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Abstract: P2X receptors belong to a family of cation channel proteins, which respond to extracellular
adenosine 5'-triphosphate (ATP). These receptors have gained increasing attention in basic and
translational research, as they are central to a variety of important pathophysiological processes such
as the modulation of cardiovascular physiology, mediation of nociception, platelet and macrophage
activation, or neuronal-glial integration. While P2X1 receptor activation is long known to drive
platelet aggregation, P2X7 receptor antagonists have recently been reported to inhibit platelet acti-
vation. Considering the role of both P2X receptors and platelet-mediated inflammation in neuronal
diseases such as multiple sclerosis, Alzheimer’s disease, Parkinson’s disease, and stroke, targeting
purinergic receptors may provide a valuable novel therapeutic approach in these diseases. Therefore,
the present review illuminates the role of platelets and purinergic signaling in these neurological
conditions to evaluate potential translational implications.

Keywords: inflammation; P2X receptor; thrombosis; platelets; stroke; Alzheimer’s disease;
Parkinson’s disease

1. The P2X Receptor Family

The ATP-gated P2X receptor cation channel family consists of a family of seven cation-
permeable ligand-gated ion channels (P2X;R-P2X7R) that respond to extracellular adeno-
sine 5’-triphosphate (ATP). The receptors are generally homo-trimeric or heterotrimeric,
whereby each P2X subunit contains two transmembrane domains: an intracellular amino
and carboxy termini and a large extracellular ligand-binding loop [1]. The attachment
of ATP to an extracellular domain elicits a shift of the subunits, thereby separating the
membrane-spanning region, which causes opening of the central channel [2]. P2X receptors
have been identified in numerous human tissues and differ in their kinetics of desensitiza-
tion by pharmaceuticals, which is largely determined by its subunit makeup [3]. However,
all of them are activated by their physiological ligand ATP [4]. Notably, ATP has been
described to play a decisive role in inflammation due to its release by damaged or injured
cells [5]. Once in the extracellular milieu, ATP can bind to purinergic receptors, leading to
the subsequent activation of several different signaling cascades. The functional involve-
ment of P2X receptors in several physiological processes has been reported, including the
regulation of vascular tone by being expressed in smooth muscle and endothelial cells [6],
the contraction of the vas deferens during ejaculation [7], activation of macrophages [8] as
well as the induction of macrophage apoptosis [9], platelet aggregation [10], neuromodula-
tion [11], and nociceptive transmission [12]. Considering the variety of recent findings, it
is impossible to cover all their functions in one review. Here, we focus on latest novelties
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concerning the role of platelets and P2X receptors in neuroinflammatory diseases to high-
light novel implications for therapy and forge a translational bridge to clinical application,
elucidating the capability of P2X receptors as treatment targets in these neuronal diseases
such as multiple sclerosis, Alzheimer’s disease, Parkinson’s disease, stroke and neuropathic

pain (Figure 1).
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Figure 1. The role of P2X receptors in different cell types.
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2. Regulation of Platelet Function by Purinergic Receptors

Thrombocytes—also termed platelets—are typically regarded as the key player of
primary hemostasis. Ensuing endothelial injury, they prevent and halt bleeding by quick
attachment to damaged vessels, thereby contributing to the formation of thrombi [13].
Under flow conditions, the early bond of platelets to the injured blood vessel wall obliges
the interaction between immobilized von Willebrand factor (vVWF) on the endothelial
surface or in the subendothelial matrix with its platelet receptor Glycoprotein (GP) Ib«,
which is a part of the GPIb-IX-V complex [14,15]. Furthermore, exposed subendothelial
collagen attaches reversibly to the platelet GPla/Ila receptor (also called integrin a;[31)
and the GPVI receptor, which is a member of the immunoglobulin superfamily [16]. The
stable attachment of collagen to the platelet GPVI receptor enables endurance toward high
shear rates and stimulates platelet activation by an increase in cytosolic Ca?* concentration.
Hence, the platelet shape shifts, and vWE, P-selectin, fibrinogen, and platelet endothelial
adhesion molecule-1 (PECAM-1) from «-granules as well as ADP, ATP, serotonin, and
calcium from dense granules are discharged, which in turn promotes additional platelets
to be activated by autocrine and paracrine signaling [17,18]. The final common pathway
of platelet activation constitutes the conformational change in platelet GPIIb/Illa receptor
(integrin oy, 33), which induces the cross-link of vWF or fibrinogen between GPIIb/Illa
receptors, causing platelet aggregation [19].

Within this cascade, the P2X; receptor supports platelet shape change by inducing
MAPK/ERK pathway-dependent myosin light chain kinase activation-mediated cytoskele-
tal rearrangements, thus contributing to shear-induced platelet aggregation and degranu-
lation during vWF-triggered platelet activation [20,21]. Indeed, P2X; ~/~ mice exhibited
resistance to thromboembolism induced by collagen and adrenaline injection as well as
to thrombosis caused by localized laser-induced injury of the vessel wall of mesenteric
arteries [20]. Accordingly, application of the P2X; antagonist NF449 confirmed the an-
tithrombotic potential of P2X; inhibition [22]. Oury et al. have generated transgenic mice
overexpressing the P2X; receptor in the megakaryocytic cell line [23]. Platelets from these
mice exhibited a more prominent P2X;-mediated Ca?* influx and platelet shape change.
Furthermore, an increase in fatal pulmonary thromboembolism was observed in transgenic
mice overexpressing P2X; compared to wild-type mice [23]. Interestingly, P2X; ~/~ mice
displayed no prolongation of bleeding time as compared with wild-type animals [20], indi-
cating that the P2X; receptor could serve as a potential target for safe antiplatelet drugs [24].
Underscoring a potential clinical relevance, P2X; receptors were shown to mediate the
activation of aspirin-treated platelets by thrombin and epinephrine [25].

Notably, P2X7 receptor signaling has been reported to contribute to tissue factor (TF)-
dependent thrombosis in mice, as the stimulation of P2X7 receptors on macrophages and
vascular smooth muscle cells (VSMC) was found to induce the decryption of TF procoagu-
lant activity and the generation of procoagulant TF-containing microparticles [26]. Addi-
tionally, P2X; antagonists AZD9056 and entecavir have recently been reported to inhibit
platelet activation by preserving mitochondrial function, improving lipid peroxidation and
increasing antioxidant activity [27]. In accordance, entecavir inhibited platelet aggregation,
dense-granule secretion, P-selectin expression, integrin activation and Ca?* increase [27],
underscoring the potential of P2X7 inhibition in order to modulate platelet function.

With respect to purinergic signaling in platelet activation, P2Y, receptors are crucial
to mention, as P2Y1; antagonists such as clopidogrel, prasugrel, and ticagrelor are already
widely used in cardiovascular diseases due to their potent antiplatelet effects. Briefly, ADP
can bind Gi-coupled P2Y; receptors and subsequently activate phosphoinositide 3-kinase
(PI3K), Akt, extracellular signal-regulated kinase (ERK) and Rap1b, which finally leads to
GPlIIb/IIla activation amplifying further platelet stimulation (Figure 2) [28].
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Figure 2. P2Y; receptor in platelet activation. ADP binding to P2Y1; receptor leads to Phospho-
inositide 3-kinase (PI3K) activation and subsequent glycoprotein (GP) IIb/Illa activation via AKT,
Ras-related protein (Rap-1b, and extracellular-signal regulated kinase (ERK) pathways.

3. Platelet-Mediated Inflammation in MS/EAE

Beyond their importance in hemostasis and thrombosis, an increasing body of evidence
points to a decisive role of platelets for (neuro)inflammatory and immune responses [29-31].
Neuroinflammation has been related to a variety of diseases including amyotrophic lateral
sclerosis (ALS), traumatic brain injury, epilepsy, and Huntington’s chorea [32] but also
with non-neurological chronic conditions such as obesity and diabetes [33]. While the
contribution of platelets to central nervous system (CNS) inflammation in some of these
diseases has recently been reviewed elsewhere [34], this part of the review focuses on
multiple sclerosis (MS) and experimental autoimmune encephalomyelitis (EAE), which is
a counterpart of MS in mice. MS is a neurodegenerative disease accompanied by chronic
demyelination. Although the pathogenesis of MS is still not entirely understood, it is
generally recognized as a diverse, immune-mediated disorder caused by environment—
gene interactions [35]. Regions of demyelination (so called plaques) represent a decisive
pathological hallmark of MS. These areas do characteristically display a disruption of the
blood-brain barrier (BBB). This breach allows antigen-presenting cells (APCs) such as
myeloid cells (dendritic cells, macrophages, microglia) and B cells to passage through the
BBB and subsequently trigger the differentiation of memory T cells into pro-inflammatory
T helper lymphocytes (Thl and Th17). Endothelial and leukocyte adhesion molecules
mediate the following recruitment of inflammatory effector cells into the CNS parenchyma,
which is accompanied by the stimulation of microglia cells, which are the cellular mediators
of the destruction of axonal myelin sheath [35].

Interestingly, platelet-specific GPIIb (CD41) has been detected in the plaques of MS
patients as well as in the brain tissue of mice with EAE [36,37]. Correspondingly, cere-
brospinal fluid levels of platelet-activating factor have been associated with both MS [38]
and EAE [39] disease activity. Remarkably, platelet-activating factor receptor knockout
yields a decrease in inflammation and demyelination in a mice EAE model [39]. However,
the decisive contribution of platelets to EAE pathogenesis has been demonstrated as platelet
depletion alleviated EAE in mice, mainly in the effector phase of the disease, thus diminish-
ing CNS mRNA levels of IL-13, chemokine (C-C motif) ligand 2 (CCL-2), CCL-5, CCL-19,
and CD184 as well as the expression of intercellular adhesion molecule (ICAM)-1 [37].
Accordingly, the recruitment of leukocytes to the inflamed CNS was reduced by platelet
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depletion [37,40]. Moreover, EAE was ameliorated by antibodies against GPIIb/Illa and
platelet GPIb [37]. Interestingly, the P2Y1; receptor antagonists ticagrelor and clopidogrel
were lately shown to diminish the disease severity of EAE in mice [41]. P2X; antagonists,
however, have not been investigated in the context of MS/EAE yet. Instead, a P2X7 receptor
antagonist decreased astrogliosis as well as demyelination, and it improved neurological
symptoms in an EAE rodent model [42]. Indeed, augmented levels of P2X; receptor expres-
sion have been detected in microglia, astrocytes, and oligodendrocytes of multiple sclerosis
patients [43-45]. Considering the aforementioned effect of both P2X; and P2X; antagonists
on platelet aggregation, dense-granule secretion, and integrin activation, the role of P2X
receptors in platelet activity in the context of EAE should be elucidated by further studies,
as they may embody promising targets for future MS therapy.

Furthermore, Zabala et al. have recently demonstrated that blockade of the P2X,
receptor signaling worsens clinical signs in an EAE model by microglia activation and
inhibition of myelin phagocytosis [46]. On the contrary, the potentiation of P2X, receptor
signaling by the allosteric modulator ivermectin caused a switch in microglia to an anti-
inflammatory phenotype, enhancing myelin phagocytosis and ameliorating clinical signs
of EAE [46]. Thus, therapeutic prospects of P2X4 receptor allosteric modulators in MS and
other neuroinflammatory conditions remain to be explored in translational approaches.

P2X Receptors in Familial Multiple Sclerosis

Evidence reveals an interaction of several genetic and environmental factors contribut-
ing to the development of MS. The influence of genetic factors is apparent in monozygotic
and dizygotic twins. Furthermore, according to various family studies, the incidence of MS
is higher in siblings and in close relatives of the patients, as 15% to 20% of the patients with
MS do have a relative suffering the disease. Interestingly, functional variants in genes for
P2X7 receptor and P2X, receptor have recently been shown to modulate MS susceptibil-
ity. Applying sequencing analysis of P2Xy receptor and P2X; receptor in 193 MS patients
and 100 controls, Sadovnick et al. were able to identify a three-variant haplotype (P2X;
receptor rs140915863:C > T (p.T205M), P2X7 receptor 1rs201921967:A > G (p.N361S) and
P2X4 receptor rs765866317:G > A (p.G135S)) separating with disease in a multi-incident
family with MS. The authors demonstrated a reduction in phagocytic ability by functional
analysis of this haplotype in HEK293 cells. Furthermore, Oyanguren-Desez et al. have
discovered that the T allele of rs17525809 polymorphism, which yields an Ala-76 to Val
change in the extracellular domain of P2X; receptor, is more frequent in MS patients than
in controls. Fascinatingly, P2X; receptor variants with Val display a gain-of-function by
showing higher calcium permeability, larger electrophysiological responses, and higher
ethidium uptake. This effect is accompanied by an enhancement of the gain-of-function
His-155 to Tyr substitution (rs208294) in the haplotype formed by these two variants. Thus,
illuminating the role of P2X receptor polymorphisms may help to identify the genetic
background predisposing for multiple sclerosis and its pathophysiology.

4. Platelet Activation in Alzheimer’s Disease

Alzheimer’s disease (AD) is a the most common neurodegenerative illness. The global
prevalence is estimated to be as high as 50 million and is predicted to reach 152 million
by 2050 [47]. AD causes cognitive impairment as the disease progresses. The neuropatho-
logical hallmarks of AD are the formation of intracellular neurofibrillary tangles and the
deposition of amyloid-f8 (Af) in brain tissue and cerebral vessels (so-called cerebral amyloid
angiopathy, CAA), accompanied by neuroinflammation as well as neuronal and synaptic
loss. Notably, platelets secrete both Afs peptide and amyloid precursor protein (APP)
following platelet activation [48,49], constituting the main source for Af3 peptide and APP
in the bloodstream [50,51]. There is evidence to suggest that both Al and APP play a role
in regulating thrombosis and hemostasis [52,53].

AD patients were found to have enhanced platelet activation already two decades
ago [54]. This was later linked to an increase in lipid peroxidation [55]. Platelets have since
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been observed to have enhanced activity and increased adhesion to subendothelial matrix
components in a transgenic mice model of AD [56,57]. Underscoring a pathophysiological
significance of platelets in AD, 3-secretase, which is required for the cleavage of APP, has
been exposed to be raised in circulating platelets of AD patients compared to controls [58].

Aggregated platelets were revealed as a first pathological sign in AD mouse model
prior to Afs plaque formation, proposing platelets as a therapeutic target in early AD [59].
Synthetic monomeric A4 binds through its Arg-His-Asp-Ser sequence to GPIIb/Illa,
stimulating ADP and chaperone protein clusterin secretion from platelets [60]. Furthermore,
the formation of fibrillar A3 aggregates and further A4y binding to platelets, constituting
a feed-forward loop, were observed [60].

Pointing to antiplatelet drugs as potential therapeutic targets in CAA and AD treat-
ment, it has been revealed that the P2Y; receptor antagonist clopidogrel inhibits Af3
aggregation in platelet cultures, which was accompanied by reduction in clusterin in the
circulation and a diminished incidence of CAA in a transgenic mice AD model [60]. Indeed,
platelets isolated from AD mice promote severe vessel damage, matrix metalloproteinases
activation and neuroinflammation in wild-type mice brain in an organotypic ex vivo brain
slice model, thereby inducing Af-like immunoreactivity at the damaged vessel sites [61].

With respect to the role of P2X receptors in Alzheimer’s disease, a significant increase
in the mRNA of P2X; ; 5,7 receptors was found following 12 h of exposure of hippocampal
neurons to Af3; after 24 h, only P2X; remained enhanced [62]. However, P2Xy is the P2X re-
ceptor most studied on the pathogenesis of AD [63]. The first observation of P2X; receptors’
potential involvement in AD based on the upregulation of P2X; receptor in microglial cells
close to senile plaques both in AD patients and animal AD models [64-66]. Indeed, the
P2X7 receptor was shown to be involved in amyloidogenic APP processing [67], synaptic
failure and neuronal dyshomeostasis [62] as well as neuroinflammation [68] associated
to AD. Accordingly, both P2X7 receptor blockade or depletion yield an improvement of
neuropathological hallmarks and symptoms in an AD rodent model [66,69-71]. Thus, the
P2X7 receptor should be further elucidated in translational approaches for the treatment
of Alzheimer’s disease also in regard to platelets’ role in AD and the implication of P2Xy
receptor signaling for platelet function.

5. Purinergic Receptors in Parkinson’s Disease

Parkinson’s disease (PD) is the second most common neurodegenerative disease. Its
incidence is about 4% of the population over 80 years old [72]. The clinical symptoms of
this motor disease include tremor of extremities, muscular rigidity, postural imbalance,
and bradykinesia [73]. The neuropathology of PD is characterized by neuronal loss in
the substantia nigra pars compacta (SNc), which leads to striatal dopamine deficiency,
and intracellular inclusions of x-synuclein aggregates. The underlying molecular patho-
genesis involves multiple pathways and mechanisms such as x-synuclein proteostasis,
calcium homeostasis, mitochondrial dysfunction, axonal transport, oxidative stress, and
neuroinflammation [73]. To date, L-Dopa or dopamine agonists constitute the most com-
mon pharmacological agents used in therapy. However, the long-term use of L-dopa
or dopamine agonists leads to a loss of efficacy as dose augmentation is necessary, trig-
gering side effects such as dyskinesia or psychological symptoms [74], underscoring the
importance of development novel pharmacological approaches in PD treatment.

Interestingly, P2X; receptor blockade by A-438059 was shown to prevent or reverse
hemiparkinsonian symptoms in animals treated with the neurotoxin 6-hydroxydopamine
(6-OHDA), which mimics PD pathology [75]. In addition, also P2X7 receptor antagonist
Brilliant Blue G (BBG) was shown to prevent hemiparkinsonian behavior after 6-OHDA
lesion by a combined control of synaptotoxicity, neurotoxicity and gliosis [76]. A more
recent study showed a reversal effect of BBG treatment in 6-OHDA lesioned rodents as
well [77].

Enhanced ATP release due to neuronal breakdown and consequent purinergic recep-
tors activation was shown to cause intracellular «-synuclein accumulation in neighboring
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healthy neurons mediated by lysosome dysfunction [78]. Interestingly, P2X; receptor antag-
onism or genetic depletion reduced «-synuclein aggregation induced by ATP released by
dying neuronal cells in vitro [78]. Of note, P2X; receptor blockade was not able to reduce
a-synuclein aggregation following ATP release [78].

However, P2X; receptor activation may contribute to «-synuclein aggregation, which
in turn modulates P2X; receptor activity, reactive oxygen species (ROS) production and,
conclusively, ATP release [79]: ATP release triggered by «-synuclein was shown to activate
P2X7 receptor [80]. Moreover, Jiang et al. showed that microglial cells challenged with
a-synuclein presented increased ROS production through P2X7 receptor activation [81].
Therefore, both targeting P2X; and P2X; receptor may be promising pharmacological
targets for translational approaches in PD treatment.

With respect to platelets, alterations in the ultrastructure, mitochondrial dysfunction,
and increased glutamate uptake have been observed in patients with PD [82-84]. Further-
more, an increase in mean platelet volume of PD patients has been observed [85]. However,
the role of platelets purinergic signaling in PD remains elusive yet.

6. P2X Receptors, Thromboinflammation and Brain Ischemia

Stroke constitutes the second leading cause of death worldwide [86]. The majority
(80%) of all strokes are caused by cerebral ischemia [86]. In particular, non-lacunar ischemic
strokes are generally of thromboembolic origin. Common sources of embolism are extracra-
nial large artery atherosclerosis and atrial fibrillation [87]. The backbone of treatment for
ischemic stroke is rapid recanalization by thrombolysis or thrombectomy [88]. However,
many patients suffer secondary infarct growth despite successful vessel recanalization. This
so-called reperfusion injury is attributed to the thromboinflammatory activity of platelets
and immune system cells [31,89]. Particularly, T cells have been implicated to contribute to
cerebral reperfusion injury, as immunodeficient Ragl ~/~ mice, which are lacking T cells
and B cells, developed smaller cerebral infarcts after transient middle cerebral artery oc-
clusion (tMCAO) compared with WT mice [90,91]. Furthermore, the adoptive transfer of
T cells to Ragl~/~ mice reconstituted vulnerability to reperfusion injury [90,91]. Indeed,
forkhead box P3 (FOXP3)-positive regulatory T (Treg) cells were recognized as the harmful
type of T cells in ischemia-reperfusion injury [92]. Interestingly, platelets depletion in
Ragl~/~ mice that received an adoptive transfer of Treg cells reduces infarct size at the
level as in naive Ragl~/~ mice following tMCAO [92], thus underlining the decisive role
of platelets in stroke-associated thromboinflammation. Indeed, targeting initial steps of
platelet adhesion and activation (e.g., GPVI-collagen, GPIb-vWF) were shown to reduce
infarct size in mice [31].

P2X; receptors are not only expressed by platelets but also by neutrophils, thereby
promoting neutrophil chemotaxis [93]. Neutrophils were shown to play a pivotal role
in reperfusion injury during ischemic stroke as well [94,95]. In a laser-induced injury
mouse model of thrombosis, ATP-activated neutrophils accumulated at the site of injury
before platelets, contributing to the initiation of thrombosis [96]. Both pharmacological
antagonization and P2X; deficiency reduced neutrophil recruitment and activation on
inflamed arteriolar endothelia, which was accompanied by an impairment of platelet
aggregation and fibrin generation [96]. Fibrin generation was restored by the application of
wild-type neutrophils in P2X; ~/~ mice, while the infusion of both wild-type platelets and
neutrophils was mandatory for regular thrombus growth, underscoring the importance of
P2X; receptors on both platelets and neutrophils for thromboinflammation [4,96]. Therefore,
targeting P2X; receptors could constitute a novel therapeutic strategy to prevent local
thromboinflammation during ischemic stroke by inhibit platelets but also amend neutrophil
function to potentially alleviate reperfusion injury. However, more basic science studies
are necessary to evaluate this potential therapeutical approach, as there are a lack of data
about P2X; blockade in ischemic stroke models.

P2X7 receptors’ relevance in cerebrovascular diseases should be emphasized as well.
Energy deprivation following stroke leads to anoxic depolarization and the release of
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excitatory neurotransmitters, such as ATP [97-99]. Subsequent P2X; activation induces
excitotoxic glial and neuronal cell death by Ca?* overload [100]. Indeed, the pharmaco-
logical antagonism of P2X; yields reduced brain tissue damage after tMCAOQO [100], which
was accompanied by a significant reduction in neuronal death, DNA cleavage and glial
activation [101]. In addition to neuronal and glial excitotoxicity, the stimulation of neu-
trophil P2X7 receptors excites NLRP3 inflammasome activation, mediating the release of
proinflammatory cytokines, such as IL-13 and IL-18, thereby enhancing ischemic dam-
age [102,103].

However, in mild sublethal ischemic stroke, P2X; receptors were shown to activate
astrocytes without producing any detectable brain damage by promoting the release of
protective factors, such as hypoxia-inducible factor 1 (HIF 1) and activating a pro-survival
cascade in neurons [104]. In contrast, in severe ischemic stroke, P2Xy receptors lead to
the aforementioned excitotoxic neuronal cell death, subsequent demyelination, astrocytic
and microglial activation with proinflammatory cytokine release [105]. In the light of this
dual role, further illumination of P2X7 receptor’s role in ischemic stroke—also by usage of
allosteric modulators—is necessitated to elucidate its therapeutic value in neurovascular
thromboinflammatory diseases.

7. P2X Receptors, Neuropathic Pain and Nociception

Chronic pain represents a vastly prevalent encumbering condition. Particularly, neu-
ropathic pain is of distinct interest due to limited therapeutic options. Neupathic pain
is commonly caused by damage or disease affecting the somatosensory nervous system.
Central neuropathic pain is associated with spinal cord injury, multiple sclerosis, and some
strokes [106]. In contrast, peripheral neuropathies are frequently triggered by metabolic
disorders such as diabetes, HIV-related neuropathy, herpes zoster infection, immune dis-
orders, toxins, or physical trauma [106]. Neuropathic pain is frequently accompanied by
dysesthesia and tactile allodynia, which is a hypersensitivity to innocuous stimuli.

P2X; and P2X3 receptors in primary sensory neurons and P2X, receptors in the spinal
dorsal horns are considered to be crucial players in pathological neuropathic pain genera-
tion and maintenance [107,108]. Electrophysiological analyses revealed that homomeric
P2X3 as well as heteromeric P2X; and P2X3 receptors (P2X,,3) constitute the major P2X
receptors in primary sensory neurons [109-111]: the activation of P2X receptors by ATP
causes an increase in intracellular Ca?* in dorsal root ganglions neurons, thereby leading
to the development of neuropathic pain [112]. In particular, extracellular ATP has been
displayed to increase the level of phospho-cytosolic phospholipase A; (cPLAj) in cultured
dorsal root ganglions neurons [113]. Importantly, phospho-cPLA; expression rises in dor-
sal root ganglion neurons following peripheral nerve injury, which has been correlated
with the intensity of tactile allodynia [113]. A-317491, a potent and selective P2X3 and
P2X, /3 receptor antagonist, significantly decreased the number of dorsal root ganglion
neurons presenting the redistribution of phospho-cPLA; and inhibited tactile allodynia
after peripheral nerve injury in vivo [113].

Interestingly, platelet-activating factor (PAF), a part of the downstream signal cascade
following cPLA; activation, has been associated with the development of tactile allodynia,
as a pharmacological blockade of PAF receptors was shown to reduce tactile allodynia after
peripheral nerve injury [114]. Indeed, PAF receptor deficiency in mice yields a reduction
in tactile allodynia after peripheral nerve injury and a suppression of tumor necrosis
factor o (TNF«x) IL-13 levels—which are well-known inflammatory cytokines associated
with nociceptive hypersensitivity—in the injured dorsal root ganglions [114,115]. Even
though platelet P2Y, receptors have recently been shown to regulate Complete Freund’s
Adjuvant (CFA)-induced chronic hyperalgesia as well as the associated local inflammatory
response [116], the role of platelets P2X receptors in chronic pain remains elusive and thus
should be considered in future studies.

Considering the P2Xy receptor, its upregulated expression has been reported after
peripheral nerve injury in the ipsilateral spinal cord, particularly in hyperactive microglia
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but interestingly not in astrocytes or neurons [117]. The intraspinal administration of P2Xy
receptor antisense oligodeoxynucleotide diminished the induction of P2X4 receptor and
inhibited tactile allodynia after nerve injury [117]. Contrariwise, the intraspinal application
of microglia in which P2X4 receptors had been induced and stimulated caused tactile allody-
nia in naive rats [117], underscoring the importance of P2X receptor activation in microglia
for tactile allodynia. Indeed, microglial P2Xy receptor activation was demonstrated to fuel
the synthesis of brain-derived neurotrophic factor (BDNF) from microglia [118], which
binds to transmembrane tyrosine kinase B (TrkB) in secondary sensory neurons, causing a
depolarizing shift in the anion reversal potential underlying neuropathic pain [119].

With respect to the cell type responsible for releasing ATP within the spinal cord
after peripheral nerve injury, Masuda et al. were able to show that vesicular nucleotide
transporter (VINUT) is necessary for exocytotic ATP release from spinal dorsal horn neurons,
as the increase in spinal ATP and tactile allodynia is inhibited only in mice with the specific
deletion of VNUT in dorsal horn neurons but not in mice with the specific deletion of VNUT
in primary sensory neurons, microglia, or astrocytes after peripheral nerve injury [120].

8. Potential Translational and Clinical Applications

Based on the basic studies portrayed above, P2X receptors should receive attention
as potential therapeutic targets of several diseases including thromboinflammatory and
neuroinflammatory conditions as well as chronic neuropathic pain. Considering the first
ones, clinical data are lacking. While P2Y1, receptor antagonists are well established in the
clinical management of (cardio)vascular diseases such as acute myocardial infarction [121]
or stroke [122], P2X receptors have not been clinically investigated in these conditions yet.
However, regarding the delineated importance of platelets in neurovascular thromboin-
flammation as well as the antithrombotic potential of P2X; inhibition, targeting platelet
P2X; receptors provides a valuable therapeutic approach for the future to develop novel
antiplatelet drugs. Considering the aforementioned ability of neutrophiles to express P2X;
receptors, thereby promoting neutrophil chemotaxis during reperfusion injury during
ischemic stroke, P2X; receptor antagonism could be protective in stroke not only by in-
hibiting platelet mediated reperfusion injury but also cerebral inflammation caused by
neutrophiles. With respect to the proinflammatory potential of P2X; receptor by the re-
lease of inflammatory cytokines from peripheral macrophages, the therapeutic potential
of P2Xy7 receptor blockade has been investigated in clinical trials addressing rheumatoid
arthritis [123,124] and Crohn’s disease [125]. While there was no protective effect in case of
rheumatoid arthritis, an improvement of symptoms in patients with moderate-to-severe
Crohn’s disease has been reported. Further considering the ability of P2X; receptor to acti-
vate neuroglia, centrally permeable P2X; receptor antagonists such as JNJ-47965567 [126],
Compound 7 [127], and A-438079 [128] should be evaluated for the experimental treatment
of neuroinflammatory diseases such as MS.

Regarding acute and long-term sequels of COVID-19, elevated levels of extracellular
ATP induced by SARS-CoV-2 infection may trigger the hyperactivation of P2Xy receptors
enhancing consequent neuroinflammatory processes, as P2Xy receptor antagonism has been
proposed as a promising strategy to treat psychiatric symptoms and neurodegenerative
diseases of COVID-19 patients.

With respect to chronic pain, the P2X, receptor blocker may serve as a novel therapeu-
tic agent in neuropathic pain not only after the mentioned nerve injury but also in herpetic
pain, as the selective P2X, receptor antagonist, NP-1815-PX, was able to diminish tactile
allodynia in a rodent model of herpes simplex virus type 1 caused pain [129]. Recently, the
selective P2X3 and P2X; /3 receptor antagonist MK-7264 (gefapixant) has been reported to
inhibit pain in rodent neuropathic sensitization models [130]. Furthermore, gefapixant was
shown to reduce cough frequency by diminishing the reflex sensitivity of patients with
refractory chronic cough (RCC) two phase III studies [131]. However, dose-dependent taste-
related adverse events were reported [132]. Interestingly, the more selective P2X3 receptor
antagonist eliapixant reduced cough frequency and severity as well, while taste-related side



Int. J. Mol. Sci. 2022, 23, 6585 10 of 15

effects were lower at therapeutic doses than with the less selective P2X3 receptor antagonist
gefapixant [133].

9. Conclusions

In conclusion, growing evidence suggests a crucial involvement of P2X receptors in
both platelet and neutrophil-mediated thromboinflammation, microglia-mediated neuroin-
flammation as well as in neuropathic pain. While P2X; receptor antagonists may be useful
in thromboinflammatory diseases such as stroke, as they are known to drive platelet aggre-
gation; more recently, P2X7 receptor antagonists were demonstrated to modulate platelet
function as well. Regarding the illustrated role of P2X; receptors and platelet-mediated
inflammation in EAE/MS, Alzheimer’s disease, and Parkinson’s disease, targeting puriner-
gic receptors may provide novel therapeutic approaches in these devastating diseases.
Furthermore, the use of P2X7 receptor antagonists may be an attractive future therapeutic
option for neurological sequelae of COVID-19.

Of note, P2X3 and P2X receptor antagonists may be useful in chronic pain, while P2X3
antagonists have already been shown to be effective in the treatment of patients suffering
refractory chronic cough. Nevertheless, there are still a lack of clinical data considering
P2X receptors’ therapeutic potential in many of the aforementioned diseases. Expanding
our knowledge about P2X receptors could therefore help to reveal feasible therapeutic
strategies against burdening chronic neurological conditions.
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