing neutrophil infiltration, had

lower levels of pro-inflammatory cytokines, and exhibited attenuated

liver injury during hepatic ischemia/reperfusion injury compared to

wildtype control animals (Schlegel et al., 2016). Similarly, treatment

with recombinant netrin-1 promoted liver protection and repair,

attenuated neutrophil influx, and dampened liver injury, and also

stimulated the endogenous biosynthesis of pro-resolving mediators

and growth factors. Since these liver-protective signaling effects were

abolished in Adora2b−/− mice, these studies directly implicate the

netrin-Adora2b link in liver protection from ischemia and

reperfusion injury (Schlegel et al., 2016).

Other examples for the netrin-Adora2b
link during inflammatory diseases

Several other studies of disease that occur at the interface

between inflammation and hypoxia have provided additional

evidence for the netrin-Adora2b link in the resolution of injury.

For example, a recent study implicates netrin-1 in diabetic corneal

wound healing through Adora2b signaling events (Zhang et al.,

2018). Other studies demonstrate resolution of inflammatory

peritonitis by activation of the Adora2b (Mirakaj et al., 2011).

Again, other studies suggest a functional role of netrin-1

signaling during acute or chronic kidney injury and implicate the

netrin-Adora2b link in promoting the resolution of injury (Grenz

et al., 2011b; Tak et al., 2013). Finally, some studies have implicated

netrin-1 signaling via the Adora2b in the treatment of Aspergillus

fumigatus infection of the cornea (Zhou et al., 2019). Taken together,

these studies during inflammation or ischemia and reperfusion

provide evidence for the netrin-Adora2b link in attenuating

inflammation, promoting the resolution of inflammation and

rescuing organ function (Aherne et al., 2013; Mirakaj and

Rosenberger, 2017; Keller et al., 2021).

Does netrin-1 function as a direct
agonist of the Adora2b adenosine
receptor?

The original report that identified the netrin-Adora2b link used a

two-hybrid screen with the intracellular DCC domain as a bait, and

identified binding of DCC and Adora2b intracellular domains

(Corset et al., 2000). Subsequently, these studies indicated that

netrin-1 signaling through the Adora2b promotes cAMP levels,

and suggest the Adora2b as a direct netrin-1 receptor (Corset

et al., 2000). Although intriguing, the issue of a direct interaction

between netrin-1 and the Adora2b is controversial. For example, a

subsequent study provides evidence that netrin-1-independent of

Adora2b signaling-controls the responsiveness of neurons to netrin-1

by alternating cell surface UNC5A receptors (McKenna et al., 2008).

As part of those studies, the authors demonstrate that COS cells with

overexpression of the Adora2b did not show binding to this receptor,

or responded with intracellular signal transduction when stimulated

by netrin-1 (McKenna et al., 2008).On the other hand, in vitro studies

of PMN transmigration following a chemotactic gradient was shown

to be effectively attenuated in the presence of netrin-1, a signaling

effect of netrin-1 on PMNs that could be effectively inhibited in the

presence of a specific Adora2b agonist (PSB1115), or by using PMNs

fromAdora2b−/−mice, implicating a direct functional role of Adora2b

FIGURE 6
Proposed mechanism of the netrin-1/Adora2b linkage. The
interaction between netrin-1 and Adora2b could have several
different mechanisms. Firstly, the issue of a direct interaction
between netrin-1 and the Adora2b is still controversial,
although previous study has indicated netrin-1 as direct agonist.
Alternatively, netrin-1 could function to enhance extracellular
adenosine levels, and thereby promote anti-inflammatory
signaling pathways that are under the control of the Adora2b. Such
mechanisms could potentially involve increases in extracellular
adenosine generation by activation of CD73 or inhibition of
extracellular adenosine update via ENTs. An additional alternative
of how netrin-1 signaling could enhance Adora2b signaling could
involve an interaction of netrin-1 with a classic netrin-1 receptor,
such as the DCC, which was indicated in previous studies. This
could argue for a signaling pathway where netrin-1 binds to DCC
and an interaction between DCC and the Adora2b promotes
intracellular signaling cascades that are in line with Adora2b
signaling.
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signaling in netrin-1-mediated inhibition of inflammatory responses

(Rosenberger et al., 2009).

In addition to conflicting findings regarding the potential

activity of netrin-1 on the Adora2b, it also remains unclear how

these signaling mechanisms occur from a molecular perspective.

While the original description of the netrin-Adora2b link

postulates a direct effect of netrin-1 as an endogenous

Adora2b agonist (Corset et al., 2000), there are other models

that could explain how netrin-1 would enhance Adora2b

signaling without functioning as a direct Adora2b agonist

(Figure 6). First, it is conceivable that netrin-1 functions to

enhance extracellular adenosine levels, and thereby promote

anti-inflammatory signaling pathways that are under the

control of the Adora2b. Such mechanisms could potentially

involve increases in extracellular adenosine generation by

activation of CD73. Alternatively, netrin-1 could function to

inhibit extracellular adenosine update via ENTs or intracellular

adenosine metabolism by inhibiting adenosine kinase or

adenosine deaminase (Eltzschig et al., 2006c; Van Linden and

Eltzschig, 2007; Morote-Garcia et al., 2008). A recent study

argues against this theory. In this study, the authors found

that the presence of myeloid Adora2b receptors is necessary

to mediate the cardioprotective effects of treatment with

recombinant netrin-1 (Li et al., 2021). However,

measurements of cardiac or circulating levels of adenosine

were not altered by treatment doses of recombinant netrin-1

that were associated with attenuated myocardial infarct sizes (Li

et al., 2021). An additional alternative explanation for how

netrin-1 signaling could enhance Adora2b signaling involves a

potential interaction of netrin-1 with a classic netrin-1 receptor,

such as the DCC. In fact, the first description of Adora2b and

netrin-1 signaling demonstrates an association of the Adora2b

with DCC and netrin-1 by co-immunoprecipitation (Corset et al.,

2000). This could argue for a signaling pathway where netrin-1

binds to DCC and an interaction between DCC and the Adora2b

promotes intracellular signaling cascades that are in line with

Adora2b signaling (Figure 6). Further molecular studies would be

required to characterize the molecular events that govern netrin-

1-elicited enhancements of Adora2b signaling.

Summary and discussion

Many studies support the notion that extracellular adenosine

signaling is enhanced during limited oxygen availability, such as

occur during ischemia or inflammatory diseases (Colgan et al.,

2006; Eltzschig et al., 2008; Colgan and Eltzschig, 2012; Eltzschig

et al., 2014). Signaling events through Adora2b have been shown

to dampen inflammatory hypoxia during organ injury (Bowser

et al., 2017b; Sun et al., 2017; Yuan et al., 2017; Bowser et al., 2018;

Le et al., 2019; Li et al., 2020). Several studies have implicated

netrin-1 in utilizing this pathway as a means of alternative

activation of Adora2b signaling. While many of these studies

implicate netrin-1 in Adora2b signaling, the detailed molecular

mechanisms of netrin-1-dependent Adora2b signaling have yet

to be further characterized from a molecular perspective. In

addition, clinical studies using this pathway would be

desirable for the treatment of inflammatory or ischemic

diseases. There could be several advantages of treatments with

netrin-1 over other clinical strategies to enhance extracellular

adenosine signaling through the Adora2b. First, netrin-1 has a

much longer half-life than extracellular adenosine signaling,

which has always been a concern about the use of direct

adenosine treatment strategies (e.g. intravenous adenosine

infusions). Secondly, unwanted side-effects of adenosine

treatments (e.g. bradycardia or hypotension) may be less

pronounced when using recombinant netrin. While it is

unclear why direct Adora2b agonists have not been examined

in clinical trials (e.g. BAY 60-6583) (Chen et al., 2009; Hart et al.,

2009; Koscso et al., 2013), treatment with recombinant netrin-1

may be beneficial since netrin-1 represents an endogenous anti-

inflammatory compound, and could therefore be safer and better

tolerated as compared to an “engineered” pharmacologic

Adora2b agonist.
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ATP indirectly stimulates
hippocampal CA1 and
CA3 pyramidal neurons via the
activation of neighboring
P2X7 receptor-bearing
astrocytes and NG2 glial cells,
respectively
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There is ongoing dispute on the question whether CNS neurons possess ATP-

sensitive P2X7 receptors (Rs) or whether only non-neuronal cells bear this

receptor-type and indirectly signal to the neighboring neurons. We genetically

deleted P2X7Rs specifically in astrocytes, oligodendrocytes and microglia, and

then recorded current responses in neurons to the prototypic agonist of this

receptor, dibenzoyl-ATP (Bz-ATP). These experiments were made in brain slice

preparations taken from the indicated variants of the P2X7R KO animals. In

hippocampal CA3, but not CA1 pyramidal neurons, the deletion of

oligodendrocytic (NG2 glial) P2X7Rs abolished the Bz-ATP-induced current

responses. In contrast to the Bz-ATP-induced currents in CA3 pyramidal

neurons, current amplitudes evoked by the ionotropic glutamate/GABAAR

agonists AMPA/muscimol were not inhibited at all. Whereas in the CA3 area

NG2 glia appeared to mediate the P2X7R-mediated stimulation of pyramidal

neurons, in the CA1 area, astrocytic P2X7Rs had a somewhat similar effect. This

was shown by recording the frequencies and amplitudes of spontaneous

excitatory currents (sPSCs) in brain slice preparations. Bz-ATP increased the

sPSC frequency in CA1, but not CA3 pyramidal neurons without altering the

amplitude, indicating a P2X7R-mediated increase of the neuronal input. Micro-

injection of the selective astrocytic toxin L-α-aminoadipate into both

hippocampi, or the in vitro application of the GABAAR antagonistic gabazine,

completely blocked the frequency increases of sPSCs. Hence, CA1 and

CA3 pyramidal neurons of the mouse did not possess P2X7Rs, but were

indirectly modulated by astrocytic and oligodendrocytic P2X7Rs, respectively.
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Introduction

P2X7 receptors (Rs) constitute a subtype of the ligand-gated

P2XR superfamily and are activated by high concentrations of

extracellular ATP released from the intracellular space in

response to various injurious or inflammatory conditions

(Surprenant et al., 1996; North, 2002). They are able to transit

from the non-selective cationic-channel mode to a large

membrane pore which allows the diffusion of molecules up to

900 Da [e.g., ATP, glutamate, GABA (Sperlágh et al., 2006), and

fluorescent dyes (Bartlett et al., 2014)], according to their

concentration gradient. While originally P2X7R-channels were

thought to dilate on long-lasting or repetitive contact with ATP

(Virginio et al., 1999), or alternatively to recruit the membrane

channel pannexin-1 as a conduit (Pelegrin and Surprenant,

2006), more recently it was found that P2X7Rs permit the

passage of large cationic molecules immediately from their

initial activation, but at a much slower pace than that of the

small cations Na+, K+, and Ca2+ (Harkat et al., 2017; Di Virgilio

et al., 2018).

P2X7Rs are located at peripheral (lymphocytes,

macrophages, dendritic cells) and central (microglia)

immunocytes, where they initiate the synthesis and

subsequent outflow of inflammatory mediators, such as

cytokines, chemokines, proteases, reactive oxygen/nitrogen

species, and the excitotoxic ATP and glutamate (Kigerl et al.,

2009; Kettenmann et al., 2011; Zhao et al., 2022). In the CNS,

P2X7Rs occur at the highest density at microglia, but there is also

unequivocal evidence for their existence at astrocytes and

oligodendrocytes (Zhao et al., 2021). With respect to their

localization at neurons there has been a long-lasting

controversy on the issue whether P2X7Rs directly or indirectly

(via the release of astrocytic, oligodendrocytic or microglial

signaling molecules) cause neuronal effects at the cellular and

systemic levels (Illes et al., 2017; Miras-Portugal et al., 2017).

Molecular biology methods also failed to dissolve these

controversies. On the one hand it was published that in

different brain regions of a P2X7R conditional humanized

mice, the respective mRNA was specifically expressed in

glutamatergic pyramidal neurons of the CA3 hippocampal

area (Metzger et al., 2017). In addition, P2X7Rs were

identified in major non-neuronal lineages throughout the

brain (i.e., astrocytes, oligodendrocytes, microglia). On the

other hand, the generation of a P2X7 EGFP-tagged

transgenic mouse and investigations on the expression of the

respective protein in the brain, failed to indicate a neuronal

localization of this receptor in the hippocampal CA1/

CA3 pyramidal neurons, and dentate gyrus granule cells

(Kaczmarek-Hajek et al., 2018). However, P2X7R-EGFP co-

stained with microglial, oligodendrocytic and astrocytic

immunohistochemistry markers, whereas there was no co-

staining with any of the standard neuronal markers. A

handicap of these studies was that in both cases the

functional identification of the P2X7R-mRNA or -protein

was missing.

It has to be mentioned already at this stage, that besides

astrocytes and oligodendrocytes, NG2 glial cells emerged

during the last decades as a new type of neuroglial cells in

the CNS (Seifert and Steinhäuser, 2018; Bedner et al., 2020;

Zhao et al., 2021). They express in addition to the classic

antigenic markers (e.g., oligodendrocyte transcription factor;

Olig2) also the proteoglycan NG2. These cells are

also referred to as oligodendrocyte precursor cells (OPCs)

because in the white, but not grey matter they differentiate

into myelinating oligodendrocytes (Nishiyama et al., 2016).

In the hippocampus the number of NG2 cells

amounts to about 20%–25% of that of astrocytes (Degen

et al., 2012).

The aim of our present study was to fill this gap, by

recording dibenzoyl ATP (Bz-ATP) currents from

hippocampal CA1/CA3 neurons in brain slices of mice

whose P2X7Rs were genetically deleted in astrocytes,

oligodendrocytes (NG2 glia) or microglia. In addition, we

searched for assumedly presynaptic P2X7Rs at the terminals

of the Schaffer collaterals and mossy fibers ending at CA1 and

CA3 pyramidal cells, respectively. There was no functional

evidence for the existence of P2X7Rs at the investigated

neuronal structures; by contrast, these receptors were

associated with astrocytes or oligodendrocytes releasing

signaling molecules onto the targeted pyramidal neurons

upon the activation of their P2X7Rs.

Materials and methods

Animals

In most experiments, humanized P2X7R knockout (KO)

mice (P2rX7tm1,2Jde; MGI:6203042), generated on a mixed

129S2/Sv×C57BL/6J background (Charles-River, Wilmington,

MA, United States; Metzger et al., 2017) as well as their wild-

type (WT) controls were used. The mice were kindly donated by

Jan M. Deussing, Max Planck Institute of Psychiatry, Munich,

Germany. In addition, C57BL/6J mice were used for the

measurement of spontaneous postsynaptic current (sPSC)

amplitude and frequency. Both strains of mice were housed

under standard laboratory conditions and maintained on a

12 h light-dark cycle with food and water provided ad libitum.

The animal study was reviewed and approved by the Institutional

Review Board of the Chengdu University of Traditional Chinese
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Medicine, Chengdu, China (protocol code, DC2472, 1 April

2019).

To generate astrocyte-specific deletion of P2X7Rs in mice

(P2rX7flox/flox; GFAP-Cre/Esr1 mice), we crossed mice bearing

P2rX7 floxed alleles to GFAP-Cre/Esr1 mice to obtain P2rX7flox/

+; GFAP-Cre/Esr1 mice. In the next generation, we used

P2rX7flox/+, GFAP-Cre/Esr1 mice to breed with P2rX7 flox/

flox mice to generate P2rX7flox/flox; GFAP-Cre/Esr1 mice. The

subsequent experiments were performed by using progenies of

P2rX7 flox/flox mice crossed with P2rX7flox/flox; GFAP-Cre/

Esr1 mice. A similar procedure was used to generate mice whose

P2X7Rs were specifically deleted in their oligodendrocytes/

NG2 glia (P2rX7flox/flox; Olig2-Cre/Esr1) or microglia

(P2rX7flox/flox; CX3CR1-Cre/Esr1). We used P2rX7flox/flox

mice as controls. The three types of Cre-mice were generous

gifts from Yong-Jun Chen (Guangzhou University of Traditional

ChineseMedicine, Guangzhou, China). It has to be noted that the

yield of astrocyte-, oligodendrocyte-, and microglia-specific KO

mice was quite low; they amounted only to 15%–30% of the final

number of littermates.

Patch-clamp recordings in hippocampal
slices and selection of neurons/astrocytes
for experimentation

Coronal hippocampal slices were prepared from the brain of

10–15 days old mice and were used for patch-clamp recordings

as described previously (Ficker et al., 2014; Khan et al., 2019).

After decapitation, the brain was placed into ice-cold and

oxygenated (95% O2+5% CO2) artificial cerebrospinal fluid

(aCSF) of the following composition (in mM): KCl 2.5, NaCl

126, MgCl2 1.3, CaCl2 2.4, NaH2PO4 1.2, NaHCO3 25 and

glucose monohydrate 11. Hippocampal slices of mice were cut

at the thickness of 200 μm by using a vibratome (VT1200S; Leica

Biosystem,Muttenz, Switzerland). To create low divalent cationic

conditions (low X2+), MgCl2 was omitted from the medium and

the CaCl2 concentration was decreased to 0.5 mM. The brain

slices were superfused in an organ bath with 95% O2+5% CO2-

saturated low X2+ aCSF at 37°C for 30 min, and then superfusion

was continued at room temperature (20–24°C) throughout.

Neurons and astrocytes in the CA1 and CA3 region were

visualized by using a 40× water immersion objective (Axio

Examiner.A1, Carl Zeiss, Oberkochen, Germany). Patch

pipettes were filled with intracellular solution of the

following composition (in mM): K-gluconic acid 140, NaCl

10, MgCl2 1, HEPES 10, EGTA 11, Mg-ATP 1.5, Li-GTP 0.3;

pH 7.3 adjusted with KOH. Pipettes (4–9 MΩ for neurons;

9–12 MΩ for astrocytes) were pulled by a horizontal

micropipette puller (P-1000; Sutter Instruments, Novato,

CA, United States) from borosilicate capillaries.

Whole-cell current-clamp and voltage-clamp recordings

were made by a patch-clamp amplifier (MultiClamp 700B;

Molecular Devices, San Jose, CA, United States). In the

current-clamp mode of recording, astrocytes were

discriminated from neurons by their failure to fire action

potentials in response to depolarizing current injection

(−80 to −760 pA, in 60 pA increments). Most non-spiking

cells belonged to the passive class (typical astrocytes) and only

very few to the variably rectifying class; there were no in- or

outwardly rectifying cells at all (Oliveira et al., 2011; Zhao

et al., 2022). This is a clear distinction from microglia and

oligodendrocytes, which both express under resting

conditions an inwardly rectifying current pattern (Boucsein

et al., 2000; Pérez-Samartín et al., 2017). Furthermore, earlier

experiments showed that when Lucifer yellow diffused from

the recording pipette into electrophysiologically-

identified astrocytes, these cells also stained

immunohistochemically for the astrocytic marker S100β
(Oliveira et al., 2011).

Recordings of agonist-induced currents
and spontaneous postsynaptic current
frequency/amplitude

In the voltage-clamp recording mode of the amplifier, the

holding potential of astrocytes was set to −80 mV and that of

neurons to −70 mV. Agonists were applied locally by means of a

computer-controlled solenoid valve-driven pressurized

superfusion system (VC38; ALA Scientific Instruments,

Farmingdale, NY, United States). The drug application tip

touched the surface of the brain slice and was placed

100–150 µm from the patched cell. Agonists were diluted and

applied in low X2+ solution for 10 s every 3 min, and each agonist

was administered twice; the mean current response was calculated

for statistical evaluation. pClamp 10.4 software (Molecular

Devices) was used to store the recorded data, to perform online

analysis/filtering, and to trigger the application system used.

Spontaneous postsynaptic currents (sPSCs) composing of

both action potential-induced and spontaneous vesicular

glutamate/GABA release were recorded from neurons at the

holding potential of −70 mV. They were analyzed by means of

the pClamp 10.4 software package, by detecting amplitudes

exceeding the detection threshold set at three times the

standard deviation above the baseline noise of the

recordings. sPSCs were recorded for 5 min in the absence

and for another 5 min in the presence of Bz-ATP. Then, the

reversibility of the Bz-ATP effect was demonstrated by

recording sPSCs for another 5 min after washing out Bz-

ATP. Bz-ATP was investigated on preparations taken from

L-α-aminoadipate-treated mice (see below) or on

preparations superfused with aCSF containing the GABAAR

antagonist gabazine (10 µM) throughout. Superfusion with

gabazine started at least 5 min before beginning the

experiment.
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In vivo drug-treatment protocols to
selectively inactivate astrocytes or
microglia

In order to selectively abrogate astrocytes, the astrocytic toxin

L-α-aminoadipate (20 μg/μl stock, 2 μl at a constant rate of 0.4 μl/

min) was infused into the bilateral hippocampus (Lima et al.,

2014). The animals were anesthetized with isoflurane (5%

induction, 2% maintenance) and fixed on a stereotactic

platform (RWD Life Science, San Diego, CA, United States).

The stereotactic coordinates for the positioning of the guide

cannula into the bilateral hippocampus were −2 mm anterior-

posterior, ± 1.5 mm lateral to bregma, and 1.5 mm below the

surface of the skull. A micro-syringe (5 μl; Hamilton Company,

Reno, NV, United States) was used for injection, and constant

rate infusion was delivered by a stereotactic injection syringe

pump (RWD Life Science). At the end of the infusion, the

dummy cannula was retained at the injection place to allow

sufficient diffusion. To selectively inactivate microglia, mice were

injected intraperitoneally (i.p.) with minocycline (40 mg/kg;

Bassett et al., 2021). Animals were decapitated and their

hippocampal slices were prepared the 3rd day after either pre-

treatment.

Drugs and chemicals

The following drugs were used: L-α-aminoadipic acid, 2′
(3′)-O-(4-benzoylbenzoyl)adenosine-5′-triphosphate tri

(triethylammonium) salt (Bz-ATP), gabazine, minocycline

hydrochloride, muscimol, N-methyl-D-aspartic acid (NMDA)

(S)-α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid

(S-AMPA) (Sigma-Aldrich, St. Louis, MO, United States).

Chemicals for solutions were also from Sigma-Aldrich.

Statistical analysis

All data were expressed as means ± SEM of n observations,

where n stands for the number of cells recorded in hippocampal

slices taken from at least four animals. There was no a priori

sample size calculation, but instead we have set the number of

measurements to 10 in all experimental groups. GraphPad

Prism9 was used for the construction of Figures and for

statistical evaluations. We tested for and found that, when

using parametric tests, all sampled distributions satisfied the

normality and equal variance criteria. Multiple comparisons

between data were performed in case of their normal

distribution by either one-way or two-way ANOVA, as

appropriate, followed by the Tukey’s or Dunnett’s multiple

comparison’s tests, as appropriate. Two data sets were

compared using the parametric Student’s t-test or the non-

parametric Mann-Whitney rank sum test, as appropriate. A

probability level of 0.05 or less was considered to be

statistically significant.

Results

Effects of general and cell-specific
deletion of P2X7Rs on responses to the
Bz-ATP-induced stimulation of
hippocampal astrocytes and neurons

In a first series of experiments, we recorded by means of

the whole-cell patch-clamp technique agonist-induced

membrane currents of hippocampal CA1 astrocytes in

brain slices (Figures 1A–F). We applied selective agonists

for the AMPA-type excitatory glutamate receptor (AMPA,

100 µM), the inhibitory amino acid receptor GABAA

(muscimol, 100 µM) and the non-selective agonist for

excitatory P2X7Rs (Bz-ATP, 1,000 µM).

In this type of experiments, the same concentrations of the

agonists were used throughout (Figures 1–4). AMPA, Bz-ATP

and muscimol were applied twice in succession, and the mean of

the two current responses was used for statistical evaluation. In

order to potentiate the effect of Bz-ATP in WT astrocytes, a low

X2+-containing superfusion mediumwas used, which is known to

largely increase P2X7R currents (Jiang, 2009). It is also

noteworthy that Bz-ATP activates P2X1/P2X3Rs with an even

higher efficiency than its supposed target site, the P2X7R;

however, Bz-ATP is 10–30 times more potent at P2X7Rs than

ATP itself and is considered therefore to be a prototypic agonist

for this latter receptor-type (Anderson and Nedergaard, 2006;

Illes et al., 2021). In spite of using Bz-ATP and a low cation-

containing superfusion medium, a high agonistic concentration

had to be applied, a finding, which agrees with the well-known

low sensitivity of P2X7Rs to ATP when compared with that of the

residual subtypes of the P2XR superfamily (Surprenant et al.,

1996; Sperlágh et al., 2006). A further reason for the need to use

high agonist concentrations was that mouse, in comparison with

rat P2X7Rs, only weakly respond to ATP/Bz-ATP, due to

differences in the amino acid composition of the ectodomains

of the two receptor orthologs (Young et al., 2007). In fact, when

concentration-response curves for Bz-ATP were constructed on

astrocytes in brain slices of the pre-frontal cortex (Oliveira et al.,

2011) or hippocampus (Zhao et al., 2022), a much lower agonist-

sensitivity was found in the mouse than in the rat preparation.

Actually, Bz-ATP at 1,000 µM elicited reproducible, submaximal

current responses well suitable for further work.

Notwithstanding the necessity to utilize Bz-ATP

concentrations in the millimolar range, a selective activation

of P2X7Rs occurred, because in CA1 astrocytes of the general

P2X7R KO mouse, no current response to this agonist was

observed at all (compare Figures 1A,E with Figures 1B,E). In

addition to the general deletion of P2X7Rs in all cells of the
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FIGURE 1
Current responses to ionotropic receptor agonists in the CA1 area of themouse hippocampus. Hippocampal brain slices of 10–15 day-oldwild-
type (WT) mice, as well as mice whose P2X7Rs were genetically deleted either in all cells, or selectively in astrocytes. AMPA (100 µM), Bz-ATP
(1,000 µM) andmuscimol (100 µM) were locally applied every 3 min, each agonist twice. (A–F) Themembrane currents were recorded in astrocytes
by means of the whole-cell patch-clamp method at a holding potential of −80 mV. The superfusion medium was in this and all further
experiments a low X2+-containing aCSF solution (seeMethods). Representative tracings in (A–C). Effects of AMPA (D), Bz-ATP (E), andmuscimol (F) in

(Continued )
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mouse, also astrocyte-selective P2X7R KO mice were generated;

in this case, the very small Bz-ATP current response confirmed

the success of this manipulation (Figures 1C,E). The residual

response to Bz-ATP may be due to the activation of a non-P2X7

receptor-type. The absence of P2X7Rs was accompanied by a

compensatory increase in AMPA- and muscimol-sensitivities in

the general knockouts (Figures 1B,D,F). For such an increase in

the mentioned receptor-sensitivities apparently a complete

absence of P2X7Rs is needed; a partial absence of this latter

receptor-type is not sufficient.

In spite of the poor effect of AMPA and muscimol in WT

astrocytes, both muscimol and especially AMPA caused large

currents in CA1 neurons (Figures 1G,J,L). According to our

expectations, the general deletion of P2X7Rs abolished the

Bz-ATP (1,000 µM)-induced current in CA1 neurons

(Figures 1H,K). Similarly, the astrocyte-selective deletion

of this receptor failed to cause any change of the Bz-ATP-

induced current amplitudes, excluding the possibility that an

astrocytic signaling molecule mediates neuronal activation

(Figures 1I,K). There was no dramatic reduction of the

responses to AMPA or muscimol either in the general

knockouts or in the astrocyte-specific ones although the

AMPA-induced current responses did decrease in the

general knockouts (Figures 1G–J).

As discussed above, in CA1 astrocytes, the effects of AMPA

and muscimol were increased in the general P2X7 KO mice

relative to the responses to these agonists in WT and astrocyte-

specific KO preparations; no similar changes occurred in

neurons of the CA1 area. We have to confess that we do not

know why the astrocytic and neuronal effects differed from

each other. It is quite possible that there was no immediate and

corresponding modulation of the excitatory and inhibitory

amino acid-induced neuronal effects, but the astrocytic

alterations would cause long-term changes due to a modified

homeostatic function of this cell type (e.g., Illes et al., 2019;

Verkhratsky et al., 2021).

Results in CA3 astrocytes and neurons roughly

confirmed the data obtained in the analogous cells of the

CA1 area (Figures 2A–L). The astrocyte-selective deletion of

P2X7Rs once again failed to alter the effect of Bz-ATP in

neurons, whereas this manipulation strongly inhibited the

effect of Bz-ATP in astrocytes (compare Figure 2E with

Figure 2K). However, the original recording in Figure 2I

shows one of the neurons which after the astrocyte-selective

genetic deletion of P2X7Rs did not respond to Bz-ATP at all

(see Figure 2K). The larger current responses to AMPA in

astrocytes of astrocyte-selective KO animals in comparison

with their WT counterparts can be again explained with

some compensatory mechanism, in that AMPA takes

over the function of P2X7Rs under these conditions

(Figure 2A).

Then, we checked the change of Bz-ATP-sensitivity in CA1/

CA3 neurons after oligodendrocyte (NG2 glia)-selective deletion

of P2X7Rs (Figures 3A,C–E). We did not find a statistically

significant change in the CA1 pyramidal cell-sensitivity

(although in the half of the total number of investigated cells

there was no response to Bz-ATP at all Figures 3A,D); while in

the analogous cells of the CA3 area the effect of Bz-ATP was

almost abolished. This finding clearly indicates that in contrast to

astrocytes, CA3 oligodendrocyte-like NG2 glia appear to secrete a

signaling molecule onto the neighboring neurons upon

stimulation of their P2X7Rs.

We also confirmed that the oligodendrocyte-selective

deletion of P2X7Rs has no effect on the Bz-ATP-induced

currents of CA1 astrocytes (Figure 3C), in contrast to the

strong blockade of these responses in the CA1 astrocytes

after the astrocyte-selective deletion of P2X7Rs (Figures

1C,E). In agreement with the compensatory increase of

AMPA- and muscimol-induced currents in astrocytes of

general P2X7R KO mice (Figures 1B,D,F), similar changes

occurred also after the selective deletion of oligodendrocytic

P2X7Rs (Figure 3C).

Eventually, a microglia-selective deletion of P2X7Rs did not

alter AMPA-, Bz-ATP, or muscimol-evoked current responses in

CA1/CA3 neurons of the hippocampus (Figures 3B,D,E). The

original tracings in Figures 3A,B, show in addition that another

ionotropic glutamate receptor agonist, NMDA also causes

prominent effects in these neurons in a low X2+-containing

superfusion medium. This is possibly in concord with the

well-known blockade of NMDA receptors by extracellular

Mg2+ and their apparent disinhibition in the nominal absence

of external Mg2+.

It is interesting to note that the Bz-ATP-evoked currents in

CA1 astrocytes appeared to decrease after a microglia-selective

deletion of P2X7Rs (Figure 3C), although, as already mentioned,

the neuronal current responses to Bz-ATP were not changed at

FIGURE 1 | the three types of animals. Each column indicates themean ± SEM of current amplitudes of 10 cells from at least fourmice both in this Fig.
as well as in all subsequent Figs. of the study. * p < 0.05; statistically significant difference from results in wild-type animals (AMPA, F2,18 = 8.875, p =
0.0092; Bz-ATP; F2,18 = 92.93, p < 0.0001; muscimol, F2,18 = 19.74, p < 0.0001; two-way ANOVA followed by the Tukey’s test). §p < 0.05; statistically
significant difference from general P2X7R KO animals (AMPA, p = 0.0030; Bz-ATP, p < 0.0001; muscimol, p = 0.0026; two-way ANOVA followed by
the Tukey’s test). (G–L) Similar experiments as in (A–F), but instead of astrocytes, pyramidal neurons were used for the investigations. The holding
potential was −70 mV. Representative tracings in (G-I). Effects of AMPA (J), Bz-ATP (K), and muscimol (L) in the three types of animals. Mean ± SEM
current amplitudes. * p < 0.05; statistically significant difference from results in wild-typemice (AMPA, F2,18 = 5.253, p=0.0170; Bz-ATP, F2,18 = 6.852,
p = 0.0069; two-way ANOVA followed by the Tukey’s test). §p < 0.05; statistically significant difference from general P2X7R KO animals (AMPA, p =
0.0170; Bz-ATP, p = 0.0303; muscimol, F2,18 = 3.801, p = 0.0420; two-way ANOVA followed by the Tukey’s test).
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FIGURE 2
Current responses to ionotropic receptor agonists in the CA3 area of the mouse hippocampus. Hippocampal brain slices of 10–15 day-old
wild-type mice, as well as mice whose P2X7Rs were genetically deleted either in all cells, or selectively in astrocytes. AMPA (100 µM), Bz-ATP
(1,000 µM) andmuscimol (100 µM) were locally applied every 3 min, each agonist twice. (A–F) Themembrane currents were recorded in astrocytes
by means of the whole-cell patch-clamp method at a holding potential of −80 mV. Representative tracings in (A–C). Effects of AMPA (D), Bz-
ATP (E), and muscimol (F) in the three types of animals. Mean ± SEM current amplitudes. * p < 0.05; statistically significant difference from results in
wild-type animals (AMPA, F2,18 = 21.61, p = 0.0002; Bz-ATP, F2,18 = 42.03, p < 0.0001; two-way ANOVA followed by the Tukey’s test). §p < 0.05;

(Continued )
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FIGURE 2 | statistically significant difference from general P2X7R KO animals (AMPA, p = 0.0030; Bz-ATP, p < 0.0001; two-way ANOVA followed by
the Tukey’s test). (G–L) Similar experiments as in (A–F), but instead of astrocytes, pyramidal neurons were used for the investigations. The holding
potential was −70 mV. Representative tracings in (G-I). Effects of AMPA (J), Bz-ATP (K), and muscimol (L) in the three types of animals. Mean ± SEM
current amplitudes. §p < 0.05; statistically significant difference from general P2X7R KO animals (Bz-ATP, F2,18 = 3.748, p = 0.0360; two-way ANOVA
followed by the Tukey’s test).

FIGURE 3
Current responses to ionotropic receptor agonists in the CA1 and CA3 areas of the mouse hippocampus. Hippocampal brain slices of
10–15 day-old wild-type mice, as well as mice whose P2X7Rs were genetically deleted in all cells, or selectively in oligodendrocytes or microglia.
NMDA (100 µM), AMPA (100 µM), Bz-ATP (1,000 µM) and muscimol (100 µM) were locally superfused every 3 min, each agonist twice. The
membrane currents were recorded in astrocytes by means of the whole-cell patch-clamp method at a holding potential of −80 mV, and in
neurons at a holding potential of −70 mV. Representative tracings in neurons (A,B). (C–E)Mean ± SEM current amplitudes. (C) Effects of AMPA, Bz-
ATP, and muscimol in CA1 astrocytes of the three types of animals. * p < 0.05; statistically significant difference from results in wild-type animals
(AMPA, F2,18 = 7.565, p=0.0030;muscimol, F2,18 = 3.553, p <0.0427; two-way ANOVA followed by the Tukey’s test). (D,E) Similar experiments as in C,
but instead of astrocytes, CA1 or CA3 pyramidal neurons were used for the investigations. Mean ± SEM current amplitudes. * p < 0.05; statistically
significant difference from results in wild-type mice (Bz-ATP, F2,18 = 3.632, p = 0.0432; two-way ANOVA followed by the Tukey’s test.
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all. A similar decrease of the CA1 astrocytic currents was also

observed after treatment with minocycline, known to block

microglial activation (see below).

Effects of interference by minocycline
with microglial activation on Bz-ATP-
induced currents in hippocampal
astrocytes and neurons

Minocycline is commonly used to inhibit microglial

activation (Bassett et al., 2021). However, microglia exert dual

functions, that is pro-inflammatory and anti-inflammatory ones

(Illes et al., 2020). In addition, to the classically activated

M1 microglial phenotype, releasing the previously mentioned

pro-inflammatory mediators and causing neurodegeneration, the

alternatively activated M2-phenotype clears cellular debris

through phagocytosis and releases numerous protective factors

[IL-4, IL-13, nerve growth factor (NGF), fibroblast growth factor

(FGF)], thereby contributing to neuroregeneration (Kettenmann

et al., 2013). It was reported that minocycline selectively inhibits

the microglial polarization to a pro-inflammatory state, and

leaves the pro-regenerative functions undisturbed (Kobayashi

et al., 2013).

In the light of these results we investigated the modulation

by i.p. minocycline of the astrocytic and neuronal effects of Bz-

ATP in the hippocampal CA1 and CA3 area of the mouse. A

somewhat unexpected finding of these series of experiments

was that Bz-ATP-induced current responses in CA3 neurons

increased, rather than decreased in minocycline-treated brain

slices (Figures 4B,F). In addition, the same responses in

CA1 responses also showed some tendency to increase

although this change was not statistically significant (Figures

4A,D). In both cell-types, we also tested the application of the

solvent aCSF to confirm that the mechanical strain of the

superfusion did not cause any current response (Figures

4A,B). The rises of the AMPA and muscimol currents in the

CA1 astrocytes, assumedly compensating the reduced P2X7R

activity, could be again observed (Figures 1, 4C,E).

Our explanation for the potentiation of the Bz-ATP

responses in the CA3 neurons is based on the selective

blockade of the pro-inflammatory M1 phenotype of microglia,

under the assumption that certain cytokines and growth factors

amplify the outflow of ATP from its astrocytic pools or

alternatively promote the sensitivity of various P2Rs to the

ATP released (Heine et al., 2006; Heine et al., 2007; Oliveira

et al., 2016). In consequence, an unexpected facilitation of P2X7R

functions may develop on the CA3 pyramidal neurons.

FIGURE 3
(Continued).
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FIGURE 4
Current responses to ionotropic receptor agonists in the CA1 and CA3 areas of the mouse hippocampus. Hippocampal brain slices of
10–15 day-old wild-type mice without or with pre-treatment with minocycline (40 mg/kg, i.p. 3 days before the preparation of the slices). NMDA
(100 µM), AMPA (100 µM), Bz-ATP (1,000 µM), muscimol (100 µM), and an equivalent amount of solvent (low X2+-containing aCSF) were locally
superfused every 3 min, each agonist twice. The membrane currents were recorded in astrocytes by means of the whole-cell patch-clamp
method at a holding potential of −80 mV, and in neurons at a holding potential of −70 mV. Representative tracings in neurons (A,B). (C–F) Mean ±
SEM current amplitudes. (C) Effects of AMPA, Bz-ATP, andmuscimol in CA1 astrocytes of the three types of animals. * p < 0.05; statistically significant

(Continued )
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Increase by Bz-ATP of the frequency but
not amplitude of spontaneous
postsynaptic currents in CA1 hippocampal
neurons

After having dealt with the possibly postsynaptic neuronal

P2X7Rs, we turned our attention to their assumedly presynaptic

counterparts. In fact, we discriminated by the usual technique

CA1 pyramidal neurons from neighboring astrocytes by injecting

depolarizing current pulses into the cells and deciding that action

potential firing is a neuronal property (Figure 5A). Then, we have set

the holding potential to −70mV and recorded sPSCs before, during,

and after the application of Bz-ATP (300 µM) for 5 min each

(Figure 5B). Bz-ATP increased the mean sPSC frequency, without

altering the mean sPSC amplitude (Figures 5C,D). This effect may be

considered to be an indication for the boosting of the spontaneous

release of glutamate/GABA from the glutamatergic mossy fiber nerve

terminals and GABAergic interneurons (Khan et al., 2019). However,

a third possibility also exists, namely that the source of these

transmitters are P2X7R possessing astrocytes sending their

processes to the CA1 pyramidal neurons.

This latter assumption was supported by the abolishment of the

Bz-ATP effect in brain slices of mice previously treated by

intrahippocampal injection of the astrocytic toxin L-α-aminoadipate

(Figure 5E). L-α-aminoadipate is a glutamate homologue which

selectively ablates astrocytes without influencing neuronal density

and function (Khurgel et al., 1996; Gochenauer and Robinson,

2001). In addition, the GABAAR antagonist gabazine (10 µM) also

inhibited the effect of Bz-ATP on the frequency of sPSCs (Figure 5F).

In contrast to the observed effects of Bz-ATP on the sPSC frequency of

CA1 pyramidal cells, there was no comparable influence on

CA3 pyramidal cells and in consequence L-α-aminoadipate pre-

treatment did not cause a further effect in the latter area of the

brain (Figures 5G,H). In consequence, it is suggested that Bz-ATP

increases the exocytotic release of astrocytic signaling molecules rather

than that of their neuronal counterparts (see Discussion).

Discussion

The main finding of this study is that the oligodendrocyte-

selective genetic deletion of P2X7Rs in the hippocampal

CA3 area resulted in an indirect reduction of the P2X7R-

mediated current responses at the neighboring pyramidal

neurons. Hence, these data exclude the assumption that

P2X7R-mRNA in CA3 pyramidal neurons of mice indicates

the presence of the respective receptor protein (Metzger et al.,

2017). The validity of our findings is strengthens by the fact that

we used the mouse line generated by Metzger et al. (2017), in

which the humanized P2rX7 allele being accessible to spatially

and temporally controlled Cre recombinase-mediated

inactivation allowed a cell-type specific deletion of P2X7Rs.

Thus, we caution against drawing conclusions from the

presence of mRNA for any type of functional protein in a

given cell-type.

In previously available and broadly used P2rX7−/− mouse

models the knockout strategy did not result in complete

inactivation of the P2rX7 gene (Kaczmarek-Hájek et al., 2012;

Bartlett et al., 2014). In the mouse line established by Glaxo, the

P2rX7 gene was disrupted by targeted insertion of a lacZ/Neo

reporter cassette into exon 1, which manipulation, however, left

the translation of the highly functional P2rX7k splice variant

unaltered (Nicke et al., 2009). In the mouse line produced by

Pfizer, a portion of exon 13 has been deleted and replaced by a

neomycin resistance cassette (Solle et al., 2001). In this case

several C-terminally truncated variants escaped deletion (Masin

et al., 2012). In contrast to these conventional KO mice, none of

the described P2rX7 splice variants evaded the null allele in the

humanized P2rX7 KO mouse of Metzger et al. (2017).

However, our data are only in partial accordance with

another study concluding that P2X7Rs are probably absent in

any neuron of the CNS (Kaczmarek-Hajek et al., 2018). As

mentioned earlier, this study reported the generation of a

P2rX7 BAC transgenic mice which allowed the visualization

of EGFP-tagged P2X7Rs in the brain. The authors criticized

previous results obtained with a transgenic reporter mouse [Tg

(p2rX7 EGFP)FY174Gsat] which showed a wide neuronal

P2X7R expression in the brain (Engel et al., 2012; Jimenez-

Pacheco et al., 2013). Kaczmarek-Hajek et al. (2018) believe

that alterations in gene structure introduced into the GenSat

P2rX7 BAC EGFP mouse influenced post-transcriptional and

translational regulatory mechanisms. In fact, they ascribed all

neuronal effects to indirect stimulation mediated by

oligodendrocytic signaling molecules. Our data perfectly agree

with this suggestion, but only in case of the CA3 hippocampal

region; in CA1 pyramidal neurons, astrocytes, rather than

oligodendrocytes released GABA in response to stimulation of

their P2X7Rs.

A whole plethora of findings strongly support the notion that

astrocytes are able to secrete signaling molecules and thereby are

FIGURE 4 | difference from results in wild-type animals (AMPA, p < 0.0001, Mann-Whitney test; Bz-ATP, p = 0.0036, unpaired t-test; muscimol, p =
0.0205, unpaired t-test). (D) Effects of AMPA, Bz-ATP, and muscimol in CA1 neurons of the three types of animals. (E) Effects of AMPA, Bz-ATP, and
muscimol in CA3 astrocytes of the three types of animals. * p < 0.05; statistically significant difference from results in wild-type mice (AMPA, p =
0.0279, unpaired t-test). (F) Effects of AMPA, Bz-ATP, and muscimol in CA3 neurons of the three types of animals * p < 0.05; statistically significant
difference from results in wild-type mice (Bz-ATP, p = 0.0013, unpaired t-test).
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FIGURE 5
Spontaneous postsynaptic currents (sPSCs) in CA1 and CA3 neurons in brain slices ofmice; effects of Bz-ATP after or without L-α-aminoadipate
pre-treatment. (A) Identification of CA1 neurons by current injection into whole-cell patch-clamped cells. (B–D) Effect of Bz-ATP (300 µM) on
the amplitude and frequency of sPSCs in a low X2+-containing aCSF. Representative recordings of sPSCs before, during and after superfusion with
Bz-ATP for 5 min (B). Representative, averaged sPSC amplitudes before, during and after a 5-min superfusion with Bz-ATP (C). (D)Mean ± SEM
sPSC amplitudes and frequencies in brain slices prepared from untreated mice. * p < 0.05; statistically significant difference from control sPSCs

(Continued )
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capable of regulating neuronal circuit functions and animal

behavior (Illes et al., 2019; Hirrlinger and Nimmerjahn, 2022).

The tripartite synapse hypothesis suggests that presynaptic

neuronal elements, postsynaptic dendritic specializations and

astrocytic processes that contact or even enwrap the synapse,

together form a mutually interacting unit (Araque et al., 1999;

Pascual et al., 2005). Neurotransmitters originating from

presynaptic axon terminals may induce the release of

gliotransmitters (glutamate, GABA, ATP, D-serine, taurine),

which act at the postsynaptic specializations of neurons. The

release mechanisms of ATP from astrocytes is through Ca2+-

dependent exocytosis (Lalo et al., 2014; Pankratov and Lalo,

2014), most likely from lysosomes (Zhang et al., 2007). However,

a non-exocytotic release by means of channel molecules,

including connexin hemichannels, pannexin-1 channels, maxi-

anion channels, volume-regulated ion channels,

Bestrophin1 channels, and the calcium homeostasis modulator

1 (CALHM1) is also possible (Dahl, 2015; Illes et al., 2020).

Specifically, in CA1 pyramidal cell-containing brain slices,

Bz-ATP caused inward currents both in neurons and in

neighboring astrocytes (Ficker et al., 2014). The effect of Bz-

ATP was depressed by the selective P2X7R antagonist A-438079,

and neuronal, but not astrocytic Bz-ATP currents were strongly

inhibited by a combination of the ionotropic glutamate receptor

antagonists AP-5 and CNQX, as well as the GABAAR antagonist

gabazine. This finding has borne out the conclusion that P2X7Rs

are possibly situated at astrocytes which release glutamate/GABA

to stimulate pyramidal neurons. In fact, astrocytic P2X7Rs have

been shown to mediate the release glutamate (Duan et al., 2003;

Fellin et al., 2006), GABA (Wirkner et al., 2005), and ATP itself

(Suadicani et al., 2006; Illes et al., 2017).

Bz-ATP potentiated the frequency of sPSCs (consisting of

glutamatergic, GABAergic and ATPergic synaptic potentials) in

CA1 pyramidal cells in a hippocampal slice preparation of rats,

without altering the amplitude of these spontaneous events

(Khan et al., 2019). The selective P2X7R antagonist A-438079

abolished the potentiation by Bz-ATP, assigning this effect to the

simulation of the respective receptors. However, the question still

remained to be answered, whether the P2X7Rs are localized at

glutamatergic or GABAergic neurons or alternatively at

neighboring astrocytes. The GABAAR antagonist gabazine and

the selective astrocytic toxin fluorocitrate (Clarke, 1991), both

abolished the effect of Bz-ATP when applied under in vitro

conditions. Further, a series of electrophysiological experiments

excluded the participation of GABAergic interneurons in the

stratum radiatum as possible sources of external GABA and left

the astrocytic release as an undisputable opportunity (Khan et al.,

2019). Hence, it was concluded that the release of GABA is

potentiated by P2X7R activation and astrocytes rather than

GABAergic interneurons are involved in this effect.

Our present experiments fully agree with this conclusion, by

confirming the blockade of a previously observed Bz-ATP-

induced increase of sPSC frequency both by locally applied

gabazine and by pre-treatment of mice with another selective

astrocytic toxin, L-α-aminoadipate (Khurgel et al., 1996;

Gochenauer and Robinson, 2001). Hence, CA1 pyramidal cells

of both rats and mice appear to be innervated by Schaffer

collaterals subjected to GABAergic modulation by

gliotransmitter release from local astrocytic processes.

Oligodendrocytes just as astrocytes, also possess P2X7Rs (Matute,

2008; Zhao et al., 2021). P2X7Rs in oligodendrocytes are highly

permeable to Ca2+ and prolonged activation of these receptors is

lethal to differentiated oligodendrocytes in culture and to mature

oligodendrocytes in isolated optic nerves in vitro and in vivo. In vitro

ischemia achieved by replacing O2 by N2, external glucose by sucrose,

and by adding iodoacetate to the incubation medium to block

glycolysis, induced inward currents in cultured oligodendrocytes,

which could be reversed by the P2X7R antagonist Brilliant Blue,

the ATP degrading enzyme apyrase, and by blockers of pannexin

hemichannels (Domercq et al., 2010). Because oligodendrocytes

constitute the myelin sheath of central fiber tracts, they are

localized in the white matter insulating individual axons in order to

permit spatially separated and rapid conduction of actions potentials.

In the hippocampus, oligodendrocyte precursor cells (OPCs)

occur, giving rise to mature oligodendrocytes in the white matter,

but functioning as a separate type of glial cells, the so called NG2 glia,

in grey matter (Seifert and Steinhäuser, 2018; Bedner et al., 2020; see

also Introduction). Bz-ATPwas reported to increase intracellular Ca2+

in cultured NG2 glia in a manner fully dependent on extracellular

Ca2+ and blocked by the P2X7R antagonistic oxidized ATP (Agresti

et al., 2005a; Agresti et al., 2005b). Our findings implicate that in the

CA3 area of the hippocampus P2X7R-bearing NG2 glia mediate the

purportedly neuronal effects of Bz-ATP.

As a fourth type of non-neuronal cells capable of releasing awhole

range of signaling molecules in response to P2X7R stimulation,

microglia have to be taken into consideration (Kigerl et al., 2009;

Kettenmann et al., 2011). Microglia are secreting ATP both by

exocytosis (Imura et al., 2013) and by the shedding of extracellular

vesicles (Graner, 2018). In addition, microglia were reported to release

glutamate within a range of further neurotoxic molecules (Illes et al.,

FIGURE 5 | (F2,33 = 4.477, p = 0.0142; one-way ANOVA followed by the Dunnett’s test). (E) Mean ± SEM sPSC amplitudes and frequencies in brain
slices prepared frommice pre-treated with L-α-aminoadipate (intrahippocampal application, 20 μg; see Methods). (F)Mean ± SEM sPSC amplitudes
and frequencies in brain slices prepared from untreated mice continuously superfused with aCSF containing gabazine (10 µM). Pre-treatment
schedule with the selective astrocytic toxin L-α-aminoadipate, or blockade of GABAARs by gabazine, both abolished the effect of Bz-ATP.
Experiments were made also in CA3 neurons of hippocampal brain slices prepared from untreated (G) and L-α-aminoadipate pre-treated (H)mice.
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2020; Lindhout et al., 2021). While especially the upregulation of

A2ARs occupied by adenosine, an enzymatic degradation product of

ATP, drives the transition of resting/surveilling microglia to its

amoeboid phenotype, P2X7Rs are involved in the secretory

functions of these phagocytic microglial cells. Many studies have

focused on the interactions between the cellular processes of

surveilling microglia and synaptic elements, including axonal

boutons and dendritic spines (Wu et al., 2015; Weinhard et al.,

2018). Recently, it was reported that microglia senses ATP via

P2Y12Rs, thereafter a microglia-dependent production of

adenosine ensues, and adenosine suppresses neuronal responses

via its A2AR-type (Badimon et al., 2020). However, under the

present conditions we did not find evidence for the involvement

of microglial P2X7Rs in neuronal responses to Bz-ATP.

In conclusion, we supply evidence for the participation of

astrocytic and oligodendrocytic P2X7Rs in the indirect stimulation

of certain neuronal structures in the hippocampus ofmice, but cannot

exclude the presence of P2X7Rs at the residual CNSneurons.Wehave

to point out as well that our conclusions are based on the finding that

1,000 µM of Bz-ATP causes near-maximum current amplitudes in

pyramidal neurons of the mouse hippocampus (Zhao et al., 2022)

(also reported for organotypic spinal cord slices of the mouse

substantia gelatinosa; Gao et al., 2017), and a further increase of

the Bz-ATP concentration would not unmask a previously absent

P2X7R-sensitivity.

Another caveat is due to the age of the animals. It was reported

that in themouse neocortex, stimulation of neuronal afferents triggers

complex glial synaptic currents (GSCs mediated by NMDA, P2X and

AMPA-Rs as well as glutamate transporters) (Lalo et al., 2011; Boué-

Grabot and Pankratov, 2017). The P2X component of GSCs is the

smallest in young, maximal in adult, and once more decreases in old

mice. Somewhat similar, the exocytotic release of ATP from astrocytes

exhibits an age-dependent decrease (Lalo et al., 2014). In view of these

complexities it has to be concluded, that our findings relate to P10-15

mice and any extrapolation to older mice is only hypothetical,

especially because ATP is considered to be an ontogenetically and

phylogenetically primitive signaling molecule (Gao et al., 2017;

Verkhratsky, 2021).
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Guanine-based purines (GBPs) exert numerous biological effects at the central

nervous system through putative membrane receptors, the existence of which

is still elusive. To shed light on this question, we screened orphan and poorly

characterized G protein-coupled receptors (GPRs), selecting those that showed

a high purinoreceptor similarity andwere expressed in glioma cells, where GBPs

exerted a powerful antiproliferative effect. Of the GPRs chosen, only the

silencing of GPR23, also known as lysophosphatidic acid (LPA) 4 receptor,

counteracted GBP-induced growth inhibition in U87 cells. Guanine (GUA) was

the most potent compound behind the GPR23-mediated effect, acting as the

endpoint effector of GBP antiproliferative effects. Accordingly, cells stably

expressing GPR23 showed increased sensitivity to GUA. Furthermore, while

GPR23 expression was low in a hypoxanthine-guanine phosphoribosyl-

transferase (HGPRT)-mutated melanoma cell line showing poor sensitivity to

GBPs, and in HGPRT-silenced glioma cells, GPR23-induced expression in both

cell types rescued GUA-mediated cell growth inhibition. Finally, binding

experiments using [3H]-GUA and U87 cell membranes revealed the existence

of a selective GUA binding (KD = 29.44 ± 4.07 nM; Bmax 1.007 ± 0.035 pmol/mg

prot) likely to GPR23. Overall, these data suggest GPR23 involvement in

modulating responses to GUA in tumor cell lines, although further research

needs to verify whether this receptor mediates other GUA effects.

KEYWORDS

guanine-based purines (GBPs), guanine (GUA), purine nucleoside phosphorylase (PNP),
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Introduction

While adenine-based purines (ABPs), including adenosine

triphosphate, diphosphate, andmonophosphate (ATP, ADP, and

AMP, respectively), and adenosine (ADO), have been extensively

studied as extracellular signalling molecules in the central

nervous system (CNS) (Burnstock, 2018; Jacobson et al., 2020;

Illes et al., 2021), the guanine-based purines (GBPs), comprising

guanosine triphosphate and monophosphate (GTP and GMP,

respectively), guanosine (GUO), and guanine (GUA) has

attracted less interest, although they also display CNS effects.

Indeed, numerous studies have shown that GBPs are effective

neuroprotective agents as they contribute to nervous tissue repair

upon brain injury mostly by preventing glutamate excitotoxicity

(reviewed in Di Liberto et al., 2016; Mancinelli et al., 2020;

Massari et al., 2021; Di Iorio et al., 2021). Furthermore, they

exert antiparkinsonian, anticonvulsant, antidepressant, and

anxiolytic/amnesic effects (Di Iorio et al., 2021), which have

mostly been attributed to GUO. Interestingly, GUA, the

nucleobase resulting from purine nucleoside phosphorylase

(PNP)-mediated GUO metabolism, exhibited activity in the

CNS different from that of GUO, as GUA improved learning

andmemory formation in behaving animals (Giuliani et al., 2012;

Zuccarini et al., 2018). In addition, GBPs stimulate the

proliferation of neural stem cells and astrocytes (Ciccarelli

et al., 2000; Su et al., 2013) as well as promote the

differentiation of neuroblastoma cells or C2Cl2 skeletal muscle

cells (Mancinelli et al., 2012; Belluardo et al., 2021). However, in

some tumoral cell lines GBPs, in particular GUA, showed anti-

proliferative effects mainly linked to an S-phase cell cycle arrest

(Garozzo et al., 2010).

The lack of reliable plasma membrane receptors to account

for the multiple though sometimes conflicting effects induced by

GBPs in the CNS has historically reduced the interest of the

scientific community, thus substantially diminishing the study of

the guaninergic signalling. So far, a high affinity binding site for

[3H]-GUO on rat brain has been described (Traversa et al., 2002).

In addition, several G-protein-coupled GUO-mediated effects

involving cyclic nucleotides and mitogen activated protein kinase

(MAPK) and/or phosphoinositol-3-kinase (PI3K)/Akt pathways

have been reported (Gysbers and Rathbone, 1992; Di Iorio et al.,

2004; Molz et al., 2011; Giuliani et al., 2015). Interestingly, it has

been postulated that adenosine A1 and A2A receptors (i.e., A1R

and A2AR, respectively) might be somehow involved in GUO-

mediated neuroprotection by the stimulation of A1R/A2AR

heteromers (Lanznaster et al., 2019). GTP also seems to

harbour specific binding sites, likely Gαi/o protein-coupled

receptors, in mouse skeletal muscle cells (Pietrangelo et al.,

2002). Finally, although the antiproliferative effect of GUA

cited above has been referred to an intracellular metabolism

of GUA (Garozzo et al., 2010), following the discovery of

receptors sensing nucleobases such as adenine (Bender et al.,

2002; Gorzalka et al., 2005) it has been reported that isolated

basolateral membranes of renal proximal tubule express a Gαi/o
protein-coupled receptor for GUA, whose stimulation inhibits

the activity of Na+-ATPase (Wengert et al., 2011).

Altogether, these findings point towards the possible

existence of plasma membrane GBP receptors mediating the

physiological effects associated to this important group of

purines. Accordingly, we aimed to conduct a purinoreceptor

homology-based screening within the group of orphan and

poorly characterized G protein-coupled receptors (GPCRs) to

pinpoint those responding to GBPs. Our bioinformatic approach

revealed some potential candidates within these GPCRs, which

were subsequently studied in some cancer cell lines previously

used for assessing GBP functionality (Garozzo et al., 2010).

Materials and methods

Chemical compounds

GUA, GUO, GMP, GTP and ADO were purchased from

Sigma-Aldrich (Steinheim, Germany). In all the experiments,

nucleobases and nucleosides were dissolved in 1 N NaOH and

added to the culture medium at the final concentration of

0.001 N NaOH whereas nucleotides were dissolved in aqueous

solution. Geneticin was from Gibco (Invitrogen, Thermo Fisher

Scientific, Milan, Italy); Deoxyribonuclease I amplification Grade

(DNase, 1U/ul) was from Invitrogen (Thermo Fisher Scientific,

Milan, Italy). Forodesine was purchased from D.B.A (Segrate,

Italy). Tritiated GUA, [8-3H]-GUA (100 μCi/ml; specific

activity >5 Ci/mmol), was purchased from Moravek Inc.

(Brea, CA, United States).

Cell cultures

The human tumoral cell lines were obtained from the

American Type Culture Collection (ATCC, Teddington, UK).

Human glioma cell lines, (U87-MG ATCC number: HTB-14 and

U373-MGATCC number: HBT-17) were cultured in RPMI 1640

(Cat. No. 61870-010, Gibco, Invitrogen); human amelanotic

melanoma (C32, ATCC number: CRL 1585 and C32TG

ATCC number: CRL 1579) in MEM (Cat. No. 41090-028,

Gibco, Invitrogen) supplemented with non-essential amino

acids (0.1 mM) (Cat. No. 11140-035, Gibco, Invitrogen) and

sodium pyruvate (1 mM); C32TG cells were grown in medium

supplemented with thioguanine (30 μM). Each growing medium

was integrated with 10% (vol/vol) heat-inactivated foetal bovine

serum (FBS, Cat. No. 10270-106, Gibco, Invitrogen) and

penicillin-streptomycin (50 units-50 μg/ml). Due to serum

supplementation, a final concentration of 0.5 μM GUA and

0.1 μM GUO was present in each growing media, evaluated

by HPLC method as previously described (Giuliani et al.,

2016); however, these concentrations can be considered
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negligible for experiments herein reported. The cell cultures were

incubated at 37°C in a humidified 5% CO2 incubator and the

culture medium was changed twice a week.

BLAST search for purinoreceptor
homology

Analysis of the GenBankTM database containing the human

genome sequence was performed by BLAST (Basic Local

Alignment Search Tool, NCBI) program to search for orphan

GPCRs sharing protein sequence similarity to human A1R, A2AR,

A3R and P2Y1R were used as queries. Only orphan GPCRs

(i.e., included in the IUPHAR list of class A orphan receptors

at 2022) or de-orphanized GPCRs with evidence of possible

multiple unknown endogenous ligands, showing protein

sequence similarity to one or more purinoreceptors with an

Expected (E) value <0.05 were selected from the BLAST list

search. The list was further refined excluding those receptors not

showing an expression in normal brain tissue and glioblastoma

samples by analysis of RNA-sequencing data provided by The

Cancer Genome Atlas (TCGA) (https://www.cancer.gov/about-

nci/organization/ccg/research/structural-genomics/tcga). The

mRNA expression of the selected receptors was further

analyzed in glioma cell lines (i.e., U87 and U373) by

qualitative RT-PCR.

Tumor cell line RNAs and cDNA synthesis

Total RNA from U87 and U373 cell lines was extracted as

previously described (Chomczynski and Sacchi, 1987). Total

RNA from C32TG was extracted with the RNeasy plus mini

kit (Qiagen, Hilden, Germany). Total RNA was treated with

Deoxyribonuclease I amplification Grade to remove genomic

contamination. Reverse transcription was performed using total

RNA, RNase H-reverse transcriptase (Superscript II, Gibco BRL,

Life Technologies, Gaithersburg, MD, United States) and

random primer hexamers.

Identification of GPCR mRNA expression
by polymerase chain reaction
(qualitative PCR)

First strand cDNA was subjected to PCR amplification using

a set of specific primers corresponding to the nucleotide

sequences of the GPCRs reported in the Supplementary Table S1.

The PCR program used was the following: a first

denaturation step at 95°C for 5 min, followed by 35 cycles at

95°C for 1 min, 54–60°C (depending on annealing temperature of

the primer set) for 2 min and 72°C for 3 min. Then, a final

elongation step at 72°C for 10 min was performed. PCR products

were examined by electrophoresis in 1.8% agarose 1x TAE gels

and ethidium bromide or sybr-safe staining (Invitrogen).

Quantitative real-time RT-PCR

Quantitative Real-time PCR (qRT-PCR) experiments were

performed in the ABI Prism 7700 Sequence Detection System

from Applied Biosystems. For each GPCR mRNA expression,

three sequence-specific oligonucleotides were designed using the

Primer Express oligo design software (Applied Biosystem,

Carslbad, CA, United States). Two of them were forward (Fw)

and Reverse (Rv) primers used for PCR amplification. The third

sequence (TaqMan Probe, Applied Biosystem) was a fluorogenic

probe labelled with a fluorescent reporter dye (6-FAM) and a

quencher dye (TAMRA) attached at the 5′and 3′ end,

respectively. The probe was designed to hybridize the portion

of PCR amplicon between Fw and Rv primers. The primers and

probe used are reported in Supplementary Table S2.

The difference in the initial amount of total RNA between the

samples was normalized in every assay using glyceraldehydes-3-

phosphate dehydrogenase housekeeping gene expression as an

internal standard (TaqMan Human GAPDH Control Reagent,

Applied Biosystem). Each PCR reaction was carried out in 50 μl

final volume using TaqMan Universal PCR Master Mix (Applied

Biosystems), 900 nM of primers and 200 nM of probe. Finally,

2.5 μl of diluted cDNA (1/10 vol/vol) was added for each

reaction. Each sample was loaded in triplicate. Then, standard

conditions were used for PCR amplification (50°C for 2 min, 95°C

for 10 min, followed by 50 cycles at 95°C for 15 s, 60°C for 1 min).

Reactions without cDNA were performed as negative control

(No Template Control, NTC). Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) PCR amplification was carried out

under the same conditions, except that for concentrations of

primers and probe, in which 100 and 200 nM were used,

respectively. Relative quantification of RNA expression was

calculated using comparative CT method based on the

threshold cycles (Ct values) of the gene of interest and of the

internal reference gene (GAPDH).

siRNAs design and synthesis

siRNAs corresponding to GPR3, GPR21, GPR22, GPR23 and

LPAR6/P2Y5 mRNAs as well as those corresponding to

hypoxanthine-guanine phosphoribosyl transferase (HGPRT)

(GenBank accession number NG_012329.1) gene were

designed according to the report of Elbashir et al. (2001). The

siRNAs used for GPCRs and HGPRT are listed in Supplementary

Table S3. RNA not complementary to any cellular transcript (ctrl

RNA) was used as control (see Supplementary Table S3). The

sequences were subjected to BLAST search to confirm the

absence of homology to other additional known coding
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sequences in the genome human project. siRNAs were

chemically synthesized by MWG Biotech AG (Ebersberg,

Germany) and resuspended according to the manufacturer’s

instructions.

siRNA transfection, treatments and MTT
colorimetric assay

Glioma cells were transfected with siRNAs at 50% confluency

using Oligofectamine (Invitrogen). The day before transfection,

the cells were trypsinized, counted, plated at 4 × 103 cells/well in

96 well plates “Nunclon TM Microwell TM” (Nunc, Roskilde,

Denmark) in the medium containing 10% FBS, and were

incubated at 37°C. After 24 h, cells were transfected according

to the manufacturer’s procedure in the absence (mock

transfected), in the presence of the ctrl RNA, or in the

presence of specific siRNAs (final concentration 50 nM). After

24 h, the transfected cells were exposed to GBPs at the

concentrations indicated in the related figures. Microplates

were incubated at 37°C in a humidified 5% CO2 incubator for

24, 48 and 72 h and then the growth inhibition was measured

with a colorimetric assay based on the use of tetrazolium salt

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium

bromide) (Mosman, 1983), currently used also to measure

drug-induced cytotoxicity. The results were read on a

multiwell scanning spectrophotometer ((SpectracountTM,

PerkinElmer, Waltham, MS, United States), using a

wavelength of 570 nm. Each value was the average of 4-

10 wells (standard deviations were less than 20%). The % of

cell growth was calculated according to NCI (National Cancer

Institute, Bethesda, Maryland): 100 x (T-T0)/(C-T0) (T is the

optical density of the test well after an established period of

exposure to test compound; T0 is the optical density at the

beginning of the treatment with GUA, GUO, GMP; C is the

optical density of the controls). IC50 was calculated using

GraphPad Prism version 6.0 for Windows, after fitting the

dose-response data to a sigmoidal curve (nonlinear regression).

Human GPR23: Subcloning in expression
vectors and generation of stably
transfected cell lines

The PCR product containing the entire coding sequence of

the human GPR23 mRNA was cloned into the expression vector

pcDNATM 3.1D/V5-His-TOPO (Invitrogen, Scotland, UK). The

GPR23 ORF fragment was amplified with the following primers:

Fw 5′-CACCATGGGTGACAGAAGAT-3′ and Rv 5′-
TGCTAGAATC CACCTTTTAG-3’. To confirm the

orientation of the GPR23 insert, the construct, pcDNA 3.1

D/V5-His-TOPO/GPR23 was subjected to restriction enzyme

digestion in the appropriate analysis buffer with BamH I

(Promega, Madison, WI, United States) and, to double

digestion with XbaI/HindIII (Promega). The digestion

products were analyzed by electrophoresis in 0.8% agarose 1 x

TAE gel and ethidium bromide staining. Moreover, to confirm

the identity of the GPR23 entire open reading frame, DNA

sequencing was performed by standard fluorescent dideoxy

chain-termination procedure with the Abi Prism 377

automatic sequencer (Thermo Fisher). MACAW alignment

allowed us to compare the sequence of the insert with the

GPR23 gene. U87 and U373 cell lines were stably transfected

with the pcDNA 3.1D/V5-His-TOPO/GPR23, or with the

control vector, pcDNA 3.1D/V5-His-TOPO/lacZ, using

lipofectamine reagent (Invitrogen) according to the

manufacturer’s procedure. C32TG cell lines were stably

transfected with the pcDNA 3.1 D/V5-His-TOPO/GPR23 or

with the control vector, pcDNA 3.1D/V5-His-TOPO/lacZ,

using oligofectamine reagent (Invitrogen). 48 h after

transfection, cells were cultured in the growth medium

supplemented with geneticin (G418, 600 μg/ml). After

1–2 weeks, individual clones were isolated to select clones

with the highest expression of receptors. The different clones

were maintained in their medium containing 500 μg/ml G418.

GPR23 mRNA expression was evaluated by qualitative PCR and

qRT-PCR, as previously described (Yin et al., 2009; Garozzo et

al., 2010). For GUA dose-response experiments, two different

overexpressing stable clones were used for U87 (U87cl12,

U87cl8), U373 (U373cl6, U373cl18), and C32TG cells

(C32TGcl10, C32TGcl19). The parental cell lines (wtU87-

wtU373-wtC32TG) and clones derived by stable transfection

of the lacZ gene (U87-, U373-, C32TG-lacZ) were used as

controls.

Detecting of GPR23-tagged V5 protein by
immunofluorescence

To allow the expression of native protein in GPR23-

expressing stable U87 cell line (U87-GPR23), we used the

Tag-On-Demand System (Invitrogen). One day before

transduction, 104 U87-GPR23 cells were plated in chamber

slides (Nunc, Roskilde, Denmark) in 100 μl of complete

growth medium and incubated at 37°C overnight. On the day

of transduction, the growth medium was removed from each well

of cells and replaced with 50 μl of fresh growthmedium. Then the

adenovirus was added to each well using a Multiplicity of

Infection (MOI) of 50 and cells were incubated for 5–6 h at

37°C. Afterwards, the medium containing virus was removed

from the cells and fresh complete growth medium was added to

the cells.

Assay for C-terminally-tagged recombinant protein

expression was performed 24 h post-transduction, with

immunofluorescence, using Anti-V5-FITC conjugated

antibodies (Invitrogen) prepared by crosslinking the
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appropriate primary antibody with the FITC fluorophore. Briefly,

cells were washed twice with PBS and fixed by adding 200 μl of

room temperature100% methanol. After incubation, cells were

washed 5 × 2 min with PBS and, to reduce non-specific binding

of antibody, were incubated for 20 min at room temperature with

200 μl of blocking solution (PBS containing 10% FBS). Then,

100 μl of blocking solution containing the 1:2000 dilution of

antibody were added and the mixture was incubated for 1 h at

room temperature in the dark. Cells were washed again 2 × 5 min

with PBS and observed cells with a fluorescence microscope

(Zeiss Axio Scope A1, White Plains, NY, United States) equipped

with a FITC filter.

[3H] guanine binding assay

We started with the preparation of membranes from U87 cell

lines, according to the previously published procedure (Traversa

et al., 2002; Frinchi et al., 2020). Cultured cells (1 × 106 cells) were

collected and homogenized in ice-cold buffer (0.25 M sucrose,

5 mM HEPES pH 7.4) by teflon-glass homogenizer (350 rpm,

7 up and down strokes). The homogenate was centrifuged at

1000×g (10min, 4°C). The pellet, resuspended in 2 ml buffer, was

centrifuged as aforementioned and the supernatants were pooled

and centrifuged at 11,000×g (20 min, 4°C). The pellet was

resuspended in cold HEPES (20 mM, pH 7.4) and centrifuged

at 100,000×g (30 min, 4°C). The final pellet, resuspended in the

same buffer to a final protein concentration of 100 μg per 1 ml,

was aliquoted (100 μl per vial) and stored at −80°C. Before using

in binding experiments, the membranes were washed twice with

PBS buffer (8.8 mM, pH 7.4). The protein concentration was

determined by the Bradford method (Bradford, 1976).

Subsequently, the measurement of [3H]-GUA binding was

carried out. Membranes (50 μg) were preincubated (10 min,

25°C) in binding buffer (20 mM Tris-HCl, 1 mM EGTA,

5 mM MgCl2, 100 mM NaCl, pH 7.4) and then incubated

(30 min, 25°C) with [3H]GUA in a total volume of 0.5 ml

binding buffer. For saturation experiments, a concentration

range of 6.25–300 nM [3H]-GUA was used. Nonspecific

binding was determined by adding 500 μM unlabeled GUA

and specific binding was calculated by subtracting nonspecific

from total binding. In competition experiments, displacing

agents at different concentrations and 50 nM [3H]-GUA were

added, and the reaction started by adding the membranes. After

30 min, the reaction was stopped by adding 3 ml of cold binding

buffer. The samples were rapidly filtered by vacuum filtration

using Whatman GF/B glass fiber filters. These filters were then

washed four times (2.5 ml cold binding buffer each time), dried

for 1 h at 30°C, transferred in scintillation vials filled with 5 ml of

Filter count scintillation cocktail (Beckman Coulter, Inc.;

Fullerton, CA, United States). Bound radioactivity was

measured in a Beckman Coulter LS6500 Multipurpose

Scintillation Counter (Beckman Coulter, Inc.). For saturation

and displacement curves, the pooled data were fitted by a

computerized nonlinear regression analysis and resolved for

the presence of a single high-affinity binding site.

Enzyme assay to determine PNP activity in
the extracellular medium of U87 glioma
cells

Samples containing PNP were obtained as previously

described by Giuliani et al. (2016). Briefly, U87 glioma cells

were incubated in serum-free medium. After 1, 6 and 12 h, an

aliquot of medium was taken and the enzyme present was

concentrated using Amicon Ultra 2 ml filters (cutoff 10 K,

Merck Life Science, Milan, Italy), while cells were scraped in

lysis buffer (5 mM HEPES pH 8.5, 2 mM EDTA, and protease

inhibitor cocktail) and sonicated to obtain cytosolic extracts.

Protein content was quantified using a colorimetric protein assay

kit (Bio-Rad, Segrate, Italy). PNP activity was evaluated by

measuring the transformation of GUO, the enzyme’s

substrate, into GUA by HPLC analysis. The enzymatic

reaction was performed in HEPES (50 mM; pH 7.0)

containing 50 mM inorganic phosphate plus an aliquot of the

concentrated medium as a source of PNP. 100 µMGUOwas then

added and the mixture was incubated by shaking at 37°C for

15 min. The reaction was stopped by heating the mixture at 70°C

for 5 min. After centrifugation, the supernatant was filtrated

before HPLC analysis. The HPLC (Agilent 1100 Series,

Waldbronn, Germany) was equipped with a thermostated

column compartment, a diode array detector, and a

fluorescence detector. The separation was achieved by a

Phenomenex Kinetex pentafluorophenyl analytical column

(Phenomenex INC.; Bologna, Italy) kept at 35°C and applying

a 15-min nonlinear gradient with a flow rate of 1 ml/min (for

further details see Giuliani et al., 2017). The excitation and

emission wavelengths for monitoring fluorescent GUO and

GUA were 260 and 375 nm, respectively. PNP activity is

usually defined as international units (IU), 1 IU

corresponding to the amount of the enzyme that catalyzes the

conversion of 1 μmol of substrate per minute under the specified

conditions of the assay method. Accordingly, given the small

amount of cells and thereby of PNP activity, we expressed it as

micro-international units (µIU), 1 µIU corresponding to the

amount of PNP that catalyzes the conversion of 1 pmol of

substrate per min (pmol/min).

Statistical analysis

All experiments were usually performed from three to four

times, unless differently specified. The quantitative data are

expressed as mean ± SD. Time-response curves were

calculated by using nonlinear regression (GraphPad Prism
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6.0 software, San Diego, CA, United States). Statistical analyses

were performed by Prism 6.0 software, using Student’s t test

coupled to the Holm-Sidak method or two-way analysis of

variance (ANOVA). Group differences with p < 0.05 were

considered statistically significant.

Results

BLAST search for human class a orphan
GPCRs with purinoreceptor similarity

Since GBP signalling has been somewhat related to certain

purinergic receptors, we aimed to identify human class A GPCRs

with only preliminary evidence of the existence of an endogenous

ligand or as-yet unidentified, showing sequence similarity to

purinoreceptors. To this end, a bioinformatic search was

performed by BLAST, using as a query the protein sequences of

human A1R, A2AR and A3R responsive to ADO and P2Y1R

responsive mainly to ADP (Supplementary Data S1). Thirty-three

GPCRs showing similarity to one or more ADO or P2Y1 receptors,

with an E value <0.05 (matrix BLOSUM 45), were selected from the

BLAST search list (Supplementary Data S2) according to multiple

criteria: 1) they belonged to the class A orphan receptors according

to IUPHAR/BPS Guide to PHARMACOLOGY (http://www.

guidetopharmacology.org/GRAC/FamilyDisplayForward?

familyId=694), or 2) they belonged to a group of de-orphanized

GPCRs (LPAR4,5,6) for which experimental evidence of additional

unknown endogenous ligands was available (Noguchi et al., 2003;

Lee et al., 2007; Yanagida et al., 2007) and 3) they were expressed in

normal brain tissues and in glioblastoma samples (averaged

transcript per kilobase million (TPM) >0.1 in glioblastoma

samples and normal brain tissues of the TCGA consortium).

Subsequently, the mRNA expression of the selected orphan

GPCRs was analysed by qRT- PCR in human glioma cell lines

(U87, U373), which were previously reported to be responsive to

GUO (Garozzo et al., 2010). Four receptors, namely GPR21, GPR22,

GPR23 and LPAR6/P2Y5R, expressed at relatively high levels in both

cell lines, were then selected for further experiments. In addition, a

GPCRs expressed only in U87 cells, namely GPR3, was also

included.

Silencing selected GPCRs in U87 cell line

Subsequently, the mRNA expression of the selected

receptors, namely GPR3, GPR21, GPR22, GPR23 and LPAR6/

P2RY5, was silenced in U87 cell line by short interference RNA

(siRNA) methodology (25). To this end, a pair of specific siRNAs

targeting the coding region of each receptor was designed and

synthesized (Supplementary Table S3). Thus, as shown in

Supplementary Figure S1, GPR3, GPR21, GPR22, GPR23 and

LPAR6/P2Y5 mRNA levels, measured 48 h after siRNA lipo-

transfection into the U87 cell line, were persistently decreased by

about 75%, 72%, 90%, 75% and 90%, respectively. Importantly,

the downregulation of the selected receptors did not affect cell

survival, except for a significant cell growth inhibition (38%)

observed with GPR21 silencing (data not shown). Overall, these

results validated our experimental strategy for silencing orphan

GPCRs in the U87 cell line.

Effect of silencing orphan GPCRs in GBP-
mediated growth inhibition of U87 cells

A functional signature of GBPs, as compared to other purines, is

the profound antiproliferative effect on human tumoral cell lines,

including U87 cells (Garozzo et al., 2010). Accordingly, we

questioned if silencing the selected orphan GPCRs would have

any impact on the GBP-mediated growth inhibition of U87 cells.

Thus, twenty-four hours after siRNA transfection, U87 cells were

exposed to GUO and GMP (300 µM) for 24, 48, or 72 h and, at the

end of the treatment, cell proliferation was assessed through the

MTT assay. Indeed, GUO and GMP treatment triggered a maximal

antiproliferative effect of ~80% after 24 h which lasted until 72 h

upon incubation (Figure 1), in agreement with previous data

(Garozzo et al., 2010). The inhibition of cell proliferation in non-

transfected cells was similar to that observed in mock and ctrl-RNA

transfected cells, ranging from 70 to 80%. Importantly, the

antiproliferative effect of GUO and GMP after 72 h of treatment

was significantly reduced (~50%; p < 0.01) in cells silenced for

GPR23 (Figures 1A,B). In contrast, silencing of GPR21 or

GPR22 receptors did not precluded GUO or GMP

antiproliferative effects, while that of GPR3 and LPAR6/P2Y5

receptors, although significant (p < 0.05), had a limited effect on

GUO- and GMP-mediated cell growth inhibition (5%–15%

reduction). Collectively, these results suggested that GPR23 might

play a potential role in GBP-mediated antiproliferative effects of

U87 cells, thus we subsequently focus on this receptor.

Pharmacological characterization of
GPR23-dependent antiproliferative effect
in U87 cells

As shown previously, silencing of the GPR23 had an impact in

the GBP-mediated growth inhibition of U87 cells. Now, we aimed at

pharmacologically characterizing this GPR23-dependent

antiproliferative effect by constructing concentration-response

curves for GUO, GMP and GUA. To this end, U87 cells were

GPR23 silenced or mock transfected before being exposed to

increasing concentrations of GUO, GMP and GUA for 72 h and

the cell proliferation assayed. Interestingly, we also included GUA as

this compound, which usually derives from themetabolism of GUO,

has been shown to be an active GBP in other cell lines (Wengert

et al., 2011; Giuliani et al., 2012).
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All three GBPs caused a concentration-dependent

inhibition of proliferation in mock transfected U87 cells

and with similar efficacy (i.e., maximal growth inhibition of

80%) (Figure 2). Indeed, the antiproliferative effect induced by

GUA, GUO, or GMP was concentration-dependent also in

GPR23-silenced cells, but significantly lower than that

observed in the respective controls, as expected.

Remarkably, GUA showed to be the most potent GBP

inducing growth inhibition both in control (i.e., transfected

with RNA not complementary to any cellular transcript,

ctrlRNA) and GPR23 silenced U87 cells. Accordingly, IC50

values for GUA, GUO, or GMP were 40 μM, ~ 190 and

~170 μM, respectively. Overall, these results indicated that

GPR23 silencing modified the antiproliferative efficacy of

GBPs but not their potency (Figure 2), thus pointing to

GUA as the most reliable ligand for GPR23.

Evaluation of GBPs-mediated
antiproliferative effects upon
heterologous expression of GPR23 in
U87 and U373 cells

Conversely, to support the dependence of the GUA-induced

inhibition of cell growth on GPR23 activation we assessed GUA

effects in U87 and U373 cells overexpressing this receptor. To

this end, U87 or U373 wild type (wt) cells were transfected with

lacZ control vector or with the cDNA encoding the

GPR23 receptor (U87 clones 12 and 8; U373 clones 6 and

18). GPR23 protein density was monitored upon receptor

transduction in U87 and U373 cells by immunofluorescence

detection. This assay showed, for instance, a superior expression

of V5-tagged GPR23 receptor in U87 cells clone 12 (U87cl12)

FIGURE 1
Effects of lipotransfection with different GPCR-siRNAs on sensitivity to GUO (A) and GMP (B). U87 cells, grown up to 50% confluency into
96multiwell plates, were lipotransfected in the absence of siRNAs (mock transfected), in the presence of 50 nM ctrlRNA or in the presence of 50 nM
GPR3-siRNA, GPR21-siRNA, GPR22-siRNA, LPAR6/P2Y5-siRNA and GPR23-siRNA and then incubated in growth medium. After 24 h cells were
treatedwithGUOorGMP (300 μM) for 72 h. Cell growthwas evaluated by theMTT assay. Results are expressed as the percentage of cell growth
evaluated in untreated cells (control). Each point represents the mean ± SD of 3 independent experiments. Statistical significance: *p < 0.05 **p <
0.01 vs. mock transfected cells (Student’s t test).

FIGURE 2
Effect of lipotransfection with GPR23-siRNA on sensitivity to
GUA, GUO and GMP. Twenty-four hours after lipotransfection
with GPR23-siRNA, U87 cells were treated with GUO or GMP
(50–500 μM) or GUA (1–50 μM) for 72 h. Results are
expressed as the percentage of cell growth evaluated in untreated
cells (control) by the MTT assay. Each value is the mean ± SD of
10 different samples. Statistical significance of data obtained in
GPR23-siRNA cells vs. control (ctrl) RNA transfected cells: p <
0.001 for data relating to GUA effect and p < 0.01 for those relating
to GUO and GMP effects (two-way ANOVA test).
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(Figure 3B). Similar results were obtained with other clones such

as U87cl8, U373cl6 and U373cl18 cells. Thus, these clones

showing the highest GPR23 mRNA expression were used for

the next experiments. As controls, the parental cell lines

(wtU87 and wtU373) and clones derived by stable transfection

of the lacZ gene (U87lacZ and U373lacZ) were used (Figure 3A).

Subsequently, the GUA-mediated antiproliferative effect in

GPR23 overexpressing U87 and U373 cells was determined by

FIGURE 3
Effect of GPR23 overexpression on sensitivity to GUA. (A,B) Immunofluorescencemicrophotographs of a GPR23-overexpressing U87 cell clone
(U87cl12). Expression of V5-tagged recombinant GPR23 was induced in U87cl12 cells by TAG on Demand adenoviral transduction and detected by
the anti-V5-FITC conjugated antibody. (A) not-transduced U87cl12 cells stained with anti-V5-FITC antibody; (B) transduced U87cl12 cells stained
with anti-V5- FITC antibody. The images are representative of six independent experiments performed with different clones overexpressing
GPR23, which gave similar results. (C) Following stable overexpression of GPR23, some of these cells (U87cl8) were lipotransfected in the presence
of 50 nM ctrlRNA (ctrl RNA) or GPR3-siRNA (GPR23siRNA). Twenty-four hours after this procedure, all cells were exposed to GUA (1–100 μM) for
72 h. Results, expressed as the percentage of cell growth evaluated in untreated cells (control) by the MTT assay, are the mean ± SD of 4 different
experiments for each cell type. *p < 0.05 **p < 0.001 and #p < 0.05 ###p < 0.001: statistical significance vs. U87 ctrl RNA and U87 cl8, respectively
(Student’s t test).

TABLE 1 Inhibitory growth effect caused by GUA in U87 or U373 cell lines, wild type (WT) or overexpressing GPR23 receptor (U87 clones 12 and 8;
U373 clones 6 and 18) or lacZ control vector.

Drug
under
evaluation

U87 cells U373 cells

GUA WT LacZ cl12 cl8 WT lacZ cl6 cl18

IC50 (µM) 37.1 ±
2.25

39.4 ± 9.11 32.7 ± 4.48 30.3 ± 3.73 49.5 ±
7.42

56.9 ± 5.55 49.5 ± 3.46 43.5 ± 4.43

Efficacy at the IC50

concentration
61.2 ±
4.02

57.4 ±
6.21 (NS)

75.1 ± 3.13
(p < 0.05)

82.5 ± 4.47
(p < 0.01)

57.5 ±
4.34

56.3 ±
7.71 (NS)

60.6 ±
5.33 (NS)

77.4 ± 8.12
(p < 0.05)

Cells were treated with increasing concentrations of GUA (1–500 µM) for 72 h before the proliferation inhibition was determined by MTT assay. Accordingly, IC50 values were calculated

for each cell type and reported in the Table. Subsequently, the effect of GUA administered at its IC50 for 72 h on the growth of each cell type was determined byMTT assay and expressed as

the percentage of cell growth in untreated cells (used as control). All values are the mean± SD of n. 3 independent experiments. Statistical significance evaluated by Student’s t test (p values

are indicated between brackets; NS, not significant difference).
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the MTT assay (Table 1). As expected, while no significant

difference was found among the IC50 values related to the

GUA effect in any cell line assayed, a significant increment in

the GUA-induced growth inhibition was observed in U87cl12,

U87cl8 and U373cl18 cells (Table 1).

Importantly, in U87cl8 cells transfected with GPR23-siRNA the

GUA antiproliferative efficacy was dramatically decreased as

compared to the effect obtained in U87 transfected with control

RNA and the obtained concentration-response curve was very

similar to that of wt-U87 cells transfected with GPR23 siRNA

(Figure 3C). Similar results were obtained for U373cl18 cells.

Overall, these findings provided complementary evidence

indicating the involvement of GPR23 in GBPs-mediated

antiproliferative effects.

Outlining the role of GUA in GPR23-
mediated effects

To further define the prevalent GPR23-dependent GUA role

on U87 cell growth, we questioned whether the effects of GUO

and GMP were intertwined with those of GUA. It is well-known

that GMP and GUO catabolism ends into GUA production by

the activity of the PNP. This enzyme is secreted to the

extracellular milieu by different neural cells (10, 26), thus we

assessed whether U87cells also secrete PNP. Indeed, extracellular

PNP activity increases in a time dependent fashion in the culture

medium of U87 cells (Figure 4A).

Importantly, when U87cells were pre-treated with forodesine,

a selective PNP inhibitor, the antiproliferative effects of GMP and

GUO, but not that caused by GUA, were abolished (Figure 4B).

These results suggested that GUA behaves as an endpoint effector of

GBPs-mediated antiproliferative effects.

Since nucleobases are recovered by cells to be reused

intracellularly, we evaluated the involvement of HGPRT, a key

enzyme in the purine salvage pathway, in the GUA-mediated

antiproliferative effect. Interestingly, HGPRT, by converting GUA

and hypoxanthine into GMP and inosine monophosphate,

respectively, regulates GUA levels. To this end, C32 melanoma

cells bearing an active or inactive (C32TG cells) form of this enzyme

were used to assess the impact of HGPRT activity on GUA-

mediated inhibition of cell growth. Interestingly, while GUA

inhibited concentration-dependently the proliferation of

C32 cells, it was ineffective in C32TG cells (Figure 5A).

Conversely, silencing HGPRT in U87 cells significantly reduced

the antiproliferative efficacy of GUA (Figure 5B). Overall, these

results suggested an involvement of this purine salvage enzyme in

GUA signaling, in agreement with previous findings reported by

Garozzo et al. (2010).

Next, to ascertain the relationship of HGPRT with GUA

signaling we determined GPR23 mRNA expression in cells

lacking HGPRT activity. Importantly, C32TG cells showed very

low expression of GPR23 as compared to C32 cells (Figure 5C). In

addition, silencing HGPRT in U87 cells significantly reduced the

mRNA expression of GPR23 (Figure 5D). Conversely,

GPR23 transfection of C32TG and U87 cells silenced for

HGPRT expression rescued the GUA-mediated antiproliferative

effect (Figures 5E,F). These results may suggest that HGPRT

regulation of GUA levels will define GPR23 content and

signaling. Collectively, these findings reinforce the idea that GUA

FIGURE 4
Involvement of PNP activity in GBPs-mediated U87 cell growth inhibition. (A)Activity of PNP present in theU87 cell culturemedium. The growth
medium of cells was collected at different times (i.e., 1, 6 and 12 h) and the PNP activity determined (seeMaterials and Methods). (B) Impact of PNP
inhibition on GBPs-dependent antiproliferative effect. U87 cells were exposed to GMP, GUO or GUA for 72 h, in the presence or absence (w/t) of
forodesine, a PNP inhibitor. Results are expressed as the percentage of cell growth evaluated by the MTT assay in untreated cells (control). All
values are the mean ± SD of 4 independent experiments. Statistical significance: **p < 0.01 vs. cells not treated with forodesine (Student’s t test).
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effect on cell growth would mediate by GUA interaction with

GPR23.

GUA binding to U87 cell membranes

To unequivocally demonstrate that GUA interacts with

GPR23 we performed radioligand binding experiments using

[3H]-GUA and membrane extracts from control and

GPR23 silenced U87 cells. Competition binding experiments

showed that GUA concentration-dependently reduced [3H]-

GUA binding within 2 min (Ki = 0.028 ± 0.0048 µM)

(Figure 6A). GUO also reduced [3H]-GUA binding in a

concentration-dependent manner, but with much lower

potency (Ki = 277.2 ± 48.4 µM). Other GBPs (GMP, GTP)

tested or adenosine (ADO), even administered at

concentrations up to 10 mM, showed a low percentage of

[3H]-GUA binding with a Ki ≥ 1,000 µM (data not shown).

Additionally, we performed saturation isotherm experiments in

which we observed that the binding became saturable at [3H]-GUA

concentrations higher than 100 nM (Figure 6B). The obtained results

were fitted by a computerized non-linear regression analysis and

resolved for the presence of a single high affinity binding site with a

KD = 29.44 ± 4.07 nM and Bmax 1.007 ± 0.035 pmol/mg prot.

(Figure 6C). Importantly, when GPR23 silenced U87 cells

membrane extracts were used the calculated KD value was of

29.59 ± 7.57 nM, whereas Bmax was significantly lower (0.434 ±

0.038 pmol/mg prot) (Figures 6B,C). Collectively, these results

demonstrate the existence of a specific GUA binding site in

membrane extracts from U87, likely being the GPR23.

FIGURE 5
Involvement of HGPRT enzyme in GUA-mediated cell growth inhibition. Concentration-response curves of GUA-mediated antiproliferative
effect in (A) C32 melanoma cells expressing normal (WT, wild type) or inactive HGPRT form (C32TG cells) or (B) U87 wild type cells (WT) or silenced
for HGPRT (U87 HGPRTsiRNA). Furthermore, the mRNA expression of GPR23 was evaluated in C32 (C) and U87 (D) cells by qRT-PCR. Finally,
(E) C32TG cells with mutated HGPRT were transfected to overexpress GPR23 (C32TGcl19 and C32TGcl10) or LacZ construct (C32TGLacZ).
Likewise, (F)U87WT orHGPRT silenced cells were transfected to overexpress GPR23. Afterwards, cells were exposed toGUA as described above. For
the entire duration of experiments, C32TG, -LacZ cells and GPR23 overexpressing clones were cultured in the mediumwithout thioguanine. Results
are expressed as the percentage of cell growth evaluated by the MTT assay in untreated cells (control) in (A,B,E,F) Panels. In all panels, values
represent the mean ± SD of 3 independent experiments. Statistical significance: ***p < 0.001 vs. C32 or U87 WT cells (as for Panels (A,B)) or vs.
C32TGLacZ cells (only as for Panel (E) (ANOVA two-way test); **p < 0.01 and ***p < 0.001 vs. C32 cells with normal HGPRT form or U87 WT cells;
###p < 0.001 vs. U87 si-HGRPT cells (Student’s t test as for panels (C,D,F).
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Discussion

In the present study, we identified GPR23 as a potential GPCR

mediating some of theGBP-induced biological effects reported so far

(Di Liberto et al., 2016; Mancinelli et al., 2020; Di Iorio et al., 2021;

Massari et al., 2021). In particular, we found that GUA can interact

with this receptor causing antiproliferative effects in tumoral cell

lines of glioma and melanoma.

As the first step in our research, we investigated which GPCRs,

whose ligands are still unknown or poorly characterized, showed

sequence similarity to P1-P2 receptors. Once selected some of them

as possible candidates, i.e.; GPR3, GPR21, GPR22, GPR23, LPAR6/

P2Y5 receptors, and after checking for their expression in cell lines,

such as U87 and U873 glioma cell lines responsive to GBPs (Garozzo

et al., 2010), we tested the effect of GBPs, namely GMP, GUO, and

GUA, on the growth of U87 cells. We found that all GBPs decreased

cell proliferation but with different efficacy and potency in their

effects, GUA being the most potent compound. Furthermore, by

specific siRNA silencing of the receptors aforementioned we

observed that only GPR23-silencing reduced the GBP

antiproliferative effects in two different glioma cell lines, mainly

that induced by GUA. Additionally, GPR23-overexpressing clones,

stably transfected with recombinant expression vectors, displayed an

enhanced sensitivity to GUA that was reverted by siRNA-mediated

silencing, thus confirming the role of GPR23 in GUA responses (see

the Scheme 1).

The GPR23 gene (Accession Number NM_005296) (also

called P2Y9 and LPAR4/P2Y5-like) is located on chromosome

Xq13-q21.1, and contains an intronless open reading frame of

1113 bp encoding 370 amino acids (O’Dowd et al., 1997). The

protein sequence shows 33% identities and 56% conserved

amino acid residues vs. P2Y1 ADP receptor. Moreover,

specific sites, involved in ligand interaction and conserved

in P2Y protein family, are present in GPR23 protein. The

consensus sequence SILFLTCIS, found in almost all

functionally defined P2Y receptors (von Kügelgen and

Wetter, 2000), is conserved in GPR23-protein sequence

with a single substitution (SMLFLTCIS). The P2Y1 residue

FIGURE 6
Characterization of [3H]-GUA radioligand binding to U87 cells membrane extracts. In all experiments membrane extracts were incubated with
the indicated drugs under standard assay conditions, i.e., 30 min incubation time, 25°C temperature, pH 7.4). (A) Displacement of 50 nM [3H]-GUA
binding from U87 cell membrane (50 μg protein) by unlabeled GUA or guanosine (GUO) (both at concentrations in the range from 0.001 to 10 μM).
The values are the mean ± SD of three independent experiments, each point in triplicate. Statistical significance (two-way ANOVA test): ***p <
0.001 GUO vs. GUA displacement curve. (B) Saturation binding of [3H]-GUA at 25°C using control and GPR23 silenced U87 cell membranes (50 μg
protein), which were incubated with increasing concentrations (6.25–300 nM) of [3H]-GUA under standard assay conditions. Non-specific binding
was defined in the presence of 500 μM GUA. Values are the means ± SD of four experiments, each point performed in triplicate. Data in the Panel
(A,B)were fitted by a computerized nonlinear regression analysis and resolved with a one site model. (C) Scatchard analysis of the data shown in (B).
For the panels B and C, Bs, bound specific; statistical significance (two-way ANOVA test): ***p < 0.001 vs. control.
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Ser314, that, by mutagenesis studies, has been shown to be

involved in H bond formation with N1 of purine (Jiang et al.,

1997; Moro et al., 1998) is also conserved (+T301), while no

residues involved in interaction with 5′-diphosphate groups

are conserved (Abbracchio et al., 2003; Costanzi et al., 2004).

Further results herein reported convinced us that

GPR23 could be a receptor site for GUA. In particular, we

found that U87 cells released in the extracellular medium the

enzyme PNP that converts GUO (also that deriving from

guanine-based nucleotide metabolism) into GUA.

Accordingly, cell exposure to the enzyme inhibitor, forodesine,

curtailed the inhibitory effect of GMP or GUO on U87 cell

growth, but not that of GUA (see the Scheme 1).

It has also to be mentioned that we previously reported

(Garozzo et al., 2010) that the loss of GUA-induced

antiproliferative effects in a melanoma cell line (C32TG) is

related to expression of a mutated inactive form of HGPRT by

these cells. Likewise, we observed a decreased potency of GUA in

causing antiproliferative effects in U87 cells silenced for HGPRT

transcripts. Noteworthy, the enzyme HGPRT, which catalyzes the

conversion of hypoxanthine or guanine and 5-phospho-α-D-ribose
1-diphosphate (PRPP) to, respectively, inosine 5′-monophosphate

(IMP) or GMP and pyrophosphate (PPi), has recently been

demonstrated to be crucial in other tumoral cells such as those

involved in acute myeloid leukemia (Wang et al., 2022). We have

previously suggested that the excessive intracellular conversion of

GUA in GMP mediated by HGPRT produced an imbalance of

purine nucleotides resulting in a S-phase block of cell cycle (Garozzo

et al., 2010). Accordingly, GBP recycling determined by HGPRT

activity primes differentiation of these cells, reducing their growth

and aggressiveness. Thus, here we wanted to ascertain if HGPRT

were the only determinant factor in accounting for GUA inhibitory

effects on cell growth. Our results showed that both mutated

HGPRT-negative melanoma cell line as well as U87 cells, in

which HGPRT has previously been silenced, expressed very low

levels of GPR23. Clearly, this finding shows a close relationship

between the lack of HGPRT activity and the low GPR23 expression,

which has no obvious explanation and, therefore, needs to be further

investigated. Anyway, the antiproliferative effects of GUA were re-

established by stable transfection of a GPR23 expression construct in

both cell types. Thus, as outlined in the Scheme 1, these results

indicate that the metabolic mechanism linked to the purine salvage

pathway could not be the only one responsible for the growth

inhibitory action of GUA.

SCHEME 1
An outline of the effects promoted by GBPs, mainly GUA, in tumor cell lines. (A) GMP and guanosine (GUO), which are converted to guanine
(GUA) by the sequential activity of the enzymes ecto-5′-nucleotidase and purine nucleoside phosphorylase (PNP), reduced the proliferation of
cancer cell lines used in this study. Indeed, GUA was the actual effector of the effects induced by GMP and GUO, as the inhibition of PNP activity
hindered the effects of these compounds but not that of GUA. GUA inhibited cell growth by interacting with GPR23 receptor, which was
selected by a bioinformatic approach among potential candidates within a list of orphan and/or poorly characterized G-protein coupled receptors
with high purinoceptor similarity. In fact, the enhanced expression of GPR23 in glioma cells or hypoxanthine-guanine phosphoribosyl-transferase
(HGPRT)-mutated melanoma cell lines increased the sensitivity of these cells to GUA. (B) Conversely, silencing of the GPR23 receptor, as induced in
glioma cells, or its low expression, as observed in melanoma cell lines with HGPRT-mutated form, reduced GUA antiproliferative effects. These
findings, together with the results from binding experiments, confirmed the involvement of GPR23 in modulating responses to GUA in cancer cell
lines, although further research is needed to better investigate the relationship between the activity of HGPRT andGPR23 receptor expression as well
as to verify whether this orphan receptor mediates other effects of GUA.
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Finally, the last experiments showing the existence of a

specific binding site for tritiated GUA in membrane of

U87 cells add consistency to the other results so far discussed,

demonstrating that GUA exerts its inhibitory effects on different

tumoral cells lines, at least, by interacting with GPR23.

Noteworthy, [3H]-GUA binding was displaced by unlabelled

GUO, but at concentrations higher than those of unlabelled

GUA, suggesting that GUO could also bind GPR23 but with

lower affinity. Clearly, this aspect deserves further investigation.

In contrast, guanine-based nucleotides or ADO displaced

tritiated GUA at so high concentrations which are usually

considered as not consistent with a selective binding of these

compounds to a receptor, GPR23 in our case.

Regarding specific ligands and biological functions of GPR23,

previous functional studies reported that is activated by LPA

(Noguchi et al., 2003; Lee et al., 2007; Yanagida et al., 2007). For

this compound different receptor isoforms (LPA1-6) have been

recognized, which are distinguished into isoforms belonging to

the endothelial differentiating gene (Edg) family of GPCR and

non-Edg family of purinergic receptors. Among GPCRs, three

receptors for LPA have been identified, termed LPA1, LPA2, and

LPA3 (previously Edg2, Edg4 and Edg7, respectively), with

LPA1/Edg2 being the first identified and most widely

expressed subtype. LPA1, LPA2 and LPA3 receptors are found

in many cell types, exhibit relatively close homology with each

other and show a high affinity for LPA (in the nanomolar range).

In contrast, LPA4 (GPR23/P2Y9), LPA5 (GPR92), and LPA6

(P2RY5) belong to a non-Edg subfamily of purinergic GPCR

clusters (reviewed in Meduri et al., 2021). Since GPR23 has been

suggested to be a fourth receptor for LPA, structurally different

from EDG receptors, it could not be excluded that the decrease of

the GUA-induced antiproliferative effects observed following

GPR23 silencing were a consequence of a decreased LPA-

induced activity of this receptor. However, the basal LPA

concentration in the culture medium, due to the serum

supplementation, is probably too low (0.1 µM) to induce

receptor activation. Clearly, future investigation will address

whether and how LPA, besides GUA, might modify tumor

cell growth interacting with the same receptor, maybe on

different sites. About this possibility, Wetter et al. (2009) have

reported that unknown serum-born compounds can activate

GPR23 or potentiate the response of this receptor to LPA. On

the other hand, the notion that LPA represents the main agonist

of GPR23 has been challenged by Yin et al. (2009) that, using a

GPCR assay that measures beta-arrestin binding to GPCRs, did

not observe any response of GPR23 to LPA up to 100 µM.

In conclusion, findings herein reported indicate that

GPR23 protein can represent a membrane receptor responsive to

extracellular GUA, although the existence of intracellular

mechanisms, even HGPRT-independent and potentiated by

GPR23 expression could be an alternative explanation that

cannot be ruled out. On the other hand, it has been reported that

isolated basolateral membranes of renal proximal tubule express a Gi

protein-coupled receptor for GUA, whose stimulation inhibits the

activity of Na+/K+-ATPase (Wengert et al., 2011). To clarify these

aspects, further experiments are necessary, which will allow to better

characterize the modality through which GUA acts as well as to

define the role played byGPR23 as themembrane receptormediating

the extracellular activity of GUA.
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Adenosine receptors (ARs) have been identified as promising therapeutic targets

for countless pathological conditions, spanning from inflammatory diseases to

central nervous system disorders, from cancer to metabolic diseases, from

cardiovascular pathologies to respiratory diseases, and beyond. This

extraordinary therapeutic potential is mainly due to the plurality of

pathophysiological actions of adenosine and the ubiquitous expression of its

receptors. This is, however, a double-edged sword that makes the clinical

development of effective ligands with tolerable side effects difficult. Evidence of

this is the low number of AR agonists or antagonists that have reached the

market. An alternative approach is to target allosteric sites via allosteric

modulators, compounds endowed with several advantages over orthosteric

ligands. In addition to the typical advantages of allosteric modulators, those

acting on ARs could benefit from the fact that adenosine levels are elevated in

pathological tissues, thus potentially having negligible effects on normal tissues

where adenosine levels are maintained low. Several A1 and various A3AR

allosteric modulators have been identified so far, and some of them have

been validated in different preclinical settings, achieving promising results.

Less fruitful, instead, has been the discovery of A2A and A2BAR allosteric

modulators, although the results obtained up to now are encouraging.

Collectively, data in the literature suggests that allosteric modulators of ARs

could represent valuable pharmacological tools, potentially able to overcome

the limitations of orthosteric ligands.
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Introduction

Adenosine is a fundamental component of human

physiology. It is a major constituent of nucleic acids, of life’s

“energy currency” and signaling molecule adenosine

triphosphate (ATP), as well as a ubiquitous cell function

modulator itself. Adenosine acts as an autocrine/paracrine

mediator with a short half-life whose low extracellular levels

in healthy tissues are maintained mostly by rapid cellular uptake

and cytosolic metabolism by adenosine deaminase or adenosine

kinase (Haskó et al., 2008). However, following tissue injury, cells

release large amounts of ATP, which is then converted to

adenosine by ecto-nucleotidases. Generally, the resulting

increased concentration of adenosine has largely beneficial

effects in acute pathological conditions by restoring tissue

homeostasis (Borea et al., 2016), while its chronic

overproduction can be detrimental and cause inflammation,

fibrosis, and organ damage (Borea et al., 2017). Adenosine

triggers its effects through the interaction with four G-protein

coupled receptors (GPCRs), named A1, A2A, A2B, and A3

adenosine receptors (ARs). Some of the biological functions of

adenosine include, but are not limited to, regulation of

neurotransmitter release, neuronal excitability, heart rate and

contractility, blood flow, platelet aggregation, inflammation and

immune system responses, wound healing, and metabolic

processes (Borea et al., 2018). In addition to the several

physiological effects of adenosine, its receptor-mediated

signaling has many documented effects on the progression of

countless pathological states (Karmouty-Quintana et al., 2013).

Among the main ones, modulation of adenosine receptors has

been indicated as a promising therapeutic strategy in pathological

states such as cancer (Vijayan et al., 2017; Allard et al., 2020),

cardiovascular diseases (Reiss et al., 2019), pain (Vincenzi et al.,

2020a), neurological/neurodegenerative diseases (Blum et al.,

2018; Sebastião et al., 2018; Jenner et al., 2021; Merighi et al.,

2021), neuropsychiatric disorders (Pasquini et al., 2022),

inflammatory diseases (Pasquini et al., 2021; Antonioli et al.,

2022), respiratory diseases (Caruso et al., 2013), ocular diseases

(Spinozzi et al., 2021), diabetes, and other metabolic disorders

(Antonioli et al., 2015; Sanni and Terre’Blanche, 2021). Despite

this encouraging profusion of experimental evidence, relatively

few adenosinergic system-based drugs have so far achieved

clinical approval. When looking for accountability for this

lack of finalization, this cannot be attributed to the lack of

highly affine and selective ligands, as the search for new

ligands has been quite productive (Jacobson et al., 2021;

IJzerman et al., 2022), but rather the redundancy of adenosine

signaling, the agonist-dependent receptor desensitization, and

the broad expression of ARs provide the biggest challenges (Peleli

et al., 2017). As a result of these drawbacks, most attempts to test

orthosteric AR ligands in clinical trials have failed due to

inefficiency or serious and unfavorable side effects. Different

strategies were explored to overcome the above-mentioned

obstacles, including partial agonists (Greene et al., 2016;

Voors et al., 2019), indirect receptor targeting (Kutryb-Zajac

et al., 2020; Wang et al., 2021), prodrugs (Suresh et al., 2020),

multi-target drugs (Huang et al., 2011), but one of the most

promising seems to be allosteric modulation. By affecting

endogenous agonist affinity and/or efficacy, a positive

allosteric modulator (PAM) is an allosteric ligand that

enhances an agonist-mediated receptor response, while a

negative allosteric modulator (NAM) attenuates activity

(Gentry et al., 2015). Other classes include neutral allosteric

ligands (NAL) that bind at the allosteric site without affecting

receptor or orthosteric ligand activity and allosteric agonists,

ligands that directly activate the receptors from the allosteric

site even in the absence of an orthosteric agonist. Traditionally,

GPCRs have been targeted using compounds that bind to the

orthosteric site. Allosteric ligands, binding at sites that are

topologically distinct from the orthosteric sites, have

expanded the ways to manipulate GPCR functionality,

providing several pharmacological advantages and potential

therapeutic benefits (Wootten et al., 2013). Due to the

reduced evolutionary pressure that would ordinarily be

necessary to maintain an orthosteric binding pocket capable

of accepting the endogenous ligand, allosteric sites are less

conserved among related receptor subtypes (Wild et al.,

2014). Furthermore, since allosteric modulators may cause a

variety of conformational changes in GPCR structures, they can

be rationally tailored to create a strong biased signaling

response from a GPCR triggered by an otherwise non-biased

orthosteric ligand (Wold and Zhou, 2018). By imparting biased

modulation upon orthosteric agonists, these allosteric

modulators have the ability to only enhance therapeutically

relevant signaling while preventing on-target side effects (Gao

et al., 2011; Slosky et al., 2021). Apart from allosteric agonists,

allosteric modulators such as PAMs and NAMs only have an

effect in the presence of orthosteric ligands and can enhance or

decrease receptor activation induced by endogenous agonists.

Therefore, they act more physiologically and are predicted to

have fewer adverse effects and tolerance-inducing

consequences than orthosteric ligands. A particularly crucial

element in the case of the short-lived molecule adenosine is the

ability of PAMs and NAMs to finely tune its activity by

following the spatiotemporal distribution of its extracellular

concentration. Another important advantage is the reciprocal

communication with the orthosteric domain: the allosteric

modulator exerts an effect on the binding of the endogenous

ligand, but the latter can also affect the binding of the

modulator. This mechanism supports the selectivity of

allosteric ligands, especially under conditions where there is

a pathology-dependent alteration in the concentration of the

endogenous agonist at a particular site (Draper-Joyce et al.,

2021). This review summarizes the advances in the

development of ARs allosteric modulators (Table 1) that

may provide support for their use as new therapeutic options.
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TABLE 1 Selected in vitro and in vivo studies on AR allosteric modulators.

Compound Type In vivo models Main results References

PD 81,723 ((2-amino-4,5-
dimethylthiophen-3-yl)-
[3-(trifluoromethyl)phenyl]methanone)

A1AR PAM Hyperglycemic cerebral ischemia
and reperfusion in rats

Hippocampal injury reduction
and Morris water maze
performance improvement

Meno et al. (2003)

Renal ischemia-reperfusion injury
in mice

Renal tubular necrosis and
inflammation reduction

Park et al. (2012)

T62 ((2-amino-4,5,6,7-
tetrahydro-1-benzothiophen-
3-yl)-(4-chlorophenyl)
methanone)

A1AR PAM Spinal nerve ligation-induced
mechanical hypersensitivity in rats

Mechanical hypersensitivity
decrease

Pan et al. (2001)

Carrageenin-induced thermal
hypersensitivity in rats

Thermal hypersensitivity decrease Li et al. (2003)

Plantar incision-induced
hypersensitivity in rats

Mechanical hypersensitivity
reduction

Obata et al. (2004)

TRR469 ((2-Amino-4-
[(4-(phenyl)piperazin-
1-yl)methyl]-5-(4-
fluorophenyl)thiophen-
3-yl)-(4-chlorophenyl)methanone)

A1AR PAM Formalin and writhing tests, and
streptozotocin-induced diabetic
neuropathic pain in mice

Acute and chronic pain reduction Vincenzi et al. (2014)

Anxiety behavioral paradigms in
mice

Anxiolytic-like effects Vincenzi et al. (2016)

Glutamate-induced injury in
PC12 cells

Cell death, caspase activation, ROS
production, and mitochondrial
membrane potential loss
abrogation

Vincenzi et al. (2020b)

VCP333 (tert-butyl 2-
amino-3-(4-chlorobenzoyl)-
7,8-dihydro-4H-thieno
[2,3-d]azepine-6(5H)-
carboxylate)

A1AR PAM Ischemia-reperfusion in murine
isolated hearts

Cardiac function improvement
and myocardial cell death
reduction

Butcher et al. (2013)

VCP171 ((2-amino-4-[3-
(trifluoromethyl)phenyl)thiophen-3-
yl]-phenylmethanone)

A1AR PAM Partial nerve-injury neuropathic
pain in rats

eEPSC amplitude of nerve-injury
inhibition

Imlach et al. (2015)
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TABLE 1 (Continued) Selected in vitro and in vivo studies on AR allosteric modulators.

Compound Type In vivo models Main results References

MIPS521 (2-amino-4-
(3,5-bis(trifluoromethyl)phenyl)
thiophen-3-yl) (4-chlorophenyl)
methanone)

A1AR PAM Partial nerve ligation-induced
neuropathic pain in rats

Spinal nociceptive signaling and
mechanical allodynia reduction

Draper-Joyce et al. (2021)

AEA061 (Chemical structure not disclosed) A2AAR PAM LPS-induced endotoxemia in mice Plasma TNF-α and MCP-1 level
reduction, and IL-10 increase

Welihinda and Amento (2014)

LPS-stimulated splenic
monocytes/macrophages

Cytokine/chemokine reduction Welihinda and Amento (2014; Welihinda
et al. (2018)

Imiquimod- or IL-23-induced
psoriasis-like dermatitis in mice

Clinical score and cytokine
expression reduction

Welihinda et al. (2022)

A2AR PAM-1 (3,4-difluoro-2-
((2-fluoro-4-iodophenyl)amino)
benzoic acid)

A2AAR PAM EEG/EMG electrodes implanted
in mice

Slow-wave sleep induction Korkutata et al. (2017, 2019)

KI-7 (2-(1-benzyl-1H-indol-3-yl)-
2-oxo-N-phenylacetamide)

A2BAR PAM Mesenchymal stem cells Osteoblast differentiation and
survival increase

Trincavelli et al. (2014a)

Compound 9 (N-
(4-chlorobenzyl)-2-
(benzofuran-2-yl)glyoxylamide)

A2BAR PAM Mesenchymal stem cells Matrix mineralization stimulation Barresi et al. (2021a)

(Continued on following page)
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TABLE 1 (Continued) Selected in vitro and in vivo studies on AR allosteric modulators.

Compound Type In vivo models Main results References

LUF6000 (CF602) A3AR PAM Adjuvant-induced arthritis in rats Arthritis clinical score reduction Cohen et al. (2014)

Monoiodoacetate-induced
osteoarthritis in rats

Knee swelling and edema decrease

Concanavalin A-induced liver
inflammation in mice

Serum glutamic pyruvate
transaminase and serum glutamic
oxaloacetic transaminase decrease

Diabetic erectile dysfunction in
rats

Intracavernosal pressure increase Itzhak et al. (2022)

LUF6096 (N-[2-(3,4-
dichloroanilino) quinolin-
4-yl]cyclohexane carboxamide)

A3AR PAM Myocardial ischemia/reperfusion
injury in dogs

Infarct size reduction Du et al. (2012)
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Allosteric modulation of ARs

A1AR allosteric modulators

A1ARs are widespread and implicated in many

physiological mechanisms, therefore they are regarded as a

prominent drug target for different diseases. Adenosine

through A1ARs exerts sedative, anticonvulsant, anxiolytic,

and locomotor depressant effects (Varani et al., 2017).

Furthermore, the heart rate and rhythm, the conduction

speed in the atrioventricular node, and cardiac muscle

contraction are negatively controlled by A1ARs (Deb et al.,

2019; Jacobson et al., 2019). In particular, A1AR agonists

mediate cardioprotection through the inhibition of

norepinephrine release (Dinh et al., 2017). An important

role of A1ARs is in nociception, due to their location in

peripheral sensory nerve terminals in the spinal cord dorsal

horn and in supraspinal pain-processing structures (Sawynok,

2016; Vincenzi et al., 2020a). Many studies have been

conducted to exploit the therapeutic potential of these

receptors, but the development of orthosteric agonists has

been hampered by several drawbacks, the main ones being

cardiac side effects and receptor desensitization. An alternative

strategy to exploit the positive effects of A1AR stimulation is

allosteric modulation. Much research effort in recent decades

has been devoted to the synthesis and in vitro and in vivo

evaluation of A1AR PAMs (Romagnoli et al., 2015b; Jacobson

and Gao, 2016). The first and most extensively studied class of

compounds synthesized are the benzoylthiophene derivatives,

the prototype of which is PD 81,723 (Bruns et al., 1990).

Different studies revealed a potential application of PD

81,723 in ischemic injury (Meno et al., 2003; Park et al.,

2012). Another extensively studied compound belonging to

this class of modulators is T62 (Baraldi et al., 2000). It was

effective in reducing nociception and hypersensitivity in

animal models of neuropathic pain (Pan et al., 2001; Li

et al., 2002, 2003; Obata et al., 2004). It was also used in a

phase II clinical trial for postherpetic neuropathic pain.

However, the study was abandoned due to a lack of efficacy

and the presence of transient high levels of liver transaminase

in some patients (Giorgi and Nieri, 2013). Subsequently,

numerous other derivatives were discovered, endowed with

greater allosteric activity (Romagnoli et al., 2008, 2012, 2013,

2014; 2015a). Of these, TRR469 was selected for in vivo studies.

TRR469 has been reported to have an analgesic effect

comparable to that of morphine in animal models of both

acute and neuropathic pain without showing the side effects

typical of orthosteric A1AR agonists such as locomotor

disturbances or sedation (Vincenzi et al., 2014). This

compound also proved effective as an anxiolytic in several

mouse models of anxiety with an effect comparable to that of

diazepam but without the locomotor side effects typical of

benzodiazepines (Vincenzi et al., 2016). Also noteworthy is the

protective effect of TRR469 found in an in vitro model of

glutamate-induced cytotoxicity in neuronal cells (Vincenzi

et al., 2020b). Another series of 2-amino-3-

benzoylthiophene A1AR PAMs were synthesized (Aurelio

et al., 2009), including VCP171, whose in vivo analgesic

effect in a model of neuropathic pain proved weaker than

that of the orthosteric A1AR agonist, but which nevertheless

has greater therapeutic potential due to fewer side effects,

particularly in tissues with higher adenosine concentrations

or A1AR tone (Imlach et al., 2015). Instead, VCP333 has been

shown to improve cardiac function and reduce cardiomyocyte

death following cardiac ischemia (Butcher et al., 2013). The

most recently synthesized is MIPS521, an A1AR PAM that has

shown analgesic effects in models of neuropathic pain by being

able to modulate the high concentrations of adenosine present.

Interestingly, a new binding pocket was identified by studying

the structure of the A1AR bound to adenosine, MIPS521, and

the Gi protein. This lead to hypothesize that the modulator also

exerts its effects by stabilizing the adenosine-receptor-G

protein complex (Draper-Joyce et al., 2021). Recently, a

multisite binding model for A1AR allosteric modulation has

been proposed. It predicts that there are several extracellular

sites capable of binding the modulator, not just a distinct

pocket generally located on the second extracellular loop

(Deganutti et al., 2021).

A2AAR allosteric modulators

Adenosine, mainly through the activation of A2AARs

expressed in peripheral immune cells, represents a potent

inflammatory self-limiting factor (Antonioli et al., 2022).

Depending on the pathology, this can have both positive and

negative impacts. On the positive side, A2AAR activation is

potentially useful for the treatment of autoimmune and

inflammatory diseases (Vincenzi et al., 2013), as evidenced by

the fact that the anti-inflammatory and immunosuppressive

effects of methotrexate, a gold standard for the treatment of

rheumatoid arthritis, as well as some of the anti-inflammatory

effects of sulfasalazine, are mediated by adenosine (Cronstein

and Sitkovsky, 2017). Although A2AAR agonists may be effective

in the treatment of inflammatory illnesses, they are likely to have

too many adverse effects to be tolerated, mainly owing to their

significant hypotensive effect. One alternative approach that

could potentially circumvent the agonist-related side effects

while enhancing the potent anti-inflammatory action of

adenosine is represented by A2AAR PAMs. On the negative

side of adenosine-mediated inflammation suppression, many

solid tumors escape immune response by increasing the

concentration of adenosine in the tumor microenvironment.

Both animal studies and clinical trials have shown that

blocking A2AAR can induce tumor regression (Sun et al.,

2022). Although not yet tested, one can speculate that A2AAR
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NAM could potentially counteract in a spatial-selective manner

the tumor-increased adenosine immunosuppressive action. In

the CNS, blockade of A2AARs is indicated, with varying degrees

of preclinical and clinical evidence, as a promising therapeutic

strategy for Parkinson’s disease, supported by the recent approval

of the antagonist istradefylline as add-on therapy (Chen and

Cunha, 2020), but also for Alzheimer’s disease (Merighi et al.,

2022), acute brain dysfunction (Cunha, 2016), and some

neuropsychiatric disorders such as fragile X syndrome,

depression, and anxiety (Domenici et al., 2019).

Unfortunately, only a small number of A2AAR allosteric

modulators have been reported so far. Some N6-1,3-

diphenylurea derivatives of 2-phenyl-9-benzyladenines and 8-

azaadenines have been suggested to act as allosteric modulators

at the A2AARs (Giorgi et al., 2008). Later, using a fragment

screening technique, some PAMs and NAMs of ARs were

identified. In particular, ZB1854 potentiated the action of the

A2AAR agonist CGS 21680, thereby behaving as a PAM (Chen

et al., 2012). A compound denoted as AEA061 increased

adenosine’s anti-inflammatory properties by allosterically

enhancing its activity at A2AARs in the lipopolysaccharide

(LPS)-induced mouse model of inflammation (Welihinda and

Amento, 2014). In a subsequent work, AEA061 was also shown

to enhance inosine-mediated A2AAR activation and consequent

inhibition of pro-inflammatory cytokine and chemokine

production in splenic monocytes (Welihinda et al., 2018).

Very recently, AEA061 also reduced clinical scores and

cytokine expression in two different models of psoriasis-like

dermatitis induced by imoquimod or IL-23 (Welihinda et al.,

2022). Another A2AAR PAM, named A2AR PAM-1, increased the

total amount of slow wave sleep, from which individuals with

insomnia might benefit, without affecting blood pressure, heart

rhythm, and body temperature as the agonist CGS21680 did

(Korkutata et al., 2017, 2019).

A2BAR allosteric modulators

The A2BAR is widely expressed in organs such as the bladder,

intestine, and lung, as well as in various cell types such as

fibroblasts, smooth muscle, endothelial, immune, and alveolar

epithelial cells (Borea et al., 2018). Of all the ARs, the A2B subtype

is the least characterized from a pharmacological point of view. It

has been proposed as a potential target in acute lung injury, as its

activation with the agonist BAY 60–6,583 led to a reduction in

inflammation and pulmonary edema, and an increase in alveolar

fluid clearance (Eckle et al., 2013; Hoegl et al., 2015; Wang et al.,

2020). Recently, Gnad and others found that activation of

A2BARs restores muscle and brown fat function in elderly and

obese mice to that of young, lean animals, establishing its anti-

aging and anti–obesity potential (Gnad et al., 2022). In addition,

it has been suggested that A2BARs have therapeutic potential in

bone diseases, as their activation appears to promote osteoblast

differentiation and bone formation (Carroll et al., 2012; Corciulo

et al., 2016).

The first class of allosteric modulators for the A2BAR, a series

of 1-benzyl-3-ketoindoles, was serendipitously discovered

(starting from a scaffold previously used to develop

benzodiazepine receptor ligands) and consisted of three PAM

and four NAM (Taliani et al., 2013; Trincavelli et al., 2014b).

Subsequently, one of these A2BAR PAMs, denoted as KI-7, was

shown to enhance the effects of adenosine and synthetic A2BAR

agonists in the differentiation of mesenchymal stem cells (MSC)

to osteoblasts while also increasing differentiated osteoblast

viability (Trincavelli et al., 2014a). More recently, a series of

novel derivatives chemically related to those previously

synthesized has been reported. One of these compounds, a

benzofurane derivative that was confirmed to behave as

A2BAR PAM, stimulated matrix mineralization in MSC,

making it a lead structure for the synthesis of new

compounds with anti-osteoporosis properties (Barresi et al.,

2021a; 2021b).

Since A2BAR blockade may represent a promising approach

for the treatment of some diseases, such as in cancer

immunotherapy (Gao and Jacobson, 2019), A2BAR NAM

could also result in a valuable pharmacological resource.

Interestingly, the well-known selective A2BAR antagonist PSB

603 was recently suggested to act as a NAM, at least in A2B-

mediated cAMP accumulation in HEK 293 cells (Goulding et al.,

2018).

A3AR allosteric modulators

A3AR is expressed in the brain, heart, testis, lung, placenta,

uterus, kidneys, spleen, liver, bladder, and proximal colon, but,

while low expression is found in normal cells, this receptor

subtype is overexpressed in immune and cancer cells (Gessi

et al., 2008). The activation of A3AR mediates anti-

inflammatory, antitumor, and anti-ischemic beneficial effects,

showing a therapeutic potential for the treatment of

inflammatory diseases, such as rheumatoid arthritis and

psoriasis, hepatitis, cancer, glaucoma, cardiovascular diseases,

and cerebral ischemia (Borea et al., 2015).

In addition to some selective A3AR agonists, several series of

allosteric modulators, mainly PAMs, have also been developed,

representing an alternative approach for the treatment of those

aforementioned diseases in which A3AR activation appears to be

a promising therapeutic strategy (Gao et al., 2001, 2002; Göblyös

et al., 2006; Heitman et al., 2009; Kim et al., 2009). However, as

opposed to orthosteric agonists, A3AR PAMs have the benefit of

being able to target regions where adenosine levels are elevated,

such as tumor and inflammatory sites, with low or no effects on

normal tissues where adenosine levels are low.

Among the most well-known A3AR PAMS are the

LUF6000 and LUF6096. LUF6000 is an imidazoquinolinamine
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PAM at the A3AR that showed anti-inflammatory effects in a rat

adjuvant-induced arthritis model, inhibited monoiodoacetate-

induced osteoarthritis development, and exhibited protective

effects in a liver inflammation model of acute hepatitis in

mice. At the molecular level, LUF6000 administration resulted

in a marked deregulation of the NF-κB signaling pathway (Cohen

et al., 2014). Itzhak and co-workers evaluated the effect of

LUF6000 (also known as CF602) on resolving erectile

dysfunction (ED) in a diabetic ED rat model. CF602 increased

intracavernosal pressure, endothelial nitric oxide synthase

(eNOS), and vascular endothelial growth factor (VEGF) levels,

improving erectile function (Itzhak et al., 2022). This compound

may thus provide an alternative treatment for phosphodiesterase

5 (PDE5) inhibitors, which are usually employed in ED therapy,

considering that half of the patients with diabetes do not respond

to PDE5 inhibitors.

In addition, LUF6096, which is structurally similar to

LUF6000, reduced infarct size in a barbital-anesthetized dog

model of myocardial ischemia/reperfusion injury. The infarct

size reduction was equally evident when LUF6096 was

administered in two doses before coronary artery occlusion

and immediately before reperfusion or a single dose

immediately before reperfusion (Du et al., 2012).

Studies conducted by Lane and others suggest that the

endocannabinoid two- arachidonylglycerol (2-AG) acts as a

NAM at the A3AR. This evidence may be especially important

in certain pathological conditions like cerebral ischemia when

levels of 2-AG are elevated and could interact with A3AR

expressed in astrocytes and microglia (Lane et al., 2010).

Conclusion

GPCR allosteric modulators are promising therapeutic

agents. By altering the receptor conformation, they potentiate

or attenuate the effect of the endogenous agonist, acting more

physiologically than orthosteric ligands and offering

spatiotemporal selectivity. The adenosinergic system,

making use of a short-lived autocrine/paracrine mediator,

represents an ideal situation to take advantage of the benefits

of allosteric modulation. The available preclinical results are

encouraging, and there is hope for an acceleration that may

lead to the clinical use of allosteric modulators of ARs.

Nevertheless, no allosteric modulator has entered clinical

trials to date, underlining the challenges in the discovery

and development of this class of compounds. Allosteric sites

generally have a shallow structure-activity relationship and

are often unknown or difficult to discover as they are only

accessible in specific protein conformations. The fact that

allosteric sites are less evolutionarily conserved than

orthosteric ones can lead to species differences that can

hamper their validation. Furthermore, allosteric

modulators have a high propensity for molecular switching

and can show complex in vivo pharmacology. Despite these

challenges to identifying, validating, and developing

allosteric modulators for GPCRs, they have the potential to

become one of the most highly effective and minimally toxic

pharmacological agents.
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The P2X7 ion channel is a key sensor for extracellular ATP and a key trigger of

sterile inflammation. Intravenous injection of nanobodies that block P2X7 has

shown to be beneficial in mouse models of systemic inflammation. P2X7 has

also emerged as an attractive therapeutic target for inflammatory brain

diseases. However, little is known about the ability of nanobodies to cross

the BBB. Here we evaluated the ability of P2X7-specific nanobodies to reach

and to block P2X7 on microglia following intravenous or intracerebral

administration. For this study, we reformatted and sequence-optimized

P2X7 nanobodies for higher stability and elevated isoelectric point. Following

injection of nanobodies or nanobody-encoding adeno-associated viral vectors

(AAV), we monitored the occupancy and blockade of microglial P2X7 in vivo

using ex vivo flow cytometry. Our results show that P2X7 on microglia was

within minutes completely occupied and blocked by intracerebroventricularly

injected nanobodies, even at low doses. In contrast, very high doses were

required to achieve similar effects when injected intravenously. The

endogenous production of P2X7-antagonistic nanobodies following

intracerebral or intramuscular injection of nanobody-encoding AAVs resulted

in a long-term occupancy and blockade of P2X7 on microglia. Our results

provide new insights into the conditions for the delivery of nanobodies to
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microglial P2X7 and point to AAV-mediated delivery of P2X7 nanobodies as a

promising strategy for the treatment of sterile brain inflammation.

KEYWORDS

P2X7 nanobodies, receptor occupancy, functional blockade, intracerebroventricular
delivery, AAV-mediated delivery

1 Introduction

P2X7 is a ligand-gated non-selective cation channel that

structurally assembles as a homomeric trimer (Nicke, 2008).

P2X7 is expressed on the cell surface of various leukocytes,

particularly at high levels on macrophages, microglia (Ferrari

et al., 1996; He et al., 2017; Metzger et al., 2017) and resident

T cells of the kidney (Stark et al., 2018; Borges da Silva et al.,

2020). The physiological ligand of P2X7 is extracellular ATP. During

inflammation, stressed and injured cells release large amounts ofATP

that act as a danger associated molecular pattern (DAMP) (Choi

et al., 2007; Falzoni et al., 2013). In LPS-primed microglia and

monocytes, gating of P2X7 by ATP leads to the influx of Na+

and Ca2+ and the efflux of K+ (Choi and Kim, 1996; Egan and

Khakh, 2004). Intracellular K+ depletion triggers the assembly of the

NLRP3 inflammasome, a multiprotein complex that drives caspase-

1-mediatedmaturation and release of leaderless IL-1β, a key cytokine
of the inflammatory response (Perregaux and Gabel, 1994; Ferrari

et al., 1997; Sanz and Di Virgilio, 2000). Caspase-1 also cleaves

Gasdermin D to generate free N-terminal domains which

oligomerize at the plasma membrane to form pores through

which mature IL-1β is released (Shi et al., 2015; Ding et al., 2016;

Evavold et al., 2018; Heilig et al., 2018). In vitro, ATP-induced pore

formation has also been used to monitor P2X7 activation based on

the increased membrane permeability to fluorescent molecules as for

instance DNA-staining dyes such as DAPI (Yan et al., 2008).

In the CNS, inflammation and ischemia result in the local

release of ATP at the site of tissue injury (Melani et al., 2005; Sanz

et al., 2009; Grygorowicz et al., 2016). In addition,

P2X7 activation on microglia has been implicated in the

pathogenesis of experimental autoimmune encephalomyelitis

(EAE) (Matute et al., 2007; Grygorowicz and Struzynska,

2019), Alzheimer disease (AD) (McLarnon et al., 2006), and

stroke (Franke et al., 2004; Melani et al., 2006; Skaper et al., 2006),

which are often associated with an increased release of IL-1β
(Boutin et al., 2001; Rampe et al., 2004; Jin et al., 2008; Sanz et al.,

2009; Maysami et al., 2016; Grygorowicz and Struzynska, 2019).

Pharmacological antagonists of P2X7 have been proposed as

potential therapeutic tools to control inflammation in the brain.

Because most of them have shown lack of specificity, low potency,

diverse pharmacodynamics, and conversion into ineffective or toxic

metabolites (Bartlett et al., 2014; Bhattacharya and Biber, 2016;

Andrejew et al., 2020), only the BBB-penetrant JNJ-54175446 has

entered into phase II clinical trials for inflammation (Recourt et al.,

2020). Antibodies are highly desirable therapeutic molecules as they

offer high specificity, safety, uniform pharmacodynamics, and low

toxicity. Nanobodies are antibody fragments consisting of a single

variable domain (VHH) of a heavy chain antibody. Nanobodies are

highly soluble and with a small size (~12 kDa), they bind to their

target with high specificity, similar to conventional antibodies

(Hamers-Casterman et al., 1993; Nguyen et al., 2000; Conrath

et al., 2005; Wesolowski et al., 2009). We have previously

generated highly specific P2X7-antagonistic nanobodies that

dampened inflammation in mouse models of allergic contact

dermatitis and experimental glomerulonephritis (Danquah et al.,

2016). However, similar to other biologics, the therapeutic

application of P2X7-antagonistic nanobodies in CNS

inflammation encounters the BBB as physical obstacle which

restricts the passage of molecules with a MW > 500 Da (Fischer

et al., 1998; Pardridge, 2005).

Our goal was to evaluate the CNS delivery of two potent P2X7-

blocking nanobodies, that differ in their isoelectric point (pI), using

different routes of administration. Nanobody 13A7 (pI 5.9)

specifically blocks ATP-induced activation of mouse P2X7 while

nanobody 1c81s (pI 9.7) blocks both mouse and human P2X7,

making it of interest for translational studies. We developed a

sensitive cell-based assay to determine the level of

P2X7 occupancy on brain cells (microglia) in contrast to cells in

peripheral tissue (resident T cells of the kidney, TRMs). We chose

these cell types because of their known high levels of P2X7 on the cell

surface (Metzger et al., 2017; Stark et al., 2018). We used this assay to

evaluate the pharmacodynamics of P2X7 nanobodies after

intravenous or intracerebral injections, as well as after

intramuscular delivery of nanobody-encoding AAV1. The results

demonstrate that an effective targeting of P2X7 on microglia in vivo

can be readily achieved by intracerebroventricular injection of

P2X7 antagonistic nanobodies, even at low doses, but very high

doses are required when injected intravenously. Furthermore, the

endogenous production of P2X7-antagonistic nanobodies 120 days

after transduction of muscle cells with nanobody-encoding AAVs

resulted in a high, albeit not complete, occupancy and blockade of

P2X7 on microglia, whereas transduction of brain cells with

nanobody-encoding AAVs resulted, 28 days later, in a complete

blockade of P2X7 on microglia.

2 Materials and methods

2.1 Antibodies and reagents

The following fluorochrome conjugated monoclonal

antibodies (mAbs) were used for flow cytometry: anti-CD45
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(30-F11), anti-CD4 (GK1.5), anti-CD8 (53-6.7), anti-CD69

(H1.2F3), anti-CD11b (M1/70), anti-mouse IgG1 (RMG1-1),

and purified anti-CD16/CD32, all purchased from Biolegend.

Purified anti-VHH mouse IgG1 antibodies mAbH0077 and

mAbH0074 were received from Ablynx and mAbs specific for

mouse P2X1, P2X4, P2X7 were produced in house (Moller et al.,

2007). Dead-cell staining was performed using DAPI and/or the

AlexaFluor700 LIVE/DEAD Fixable Read Dead Stain Kit

(Biolegend). For immunofluorescence microscopy the

following fluorochrome conjugated reagents were used:

isolectin purchased from Thermofisher, anti-GFP B-2 mAb

(sc-9996) from Santa Cruz, anti-ALFA tag nanobody (1G5)

from Nano-tag technologies and purified anti-ALFA tag

nanobody fused to a rabbit IgG produced in house. DNA

staining was performed with Hoechst 33342 (Thermofisher).

ATP disodium salt was purchased from Sigma.

2.2 Construction and production of
dimeric half-life extended nanobodies

P2X7-specific nanobodies 13A7, 14D5 and a sequence

optimized variant of 1c81 with higher stability and elevated

isoelectric point were engineered into bivalent half-life

extended nanobodies, or bivalent Fc-fused format, as

previously described (Danquah et al., 2016). Nanobody-

constructs were subcloned into the pCSE2.5 expression vector

either carrying at the C-terminus a tandem SNB tag (Schaffer

et al., 2010) or carrying at the N-terminus an ALFA-tag (Gotzke

et al., 2019). All nanobody constructs were produced as secretory

proteins in transiently transfected HEK-6E cells cultivated in

serum-free medium (cells provided by Ives Durocher, Montreal,

Canada). After 6 days, cell-supernatants were harvested and

clarified by centrifugation. Nanobodies were purified from the

supernatants by affinity chromatography using protein A

columns (GE Healthcare) and formulated at high

concentrations (15–50 mg/ml) in an in-house low aggregation

buffer (5.8 mg/ml sodium phosphate monobasic, monohydrate;

1.2 mg/ml sodium phosphate dibasic, anhydrous; 60 mg/ml

trehalose; 0.4 mg/ml Tween®; pH 6.5). Integrity and purity

were confirmed by SDS-PAGE and Coomassie brilliant blue

staining.

2.3 Cell-based P2X7 binding assay

HEK 293 cells were transiently transfected with expression

plasmids encoding the indicated proteins (eGFP, P2X1, P2X4,

P2X7) using Lipofectamine 2000 (Life Technologies) according

to the manufacturer’s recommendations. Cells were then

sequentially incubated with the indicated nanobodies,

mAbH0077 and BV421-conjugated anti-mouse IgG1 antibody.

For the expression controls, cells were stained with the indicated

AF647-conjugated specific mAbs (anti-mouse P2X1, P2X4,

P2X7, in house). Cells were analyzed by flow cytometry (BD-

FACS-Celesta).

2.4 Real-time and endpoint calcium influx
and DAPI uptake assays

For the real time experiments, primary mixed glial co-

cultures were loaded with 2 μM Fluo-4 (Invitrogen) for

15 min at 37°C, washed and resuspended in PBS

supplemented with Ca2+ and Mg2+. Cells were incubated with

1 μg of the indicated nanobodies for 20 min and after addition of

DAPI, cells were analyzed by flow cytometry (BD-FACS-Canto).

An infrared lamp was used to maintain a constant temperature

during sample measurement. After equilibration, 0.5 mM ATP

(Sigma) was added at the indicated time point (Veltkamp et al.,

2022). Alternatively, Fluo-4 loaded HEK cells stably expressing

mouse P2X7 were incubated with the indicated serially diluted

nanobodies and stimulated with 1.5 mM ATP for 15 min.

Intracellular Ca2+ was measured by fluorimetry on a plate

reader heated at 37°C (Victor3, Perkin Elmer). For endpoint

DAPI uptake assay, brain cells from nanobody-injected mice

were stimulated with 0.5 mM ATP in RPMI containing DAPI, in

presence or absence of 0.5 μg of the same nanobody. Cells were

washed in ice cold FACS buffer and CD11b+ CD45+ microglia

were analyzed by flow cytometry.

2.5 IL-1β release assays

Mixed glial primary co-cultures were incubated at 37°C

sequentially with LPS (1 μg/ml) for 4 h and with serial

dilutions of the respective nanobodies for an additional

30 min. ATP (0.5 mM) was then added to the cells and, after

30 min of stimulation, the cells were centrifuged. IL-1β levels

were determined in the supernatants by ELISA (Biolegend).

2.6 Animals

Wild-type, P2X7−/− (Labasi et al., 2002) and BAC transgenic

P2X7-eGFP (line 17) (Kaczmarek-Hajek et al., 2018) mice in

C57BL/6 background (8–12 weeks old) were bred in the animal

facility of the University Medical Center Hamburg-Eppendorf.

Animals had free access to water and standard animal chow. All

animal experiments and experiments involving tissue derived

from animals were performed with approval of the responsible

regulatory committee (Hamburger Beho€rde fu€r Justiz und

Verbraucherschutz, G12/130, N006/2018, 021/18, and French

Ministry of Higher Education, Research, and Innovation,

APAFIS #27816). All methods were performed in accordance

with the relevant guidelines and regulations.
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2.7 Systemic injections of nanobodies and
fluorochrome-conjugated CD45-
specific mAb

Purified nanobodies were adjusted to the indicated

concentrations in a sodium-phosphate buffer containing

trehalose (60 mg/ml) and Tween® (0.4 mg/ml) and injected at

the indicated doses either i.v. (100 µl) into the tail vein or i.c.v.

(2 µl). PerCP-conjugated anti-CD45 mAb was adjusted to a

concentration of 10 μg/ml, and 100 µl (1 µg) were injected

into the tail vein 2–3 min before sacrifice. Mice were deeply

anesthetized by isoflurane inhalation and then perfused

transcardially with PBS-heparin (10 U/ml) for 4 min using a

peristaltic pump at a rate of 8 ml/min. Shortly before perfusion,

blood was drawn by terminal cardiac puncture. Nanobody

encoding-AAV1 viral vectors were produced by Virovek,

Hayward, United States (Gonde et al., 2021). For muscle

transduction, mice were anesthetized and 1011 viral genomes

in 50 μl of PBS were injected per mouse in the gastrocnemius

muscle located in the hindlimb. For CNS cell transduction, as

above, 1011 viral genomes of nanobody-encoding AAV1 viral

vectors were administered either i.c.v. (4 μl) or intracisterna

magna (i.c.m.) (20 μl) per mouse.

2.8 Preparation of microglia-astrocyte co-
cultures

Neonatal C57BL6 mice were sacrificed by decapitation.

Brains were dissected and the olfactory bulb, cerebellum and

meninges were removed under the microscope. A cell suspension

was prepared by mincing brain tissue in Hank’s balanced salt

solution. Cell pellets were collected and treated with 0.5 mg/ml

papain (Sigma) and 0.01 mg/ml deoxyribonuclease type I

(Sigma) in Hank’s balanced salt solution, for 30 min at 37°C.

Cells were then resuspended with BME medium supplemented

with 10% FCS and filtered through a 70 μm cell strainer (EASY

strainer, GBO). Cell pellets were collected, resuspended in 10%

FCS BME medium and cultured in T-75 flasks (Sigma) for

21 days at 37°C with 5% CO2.

2.9 Preparation of primary brain microglia,
kidney leukocytes and splenocytes

After removal of the olfactory bulb and cerebellum, brains

were cut into small 1–5 mm pieces in DMEM containing 1 mg/

ml collagenase A (Roche) and 0.01 mg/ml deoxyribonuclease

type I (Sigma) and incubated for 30 min at 37°C. Tissue

fragments were dissociated using a 40 μm cell strainer (EASY

strainer, GBO). Kidneys were cut with into small 1–5 mm

fragments in DMEM containing 10% fetal calf serum, 0.4 mg/

ml collagenase D (Roche) and 0.02 mg/ml deoxyribonuclease

type I (Sigma) and dissociated at 37°C for 30 min using a

GentleMACS apparatus (Miltenyi Biotec). Cell pellets were

gently resuspended and layered onto a 30% (brain cells) or

40% (kidney cells) Percoll gradient (GE healthcare) and bands

corresponding to leucocytes were collected. Spleens were minced

in DMEM, 10% FCS using a 70 μm cell strainer (EASY strainer,

GBO). Cells were washed and red-blood-cells were lysed using

ACK erythrocyte lysis buffer (155 mM NH4Cl, 10 mM KHCO3,

0.1 mM EDTA, pH 7.2). After washing, cells were resuspended in

FACS Buffer.

2.10 Immunofluorescence microscopy

Frozen brain sections from i.c.v. injected mice (5 µm thick)

were air-dried, fixed with methanol for 10 min at −20°C and

washed with PBS. Autofluorescence was quenched with 50 mM

NH4Cl for 7 min at room temperature. After washing,

unspecific binding was blocked with 5% BSA in PBS for

45 min at room temperature. For immunostaining, sections

were rinsed with PBS and incubated with an anti-ALFA-tag

nanobody-rabbit IgG in blocking solution overnight at 4°C.

After washing with PBS supplement with Ca2+ and Mg2+,

sections were stained with AF488-conjugated isolectin (1:

100) and either a AF555-conjugated anti-rabbit IgG antibody

or an AF647-conjugated anti-ALFA-tag nanobody (1:500).

Sections were counterstained with Hoechst 33342 in PBS

supplement with Ca2+ and Mg2+ for 45 min at room

temperature and mounted with ProLongTM Gold antifade

mountant (Invitrogen) on glass slides. Staining was evaluated

with a THUNDER Imager 3Dmicroscope (Leica Microsystems,

Mannheim. Germany) fitted with a LED8 filter setup and a

4.2 MP sCMOS camera. Images were acquired using 40x (NA:

1.1) and 63x (NA: 1.1) objectives.

2.11 Flow cytometry

All incubations with antibodies were carried out at 4°C for

20 min, washing steps and cell-resuspension with FACS Buffer

(2% BSA, 1 mM EDTA in PBS). Data was collected with a (BD-

FACS-Celesta) system using Diva software, and data was

analyzed using the Flowjo software (Tree Star).

2.12 Statistical analyses

All statistical analyses were performed with the SPSS package

and Graph Pad Prism 5.1 software. All data are expressed as

means ± SE. The student t test was used for comparison between

two groups. In case of three or more groups, one-way ANOVA

was used, followed by a post hoc analysis with Bonferroni’s test

for multiple comparisons.
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3 Results

3.1 Engineering and functional
characterization of nanobodies

The P2X7-specific nanobodies (Nb) used in this study were

engineered as half-life extended bivalent formats of 13A7

(antagonist) (Danquah et al., 2016), a sequence optimized

variant of 1c81 (antagonist) and 14D5 (allosteric enhancer)

(Danquah et al., 2016). Dimerization was conceived to increase

the binding avidity and thus enhance functional potencies. The

half-life extension was achieved either by C-terminal fusion to an

albumin-specific nanobody Alb11 (Tijink et al., 2008) (dim HLE),

or by fusion to the Fc domain of mouse IgG1 (dim Fc) (Figure 1A).

Alb11 binds to the serum albumin, thereby increasing the half-life

of the construct, and the Fc-region mediates a longer half-life by

binding to the neonatal Fc receptor (FcRn). The molecular weight

of the dim HLE format is 45 kDa and that of the dim Fc format is

FIGURE 1
Engineering and functional characterization of P2X7 nanobodies for brain targeting. (A) Schematic representation of half-life extended bivalent
mouse P2X7-specific nanobodies 1c81s, 13A7 and potentiator 14D5 fused to an albumin specific nanobody, Alb11 (dim HLE) or to the hinge and Fc
domain of mouse IgG1 (dim Fc). Nanobody dimers are connected through a 35 Gly-Ser linker and fused to Alb11 with a 9 Gly-Ser linker, or are
connected to the Fc domain of mouse IgG1 through the hinge region. The predicted molecular weight of the bi-specific trimers is 45 kDa and
that of the reconstituted 13A7 mouse IgG1 heavy chain antibody is 90 kDa. The predicted isoelectric point (pI) for dim HLE formats of 1c81s and
13A7 and dim Fc format of 13A7 is shown. (B) Binding of P2X7 nanobodies to mouse P2X1, P2X4 or P2X7 on the cell surface of HEK cells co-
transfected with GFP and the respective P2X receptor. Bound nanobodies were detected with anti-VHHmonoclonal antibody mAbH0077 followed
by a BV421-conjugated anti-mouse IgG1 antibody (upper panels). As controls, HEK cells were stained with the indicated AF647-conjugated mAbs
(lower panel). Gating of transfected HEK cells was performed on GFP+ cells (MFI, mean fluorescence intensity). (C) Functionality of P2X7 nanobodies
to inhibit the ATP-dependent channel activation in stable mouse P2X7-expressing HEK cells (HEKP2X7). HEKP2X7 loaded with the Ca2+ indicator Fluo-4
were incubated with serial dilutions of monovalent or bivalent HLE nanobodies, and after addition of ATP (1.5 mM), the release of Fluo-4 was
monitored over time. The graphs show average Fluo-4 endpoint measurements (n = 3)+/-SD at 20 min. (D) Flow cytometric analysis of function of
P2X7 nanobodies on primary murine microglia loaded with Fluo-4 in the presence of DAPI. The fluorescence intensity was measured for 4 min
following addition of ATP (0.5 mM). The 14D5-dim HLE nanobody enhanced P2X7 function and was included as positive control. (E) Functional
inhibition of ATP-induced IL-1β release by primary glial cultures in the presence of bivalent HLE nanobodies. The IL-1β concentration was measured
by ELISA in the supernatant of cells treated with 1.5 mM ATP for 30 min (n = 3, average+/-SD). All IC50 values were calculated with Prism software.
Data are representative of two (B–D) or three (E) independent experiments. Samples in D and E were pooled from two mice.
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90 kDa. The increase in size also contributes to half-life extension

by reducing renal filtration.

Previous studies reported that anti-GFP nanobodies with an

isoelectric point (pI) > 8 show enhanced passage across the BBB,

likely following the adsorptive mediated transcytosis mechanism

(Li et al., 2012; Li et al., 2016). Therefore, we increased the pI of

1c81 by introducing two basic amino acids in framework regions

1 and 4 (Q3K, Q122K), and fusing to the C-terminus a tandem of

the highly basic SNB tag (Schaffer et al., 2010) (Figure 1A).

To verify that the sequence modification did not affect the target

binding of 1c81, we analyzed by flow cytometry the binding of 1c81-

dim HLE, 1c81s-dim HLE and 13A7-dim to HEK cells co-transfected

with GFP and expression constructs for either mouse P2X1, P2X4 or

P2X7.All engineerednanobodies bound specifically to P2X7but not to

P2X1 and P2X4 (Figure 1B).We also confirmed that the dimerization

of these nanobodies increased their blocking potency. For this we

monitored the ATP-induced gating of P2X7 revealed by the influx of

Ca2+ into HEK cells stably expressing mouse P2X7 (HEKP2X7).

Fluorometric analyses of Fluo-4 loaded HEKP2X7 showed that

bivalent nanobodies blocked the ATP-induced Ca2+ influx with 7-

fold higher potencies than their monovalent counterparts (Figure 1C).

Since extracellular ATP also induces large pore formation in P2X7-

expressing cells, we simultaneously monitored DAPI uptake and Ca2+

influx in adult primary microglia by real-time flow cytometry. The

results showed that 13A7-dim HLE, 1c81-dim HLE and 1c81s-dim

HLE effectively blocked, during the entire time of measurement, both

ATP-induced DAPI uptake and Ca2+ influx in microglia. In contrast,

14D5-dim HLE enhanced both ATP-induced induced effects in

microglia (Figure 1D).

ATP binding to P2X7 also triggers a K+ influx that activates the

inflammasome to process caspase-1 (Perregaux andGabel, 1994). In

turn, active caspase-1 cleaves Gasdermin D (GSDMD) and pro-IL-

1β into mature IL-1β. Next, the N-terminal GSDMD forms pores in

the plasmamembrane that mediate the release of IL-1β (Heilig et al.,
2018). To assess whether P2X7-antagonistic bivalent HLE

nanobodies block IL-1β release by microglia, we measured by

ELISA the levels of IL-1β in the supernatant of mixed primary

glial cultures primed with LPS and treated with ATP. All evaluated

P2X7-antagonistic bivalentHLE nanobodies (13A7-dimHLE, 1c81-

dim HLE and 1c81s-dim HLE) inhibited the release of IL-1β from

microglia in a dose dependent fashion and with high potency

(Figure 1E). Taken together, these data demonstrate that ATP-

induced Ca2+ influx, DAPI uptake and IL-1β release by primary

mouse microglia is mediated by P2X7 and that the engineered

P2X7-specific nanobodies block with high potency all these effects.

3.2 In vivo binding of P2X7 bivalent HLE
nanobodies to immune cells in the brain
and in the kidney

To assess the ability of P2X7-specific nanobodies to reach

immune cells in various tissues following different routes of

administration, we designed a flow cytometric assay that allows

detection of the injected nanobody on the cell surface of P2X7-

expressing cells (Figure 2A). Briefly, purified nanobodies were

injected into mice either i.v. or i.c.v. or produced endogenously

after intramuscular injection of nanobody-encoding AAV.

Respectively after 4 h, 18 h or 120 days of injection, we

evaluated the binding of P2X7-specific nanobodies on target

cells. Three minutes before sacrifice, mice were injected with a

PerCP-conjugated CD45-specific mAb to label vascular immune

cells and thereby distinguish them from resident cells in the

parenchyma (Anderson et al., 2014). Blood samples were

collected to determine the concentration of unbound soluble

nanobodies in serum. Residual vascular nanobodies were

removed by perfusion with PBS-heparin (Figure 2A). Cell

suspensions from brain and kidney were prepared and

counterstained ex vivo with two panels of antibodies,

including a second, fluorochrome-conjugated CD45-specific

mAb (Figure 2B). The degree of P2X7 occupancy achieved by

the injected nanobody was analyzed on brain microglia and

resident memory T cells (TRM) from the kidney, two cell

types known to express high levels of P2X7 (Stark et al., 2018;

Borges da Silva et al., 2020) (Figure 2B). To validate this assay, we

first injected i.v. 15 mg/kg of 1c81-dim HLE and analyzed the

samples 4 h later. Bivalent HLE nanobodies bound to P2X7 on

microglia and TRMs were detected with anti-VHH mAbH0077,

that binds to Alb11, followed by a BV421-conjugated mouse

IgG1-specific mAb. For comparison, we determined the maximal

occupancy of P2X7 by bivalent HLE nanobodies on both cell-

types by incubating a separate aliquot with a saturating dose of

the same nanobody construct (Figures 2A,B). The data validated

the assay and demonstrated the presence of bivalent HLE

nanobodies at the surface of both cell types, fully occupying

P2X7 on kidney TRMs and, as expected, at a lower level of

occupancy on microglia (Figures 2A,B). We analyzed brain

levels of bivalent HLE nanobodies for up to 7 days after i.v.

injection and 28 days after i.c.v. injection. The time points shown

in the following three figures correspond to those at which

plateau levels of maximal P2X7 occupancy were reached in

the brain.

3.3 Intravenous injection of a high dose of
bivalent HLE nanobodies results in full
occupancy and full blockade of P2X7 on
microglia

Conventional antibodies (150 kDa), hardly penetrate the

brain. In fact, only between 0.1 and 0.7% of the injected

antibody dose was detected in the brain (Rubenstein et al.,

2003; Abuqayyas and Balthasar, 2013; Bousquet and Janin,

2014; Bousquet et al., 2016). In case of nanobodies, it has

been reported that a high pI increases brain penetration (Li

et al., 2012; Li et al., 2016). To test whether the pI effect also
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FIGURE 2
In vivo occupancy of cell surface P2X7 by injected bivalent HLE nanobodies. (A) The scheme illustrates the experimental set-up to determine the
level of target occupancy of P2X7 in different tissues using different routes of administration of P2X7-specific nanobodies. Bivalent HLE nanobodies
were injected either i.v. or i.c.v. into mice and sacrificed after 4 h or 18 h. In addition, a single i.m. injection of nanobody-encoding AAV was
performed for endogenous production of nanobodies, and mice were sacrificed after 120 days. Prior to sacrifice, a CD45-specific mAb was
injected i.v. to stain vascular leukocytes. A blood sample was obtained to determine the level of unbound nanobodies in serum and vascular
nanobodies were removed by transcardial perfusion. Brain and kidney cell suspensions were analyzed for cell surface-bound nanobodies by
detection with anti-HHV mAbH0077 followed by BV421-conjugated mouse IgG1-specific mAb. As control, cells were incubated ex vivo with a
saturated dose of the same nanobody (+Nb-dim HLE ex vivo) to assess the maximal level of P2X7 occupancy. (B) Parenchymal brain cells (top) were
detected with a second CD45-specific mAb and microglia were identified as the parenchymal CD45int/CD11bhi population. Renal parenchymal cells
(bottom) were detected with a second CD45-specificmAb and tissue resident helper T cells (TRMs) were identified as the parenchymal CD45hi/CD4+/
CD69+ population. Histogram overlays show the MFI of BV421-stained-nanobodies bound to P2X7 on microglia and TRMs 4 h after i.v. injection of
15 mg/kg bivalent HLE nanobodies, controls from non-injected mice. Data are representative of three independent experiments. Dot plots shown
are from a single mouse. An independent experiment refers to an experiment with a single mouse per condition, in which all mice were analyzed on
the same day.
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modulates the BBB crossing of bivalent HLE nanobodies, mice

were administered i.v. with P2X7 nanobodies with a high pI

(1c81s-dim HLE) or a low pI (13A7-dim HLE) in serially titrated

doses from 150 mg/kg to 1.5 mg/kg. Four hours later, nanobody

binding to P2X7 on microglia in the brain (Figure 3A) and TRMs

in the kidney (Figure 3B) was analyzed. Both nanobodies bound

to cell-surface P2X7 on microglia in a dose dependent manner

(Figures 3A,C), reaching full occupancy of P2X7 on microglia

only with the highest dose (150 mg/kg) (Figures 3A,C). Following

injection of the lowest dose of 1.5 mg/kg, bivalent HLE

nanobodies were barely detectable on microglia. In contrast,

this low dose was sufficient to fully occupy P2X7 on TRM cells

within 4 h after injection (Figure 3B). These results show that the

pI of a bivalent HLE nanobody does not appear to be a critical

determinant for brain penetration, and that penetration into the

brain parenchyma requires >100-fold higher doses of i.v. injected

FIGURE 3
Full occupancy and full blockade of P2X7 on microglia is achieved by a high dose of intravenously injected P2X7 nanobodies. Titrated amounts
of the indicated bivalent HLE nanobodies were injected i. v. and 4 h later the occupancy of P2X7 by the nanobody was analyzed on microglia and
kidney-resident helper T cells (TRMs), as described in Figure 2. Flow cytometry dot plots of microglia (A) or renal CD4+ T cells (B) illustrate the relative
occupancy of P2X7 achieved by the indicated concentrations of i. v. injected nanobodies. The maximal target occupancy is depicted after ex
vivo addition of a saturating dose of nanobodies (+ Nb ex vivo). (C)Graphs display the dose-dependent MFI of P2X7 staining onmicroglia obtained by
i. v. injection of nanobodies (open circles); closed circles = maximal staining obtained after ex vivo addition of saturating nanobodies. (D)
P2X7 function, as determined by the ATP-induced DAPI uptake by microglia, was assessed by flow cytometry in the absence (open circles) or
presence (closed circles) of saturating nanobodies added ex vivo. Cells were treated with 0.5 mM ATP at 37°C for 5 min (E) MFI of DAPI is displayed
here as overlaid histograms. (F) Circulating nanobodies were analyzed in the serum of injected mice. Serum (1:100) was incubated with HEKP2X7 and
bound bivalent HLE-nanobodies were detected by anti-VHH mAb. Graphs illustrate the MFI of HEKP2X7 cells versus the dose of i. v. injected Nb-dim
HLE. Data are representative of three (13A7-dim HLE) and five (1c81s-dim HLE) (A–C), or three (13A7-dim HLE) and six (1c81s-dim HLE) (D–F)
independent experiments. Dot plots shown are from a single mouse. An independent experiment refers to an experiment with a single mouse per
condition, in which all mice were analyzed on the same day.

Frontiers in Pharmacology frontiersin.org08

Pinto-Espinoza et al. 10.3389/fphar.2022.1029236

108

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1029236


nanobodies than those required to penetrate into the kidney

parenchyma.

To evaluate the capacity of the in vivo-bound bivalent HLE

nanobodies to block gating of P2X7 on microglia, brain cells were

incubatedwith ATP in the presence of DAPI and the ATP-induced

uptake of DAPI by microglia was measured by flow cytometry

(Figure 3D). The results show a dose dependent inhibition of ATP-

induced DAPI uptake by microglia (Figures 3D,E). Only the

highest injected dose (150 mg/kg) achieved almost complete

blockade of P2X7-mediated DAPI uptake (Figures 3D,E).

The serum levels of bivalent HLE nanobodies 4 h after i.v.

administration was determined by flow cytometry assay on stable

HEK-mouse P2X7 cells (HEKP2X7) (Figure 3F). The results

revealed that the level of unbound nanobodies in the serum of

mice that had received doses higher than 5 mg/kg saturated all

available P2X7 on HEKP2X7 cells, whereas the serum of mice that

had received 1.5 mg/kg showed ~2-fold lower levels of unbound

nanobodies (Figure 3F). ELISA analyses (Supplementary Figure

S1A) indicate that the concentration of unbound bivalent HLE

nanobodies circulating in serum at 4 h correlate with the injected

FIGURE 4
Full occupancy of P2X7 on microglia is achieved after an i.c.v. injection of a low dose of P2X7 nanobody. Titrated amounts of bivalent HLE
nanobody 1c81s-dim HLE were injected i. c.v. and 18 h later the occupancy of P2X7 by the nanobody was analyzed onmicroglia and kidney-resident
helper T cells (TRMs), as described in Figure 2. Flow cytometry dot plots of microglia (A) or renal CD4+ T cells (F) illustrate the relative occupancy of
P2X7 achieved by the indicated concentrations of i. c.v. injected nanobodies versus the maximal occupancy achieved after ex vivo addition of
saturating nanobodies (+ Nb ex vivo). (B) Graph displays the dose-dependent MFI of P2X7 staining on microglia obtained by i.c.v. injection of
nanobodies (open circles); closed circles = maximal staining obtained after ex vivo addition of saturating nanobodies. (C) P2X7 function, as
determined by the ATP-induced uptake of DAPI by microglia, was assessed by flow cytometry in the absence (open circles) or presence (closed
circles) of saturating nanobodies added ex vivo. (D) MFI of DAPI displayed as overlaid histograms. (E) The presence of circulating nanobodies was
evaluated in the serum of injected mice. Bivalent HLE-nanobodies in serum (1:100) bound to HEKP2X7 cells were detected by anti-VHHmAb. Graphs
illustrate the MFI of HEKP2X7 cells versus the dose of i.c.v. injected Nb-dim HLE. Data are representative of four (A,B and F) or five independent
experiments (C–E). Dot plots shown are from a singlemouse. An independent experiment refers to an experiment with a singlemouse per condition,
in which all mice were analyzed on the same day.
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dose (Supplementary Figure S1B), revealing that approximately

60% of the injected dose was still circulating in serum 4 h after

injection.

3.4 Intracerebroventricular injection of a
low dose of bivalent HLE nanobodies
results in full occupancy and full blockade
of P2X7 on microglia

The BBB restricts the access of i.v. administered nanobodies to

cells within the CNS. It has been shown that the i.c.v route of

administration was efficient to deliver nanobodies to their target

throughout the brain (Gomes et al., 2018). To evaluate whether

P2X7 nanobodies bind to their target on microglia following i.c.v.

injection, we carried out a dose response analysis with 1c81s-dim

HLE (Figure 4). Doses from 5mg/kg to 0,05 mg/kg were injected in

a small volume (2 µl) into a cerebral ventricle and 18 h later,

binding of nanobodies to P2X7 on microglia was analyzed. The

results show that a dose of 0.5 mg/kg of bivalent HLE nanobodies

achieved full occupancy of P2X7 on the surface of microglia, and

even the low dose of 0.15 mg/kg results in almost complete

P2X7 occupancy on microglia (Figures 4A,B). A dose of

5 mg/kg sufficed to fully block ATP-induced DAPI uptake by

microglia (Figures 4C,D).

To determine whether i.c.v. injected bivalent HLE nanobodies

had leaked into peripheral circulation, the level of nanobodies in

serumwas determined indirectly by stainingHEKP2X7 cells with these

sera. The results show detectable nanobody levels in circulation

which, however, do not suffice to fully occupy P2X7 on HEKP2X7

cells (Figure 4E). The determination of the concentration of

circulating bivalent HLE nanobodies by ELISA (Supplementary

Figure S1A) showed that approximately 10–30% of the injected

dose was detected in serum 18 h after i.c.v. injection (Supplementary

Figure S1C).

To determine whether nanobodies that had leaked into

peripheral circulation also reached P2X7 on the cell surface of

parenchymal T cells of the kidney, renal TRM cells were analyzed

for occupancy of P2X7 18 h after i.c.v. administration of 1c81s-dim

HLE (Figure 4F). The results show full occupancy of P2X7 on TRM

cells of the kidney after injection of doses starting at 0.5 mg/kg and

higher, and a substantial occupancy already after an injection of

0.05 mg/kg (Figure 4F).

3.5 P2X7 nanobodies are detected on the
cell surface of microglia on brain sections
24h after i.c.v. administration

We next set out to directly visualize on brain sections the

occupancy of P2X7 on the cell surface of microglia after i.c.v.

injection of bivalent HLE nanobodies. Since the mAbH0077-based

detection system did not yield signals in fluorescence microscopy, we

constructed a bivalent HLE nanobody bearing at the N-terminus the

ALFA-tag (Gotzke et al., 2019). The ALFA-tagged 1c81s-dim HLE

nanobody was injected i.c.v. to mice (1.5 mg/kg), and 24 h later

P2X7-bound nanobodies were detected via their ALFA-tag with an

ALFA-specific nanobody. As controls we injected N-ter tagged 1c81-

dims HLE into P2X7-deficient mice (Labasi et al., 2002) and P2X7-

transgenic mice that overexpress a P2X7-eGFP fusion protein under

the control of the endogenous P2X7 promotor (Kaczmarek-Hajek

et al., 2018) (Figure 5). Our findings show that 1c81s-dimHLE bound

to the cell surface of microglia on brain cryosections of wt mice but

not that of P2X7−/− mice (Figure 5). Moreover, sections of P2X7-

eGFP transgenic mice showed colocalization of P2X7-eGFP with the

injected nanobody onmicroglia (Figure 5). These results confirm that

the i.c.v. injection route efficiently delivers P2X7-targeting

nanobodies to microglia.

3.6 A low dose of i.c.v. injected bivalent
HLE nanobodies suffices to rapidly and
durably occupy and block P2X7 on
microglia

To study the kinetics of P2X7 occupancy on microglia by

1c81s-dim HLE after i.c.v. administration, we injected i.c.v. into

mice 1.5 mg/kg of this nanobody in 2 μl, and analyzed

P2X7 occupancy by flow cytometry at different time points from

10min to 28 days (Figure 6). The results show, that 1c81s-dim HLE

already completely occupied all available P2X7 on microglia within

10 min after injection (Figures 6A,C). P2X7 on microglia remained

fully occupied by 1c81s-dimHLE until day 3. A steady decrease in the

occupancy ofmicroglial P2X7 by 1c81-dimsHLEwas observed in the

following 2 weeks until it reached a plateau at day 21 (Figures 6A,C).

Because we had previously observed that i.c.v. injected 1c81s-dim

HLE leaked into systemic circulation and reached P2X7 on the cell

surface of TRM cells in the kidney (Figure 4F), we analyzed

P2X7 occupancy by the injected nanobody on these cells at

the indicated time points. The results show that little if any

1c81s-dim HLE had reached P2X7 on the cell surface of kidney

TRMs within 10min after i.c.v. injection (Figures 6B,D). However,

within the next hour, 1c81s-dim HLE leaked into peripheral

circulation, reaching full occupancy of P2X7 on TRM cells at

80 min after i.c.v. injection (Figures 6B,D). Subsequently,

occupancy of P2X7 on TRMs declined much faster than that of

P2X7 on microglia (Figures 6C,D). By day 14, P2X7 occupancy

on TRMs had already diminished to a low level suggesting that

most of the nanobody had been cleared from the circulation

(Figures 6B,D). Controls showing the ex vivo staining with

saturating amounts of nanobodies, indicate that the levels of cell

surface P2X7 remained high during the entire duration of the

experiment (Figures 6C,D).

Our findings demonstrated that a single i.c.v. injection of

30 μg 1c81s-dim HLE leads to rapid and long-term occupancy of

P2X7 on microglia (Figures 6A,C). Consistently, a long-term
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blockade of ATP-induced DAPI-uptake by microglia was

observed up to 17 days after i.c.v. injection (Figure 6E).

In addition, the level of 1c81s-dim HLE in serum was

determined by staining of HEKP2X7 with sera of the injected

mice (Figure 6F). The results confirmed that nanobodies were

barely detectable in serum at 10 min after i.c.v. injection, but

subsequently the nanobodies leaked into systemic circulation

reaching maximum levels in serum at 40 min after i.c.v. injection.

After this time point, the amount of 1c81s-dim HLE in serum

progressively decreased until it was no longer detectable after day

10 (Figure 6F). Notably, the levels of 1c81s-dim HLE detected in

serum show a similar time course of appearance and clearance as

the levels of P2X7 occupancy on renal TRM cells, with nanobody

levels in serum peaking a few minutes earlier than on TRMs

(Figures 6D,F).

3.7 Intracerebral injection of an
AAV1 encoding 13A7-dim Fc results,
28days later, in a complete functional
blockade of P2X7 on microglia and splenic
T cells

We have recently shown that AAV-mediated in vivo delivery

of nanobody-encoding genes is an effective alternative route for

nanobody administration, i.e., by endogenous production of

nanobodies by AAV transduced muscle cells (Gonde et al.,

2021). To determine whether nanobodies endogenously

produced in the brain can reach P2X7 on the surface of

microglia, we injected i.c.v or intracisterna magna (i.c.m.) an

AAV1 vector coding for the P2X7-blocking 13A7-dim Fc

(Figure 1A) (Gonde et al., 2021). P2X7 blockade of DAPI-

uptake was evaluated on microglia 28 days after injection of

AAV1 coding for 13A7-dim Fc (Figure 7A). The results show a

marked ATP-induced uptake of DAPI by microglia of control

animals but not of mice injected with AAV1 coding for 13A7-

dim Fc (Figure 7B). Similar effects were observed for splenic

T cells (Figure 7C), indicating that nanobodies that were

produced in the brain had also entered the circulation and

reached the spleen. These results reveal the ability of the

AAV1 to transduce cells within the CNS, which mediated the

in vivo production and delivery of nanobodies both locally to

microglia in the CNS and systemically to T cells in the spleen.

3.8 Complete P2X7 inhibition on microglia
was achieved 120days after i.m. injection
of AAV1-encoding 13A7-dim Fc, and
almost full P2X7 occupancy after injection
of AAV1-encoding 13A7-dim HLE

Since our results indicate that a very high systemic dose of

nanobodies (150 mg/kg) is required to detect effective brain

uptake, we next sought to determine the effect of long-term

endogenous production of nanobodies by AAV-transduced

muscle cells. We injected into the gastrocnemius muscle

AAV1 coding for P2X7 nanobodies in two bivalent formats,

13A7-dim HLE and 13A7-dim Fc (Figure 1A). The level of

P2X7 occupancy by the endogenously produced nanobody-

constructs was analyzed on microglia and TRM cells of the

FIGURE 5
Detection of P2X7 nanobodies bound to the cell surface of microglia on brain sections. Target binding of 1c81s-dim HLE nanobody on brain
cryosections was determined 24 h following i. c.v. injection of a low dose of 0.5 mg/kg in wildtype mice. P2X7-deficient mouse and a P2X7-eGFP
transgenic mouse expressing high levels of P2X7-eGFP fusion protein were used as controls. For this experiment an ALFA-tagged version of
1c81s-dim HLE nanobody has been used, allowing detection on brain sections with an ALFA-specific nanobody (red). Microglia are stained with
isolectin (cyan) and P2X7-eGFP with an eGFP-specific mouse monoclonal antibody (mAb) (green). (v) point to blood vessels brightly stained with
isolectin and (m) shows microglial cells weakly stained with isolectin. Data are representative of two independent experiments. Dot plots shown are
from a single mouse. An independent experiment refers to an experiment with a single mouse per condition, in which all mice were analyzed on the
same day.
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FIGURE 6
Long-term occupancy and blocking of P2X7 on microglia are achieved after a single i.c.v. injection of a low dose of P2X7 nanobody. Mice were
injected i.c.v. with 1.5 mg/kg 1c81s-dim HLE in 2 μl volume. At the indicated time points, the occupancy of P2X7 by the nanobody was analyzed on
microglia and kidney-resident helper T cells (TRMs), as described in Figure 2. Flow cytometry dot plots of microglia (A) or renal CD4+ T cells (B)
illustrate the relative occupancy of P2X7 achieved at the indicated time points after i.c.v. injection of nanobodies versus themaximal occupancy
achieved after ex vivo addition of saturating nanobodies (+ Nb ex vivo). Graphs display the time-dependent MFI of P2X7 staining onmicroglia (C) and
renal CD4+ T cells (D) obtained by i.c.v. injection of nanobodies (open circles); closed circles = maximal staining obtained after ex vivo addition of
saturating nanobodies. (E) P2X7 function, as determined by the ATP-induced DAPI uptake bymicroglia, was assessed by flow cytometry. Histograms
display the MFI of DAPI uptake by microglia. (F) The presence of circulating nanobodies was evaluated in the serum of injected mice. Bivalent HLE
nanobodies in serum (1:100) bound to HEKP2X7 cells were detected by anti-VHH mAb. Graph illustrates the MFI of HEKP2X7 cells versus the time after
i.c.v. injection of Nb-dim HLE. Data are representative of five (A–D and F) or four independent experiments (E). Dot plots shown are from a single
mouse. An independent experiment refers to an experiment with a single mouse per condition, in which all mice were analyzed on the same day.
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kidney 120 days after AAV-transduction (Figure 8). The results

show that 13A7-dim HLE had achieved a substantial coverage of

P2X7 onmicroglia (Figure 8A) and complete P2X7 occupancy on

kidney TRM cells (Figure 8B). Consistently, the sustained in vivo

expression of 13A7-dim HLE led to a significant, albeit only

partial blockade of ATP-induced DAPI-uptake by microglia.

Interestingly, endogenously produced 13A7-dim Fc completely

blocked P2X7 function on microglia (Figure 8C). In addition,

levels of 13A7 dim-HLE in serum were analyzed indirectly by

staining of HEKP2X7 cells with sera from AAV-transduced

mice (Figure 8D) and by ELISA (Supplementary Figure

S1A,D). The results indicate that the serum contained

saturating amounts of antibodies even after 120 days of i.m.

injection of nanobody encoding AAV. Together, AAV1-

nanobody delivery in the muscle provides sufficient high

systemic levels of nanobodies to reach P2X7 on the cell

surface of microglia in the brain.

4 Discussion

In the present study we show that P2X7 expressed on the cell

surface of microglia can be effectively targeted by

intracerebroventricular injection of P2X7 antagonistic

nanobodies, as well as by the AAV-mediated endogenous

production of such nanobodies after intracerebral or

intramuscular injection of nanobody-encoding AAV1.

We evaluated the brain delivery of P2X7-antagonistic

nanobodies to target microglia in the brain using different

routes of administration: i.v., i.c.v. and the AAV-mediated

endogenous production of nanobodies after transduction of

brain or muscle cells with nanobody-encoding AAVs. Two

antagonistic and well characterized anti-P2X7 nanobodies

were used in this study, 13A7 and 1c81, which have similar

blocking potencies (Danquah et al., 2016). Bivalent formats with

extended serum half-life were used, generated either by

FIGURE 7
Complete inhibition of P2X7 on microglia and splenic T cells 28 days after intracerebral injection of P2X7 nanobody-encoding AAV1. (A) Mice
were injected into the brain either i.c.v. or intracisterna magna (i.c.m.) with 1011 viral genomes of an AAV1 vector coding for 13A7-dim Fc (Figure 1).
After 28 days, P2X7 function, as determined by the ATP-induced DAPI uptake by microglia and splenic T cells, was analyzed by flow cytometry.
Histograms show the MFI of DAPI uptake by microglia (B) or splenic Tregs and conventional CD4+ and CD8+ T cells (C). Below, bar diagrams
illustrate the ATP-induced DAPI uptake by the indicated cell population of AAV1-injected mice or control mice. Data are representative of two
independent experiments. Dot plots shown are from a single mouse. An independent experiment refers to an experiment with a single mouse per
condition, in which all mice were analyzed on the same day.
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fusion to the hinge and Fc domain of mouse IgG1, or by

fusion to an albumin-specific nanobody. The intravenous

route is the easiest to translate to the clinic but also

proved to be the least effective. Very high amounts of

nanobodies were necessary to achieve coverage of P2X7 on

microglia. The i.c.v. route was most effective, achieving rapid

and long-term coverage of P2X7 on microglia after injection

of very low doses. However, as a highly invasive procedure,

this would be restricted to exceptional cases in the clinic. A

single injection of nanobody encoding AAV1 into either the

skeletal muscle or the cerebrospinal fluid also provided

effective and long-term delivery of P2X7-blocking

nanobodies to microglia in the brain. A major problem of

this mode of application is the difficulty to control the levels

and duration of antibody production in vivo. Moreover, due

to the induction of a host antibody response directed against

the AAV capsid, this mode of application is limited, at best, to

a single injection per AAV serotype.

It is well known that the BBB restricts the passage of

intravenously injected therapeutic proteins from the

circulation into the brain. Preclinical studies in mice showed

that only a small fraction of antibodies reaches the brain after

intravenous injection (e.g., 0.7% of the injected dose of 8 mg/kg)

(Abuqayyas and Balthasar, 2013). In humans treated

intravenously with therapeutic antibodies trastuzumab or

rituximab, the concentrations in the cerebrospinal fluid

reached around 0.1–0.2% of the serum concentration

(Rubenstein et al., 2003; Bousquet and Janin, 2014). In

FIGURE 8
Near complete target occupancy and complete P2X7 inhibition on microglia 120 days after i.m. injection of AAV1 vectors coding for
P2X7 nanobodies. Mice were injected i. m. with 1011 viral genomes of AAV1 coding for 13A7-dimHLE and 13A7-dim Fc. After 120 days, the occupancy
of P2X7 by the nanobodies was analysed on microglia and kidney-resident helper T cells (TRMs), as described in Figure 2. Flow cytometry dot plots of
microglia (A) or renal CD4+ T cells (B) illustrate the relative occupancy of P2X7 at 120 days after i.m. injection of AAV1-Nb versus the maximal
occupancy achieved after ex vivo addition of saturating nanobodies (+Nb ex vivo). Bar diagrams illustrate the occupancy of P2X7 onmicroglia (A) and
renal CD4+ T cells (B) obtained from AAV1-Nb injected and control mice (n = 3/group). (C) P2X7 function, as determined by the ATP-induced uptake
of DAPI by microglia, was assessed by flow cytometry. Bar diagrams illustrate DAPI uptake by microglia from three AAV1-Nb injected and three
control mice in the absence (- Nb ex vivo) or presence (+ Nb ex vivo) of saturating nanobodies added ex vivo. (D) Circulating nanobodies were
measured in the serum of transduced mice. Serum (1:100) was incubated with HEKP2X7 cells. Bound 13A7-dim HLE nanobodies were detected by
anti-VHH mAb and BV421-conjugated IgG1-specific mAb, and bound 13A7-dim Fc nanobodies by BV421-conjugated IgG1-specific mAb. Bar
diagrams illustrate the MFI of HEKP2X7 cells from AAV1-Nb injected and control mice (n = 3/group). Dot plots shown are from a single mouse. An
independent experiment refers to an experiment with a single mouse per condition, in which all mice were analyzed on the same day.
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addition, it has been shown that the access to the brain of

systemically administered anti-rabies nanobodies is dependent

on the dose and the half-life of the nanobody construct. Thus,

a high dose (75 mg/kg) of intraperitoneally injected half-life

extended rabies nanobodies rescued mice from disease (Terryn

et al., 2014). Our results are consistent with these studies. We

showed that intravenously injected nanobodies required a very

high dose (150 mg/kg) in order to effectively cover P2X7 on

microglia within the brain parenchyma. Previous studies

reported that nanobodies with a high pI show better

translocation into the brain than the corresponding variants

with a lower pI (Li et al., 2012; Li et al., 2016). However, in the

case of the high pI nanobody 1c81s, intravenous injections did not

result in an improved access to microglial cells in the brain

parenchyma. A possible explanation for the discrepancy

between our and previous findings could be the different sizes

of the nanobody constructs that were used, i.e., monomeric

nanobodies (15 kDa) (Li et al., 2012; Li et al., 2016), three times

smaller than those used in our study (bivalent half-life extended

nanobodies, 45 kDa). Fusion of the P2X7-blocking nanobodies to a

ligand for a receptor or molecule that induce transcytosis across

the BBB would be a conceivable option for improving brain uptake

of systemically injected proteins, e.g., fusion to a transferrin

receptor binding agent (Niewoehner et al., 2014; Haqqani et al.,

2018; Wouters et al., 2020; Stocki et al., 2021).

As expected, using the intracerebroventricularly route, a 100-fold

lower dose of 1c81s-dim HLE (0.5 mg/kg) was sufficient to achieve

complete occupancy and blockade of P2X7, which lasted up to

3 weeks after injection. Notably, 10 min after i.c.v. injection,

P2X7 was already completely occupied on microglial cells in the

brain. Interestingly, we found that i.c.v. injected nanobodies also

bound to P2X7 on peripheral parenchymal CD4+ T cells of the

kidney, indicating that the i.c.v. injected nanobody rapidly reached

the blood circulation. Renal parenchymal CD4+ T cells revealed

complete occupancy of P2X7 by the i.c.v. injected nanobody within

80 min, which lasted up to 7 days.

Furthermore, and consistent with the observed relatively low

levels of circulating nanobodies in serum, the occupancy of P2X7 by

the injected nanobody faded more rapidly on parenchymal renal

CD4+ T cells than on microglia. These findings are consistent with

the notion that proteins are cleared from the CSF to blood circulation

via arachnoid projections and lymphatic vessels (Ma et al., 2017;

Hladky and Barrand, 2018).

Finally, our study evaluated the capacity of endogenously

produced nanobodies to reach P2X7 on microglia. In a previous

study we had shown that AAV-mediated delivery of nanobody-

encoding genes into the skeletal muscle results in long term

endogenous production of nanobodies by the AAV-transduced

muscle cells (Gonde et al., 2021). Here we show that a single

injection of a heavy chain antibody-encoding AAV1 into the

intracerebral ventricle or the cisterna magna results in an efficient

production of the antibodies in the brain, leading to a full functional

blockade of P2X7 within at least 28 days. Moreover, even a single

intramuscular injection of AAV1 coding for 2 different formats of

P2X7 nanobodies (dim-Fc or dim-HLE) achieved a strong functional

blockade of P2X7 on microglia 120 days after transduction. The

slightlymore effective blockade achieved by the heavy chain antibody

(dim-Fc) in comparison to the bivalent-HLE (dim-HLE) could reflect

differences in endogenous production or longer serum half-life

in mice.

In conclusion, our data provide new and deeper insights into

the conditions (route, dose, and time of administration) for

nanobody-mediated targeting of P2X7 on microglia. Our results

suggest that, in particular, the nanobody-encoded AAV delivery,

either intracerebral or intramuscular, could be a promising new

therapeutic strategy for the treatment of sterile brain inflammation.
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Origin, distribution, and function
of three frequent coding
polymorphisms in the gene for
the human P2X7 ion channel
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P2X7, an ion channel gated by extracellular ATP, is widely expressed on the

plasma membrane of immune cells and plays important roles in inflammation

and apoptosis. Several single nucleotide polymorphisms have been identified in

the human P2RX7 gene. In contrast to other members of the P2X family, non-

synonymous polymorphisms in P2X7 are common. Three of these occur at

overall frequencies of more than 25% and affect residues in the extracellular

“head”-domain of P2X7 (155 Y/H), its “lower body” (270 R/H), and its “tail” in the

second transmembrane domain (348 T/A). Comparison of the

P2X7 orthologues of human and other great apes indicates that the

ancestral allele is Y—R—T (at 155–270–348). Interestingly, each single amino

acid variant displays lower ATP-sensitivity than the ancestral allele. The

originally published reference sequence of human P2X7, often referred to as

“wildtype,” differs from the ancestral allele at all three positions, i.e. H—H—A.

The 1,000 Genome Project determined the sequences of both alleles of

2,500 human individuals, including roughly 500 persons from each of the

five major continental regions. This rich resource shows that the ancestral

alleles Y155, R270, and T348 occur in all analyzed human populations, albeit at

strikingly different frequencies in various subpopulations (e.g., 25%–59% for

Y155, 59%–77% for R270, and 13%–47% for T348). BLAST analyses of ancient

human genome sequences uncovered several homozygous carriers of variant

P2X7 alleles, possibly reflecting a high degree of inbreeding, e.g., H—R—T for a

50.000 year old Neanderthal, H—R—A for a 24.000 year old Siberian, and

Y—R—A for a 7,000 year old mesolithic European. In contrast, most

present-day individuals co-express two copies of P2X7 that differ in one or

more amino acids at positions 155, 270, and 348. Our results improve the

understanding of how P2X7 structure affects its function and suggest the

importance of considering P2X7 variants of participants when designing

clinical trials targeting P2X7.
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Introduction

Extracellular ATP is an important signaling molecule

that can regulate numerous biological processes

(Zimmermann 2000; la Sala et al., 2003; Lazarowski

et al., 2003; Burnstock 2006; Khakh and North, 2006).

The human genome encodes seven ionotropic P2X

purinoceptors, i.e., ATP-gated ion channels designated

P2X1-P2X7 (with corresponding genes designated

P2RX1-P2RX7) (Di Virgilio et al., 2001; North 2002; Vial

et al., 2004). Among these, P2X7 is widely expressed on the

plasma membrane of immune cells and plays important

roles in inflammation and apoptosis (Di Virgilio 1995;

Surprenant et al., 1996; Ferrari et al., 2006). P2X7 differs

from other P2X receptors by its relatively low sensitivity to

ATP and by its relatively long cytoplasmic C-terminus

(North and Surprenant, 2000; North, 2002). P2X7 has

been proposed to function as a key regulator of

inflammation and plays a crucial role in the ATP-

dependent processing and release of the leader-less

proinflammatory cytokines IL-1β and IL-18 (Ferrari

et al., 1997; Perregaux et al., 2000; MacKenzie et al.,

2001; Solle et al., 2001; Gudipaty et al., 2003;

Mariathasan et al., 2006). P2X7 has been implicated in

the killing of mycobacteria and chlamydia residing inside

macrophages (Lammas et al., 1997; Fairbairn et al., 2001;

Coutinho-Silva et al., 2003), fusion of monocyte-derived

cells into multinucleated epithelioid cells (Chiozzi et al.,

1997; Di Virgilio et al., 1999), the apoptosis of regulatory

T cells (Seman et al., 2003; Aswad et al., 2005; Auger et al.,

2005; Hubert et al., 2010), and the shedding of the CD62L

homing receptor from circulating T cells (Jamieson et al.,

1996; Gu et al., 1998; Seman et al., 2003).

The crystal structure of truncated panda (Ailuropoda

melanoleuca) P2X7 encompassing the extracellular ATP-

binding domain and two transmembrane segments

(Karasawa and Kawate, 2016; Karasawa et al., 2017) as well

as the cryo-EM structure of native rat P2X7 (McCarthy et al.,

2019) have provided insights into the modes of ATP binding

and gating.

In the human population, single amino acid polymorphic

substitutions (R307Q, T357S, E496A, and I568N) and a 5′-
intronic splice site polymorphism have been shown to result

in a reduced or absent P2X7 functions (Gu et al., 2001; Wiley

et al., 2003; Gu et al., 2004; Sluyter et al., 2004; Skarratt et al.,

2005; Shemon et al., 2006). Moreover, splice variants leading

to receptors lacking the cytoplasmic tail have been detected,

which may account for reduced P2X7 functions in some

normal tissues as well as in tumor cells overexpressing

those variants by antagonizing the function of the normal

variant (Feng et al., 2006). Two polymorphisms in the

sequence of the human P2X7, H155Y, and A348T

were reported as gain-of-function mutants (Cabrini et al.,

2005).

The 1,000 Genomes Project provides the reconstructed

genomes of a global sample of 2.504 individuals from

26 populations with about 500 samples from each of five

continent ancestry groups in Africa (AFR), East Asia (EAS),

Europe (EUR), South Asia (SAS), and the Americas (AMR)

(Clarke et al., 2012; Delaneau et al., 2014; Auton et al., 2015;

Clarke et al., 2017). This resource provides a rich data set on

the distribution of common and rare genetic variations in

humans. A typical human genome contains an estimated 4.1-

5 million single nucleotide polymorphisms (SNPs) and short

indels and 2,100 to 2,500 structural variants that affect more

bases, e.g., large deletions, copy number variants, inversions

(Auton et al., 2015). The majority of SNPs are rare (64 Mio

with a frequency of <0.5%), a smaller proportion (12 Mio)

has a frequency between 0.5% and 5% and even fewer SNPs

(8 Mio) have a frequency of >5%. A typical

human genome contains 10,000 to 12,000 sites

with peptide-altering sequence variants, i.e., on

the average one such variant in every other protein-

coding gene.

The goal of this study was to compare the distribution of

coding SNPs in human P2X7 to those in its paralogues, its

orthologues in today’s great apes and DNA samples from

ancient humans. We established protocols to determine the

alleles of P2X7 and measure their sensitivity to ATP in

human blood samples. Our results indicate that most

humans co-express two alleles of P2X7 that differ in one

or more amino acids. This correlates with high

interindividual variation in the sensitivity of

lymphocytes to extracellular ATP.

Methods

Database searches and sequence analyses

Data on coding SNPs in the P2RX gene family was

retrieved from the 1,000 Genome Project via the Ensemble

genome browser (Cunningham et al., 2022). Blastp and

Tblastn (Madden et al., 1996; Ye et al., 2006) searches of

the NCBI nucleotide database were performed using the

“wildtype” human P2X7 sequence (Rassendren et al., 1997)

as query. P2X7 amino acid sequences were aligned using

T-Coffee (Notredame et al., 2000).
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Sequencing of human P2RX7 gene
fragments and structural modelling of
P2X7 variants

Genomic DNA was isolated from peripheral blood

mononuclear cells (PBMC) using a commercial DNA isolation

kit (StemCell Technologies). Appropriate primer pairs were used to

PCR amplify exons 5, 8, and 11. PCR amplification products were

analyzed by agarose gel electrophoresis. Bands of the expected size

were extracted from gel slices using a commercial DNA fragment

purification kit (Qiagen). Fragments were sequenced using

appropriate primers. DNA sequences were analyzed using

Genescript (Hudek et al., 2003). P2X7 variants were modelled

using AlphaFold 2 (Jumper et al., 2021; Jumper andHassabis, 2022).

Evaluation of the functionality of
P2X7 variants by flow cytometry

PBMC were pre-incubated with P2X7-specific mAb L4

(Buell et al., 1998) or Nb Dano1 (Danquah et al., 2016) for

15 min at 4°C and then further incubated for 20 min at 37°C

in RPMI medium in the absence or presence of ATP (Seman

et al., 2003; Adriouch et al., 2008). Cells were then stained

with fluorochrome-conjugated Annexin V and antibodies

against CD62L (DREG-56), CD4 (RPA-T4), and CD8 (SK1)

for 20 min before analysis by flow cytometry on a FACS-

Canto (BD).

Results

The human P2RX7 gene contains sixteen
coding SNPs with a minor allele frequency
of >0.5%

We used the resource of the 1,000 Genome Project (Clarke

et al., 2012; Delaneau et al., 2014; Auton et al., 2015; Clarke et al.,

2017) to determine the distribution of common coding

mutations in P2RX7. The results reveal three frequent variants

(minor allele frequency >25%) (Table 1). Two of these affect

amino acid residues in the extracellular ATP-binding domain

(Y155H, R270H) while the third affects an amino acid in the

transmembrane domain (T348A). The P2RX7 gene contains four

further common non-synonymous variants with a minor allele

frequency of >5% (E496A, T357S, Q460R, and V76A) and nine

coding SNPs with a frequency of 0.5%–5%. Table 1 also shows the

minor allele frequencies of eleven coding SNPs determined

previously by the Wiley lab by genotyping P2RX7 of

3,430 Caucasians (Stokes et al., 2010). Three of these coding

SNPs occur at more than two-fold higher frequency in the

Caucasian population.

The six paralogues of the P2RX7 gene
together contain seven SNPs with a minor
allele frequency of >0.5%

We performed similar analyses for the other six members of

the P2RX gene family. The results reveal that the six paralogues

of P2RX7 contain much fewer coding SNPs than P2RX7

(Table 2). P2RX3 contains a single coding SNP with a

frequency of >25% (A383E). P2RX4 and P2RX6 each contain

a single coding SNP with a frequency of 5%–25% (S258G,

R242H, respectively). And the six genes together contain

only four further non-synonymous variants with a frequency

of 0.5%–5%. Figure 1 schematically illustrates the location of the

coding SNPs with frequencies >0.5% in the human P2RX gene

family.

The three high frequency polymorphisms
of human P2X7 (H155Y, R270H, and
A348T) occur in all major human
subpopulations

We next compared the allele frequencies of the three most

frequent coding SNPs in human P2RX7 in different human

TABLE 1 Frequencies of 20 coding SNPs in the human P2X7 gene. SNPs
are sorted according to the minor allele frequency (maf) in the
sample of the 1,000 Genomes Project; maf (Stokes) refers to a sample
of 3,430 Caucasians genotyped by Stokes et al., 2010.

SNP maf maf (Stokes) residue exon mutation

rs208294 0.461 0.439 155 5 Y/H

rs1718119 0.308 0.400 348 11 A/T

rs7958311 0.289 0.255 270 8 R/H

rs3751143 0.192 0.175 496 13 E/A

rs2230911 0.144 0.083 357 8 T/S

rs2230912 0.068 0.170 460 13 Q/R

rs17525809 0.054 0.062 76 2 V/A

rs2230913 0.037 521 13 H/Q

rs10160951 0.036 430 12 P/R

rs28360459 0.029 433 13 A/V

rs74357548 0.011 423 12 D/N

rs28360447 0.010 0.018 150 5 G/R

rs7958316 0.010 0.020 276 8 R/H

rs1653624 0.009 0.029 568 13 N/I

rs34219304 0.010 522 13 V/I

rs16950860 0.008 270 8 R/C

rs28360457 0.004 0.013 307 R/Q

rs28360460 0.003 578 R/Q

rs28360445 0.002 117 R/W

rs200840067 0.002 582 P/S
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populations. The results show that both alleles are found in all

analyzed human populations, albeit with strikingly different

allele frequencies in some subpopulations (Figure 2). For

example, 86% of alleles of Peruvians in Lima (PEL) carry

the SNP coding for Histidine at position 155, whereas 78% of

alleles of Luhya in Webuye, Kenya (LWK) encode Tyrosine at

this position. For the 270 R/H SNP, the majority of alleles in

all human populations encode R270 (from as low as 56% of

Chinese in Beijing (CHB) to as high as 94% of Indian Telugu

in the UK (ITU). And for the SNP encoding residue 348, the

vast majority of alleles (94%) in Peruvians in Lima (PEL)

encode A348, while a small majority of alleles of Esan in

Nigeria (ESN) (53%) encode T at this position.

Y155, R270, and T348 represent the
ancestral haplotype of P2X7

The cDNA for human P2X7 that was originally cloned by

Rassendren et al. (1997) from a commercially available cDNA

library (Clontech, San Diego, United States) contained H155,

H270 and A348, i.e., it contained the major allele of the AMR

TABLE 2 Coding SNPs in other members of the P2RX gene family with a frequency >0.5%. nd = none detected.

SNP Gene exons Length (aa) maf exon mutation

rs34617528 P2RX1 12 399 0.008 1 M53V

Nd P2RX2 11 471 nd nd nd

rs34572680 P2RX3 12 397 0.019 2 A71T

rs115850675 P2RX3 12 397 0.005 5 R145Q

rs2276038 P2RX3 12 397 0.432 12 A383V

rs25644 P2RX4 12 404 0.176 7 S258G

rs61748727 P2RX5 12 444 0.018 12 E419K

rs2277838 P2RX6 12 441 0.078 7 R242H

FIGURE 1
Distribution of coding SNPs inmembers of the human P2RX gene family. Schematic illustration of the exon/intron structures of the human P2RX
gene family. The positions of coding SNPs are indicated above the exons. The color of the font indicates the frequency of the respective mutation in
the overall human population: >25% red, 5%–20% black, 0.5%–5% blue among the ~2.500 individuals from five continental regions analyzed by the
1,000 Genomes Project. The amino acid residues of the major and minor alleles are given in single letter code, before and after the position of
the amino acid residue in the native protein, respectively. Numbers on the right indicate the chromosomal localization of the respective gene. P2RX4
and P2RX7 are immediate chromosomal neighbors on chromosome 12. P2RX1 and P2RX5 are separated by five other genes on Chromosome 17.
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population at positions 155 and 348, but the minor allele at

position 270. In this paper, Rassendren et al. (1997) compared the

predicted amino acid sequence of human P2X7 with that of its

previously cloned orthologue from rat (Surprenant et al., 1996).

Interestingly, at each of these positions rat P2X7 carries the

respective other allele (Y155, R270, and T348) (Surprenant et al.,

1996).

Using the “wildtype” sequence cloned by Rassendren et al.

(1997) as query for BLAST analyses of the NCBI gene

database, we obtained the deduced amino acid sequences of

the P2X7 orthologues from chimpanzee, bonobo, and gorilla.

Figure 3 shows the amino acid sequence alignment of the

P2X7 orthologues of the great apes. The results show that all

sequenced great apes carry Y155, R270, and T348, indicating

that these represent the ancestral haplotype of P2X7. The

“wildtype” human P2X7 deviates from the chimpanzee

sequence only at these positions (H155, A270, and A348).

The bonobo P2X7 sequence differs from human and the other

great apes only at position F483L. Gorilla P2X7 differs from

that of the other great apes at three other positions (N158K,

R518Q, and A528T).

Mutations from the ancestral allele were
present already in ancient humans

With BLAST analyses we also retrieved P2X7 variants

from several ancient human DNA samples (Table 3).

Interestingly, a 7.000 year old Spanish human carried the

ancestral Y155 allele, while the older Siberian (24 ka) and

Neanderthal (60 ka) carried the variant H155 allele. At

position 348, the Neanderthal carried the ancestral

T348 allele, whereas the younger Siberian and Spanish

humans carried the variant A348 allele. The results indicate

that both, the ancestral and variant alleles, were present in

ancient human DNAs.

Most present-day humans carry two
different alleles of P2RX7

The allele frequencies illustrated by the pie charts in

Figure 2 suggest that most human beings carry two

different alleles of P2X7. Native P2X7 is expressed as a

homotrimer on the cell surface. If both alleles were co-

expressed, P2X7 receptors on the cell surface would be

composed of a mixture of four different combinations of

two polypeptide chains. In order to identify the variants of

P2X7 at these positions in different human samples, we

established a protocol to PCR amplify and sequence the

three exons (5, 8, and 11) carrying these mutations. The

results show that this strategy allows the rapid genotyping

of the P2XR7 gene in different individuals (Figure 4).

To determine whether the different genotypes affect the

function of P2X7, we used an established, simple flow-

cytometry assay (Danquah et al., 2016). For this, we treated

BMCs for 30 min with ATP and monitored ATP-induced

shedding of CD62L and externalization of phosphatidylserine

by T cells (Figure 5). As a specificity control, we used P2X7-

blocking antibodies, i.e., the nanobody Dano1 and the

monoclonal antibody L4. The results show that individuals

carrying the Y155 and/or T348 variants respond more

sensitively to ATP than individuals carrying the H155 or

A348 variants.

FIGURE 2
Distribution of minor and major alleles of the three most frequent coding SNPs in the human P2X7 gene (coding for amino acids 155, 270, and
348). The pie charts illustrate the allele frequencies of the major and minor alleles of P2RX7 encoding amino acid positions 155, 270, and 348 of
human P2X7 in humans from the five major continental regions. The data were retrieved from the 1,000 Genomes Project. ALL: (n =
2.504 individuals) with about 500 from each region: AFR: African, AMR: American, ESN: East-Asian, SAS South-Asian, EUR: European. The
nucleotide of the respective alleles is indicated next to the pie chart, the encoded amino acid residues is indicated on the left using the same color
coding as in the pie charts. AFR: African (n = 247), AMR: American (n = 181), ASN: Asian (n = 286), EUR: European (n = 379). ALL: (n = 1.092 humans).
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The three high frequency SNPs code for
amino acids in the head, body and tail
domains of P2X7

We used AlphaFold 2 to predict the 3D-structures of

ancestral human P2X7 (Y155, R270, and T348) and

“wildtype” P2X7 (H155, H270, and A348) (Figure 6). The

cartoon model in Figure 6A illustrates the localization of these

variants in the so-called dolphin model of P2X7. H155 is located

in the extracellular head domain, H270R in the extracellular right

flipper, and A348T in the second transmembrane domain, i.e. in

the tail of the dolphin. Figure 6B shows the 3D models of the

variant and wildtype P2X7 variants predicted by AlphaFold 2.

The three variant residues are indicated in the color coding used

also in Figure 2. The results indicate that the conformational

changes induced by these substitutions are rather subtle.

FIGURE 3
Amino acid sequence alignment of the P2X7 orthologues of the great apes. Residues highlighted in grey correspond to the two transmembrane
domains. Residues highlighted in yellow indicate substitutions relative to the presumed ancestral version. The sequence of chimpanzee
P2X7 corresponds completely to the presumed ancestral allele. Amino acid residues that deviate from the ancestral allele are indicated with their
respective positions in the native protein above the alignment. hs: homo sapiens; pp: pan paniscus (bonobo); pt: pan troglodytes (chimpanzee);
gg: gorilla gorilla.

TABLE 3 Distribution of three most common human P2X7 coding SNPs in ancient humans.

residue Ancestral “wt"” 60 ka Neanderthal 24 ka Siberian 7 ka Spanish

155 Y H H H Y

348 R H R R R

270 T A T A A
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FIGURE 4
Most modern-day humans carry two variants of the P2X7 gene. (A) Exons 5, 8, and 11 of the human P2X7 gene were PCR-amplified from
genomic DNA of peripheral blood leukocytes. Amplification products were size fractionated by agarose gel electrophoresis and stained with
ethidium bromide. (B) PCR amplification products were purified from gel fragments and sequenced with internal primers. Fluorograms illustrate
homozygosity or heterozygosity of PCR amplification products at the positions of the threemost frequent SNPs of human P2RX7. The deduced
amino acids are indicated above the fluorographs.
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Discussion

Our results show that three coding SNPs of P2X7 occur at

allele frequencies of more than 25%: 155 Y/H, 270 R/H, and

348 T/A. Furthermore, P2RX7 contains 13 additional SNPs with

a frequency of >0.5% (Table 1). This is in striking contrast to

other members of the P2X gene family (Table 2): Only P2RX3

contains a coding SNP with a frequency of >25% (A383E).

P2RX4, the immediate chromosomal neighbour of P2RX7

contains a SNP with a frequency of 18% (S258G) but no

other SNPs with a frequency of >0.5%.

The three high frequency variant residues of P2RX7 are

located in the head, lower body, and tail domains of P2X7

(Figure 6). Comparison of the P2X7 orthologues of human

and other great apes indicates that the ancestral allele is Y - R

- T at these positions (Figure 4). The originally published

reference sequence of human P2X7 is often referred to as

“wildtype” (Rassendren et al., 1997). This variant H - H - A

differs from the ancestral allele at all three positions. Analysis of

the data of the 1,000 Genome Project reveals a broad range of

frequencies of the ancestral P2X7 alleles at these positions in

different human populations (e.g., 39%–69% for Y155, 60%–91%

for R270, and 14%–46% for T348) (Figure 2).

In a seminal study, Stokes et al. (2010) genotyped the P2RX7

gene of 3,430 Caucasian subjects and determined the minor allele

frequencies for eleven coding SNPs (Table 1). As in previous

studies (Rassendren et al., 1997), Stokes et al. (2010) refer to the

common haplotype of Caucasians H155-H270-A348 as “wild-

type” (P2X7-1). The authors performed detailed comparative

analyses of P2X7-1 with a variant, designated P2X7-4, that

corresponds to the ancestral Y155-R270-T348. Remarkably,

however, the variant analyzed by Stokes et al. (2010) also

FIGURE 5
Sensitivity of peripheral blood T cells to ATP-induced shedding of CD62L varies with the genotype at positions 155, 270, and 348 of P2X7.
Human blood samples were incubated for 30 min at 37°C in the absence (solvent) or presence of 4 mM ATP and the additional absence (control) or
presence of the P2X7-antagonizing monoclonal antibody L4 or the nanobody Dano1. Cells were then washed and co-stained with antibodies
directed against CD4 and CD62L as well as with Annexin V to visualize externalization of phosphatidylserine).
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carries the minor allele of the Q460R SNP (R460 instead of the

ancestral Q460). Starting from “wildtype” P2X7-1, i.e., H155-

H270-A348, Stokes et al. (2010) individually mutated residues

155 to Y and 270 to R, as well as 460 to R. Starting from P2X7-4,

i.e., ancestral Y155-R270-T348 with the minor R460 allele, Stokes

et al. (2010) individually mutated the “gain of function” residues

back to wild type, i.e., Y155 to H, R270 to H, and T348 to A. By

expressing these P2X7 variants in transiently transfected HEK

cells, the authors verified gain of function effects of Y155, R270,

and A348, as well as slight loss of function effect of R460. For the

Q460R SNP, Stokes et al. (2010) noted a strong pairwise linkage

disequilibrium with the three “gain of function” SNPs (Y155,

R270, and T348), suggesting that the Q460R SNP was acquired

by an individual carrying the ancestral P2X7 haplotype.

BLAST analyses of ancient human genome sequences

uncovered several homozygous carriers of variant P2X7 alleles,

possibly reflecting a high degree of inbreeding, e.g., H—R—T for

a 50.000-year-old Neanderthal, H—R—A for a 24.000 year old

FIGURE 6
3D structure models of “wildtype” (HHA) and ancestral (YRT) human P2X7. (A) The ribbon diagram highlights the positions of the three frequent
coding SNPs in the different “body-parts” of the dolphin model of P2X7 (Karasawa and Kawate, 2016). Y155H is located in the head domain, R270H in
the right flipper, and A348T in the tail of the dolphin. (B) 3D-structuremodels were generated using AlphaFold 2 and color-coded in pymol. The three
divergent amino acid residues are color-coded as in Figures 2, 4.
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Siberian, and Y—R—A for a 7.000 year old mesolithic European

(Table 3). In contrast, most present-day human individuals co-

express two copies of P2X7 that differ in one or more amino acids at

positions 155, 270, and 348 (Figure 4). These results indicated an

ancient origin of these alleles and the maintenance of a balanced

polymorphism in most present-day human populations.

Peripheral blood T cells from individuals carrying the variant

amino acidHis at position 155 or Ala at position 348 show a reduced

sensitivity to ATP-induced shedding of CD62L and externalization

of phosphatidylserine compared to individuals that are homozygous

for the ancestral variants Tyr and Thr at these positions (Figure 5).

The fact that these ATP-induced effects are completely blocked by

the highly specific P2X7-antagonizing Nanobody Dano1 (Figure 5)

confirms that these are mediated through P2X7.

The major finding of our results is the strikingly high degree

of allelic polymorphism in the P2XR7 gene in the human

population. In fact, the data indicate that most human beings

today are heterozygous at this locus and express two variants of

the P2X7 protein that differ at one or more amino acid residues.

It is difficult to determine whether the reduced function of the

H155, H270, and A348 variants confer any benefit against

inflammatory disease and/or enhanced susceptibility to

infection, e.g., by Mycobacterium tuberculosis. The extremely

high polymorphism at the MHC locus is thought to confer

disease resistance on the population level, as a large number

of variants in a population could provide a kind of group

protection that checks the spread of infection (Trowsdale,

2011). By analogy, it is tempting to speculate that different

sensitivities of human leucocytes in the population might be

beneficial, e.g., by providing flexible response strategies to

pandemic infectious agents on a population level. As

P2X7 plays a key role in the activation of the inflammasome

and in the release of IL-1β (Ferrari et al., 1997; Gudipaty et al.,

2003; Ferrari et al., 2006; Mariathasans et al., 2006; Pelegrin and

Surprenant, 2006), its sensitivity to ATP may have been moulded

during evolution to prevent its excessive activation. Fine-tuning

the sensitivity of P2X7-expressing inflammatory cells to very

high levels of ATP released from cells at sites of tissue damage

may have reduced the risk of exaggerated inflammatory

responses. Conceivably, such evolutionary pressures may also

be responsible for the numerous natural loss of function

mutations found for human P2X7 and the remarkably high

frequency of these mutations in human populations (Smart

et al., 2003; Gu et al., 2004; Shemon et al., 2006).

P2X7 has been proposed as a therapeutic target for a variety

of infectious (Di Virgilio et al., 2017), inflammatory

(Arulkumaran et al., 2011; Adinolfi et al., 2018; Burnstock and

Knight, 2018; Magalhaes and Castelucci, 2021; Verma et al.,

2022), autoimmune (Cao et al., 2019), bone (Zeng et al., 2019;

Dong et al., 2020), muscular (Gorecki, 2019), cardiovascular

(Chen et al., 2018; Cisneros-Mejorado et al., 2020; Shokoples

et al., 2021), oncological (Burnstock and Knight, 2018; Li et al.,

2020; Drill et al., 2021; Pegoraro and Adinolfi, 2021; Zhu et al.,

2021) and neurologic diseases (Rech et al., 2016; Bhattacharya,

2018, Domercq and Matut,e 2019, Engel et al., 2021), including

COVID-19 (Pacheco and Faria, 2021), rheumatoid arthritis

(Baroja-Mazo and Pelegrin, 2012; McInnes et al., 2014),

diabetic retinopathy (Tassetto et al., 2021), alcoholic liver

disease (Le Dare et al., 2021), Alzheimer (Illes et al., 2019)

and depression (Deussing and Arzt, 2018; Wei et al., 2018;

Huang and Tan, 2021), multiple sclerosis (Domercq and

Matute, 2019), amyotrophic lateral sclerosis (Sluyter et al.,

2017; McKenzie et al., 2022). Our results indicate that it may

be wise to monitor the genotype of P2RX7 and the ATP-

sensitivity of its gene product P2X7 in clinical studies

designed to evaluate the therapeutic benefit of P2X7-targeting

drugs and antibodies (Bartlett et al., 2014; De Marchi et al., 2016;

Park and Kim, 2017; Young and Gorecki, 2018; Koch-Nolte et al.,

2019; Recourt et al., 2020; Mishra et al., 2021; Genetzakis et al.,

2022). The assays shown in Figures 4, 5 provide a straightforward

protocol to do so.

Considering that P2X7 is a key player in inflammation,

selection in the human population of numerous variants

displaying reduced function may confer some benefit against

the deleterious effects of excessive inflammation. The very low

sensitivity of P2X7 to extracellular ATP, as compared to the other

P2X receptor, may in itself also reflect the action of selective

pressures acting to lower the level of inflammation. Our results

may aid in understanding the relation between P2X7 structure

and function as well as the evolutionary pressures that maintain

its low sensitivity to ATP.
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Loss-of-function N178T variant
of the human P2Y4 receptor is
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severity of coronary artery
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Human P2Y4 is a UTP receptor, while inmice it is activated by both ATP andUTP.

P2Y4 knockout (KO) in mice protects against myocardial infarction and is

characterized by increased adiponectin secretion by adipocytes, and

decreased cardiac inflammation and permeability under ischemic conditions.

The relevance of these data has, however, not been explored to date in humans.

In a population study comprising 50 patients with coronary artery disease (CAD)

and 50 age-matched control individuals, we analyzed P2RY4 mutations and

their potential association with CAD severity and fasting plasma parameters.

Among the mutations identified, we focused our attention on a coding region

polymorphism (rs3745601) that results in replacement of the asparagine at

residue 178 with threonine (N178T) located in the second extracellular loop of

the P2Y4 receptor. The N178T variant is a loss-of-function mutation of the

human P2Y4 receptor and is encountered less frequently in coronary patients

than in control individuals. In coronary patients, carriers of theN178T variant had

significantly reduced jeopardy and Gensini cardiac severity scores, as well as

lower resting heart rates and plasma levels of N-terminal pro-brain natriuretic

peptide (NT-proBNP). Regarding fasting plasma parameters, the N178T variant

was associated with a lower concentration of glucose. Accordingly, P2Y4 KO

mice had significantly improved glucose tolerance and insulin sensitivity

compared with their WT littermate controls. The improvement of insulin

sensitivity resulting from lack of the P2Y4 receptor was no longer observed

in the absence of adiponectin. The present study identifies a frequent loss-of-

function P2Y4 variant associated with less severe coronary artery

atherosclerosis and lower fasting plasma glucose in coronary patients. The

role of the P2Y4 receptor in glucose homeostasis was confirmed inmouse. P2Y4

OPEN ACCESS

EDITED BY

Francisco Ciruela,
University of Barcelona, Spain

REVIEWED BY

Peter Illes,
Leipzig University, Germany
Kristian Agmund Haanes,
University of Copenhagen, Denmark

*CORRESPONDENCE

Didier Communi,
Didier.Communi@ulb.be

†These authors have contributed equally
to this work and share last authorship

SPECIALTY SECTION

This article was submitted to
Experimental Pharmacology
and Drug Discovery,
a section of the journal
Frontiers in Pharmacology

RECEIVED 20 September 2022
ACCEPTED 22 November 2022
PUBLISHED 02 December 2022

CITATION

Horckmans M, Diaz Villamil E, Verdier C,
Laurell H, Ruidavets J-B, De Roeck L,
Combes G, Martinez LO and
Communi D (2022), Loss-of-function
N178T variant of the human P2Y4
receptor is associated with decreased
severity of coronary artery disease and
improved glucose homeostasis.
Front. Pharmacol. 13:1049696.
doi: 10.3389/fphar.2022.1049696

COPYRIGHT

© 2022 Horckmans, Diaz Villamil,
Verdier, Laurell, Ruidavets, De Roeck,
Combes, Martinez and Communi. This is
an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permittedwhich does
not comply with these terms.

Frontiers in Pharmacology frontiersin.org01

TYPE Original Research
PUBLISHED 02 December 2022
DOI 10.3389/fphar.2022.1049696

131

https://www.frontiersin.org/articles/10.3389/fphar.2022.1049696/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1049696/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1049696/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1049696/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1049696/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1049696/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1049696/full
http://orcid.org/0000-0003-1050-1493
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.1049696&domain=pdf&date_stamp=2022-12-02
mailto:Didier.Communi@ulb.be
https://doi.org/10.3389/fphar.2022.1049696
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.1049696


antagonists could thus have therapeutic applications in the treatment of

myocardial infarction and type 2 diabetes.

KEYWORDS

P2Y receptor, cardioprotection, extracellular nucleotides, glucose homeostasis,
cardiac ischemia

Introduction

Patients suffering from coronary artery disease represent a

heterogeneous group, with major differences in comorbidities

and other metabolic factors such as insulin resistance. The risks

of individual patients and the potential benefit they will

experience from specific treatments depend on these various

factors. The characterization of specific gene mutations in

patients with adverse outcomes could improve the

identification of patients at higher risk, as well as the follow-

up after myocardial infarction (MI).

The human P2Y4 subtype is a UTP receptor, originally

cloned in our laboratory (Communi et al., 1995), and is

activated by both ATP and UTP in mouse (Suarez-Huerta

et al., 2001). We previously observed that the heart of mice

deficient for the P2Y4 subtype receptor had a significantly

reduced size at adult age due to an angiogenic defect in the

early days of postnatal development (Horckmans et al., 2012a).

We also showed that P2Y4 KO mice have decreased resistance in

forced exercise tests with cardiac monitoring (Horckmans et al.,

2012b). In another study, we observed that P2Y4 KO mice are

protected against myocardial infarction: they display smaller

infarcts in the left anterior descending coronary artery ligation

model (LAD ligation model), as well as a significant decrease in

cardiac inflammation and permeability (Horckmans et al., 2015).

Interestingly a higher level of adiponectin, which is a

cardioprotective adipokine, correlated with an increased mass

of cardiac adipose tissue in P2Y4 KO mice (Horckmans et al.,

2015; Lemaire et al., 2017).

Several studies have been undertaken to assess the genetic risk for

MI in individuals independently of conventional risk factors

(Nishihama et al., 2007). Different polymorphisms related to MI

risk have been identified in genes such as glycoprotein Ib alpha,

insulin promoter factor 1, and methylenetetrahydrofolate reductase,

as well as inmany other genes (Nishihama et al., 2007; Sakowicz et al.,

2013). Other studies have focused on the association of

polymorphisms in a particular gene, such as angiotensinogen or

angiotensin-converting enzyme, andMI risk (Hamelin et al., 2011; Li

et al., 2021). More specifically, AGT p.Thr174Met may increase the

risk forMI, especially in theAsian population (Li et al., 2021), and the

ACE-I/Dpolymorphism appears to be a genetic risk factor forMI at a

young age (Hamelin et al., 2011). Several mutations have already

been identified in P2Y receptor subtypes such as the P2Y12 and P2Y1

receptors (Lev et al., 2007), the P2Y11 receptor (Amisten et al., 2007),

and the P2Y13 receptor (Amisten et al., 2008; Verdier et al., 2019).

Only theAla-87-Thr variant (rs3732757) of the humanATP receptor

P2Y11 has been associated with an increased risk of acute MI

(Amisten et al., 2007), while the synonymous variant Ile-80-Ile

(rs3732757) of the human ADP receptor P2Y13 is associated with

increased fat mass and a lower heart rate (Verdier et al., 2019).

Besides well-established leading risk factors for heart disease

such as diabetes, obesity, high blood pressure and high level of

low-density lipoprotein cholesterol (LDL-C), N-terminal pro-

brain natriuretic peptide (NT-proBNP), a cardiac marker

indicative of myocardial damages, has been related to heart

failure severity and insulin resistance (Palazzuoli et al., 2010;

Baldassarre et al., 2017). The present study aimed to analyze

association of a common P2Y4 receptor missense mutation with

markers of cardiometabolic health and with the severity of CAD.

Materials and methods

Study sample

The GENES (Génétique et ENvironnement en Europe du Sud)

study is a case–control study designed to assess the role of genetic,

biological, and environmental determinants in the occurrence of

CAD. As previously described (Genoux et al., 2016), all participants

were men, recruited from 2001 to 2004, aged 45–74 years and living

in the Toulouse area (south-western France). Stable CAD patients

(cases) were recruited after admission to the Department of

Cardiology of Toulouse University Hospital and control subjects

were selected from the general population using electoral rolls.

Stratification into decadal age groups was used to match the age

distribution of the people with and without stable CAD. Stable CAD

was defined as a history of acute coronary syndrome, a history of

coronary artery revascularization, documented myocardial ischemia,

stable angina, or the presence upon coronary angiography of

coronary stenosis of 50% or more. Diffusion of coronary heart

disease lesions was assessed by calculation of the Gensini score

and the Duke jeopardy score based on data from coronary

angiography (Califf et al., 1985). All participants underwent a

medical examination at the same health center during the same

period, including clinical and anthropometricmeasurements. Resting

heart rate was measured after ≥5min of rest, using an automatic

sphygmomanometer and systolic blood pressure was detected with a

hand-held Doppler probe. Information on cardiovascular risk factors

were collected through standardized face-to-face interviews,

performed by a single physician. Presence of dyslipidemia,

diabetes mellitus or hypertension was assessed from the subjects’

current treatments. Past medical history was collected and, for cases,
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was also checked in the patients’ medical files. Patients’ medications

at discharge were also considered. Blood was collected after an

overnight fast, and a blood sample collection was constituted.

Fasting plasma lipids, glucose, N-terminal pro-brain natriuretic

peptide (NT-proBNP) and high-sensitivity cardiac troponin T

(hs-TnT) were assayed with enzymatic reagents on automated

analyzers (Hitachi 912 and Cobas 8000®; Roche Diagnostics,

Meylan, France) (Genoux et al., 2016).

In the present study, the P2RY4 gene was sequenced in

50 randomly selected CAD patients from the initial sample,

age-matched to 50 control subjects (mean age 61.17 ±

7.26 and 60.55 ± 8.14 years, respectively).

P2RY4 sequencing and mutation analyses

Genomic deoxyribonucleic acid (gDNA) was isolated from

ethylenediaminetetraacetic acid (EDTA)-treated blood samples

using silica columns (NucleoSpin® Extract II; Macherey-Nagel,

Duren, Germany). P2RY4 is a 2.04 kb gene located in the

q13 region of the X chromosome and is composed of one exon

encoding a 365-amino acid protein (Supplementary Material;

Figure 1). The P2RY4 gene was amplified from 100 ng gDNA

using specific primers A and B flanking the open reading frame

and 60°C as annealing temperature (Table 1), and sequencing was

then carried out on 20 ng of DNA with six primers (A to F) specific

for the P2RY4 gene (Table 1) (3.2 pmol each), 1.5 µl of BigDye™ 5x

buffer, 0.8 µl of Ready Reaction Premix, and 10 μl of water. Reactions

and readings were performed using an Applied Biosystems

3130 analyzer (Thermo Fisher Scientific). The obtained sequences

were compared to the wild-type P2RY4 gene sequence using

SeqScape v2.5 software (Thermo Fisher Scientific) or Ape (A

plasmid editor). Minor allele frequency (MAF) values were

retrieved from the NCBI dbSNP database.

Functional analysis of the human P2Y4
N178T variant

To compare the nucleotide response of N178T variant and

wild-type (WT) P2Y4 receptors, the P2RY4 gene sequence was

inserted in a pcDNA3 expression vector and transfected in

FIGURE 1
Localization of the seven mutations corresponding to identified polymorphisms in the human P2RY4 gene in individuals included in the GENES
study. Among the identified variants (in red), the N178T polymorphism is located in the second extracellular loop (e2), S234A and R242R in the third
intracellular loop (i3), I247V and R265C in the sixth transmembrane domain, andW348Stop and P352T in the C-terminus of the human P2Y4 receptor
amino acid sequence. Potential phosphorylation sites are indicated in green.
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1321N1 cells, in parallel with WT P2Y4 receptor transfection.

The transfected 1321N1 cells were harvested in PBS-EDTA

(5 mM) at 37°C and then resuspended at 2 × 106 cells/ml in

DMEM supplemented with 10% FBS (fetal bovine serum). Two

days after transfection, the 1321N1 transfected cells were selected

with 400 μg/ml G418 (Life Technologies, Inc., Merelbeke,

Belgium) and maintained in the same medium. From the pool

of transfected 1321N1 cells, individual clones were isolated by

limiting dilution and tested for their P2Y4 mRNA expression by

quantitative reverse transcription PCR (qRT-PCR). The

transfected 1321N1 cells were then loaded with Calcium

Sensor Dye 514 (2 μl/ml) and incubated for 30 min at 37°C.

UTP 100 µM and ATP 100 µM calcium responses were

quantified in N178T P2Y4-transfected and WT P2Y4-

transfected cells and expressed as a percentage of the

ionomycin response (5 μg/ml). UTP, ATP, and ionomycin

calcium responses were recorded by flow cytometry with a

high-speed acquisition during 60 s and quantified for different

clonal 1321N1 cell cultures with various expression levels of

N178T and WT P2Y4 mRNA.

P2Y4-GFP constructs were then generated by insertion of the

GFP coding sequence in frame with the N178T P2Y4 and WT

P2Y4 coding sequences in a pEGFPN1 vector. To generate these

constructs, WT and c.533T>G (p.N178T) mutated P2Y4

sequences were produced with a Hind III restriction site

inserted directly upstream of the stop codon of the P2RY4

gene. The obtained constructs were transiently transfected

into HEK-293 cells to analyze the expression of GFP-tagged

N178T P2Y4 and GFP-WT P2Y4 receptors, and to compare the

GFP signal using Zoe™ Fluorescent Cell Imager (Bio-Rad

Laboratories, Temse, Belgium).

Quantitative reverse transcription PCR

Total mRNAs were extracted from different clonal

transfected 1321N1 cell cultures in TRIzol reagent followed by

purification with RNeasy kit column (Qiagen, Antwerp,

Belgium). mRNA was reverse transcribed using random

hexamers and Superscript II Reverse Transcriptase

(Invitrogen, Thermo Fisher Scientific, Carlsbad, CA,

United States). qRT-PCR amplification mixtures contained

10 ng template cDNA and the specific P2Y4 primers C and D

(Table 1). Reactions were run on a 7500 Fast Real Time PCR

System (Applied Biosystems, Foster City, CA, United States) with

an annealing temperature of 60°C for primers C and D. qRT-PCR

data were expressed as Ct obtained for P2Y4 mRNA in clonal

transfected 1321 cells.

Glucose and insulin tolerance tests

Adiponectin knockout (KO) mice named B6; 129-

Adipotm1Chan/J were purchased at JAX, The Jackson Laboratory

(Bar Harbor, ME, United States). C57BL/6J P2Y4 KO and P2Y4/

adiponectin double-KO mice were generated in our laboratory.

Glucose and insulin tolerance tests were performed with a

comparable amount of male and female 9- to 11-week-old

P2Y4 KO, adiponectin KO, and P2Y4/adiponectin double-KO

mice. Briefly, 6-h fasted mice were weighed and then injected

intraperitoneally with either glucose (2 g/kg body weight) or

insulin (0.5 U/kg body weight). Blood samples were collected

from the tail vein, and glucose concentrations were measured

before and at 10, 20, 30, 60, and 120 min after intraperitoneal

injection. Plasma glucose readings were taken from the tail blood

using teststrips for OneTouch Ultra2 blood glucose meter

(LifeScan, Inc.). The area under the curve was calculated using

GraphPad software.

Statistics

Quantitative parameters are expressed as means ± standard

error of the mean (SEM). Between-group differences for

quantitative variables were tested using Student’s t-test for

unpaired series (Welch’s test in case of heteroscedasticity),

and the statistical analyses were performed with Prism

Software (version 6; GraphPad, CA, United States). All the

data obtained from the mouse strain analyses are expressed as

means ± SEM. For parallel repeated-measures studies, ANOVA

TABLE 1 Sets of specific primers for the human P2RY4 gene.

Primer name Sequence (59 to 39) PCR qRT-PCR Sequencing

A (forward) CAGCTCTCCCTAGTGCTTCAA X X

B (reverse) TCTCCAGAGCCTGGAAAAGA X X

C (forward) CAAGTTCGTCCGCTTTCTTT X X

D (reverse) GGCTACGACCAACCAAACTG X X

E (forward) TGAACATTGTCAACGTGGTCT X

F (reverse) CGTCGATATTTGTCCCCAGT X

Primers A and B were used to amplify the entire P2RY4 coding sequence from all individuals. All primers were used to determine the presence or absence of SNPs in P2RY4 gene in all

individuals. Primers C and D were used the determine the level of P2Y4 mRNA in quantitative reverse transcription-PCR experiments in stably transfected 1321N1 cells.
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was used with Bonferroni post hoc evaluation to determine the

significance of individual time points. A two-tailed p < 0.05 was

considered significant.

Study approval

The study protocol was approved by the local ethics

committee (CCPPRB, Toulouse/Sud-Ouest, file #1-99-48, Feb

2000), with all patients having provided written informed

consent prior to participation. The biological sample

collection was declared as DC-2008-463 #1 to the French

Ministry of Research and to the Regional Health authority.

Information and biological samples were collected from

individuals according to the principles expressed in the

Declaration of Helsinki.

All animal work and in vivo models were conducted in

accordance with the European Community guidelines for the

care and use of laboratory animals and approved by the ethics

committee of the Free University of Brussels (current approved

protocols 659N and 714N).

Results

P2RY4 gene mutations in individuals from
the GENES study

We sequenced the P2RY4 gene in 50 male patients with CAD

and 50 age-matched male control subjects taken from the

Génétique et Environnement en Europe du Sud (GENES)

study for which different clinical, biological and cardiac

parameters at baseline are shown in Table 3. Briefly, CAD

patients had a higher systolic blood pressure than controls

subjects and were more treated for diabetes, dyslipidemia and

hypertension. Among metabolic markers, total cholesterol and

LDL-cholesterol were lower in CAD patients, reflecting the effect

of the larger proportion of patients treated for dyslipidemia

compared to control subjects. However, CAD patients

displayed higher levels of triglycerides and lower HDL-C.

Sequencing chromatograms for P2RY4 are available as

Supplementary Material. We identified seven single-nucleotide

variants in the P2RY4 coding sequence (Supplementary Table S1)

located in different parts of the corresponding P2Y4 amino acid

sequence: the N178T substitution is located in the second

extracellular loop (e2), S234A and R242R in the third

intracellular loop (i3), I247V and R265C in the sixth

transmembrane domain (TM6), and W348Stop and P352T in

the C-terminus (Figure 1; Table 2).

Among these variants, we decided to focus our analysis on

the most common c.533T>G (p.N178T) variant (further referred

to as the N178T variant) that was found with a higher frequency

in control individuals than in CAD patients (Table 3). The

N178T variant frequency was searched for in the dbSNP

database to determine its prevalence in certain geographic

populations (Figure 2A). The worldwide distribution of the

N178T variant revealed that it is very frequent (33.12% in

total, 87674/264690, TOPMED) and predominant in Africa

and East Asia (Figure 2A). Effectively, the frequency of

N178T variant was 65% in Africa and 52.5% in East Asia in

the dbSNP database. In our study population, representative of

the south-west France, we observed a reduction of N178T variant

frequency in CAD patients compared with control individuals.

The frequency was 32% in the 50 control individuals versus 18%

in the 50 CAD patients (p = 0.11; Figure 2B; Table 3).

Cardiometabolic health in coronary
patients carrying theN178T variant of P2Y4
receptor

In the CAD patients of our study population, carriers of the

N178T variant had less severe coronary artery atherosclerosis

compared to WT patients, as estimated by the jeopardy score

documenting the diffusion of coronary heart disease lesions, and

the Gensini score documenting the number, location, and degree

of stenosis of coronary artery lesions (Figure 2C). Regarding

markers of cardiac function, the resting heart rates were lower in

CAD patients carrying the N178T variant (Table 4, 55.5 ±

3.4 versus 64.6 ± 1.5 bpm in WT; mean ± SEM, p = 0.015) as

well as the plasma level of NT-proBNP (Figure 2D; Table 4,

177.6 ± 56.3 versus 493.3 ± 89.1 pg/ml in WT; mean ± SEM, p =

0.004). Regarding plasma biological parameters, the presence of

the N178T variant was associated with a significant lower

concentration of fasting plasma glucose (Figure 2E; Table 4).

No differences were seen between N178T and WT patients

regarding plasma lipids levels or anthropometric parameters

such as age, waist circumference, and body mass index (Table 4).

N178T polymorphism is a loss-of-function
mutation of the P2Y4 receptor

We have previously demonstrated that knockout of the P2Y4

receptor in mice induced cardioprotection in the LAD ligation

model (Horckmans et al., 2015). A possible link could exist

between reduced cardiac severity scores associated with the

N178T P2Y4 human receptor and the cardioprotective effect

of P2Y4 receptor loss in mouse. We hence compared the

nucleotide response of the N178T and WT P2Y4 human

receptors. The N178T P2Y4 coding sequence was inserted in a

pcDNA3 expression vector and transfected into

1321N1 astrocytoma cells, in parallel with WT P2Y4 receptor-

pcDNA3 transfection of 1321N1 cells. 1321N1 astrocytoma cells

are commonly used for nucleotide receptor transfection due to

their unique lack of endogenous nucleotide receptors. We
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observed a strong reduction of UTP and ATP calcium responses

in a pool of pcDNA3-N178T P2Y4 compared to pcDNA3-WT

P2Y4 G418-resistant transfected cells (Figure 3A). These reduced

calcium responses to UTP and ATP were observed in individual

G418-resistant clones of transfected 1321N1 cells that had

various expression levels (expressed as the Ct obtained in

TABLE 2 Identification of P2RY4 gene variants in control individuals and CAD patients.

Reference Nucleotide position
in CDS
and substitution
(transcript allele
change)

MAF (ToPMeD) Protein: Amino
acid change
and position

Protein: Position Control individuals
(n = 50):
Number of
carriers

CAD patients
(n = 50):
Number of
carriers

rs1152187 c.533 T>G (AAC → ACC) 0.331 N178T e2 16 9

rs3829709 c.700 A>C (TCT → GCT) 0.133 S234A i3 6 5

rs3829708 c.726 G>T (CGC → CGA) 0.100 R242R i3 6 5

rs56217451 c.739 T>C (ATA → GTA) 0.040 I247V TM6 4 2

rs147302991 c.793 G>A (CGC → TGC) <0.001 R265C TM6 1 0

rs41310667 c.1043 C>T (TGG → TAG) 0.014 W348(Stop) C-term 5 3

rs72628860 c.1054 G>T (CCC → ACC) 0.040 P352T C-term 4 2

Mutations identified after sequencing the human P2RY4 gene in 50 control individuals and 50 individuals with coronary artery disease (CAD). Identification numbers, minor allele

frequencies, and the positions in the human P2Y4 receptor (e2, extracellular loop 2; i3, intracellular loop 3; TM6, transmembrane domain 6; C-term, C-terminal region) are indicated for

each identified P2Y4 variant. CDS (c.), coding DNA sequence; MAF, minor allele frequency.

TABLE 3 Baseline characteristics of the population from the GENES case-control study, according to status for CAD.

Control (No CAD)
n = 50

Case (CAD) n = 50 p-valuea

Clinical

Age, years 60.6 (1.2) 61.0 (1.0) 0.78

Body mass index, kg/m2 26.8 (0.66) 27.9 (0.59) 0.24

Waist circumference, cm 96.0 (1.6) 99.7 (1.5) 0.11

Biological (fasting)

Glucose, mmol/L 5.37 (0.11) 5.70 (0.25) 0.24b

Triglycerides, g/L 1.34 (0.20) 1.70 (0.12) 0.0015c**

Total cholesterol, g/L 2.23 (0.06) 2.01 (0.06) 0.016*

LDL-C, g/L 1.43 (0.05) 1.25 (0.06) 0.018*

HDL-C, g/L 0.55 (0.02) 0.43 (0.01) 0.001**

Cardiac parameters

Resting heart rate, bpm 63.0 (1.2) 63.0 (1.5) 0.99

Systolic blood pressure, mmhg 134 (2.5) 144 (3.4) 0.016*

NT-proBNP, pg/mL n.a 436.5 (75.5) —

hs-TnT, pg/mL n.a 81.1 (30.1) —

Treatments

Diabetes, n (%) 2 (4%) 13 (26%) 0.0021**

Dyslipidemia, n (%) 9 (18%) 34 (68%) 0.001**

Hypertension, n (%) 16 (32%) 35 (70%) 0.001**

N178T, n (%) 16 (32%) 9 (18%) 0.11

Variables were measured at baseline (i.e., when individuals were first included in the GENES cohort). For continuous variables, values are expressed as mean ± SEM. For categorical

variables, values are expressed as number with frequency (%) in parentheses.
aPaired Student’s t-test, unless.
bWelch’s test in case of heteroscedasticity.
cAnalyses performed on log transformed data. *p < 0.05; **p < 0.01.

Bpm, beats per minute; CAD, coronary artery disease; HDL-C, high-density lipoprotein cholesterol; hs-TnT, high-sensitivity cardiac troponin T; LDL-C, low-density lipoprotein

cholesterol; n.a., not available; NT-proBNP, N-terminal pro-brain natriuretic peptide.
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qPCR experiments) (Figure 3A, right panels). We also analyzed

the expression of green fluorescent protein (GFP)-N178T P2Y4

and GFP-WT P2Y4 receptors after construction and transient

transfection of their respective pEGFPN1 expression vectors in

HEK-293 cells. Microscopy analysis using Zoe™ Fluorescent Cell

Imager revealed a loss of fluorescent signal for the N178T P2Y4

receptor compared to the WT P2Y4 receptor (Figure 3B).

Lack of P2Y4 correlates with improved
glucose tolerance and insulin sensitivity in
mice

A possible association between cardioprotection and glucose

homeostasis was further investigated in P2Y4 KO mice using

glucose and insulin tolerance tests (Figures 4A,B). P2Y4 KOmice,

characterized by adiponectin overexpression (Lemaire et al.,

2017), had a significantly increased glucose tolerance and

insulin sensitivity compared to their WT littermate controls

(Figures 4A,B). Conversely, adiponectin KO and adiponectin/

P2Y4 double-KO (DKO) mice exhibited similar impaired glucose

tolerance and insulin sensitivity, compared with P2Y4 KO mice

(Figures 4A,B). In glucose tolerance tests, the difference between

WT and P2Y4 KO mice is only significant 15 min after glucose

injection (Figure 4A, left panel), and on the area under the curve

(Figure 4A, right panel). Significant interindividual variability

was observed in insulin tolerance tests, especially for WT and

adiponectin KO mice (Figure 4B). We observed a higher insulin

sensitivity in P2Y4 KO mice, significant 60 and 120 min after

insulin injection, and impaired insulin sensitivity in adiponectin

KO and DKO mice, compared to WT mice (Figure 4B).

Discussion

Whereas nucleotide receptors such as the P2Y1 and P2Y2

receptors are ubiquitously expressed, the P2Y4 subtype has a

more confined tissue distribution restricted mainly to the

intestine, lung, heart, cardiac adipose tissue, pancreas and

placenta (Communi et al., 1995; Suarez-Huerta et al., 2001;

Horckmans et al., 2012a; Lemaire et al., 2017). The human

P2Y4 receptor is a UTP receptor, while the mouse P2Y4

receptor is activated by both ATP and UTP (Suarez-Huerta

et al., 2001). We have extensively studied the cardiac

phenotype of P2Y4 KO mice, which are characterized by

reduced post-natal heart development (Horckmans et al.,

FIGURE 2
N178T P2Y4 variant is associated with reduced cardiac severity scores and lower fasting plasma glucose and NT-proBNP levels in CAD patients.
(A) Worldwide distribution of c.533T > G (p.N178T) polymorphism in the human P2RY4 gene corresponding to individuals with the N178T P2Y4
receptor mutation, obtained after dbSNP database analysis, compiling data from the ALFA project, 1000Genomes, 8.3KJPN, ExAC, gnomAD, GO
Exome Sequencing Project, HapMap, HGDP-CEPH-db, KRGDB, MGP, SGDP_PRJ, and TOPMed. (B) On the left, frequency of the N178T
mutation in 50 control individuals (Ctrl) and on the right, frequency of the N178Tmutation in 50 patients displaying coronary artery disease (CAD). (C)
Reduced jeopardy and Gensini scores for CAD patients with the N178T mutation in the P2Y4 receptor. (D,E) Reduced NT-proBNP (pg/ml) and
glucose (mmol/L) plasma levels for CAD patients with the N178Tmutation in the P2Y4 receptor. The data represent themeans ± SEM. *p < 0.05; **p <
0.01; ***p < 0.001; Welch’s test.
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2012a), decreased resistance to exercise (Horckmans et al.,

2012b), and protection against myocardial infarction

(Horckmans et al., 2015). More specifically, P2Y4 KO mice

exhibit smaller infarcts in the LAD ligation model, as well as

a significant decrease in cardiac inflammation and adiponectin

overexpression (Horckmans et al., 2015).

Among the mutations identified in the human P2RY4 gene in

the present study, we focused our attention on the single

nucleotide polymorphism c.533T>G (p.N178T) (rs1152187),

corresponding to N178T substitution in the second

extracellular loop of the human P2Y4 receptor. This particular

polymorphism was detected significantly less in CAD patients

than in control individuals, albeit in a limited sequencing of the

human P2RY4 gene in 50 normal individuals and 50 patients.

This missense P2Y4 variant is widely present worldwide in the

general population, and it is predominant in Africa and East Asia.

The frequency of N178T polymorphism in control

individuals reported in the present study population,

representative of the south-west France, is comparable to its

mean worldwide distribution, with a frequency of 33%. Although

ischemic heart disease remains relatively uncommon in sub-

Saharan Africa, its incidence is rising due to the increasing

prevalence of risk factors (Onen, 2013; Yao et al., 2022). The

epidemiology of ischemic heart disease in Africa remains largely

enigmatic due to a lack of cardiologists and reliable health

statistics (Keates et al., 2017). Higher stroke rates but lower

coronary heart disease have been observed in Asian countries

compared to Western countries (Ueshima et al., 2018). Analysis

of outcomes after acute myocardial infarction (AMI) between

South Asian, Chinese, and white patients has revealed

significantly lower long-term mortality in South Asian

patients (Khan et al., 2010). Naturally, the genetics of CAD is

very complex, and heart disease statistics depend onmultiple risk

factors. No direct link can thus be made between these AMI

incidence data and the worldwide distribution of the highly

common N178T P2Y4 receptor polymorphism.

Most interestingly, the presence of the N178T P2Y4 variant in

CAD patients is correlated with reduced jeopardy and Gensini

scores of CAD severity. We investigated whether the N178T

substitution could affect human P2Y4 receptor activity, given that

mice deficient in the P2Y4 receptor are protected from

myocardial infarction (Horckmans et al., 2015). We

performed functional experiments on 1321N1 cell lines stably

expressing both the wild-type and the N178T human P2Y4

receptor. A loss of function of the N178T P2Y4 receptor was

observed in response to both UTP and ATP. ATP binds both

TABLE 4 Baseline characteristics of CAD patients, according to N178T status.

CAD WT n = 41 CAD N178T n = 9 p-valuea

Clinical

Age, years 61.7 (1.0) 57.7 (3.4) 0.12

Body mass index, kg/m2 27.7 (0.7) 28.7 (1.3) 0.51

Waist circumference, cm 99.6 (1.7) 100.0 (4.0) 0.93

Biological (fasting)

Glucose, mmol/L 5.84 (0.30) 5.05 (0.20) 0.034b*

Triglycerides, g/L 1.68 (0.13) 1.74 (0.29) 0.79c

Total cholesterol, g/L 1.99 (0.07) 2.13 (0.13) 0.41

LDL-C, g/L 1.22 (0.07) 1.34 (0.11) 0.45

HDL-C, g/L 0.43 (0.02) 0.44 (0.02) 0.79

Cardiac parameters

Resting heart rate, bpm 64.6 (1.5) 55.5 (3.4) 0.015*

Systolic blood pressure, mmhg 145 (3.6) 138 (9.3) 0.41

NT-proBNP, pg/mL 493.3 (89.1) 177.6 (56.3) 0.004b**

hs-TnT, pg/mL 92.6 (36.5) 28.9 (10.2) 0.10b

Treatments

Diabetes, n (%) 12 (29%) 1 (11%) 0.26

Dyslipidemia, n (%) 27 (66%) 7 (78%) 0.48

Hypertension, n (%) 30 (73%) 5 (56%) 0.29

Variables were measured at baseline (i.e., when individuals were first included in the GENES cohort). For continuous variables, values are expressed as mean ± SEM. For categorical

variables, values are expressed as number with frequency (%) in parentheses.
aPaired Student’s t-test, unless.
bWelch’s test in case of heteroscedasticity.
cAnalyses performed on log transformed data. *p < 0.05; **p < 0.01.

Bpm, beats per minute; CAD, coronary artery disease; HDL-C, high-density lipoprotein cholesterol; hs-TnT, high-sensitivity cardiac troponin T; LDL-C, low-density lipoprotein

cholesterol; NT-proBNP, N-terminal pro-brain natriuretic peptide.
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human and rat P2Y4 receptor homologs, but whereas ATP

activates the rat and mouse receptors, it antagonizes the

human receptor (Herold et al., 2004). Interestingly, the N178T

polymorphism is located in the second extracellular loop of the

human P2Y4 receptor, which has been reported to be a major

determinant of agonist versus antagonist activity of ATP in rat

and human P2Y4 homologs (Herold et al., 2004). When a

chimeric receptor is generated in which the second

extracellular loop of the human P2Y4 receptor is replaced

with the corresponding region of the rat P2Y4 receptor, ATP

is fully agonistic toward the generated chimera (Herold et al.,

2004). ATP is described as a partial agonist and even an

antagonist of the human wild-type P2Y4 receptor depending

on its membrane expression level (Communi et al., 1995; Herold

et al., 2004). The loss-of-function N178T polymorphism of the

human P2Y4 receptor identified in the present study led to its

decreased membrane expression, but this mutation could also

affect the structure of the second extracellular loop, which is

important for nucleotide affinity.

Although reduced jeopardy and Gensini scores were

observed in CAD patients with the N178T P2Y4 variant,

comparison with protection against myocardial infarction in

P2Y4 KO ischemic mice must be undertaken with caution.

Among the other cardiac and metabolic parameters analyzed

in CAD patients, we observed slower heart rates and reduced

glucose plasma levels in patients with the N178T P2Y4 receptor.

Interestingly, glucose and insulin tolerance tests demonstrated

that P2Y4 KOmice, characterized by adiponectin overexpression,

had lower glycemia and a higher sensitivity to insulin than WT

mice. As expected, insulin resistance was identified in

adiponectin KO mice and higher sensitivity to insulin

resulting from P2Y4 loss was no longer observed in the

absence of adiponectin in adiponectin/P2Y4 double-KO mice.

The present study shows that the P2Y4 receptor could be

considered as a member of the P2Y receptor family involved in

the regulation of glucose metabolism. The P2Y4 receptor is able

to couple to Gq/11 proteins, but also to Gi proteins (Communi

et al., 1996), which are known to have an antilipolytic effect.

Another study has demonstrated that mice lacking adipocyte

P2Y6 receptor were protected from diet-induced obesity and

were characterized by improved glucose tolerance and insulin

sensitivity (Jain et al., 2020). It has been also shown that P2Y2 and

P2Y4 receptors can regulate Cl
− and K+ channels and intracellular

Ca2+ signalling in pancreatic ducts (Hede et al., 2005; Novak,

2008). More generally, the activation of nucleotide receptors by

ATP participates in the potentiation of glucose-stimulated

insulin secretion by increasing the exocytosis of insulin

granules in pancreatic β-Cells (Mesto et al., 2022).

Among the measured parameters that were significantly

different between wild-type and N178T CAD patients, NT-

proBNP was particularly reduced in N178T CAD patients.

The level of NT-proBNP is considered to be a cardiovascular

risk factor and of prognostic value in patients with previous

myocardial infarction (Reinstadler et al., 2016; Cao et al., 2022).

FIGURE 3
N178T polymorphism is a loss-of-function mutation for the human P2Y4 receptor. (A) Reduced UTP and ATP responses in 1321N1 cells
expressing the N178T P2Y4 mutant. The calcium responses to 100 µM UTP or 100 µM ATP were compared in 1321N1 cells expressing the WT P2Y4
receptor or the N178T P2Y4 receptor. Left graphs, UTP and ATP calcium response in a pool of 1321N1 cells transfected with pcDNA3-WT P2Y4 or
pcDNA3-N178T P2Y4, selected with G418 and displaying a comparable Ct value for P2Y4 mRNA expression in qRT-PCR experiments. UTP and
ATP calcium response was also tested in a pool of 1321N1 cells transfected with the pcDNA3 vector alone. Right graphs, UTP, and ATP calcium
responses in individual 1321N1 transfected clones expressing various levels (expressed in Ct values from qRT-PCR experiments) of WT or N178T P2Y4
receptor. (B) Reduced fluorescent signal of GFP-tagged N178T P2Y4 receptors compared to GFP-taggedWT P2Y4 receptors in transfected HEK-293
cells. Images were obtained using Zoe™ Fluorescent Cell Imager (scale bar = 25 µm).
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The identification of biomarkers related to a high-risk population

and prognosis prediction is a major factor in CAD preventive

measures. NT-proBNP is a neurohormone synthesized and

released by the heart in response to increased wall tension

(Rorth et al., 2020). NT-proBNP is thus a key marker for

heart failure but also a risk marker for the prediction of major

adverse cardiovascular events (Redfors et al., 2018; Liu et al.,

2021). Ischemic myocardium secretes elevated levels of NT-

proBNP, even in the absence of left ventricular dysfunction

(Goetze et al., 2003). The risk of a recurrent cardiac event is

significantly higher in patients with elevated NT-proBNP levels

(Cao et al., 2022). The level of specific biomarkers during a

chronic or later phase is a better predictor of prognosis of cardiac

function than their level during the acute phase. Our study could

contribute to the NT-proBNP level being taken into account in

the risk assessment of patients with previous MI, in association

with the detection of P2RY4 gene polymorphisms.

The identification of this specific N178T P2Y4 variant could

be useful and contributive when combined with other known

cardiac gene polymorphisms to predict the severity of infarction

in humans. A personal approach based on individual genetic

factors andmetabolic parameters is important in the treatment of

myocardial infarction. Nucleotide receptors can be considered to

be key players in the regulation of cardioprotection and glucose

homeostasis. Nucleotide receptors such as the P2Y4 subtype,

expressed in adipose tissues and regulating the production of

FIGURE 4
Loss of mouse P2Y4 receptor improves glucose metabolism. (A)Glucose tolerance test in P2Y4 KOmice. After 6 h-fasting, glucose (2 g/kg) was
intraperitoneally injected, and blood glucose levels were monitored in WT, P2Y4 KO, adiponectin KO (AdipoKO) and P2Y4/adiponectin double-KO
(DKO) mice (n = 12–14). Statistical differences from the control values (WT mice) are shown. (B) Insulin tolerance test in P2Y4 KO mice. After 6 h-
fasting, insulin (0.5 U/kg) was intraperitoneally injected, and blood glucose levels were monitored (n = 8–14). The area under the curve was
quantified both in panels (A,B) with GraphPad Prism software (a.u., arbitrary unit). The data represent the means ± SEM. *p < 0.05; **p < 0.01; ***p <
0.001. Values for individual time points (left graph) and area under the curve (right graph) were analyzed using respectively one-way ANOVA test and
two-way ANOVA test with Bonferroni post hoc evaluation.
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adipokines, can facilitate the onset of insulin resistance.

Antagonists of P2Y receptors could thus have therapeutic

applications in the treatment of type 2 diabetes. The present

identification of a cardioprotective loss-of-function

polymorphism of the human P2RY4 gene correlated with

reduced plasma levels of fasting glucose and NT-proBNP in

CAD patients, as well as the insulin sensitivity in P2Y4-deficient

mice, support the notion that this nucleotide receptor constitutes

another candidate for the development of such antagonists.
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P2X4 and P2X7 receptors are ATP-gated ion channels, which play important

roles in neuropathic and inflammatory pain, and as such they are important drug

targets in diseases of inflammatory origin. While several compounds targeting

P2X4 and P2X7 receptors have been developed using traditional high-

throughput screening approaches, relatively few compounds have been

developed using structure-based design. We initially set out to develop

compounds targeting human P2X4, by performing virtual screening on the

orthosteric (ATP-binding) pocket of a molecular model of human P2X4 based

on the crystal structure of the Danio rerio receptor. The screening of a library of

approximately 300,000 commercially available drug-like compounds led to the

initial selection of 17 compounds; however, none of these compounds

displayed a significant antagonist effect at P2X4 in a Fluo-4 ATP-induced

calcium influx assay. When the same set of compounds was tested against

human P2X7 in an ATP-stimulated Yo-Pro1 dye uptake assay, one compound

(an indeno(1,2-b)pyridine derivative; GP-25) reduced the response by greater

than 50% when applied at a concentration of 30 µM. GP-25 displayed an IC50

value of 8.7 μM at human P2X7 and 24.4 μM at rat P2X7, and was confirmed to

be active using whole-cell patch clamp electrophysiology and not cytotoxic.

Schild analysis suggested that mode of action of GP-25 was orthosteric.

Screening of a further 16 commercially available analogues of GP-25 led to

the discovery of five additional compounds with antagonist activity at human

P2X7, enabling us to investigate the structure-activity relationship. Finally,

docking of the R- and S-enantiomers of GP-25 into the orthosteric pocket

of molecular models of human P2X4 and human P2X7 revealed that, while both

enantiomers were able to make multiple interactions between their carboxyl

moieties and conserved positively charged amino-acids in human P2X7, only

the S-enantiomer of GP-25 was able to do this in human P2X4, potentially

explaining the lack of activity of GP-25 at this receptor.
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1 Introduction

P2X receptors are a family of seven ATP-gated ion channels,

which have important functions in neurotransmission, pain and

inflammation (Sheng and Hattori, 2022). The P2X4 and

P2X7 subtypes in particular are involved in modulation of

inflammation and chronic inflammatory pain. P2X4 receptors

are involved in tactile allodynia following nerve damage (Tsuda

et al., 2003), and P2X7 receptors are thought to modulate

inflammatory responses in conditions including arthritis,

Crohn’s disease and age-related macular degeneration, as well

as being involved in cancer progression andmood disorders (Ren

and Illes, 2022). Due to their involvement in inflammatory

disease, P2X receptors are important drug targets (Dane et al.,

2022) and many P2X4 and P2X7 antagonists have been

discovered and developed, largely using high throughput

screening approaches (Hernandez-Olmos et al., 2012; Ase

et al., 2015; Müller and Namasivayam, 2022), but also by

structure-based screening (Caseley et al., 2016; Zhao et al.,

2021). The discovery of novel P2X4 receptor antagonists has

been more of a challenge than for P2X7, and this may be because

many antagonists (including BX430 and 5-BDBD for P2X4

(Fischer et al., 2004; Ase et al., 2015), and A740003, A804598,

AZ10606120, GW791343, JNJ47965567, A438079 and

AZ11645373 for P2X7 (Honore et al., 2006; Karasawa and

Kawate, 2016; Allsopp et al., 2018; Bin Dayel et al., 2019))

bind to an allosteric pocket in the extracellular domain, which

is smaller in P2X4 than P2X7 (Karasawa and Kawate, 2016).

Structure-based virtual screening is an efficient approach for

the discovery of novel “hit” compounds with activity against a

target protein. In this process, compounds are docked in silico into

a crystal structure or molecular model. The quality of the docking

is scored and then the top-scoring “hits” are selected for biological

assay. If a library of commercially available drug-like molecules is

used for the screen, the compounds can be purchased for assay

without requiring any chemical synthesis. Crystal structures are

now available for Danio rerio (zebrafish) P2X4 in complex with

ATP (Hattori and Gouaux, 2012), human P2X3 in complex with

ATP and the competitive antagonists A-317491 and TNP-ATP

(Mansoor et al., 2016), and giant panda P2X7 in complex with

allosteric antagonists (Karasawa and Kawate, 2016), as well as the

cryoEM structure of full-length rat P2X7 in complex with ATP

(McCarthy et al., 2019), giving a series of good starting points to

develop molecular models of P2X receptors. Structure-based

screening on the ATP-binding (orthosteric) pocket of P2X7 has

also been used successfully, leading to the identification of hit

compounds with selectivity for P2X7 over P2X4 (Caseley et al.,

2016). A similar approach has also been used to discover P2X4 and

P2X1 antagonists, although their potency was in the high

micromolar range (Beswick et al., 2019).

In this work we used structure-based virtual screening on the

orthosteric pocket of a molecular model of human P2X4 based

upon the zebrafish P2X4 crystal structure (Hattori and Gouaux,

2012).We first validated our docking algorithms by docking ATP

into the orthosteric pocket, then performed a virtual screen of the

Specs library of commercially available drug-like compounds

(Specs.net), selecting a total of 17 compounds for biological assay.

None of the compound candidates displayed antagonist activity

at human P2X4 in an ATP-induced calcium influx assay at

10 uM. However we identified one compound (GP-25; an

indeno(1,2-b)pyridine derivative) with antagonist activity at.

net both human and rat P2X7 in an ATP-induced dye uptake

(YoPro-1) assay, with IC50 values of 8.7 μM at human P2X7 and

24.4 μMat rat P2X7.We confirmed the antagonist activity of GP-

25 in whole-cell patch clamp experiments, and Schild analysis

suggested orthosteric antagonism [although there was a

reduction in peak response at the highest antagonist

concentration tested (100 µM)]. Sixteen compound analogues

to GP-25 were then purchased and tested on human and rat

P2X7, leading to the identification of a further five molecules with

antagonist activity and permitting the analysis of the structure-

activity relationship. In silico docking simulations performed on

the orthosteric pocket suggested that both the R- and S-

enantiomers of GP-25 (as well as GP-47, one of the other

analogues with antagonist activity) could bind to human

P2X7, as opposed to only the S-enantiomer of GP-25 in

human P2X4. Both the R- and S-enantiomers of GP-25 and

GP-47 were able to occupy the P2X7 orthosteric pocket in a way

that preserved key interactions between carboxyl groups and

conserved positively charged amino-acids in the orthosteric

pocket, but only the S-enantiomer of GP-25 was able to do

this in human P2X4. This gave a potential molecular explanation

for the lack of activity of GP-25 that we observed at human P2X4.

In summary, our work describes both the structure-based

discovery of a novel orthosteric human P2X7 antagonist, and

an analysis of the molecular basis for the differential potencies

observed at different receptor subtypes.

2 Materials and methods

2.1 Development of 1321N1 cells stably
expressing human P2X4, human and rat
P2X7 receptors

1321N1 astrocytoma cells and HEK-293 cells were cultured (at

37°C, 5% CO2) in Dulbecco’s modified Eagle’s medium (DMEM/F-

12 with Glutamax) supplemented with 10% foetal bovine serum

(FBS) and 200 unit/ml of penicillin and streptomycin antibiotics

(Fisher Scientific). For stable cell line generation, cells were

transfected using FuGene HD Transfection Reagent (Promega)

according to the manufacturer’s protocol with plasmids encoding

either human P2X4 with a C-terminal (His)10 tag (Young et al.,

2008), human P2X7 with a C-terminal EYMPME tag (kindly

provided by R.A. North) or rat P2X7 C-terminally tagged with

a GFP-(His)8 tag, generated by PCR amplification of the coding
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sequence for rat P2X7 from a pcDNA-based expression vector

(Young et al., 2007), adding XhoI and EcoRI sites at the 5′- and
3′- ends respectively, followed by restriction digestion and

ligation into a zebrafish P2X4-GFP expression vector based

on pEGFP-C1 (kindly provided by Eric Gouaux; Kawate and

Gouaux, 2006) to replace the zebrafish P2X4 coding region with

rP2X7. Transfected clones were grown in DMEM/F-12 with

Glutamax medium supplemented with G-418 (Geneticin®,
Fisher Scientific), 600 μg/ml and 150 μg/ml during selection

and maintenance respectively. Each clone was tested for

P2X4 or P2X7 receptor expression by Western blot and

clones, which displayed receptor expression were assessed for

functionality using the Ca2+ influx assay (P2X4) or the Yopro-1

uptake assay (P2X7). HEK-293 cells stably expressing human

P2X7 (Adinolfi et al., 2010) were a kind gift from Elena

Adinolfi.

2.2 Homology modelling and ligand
docking

In silico simulations were performed on a MAC pro

2.80 GHz Quad-Core Intel Xeon running Ubuntu

12.04 LTS. Graphical representations were generated with

MOE (Molecular Operating Environment, 2014.09;

Chemical Computing Group ULC, Canada). Structure files

retrieved from the RCSB Protein Data Bank (http://www.rcsb.

org) as PDB file format were used as template to build

P2X4 [PDB ID 4DW1 (Hattori and Gouaux, 2012)] and

P2X7 [PDB ID 6U9W (McCarthy et al., 2019)] receptor

homology models using MOE 2014.09, single template

mode and default settings with AMBER12:EHT force field,

including the crystallized ATP molecules for the induced-fit

mode. Each model was checked visually and via the Rampage

Server, Molprobity (Lovell et al., 2003) and PROCHECK

(Laskowski et al., 1993) to exclude gross errors in protein

geometry. For validation, ATP coordinates in the crystal

structure were used to set the centroid coordinated for a

box of 10 Å3 grid used in the docking. FlexX 2.1.3 with

default parameters (Rarey et al., 1996), PLANTS (Korb

et al., 2006) and Glide Standard Precision (https://www.

schrodinger.com/products/glide) simulations were used for

the docking. 20 aco ants (for the explorative docking

algorithm) and standard parameters were set for

simulations with PLANTS. 10 or more poses generated in

each simulation were visually inspected.

2.3 Structure-based virtual screening and
docking

Preparation of compound structure was performed with

the LigPrep module (https://www.schrodinger.com/

products/ligprep), using the Specs library of commercially

available compounds (~300,000 entries; Specs.net). Briefly,

hydrogens were added and possible ionization states were

generated for pH 7.0 ± 2.0 using the OPLS_2005 forcefield;

possible tautomers were generated for each molecule as well

as all possible enantiomers for structures with non-specified

chiralities. The center of the binding region was defined by

either manual selection of the pocket residues or by selecting

the superposed ligand. Ligands were initially docked using

the Glide High throughput Screening (HTVS) protocol, the

top 15% best scored poses were re-docked with the Glide

Standard Precision protocol, and then rescored (without

performing ulterior docking) using the Glide Extra

Precision (XP) protocol, FlexX and PLANTS (in parallel).

A consensus score from all 3 re-scorings was calculated

(Bassetto et al., 2013), and poses that ranked best

according to Glide XP, FlexX and PLANTS—were selected

for visual inspection. Docking of GP-25 and analogues were

performed on the human P2X7 and human P2X4 models

using Glide XP protocol using a grid appropriate for 14 Å3

ligand length, with crystallized ATP coordinates as grid

centroid. Poses were visually inspected before final

selection of compounds for assay. Criteria in the choice of

ligands included i) ability to entertain multiple H-bond or

ionic interactions with key residues in the ATP binding

pocket and ii) at least a partial overlap between the

docked ligand conformation and the superposed adenine

of the ATP. Additional interactions were also a favorable

criteria.

2.4 Fluo4 calcium influx assay

Cells were plated the day before assay into poly-lysine-

coated 96-well plates at 40–65,000 cells/ml. To load cells with

calcium-sensitive fluorescent dye, culture medium was

replaced with modified Ringer’s buffer (140 mM NaCl,

10 mM HEPES, 10 mM Glucose, 1 mM MgCl2, 1 mM

CaCl2, 2.5 mM KCl, .5% BSA, pH = 7.4) containing 2.6 μM

FLUO4-AM (Fisher Scientific) and 250 μM Probenecid

(Sigma), and cells were incubated for 20–30 min.

Immediately prior to assay, buffer was replaced with fresh

modified Ringer’s buffer containing 500 μM Probenecid.

Compounds were dissolved in DMSO at 1,000× the

required assay concentration prior to diluting in assay

buffer and the final DMSO concentration did not exceed

.1%. A Fluoroskan Ascent FL plate reader (Fisher Scientific)

equipped with a solution dispenser and an appropriate filter

pair (excitation: 485 nm, emission: 538 nm) was used to

record 5 s baseline followed by P2X4-mediated calcium

influx measurements for 20–25 s after ATP stimulation

(20 μL injection of solutions dissolved in modified Ringer’s

buffer). The amplitude of ATP responses was calculated as ΔF/
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F0, where ΔF = F1 − F0, subtracting the fluorescent

background as suggested by Bootman et al. (2013).

2.5 Yopro-1 uptake assay

Cells were plated as for the calcium influx assay (Section

2.4). Culture medium was replaced with low divalent cation

containing extracellular solution (ECS-LD; 147 mM NaCl,

10 mM HEPES, 13 mM Glucose, .2 mM CaCl2, 2 mM KCl.

pH = 7.4 in MilliQ water) and 5 μM Yopro-1. Compounds

were dissolved in DMSO at 1,000× the required assay

concentration prior to diluting in assay buffer and the final

DMSO concentration did not exceeded .1%. The baseline was

measured with a BMG Clariostar instrument for 5–10 cycles,

followed by addition of ATP (or BzATP) and recording for at

least 30 further cycles (approx. 1 min per data point). The

collected responses were normalized to the first data-point

recorded after ATP addition. The initial gradient of the dye

uptake curve was used to calculate the response to ATP.

2.6 Patch-clamp electrophysiology

Whole-cell patch-clamp traces were recorded at room

temperature using patch pipettes pulled from borosilicate

glass (World Precision Instruments, Sarasota, FL,

United States). Pipettes were filled with internal solution

(IS) containing (in mM): 145 NaCl, 10 EGTA and

10 HEPES, with the pH adjusted to 7.3 with NaOH and

had resistances of 3–5 MΩ. Cells were constantly perfused

in a bath with ECS-LD. Currents were recorded at a holding

membrane potential of −60 mV using an Axon Instruments

Axopatch Multiclamp 700A amplifier and Digidata 1322A

A/D interface (Molecular Devices, Sunnyvale, CA,

United States). ATP working solutions were prepared fresh

and solutions with compounds had a final concentration of

DMSO equal or lower than .1% (.1% DMSO was included as

vehicle control). ATP applications were made at 90-s

intervals. Solutions were applied to patch-clamped cells

with the help of a rapid perfusion system (RSC-160,

Biologic, Claix, France), allowing solution exchange times

in the range 20–100 m.

2.7 Cell viability assay

To assess hit compound toxicity, CellTiter-Blue Cell

Viability Assay (Promega, Southampton, United Kingdom)

was used as recommended by the manufacturer on not

transfected HEK-293. Cells were seeded in 96-well plates

(100 μL at a concentration of 30–35,000 cells/ml) in culture

media and a day later media was replaced with 100 µL fresh

media containing 30 µM of tested compounds (10 µM of

A740003). After 24 h incubation at 37 °C, 5% CO2, 20 µL of

CellTiter Blue reagent was added to each well and incubated

for 3 h at 37°C. Fluorescence was then measured with a BMG

Clariostar using excitation/emission wavelengths of 560/

590 nm. Data were normalized to vehicle control-treated

cells (.1% DMSO).

2.8 Data analysis and statistics

Data processing and data analysis were carried out using

Graphpad Prism version 6 for Mac. Figures are presented as

mean ± SEM. Statistical significance of any difference observed

between samples was calculated through one-wayANOVA followed

byDunnett’smultiple comparisons test with a single pooled variance

(control, unless otherwise specified) or, when comparing only two

sets of data, using an unpaired t-test withWelch’s correction. When

comparing data obtained from multiple independent experiments

(N), each dataset was normalized to the mean value obtained for the

vehicle control before pooling data. A non-linear regression (curve

fit) with four parameters was applied to determine any dose-

response correlation and the presence of any inhibition trend

during the compound testing (curve-fit constraints were applied

to normalized data). Y = Bottom + (Top-Bottom)/(1 +

10̂((LogEC50-X)*Hill Slope)) Where: X: agonist (or antagonist)

concentrations expressed as logarithmic scale. Y: response

measurements (raw or normalized value) This formula was also

used for inhibition curve fitting by substituting the value of EC50

with IC50.

3 Results

3.1 Virtual screening and compound
selection

We generated a molecular model of human P2X4 based on

the crystal structure of zebrafish P2X4 bound to ATP (Hattori

and Gouaux, 2012). Three docking algorithms were

validated—later employed in the virtual screening (PLANTS,

FlexX and Glide SP)—by docking ATP in the model. In each

simulation the docked pose of ATP was similar to that observed

for ATP in the crystal structure (superposed, shown in grey lines

in Supplementary Figure S1); in the dock obtained using

PLANTS (Supplementary Figure S1A) the adenine ring was

translated (positioned less deep in the pocket), with FlexX

(Supplementary Figure S1B) the phosphate chain

conformation was different (the ß and gamma phosphates in

the docking occupied the a and ß positions in the model derived

from the crystal structure), and with Glide SP (Supplementary

Figure S1C) there was the greatest similarity. A protein-ligand

interaction fingerprint (PLIF) showed comparable interactions in
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TABLE 1 List of compounds identified by virtual screening in the P2X4 ATP-binding pocket (numbered 1–17) and GP-25 analogues (numbered 18–33).

ID Structure Specs ID MW % Inhibition at hP2X7 % Inhibition at rP2X7

1 AE-641/00786016 423.42 41 n.d

2 AE-641/42133418 407.40 38 n.d

3 AF-399/40634562 338.45 — n.d

4 AF-399/41900709 459.50 <10 n.d

5 AF-399/42810490 327.43 — n.d

6 AF-407/33312043 320.35 <10 n.d

7 AG-205/36698032 417.54 n.d n.d.

8 AG-670/36765017 309.32 — n.d

9 (GP-25) AH-487/14758206 484.30 ~75 47

(Continued on following page)
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TABLE 1 (Continued) List of compounds identified by virtual screening in the P2X4 ATP-binding pocket (numbered 1–17) and GP-25 analogues (numbered
18–33).

ID Structure Specs ID MW % Inhibition at hP2X7 % Inhibition at rP2X7

10 AH-487/40935627 435.84 — n.d

11 AH-487/41955121 352.34 25 n.d

12 AK-778/41182449 339.35 12 n.d

13 AN-988/40787450 513.63 29 n.d

14 AN-988/40787687 381.43 — n.d

15 AO-080/43441580 306.36 11 n.d

16 AO-476/41610193 370.47 <10 n.d

17 AO-990/15068055 321.38 <10 n.d.

(Continued on following page)
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TABLE 1 (Continued) List of compounds identified by virtual screening in the P2X4 ATP-binding pocket (numbered 1–17) and GP-25 analogues (numbered
18–33).

ID Structure Specs ID MW % Inhibition at hP2X7 % Inhibition at rP2X7

18 AK-968/15604330 423.51 — —

19 AH-487/15150556 468.35 — 13

20 (GP-47) AH-487/14757970 439.85 77 —

21 AH-487/14758229 433.46 <10 —

22 (GP-50) AG-690/40638872 476.87 69 —

23 AG-690/40638873 442.43 30 —

(Continued on following page)
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TABLE 1 (Continued) List of compounds identified by virtual screening in the P2X4 ATP-binding pocket (numbered 1–17) and GP-25 analogues (numbered
18–33).

ID Structure Specs ID MW % Inhibition at hP2X7 % Inhibition at rP2X7

24 AN-988/40667255 578.43 12 16

25 AM-879/42012121 415.87 20 —

26 AM-879/42012369 446.3 22 —

27 AM-879/42012458 401.84 16 —

28 AJ-292/42032071 356.42 32 —

29 AK-968/11109126 489.35 20 —

30 AJ-292/14827035 371.43 27 —

(Continued on following page)
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the zebrafish P2X4 crystal structure (4DW1) and our three

docking simulations (Supplementary Figure S1D). In our

docking simulations we observed some additional interactions

with Leu-188 (surface contact), Lys-190 (sidechain hydrogen

bond acceptor and ionic attraction), Leu-214 (sidechain

hydrogen bond donor and surface contact) and Ser-289

(sidechain and backbone hydrogen bond acceptor). Our

results suggested that each algorithm was capable of

replicating the binding pose of ATP in the orthosteric pocket,

but as Glide performed the best, this was used as the main

algorithm for subsequent virtual screening.

A library of commercially available drug-like compounds

(Specs, 2022) with approximately 300,000 molecules was docked

in silico into the orthosteric pocket of our human P2X4 model,

selecting a total of 17 compounds for biological assay (Table 1).

3.2 Identification of a P2X7 antagonist
among the screened compounds

The antagonist activity of the 17 compounds (applied at 10 µM)

was assayed initially on 1321N1 astrocytoma cells stably expressing

human P2X4 receptors by measuring the ATP-induced (applied at

1.2 µM) increase in Fluo-4 fluorescence due to calcium influx via

P2X4, using 2 µM BX430 as a positive control (Figure 1A).

Compound 7 was excluded from biological assay due to very low

solubility. None of the compounds showed a statistically significant

reduction in response, suggesting no antagonist activity at human

P2X4. The same compounds were then assayed at a single

concentration of 30 µM (we initially expected that, having

designed the compounds to bind to P2X4, they would likely be

less potent at P2X7, and need to be applied at a higher concentration

to observe an effect) on 1321N1 astrocytoma cells stably expressing

human P2X7. The ATP-induced rate of uptake of YoPro-1 dye was

measured upon application of at 300 µM ATP, using .1 µM

A740003 as a positive control (Figure 1B). Several compounds

showed at least 25% reduction in response (Table 1) and,

strikingly, one compound (GP-25; (4-bromo-2-(3-

(methoxycarbonyl)-2-methyl-5-oxo-4,5-dihydro-1H-indeno(1,2-b)

pyridine-4-yl)phenoxy)acetic acid) inhibited the response by

approximately 74.6%, and was taken forward for further analysis.

3.3 Characterization of GP-25 antagonism
at P2X7

Concentration-response curves for both human and rat

P2X7 receptors were constructed using the ATP-induced

TABLE 1 (Continued) List of compounds identified by virtual screening in the P2X4 ATP-binding pocket (numbered 1–17) and GP-25 analogues (numbered
18–33).

ID Structure Specs ID MW % Inhibition at hP2X7 % Inhibition at rP2X7

31 AH-487/14758041 421.45 29 <10

32 (GP-66) AK-454/40961396 449.5 55 19

33 AN-655/41064474 399.27 18 16

Specs IDs, identification number according to the supplier (specs.net). MW, molecular weight (g/mol). Approx. % inhibition at 30 μM at human P2X7 and rat P2X7. —for compound

displaying increased responses vs. control. n.d, not determined.
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YoPro-1 uptake assay, and EC50 values of 183.5 and 138.3 µM

were determined for human and rat P2X7, respectively

(Figure 2A). Concentration-inhibition curves were

constructed for GP-25 at both human and rat P2X7 using

the YoPro-1 uptake assay (Figure 2B; 300 µM ATP), and IC50

values of 8.7 μM at human P2X7 and 24.4 μM at rat P2X7 were

determined, demonstrating moderate selectivity of GP-25 for

human P2X7 over the rat orthologue. To confirm antagonist

action in an independent assay, whole-cell patch clamp

experiments were performed on human embryonic kidney

(HEK-293) cells stably expressing rat P2X7-GFP

(Figure 2C), and a concentration-dependent inhibition was

observed when GP-25 was pre-applied for 2 min (300 µM ATP

application). A statistically significant reduction in

P2X7 activity was observed upon application of 25 µM GP-

25 in both the YoPro-1 and patch clamp assays confirming GP-

25 activity in the low micromolar range (Figure 2D). In order

to confirm GP-25 as a competitive (orthosteric) antagonist,

BzATP concentration-response curves (ranging between

300 μM and .03 µM) were constructed for rat P2X7-GFP in

the YoPro-1 uptake assay in the presence of increasing

concentrations of GP-25 (Figure 3A). Maximal responses

were observed in all except the highest GP-25 concentration

(100 µM). Schild analysis, plotting the logarithm of the ratio of

apparent EC50 values ((antagonist/control) − 1) against the

logarithm of GP25 concentration (Figure 3B) gave a straight

line with a slope not significantly different than 1 (at p = .05 as

determined by one-sample t-test against the theorical value 1;

3 biological replicates), indicative of competitive (orthosteric)

antagonism.

3.4 Activities of GP-25 analogues at
human and rat P2X7

A small library of 16 commercially available compounds

was selected according to the presence of the same scaffold as

GP-25, (70% similarity, Tanimoto index) and/or presence of

FIGURE 1
Initial screening of compounds at human P2X4 and human P2X7. (A)Normalized% response of 1321N1 astrocytoma cells stably transfectedwith
human P2X4 to 1.2 µM ATP (Fluo-4 calcium uptake assay) incubated in the absence (DMSO) or presence of either 2 µM BX-430 or 10 µM Specs
compound (1–16; GP-25 is compound 9). (B) Normalized % response of 1321N1 astrocytoma cells stably transfected with human P2X7 to 300 µM
ATP (YoPro-1 dye uptake assay) incubated in the absence (DMSO) or presence of either .1 µM A740003 or 30 µM Specs compound. The final
concentration of DMSO did not exceed .1%. Asterisks represent significant differences from control (DMSO) as measured by one-way ANOVA and
Dunnet’s test (***, p ≤ .001; ****, p ≤ .0001). Data represents two or more independent experiments (n = 3–4 each).

Frontiers in Pharmacology frontiersin.org10

Pasqualetto et al. 10.3389/fphar.2022.1094607

152

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1094607


FIGURE 3
GP-25 is an orthosteric P2X7 antagonist. (A) BzATP concentration-response curves in increasing concentrations of GP-25 (compared to
control; .1% DMSO). Curves are fitted without constraints (simple 4-parameter fitting). (B) Schild plot of the relationship between GP-25
concentration and the dose ratio. The equation for the line of best fit was Y = 1.004*X + 4.489; R2= .5785. Slope was 1.004 ± .2584; not significantly
different from the theoretical value of 1 at p = .05. Data represents three independent experiments (n = 3 each).

FIGURE 2
Functional characterization of GP-25. (A) ATP concentration-response curves (YoPro-1 assay) for human P2X7 (black line, circles) and rat P2X7 (grey
line, triangles). Estimated EC50 values were 183.5 and 138.3 µM for human and rat P2X7, respectively. (B) GP-25 concentration-inhibition curves (YoPro-1
assay) for human P2X7 (brown line, circles) and rat P2X7 (black line, triangles) (300 µM ATP). Estimated IC50 values were 8.7 μM at human P2X7 and
24.4 μMat rat P2X7. (C) Representative traces for human P2X7 showing inhibition of ATP-evoked currents by GP-25 (concentrations indicated) in
whole-cell patch clamp. (D) Summary of GP-25 inhibition data from YoPro-1 (left) and patch clamp (right) experiments. *; p ≤ .05 (One-way ANOVA). ns;
non-significant. YoPro-1 assay data represents two independent experiments (n = 3–5 each); electrophysiology n = 5–7 for each GP-25 concentration.
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at least one functional group we hypothesized could

contribute to GP-25 activity (e.g. carboxylic acid, halogen

substituent to the aromatic ring, ester, etc.) (Compounds

18–33; Table 1). When human P2X7-expressing cells were

incubated with 30 µM of compounds (Figure 4A), several GP-

25 analogues caused a statistically significant reduction in

ATP-induced dye uptake (300 μM ATP, approx. EC70

measured in our experiments), including GP-47, GP-50,

Compound 23, Compound 28 and GP-66. None of these

compounds displayed antagonist activity at rat P2X7

(Figure 4B and summarized in Table 1). Although the

number of compounds tested was limited by their

availability via a commercial source, the numerous ‘hits’

allowed for a basic structure-relationship (SAR) analysis.

13 out of 16 compounds presented either scaffold I or

scaffold II—Scaffold I being the one shared among most of

FIGURE 4
Activity of GP-25 analogues at human and rat P2X7. (A,B) Normalized % response of HEK cells transfected with either human P2X7 (A) or rat
P2X7-GFP (B) to 300 µM ATP (YoPro-1 dye uptake assay) incubated in the absence (DMSO) or presence of either .1 µM A740003 or 30 µM Specs
compound (18–33; GP-25 is compound 9, GP-47 is compound 20, GP-50 is compound 22 and GP-66 is compound 32). (*, p ≤ .05; ****, p ≤ .0001).
Data represents two or more independent experiments (n = 3–4 each). (C) GP-25 analogue common chemical scaffolds. Scaffold I: R1,
halogen, methoxyl-, methoxycarbonyl- and/or hydroxyl-. Compound 28 presents a pyridinyl- instead of the phenyl-. R2, methoxyl-, ethoxyl-. or
cyclized ketone. R3, methyl-. Compound 28 presents a pyridinyl-. instead of the phenyl-. GP-66 has an N-methyl substitution on the indeno(1,2-b)
pyridine moiety. Scaffold II: R1, halogen, methoxyl-, methoxycarbonyl- and/or hydroxyl-. R2 and R4, -H, dimethyl-. R3, -H, methyl-. Chiral center
marked with a blue star. (D). HEK cell viability (CellTitre Blue assay) following a 24 h incubation with either .1% DMSO (vehicle control) or 10 μM
A740003, or 30 µM GP-25 or GP-47.
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the compounds that showed moderate or good activity

(Figure 4C). A methoxyl acetate as substituent (R1) on the

phenyl ring (Scaffold I) appears to be important for

compound activity, as substitution with a methoxyl group

completely abolished the activity (as for Compound 19;

Figure 4A and Table 1). Methoxyl acetate as either an

ortho- or para-substituent (R1) was tolerated, as were

halogens in the meta-position in the phenyl ring (R1), both

moieties improving activity in Scaffold I. The introduction of a

furan linker between the dihydro-1H-indeno(1,2-b)pyridine-

3-carboxylate and the phenyl moiety (scaffold very similar to

that of Scaffold I; Figure 4C) was permitted without loss of

activity provided that there was of a halogen in the ortho- and

a nitro-group in the para-position of the phenyl moiety (GP-

50). However, we observed that GP-50 was less soluble than

GP-47 or GP-25. Compounds bearing Scaffold II (Compound

FIGURE 5
Docking of GP-25 and GP-47 into the orthosteric pockets of molecular models of human P2X4 and rat P2X7. (A,B)Docking of GP-25 (lilac) into
human P2X4 (wheat). (C,D) Docking of GP-25 (orange) into human P2X7 (pale blue). (E,F) Docking of GP-47 (pale pink) into human P2X7 (pale blue).
(A,C,E) represents the S-enantiomer and (B,D,F) represents the R-enantiomer. The ATP pose derived from the original crystal or cryoEM structure is
shown in black lines for reference. Interactions are shown as dashed lines.
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13, 14, 18, 25, 26, 27) did not show activity over 25% at 30 μM,

indicating that the substitution of the carboxylate to a cyclic

ketone is not favored.

Finally, GP-25 and GP-47 were tested in a cytotoxicity

assay showing that a 24-h incubation did not significantly

reduce cell viability in HEK-293 wild-type (Figure 4D). As

GP-50 showed low solubility, it was excluded from the cell

viability assay.

3.5 Docking of GP-25 and GP-47 in the
orthosteric pocket

To investigate potential bindingmodes of GP-25 to P2X4 and

P2X7, docking of the ligands was performed in the orthosteric

pockets of our human P2X4 model (GP-25 was re-docked), and

of a model of human P2X7 built from the cryoEM structure of rat

P2X7 bound to ATP (PDB ID: 6U9W; McCarthy et al., 2019).

Both GP-25 and GP-47 contain a chiral center and were

purchased as mixture of enantiomers (no info on %

composition provided by the supplier). Our docking

investigated the binding mode of both enantiomers (S and R,

Figure 5) in the orthosteric pocket using Glide Extra

Precision (XP).

The carboxyl groups of the S-enantiomer of GP-25 form

extensive interactions with many of the polar residues in a

similar fashion to that of the gamma phosphate of ATP (Lys-

67, Lys-69, Arg-295 and Lys-313 (human P2X4 numbering);

upper part of Figure 5A). However, docking the R-enantiomer

of GP-25 showed a flipped pose with the carboxyl moiety

pointing toward the bottom of the pocket (lower part of

Figure 5B), lacking the interactions with residues that

coordinate the gamma phosphate in ATP. Conversely, for

human P2X7, we were able to obtain (for both GP-25

enantiomers), poses where the carboxylic group made

strong multiple interactions with polar residues known to

interact with ATP in the crystal structure, specifically

coordinating the gamma phosphate (Figure 5C, D),

including Lys-311, Lys-64, Lys-66 and Arg-294 (human

P2X7 numbering). Additionally, the hetero-tricyclic scaffold

of GP-25 tightly occupies the cavity where the adenine ring of

ATP is found in the cryoEM structure, unlike in human P2X4

(compare Figure 5C, D with Figure 5A, B). Docking of GP-47

into the orthosteric pocket of human P2X7 (Figure 5E, F) gave

rise to poses where some interactions between the carboxylic

acid moieties and key positively charged amino-acids (e.g. Lys-

311 in the S-enantiomer; Figure 5E) were present, and the

adenine pocket at least partially occupied by the tricyclic ring.

The combination of lack of key interactions with conserved

phosphate-coordinating amino-acids and lack of occupation of

the adenine pocket for one of the two enantiomers may explain

why GP-25 displays little antagonist activity at human

P2X4 compared to human P2X7.

4 Discussion

In this work we have discovered a novel orthosteric

P2X7 receptor antagonist using structure-based virtual

screening, and screened analogues to analyze the molecular

determinants of subtype-specific potency. Using a molecular

model of human P2X4 based upon the ATP-bound Danio

rerio crystal structure, we validated 3 separate docking

algorithms by comparing the poses of docked ATP with

the pose analogous to the crystal structure. We then

performed a virtual screen, selecting the top 17 best-

scoring compounds (according to a combination of the

three algorithms) for functional assay. While none of the

compounds in our initial screen displayed antagonist activity

at human P2X4, several compounds were active at human

P2X7, including GP-25, and we were able to confirm its

antagonist activity in two separate assays (ATP-induced

dye uptake and patch-clamp electrophysiology). Schild

analysis suggested an orthosteric mode of action, with the

caveat that the maximum response was reduced at the highest

antagonist concentration tested. Screening a series of

commercially available GP-25 analogues enabled the

identification of several additional antagonists, and the

development of a structure-activity relationship. Finally,

docking of the two enantiomers of GP-25 and its close

analogue GP-47 into models of human P2X4 and

P2X7 enabled us to determine why GP-25 lacks activity at

human P2X4, and why GP-25 and its analogues are more

active at human P2X7 than rat P2X7.

The inter-subunit ATP-binding site of P2X receptors is

highly conserved, and the overall shape and size of the ATP

binding pocket is very similar between receptor subtypes

(Kawate, 2017; Pasqualetto et al., 2018). Indeed, the binding

pose of ATP in the pocket is strikingly similar in Danio rerio

P2X4, human P2X3, gulf coast tick P2X and rat P2X7, adopting a

U-shaped conformation where conserved lysine and arginine

residues coordinate the phosphates. The presence of the gamma

phosphate is crucial for agonist activity, as well as the

conformation of the ribose moiety and the localization of the

adenine moiety into a relatively hydrophobic pocket (Dal Ben

et al., 2019; Gasparri et al., 2019; Grimes et al., 2020). We chose a

model of human P2X4 based on the ATP-bound structure of

Danio rerio P2X4 for virtual screening and validated our docking

algorithms using ATP (in a model where the bound ATP was

removed prior to docking). Overall, our algorithms replicated the

pose of bound ATP quite well, giving us confidence that our

virtual screening would yield molecules capable of docking to the

orthosteric pocket.

Structure-based virtual screening has been used previously to

discover novel P2X7 antagonists, using both the orthosteric

(Caseley et al., 2016) and allosteric (Zhao et al., 2021) pocket.

In both cases molecular models of human P2X7 based on

homologous P2X receptor crystal structures were used and hit
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compounds with micromolar potency were obtained. This

previous success with P2X7 models indicates that our strategy

is valid, and a similar approach to ours has recently been carried

out on a molecular model of human P2X4 (Beswick et al., 2019),

discovering hit compounds, but with very low (high micromolar)

potency. There has been a lower success with a similar approach

for human P2X4 and the discovery of antagonists using the

hP2X4 orthosteric pocket in virtual screenings has been more

challenging. Indeed, in our study, multiple compounds initially

selected as candidates from a P2X4 virtual screening displayed no

activity at human P2X4, but instead displayed activity at human

P2X7, including GP-25, which to our knowledge represents a

novel P2X7 antagonist with no activity at human P2X4 receptors.

A GP-25 analogue ((4-bromo-2-[3-(ethoxycarbonyl)-2-methyl-

5-oxo-4,5-dihydro-1H-indeno[1,2 -b]pyridin-4-yl]phenoxy)

acetic acid; Chembridge ID 6422575) has previously been

shown to bind to the tyrosine kinase Syk with a Kd of

6.2 µM, and inhibition of antibody binding of 81% in an

antibody displacement assay, but its IC50 for inhibiting mast

cell degranulation (a key functional consequence of Syk

activation) was ≥20 μM, suggesting a lack of biological effect,

and no further studies were undertaken with this molecule

(Villoutreix et al., 2011).

The fact that our virtual screen was performed on P2X4,

yet we discovered compounds with activity at P2X7, seems

surprising, and may appear to cast doubt on the value or

validity of the virtual screening process. However, we suggest

that the process was successful in part because of the high

degree of similarity between the orthosteric pockets of

P2X4 and P2X7, and in part because of the favorable

binding of both enantiomers of GP-25 to the orthosteric

pocket of P2X7 (see below). Screening GP-25 analogues,

we found three (GP-47, GP-50, and GP-66) with similar

activity to GP-25 at human P2X7 (but displaying no

activity at the rat isoform), and confirmed a lack of

cytotoxicity in both GP-25 and GP-47. Future studies

could focus on chemical modification to these compounds

to improve their potency, and experiments with other

P2X7 subtypes to confirm selectivity.

The characterization of GP-25 included Schild analysis,

which suggested a competitive (orthosteric) mode of action.

However, the maximum concentration of GP25 that we could

apply was 100 µM (due to solubility issues), and at this

concentration we did observe a small reduction in

maximum response. It is difficult to address this directly

by making mutations in the orthosteric pocket, as these

impair P2X receptor function (Chataigneau et al., 2013).

Binding to the allosteric pocket could be confirmed or

refuted in future experiments by assessing the ability of

GP25 to antagonise receptors with mutations in the

allosteric pocket, as demonstrated for the P2X7 antagonist

AZ10606120 (Allsopp et al., 2017). This would not, however,

rule out the possibility of binding at a distinct allosteric site.

In future, direct structural study may be the only way to

confirm the orthosteric binding of GP-25.

Given that GP-25 was initially selected in a screen against

human P2X4, we considered potential reasons for its lack of

activity at human P2X4 compared to human P2X7. GP-25 and

its analogues have two possible enantiomers (R- and S-) due to the

presence of a chiral center (Figure 4C, marked with a blue star)

linking the heterotricyclic ring to the phenyl moiety, and we used

molecular docking of both enantiomers of GP-25 into human

P2X4 and P2X7, and both enantiomers of its analogue GP-47

into human P2X7, to try to address this. We found that, in

human P2X4, only the S-enantiomer of GP-25 was able to make

extensive interactions between its carboxylic acid moieties and the

amino-acids known to coordinate the gamma phosphate of ATP,

whereas in human P2X7, both enantiomers were capable of this.

Furthermore, in human P2X4, the S-enantiomer of GP-25 made an

additional stabilizing H-bond interaction with the backbone of Ser-

289 and Leu-214 (the reason why it was chosen after visual

inspection to be included in the initial screening). In the dock of

the R-enantiomer of GP-25 into human P2X4, the carboxylic acid

moieties were flipped towards the “bottom” of the orthosteric

pocket, and while multiple interactions were observed, (a π-
cation interaction with the phenyl moiety and Lys-313, and

multiple H-bond interactions with Leu-214, Ser-289, Lys-67), the

network of interactions was less complex than that of the

S-enantiomer, and did not include Lys-69 or Arg-295. The lack

of ability of the R-enantiomer of GP-25 to make interactions with

the amino-acids that coordinate the gamma phosphate may explain

the lack of activity at human P2X4. It is important to state that we do

not know the proportions of R-and S-enantiomers present in the

supplied compound; if it were a 50:50 mixture, according to our

hypothesis above, we might have expected to observe some

inhibition of P2X4 when 10 µM compound was applied, or

inhibition at higher concentrations (e.g., 30–100 µM, which we

did not test). However, if the R-enantiomer predominates, we

would not necessarily expect to observe inhibition even at high

concentrations. A possible reason why docking of the R-enantiomer

of GP-25 resulted in a flipped conformation in P2X4 but not P2X7 is

the reduced and more enclosed pocket in P2X4 compared to P2X7,

due to the presence of a 4-amino-acid longer loop lining the side of

the pocket (Pasqualetto et al., 2018).

In our docking of the S-enantiomer of GP-25 into human

P2X7, the methoxycarbonyl moiety made further stabilizing

interactions with Asn-292 and Lys-311. The necessity for

there to be a non-planar dihedral angle between the ester and

the Asn-292 and Lys-64 (to ensure optimal geometry for

hydrogen bond formation) may at least partially explain that

replacement of the freely rotating bond of the ester with a

constrained cyclized carbonyl (e.g., in compound 18, 25, 26,

27, 28 or 30) always resulted in loss of activity. The hydroxyl

group of Tyr-288 in human P2X7 also appears to be

important for stabilizing the heterotricyclic ring of either

GP-25 or GP-47. One of the very few differences between
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human P2X7 and rat P2X7 is the presence of a phenylalanine

at position 288 (Phe-288), and weaker additional

stabilization of GP-25 and its analogues in the orthosteric

pocket may explain the moderate difference in potency of

GP-25 at human over rat P2X7 and the loss of potency of GP-

47 in rat P2X7.

In summary, we have discovered a novel P2X7 antagonist

with an IC50 value of 8.7 μM at human P2X7, which displays

no activity at human P2X4. Pharmacological and molecular

docking analysis suggests that it may bind in the orthosteric

pocket of the receptor, and that interactions between

carboxylic acid moieties and positively charged amino-acids

in the orthosteric pocket are potentially important for its

activity and selectivity.

Data availability statement

The raw data supporting the conclusion of this article will be

made available by the authors, without undue reservation.

Author contributions

GP, MY and AB participated in research design. GP and

MZ conducted experiments. GP, MZ, and MY performed

data analysis. GP and MY wrote the manuscript. All authors

contributed to the article and approved the submitted

version.

Funding

GP was supported by a Life Sciences Research Network

Wales PhD studentship. MZ was supported by a Sight

Research UK PhD studentship (RES013).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fphar.

2022.1094607/full#supplementary-material

References

Adinolfi, E., Cirillo, M., Woltersdorf, R., Falzoni, S., Chiozzi, P., Pellegatti, P.,
et al. (2010). Trophic activity of a naturally occurring truncated isoform of the
P2X7 receptor. FASEB J. 24, 3393–3404. doi:10.1096/FJ.09-153601

Allsopp, R. C., Dayl, S., Bin Dayel, A., Schmid, R., and Evans, R. J. (2018).
Mapping the allosteric action of antagonists A740003 and A438079 reveals a role for
the left flipper in ligand sensitivity at P2X7 receptors.Mol. Pharmacol. 93, 553–562.
doi:10.1124/mol.117.111021

Allsopp, R. C., Dayl, S., Schmid, R., and Evans, R. J. (2017). Unique residues in the
ATP gated human P2X7 receptor define a novel allosteric binding pocket for the
selective antagonist AZ10606120. Sci. Rep. 7, 725. doi:10.1038/S41598-017-00732-5

Ase, A. R., Honson, N. S., Zaghdane, H., Pfeifer, T. A., and Séguéla, P. (2015).
Identification and characterization of a selective allosteric antagonist of human
P2X4 receptor channels.Mol. Pharmacol. 87, 606–616. doi:10.1124/mol.114.096222

Bassetto, M., De Burghgraeve, T., Delang, L., Massarotti, A., Coluccia, A., Zonta,
N., et al. (2013). Computer-aided identification, design and synthesis of a novel
series of compounds with selective antiviral activity against chikungunya virus.
Antiviral Res. 98, 12–18. doi:10.1016/j.antiviral.2013.01.002

Beswick, P., Wahab, B., Honey, M. A., Paradowski, M., Jiang, K., Lochner, M.,
et al. (2019). A challenge finding P2X1 and P2X4 ligands. Neuropharmacology 157,
107674. doi:10.1016/j.neuropharm.2019.107674

Bin Dayel, A., Evans, R. J., and Schmid, R. (2019). Mapping the site of action of
human P2X7 receptor antagonists AZ11645373, brilliant blue G, KN-62,
calmidazolium, and ZINC58368839 to the intersubunit allosteric pocket. Mol.
Pharmacol. 96, 355–363. doi:10.1124/mol.119.116715

Bootman, M. D., Rietdorf, K., Collins, T., Walker, S., and Sanderson, M. (2013).
Ca2+-sensitive fluorescent dyes and intracellular Ca2+ imaging. Cold Spring Harb.
Protoc. 8, 83–99. doi:10.1101/pdb.top066050

Caseley, E. A., Muench, S. P., Fishwick, C. W., and Jiang, L. H. (2016).
Structure-based identification and characterisation of structurally novel
human P2X7 receptor antagonists. Biochem. Pharmacol. 116, 130–139.
doi:10.1016/j.bcp.2016.07.020

Chataigneau, T., Lemoine, D., and Grutter, T. (2013). Exploring the ATP-binding
site of P2X receptors. Front. Cell Neurosci. 7, 273. doi:10.3389/FNCEL.2013.00273

Dal Ben, D., Buccioni, M., Lambertucci, C., Marucci, G., Spinaci, A.,
Marchenkova, A., et al. (2019). Investigation on 2’, 3’-O-substituted ATP
derivatives and analogs as novel P2X3 receptor antagonists. ACS Med. Chem.
Lett. 10, 493–498. doi:10.1021/acsmedchemlett.8b00524

Dane, C., Stokes, L., and Jorgensen, W. T. (2022). P2X receptor antagonists and
their potential as therapeutics: A patent review (2010–2021). Expert Opin. Ther. Pat.
32, 769–790. doi:10.1080/13543776.2022.2069010

Fischer, R., Kalthof, B., Grützmann, R., Woltering, E., Stelte-Ludwig, B., and
Wuttke, M. (2004). Benzofuro-1,4-diazepin-2-one derivatives. Patent No
WO2004085440A1. Switzerland: World Intellectual Property Organisation.

Gasparri, F., Wengel, J., Grutter, T., and Pless, S. A. (2019). Molecular
determinants for agonist recognition and discrimination in P2X2 receptors.
J. General Physiology 151, 898–911. doi:10.1085/jgp.201912347

Grimes, L., Griffiths, J., Pasqualetto, G., Brancale, A., Kemp, P. J., Young, M. T.,
et al. (2020). Drosophila taste neurons as an agonist-screening platform for P2X
receptors. Sci. Rep. 10, 8292. doi:10.1038/s41598-020-65169-9

Hattori, M., and Gouaux, E. (2012). Molecular mechanism of ATP binding and
ion channel activation in P2X receptors. Nature 485, 207–212. doi:10.1038/
NATURE11010

Hernandez-Olmos, V., Abdelrahman, A., El-Tayeb, A., Freudendahl, D.,
Weinhausen, S., and Müller, C. E. (2012). N-substituted phenoxazine and

Frontiers in Pharmacology frontiersin.org16

Pasqualetto et al. 10.3389/fphar.2022.1094607

158

https://www.frontiersin.org/articles/10.3389/fphar.2022.1094607/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.1094607/full#supplementary-material
https://doi.org/10.1096/FJ.09-153601
https://doi.org/10.1124/mol.117.111021
https://doi.org/10.1038/S41598-017-00732-5
https://doi.org/10.1124/mol.114.096222
https://doi.org/10.1016/j.antiviral.2013.01.002
https://doi.org/10.1016/j.neuropharm.2019.107674
https://doi.org/10.1124/mol.119.116715
https://doi.org/10.1101/pdb.top066050
https://doi.org/10.1016/j.bcp.2016.07.020
https://doi.org/10.3389/FNCEL.2013.00273
https://doi.org/10.1021/acsmedchemlett.8b00524
https://doi.org/10.1080/13543776.2022.2069010
https://doi.org/10.1085/jgp.201912347
https://doi.org/10.1038/s41598-020-65169-9
https://doi.org/10.1038/NATURE11010
https://doi.org/10.1038/NATURE11010
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1094607


acridone derivatives: Structure-activity relationships of potent P2X4 receptor
antagonists. J. Med. Chem. 55, 9576–9588. doi:10.1021/jm300845v

Honore, P., Donnelly-Roberts, D., Namovic, M. T., Hsieh, G., Zhu, C. Z., Mikusa,
J. P., et al. (2006). A-740003 [N-(1-{[(cyanoimino)(5-quinolinylamino) methyl]
amino}-2, 2- dimethylpropyl)-2-(3, 4-dimethoxyphenyl)acetamide], a novel and
selective P2X7 receptor antagonist, dose-dependently reduces neuropathic pain in
the rat. J. Pharmacol. Exp. Ther. 319, 1376–1385. doi:10.1124/jpet.106.111559

Karasawa, A., and Kawate, T. (2016). Structural basis for subtype-specific inhibition
of the P2X7 receptor. Elife 5, e22153. doi:10.7554/eLife.22153

Kawate, T., and Gouaux, E. (2006). Fluorescence-detection size-exclusion
chromatography for precrystallization screening of integral membrane proteins.
Structure 14, 673–681. doi:10.1016/j.str.2006.01.013

Kawate, T. (2017). P2X receptor activation. Adv. Exp. Med. Biol. 1051, 55–69.
doi:10.1007/5584_2017_55

Korb, O., Stützle, T., and Exner, T. E. (2006). Plants: Application of ant colony
optimization to structure-based drug design. Lect. Notes Comput. Sci. Incl. Subser. Lect.
Notes Artif. Intell. Lect. Notes Bioinforma. 4150, 247–258. doi:10.1007/11839088_22/COVER

Laskowski, R. A., MacArthur, M. W., Moss, D. S., and Thornton, J. M. (1993).
Procheck: A program to check the stereochemical quality of protein structures.
J. Appl. Crystallogr. 26, 283–291. doi:10.1107/S0021889892009944

Lovell, S. C., Davis, I. W., Arendall, W. B., de Bakker, P. I. W.,Word, J. M., Prisant,
M. G., et al. (2003). Structure validation by calpha geometry: Phi, psi and cbeta
deviation. Proteins Struct. Funct. Genet. 50, 437–450. doi:10.1002/prot.10286

Mansoor, S. E., Lü, W., Oosterheert, W., Shekhar, M., Tajkhorshid, E., and
Gouaux, E. (2016). X-ray structures define human P2X 3 receptor gating cycle
and antagonist action. Nature 538, 66–71. doi:10.1038/nature19367

McCarthy, A. E., Yoshioka, C., and Mansoor, S. E. (2019). Full-length
P2X7 structures reveal how palmitoylation prevents channel desensitization. Cell
179, 659–670. e13. doi:10.1016/j.cell.2019.09.017

Müller, C. E., and Namasivayam, V. (2022). Agonists, antagonists, and
modulators of P2X7 receptors. Methods Mol. Biol. 2510, 31–52. doi:10.1007/
978-1-0716-2384-8_2

Pasqualetto, G., Brancale, A., and Young, M. T. (2018). The molecular
determinants of small-molecule ligand binding at P2X receptors. Front.
Pharmacol. 9, 58. doi:10.3389/fphar.2018.00058

Rarey, M., Kramer, B., Lengauer, T., and Klebe, G. (1996). A fast flexible docking
method using an incremental construction algorithm. J. Mol. Biol. 261, 470–489.
doi:10.1006/jmbi.1996.0477

Ren, W. J., and Illes, P. (2022). Involvement of P2X7 receptors in chronic
pain disorders. Purinergic Signal 18, 83–92. doi:10.1007/s11302-021-09796-5

Sheng, D., and Hattori, M. (2022). Recent progress in the structural biology of
P2X receptors. Proteins Struct. Funct. Bioinforma. 90, 1779–1785. doi:10.1002/prot.
26302

Specs (2022). Specs - compound management services and research compounds
for the Life science industry. Available at: https://www.specs.net/index.php
[Accessed August 1, 2022].

Tsuda, M., Shigemoto-Mogami, Y., Koizumi, S., Mizokoshi, A., Kohsaka, S.,
Salter, M. W., et al. (2003). P2X4 receptors induced in spinal microglia gate
tactile allodynia after nerve injury. Nature 424, 778–783. doi:10.1038/
nature01786

Villoutreix, B. O., Laconde, G., Lagorce, D., Martineau, P., Miteva, M. A., and
Dariavach, P. (2011). Tyrosine kinase syk non-enzymatic inhibitors and potential
anti-allergic drug-like compounds discovered by virtual and in vitro screening. PLoS
One 6, e21117. doi:10.1371/journal.pone.0021117

Young, M. T., Fisher, J. A., Fountain, S. J., Ford, R. C., North, R. A., and Khakh, B.
S. (2008). Molecular shape, architecture, and size of P2X4 receptors determined
using fluorescence resonance energy transfer and electron microscopy. J. Biol.
Chem. 283, 26241–26251. doi:10.1074/jbc.M804458200

Young, M. T., Pelegrin, P., and Surprenant, A. (2007). Amino acid residues in the
P2X7 receptor that mediate differential sensitivity to ATP and BzATP. Mol.
Pharmacol. 71, 92–100. doi:10.1124/mol.106.030163

Zhao, Y., Chen, X., Lyu, S., Ding, Z., Wu, Y., Gao, Y., et al. (2021). Identification of
novel P2X7R antagonists by using structure-based virtual screening and cell-based
assays. Chem. Biol. Drug Des. 98, 192–205. doi:10.1111/cbdd.13867

Frontiers in Pharmacology frontiersin.org17

Pasqualetto et al. 10.3389/fphar.2022.1094607

159

https://doi.org/10.1021/jm300845v
https://doi.org/10.1124/jpet.106.111559
https://doi.org/10.7554/eLife.22153
https://doi.org/10.1016/j.str.2006.01.013
https://doi.org/10.1007/5584_2017_55
https://doi.org/10.1007/11839088_22/COVER
https://doi.org/10.1107/S0021889892009944
https://doi.org/10.1002/prot.10286
https://doi.org/10.1038/nature19367
https://doi.org/10.1016/j.cell.2019.09.017
https://doi.org/10.1007/978-1-0716-2384-8_2
https://doi.org/10.1007/978-1-0716-2384-8_2
https://doi.org/10.3389/fphar.2018.00058
https://doi.org/10.1006/jmbi.1996.0477
https://doi.org/10.1007/s11302-021-09796-5
https://doi.org/10.1002/prot.26302
https://doi.org/10.1002/prot.26302
https://www.specs.net/index.php
https://doi.org/10.1038/nature01786
https://doi.org/10.1038/nature01786
https://doi.org/10.1371/journal.pone.0021117
https://doi.org/10.1074/jbc.M804458200
https://doi.org/10.1124/mol.106.030163
https://doi.org/10.1111/cbdd.13867
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1094607


Nanomolar clodronate induces
adenosine accumulation in the
perfused rat mesenteric bed and
mesentery-derived endothelial
cells
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Medicina, Facultad de Ciencias Médicas, Universidad de Santiago de Chile, Santiago, Chile, 3Centro de
Nanociencia y Nanotecnología, Universidad de Santiago de Chile, Santiago, Chile

The vesicular nucleotide transporter (VNUT) is critical for sympathetic co-transmission
and purinergic transmission maintenance. To examine this proposal, we assessed
whether the bisphosphonate clodronate, claimed as a potent in vitro VNUT blocker,
modified spontaneous and/or the electrically evoked overflow of ATP/metabolites and
NA from mesentery sympathetic perivascular nerve terminals. Additionally, in primary
endothelial cell cultures derived from this tissue, we also evaluated whether clodronate
interfered with ATP/metabolite cell outflow andmetabolism of N6-etheno adenosine 5′-
triphosphate (eATP), N6-etheno adenosine (eADO), and adenosine deaminase enzyme
activity. Rat mesenteries were perfused in the absence or presence of .01–1,000 nM
clodronate, 1–1,000 nM Evans blue (EB), and 1–10 µM DIDS; tissue perfusates were
collected to determine ATP/metabolites and NA before, during, and after perivascular
electrical nerve terminal depolarization. An amount of 1–1,000 nM clodronate did not
modify the time course of ATP or NA overflow elicited by nerve terminal depolarization,
and only 10 nM clodronate significantly augmented perfusate adenosine. Electrical nerve
terminal stimulation increased tissue perfusion pressure that was significantly reduced
only by 10 nMclodronate [90.0± 18.6 (n=8) to 35.0± 10.4 (n=7),p= .0277]. As controls,
EB, DIDS, or reserpine treatment reduced the overflow of ATP/metabolites and NA in a
concentration-dependent manner elicited by nerve terminal depolarization. Moreover,
mechanical stimulation of primary endothelial cell cultures from the rat mesentery added
with 10 or 100 nM clodronate increased adenosine in the cell media. eATP was
metabolized by endothelial cells to the same extent with and without 1–1,000 nM
clodronate, suggesting the bisphosphonate did not interfere with nucleotide
ectoenzyme metabolism. In contrast, extracellular eADO remained intact, indicating
that this nucleoside is neither metabolized nor transported intracellularly. Furthermore,
only 10 nM clodronate inhibited (15.5%) adenosine metabolism to inosine in endothelial
cells as well as in a commercial crude adenosine deaminase enzyme preparation (12.7%),
and both effects proved the significance (p < .05). Altogether, present data allow inferring
that clodronate inhibits adenosine deaminase activity in isolated endothelial cells as in a
crude extract preparation, a finding that may account for adenosine accumulation
following clodronate mesentery perfusion.

KEYWORDS

clodronate, VNUT inhibitors, purinergic signaling, rat mesenteric bed, ATP/metabolite’s,
adenosine deaminase
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Introduction

The role of adenosine 5′-triphosphate (ATP) as an extracellular
signaling molecule is firmly rooted. ATP metabolites such as
adenosine 5′-diphosphate (ADP) or adenosine (ADO) are also
extracellular messengers, the former mimicking ATP activity
mainly through P2Y receptor activation, while the latter through its
four ADO receptors. Some authors claim ADO is released as such to
the synaptic cleft or is a consequence of ATP ectoATPase hydrolysis
(Burnstock, 2018). In addition, purines also play a role as modulators
of sympathetic transmission both in the brain and periphery via
presynaptic mechanisms. From an evolutionary viewpoint, Estevez-
Herrera et al. (2016) proposed that ATP is an ancient signaling
molecule, functioning in cellular communications since early life
stages. This thesis gets ample support from the Burnstock (2018)
proposal recognizing the universal and primitive messenger role of
ATP, as early as amino acids, and substantially earlier than amino
acid-derived transmitters such as catechol, imidazole, or indol ethyl
amines.

In support of the transmitter role of ATP, extracellular nucleotides
have a short half-life in the synaptic space due to rapid hydrolysis to
ADP, adenosine 5′-monophosphate (AMP), or ADO by several
ectoATPases (Navarrete et al., 2014). Critical to the extracellular
messenger ATP role, Moriyama and others described a vesicular
nucleotide transporter (VNUT) as a key player in purinergic
signaling (Sawada et al., 2008), a feature common to the recycling
processes of most transmitters. The transporter ensures the
maintenance of the purinergic synaptic transmission component
including effects at peripheral neuroeffector junction sympathetic
co-transmission. The VNUT is highly expressed in the brain and
peripheral tissues such as the pancreas, liver, skeletal muscles,
adrenals, and lungs (Moriyama et al., 2017). Although the crystal
structure of the VNUT is lacking, it was early recognized to have a
strong primary sequence homology to the brain glutamate transporter
(VGLUT) as reported by Sawada et al. (2008). Based on indirect
evidence, the first pharmacological characterization of the VNUT was
based on VGLUT inhibitors such as Evans blue (EB) or 4,4′-
diisothiocyanatostilbene-2,2′-disulfonate (DIDS).

The former is a symmetric azo dye with nanomolar potency, while
the latter is a stilbene markedly less potent than EB requiring
100–300 times larger concentrations to block VNUT activity
(Sawada et al., 2008). More recently, dichloromethylene
diphosphonic acid (clodronate), a first-generation bisphosphonate,
a drug clinically used for over 60 years to treat bone diseases, was
alleged by Moriyama and Nomura (2018) to act as a selective and
potent VNUT inhibitor. It was initially proposed that clodronate,
based on its two negative phosphates, competes with chloride ions at
an allosteric VNUT binding pocket with an affinity similar to
acetoacetate, a prototype ketone body ligand (Moriyama and
Nomura, 2018). Within few years, studies were extended to a series
of novel bisphosphonates, including N-containing compounds, which
also proved VNUT inhibitors in the Moriyama in vitro assay.
Moreover, Kato et al. (2017) observed that clodronate impaired
ATP vesicular release from neurons, astrocytes, or brain immune
cells. Out of the several bisphosphonates investigated, clodronate
proved the most potent with nanomolar potency as a VNUT
blocker. Furthermore, Kato et al. (2017) highlighted clodronate’s
analgesic potential with and a unique analgesic profile against
neuropathic pain, a pharmacologic effect tentatively related to its

alleged VNUT-blocking property. This finding allows relating
purinergic signaling to chronic or neuropathic pain. Based on its
pharmacological profile, clodronate may be considered a valuable
research tool to explore ATP exocytosis in purinergic transmission,
mimicking other drugs that block transmitter transport which turned
critical to establish nerve endings recycling dynamics.

Therefore, whether clodronate interferes with the recycling of ATP
in sympathetic nerve endings of the rat mesentery vascular bed was
examined, where ATP is known to be co-released together with
noradrenaline (NA) and constitutes an example of sympathetic co-
transmission, Donoso et al. (2006) used this tissue to characterize
sympathetic transmission in a peripheral neuroeffector junction and
described its purinergic component. We proposed as a working
hypothesis that clodronate, as a VNUT inhibitor, should decrease
vesicular ATP storage in sympathetic nerve endings, reducing ATP
overflow following electrical nerve terminal depolarization, impairing
sympathetic co-transmitter overflow. Two aims guided the present
investigation: 1) Assessing whether nanomolar clodronate rat
mesentery perfusion reduced purine outflow induced by electrical
depolarization of the perivascular nerve endings, decreasing ATP
overflow to the mesentery perfusate. As a positive control EB,
DIDS, and reserpine were used; the latter blocks the vesicular
catecholamine transporter reducing monoamine storage in
sympathetic neuroeffector junctions (Hillarp, 1960; Huidobro-Toro
1985; Mandela et al., 2010), 2) Examining whether clodronate
increases ATP metabolism, an alternative explanation for the
anticipated reduction in transmitter overflow to the mesentery
perfusate. To this aim, we examined N6-etheno adenosine 5′-
triphosphate (eATP) or N6-etheno adenosine (eADO) metabolism
by primary cultures of endothelial cells derived from the rat mesentery
since these etheno derivatives were previously characterized as
exclusive endothelial cell ectoATPase substrates (Jackson et al.,
2020). We extended the current study to assay adenosine
deaminase (ADA) activity in cultured endothelial cells as in a calf
intestinal mucosa type II crude powder.

The present results show that contrary to expectations, clodronate,
even after a 3-h tissue incubation, did not reduce ATP or NA perfusate
overflow elicited by electrical nerve terminal depolarization.
Notwithstanding, the ADO output in mesentery perfusates was
significantly increased. The increase in extracellular ADO might
account for the reduction of the perfusion pressure elicited by the
electrically evoked mesentery nerve terminal depolarization in
preparations perfused with 10 nM clodronate. In contrast, EB,
DIDS, and reserpine evidenced concentration-dependent reductions
in the ATP/metabolites and NA outflow elicited by nerve terminal
depolarization. Moreover, in primary cultures of endothelial cells or an
ADA calf intestinal mucosa type II crude powder bioassay, 10 nM
clodronate reduced ADA activity consonant with the significant ADO
increase observed in mesentery perfusates.

Experimental procedures

Animals

Adult male Sprague–Dawley rats (250–350 g) bred at the Animal
Reproduction Facility of the Faculty of Biological Sciences of the P.
Catholic University were used, and the different protocols added
122 rats, distributed in the different group series. Animal handling
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conformed to animal care and NIH (United States) guidelines and
procedures for laboratory animals’ use. The Faculty and the University
ethical committees for use of animals for biological research approved
the specific protocols designed and supervised our strict adherence to
the subscribed guidelines, as certified by consent protocol number
121/2017-USACH. All efforts were enforced to minimize the number
of rats used and their suffering. The animals were anesthetized with a
mixture of ketamine: xylazine (25: 2.5 mg/kg) i.p.

Drugs and chemicals

ATP and its metabolic degradation products as sodium salts as
well as clodronate disodium, Evans blue (EB), 4,4′-
diisothiocyanatostilbene-2,2′-disulfonate (DIDS), noradrenaline
hydrochloride (NA), 3,4-dihydroxybenzylamine hydrobromide,
reserpine chlorhydrate, quercetin, cyclodextrin adenine, and
adenosine deaminase (ADA) from calf intestinal mucosa type II
crude powder were purchased from Sigma-Aldrich Chemicals
(Saint Louis, MO, United States). N6-etheno-purine standards for
chromatographic column calibration or the development of specific
experimental protocols (eATP and eADO) were previously
synthetized in our laboratory. Chemicals used to prepare buffers
and mobile chromatography phases were of analytical grade and
purchased from Merck Chemicals (Darmstadt, Germany).

Perfusion of the rat arterial mesenteric bed
and collection of the mesenteric perfusate
aliquots upon electrical depolarization of the
perivascular nerve endings to quantify
outflow of ATP/metabolites and NA

Upon animal anesthesia, the abdominal cavity was excised at the
midline; the superior mesenteric artery was isolated and cannulated
with plastic tubing to initiate Tyrode buffer perfusion at a 2 mL/min
flow (37°C) bubbled with a mixture of 95% O2/5% CO2. The Tyrode
solution composition was (mM): 118 NaCl, 5.4 KCl, 2.5 CaCl2,
1.2 KH2PO4, 1.2 MgSO4, 23.8 NaHCO3, and 11.1 D-glucose. With
surgical scissors, the vascular mesenteric bed was disconnected from
the intestines (McGregor, 1965) and transferred to a warmed tissue
chamber to maintain Tyrode buffer perfusion; a pressure transducer
was connected to the perfusion cannula. Continuous changes in
perfusion pressure were monitored via a multichannel Grass
polygraph (Donoso et al., 2006; Donoso et al., 2018b). In the
meantime, the rats were killed under deep anesthesia by
pneumothorax plus aortic bleeding (Donoso et al., 2006). The
equilibration period consisted of a 40-min Tyrode buffer perfusion
in the absence or presence of either clodronate, EB, or DIDS.
Immediately thereafter, electrical stimulation of the perivascular
nerve terminals, surrounding the superior mesenteric artery,
commenced (20 Hz, 1 ms trains of 60 V) for 1 min; nerve
depolarization was delivered via platinum electrodes connected to a
Grass S44 stimulator. In all these protocols, the mesentery perfusate
effluent was collected at 2-min intervals in pre-chilled 5-mL plastic
tubes, 8 min before, during, and 22 min after the electrical
depolarization. Sample collection commenced after the end of the
equilibrium period. This protocol optimized perfusate collection to
determine ATP/purines and NA overflow, before, during, and after the

electrical nerve terminal stimulation. The co-transmitter overflow was
quantified in the same perfusate aliquot.

For the clodronate protocol series, 30 separate mesenteries were
perfused with .01–1,000 nM clodronate and eight separate tissues that
were perfused without this drug. Likewise, for the EB series,
21 mesenteries were perfused in the presence of EB and eight
mesenteries were perfused in its absence; likewise, for 1–10 µM
DIDS perfusion series, 12 separate tissues were perfused with
DIDS, while 10 were perfused without this chemical. For animals’
distribution to the different drug concentration group series, see
Table 1; Supplementary Table S1. Additional experiments were
conducted to extend the clodronate perfusion period for 180 min,
four tissues were perfused with Tyrode buffer in the absence of
clodronate, and four preparations were perfused in the presence of
10 nM clodronate. Fresh clodronate stock dilutions were prepared
prior to each protocol. Non-drug-perfused mesenteries that served as
controls were spaced along the course of the study period to rule out
seasonal variations or other non-controlled variables that may cause
data inconsistencies.

Reserpine treatment

To compare the effect of putative VNUT inhibitors, with an
inhibitor of the vesicular NA transporter on the outflow of ATP/
metabolites or NA, a series of protocols were performed using
mesenteries from rats pretreated with either .2 or 2 mg/kg
reserpine or vehicle. Matched groups of rats were treated with
either vehicle (five rats) or a single sub-cutaneous dose of .2 mg/kg
(three rats) or 2 mg/kg (five rats) reserpine; mesenteries from these
rats were dissected 48 h after reserpine–vehicle treatment. Protocols
were conducted as usual to examine spontaneous ATP/metabolites
and NA outflow as well as electrically evoked co-transmitter outflow.
The vehicle composition was as follows: acetic acid, propylene glycol,
ethanol, and water, 2%, 4%, 4%, and 90% respectively.

Quantification of the increase in tissue
perfusion pressure elicited by perivascular
nerve depolarization

In all series of mesenteries electrically depolarized, the increment
in the mesentery pressure elicited by electrical depolarization was
obtained by subtracting basal values, which normally were between
25 and 30 mm Hg; the values were expressed as the Δ increase in the
mesentery perfusion pressure in mm Hg. This applied to tissues
perfused with either drugs or only perfused with vehicle or Tyrode
buffer.

Isolation and harvesting of primary endothelial cell
cultures and protocol description

Additional five rats were used to harvest endothelial cells seeded in
the 24 multi-well plates (Donoso et al., 2018a), and the protocol used
to determine the spontaneous extracellular ATP/metabolites as well as
following mechanical stimulation by cell medium displacement of the
cell culture medium was described previously (Donoso et al., 2018a).
To examine the effect of clodronate on extracellular ATP/metabolites,
cell medium purines were analytically assessed in cell wells not
exposed to clodronate, incubated with 400 µL Tyrode buffer
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10 mM HEPES, or matched parallel wells incubated with Tyrode
buffer 10 mM HEPES added with .01–1,000 nM clodronate for
40 min. This bisphosphonate concentration and its exposure time
were chosen since in the mesentery perfusion protocols, it reduced the
vasomotor response elicited by electrical nerve terminal
depolarization. Some wells were not mechanically stimulated and
represent spontaneous basal ATP/metabolite secretion, while other
wells were mechanically stimulated by gently pipetting the cell media,
a stimulus standardized previously that augments extracellular ATP in
the cell media (Donoso et al., 2018a).

An aliquot (200 µL) of the cell media was retrieved for purine
analysis from non-stimulated cell wells or 1 min after mechanical
stimulation, a procedure we had used in the past to elicit ATP release
to the cell media (Donoso et al., 2018a). At the end of the protocol, the
wells were rinsed with Tyrode buffer 10 mMHEPES, and supernatants
were discarded. The plate was placed at −20°C until Bradford’s protein
determination was performed in each well. The extracellular ATP/
metabolites in the cell media of each separate well were divided by the
protein values of each well (pmol purines/mg protein), and expressed
as percentage of the control (obtained in the absence of clodronate).

Nucleotide metabolism by ectoATPases;
protocols using etheno derivatives

To further examine endothelial cells’ nucleotide metabolism, we
used eATP or eADO, which are exclusively metabolized by
ectoATPases since these compounds do not freely cross cell
membranes (Jackson et al., 2020). Four rats were used to harvest
24 multi-well plates with endothelial cell cultures, and the cells were

added with 480 µL Tyrode buffer supplemented with 10 mM HEPES,
in the absence or presence of 1–1,000 nM clodronate for 40 min. Two
protocols were followed: in the first, endothelial cell wells were applied
with 20 µL of 50 nM eATP, while in a second set of duplicate
protocols, 20 µL of 25 nM eADO was applied. Stock solutions of
both etheno derivatives were dissolved in HPLC water. The time
course of the eATP/eADO cell nucleotide hydrolysis was within
30 min. The samples were retrieved at 1, 15, and 30 min, and the
remaining eATP or eADO in the cell media were determined
analytically by HPLC separation techniques followed by fluorescent
detection as will be described. At the end of the protocol, the wells were
rinsed with Tyrode buffer 10 mM HEPES, and the supernatants were
discarded. The plate was kept at −20°C until Bradford’s protein
determination assays were conducted. The eATP or eADO in the
cell media of each separate well was expressed as pmol/mg protein. As
control for these experiments, the samples of eATP or eADO were
added to a parallel set of test tubes containing 480 µL of Tyrode buffer
supplemented with 10 mM HEPES without cells; in this case, the
results were expressed as pmol/mg protein, which corresponded to the
average protein of the 24 multi-well plates with cell results that are
expressed as the percentage of the respective eATP or the eADO
concentrations.

ADA activity

The colorimetric ADA enzyme assay described by Giusti and
Galanti (1984) was followed. The procedure titrates the ammonia
generated which can be determined by the indophenol reaction,
synthesizing a blue-colored compound monitored

TABLE 1 Clodronate concentration-dependent effects on spontaneous and electrically evoked ATP/metabolites and NA overflow from the mesentery neuroeffector
junction.

Spontaneous overflow (pmol), X ± S.E.M.

Clodronate nM

0 (n=8) 0.01 (n=5) 0.1 (n=5) 1 (n=5) 10 (n=7) 100 (n=4) 1000 (n=4)

ATP 8.05 ±2.49 16.64 ±8.55 52.97±20.45 4.31 ±1.69 38.98 ±18.41 10.67 ±3.69 20.23 ±10.81

ADP 15.53 ± 3.55 17.80 ± 5.19 55.75 ± 17.75 15.69 ± 7.52 33.92 ± 12.31 15.07 ± 1.88 27.31 ± 6.57

AMP 13.38 ± 4.74 3.54 ± 1.16 21.50 ± 4.77 5.53 ± 1.65 13.29 ± 3.23 14.54 ± 3.84 13.25 ± 3.62

ADO 7.12 ± 1.35 4.41 ± 0.82 15.82 ± 4.58 5.86 ± 0.89 8.84 ± 1.31 6.08± 1.45 13.40 ± 0.58 *

NA 0.65 ± 0.12 0.23 ± 0.13 0.58 ± 0.41 0.42 ± 0.37 0.55 ± 0.29 1.48 ± 0.60 1.51± 0.05 **

Total overflow elicited by nerve terminal depolarization (pmol), X ± S.E.M

Clodronate nM

0 (n=8) 0.01 (n=5) 0.1 (n=5) 1 (n=5) 10 (n=7) 100 (n=4) 1000 (n=4)

ATP 91.59 ± 15.86 159.11 ± 71.72 244.70 ± 159.30 133.30 ± 40.33 141.89± 52.83 143.72 ± 21.22 778.38 ± 260.37

ADP 141.90 ± 35.58 148.20 ± 43.31 234.80 ± 152.10 232.83 ± 64.36 221.36 ± 39.74 326.06 ± 104.20 494.54 ± 168.78

AMP 197.20 ± 52.36 136.50 ± 36.08 170.20 ± 114.40 239.96 ± 38.57 280.01 ± 74.45 399.11 ± 51.35 * 278.95 ± 52.89

ADO 152.03 ± 26.86 98.73 ± 47.20 227.08 ± 94.46 186.45 ± 47.83 304.04 ± 35.88 ** 481.12 ± 123.42 181.97 ± 35.64

NA 28.00 ± 5.68 24.06 ± 4.78 24.05 ± 2.28 23.46 ± 5.93 25.90 ± 3.86 19.98 ± 1.84 22.61 ± 4.32

In parenthesis, the number of preparations assessed. * p < .05; ** p < .01 unpaired t-test as compared to tissues perfused without clodronate.
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spectrophotometrically. Two separate protocols assessed ADO
metabolism: 1) ADO incubation with mesentery cells. Cell
incubation was performed in sodium phosphate buffer 50 mM,
pH 6.5, 37°C, in the absence or presence of 1–1,000 nM clodronate,
adding exogenous ADO as a substrate. Three separate rats were used
to harvest the 24-well plate cultured cells to achieve these protocols.
The cells were incubated for 60 min with 10 mM ADO to start the
enzyme reaction in excess substrate, and the chemical reaction was
stopped in due time by retrieving a 400 µL aliquot of the cell media
which was added to a test tube containing 1.4 mL phenol–sodium
nitroprusside (106 mM phenol; .17 mM sodium nitroprusside). The
samples were vortexed and 1.4 mL hypochlorite solution was added
(11 mM of NaOCl, 125 mM NaOH). The samples are vortexed again
and incubated for 30 min at 37°C prior to 620-nm spectrophotometric
monitoring. A standard calibration curve was built with 3–300 µM
ammonium sulfate in sodium phosphate buffer. At the end of the
protocol, the wells were rinsed with sodium phosphate buffer, and the
supernatants were discarded. The plate was stored at −20°C until
Bradford’s protein determinations ensued, and the resulting cell
medium ammonia of each separate well was divided by its protein
content. The results of these studies are expressed as percentage of the
ammonia produced by the reaction in the absence of clodronate, as
compared to samples incubated with varying clodronate
concentrations. As internal enzyme inhibition, 10 or 30 μM
quercetin was used (Melzig, 1996). The vehicle for quercetin was β-
cyclodextrin (18.5 mg/1 mL H2O). 2) crude enzyme assay. Reactions
were performed in 96-well plates with the 6.25 mU/mL enzyme
incubated in sodium phosphate buffer 50 mM, pH 6.5, 37oC, with
reagents added in the following order: first, 10 μL of the several
inhibitors used, second, 10 μL of the enzyme dilution (.78–50 mU/
mL), and last, 10 μL of ADO (.01–20 mM). The reaction was incubated
for 60 min at 37°C. The reaction was stopped by adding 93 µL
phenol–sodium nitroprusside (106 mM phenol; .17 mM sodium
nitroprusside), vortexed, and 93 µL hypochlorite solution was
added (11 mM of NaOCl in 125 mM NaOH). The samples are
vortexed again and incubated for additional 30 min at 37°C prior
to 620-nm spectrophotometric readings. A standard calibration curve
was built with 3–300 µM ammonium sulfate in sodium phosphate
buffer. Test inhibitors used were 1–1,000 nM clodronate, 1 mM
quercetin (El-Said et al., 2022), vehicle for quercetin β-cyclodextrin
(18.5 mg/1 mL H2O), and .7 mM adenine (Alunni et al., 2008).

Analytical procedures for ATP/metabolites
and NA quantifications

Purine analytical determinations
Purines were quantified following a chemical reaction with

chloro-acetaldehyde to generate the corresponding fluorescent N6-
etheno purines. To this aim, a 200-µL aliquot of the 4-mL sample
perfusate retrieved or the cell media from cell wells were used to
react with 100 µL buffer phosphate–citrate, pH 4, and 10 µL of
chloro-acetaldehyde. The samples were heated in a dry bath for
40 min at 80°C, a procedure that synthetized fluorescent derivatives
which allowed picomolar detection of eATP, eADP, eAMP, and
eADO. The chemical reaction was stopped by ice chilling for 5 min.
The samples were stored at 4°C and analyzed within 24 h. HPLC
procedures were used to separate and identify purines using the
appropriate standards as previously detailed (Buvinic et al., 2007).

The Merck-Hitachi HPLC instrument was used, equipped with a
fluorescence detector at excitation and emission wavelengths of
233 nm and 415 nm, respectively. A 20 μL aliquot of each sample
was injected into a Chromolith HPLC column equilibrated with the
mobile phase at a flow of 1.5 mL/min (.2 M Na2HPO4, .2 M
NaH2PO4, and 5 mM tetrabutylammonium; pH 6). A calibration
curve was performed daily, and linearity was routinely attained
between .0012 and 10 pmol/20 μL purines. The ATP/metabolite
overflow to the mesentery perfusate was expressed as pmol
collected per 4 mL fraction or was expressed as the total
overflow accessible to the perfusate after electrical
depolarization (fraction addition during and after perivascular
nerve depolarization subtracting the spontaneous efflux); values
were expressed as pmol.

NA determinations
Of the 4 mL of the mesentery perfusate collected, a 200-µL

aliquot sample was separated on ice for the purine assay; the
residual 3.8 mL was supplemented with 1.75 pmol 3,4-
dihydroxybenzylamine, used as an internal standard. The
luminally accessible NA was concentrated by Sep-Pak C-18
reverse-phase cartridges (Waters, Milford, MA, United States)
eluted with the HPLC mobile phase used to assay NA by
electrochemical detection. The eluates were evaporated to
dryness and stored at −20°C. The samples were reconstituted in
200 µL water and quantified by HPLC, using the Merck L6200 A,
Intelligent Pump, the Eicom electrochemical detector ECD-700S. A
100 μL aliquot of each sample was injected into a LiChroCART
125-4 HPLC column equilibrated with the mobile phase at a flow of
1.0 mL/min (.1 M NaH2PO4-H2O, .9 mM Triplex III, .66 mM 1-
octanesulfonic acid, and acetonitrile 15 mL per liter; pH 2.8). A
calibration curve was performed, and linearity was routinely
attained between .35 and 5 pmol/100 μL NA and .5–7.0 pmol/
100 μL 3,4-dihydroxybenzylamine. The released NA overflow
was expressed as pmol collected per fraction (4 mL). The total
overflow accessible to the perfusate following electrical nerve
endings depolarization (amount obtained by adding all the
fractions, after normalizing by subtracting the spontaneous NA
efflux, values attained prior to the electrical depolarization), is
expressed in pmol, as shown in Donoso et al. (2006).

Statistical analysis

The results are expressed as the mean average values ±
standard error of the mean. For statistical analysis, GraphPad
Prism version 8.0.0 for Windows, GraphPad Software, San Diego,
California United States, was routinely used. Normal data
distribution was determined by the Shapiro–Wilk test. To
compare two sets of data with normal distribution, the
unpaired t-test or unpaired t-test with Welch´s correction was
used in cases of variance differences. The Mann–Whitney test was
used to compare two sets of data with non-parametric
distributions. In the case of normal distribution, time course
protocols used the one-way ANOVA, and in non-parametric
distributions, the Kruskal–Wallis test was followed. The two-
way ANOVA compared time course protocols of non-drug
treated versus those treated with drug applications. In all cases,
the significance level was set with an α value of less than .05.
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Results

Changes in spontaneous or electrically
evoked purines or NA overflow elicited in the
presence of .01–1,000nM clodronate: Time
course studies

ATP
Mesentery perivascular nerve endings electrical stimulation

elicited an increase in ATP outflow [Figure 1A, one-way ANOVA
F (14,105) = 3.723, p < .0001]. Notwithstanding, mesentery perfusion
with .01–1,000 nM clodronate did not modify the spontaneous
overflow nor the total outflow induced by electrical stimulation as
compared to perfusions in the absence of bisphosphonate (Table 1).
Perfusions with either 10 nM or 100 nM clodronate time responses are
shown in Figure 1A, and no ATP outflow reduction induced by
clodronate was observed. Values of two-way ANOVA analysis for
.01–100 nM clodronate were F(14,165) = 2.004, p = .0203; F (14.165) =
1.909, p = .0286; F (14.165) = 0, p = .1297; F (14.195) = .8745, p = .5875,
F (14,150) = 1.952, p = .0253.

ADP
As with ATP, a significant increase in the mesentery perfusate was

attained following nerve terminal electrical stimulation [one-way
ANOVA F (14,105) = 3.398, p = .002]. Mesentery perfusion with

.01–1,000 nM clodronate did not modify the spontaneous overflow
nor the total outflow induced by electrical stimulation as compared to
perfusions in the absence of bisphosphonate (Table 1). These findings
are supported by two-way ANOVA for .01–100 nM: F (14.165) =
.2800, p = .9954; F (14.165) = 1.079, p = .3800; F (14.165) = .3450, p =
.9867 and F (14.195) = 1.032, p = .4234; F (14.150) = 1.852, p = .0361.
We never observed that clodronate reduced purine overflow.

AMP
Following perivascular electrical nerve stimulation, we

consistently observed an increase in AMP outflow [one-way
ANOVA F (14,105) = 2.485, p = .0044]. The purine spontaneous
outflow was not modified by perfusion with .01–1,000 nM clodronate
as compared to those perfused without clodronate (Table 1). Only
100 nM clodronate increases the total overflow elicited by nerve
terminal depolarization (Table 1). Values of the two-way ANOVA
analysis for .01–1,000 nM clodronate were F (14,165) = .4059, p =
.9716; F (14,165) = .2444, p = .9978; F (14,165) = .7514, p = .7199;
F (14,195) = .5997, p = .8634; F (14.150) = .9479, p = .5095; F (14,150) =
1.670, p = .0674. These results support the lack of clodronate-induced
AMP overflow inhibition.

ADO
As with the previous results, perivascular electrical nerve

stimulation of mesentery preparations elicited a significant increase

FIGURE 1
ATP, ADO, and NA outflow to the mesenteric perfusate elicited by electrical nerve endings stimulation in mesenteries perfused in the absence or
presence of either 10 or 100 nMclodronate; a time course study. (A)Overflowof ATP, (B)NAoverflow, and (C) ADOoverflow.Mesenteries were perfused prior
to, during, and after nerve endings depolarization, in the absence (closed circles, n=8) or presence of either 10 nM clodronate (n= 7, open squares) or 100 nM
clodronate (n = 4, open triangles). The arrows indicate the initiation of the 1-min nerve endings depolarization (20 Hz, 1 ms trains of 60 V) to elicit co-
transmitter release from the nerve terminals. Symbols indicate mean values; bars the S.E.M. *, p < .05; **, p < .01 unpaired t-test compared to perfusions
without clodronate.
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in ADO outflow [Figure 1C, one-way ANOVA F (14,105) = 5.958, p <
.0001]. This ADO increase was delayed as compared to the ATP
increase (compare time courses in Figures 1A–C), supporting the
notion that the ADO overflow may derive mainly from tissue
ectoATPase metabolism. The nucleoside outflow elicited by nerve
terminal depolarization did not change following perfusion with
.01–1 nM clodronate as compared to those in the absence of
clodronate (Table 1). Two-way ANOVA revealed that time courses
of ADO outflow for .01–1 nM clodronate values were F (14,165) =
.8247, p = .6415; F (14,165) = .3784, p = .9794; and F (14,165) = .2334,
p = .9983, indicating no change as compared with tissues perfused in
the absence of clodronate. Notwithstanding, only 10 nM clodronate
increased ADO outflow (Table 1); the two-way ANOVA value was F
(14,195) = 2.693, p = .0012. Further increasing clodronate
concentration to 100–1,000 nM did not alter the ADO outflow
(Table 1).

NA
Perivascular electrical nerve stimulation elicited a clear increase in

the NA outflow (Figure 1B), the value of one-way ANOVA was
F (14,105) = 9.065, p < .0001). Moreover, the bioamine outflow
was not altered by .01–1,000 nM clodronate as compared to
parallel experiments perfused in the absence of bisphosphonate, the
results of the two-way ANOVA analysis for .1–1,000 nM clodronate
were F (14,165) = .2095, p = .9991; F (14,165) = .3042, p = .9929;
F (14,165) = .6355, p = .8325; F (14,195) = .3588, p = .9842; F (14,150) =
.9465, p = .5110, or F (14,150) = .4829, p = .939. These values are
detailed in Table 1 and support the lack of clodronate-induced
inhibition of NA overflow.

Perfusion with 10nM clodronate was
lengthened to 180min

Due to the lack of significant clodronate effects on the total
overflow of ATP/metabolites or NA elicited by electrical
depolarization, we argued that perhaps it was necessary to extend
the duration of the perfusion with 10 nM clodronate. In the case of the
spontaneous ATP outflow, the value was 1.26 ± .81 pmol (n = 4) vs.
2.99 ± 1.04 pmol (n = 4), p = .239 by the unpaired t-test, following
prolonged 10 nM clodronate treatment. The total ATP outflow was
increased after nerve depolarization, from 106.73 ± 25.16 pmol (n = 4)
to 458.82 ± 137.65 pmol (n = 4), p = .0455 by the unpaired t-test by
prolonged 10 nM clodronate perfusion. Neither the spontaneous
overflow nor the total ADP, AMP, or NA outflow elicited by
transmural perivascular electrical nerve stimulation was modified
by clodronate. The spontaneous ADP overflow was from 4.23 ±
2.36 pmol (n = 4) to 9.62 ± 1.18 pmol (n = 4), p = .0873 by the
unpaired t-test, while after nerve stimulation, the total ADP values
were 300.90 ± 59.27 pmol (n = 4) vs. 438.30 ± 125.70 pmol (n = 4), p =
.3513 by the unpaired t-test. Spontaneous AMP overflow values were
2.64 ± 1.34 pmol (n = 4) vs. 2.89 ± .82 pmol (n = 4), p = .8783 by the
unpaired t-test. After nerve depolarization, the total AMP control was
363.08 ± 60.52 pmol (n = 4), and following 10 nM clodronate
treatment, the total AMP was 227.20 ± 33.44 pmol (n = 4), p =
.0970 by the unpaired t-test. In contrast, spontaneous ADO outcome
increased 3.9-fold from 1.81 ± 1.19 pmol (n = 4) to 7.19 ± 1.63 pmol
(n = 4), p = .0378 by the unpaired t-test; however, the total ADO

FIGURE 2
ATP/metabolites or NA mesenteric perfusate outflow time course
elicited by sympathetic nerve terminal depolarization in preparations
perfused with either 100 or 1,000 nM Evans blue (EB). (A–D) show the
overflow of ATP, ADP, ADO, and NA, respectively. Tissues were
perfused prior to, during, and after nerve depolarization in the absence
(closed squares, n = 8); or presence of either 100 nM EB (open triangles,
n = 7) or 1,000 nM EB (open circles, n = 5). Arrows indicate perivascular
electrical nerve endings stimulation (20 Hz, 1 ms trains of 60 V during
1 min). *, p < .05, **, p < .01, unpaired t-test as compared to values in the
absence of EB.
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overflow following electrical nerve depolarization halved from
333.75 ± 40.01 pmol (n = 4) to 157.16 ± 48.62 pmol (n = 4), p =
.0310 by the unpaired t-test. Moreover, neither the spontaneous NA
outflow (.72 ± .28 pmol, n = 4) nor the total evoked by electrical
stimulation (32.90 ± 5.35 pmol, n = 4) was modified by 10 nM
clodronate (.30 ± .21 pmol, n = 4), versus 28.66 ± 3.85 pmol, n =
4), for the spontaneous outflow and total elicited by electrical
stimulation, respectively (unpaired t-test analysis was p = .5439 and
p = .2822, respectively).

Evans blue reduced the concentration-
dependent overflow of ATP/metabolites and
NA time course studies

ATP outflow
In sharp contrast with clodronate, mesentery perfusions with

100 or 1,000 nM EB reduced the nucleotide overflow as compared
to matched experiments perfused without EB (Figure 2A;
Supplementary Table S1). Perivascular electrical nerve endings
stimulation of mesenteries elicited an increase in the outflow of
ATP [one-way ANOVA F (14,195) = 6.101 p < .0001], which was
not modified in mesenteries perfused with 1–10 nM EB as compared
to those perfused without this dye; two-way ANOVA values for 1 nM
or 10 nM EB were F (14,240) = .8986, p = .5610 and F (14,255) = 1.220,
p = .2605, respectively. However, perfusion with 100 or 1,000 nM EB
significantly reduced and flattened the ATP overflow elicited by
electrical stimulation up to the point that no significance was
observed in the nucleotide overflow (one-way ANOVA values for
100 or 1,000 nM EB were F (14,90) = .5647, p = .8836 and F (14,60) =
.1741, p = .9996), respectively, evidencing that 100–1,000 nM EB
diminished ATP overflow.

ADP outflow
Perivascular nerve terminal stimulation of mesenteries

evidenced an increased overflow of this purine [one-way
ANOVA F (14,195) = 3.526, p < .0001]. As with ATP, perfusion
with 1–100 nM EB did not modify the ADP outflow as compared to
results with perfusions in EB absence (Supplementary Table S1);
two-way ANOVA values for 1, 10, or 100 nM EB were F (14,240) =
.7333, p = .7398; F (14,255) = .3130, p = .9921; and F (14,285) =
.3952, p = .9757, respectively. Increasing EB to 1,000 nM showed a
flattened overflow curve, and an indication of ADP outflow was
annulled [one-way ANOVA F (14,60) = .9582, p = .5052, Figure 2B;
Supplementary Table S1].

AMP outflow
Likewise, nerve endings depolarization augmented AMP

outflow [one-way ANOVA F (14,195) = 3.585, p < .0001]. An
amount of 1 nM EB increased the spontaneous and electrically
evoked AMP overflow compared to perfusions without EB; the
value of two-way ANOVA was F (14,240) = 3.26, p < .0001
(Supplementary Table S1). However, mesenteries perfused with
10, 100 or 1,000 nM EB did not show a significant change in the
electrically evoked overflow as compared with tissues perfused
without EB, as shown in Supplementary Table S1; two-way
ANOVA values for 10, 100, or 1,000 nM EB were F (14,255) =
.8945, p = .5654; F (14,285) = .5306, p = .9143; and F (14,255) =
.4424, p = .9594, respectively.

ADO outflow
Electrical nerve terminal depolarization evidenced a delayed but

significant ADO overflow increase with respect to ATP overflow
[Figure 2C, Kruskal–Wallis test χ2 (14) = 28.73, p = .0114].
Mesenteries perfused with 1–1,000 nM EB did not show a
significant change in the spontaneous overflow as compared with
tissues perfused without EB (Supplementary Table S1); 1 nM EB
increased the electrically evoked overflow as compared with tissues
perfused without EB, and 10–1,000 nM EB reduced the ADO overflow
(Supplementary Table S1). Two-way ANOVA values for 1 and
10 nM EB were F (14,240) = .5968, p = .8665 and F (14,255) =
.4903, p = .9373, respectively. Increasing EB to 100 or 1,000 nM
flattened the ADO increase; one-way ANOVA values for 100 and
1,000 nM EB were F (14,90) = .7925, p = .7396 and F (14,60) = .1741,
p = .9996, respectively, showing ADO overflow annulment.

NA outflow
Electrical stimulation of the perivascular nerve terminals induced

a significant increase in NA overflow [Kruskal–Wallis test χ2 (14) =
38.04, p < .0005]. Perfusion with 1–100 nM EB did not alter the NA
output. Two-way ANOVA values for 1–100 nM clodronate as
compared to perfusions without EB were F (14,240) = .2259, p =
.9986; F (14,255) = .6492, p = .8221; and F (14,285) = .3740, p = .9812,
respectively. Increasing EB to 1,000 nM flattened the time course curve
[one-way ANOVA F (14,60) = 1.703, p = .0789, Figure 2D], indicating
complete blockade of the bioamine overflow. Supplementary Table S1
summarizes the results of the spontaneous and electrically evoked
overflow.

As a further analysis, when the outflow of ATP or NA elicited by
electrical nerve stimulation was compared between the two
independent series of protocols performed without clodronate or
EB, no statistical differences were observed in the nucleotide
outflow in the two-way ANOVA F (14,280) = .8135, p = .6543 nor
the catecholamine outflow [two-way ANOVA F (14,280) = 1.511, p =
.1061 for NA], indicating only minor experimental variability between
assays occurred.

DIDS was less potent than EB to reduce ATP/
metabolite perfusate overflow

ATP outflow
Electrical stimulation of the nerve terminals induced a significant

ATP overflow [one-way ANOVA F (14,135) = 3.890, p < .0001]. DIDS
proved less potent than EB to reduce the output of electrically evoked
ATP output since while 1 µMDIDS perfusion did not modify its output
as compared to tissues perfused without DIDS [two-way ANOVA F
(14,210) = .8138, p = .6537]; however, 10 µM DIDS flattened the
nucleotide output [one-way ANOVA F (14,75) = .1907, p = .9993],
highlighting a substantial reduction in the nucleotide outflow induced
by electrical stimulation (Supplementary Table S1).

ADP outflow
Likewise, electrical stimulation of the nerve terminals induced a

significant ADP overflow [one-way ANOVA F (14,135) = 2.128, p =
.0138]. Perfusion with 1–10 µM DIDS did not modify the ADP
overflow compared with tissues perfused without DIDS [two-way
ANOVA F (14,210) = .2722, p = .9961; F (14,210) = 1.665, p = .0649],
as shown in Supplementary Table S1.
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AMP outflow
Nerve endings electrical stimulation induced a significant AMP

increase in its overflow [one-way ANOVA F (14,135) = 2.682, p =
.0017]. However, neither perfusion with 1 nor 10 µM DIDS modified
the AMP overflow induced by electrical nerve depolarization as
compared to the tissues perfused without DIDS. Two-way ANOVA
analysis values for 1 or 10 µM DIDS were [F (14,210) = .7700, p =

.7009 and F (14,210) = .1262, p = .9999], respectively, as shown in
Supplementary Table S1.

ADO outflow
Electrical stimulation of the nerve endings increased ADO

overflow [Kruskal–Wallis test χ2 (14) = 27.36, p = .0173]. An
amount of 1 µM DIDS shifts the outflow curve up, and the two-

FIGURE 3
Electrical stimulation evoked an increase in the perfusion pressure of the mesenteric bed vascular territory and its modification following perfusion with
either clodronate or Evans blue (EB) or mesenteries from rats pretreated with reserpine for 48 h. Left panel show columns depicting the increase in the
mesentery perfusion pressure elicited by electrical nerve endings stimulation (20 Hz train of electrical pulses) expressed as the Δ increase in the mesentery
perfusion pressure in preparations perfusedwith several clodronate concentrations, upper (A); Evans bluemiddle (B) or rats pretreatedwith .2 or 2 mg/kg
reserpine for 48 h lower (C). Right panel shows representative polygraphic traces of the changes in perfusion pressure recordings, with the respective
calibrations (mm Hg). Columns represent mean values; bars the S.E.M. Gray columns represent matched tissues without drugs. Each closed circle in the
columns represents experimental values obtained from separate rats. * p < .05, unpaired t-test; Φ Φ, p < .01, Mann–Whitney test, as compared to tissues
without drugs.
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way ANOVA value is [F (14,210) = 1.980, p = .0203]. However, 10 μM
DIDS did not change the nucleoside outflow [F (14,210) = .6313,
p = .8380] as compared to the perfusions performed in the absence of
DIDS. Supplementary Table S1 summarizes the results of the
spontaneous and electrically evoked overflow.

NA outflow
Electrical stimulation of the nerve endings induced a significant

NA overflow [Kruskal–Wallis test χ2 (14) = 37.68, p = .0006]. However,
1 or 10 µM DIDS showed a tendency toward a reduction in the
catecholamine outflow, and the values did not reach statistical
significance as compared with tissues perfused without DIDS
(Supplementary Table S1). The two-way ANOVA values for 1 µM
or 10 µM DIDS were F (14,210) = .3745, p = .9728; F (14,210) = .6468,
p = .8235, respectively.

Effect of reserpine treatment on spontaneous
and electrically evoked ATP/metabolites and
NA outflow

Pretreatment with .2 mg/kg reserpine did notmodify the spontaneous
nor the electrically evoked overflow of ATP/metabolites or NA as
compared to the vehicle (Supplementary Table S2). However, 2 mg/kg
reserpine which did not modify the spontaneous outflow of ATP/
metabolites or NA decreased by 60% the total perfusate ATP overflow
or 84% the NA outflow elicited by nerve endings depolarization
(Supplementary Table S2), without modifying ADP, AMP, or ADO.
The 2 mg/kg reserpine pretreatment flattened the increase in ATP
overflow induced by nerve terminal stimulation [one-way ANOVA F
(14,60) = 1.681, p = .0840]; likewise, it obliterated the NA overflow as
evidenced by the one-way ANOVA [F (14,60) = 1.082, p = .3920],
supporting the ATP and NA overflow annulment.

Changes in perfusion pressure elicited by
electrical depolarization of perivascular
mesenteric nerve endings in tissues perfused
with clodronate, EB, and DIDS or the perfused
mesenteries of reserpine-treated rats

Electrical nerve depolarization was associated with an abrupt
increase in the mesentery perfusion pressure. This increase ensued
within the first seconds of electrical depolarization, returning to
baseline few seconds after stopping the 1-min nerve terminal
stimulation. Representative vasomotor tracings are shown in Figure 3.

1) Clodronate: The increase in perfusion pressure elicited by nerve
terminal electrical stimulation in preparation perfused without this
drug was 90.00 ± 18.61 mmHg (n = 8), a value that was reduced to
35.00 ± 10.35 mm Hg (n = 7, p = .028, unpaired t-test) in
preparations perfused with 10 nM clodronate (Figure 3A).
Neither smaller nor larger clodronate perfusate concentrations
modified the increase in perfusion pressure evoked by nerve
terminal stimulation (Figure 3A). Parallel experiments which
prolonged the 10 nM clodronate perfusion for 180 min did not
modify the increase in perfusion pressure elicited by nerve
depolarization (83.33 ± 21.2, n = 4) vs. perfusions without
clodronate (95.00 ± 5.40 mm Hg, n = 4), unpaired t-test p = .6135.

2) EB: Although perfusions with 1,000 nM markedly reduced the
overflow of ATP/metabolites and NA, it did not modify the
increase in perfusion pressure elicited by nerve terminal
stimulation. However, perfusion with 100 nM showed a minor but
significant increase in the vasomotor response (Figure 3B) compared
to tissues perfused without this dye. We infer that despite the reduced
outflow of ATP/metabolites andNA, the co-transmitter concentration
that reaches the neuroeffector junction causes the full vasomotor
response.

TABLE 2 Clodronate concentration-dependent effects on the spontaneous and mechanically evoked ATP/metabolites from primary cultures of endothelial cells from
the rat mesentery.

Spontaneous extracellular purines expressed as % of purines in the absence of clodronate; X ± S.E.M.

Clodronate nM

0 (n=28) 0.01 (n=6) 0.1 (n=8) 1 (n=8) 10 (n=12) 100 (n=10) 300 (n=10) 1000 (n=15)

ATP 93.37 ± 8.58 45.12 ± 9.19* 75.08 ± 13.23 91.87 ± 11.87 91.48 ± 10.51 94.33 ± 18.13 100.40 ± 31.21 165.00 ± 28.67**

ADP 100.00 ± 7.94 108.28 ± 27.25 144.34 ± 18.11* 129.84 ± 18.73 113.38 ± 9.80 206.05 ± 57.53 ** 106.52 ± 33.60 205.56 ± 26.59****

AMP 100.00 ± 7.12 87.94 ± 13.93 92.16 ± 7.8 80.32 ± 17.14 94.08 ± 6.78 109.26 ± 25.81 114.59 ± 22.31 88.04 ± 12.76

ADO 100.00 ± 7.04 150.27 ± 16.53* 144.21 ± 17.78* 156.55 ± 23.79** 137.14 ± 7.78** 190.54 ± 44.14** 155.31 ± 31.79 131.57 ± 15.95

Mechanical stimulation-induced ATP/metabolite release, expressed as % purines in the absence of clodronate; X ± S.E.M.

Clodronate nM

0 (n=28) 0.01 (n=6) 0.1 (n=8) 1 (n=8) 10 (n=9) 100 (n=9) 300 (n=12) 1000 (n=14)

ATP 98.46 ± 9.24 106.30 ± 22.02 107.58 ± 27.67 126.86 ± 21.00 136.44 ± 10.29* 127.61 ± 26.59 94.41 ± 13.09 98.12 ± 11.47

ADP 100.00 ± 7.36 87.87 ± 9.81 85.14 ± 8.00 103.52 ± 11.83 141.89 ± 9.87** 144.27 ± 27.14* 101.62 ± 10.43 108.11 ± 6.54

AMP 100.00 ± 6.82 90.59 ± 16.08 80.18 ± 5.10 111.31 ± 12.95 154.92 ± 15.67*** 117.73 ± 22.12 91.07 ± 12.69 83.37 ± 8.83

ADO 100.00 ± 3.74 73.42 ± 8.28** 116.32 ± 33.94 102.94 ± 15.07 122.46 ± 9.71 Φ 177.33 ± 34.09*** 105.00 ± 8.98 134.60 ± 10.94ΦΦ

Numbers in parenthesis indicate the cell wells analyzed from five separate rats. *, p < .05; **, p < .01; ***, p < .001; ****, p < .0001; unpaired t-test as compared to cells without clodronate.Φ, p < .05;ΦΦ,
p < .01, Mann–Whitney test as compared to cells incubated without clodronate addition.
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FIGURE 4
Endothelial cells metabolize eATP but not eADO, lack of inhibition by 1–1,000 nM clodronate. To ascertain whether clodronate interferes with
ectoATPase cell metabolism, cultures of mesentery cells were incubated with eATP, and its metabolism was followed over 30 min. (A)Decay of 50 mM eATP
added to the extracellular media. (B) shows the corresponding eADO accumulation in cells treated with eATP, while (C) depicts the total etheno purines from
the same cells depicted, evidencing that the extracellular etheno purines were maintained over time. In contrast, (D) shows the application of 25 nM
eADO to a separate, but parallel, set of endothelial mesentery cells. Closed columns represent controls in the absence of clodronate (n = 8), dashed columns
depict 1 nM clodronate (n = 4), open columns 10 nM clodronate (n = 6), oblique dashed columns 100 nM clodronate (n = 4), and gray columns 1,000 nM
clodronate (n = 4). Bars in the columns show the S.E.M. No significant difference was observed when comparing controls versus the clodronate effect at each
incubation time. Insets of these Figures show the effect of 10 nM clodronate (open squares, n = 6) compared to a parallel set of cells incubated in the absence
of the bisphosphonate (closed circles, controls, n = 8). Symbols indicate the mean S.E.M. **, p < .01, and ****, p < .0001 unpaired t-test compared to the
corresponding 1-min controls.

FIGURE 5
Comparison of ADA activity inhibition by 10 nM clodronate in mesentery endothelial cells or a crude calf intestinal enzyme preparation. To assess
whether clodronate interferes with ADA activity, mesentery cells (A) or a crude calf intestine extract (B) was used to examine putative enzyme inhibition
elicited by clodronate. ADA activity was determined via a colorimetric titration of the ammonia generated as a byproduct of enzyme reaction. Columns
indicate the mean values and bars the S.E.M. of multiple enzyme assays performed in the absence or presence of 1–1,000 nM clodronate. Numbers
inside the columns refer to the separatemesentery cell wells assays or crude enzyme activity assay. Results are expressed as % ammonia formed compared to
parallel controls without clodronate. *, p < .05 unpaired t-test, compared with control, without clodronate.
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3) DIDS: Perfusions with 1 or 10 μM did not change significantly the
motor responses elicited by electrical nerve endings stimulation.
The Δ perfusion pressure (mm Hg) in tissues without the drug was
110.6 ± 11.98 (n = 10), while the increase in perfusion pressure
averaged 100.29 ± 28.28 (n = 6) in tissues perfused with 1 μMDIDS
or 73.26 ± 18.97 (n = 6) following 10 μM DIDS.

4) Reserpine: A gradual dose-dependent decrease in the increase of
the perfusion pressure elicited by nerve endings depolarization was
observed in mesenteries of animals pre-treated with either .2 or
2 mg/kg reserpine, compared to the respective vehicles (Figure 3C).
While the .2 mg/kg reserpine pretreatment only attenuated the
elicited increase in perfusion pressure, a 10-fold higher dose caused
a consistent and profound reduction of the vasomotor responses
from 84.60 ± 13.70 (n = 5) to 11.00 ± 7.14 mm Hg (n = 5),
Mann–Whitney test, p = .0079.

Extracellular ATP/metabolites in primary
cultures of endothelial cells incubated with
.01–1,000nM clodronate

To assess and confirm whether clodronate increases ADO in isolated
endothelial cells, primary cultures of the rat mesentery endothelium were
prepared to assess clodronate effects in non-neuronal mesentery
components. Endothelial cell incubation with .01–100 nM clodronate
increased the spontaneous extracellular ADO, while 300 or 1,000 nM
clodronate did not. Moreover, only 1,000 nM clodronate augmented the
spontaneously released extracellular ATP and ADP. These results are
summarized in Table 2. Moreover, following mechanical stimulation, a
procedure used to elicit purine release to the cell media release, 10 nM
clodronate significantly increased extracellular ATP, ADP, AMP, and
ADO (Table 2). Increasing the bisphosphonate to 100 nM or 1,000 nM
only modified extracellular ADO (Table 2). As with the perfusion studies,
10 nM clodronate or higher augmented extracellular ADO. No clear
clodronate concentration dependence was observed for ADO, except that
perhaps clodronate elicited a bell-shaped curve.

eATP hydrolysis time course protocols
confirm lack of clodronate-induced inhibition
of ATP metabolism and of eADO metabolism

To examine whether clodronate (1–1,000 nM) modified
endothelial cell extracellular ATP metabolism, eATP time course
studies were followed, and eATP hydrolysis and metabolic by-
products were determined in parallel. Parallel protocols examined
whether eADO is enzymatically degraded or transported
intracellularly by isolated endothelial cell cultures.

eATP is a substrate of ectoATPases; therefore, it is metabolized
extracellularly by cell ectoenzymes with a profile similar to ATP. eATP
decayed with a half-life of approximately 15 min, generating as by-
products eADP, eAMP, and eADO (Figure 4A); moreover,
1–1,000 nM clodronate did not interfere with the eATP metabolic
degradation nor affected its half-life (Figure 4A). The inset of
Figure 4A depicts the effect of 10 nM clodronate and its statistical
analysis compared to the first minute of eATP addition. During the 30-
min protocol, eADO increased 2–3 fold (Figure 4B, inset shows 10 nM
clodronate effect). Total extracellular etheno purines, (the addition of
eATP plus eADP, eAMP, and eADO) did not change over time

(Figure 4C), suggesting no significant intracellular etheno derivative
transport.

In contrast to eATP, eADO is not an ADA substrate nor
apparently transported intracellularly, explaining that extracellular
eADO remained intact during the 30-min incubation protocol
(Figure 4D). In addition, 1–1,000 nM clodronate did not
significantly modify eADO in the extracellular media (Figure 4D).

Endothelial cell ADA activity

To directly evaluate whether clodronate interferes with the
enzymatic ADO conversion to inosine, a subset of 24-well plate
endothelial cells was incubated with exogenous ADO as a substrate
in the absence or presence of varying clodronate concentrations.
Clodronate failed to modify ADA activity, except for 10 nM, a
concentration that slightly, but consistently reduced enzyme
activity (15.5 ± 4.3%, unpaired t-test, p = .0128, Figure 5A).

As positive controls, the cells were incubated with either 10 or 30 μM
quercetin, which elicited a 5 ± 6.0 (unpaired t-test, p = .6833) and 41.8 ±
2.4% (unpaired t-test, p < .0001) reduction of ADA activity, respectively.

Crude extract ADA activity

To ascertain more directly the effect of clodronate on the enzyme
activity, we used a commercial crude enzyme extract and examined
whether clodronate reduced the activity of ADA. In this enzyme
preparation, 10 nM clodronate caused a modest but significant 12.8 ±
4.8% (p = .049, Figure 5B) inhibition of the enzyme activity a result
consistent with the observation of clodronate-induced inhibition of
cell enzyme protocols (Figure 5A). Enzyme activity was examined
using .3 mM exogenous ADO and 6.25 mU/mL ADA. Two positive
controls were used in this protocol, one was .7 mM adenine, which
inhibited 28.6 ± 6.2% (n = 9, p = .001); likewise, 1 mM quercetin
inhibited ADA activity 13.9 ± 4.7% (n = 9, p = .0283), results
compatible with the 10 nM clodronate-induced inhibition.

Discussion

Perfusion of the rat mesentery with clodronate did not reduce the
outflow of ATP/metabolites and NA induced by electrical stimulation
of perivascular sympathetic nerve endings from the rat mesentery
vascular bed, an unexpected result considering clodronate’s alleged
VNUT inhibitor profile. On the contrary, a modest increase in purine
overflow was shown. Notwithstanding, in matched parallel control
studies, mesentery bed perfusion with EB or DIDS evidenced a
significant reduction in the ATP outflow, raising doubts that
clodronate is a VNUT inhibitor in sympathetic nerve endings. EB
is a symmetric azo dye, currently recognized as the most potent VNUT
inhibitor available (Moriyama et al., 2017); DIDS also inhibited VNUT
but with markedly less potency than EB, agreeing with current
findings. We are aware that neither EB nor DIDS are VNUT
selective since a variety of non-VNUT effects have been
consistently described, including VGLUT inhibition documented by
Hartinger and Jahn, (1993), Roseth et al. (1995) and revised by Eriksen
et al. (2016). In addition, EB has long been used for clinical purposes
such as the estimation of human blood volume, vascular permeability,
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and lymph node detection as recently reviewed by Yao et al. (2018),
revealing multiple targets. The precise mechanism of how EB or DIDS
elicit VNUT inhibition remains unclear. Sawada et al. (2008) observed
that both EB and DIDS inhibited concentration-dependently the ATP
uptake activity and also reported that the transporter is chloride-
dependent. In addition, Zalk and Shoshan-Barmatz, (2006) reported
that the ATP uptake observed in isolated brain synaptic vesicles was
DIDS-sensitive; hence, whether this effect is due to VNUT activity
remains to be determined.

We are aware that the use of a perfused vascular bed to detect the
outflow of ATP and co-transmitters from the perivascular sympathetic
nerve endings has limitations. Notwithstanding, this preparation was
used extensively by autonomic investigators to examine the
neurochemistry of the adrenergic and purinergic synapses and to
quantify the outflow of these transmitters (Donoso et al., 2006;
Donoso et al., 2018b). The present results do not allow the
characterization of clodronate, EB, or DIDS as VNUT inhibitors,
even though both EB and DIDS reduced concentration-dependently
the outflow of ATP and NA from the mesentery bed, a profile expected
of VNUT inhibitors. Only clodronate increased ADO outflow,
suggesting a separate target, which we deem could be related to
ADA inhibition. EB concentrations used in the current
experiments are within reported VGLUT IC50 values (Roseth et al.,
1995; Thompson et al., 2005) or the purified VNUT SLC17A9 assay in
the synthetic in vitro liposomes of the Sawada et al. (2008) study.
Higher DIDS concentrations were required to inhibit VNUT in the
liposome reconstituted bioassay or VGLUT (Hartinger and Jahn
1993), a finding substantiated by current data. Moreover, in
cultured mesentery-derived endothelial cells, Donoso et al. (2018a)
reported that EB decreased the spontaneous extracellular cell medium
ATP. This latter effect is apparently due to inhibition of vesicular ATP
release mediated by an EB-sensitive mechanism, an action not
observed in similar protocols using clodronate.

To account for the consistent clodronate-evoked ADO
accumulation observed in the perfusion studies, we examined
whether clodronate interferes directly or indirectly, with purine
metabolism or transport both in the mesenteric bed or isolated
endothelial cells and the crude calf intestine ADA preparation.
ADO accumulation must result from either lack of its metabolism
or cellular transport by these cells. Following this reasoning, we next
examined whether clodronate induced inhibition of ADA activity in
endothelial cells, a finding that may explain the increase in ADO
following clodronate mesentery perfusion or in isolated endothelial
cells. A modest yet reproducible and significant reduction in ADA
activity was consistently observed only with 10 nM clodronate. The
mechanism of inhibition was not further addressed, except we
confirmed that plant polyphenols such as quercetin inhibited ADA
activity at micromolar concentrations, in agreement with Melzig,
(1996). Interestingly, only 10 nM clodronate, but not other
concentrations, consistently inhibited the enzyme closely
mimicking the observation in mesentery endothelial cells. Although
we do not understand why the inhibition is exclusively observed with
10 nM clodronate, three separate observations support our contention
that 10 nM clodronate elicits this effect: 1. in the perfused mesentery
preparation, 10 nM clodronate elicited an ADO increase paralleled by
a decreased neuroeffector motor response induced by transmural
nerve depolarization, 2. this concentration increases extracellular
ADO in endothelial cells upon mechanical stimulation, and 3.
10 nM clodronate inhibits ADA activity in a commercial crude

enzyme preparation. Moreover, in the Moriyama assay, 15 nM
clodronate is the half median concentration required to inhibit
VNUT activity.

In addition, current findings are consistent with previous
findings that both quercetin and adenine inhibit ADA activity,
apparently by a competitive mechanism (Melzing, 1996; and
Alunni et al., 2008), which supports and highlights the
clodronate findings. We are certain that clodronate does not
interfere with ATP or eATP metabolism, except it modestly
inhibits ADO degradation to inosine. The present results do not
allow discarding that clodronate could eventually reduce ADO
transport, but eADO results do not support this proposal. It should
be emphasized that eADO is neither an ADA substrate nor an ADA
inhibitor (Jamal et al., 1988); therefore, since eADO remains
constant in the enzyme incubation protocol, we infer that eADO
is not an ADO transporter substrate (Figure 4D). To directly
support this hypothesis, we are open to further investigations.
Notwithstanding, we infer that the bisphosphonate-induced
ADO increase in the perfused mesentery is of functional
relevance since 10 nM clodronate elicited a reduction in the
increase in perfusion pressure evoked by electrical stimulation
of sympathetic nerve endings. Curiously, larger clodronate
concentrations did not follow this inhibitory pattern. Increasing
clodronate to 100 nM not only increased ADO but also ADP and
AMP, which may hinder the ADO-induced vasodilatation since
ADP may constrict the mesentery vessels, causing a physiological
antagonism of the ADO-evoked vasorelaxation. In this vascular
bed, endogenous ADO has a strong vasodilator efficacy. Neither EB
nor DIDS modified the increase in perfusion pressure elicited by
electrical nerve endings depolarization, even though both
chemicals reduced electrically evoked co-transmitter outflow.
ATP is known to elicit a mixed dual contractile and relaxant
effects related to P2X and P2Y receptor activation (Ralevic and
Burnstock, 1998). Furthermore, endothelial cell P2Y receptor
activation induces nitric oxide production (Donoso et al.,
2018b), which may add to the ADO-induced vasodilatation.
Since we are fully aware that the 40-min clodronate mesentery
perfusion might not be enough to elicit a significant VNUT
inhibition, the duration of the 10 nM clodronate perfusion was
extended for 180 min. Notwithstanding, we did not observe a
reduction in nucleotide overflow nor a further decrement in the
increase of the perfusion pressure induced by electrical stimulation.
On the contrary, the ADO outcome was reduced, suggesting that
the increase in ADO overflow, elicited by nerve terminal
depolarization, occurred within the 40-min clodronate
mesentery perfusion. In contrast to 10 nM clodronate, EB which
decreased the outflow of ATP and NA did not reduce the increase
in mesentery perfusion pressure elicited by perivascular electrical
nerve stimulation. This observation allows us to deduce that the
response is clodronate-specific and that the vasomotor effect
elicited by perivascular nerve stimulation must be caused by a
small fraction of the released transmitters since it was not observed
after 1,000 nM EB. We are conscious that transmitter outflow is the
result of compounded and balanced effects between transmitter
release, degradation, uptake, and transmitter diffusion through the
smooth muscle and endothelium to finally reach the vascular
lumen, where ATP/metabolites and NA were determined.
Although EB markedly reduced the release of sympathetic co-
transmitters, the fraction that reaches the neuroeffector junction
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must suffice to cause a full vasomotor response elicited by
perivascular nerve terminal stimulation.

To further investigate why the EB-induced reduction in the
outflow of ATP/metabolites and NA was not paralleled by a
reduction of the mesentery perfusion pressure, additional
experiments were conducted in reserpinized rats. Reserpine
elicited a concentration-dependent reduction in the increase in
perfusion pressure associated with a marked decrease in ATP and
NA outflow to levels comparable to those elicited by 1,000 nM EB.
We are aware that the effect of reserpine was examined after 2 days
of treatment (Huidobro-Toro, 1985), where adaptive mechanisms
may occur such as a reduction in other sympathetic co-transmitters
involved in the vasomotor response. Reserpine is used as a NA
vesicular transporter marker (VMAT), in analogy to EB, a VNUT
marker. This concept may help identify whether the same synaptic
vesicle stores both ATP and NA or whether separate vesicle pools
store independently sympathetic co-transmitters. This is an
ongoing debate for several decades without a firm final
demonstration. An exciting immunohistochemical study using
selective color labeled antibodies for the vesicular NA
transporter and VNUT recently concluded that in the rat tail
artery, the NA and ATP transporter storage vesicles may be
distinct and associated each with voltage-dependent calcium
channel subtypes (Mojard Kalkhoran et al., 2019). These
findings highlight the notion of apparently separate storage
vesicles for each co-transmitter. Notwithstanding, ATP is
required for NA storage (Estevez-Herrera et al., 2016), a result
at variance with this structural contention, an issue that needs
further research. Moreover, extracellular ATP regulates chromaffin
vesicular content (Larsson et al., 2019), a finding that augments the
complexity of co-transmitter storage, a fact that is not disputed for a
single transmitter. Independent of the synaptic vesicle’s dynamics
in sympathetic nerve endings, selective vesicular transporter
inhibitors such as reserpine for VMAT, or EB for VNUT, are
valuable neuroscience tools for further clarifying multi-
transmitter vesicular storage in sympathetic nerve terminals. An
exciting venue that supports the physiological role of VNUT in
purinergic transmission derives from transgenic VNUT knockout
mice (VNUT−/−). Transgenic mice are phenotypically apparently
normal (Sakamoto et al., 2014), but several experimental lines using
these animals demonstrate that VNUT-mediated vesicular ATP
release is key for the storage and release of ATP. Moreover, gene
silencing results in purinergic transmission impairment (Moriyama
et al., 2017; Miras-Portugal et al., 2019; Tatsushima et al., 2021).
The relevance of VNUT in chronic neuropathic pain, glaucoma,
and other sympathetic nerve system-related diseases poses the
opportunity of targeting drugs to ATP transporters, as a novel
therapeutic goal of future medical applications.

Is it plausible that the mechanism of the analgesic effect of
clodronate in chronic pain may be related to the observed ADO
accumulation? This observation may be of clinical relevance since
clodronate has a chronic pain analgesic profile (Kato et al., 2017) and
ADO elicits analgesia (Sollevi, 1997; Jung et al., 2022). As to whether

our finding of ADO accumulation, likely due to nanomolar
clodronate-induced reduction in the ADA activity, is somehow
involved in the analgesic effect of clodronate remains to be better
examined.

Clodronate is a pyrophosphate analog of biomedical relevance
used for over 60 years in the treatment of bone-related diseases.
Clodronate, due to its two phosphates, likely chelates calcium, with
a low permeability coefficient. In Caco-2 cells, the clodronate transport
value was .25 × 10–7 cm/s (Raiman et al., 2001), a non-favorable
physicochemical variable to freely cross cell membranes, favoring our
view that clodronate likely interacts with an extracellular site of action,
unless it is mobilized intracellularly by phosphate transporters. In
chondrocytes, a cell model used to study articular cartilage
degeneration and improve arthritis management, clodronate is
claimed to enter cells by pinocytosis, rather than simply diffusing
or using a transporter (Rosa et al., 2014). An observation we have not
fully resolved is the lack of consistent concentration-dependence of the
clodronate effects. This issue likely indicates that clodronate has
complex pharmacokinetics and may target several mechanisms
simultaneously, indicative of compounded pharmacodynamics
as well.

In summary, present findings highlight a minor, though consistent
ADA inhibition which might account for the observed ADO
accumulation as well as the reduction in the vasomotor effect
elicited by nerve endings stimulation observed with 10 nM
clodronate. The role of clodronate as a nanomolar ADA inhibitor
may play a relevant role in vivo as an ADO modulator. Moreover, the
present results do not allow characterizing clodronate as a VNUT
inhibitor. Drugs which target vesicular transporters are valuable
neuroscience tools to solve the dynamics of transmitter storage and
recycling plus the compounded complexities of multiple co-
transmitter storage mechanisms and release in sympathetic co-
transmission, an exciting venue for future research.
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Identification of the molecular
determinants of antagonist
potency in the allosteric binding
pocket of human P2X4
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P2X receptors are a family of ATP-gated cation channels comprising seven
subtypes in mammals, which play key roles in nerve transmission, pain
sensation and inflammation. The P2X4 receptor in particular has attracted
significant interest from pharmaceutical companies due to its physiological
roles in neuropathic pain and modulation of vascular tone. A number of
potent small-molecule P2X4 receptor antagonists have been developed,
including the allosteric P2X4 receptor antagonist BX430, which is
approximately 30-fold more potent at human P2X4 compared with the rat
isoform. A single amino-acid difference between human and rat P2X4 (I312T),
located in an allosteric pocket, has previously been identified as critical for
BX430 sensitivity, implying that BX430 binds in this pocket. Using a
combination of mutagenesis, functional assay in mammalian cells and in silico
docking we confirmed these findings. Induced-fit docking, permitting the
sidechains of the amino-acids of P2X4 to move, showed that BX430 could
access a deeper portion of the allosteric pocket, and that the sidechain of Lys-
298 was important for shaping the cavity. We then performed blind docking of
12 additional P2X4 antagonists into the receptor extracellular domain, finding that
many of these compounds favored the same pocket as BX430 from their
calculated binding energies. Induced-fit docking of these compounds in the
allosteric pocket enabled us to show that antagonists with high potency
(IC50 ≤ 100 nM) bind deep in the allosteric pocket, disrupting a network of
interacting amino acids including Asp-85, Ala-87, Asp-88, and Ala-297, which
are vital for transmitting the conformational change following ATP binding to
channel gating. Our work confirms the importance of Ile-312 for
BX430 sensitivity, demonstrates that the allosteric pocket where BX430 binds
is a plausible binding pocket for a series of P2X4 antagonists, and suggests a mode
of action for these allosteric antagonists involving disruption of a key structural
motif required for the conformational change induced in P2X4 when ATP binds.
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1 Introduction

P2X receptors are eukaryotic ligand-gated cation channels
activated by extracellular ATP. There are seven receptor
subtypes in mammals, which combine into homo- or hetero-
trimers, with differing tissue expression and pharmacological
properties (North, 2016). P2X receptors play numerous
important physiological roles in mammals, including nerve
transmission, pain sensation, inflammation, and higher neural
functions, and as such are important drug targets (North and
Jarvis, 2013). There is a significant body of evidence from
animal models that implicates the P2X4 receptor in neuropathic
pain (Tsuda et al., 2003; Matsumura et al., 2016). Furthermore,
evidence from both animal models and human mutation studies
link P2X4 to the regulation of vascular tone and blood pressure
(Yamamoto et al., 2006; Stokes et al., 2011). Due to their roles in
human disease, there has been significant interest in developing
potent P2X4 receptor modulators and the determination of the
crystal structures of a series of P2X receptors including zebrafish
P2X4 (Hattori and Gouaux, 2012) and giant panda P2X7
(Karasawa and Kawate, 2016) has proven pivotal in the
understanding of ligand binding and receptor activation. In
particular, the recent and surprising discovery that a series of
P2X7 antagonists (previously thought to be competitive) bound
to a site distinct from the ATP binding site delineated an important
allosteric binding pocket in P2X receptors.

Among the P2X4 antagonists, some are reportedly allosteric,
including 5-BDBD, which displays an IC50 of 0.5 μM at human
P2X4 (Fischer et al., 2004). Other reported antagonists with
potencies in the low micromolar range are PSB-12054 and PSB-
12062 (Hernandez-Olmos et al., 2012) although these compounds
only display partial solubility. In 2013, Sunovion Pharmaceutical
Inc. Patented a series of compounds (including the compound
herein arbitrarily named Sunovion-A, Figure 1) displaying high
potencies (IC50 < 100 nM) (Newcom and Spear, 2013). Two years
later, Ase et al. (2015) reported the characterization of BX430,
which displayed interesting and unexpected P2X4 species-
selective potencies. Despite a lower amino acid sequence
similarity between human P2X4 and zebrafish P2X4 receptor,
BX430 potency was similar at human P2X4 and zebrafish P2X4
(IC50 values of 0.5 and 1.89 μM, respectively) compared to its very
weak activity against the rat and mouse orthologous (IC50 values
both >10 μM).

Other potent antagonists have been reported since, including a
series developed by Nippon Chemipharm (NP-1815-PX, NP-A and
NP-B) with submicromolar potency (IC50 values approx.
0.25 μM at human, rat and mouse) that displayed an anti-
allodynic effect in an in vivo rodent model of injury-induced
allodynia (Matsumura et al., 2016; Ushioda et al., 2020). In
2019, BAY-1797 was identified as a P2X4 antagonist with a
similar potency across human, rat and mouse P2X4 orthologues
(IC50 of 100 nM at rat and human and 200 nM at mouse) (Werner
et al., 2019). Whilst designing P2X1 antagonists, (Tian M. et al.,
2020) synthesized a series of compounds (including the compound
with structure reported in Figure 1, here referred to as “Tian-13”)
with nanomolar potency at P2X4 but with only partial selectivity
across the receptor family (P2X1 IC50 58 ± 21.9 nM; P2X4 IC50

48.8 ± 11 nM and P2X7 IC50 177 ± 11 nM). Furthermore, an
interesting approach was employed by Carnero Corrales et al.

(2021), who identified, via thermal proteome profiling, P2X4 as
potential target of indophagolin. Finally, Mahmood et al. (2022a);
Mahmood et al. (2022b) recently reported several series of
compounds (including series 4 and 9) with submicromolar
potency at human P2X4. Figure 1; Table 1 summarize the
chemical structures and reported IC50 values of the
P2X4 antagonists considered in this study.

We initially hypothesized that BX430 might bind to the
equivalent site on P2X4 to that recently identified in P2X7. We
constructed a molecular model of human P2X4 based on the
zebrafish P2X4 crystal structure (Hattori and Gouaux, 2012),
used molecular docking to ascertain that BX430 was able to
bind to the allosteric pocket, and identified a single amino-acid
difference between human and rat P2X4 in the allosteric pocket

FIGURE 1
Structures of potent and selective P2X4 antagonists reported to
date. In this study, two of the most potent NipponChemipharm (NP)
compounds series have been arbitrarily named NP-A and NP-B, the
compound patented by Souvion is referred to as Souvion-A.
Compound 4n [Mahmood et al. (2022a)] and compounds 9g and 9o
[Mahmood et al. (2022b)] are referred to as Mahmood 4n, Mahmood 9g,
and Mahmood 9o. Compound 13 (Tian M. et al., 2020) is referred to as
Tian 13.
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(I312T) previously reported to be responsible for differential
BX430 potency (Ase et al., 2019). Functional assays using
calcium influx in stably transfected 1321N1 astrocytoma cells
confirmed the difference between BX430 potency at human
P2X4 wild type and rat P2X4 wild type, whilst the single amino-
acid mutation of either human P2X4 (I312T) or rat P2X4 (T312I)
was sufficient to confer the BX430 sensitivity of the other receptor
orthologue, demonstrating that BX430 binds at this allosteric site
in the receptor. Our results are in very close agreement with those
of Ase et al. (2019) who used patch clamp electrophysiology and
molecular docking studies, and reinforce their findings using an
independent assay. The work of Ase et al. (2019) and our data
demonstrate that BX430 binds to the equivalent allosteric site in
P2X4 to that accessed by several allosteric P2X7 antagonists.

We next hypothesized that other P2X4 antagonists may bind in
the same allosteric pocket as BX430 and employed in silico induced-
fit docking approaches (where the amino-acid sidechains of the
pocket are allowed to move) with a total of 12 compounds,
identifying the ligand-protein interactions within the allosteric
pocket important for high-potency antagonism. Using this
approach, we were able to show that a network of interactions
with Arg-82, Asp-85, Ala-87, Asp-88, Trp-164, Ala-297, Glu-307,
and Arg-309, deep within the allosteric pocket and critical for
efficient P2X4 gating, are likely to be disrupted by antagonist
binding. This data will be useful for the design and development
of potent P2X4 antagonists in future.

2 Materials and methods

2.1 Plasmid generation

Plasmid encoding rat P2X4 (r4-WT) (Royle et al., 2005) was a kind
gift from Ruth Murrell-Lagnado, whilst that encoding human

P2X4 with a C-terminal (His)10 tag has been reported previously
(Young et al., 2008). Plasmids containing rat P2X4 T312I (r4-T312I)
and human P2X4 I312T mutants (h4-I312T) were generated using the
QuikChange Lightning site-directed mutagenesis kit (Agilent)
according to manufacturer’s instructions. Sequencing of the
constructs and of the genomic DNA from stably transfected cells
confirmed correct full coding sequences.

2.2 Development and selection of 1321N1 cell
lines stably expressing human and rat
P2X4 receptors

1321N1 astrocytoma cells were cultured (at 37°C, 5% CO2) in
Dulbecco’s modified Eagle’s medium (DMEM/F-12 with
Glutamax) supplemented with 10% foetal bovine serum (FBS)
and 200 unit/mL of penicillin and streptomycin antibiotics
(Fisher Scientific). Stably transfected clones were grown in
DMEM/F-12 with Glutamax medium supplemented with G-418
(Geneticin®, Fisher Scientific), 600 μg/mL and 150 μg/mL during
selection and maintenance, respectively. FuGene HD Transfection
Reagent (Promega) was used according to the manufacturer’s
protocol for the generation of stable cell line expressing h4-WT,
r4-WT, h4-I312T, and r4-T312I. Each cell line was then tested for
P2X4 receptor expression by Western blot and for functionality
using the Ca2+ influx assay.

2.3 Calcium influx measurements

Cells were plated the day before assay into poly-lysine-coated 96-
well plates at 40–55,000 cells/mL. To load cells with calcium-sensitive
fluorescent dye, culture medium was replaced with modified Ringer’s
buffer (140 mMNaCl, 10 mMHEPES, 10 mM Glucose, 1 mMMgCl2,

TABLE 1 Reported potencies for known P2X4 antagonists. n.r, Not reported. aFischer et al. (2004); bAbdelrahman et al. (2017); cSophocleous et al. (2020); dCoddou et al.
(2019); eWerner et al. (2019); fAse et al. (2015); gCarnero Corrales et al. (2021); hMahmood et al. (2022a); iMahmood et al. (2022b); jHernandez-Olmost et al. (2012);
kMatsumura et al. (2016), and lUshioda et al. (2020) mNewcom and Spear (2013); nTian et al. (2020).

Compound hP2X4 IC50 rP2X4 IC50 mP2X4 IC50

5-BDBD 0.5 μMa; 0.348 μMb; 5.24 μMc 3.47 μMb; 0.75 μMd 2.04 μMb

BAY-1797 0.1 µMe 0.1 µMe 0.2 µMe

BX-430 0.54 μMf; 1.94 μMc >10 µMf >10 µMf

Indophagolin 0.140 μMg n.a n.a

Mahmood-4n 0.04 μMh n.r n.r

Mahmood-9g 0.055 μMi n.r n.r

Mahmood-9o 0.039 μMi n.r n.r

NP-1815-PX 0.26 µMk, l n.r n.r

NP-A 0.064 μMk, l n.r n.r

NP-B 0.43 μMk, l n.r n.r

PSB-12054 0.19 μMj 2.1 µMj 1.8 µMj

Sunovion-A <0.1 μMm n.r n.r

Tian-13 0.049 µMn n.r n.r
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1 mM CaCl2, 2.5 mM KCl, 0.5% BSA, pH = 7.4) containing 2.6 μM
FLUO4-AM (Fisher Scientific) and 250 μM probenecid (Sigma), and
cells were incubated for 20–30 min. Prior to assay, buffer was replaced
with fresh modified Ringer’s buffer containing probenecid but not the
dye. BX430 was incubated at increasing concentrations
(0.03 μM–100 μM) for approximately 30 min prior to eliciting ATP
responses. The final DMSO concentration did not exceed 0.1%. A
Fluoroskan Ascent FL plate reader (Fisher Scientific) equipped with a
solution dispenser and an appropriate filter pair (excitation: 485 nm,
emission: 538 nm) was used to record 5-s baseline followed by P2X4-
mediated calcium influx measurements for 20–25 s after ATP
stimulation (final concentration ranging between 0.03 and 100 μM
in buffered solution, pH = 7.4). The collected responses were
normalized to the first data-point recorded after ATP injection.
The amplitude of ATP responses was calculated as ΔF/F0, where
ΔF = F1−F0, subtracting the fluorescent background as suggested by
Bootman et al. (2013).

2.4 Homology modelling and ligand docking

In silico simulations were performed on a MAC pro 2.80 GHz
Quad-core Intel Xeon running Ubuntu 12.04 LTS. Graphical
representations of molecular structures were generated using
MOE (Molecular Operating Environment (MOE), 2019.01;
Chemical Computing Group ULC, Montreal, Canada). All
crystal structure files used were retrieved from the RCSB
Protein Data Bank (http://www.rcsb.org) as PDB file format
and protonated with MOE. The human P2X4 receptor
homology model was generated using MOE 2019.01 using
AMBER10:EHT force field and standard parameters for the
single template mode. The model was checked visually and via
PROCHECK (Laskowski et al., 1993) to exclude gross errors in
protein geometry. Blind docking simulations were performed on
the extracellular domain using Achilles Blind Docking Server
(https://bio-hpc.ucam.edu/achilles/) (Sanchez-Linares et al.,
2012) and ligand MOL2 files pre-generated using MOE.
Docking with Glide involved pre-processing of the receptor
structure via the built-in Schrodinger tools Prep Wiz, Epik,
Impact and Prime (Schrödinger, New York). Ligands were
prepared with LigPrep using the OPLS_2005 force field. In
simulations where the protein was treated as rigid body, a
docking grid was generated with set coordinates corresponding
to the mid-point of the cavity and box size of 18 Å3 and docking
simulations were run with Glide Extra Precision (XP) protocol
using standard parameters. In induced-fit docking simulations,
Glide Standard Precision (SP) was applied generating 20 poses in
the first stage before sidechain optimization within 5 Å from the
ligand using Prime, followed by Glide re-docking into structures
within 30.0 kcal/mol of the best structures (top 20) with SP
precision.

2.5 Data analysis and statistics

Data processing and data analysis were carried out using
Graphpad Prism version 6 for Mac. Figures are presented as
Mean ± SEM. Statistical significance of any difference observed
between samples was calculated through one-way ANOVA

followed by Dunnett’s multiple comparisons test with a single
pooled variance (control, unless otherwise specified) or, when
comparing only two sets of data, using an unpaired t-test with
Welch’s correction. When comparing data obtained from multiple
independent experiments (N), each dataset was normalized to the
mean value obtained for the vehicle control. A non-linear
regression (curve fit) with four parameters (constraints to
Bottom = 0 and Top = 100 were applied when considering
normalized ATP concentration-response curves) was used to
determine dose-response correlation and calculate EC50 and
IC50 values.

3 Results

3.1 Docking of BX430 and analysis of human
and rat P2X4 sequences in the putative
BX430 binding site reveals I312 as a key
interacting residue

To perform ligand docking studies, we first generated a molecular
model of human P2X4 based upon the crystal structure of Danio rerio
(zebrafish) P2X4 in the closed state [PDB ID; 4DW0 (Hattori and
Gouaux, 2012)]. By comparison of our model with the panda
P2X7 crystal structures in complex with allosteric antagonists
(Karasawa and Kawate, 2016), we identified the corresponding
putative allosteric pocket in human P2X4 (Figure 2A). When
compared to panda P2X7 and the rat P2X7 cryo-EM structure in
the closed state [no ligand bound, PDB ID; 6U9V (McCarthy et al.,
2019)], the pocket in zebrafish P2X4 (4DW0) and in our model
(Figure 2B) presents a narrower tunnel. In addition, in both the
zebrafish structure and in our model, residues such as Lys-298
formed a “bottleneck” in the cavity.

Our initial molecular docking simulations with BX430 (using a
rigid protein structure model) showed that the dibromo-
(methylethyl)phenyl moiety was stabilized by hydrophobic
interactions including with residue Ile-312, whilst the urea
moiety lay in a polar region potentially making H-bond
interactions with adjacent residues (Figure 2B). Based on the
position of Lys-298 in the crystal structures of panda P2X7 with
the antagonists bound, it was reasonable to consider that Lys-298
could be highly flexible, especially when in presence of a ligand
binding in proximity. Therefore, we performed induced-fit
docking, with initial docking of the ligand with pocket residues
as reference (20 ligand poses), followed by minimization of the
residues 5 Å around the ligand, re-docking of the ligand in the
induced-fit pocket and scoring of the poses. The induced fit
protocol resulted in a substantially different conformation of
Lys-298 (Figure 2C) with a wider opening of the bottleneck. The
obtained BX430 conformation was similar to that reported by Ase
et al. (2019) with BX430 buried deeper and the urea moiety
establishing interactions with Asp-88 (backbone, Figure 2B).
This may indicate an important role of the Lys-298 sidechain in
the shaping of the allosteric pocket.

We then took advantage of the reported differential potency of
BX430 at human and rat P2X4 [IC50 values of 0.54 μM and >10 μM,
respectively (Ase et al., 2015)] and aligned the amino-acid sequences
of human and rat P2X4 in the region of the putative BX430 binding
site to look for any major residue difference. Strikingly, there was only
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FIGURE 2
Molecular docking of BX430 into the allosteric pocket of human P2X4. (A). Molecular model of human P2X4 showing the position of the pocket in the
extracellular domain. (B–C). Alternate binding poses of BX430 modelled into the allosteric pocket of human P2X4 using rigid (B) or induced-fit (C) docking.

FIGURE 3
ATP concentration-response and BX430 concentration-inhibition curves for human and rat P2X4 (wild type and mutant) receptors. (A). Mean ATP
concentration-response curves of rat P2X4wild type (rP2X4WT, grey full squares), rat P2X4 T312Imutant (rP2X4 T312I, gray empty squares), human P2X4wild
type (hP2X4WT, black full circles), human P2X4 I312T (hP2X4WT, black empty circles). Responses represent fluorescence increase following ATP addition and
were normalized to the maximum response mean value recorded among the concentrations tested. Data merged from 3 or more independent
experiments (4–6 technical repeats per experiment). Error bars are SEM. EC50 and Hill coefficient values are reported in Table 2. (B). Mean BX430 inhibition
curves of rat P2X4 wild type (rP2X4 WT, grey full squares), rat P2X4 T312I mutant (rP2X4 T312I, gray empty squares), human P2X4 wild type (hP2X4 WT, black
full circles), human P2X4 I312T (hP2X4 WT, black empty circles). Responses represent fluorescence increase elicited by 1 µM ATP addition after incubation
with increasing concentrations of BX430. Data points were normalized to the response obtained with vehicle-only (0.1% DMSO) and are presented asmean ±
SEM. Data merged from 2 (for hP2X4 WT) or more independent experiments (3–5 technical repeats per experiment). IC50 and Hill coefficient values are
reported in Table 3.

TABLE 2 ATP EC50, pEC50, and Hill Coefficient values for wild type (WT) and mutant rat and human P2X4 receptors. SEM, standard error of the mean. *indicates a
statistically significant difference between rat P2X4 WT and human P2X4 I312T (p ≤ 0.05).

Cell line ATP EC50 (µM) ATP pEC50 (± SEM) Hill coefficient

Human P2X4 WT 1.26 5.901 (± 0.0577) 1.098

Rat P2X4 WT 1.70 5.770 (± 0.0507)* 1.441

Human P2X4 I312T 0.77 6.112 (± 0.028)* 2.057

Rat P2X4 T312I 0.73 6.136 (± 0.0645) 2.475

Frontiers in Pharmacology frontiersin.org

Pasqualetto et al. 10.3389/fphar.2023.1101023

180

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1101023


one significant difference at position 312, which is an isoleucine in
human P2X4 and a threonine in rat P2X4. Since our docking studies
indicated that this amino-acid residue might be involved in
BX430 binding, we made the reciprocal mutations, human
P2X4 I312T and rat P2X4 T312I, to assess their effect on
BX430 potency.

3.2 Exchange of residues at position Ile-312 is
sufficient to mediate the differential potency
of BX430 at human and rat P2X4 in a calcium-
influx assay

We first measured ATP-induced calcium uptake using Fluo-4
in 1321N1 astrocytoma cells stably expressing either wild type
human P2X4 (h4-WT), wild type rat P2X4 (r4-WT), human
P2X4 I312T (h4-I312T) or rat P2X4 T312I (r4-T312I) receptors
(Figure 3A; Table 2). We observed ATP EC50 values for h4WT and
r4WT of 1.26 ± 0.16 and 1.70 ± 0.30 μM, respectively, consistent
with previous studies (Soto et al., 1996; Garcia-Guzman et al.,
1997). We also found that the mutations h4-I312T and r4-T312I
did not significantly affect ATP peak calcium responses and their
EC50 was 0.77 ± 0.52 and 0.73 ± 0.61 μM (Table 2), implying that
the mutations did not affect the ability of the P2X4 receptors to
respond to ATP.

We next assessed the potency of BX430 in our wild type and
mutant cell lines by generating concentration-inhibition curves
using EC50 concentrations of ATP and estimating the BX-430 IC50

at each receptor (Figure 3B; Table 3). We observed IC50 values for
h4-WT and r4-WT of 2.12 ± 0.60 and 66.1 ± 20 μM (ambiguous fit
due to low potency), respectively, consistent with previously
published values (Ase et al., 2015). Strikingly, the single point
mutation of I312T in human P2X4 was responsible alone for >48-
fold decrease in BX-430 potency to a similar value to that of rat
P2X4 (IC50 102.4 µM). Conversely, the mutation of T312I in rat
P2X4 conferred a BX430 potency similar to that of human P2X4
(IC50 1.4 µM, approx. 47-fold increase), suggesting that the
residue at position 312 is sufficient to mediate the differential
potency of BX430 at human and rat P2X4 and confirming the
results obtained by Ase et al. (2019) obtained via patch clamp
electrophysiology.

3.3 Docking of known allosteric antagonists in
the allosteric pocket

We initially explored the hypothesis that some of the recently
reported antagonists may bind to the same allosteric pocket, by

performing a blind docking simulation. A total of 12 antagonists
with low micromolar to nanomolar potencies were docked,
including antagonists with biological data demonstrating their
binding to the allosteric pocket [BX-430 (Ase et al., 2019) and
5-BDBD (Bidula et al., 2022), which served as benchmark], ligands
with previously reported inferred docking [Tian-13 (Tian, M., et al.
(2020) and Mahmood 4n and Mahmood 9o (Mahmood et al.,
2022a; Mahmood et al., 2022b)] and ligands with no binding
information [BAY-1797 (Werner et al., 2019), Mahmood 9g
(Mahmood et al., 2022b), NP-1815-PX, NP-A, NP-B
(Matsumura et al., 2016; Ushioda et al., 2020)Sunovion-A
(Newcom and Spear, 2013), PSB-12054 (Hernandez-Olmos
et al., 2012) and indophagolin (Carnero Corrales et al., 2021)].
The Achilles Server simulation estimated binding energies
of −6.00 and −7.40 kcal/mol for BX430 and 5-BDBD,
respectively for the allosteric pocket. Interestingly, the cavity
corresponding to the allosteric pocket was ranked in the Top-5
of favorable cavities for the majority of the ligands (Table 4).
Importantly, the allosteric pocket was ranked the Top-1 and
Top-5 most favorable cavity for BAY-1797 and NP-A,
respectively, with estimated binding energies
of −9.50 and −9.30 kcal/mol, suggesting a high probability of
binding at this site. Overall, the estimated binding energies
showed a good correlation with the respective calculated
antagonist IC50 with lower values for the more potent
compounds (Table 4). Indophagolin and PSB-12054 were the
ligands whose blind docking cluster poses scored lowest in the
allosteric pocket. These findings suggested that most ligands
considered in this study are likely to bind to the same allosteric
pocket as BX-430.

Induced-fit docking was then used to dock each ligand into the
allosteric pocket and investigate the nature of the ligand-target
interactions (Figure 4; Supplementary Figure S1). Interestingly, no
docking poses within the allosteric pocket were obtained for PSB-
12054 via the induced fit protocol, suggesting that is unlikely that
PSB-12054 and its analogues bind in the same pocket as BX430, at
least in the closed state of the receptor. Several key interactions are
observed in the allosteric pocket of the zebrafish P2X4 closed-state
crystal structure (Figure 4A), including an ionic interaction
between Glu-310 and Arg-85 (zebrafish P2X4 numbering). The
docking pose of 5-BDBD (Supplementary Figure S1B), was
remarkably similar to that previously reported (Bidula et al.,
2022), with the amide of the dihydro-2H-benzofuro [3,2-e]-1,4-
diazepin-2-one interacting with Arg-301 and Glu-307, such that
the interaction between Glu-307 and Arg-82 observed in zebrafish
P2X4 was disrupted [Glu-310 and Arg-85, zfP2X4 numbering;
compare Supplementary Figure S1B to Figure 4A). Conversely,
in our induced-fit docking of Tian-13 (Figure 4C), the molecule is

TABLE 3 BX430 IC50 values for wild type andmutant rat and human P2X4 receptors. SEM, standard error of the mean. *indicates values significantly different to human
P2X4 wild type (WT) (p ≤ 0.05).

Cell line BX-430 IC50 (µM) BX-430 pIC50 (± SEM) Hill coefficient

Human P2X4 WT 2.12 5.673 (± 0.0696) 1.098

Rat P2X4 WT 66.1 4.180 (± 0.6884)* 1.441

Human P2X4 I312T 102.4 3.990 (± 2.641)* 2.057

Rat P2X4 T312I 1.4 5.858 (± 0.1575) 2.475
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flipped compared with what was previously reported (Tian et al.
(2020)]. Our docking positioned Tian-13 deeper in the pocket
where the hydroxyl group of the chlorophenyl moiety established a
hydrogen bond with Asp-88, modifying its orientation, whilst the
2,4-trifluoromethyl-phenyl moiety acted as a “wedge” at the top of
the pocket (Figure 4C). Strikingly, our docking shows how NP-A,
one of the most potent antagonists discovered to date, may occupy
nearly the full length of the allosteric pocket, with the di-benzo
scaffold making a potential interaction at the top of the pocket,
disrupting the interaction between Glu-307 and Arg-82
(Figure 4B). The chlorophenyl moiety was positioned at the base
of the pocket with the chloride making a polar interaction with the
Ala-297 backbone, whilst the phenyl sulphonamide linker made
further multiple interactions with the Ala-87 backbone and Tyr-
299 (Figure 4B). Overall, we obtained poses fitting deeper in the

allosteric pocket for most of the ligands with the highest potency
(e.g., Mahmood-9g, Mahmood-9o, NP-1815-PX, NP-A, Tian-13;
Figure 4; Supplementary Figure S1) which suggests that interaction
with residues located at the bottom of the pocket (Asp-85, Ala-87,
Asp-88, and Ala-297) is favorable for higher potency. Furthermore,
the induced-fit dock allowed us to observe how the binding of the
ligand might disrupt the complex hydrogen bond and ionic
interaction network that stabilizes the protein and allows
channel activation.

4 Discussion

In this work, we conjectured that the binding site in human
P2X4 for allosteric antagonists may be the same pocket as that

TABLE 4 Computed binding energies of P2X4 antagonists docked into the human P2X4 allosteric pocket in a blind docking simulation run using the AchillesDock
Server. Ranking of the cluster of poses docked in the allosteric pocket (pocket where Ile-312 lies, investigated in this work).

Compound Binding energy of the cluster (kcal/mol) in hP2X4 allosteric pocket Rank Rank after removing redundant clusters

5-BDBD −7.40 16 8

BAY-1797 −9.50 1 1

BX-430 −6.00 11 5

Mahmood-4n −7.40 3 3

Mahmood-9g −7.50 9 8

Mahmood-9o −7.30 8 5

NP-1815-PX −9.30 6 6

NP-A −9.30 6 5

NP-B −8.70 8 7

PSB-12054 −7.60 13 12

Sunovion-A −8.90 4 4

Tian-13 n.d n.d n.d

FIGURE 4
Disruption of the inter-residue protein network by P2X4 antagonists. (A). Crystal structure of zebrafish P2X4 (4DW0) with key residues involved in
receptor structural stability and activation (in thick lines). (B–C). Induced-fit docking of NP-A (B) and Tian-13 (C) into a model of human P2X4. Dashed lines
indicate polar interactions.
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recently demonstrated in panda P2X7 (Karasawa & Kawate, 2016)
and docked BX430 into this pocket in molecular models of human
and rat P2X4. We demonstrated by mutagenesis and functional
assay that exchange of a residue within this pocket, 312, by
mutation, confers rat-like BX430 potency onto human P2X4 and
vice versa, results that strongly support those of (Ase et al., 2019).
The simplest interpretation of our data is that BX430 binds to this
allosteric pocket and that amino-acid residue 312 is directly
involved in BX430 binding.

Ase et al. (2019) were also able to dock BX430 into the putative
allosteric pocket in which residue 312 resides, producing a
binding pose similar to that which we obtained shown in
Figure 2. However, in our docking studies, we found that the
conformation of Lys-298 was very important in governing the
overall conformation of the pocket. When applying an induced-fit
docking protocol, which simulates pocket amino acid sidechain
flexibility, we observed a binding pose situated deeper within the
pocket (shown in Figure 2B) with Asp-88 as key residue for
interactions. While our data and that of (Ase et al., 2019) are
in very close agreement, an alternative potential binding pocket
for BX430 on the dorsal fin region (forming interactions with
Asn-208, Ile-209, and Asp-224), based on mutagenesis studies
using receptor chimeras, has recently been reported (Weinhausen
et al., 2022). This data may indicate more than one potential
binding site for BX430, although we did not observe
BX430 occupying this region of the protein in our blind
docking simulations.

Recent work by Bidula et al. (2022) has also investigated the
allosteric pocket in human P2X4, discovering key amino acid
residues involved in the binding of the negative allosteric
antagonist 5-BDBD, and docking 5-BDBD into the pocket. The
authors found evidence for 5-BDBD occupying a hydrophobic
pocket (similar to that occupied by the isopropyl phenyl moiety
of BX430 in our docking study), with additional interactions
between the sidechains of Arg-301 and Tyr-300 and the
carbonyl and amide groups of 5-BDBD. Our docking produced
a similar conformation when the induced fit protocol was
employed; however, the amide group of 5-BDBD was stabilised
by Arg-301 and Glu-307 (Supplementary Figure S1B). Bidula et al.
(2022) were unable to dock 5-BDBD into a molecular model of the
open human P2X4 receptor, and when comparing the antagonist
effects of 5-BDBD and BX430, found that BX430, but not 5-BDBD,
was capable of blocking the open channel. The authors interpreted
this finding to mean that in the open channel, access to the
allosteric pocket is restricted for 5-BDBD. Our docking was
performed with models of the closed state, but the extensive
interactions that we suggest BX430 makes deep within the
pocket may explain its continued ability to access the pocket in
the open channel state.

Our analysis of the docking of other known P2X4 antagonists
into the receptor extracellular domain using blind docking
simulations indicated the BX430 binding pocket as a highly
favoured cavity for many of the antagonists, and in addition
there was a good correlation between the estimated binding
energy of the blind docking and the potency of the
compounds. This data suggests that many of the antagonists
bind in the BX430 allosteric pocket. It is important to state
here that our in silico findings have not been experimentally
validated using receptors bearing mutations within the

allosteric pocket. Strikingly, we were unable to successfully
dock PSB-12054 into the allosteric pocket, suggesting that PSB-
12054 (and the related PSB-12062) may bind to a different pocket
on human P2X4, or only be able to bind to the open conformation
of the receptor.

In our induced fit docking analysis, we found that all the ligands
interacted with one or more of a network comprised of Arg-82, Asp-
85, Ala-87, Asp-88, Trp-164, Ala-297, Glu-307, and Arg-309. This
network of amino-acids forms critical interactions important for the
structure and activity of human P2X4 (Zhao et al., 2016), particularly
the salt bridge formed between Asp-88 and Arg-309, which is
stabilised by Trp-164. We observed in several instances that the
interactions among this amino-acid network were substantially
disrupted. This was particularly true for compounds which display
high potency, where we obtained poses of the ligands where they were
positioned deeper into the allosteric pocket. In the case of Mahmood
4n and Tian-13, we obtained docking poses that are flipped compared
to what has been published [Mahmood et al. (2022a); Tian et al.
(2020)]. In these cases, the hydrophobic moieties (adamantine and the
2,4-trifluoromethyl group for Mahmood 4n and Tian-13, respectively)
were positioned deeper in the pocket, indicating that there may be a
need for conformational rearrangement in order to accommodate
such a hindering group, and that this might cause the disruption of the
key amino acid interaction network. We would expect that these
disruptions would substantially impair the ability of human P2X4 to
undergo ATP-induced conformational change when ligands are
bound in the allosteric pocket.

It is difficult to infer information about the selectivity of the
P2X4 antagonists from our studies, as we focused solely on
modelling binding to the allosteric pocket of a molecular model
of human P2X4. However, in their structure-activity relationship
studies, Tian et al. (2020) showed that the hydroxyl of the
chlorophenol moiety of Tian-13 is essential for antagonist
activity but not responsible for selectivity (Figure 4C). A
number of compounds developed by Tian et al. (2020) show
submicromolar potency to P2X1, P2X4, and P2X7 [Tian et al.
(2020)]. From our docking of Tian-13, we observe that the
hydroxyl group in question interacts with the backbone of Asp-
88, and we interpret this to mean that an interaction with Asp-88 is
desirable for antagonist activity. As Asp-88 is conserved across the
P2X receptor family, and forms a critical salt bridge interaction,
this may partially explain why this series of compounds also has
activity at P2X1 and P2X7, and means that the selectivity of Tian-
13 will need to be developed via interaction with non-conserved
residues.

It is interesting to note that, even though is it not among the most
potent P2X4 antagonist, in our docking BX430 occupies a position
deep within the allosteric pocket. This may suggest that not only deep
positioning within the pocket, but also some more bulky or hindering
moiety might be necessary to efficiently disrupt the key structural
network.

In summary, we have used a combination of molecular
docking, mutagenesis and functional assay to demonstrate the
likely binding pocket for the allosteric antagonist BX430 in human
P2X4, which confirms the work of (Ase et al., 2019), but also
suggests a distinct, deeper positioning of BX430 where it forms key
interactions including with Asp-88. Furthermore, we have
performed molecular docking on a series of potent
P2X4 antagonists in the allosteric pocket, enabling us to
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estimate binding energies and identify disruption to a key
structural network of amino acids as a main determinant of
high antagonist potency. Our findings will be useful for the
future design and development of allosteric P2X4 antagonists
with increased potency.
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