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Abstract: Treatment of epilepsy remains a clinical challenge, with >30% of patients not 
responding to current antiseizure drugs (ASDs). Moreover, currently available ASDs are 
merely symptomatic without altering significantly the progression of the disease. 
Inflammation is increasingly recognized as playing an important role during the generation 
of hyperexcitable networks in the brain. Accordingly, the suppression of chronic inflamma-
tion has been suggested as a promising therapeutic strategy to prevent epileptogenesis and to 
treat drug-refractory epilepsy. As a consequence, a strong focus of ongoing research is 
identification of the mechanisms that contribute to sustained inflammation in the brain during 
epilepsy and whether these can be targeted. ATP is released in response to several patholo-
gical stimuli, including increased neuronal activity within the central nervous system, where 
it functions as a neuro- and gliotransmitter. Once released, ATP activates purinergic P2 
receptors, which are divided into metabotropic P2Y and ionotropic P2X receptors, driving 
inflammatory processes. Evidence from experimental models and patients demonstrates 
widespread expression changes of both P2Y and P2X receptors during epilepsy, and criti-
cally, drugs targeting both receptor subtypes, in particular the P2Y1 and P2X7 subtypes, have 
been shown to possess both anticonvulsive and antiepileptic potential. This review provides a 
detailed summary of the current evidence suggesting ATP-gated receptors as novel drug 
targets for epilepsy and discusses how P2 receptor–driven inflammation may contribute to 
the generation of seizures and the development of epilepsy. 
Keywords: epilepsy, inflammation, purinergic signaling, ATP, P2 receptors, P2X7 receptor, 
P2Y1 receptor, disease modification, drug refractoriness

Introduction
Epilepsy encompasses a heterogeneous group of brain disorders which all share a 
predisposition to generate spontaneous, unprovoked seizures. With an incidence of 
~1% and affecting up to 70 million persons worldwide, epilepsy is one of the most 
common chronic neurological diseases,1 and consequently is associated with a 
substantial economic burden.2 Adding significantly to the disease burden, epilepsy 
has a fourfold-increased risk of additional comorbidities (eg, mood, anxiety, and 
psychotic disorders).3,4 Epilepsy can result from genetic abnormalities (eg, de novo 
mutations, polymorphisms, copy-number variations) or insults to the brain, such as 
traumatic brain injury (TBI), stroke, prolonged seizures (eg, status epilepticus), or 
infection.5,6 Epileptogenesis, triggered following a precipitating insult to the brain, 
is the process of turning a normal healthy brain into a brain expressing epileptic 
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seizures.7 Pathological changes occurring during epilepto-
genesis include ongoing neurodegeneration, structural and 
synaptic plasticity, increased permeability of the blood– 
brain barrier (BBB), aberrant neurogenesis, epigenetic 
changes, and inflammation.7,8 Temporal lobe epilepsy 
(TLE), which can be acquired following an insult to the 
brain, is the most common form of epilepsy in adults, is 
particularly prone to drug refractoriness, and involves 
structures within the limbic system, including the amyg-
dala and hippocampus.1 Hippocampal sclerosis, character-
ized by a pattern of selective neuronal loss and reactive 
gliosis, is the most common pathological finding in brains 
of TLE patients.9 Of note, whereas some recent studies 
have investigated a potential role of ATP-gated P2 recep-
tors in epilepsies with a genetic cause (eg, use of WAG/Rij 
rats, which is a model of genetic absence epilepsy10), most 
effort has been invested in studying these receptors in 
TLE,11 which is thus the main focus of the present review. 
While there are several options for the treatment of epi-
lepsy, which include brain surgery, use of the ketogenic 
diet, or vagus nerve/deep-brain stimulation, antiseizure 
medication remains the first-choice treatment of epilepsy, 
with over 25 antiseizure drugs (ASDs) available.1,12 

Current ASDs are, however, ineffective in >30% of 
patients, can cause severe side effects (eg, fatigue, irrit-
ability, and dizziness) and are thought to be mainly 
symptomatic.13 With the majority of ASDs targeting 
synaptic transmission (glutamate, γ-aminobutyric acid 
[GABA] and ion [Na+/Ca2+] channels) the focus is now 
on the identification of novel disease-modifying treatment 
strategies targeting underlying causes that provide long- 
lasting seizure control, either preventing the development 
of epilepsy or slowing down/reversing disease progression 
once epilepsy is established.14,15

It is now well established that besides glutamatergic- 
and GABAergic-dependent neurotransmission, other sig-
naling systems contribute to increased brain hyperexcit-
ability, possibly representing alternative treatment targets 
for epilepsy. In this regard, exciting evidence gathered 
over the last few decades has demonstrated a role for 
purinergic signaling in both the generation of seizures 
and the development of epilepsy. Purinergic signaling 
encompasses a complex system comprising purine-release 
mechanisms, specific purinergic receptors (adenosine-sen-
sitive P1 and adenine and uracil nucleotide–sensitive P2 
receptors), and enzymes metabolizing and thereby remov-
ing extracellularly released purines, such as ATP or 
adenosine.16,17 While the anticonvulsant function of the 

nucleoside adenosine via P1 receptors is well established,-
18 data generated over the last decade have also suggested 
an important role for P2 receptors during the generation of 
seizures and epilepsy.11 This includes evidence showing 
ATP release following seizures and during epilepsy, wide-
spread expression changes of P2 receptors during epilepsy 
within the brain, and importantly drugs targeting P2-recep-
tor subtypes have been shown to suppress seizures and 
even impact on the development of epilepsy. In the present 
review, we provide a detailed description of what is known 
regarding the expression and function of P2 receptors 
observed in both animal models of epilepsy and patients, 
and how targeting of P2-receptor subtypes impacts on 
seizures, epilepsy, and the underlying inflammatory 
processes.

Epilepsy and Inflammation
Because seizures are thought to be the result of an imbal-
ance between excitatory and inhibitory activity of neural 
circuits in the brain, epilepsy has been considered primarily 
to be a disease of neurons, with the targeting of neuronal ion 
channels, both GABA and glutamate receptors, the main 
approach to stop/suppress seizures.13,19 However, this per-
ception has changed considerably over recent decades, with 
mounting evidence from both experimental models and 
patients demonstrating a contribution of other cell types to 
increased brain hyperexcitability, including astrocytes and 
microglia.20–22

The role of astrocytes in epilepsy is well established. 
Astrocytes are key regulators of homeostasis in the central 
nervous system (CNS) during physiology and pathology, 
regulating crucial processes involved in gliotransmission, 
extracellular water and ion balance, maintenance of the 
BBB, regulation of arteriolar blood flow, energy supply, 
metabolism, oxidative stress, and neuroinflammation.23 

Suggesting a proepileptogenic function, reactive astro-
cytes, which are characterized by hypertrophy of primary 
processes and a dramatic increase in the expression of 
GFAP, display several characteristics believed to contri-
bute to increased brain hyperexcitability and seizures. This 
includes the release of proinflammatory molecules (eg, 
IL1β, IL6, or TNFα) and excitatory gliotransmitters (eg, 
ATP, glutamate), altered expression of ion channels (eg, 
inwardly rectifying potassium channel Kir4.1), leading to 
perturbation in spatial K+ buffering, changes in expression 
of Ca2+ and Cl– transporters, uncoupling of gap junctions, 
and promotion of Ca2+ waves, which in turn are thought to 
modulate the release of a number of gliotransmitters that 
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may influence synaptic function.23–26 Moreover, astrocytes 
express the enzyme adenosine kinase (ADK), which cata-
lyzes the conversion of adenosine into adenosine mono-
phosphate, removing anticonvulsant adenosine from the 
extracellular space and thereby lowering seizure 
threshold.27 Further support for a proepileptic function of 
activated astrocytes stems from a study showing that the 
activation of astrocytes in the absence of other pathologies 
is sufficient to cause epileptic seizures.28

Microglia are the brain’s resident macrophages, and are 
crucial for physiological brain function. In their resting 
state, microglia have a ramified morphology with long 
protruding processes, and play a surveillance role by 
removing cellular debris and dead cells from the brain, 
synaptic pruning, and controlling the release of anti- and 
proinflammatory mediators. Following injury to the brain 
(eg, seizures), microglia are one of the first cell types to 
respond, and transition to an activated state.29 In contrast 
to astrocytes, microglia’s role during epilepsy is less clear, 
with both pro- and antiepileptic effects reported.30 

However, these pro- or antiepileptic effects are largely 
dependent on the stage following the initial insult. While 
previously believed to have a mainly proconvulsant func-
tion via the secretion of proinflammatory cytokines (eg, 
IL1β),31 more recent research now has also suggested a 
protective function of microglia. In line with this, the 
depletion of microglia leads to an amplification and syn-
chronization of neuronal activity, culminating in the gen-
eration of epileptic seizures. Interestingly, this effect is 
highly dependent on microglia’s ability to sense and cata-
bolize extracellular ATP that is released by neurons and 
astrocytes following neuronal activation.32 This detrimen-
tal effect was further confirmed by two recent studies 
wherein microglia were depleted in a similar fashion.33,34 

These conflicting reports can be attributed to the hetero-
geneity of activated microglia that is largely present fol-
lowing an insult. Resting microglia can either transition to 
the proinflammatory and neurotoxic M1 phenotype or the 
anti-inflammatory M2 phenotype.35 M1 microglia secrete 
proinflammatory cytokines (such as TNFa, IL1β, and IL6), 
produce reactive oxygen species to potentiate neuroinflam-
mation and initiate phagocytosis essential for neuronal 
repair.36 However, prolonged M1 activation is neurotoxic, 
creating a positive-feedback loop of perpetuating inflam-
mation and subsequent neurodegeneration.37 M2 microglia 
have an opposing function, secreting anti-inflammatory 
cytokines (such as IL4 and IL13) to promote neuronal 
protection, and are essential for repair mechanisms.38 

Microglia are polarized into an M1 phenotype via classical 
proinflammatory cytokines, such as TNFα, IFNγ, and acti-
vation of TLR4-mediated NFκβ signaling, as well as 
induced by necrotic neurons, whereas the M2 phenotype 
is induced via anti-inflammatory cytokines, such as IL4 
and IL13.39 Adding to the complexity, astrocyte micro-
glia–dependent signaling occurs, with both cell types 
maintaining a tight relationship during seizures and epi-
lepsy, impacting thereby on each other’s activation status 
and function.40 Microglia inflammatory action may pre-
cede astrocytic action. Microglia are known to stimulate 
the transition of astrocytes to both a neuroprotective41 and 
a neurotoxic phenotype,42 this stimulation being largely 
dependent on the proinflammatory cytokines released from 
presumably M1 microglia. IL6, TNFα, and IL1β induce a 
neuroprotective astrocyte phenotype,41 while IL1α stimu-
lates the neurotoxic phenotype.42 Interestingly, the classi-
cal anti-inflammatory cytokines TGFβ or FGF released 
from M2 microglia can inhibit the formation of neurotoxic 
astrocytes.42 Furthermore, in cocultures of astrocytes and 
microglia, the proliferative capability of astrocytes is dras-
tically reduced, suggesting that microglia tightly regulate 
astrocytic proliferation.43 Of note, neurogenesis is also 
regulated by microglia, with evidence suggesting that 
microglia may both promote and suppress aberrant neuro-
genesis seen in epilepsy models.21,44 While it is clear that 
microglia have a significant role in epilepsy and seizures, 
each phenotype’s role has not yet been fully characterized 
in disease progression. In rodent models, a mixed-micro-
glia phenotype is expressed following status epilepticus 
and also in established epilepsy.45 However, less is 
known regarding the polarization state of microglia during 
epileptogenesis. Benson et al observed an elevated M1 

response during epileptogenesis; however, this was much 
less pronounced than in the acute and chronic stages of 
epilepsy. An emerging theoretical strategy to reduce the 
establishment of epilepsy is to elevate the M2-activation 
profile following an insult whist simultaneously reducing 
the effect of M1 microglia.36

In addition to astrocytes and microglia, other cells of 
innate immunoresponse (eg, monocytes and macrophages) 
have been ascribed a proepileptogenic role.46 In animal 
models of seizures, microglia and neurons release che-
moattractants to exacerbate BBB disruption and recruit 
monocytes, more specifically CCR2+ monocytes, across 
the BBB. Once infiltrated, they can release proconvulsant 
cytokines, such as IL1β, via STAT3 signaling. However, 
while monocyte infiltration may exacerbate inflammation 
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and neuronal damage,47–49 no effect on seizure severity 
has been observed in a rodent model of status 
epilepticus.50

Suggesting proinflammatory mediators directly inter-
fere with neuronal function and excitability, cytokines 
have been reported to modulate the function of 
glutamate and GABA receptors, eg, IL1β inhibits 
GABA-mediated inhibitory transmission and potentiates 
excitatory N-methyl-D-aspartate (NMDA)–receptor- 
dependent synaptic transmission51–53, alter voltage-gated 
ion-channel function and expression eg, IL6 increases 
activity of Nav1.7, thereby amplifying excitatory inputs 
on neurons,54–57 and modulate presynaptic exocytosis of 
both glutamate and GABA neurotransmitters.58,59 

Cytokines increase the amplitude and network synchroni-
city of neuronal Ca2+ currents in neuronal culture via 
reducing GABAergic input.60 Interestingly, IL1β is able 
to reduce the anticonvulsant action of midazolam (a ben-
zodiazepine that enhances endogenous GABA activity) in 
these cultures, suggesting IL1β may cause the drug 
resistance seen in patients.60 IL1β’s ability to reduce 
GABA-neurotransmitter release in hyperexcitable net-
works in the mouse hippocampus may underlie this 
pharmacoresistance.61 Reinforcing this notion, in tissue 
resected from drug-refractory epileptic patients, cytokines 
(IL1β) reduced GABAA-mediated currents.53 Furthermore, 
the IL1 type I receptor is closely associated with the 
NMDA-receptor subtype 2B (NR2B) subunit of the exci-
tatory NMDA receptor,62 where IL1β induces phosphory-
lation of NR2B. Phosphorylated NR2B induces 
excitotoxicity, enhances NMDA inward currents by 
~45%, and inhibits NMDA outward currents, all promot-
ing the generation of seizure.52,63,64 TNFα is also known 
to reduce inhibitory drive via inducing internalization of 
GABAA receptors while concurrently promoting the 
expression of excitatory α-amino-3-hydroxy-5-methyl-4- 
isoxazolepropionic acid receptors.65

Demonstrating the therapeutic potential of targeting 
inflammation in epilepsy, drugs targeting specific inflam-
matory pathways (eg, TLR4, HMGB1, IL1β) have pro-
vided neuroprotection and disease modification, 
delaying the onset of epilepsy and suppressing epileptic 
seizures.66–68 Importantly, anti-inflammatory drugs have 
reached the stage of clinical trials,69 which should accel-
erate their future use in the clinic.

There is now compelling evidence of inflammation 
impacting on both seizure generation and the development 
of epilepsy. Consequently, drugs targeting inflammatory 

pathways represent a promising new therapeutic strategy 
to provide disease modification in epilepsy and treat 
patients not responding to current ASDs.

Animal Models of Epilepsy
The heterologous nature of epilepsy syndromes is reflected 
in the plethora of experimental models available to mimic 
both acute seizures (eg, models of status epilepticus) and 
epilepsy. This includes both in vitro and in vivo 
approaches, with each having their inherent advantages 
and limitations. Whereas in vitro models mainly allow 
the study of molecular mechanisms of neuronal excitabil-
ity, they cannot completely replicate the complexity of 
epilepsy and its genesis in a living being, which includes 
inflammatory processes, changes in the BBB, and complex 
neuron–glia interactions, though advantages of in vitro 
models include a higher number of possible replicates 
within a shorter time frame, with less variability between 
samples. While a detailed description of animal models of 
epilepsy is outside of the scope of the present review, we 
give a short summary of the main in vivo models used to 
investigate purinergic signaling in epilepsy. For a more 
comprehensive list of in vitro and in vivo models of 
seizures and epilepsy please refer to previous reviews 
published on this subject.15,70,71

In vivo approaches to model seizures and epilepsy 
include the use of seizure-inducing chemoconvulsants 
(eg, KA, pilocarpine, or pentylenetetrazol [Ptz]), electrical 
stimulation (eg, perforant pathway, hippocampus, amyg-
dala), genetic mutations, and injury models (eg, TBI, 
hyperthermia) with species spanning from flies to 
primates.71,72 To date, however, investigation of the 
impact of purinergic signaling on seizures and epilepsy 
has largely been restricted to the use of chemoconvulsants 
and electrical stimulation in rodent models using models 
of acute seizures and drug-refractory epilepsy. This pri-
marily includes the glutamate agonist KA, the cholinergic 
agonist pilocarpine, and the GABAA-receptor inhibitor 
Ptz, which will be described in more detail.

In vivo approaches modeling acute seizures include 
the Ptz model, widely used in the screening of antic-
onvulsant drugs. Here, intraperitoneal injections of Ptz 
lead to a single, brief, nondamaging seizure.71 Other 
models used to determine the impact of interfering with 
purinergic signaling during acute seizures include the 
maximal electroshock model and the 6 Hz psychomo-
tor-seizure test, which has also been described as a 
model of pharmacoresistant partial seizures. Serial 
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administrations of subconvulsive doses of Ptz over a 
number of days (Ptz kindling model) are used to mimic 
the process of epileptogenesis and determine antiepileptic 
effects.71 Another widely used model of epileptogenesis 
is the amygdala kindling model, which consists in the 
repeated application of electrical stimuli via a depth 
electrode in the basolateral amygdala of rodents and 
induces permanently enhanced seizure susceptibility and 
other enduring brain alterations that are similar to those 
occurring in human TLE.71

KA- and pilocarpine-treated mice are usually the mod-
els of choice to study effects of drugs targeting the pur-
inergic system on status epilepticus and TLE pathology. 
Systemically injected pilocarpine mimics certain aspects 
of TLE pathology, including a period of status epilepticus 
with subsequent development of spontaneous recurrent 
seizures and a pattern of hippocampal damage and sclero-
sis, particularly evident in the CA1 and hilar regions of the 
hippocampus.73 This model is, however, associated with 
high mortality, peripheral immunoresponses prior to the 
onset of status epilepticus, including white blood–cell 
activation with consequent increase in IL1β serum levels 
and BBB damage,74 and high interanimal variability in 
pathology and neuronal injury, which most likely reflects 
a mixture of an ischemic and excitotoxic insult.71,73 

Similarly to systemic pilocarpine, systemic injections of 
KA also cause prolonged seizures and the development of 
epilepsy with high variability in hippocampal pathology in 
mice and variable epilepsy development.75 In contrast, 
intracerebral injections of KA (eg, intrahippocampal and 
intraamygdala [IA]), seem to be associated with less mor-
tality, more consistent and reliable focal and unilateral 
hippocampal lesions, and spontaneous seizure onset and 
refractoriness to ASDs.75,76 Of note, a recent study 
demonstrated that intracerebral (ie, IA and intrahippocam-
pal) KA causes similar changes in hippocampal gene 
expression to human TLE.77 However, each of these mod-
els replicates slightly different aspects of seizure-induced 
pathologies, which is important to keep in mind when 
interpreting data and potential conflicting results among 
studies.15,71

Purinergic Signaling via P2 Receptor 
— Overview
ATP Release
ATP acting as an intercellular signaling molecule was first 
described by Geoffrey Burnstock in 1972.78 It is well 

recognized that ATP functions as either a sole transmitter 
or co-transmitter in both the peripheral nervous system and 
the CNS.79 Here, ATP can act as a fast, excitatory neuro-
transmitter or as a neuromodulator, and is involved in a 
plethora of short- and long-term physiological and patho-
logical processes, including inflammation, cellular survi-
val, proliferation, cellular differentiation, and synaptic 
plasticity.17,80,81 Under physiological conditions, ATP is 
usually present at micromolar concentrations in the extra-
cellular space; however, under pathological conditions (eg, 
inflammation, hyperexcitability, and cell death) extracellu-
lar ATP levels can reach the millimolar range.79,81,82 As 
such, ATP acts as an endogenous danger signal, known as 
a damage-associated molecular pattern (DAMP).83 ATP 
can enter the extracellular space passively by 
crossing the compromised membranes of damaged and 
dying cells79 or be actively released from different cell 
types, including neurons, astrocytes, microglia, and 
endothelial cells.79,84 ATP-release mechanisms include 
exocytosis of secretory granules, vesicular transport invol-
ving the vesicular nucleotide transporter (VNUT), and 
membrane channels such as ABC transporters, pannexins 
(eg, pannexin 1), connexins, and via purinergic receptors 
themselves (eg, P2X7 receptor).79,84 Once released into the 
extracellular space, ATP is rapidly metabolized by ectonu-
cleotidases, including the ectonucleoside triphosphate 
diphosphohydrolase family, the ectonucleotide pyropho-
sphatase/phosphodiesterase family, and alkaline phospha-
tases, into such breakdown products as ADP and 
adenosine, which are also important neurotransmitters 
and neuromodulators in their own right.17,18,85

Purinergic P2 Receptors
Activated by adenine and uridine nucleotides, purinergic 
P2 receptors are further subdivided into two families 
according to their sequence homology, pharmacology, 
and mechanism of action. This includes the ionotropic 
P2X receptors and metabotropic P2Y receptors, both 
expressed throughout the CNS and functional on both 
neurons and glial cells.86

To date, seven mammalian subunits of the P2X-recep-
tor family have been cloned (P2X1–7), ranging in length 
from 379 (P2X6) to 595 (P2X7) amino acids.87 Each sub-
unit comprises two transmembrane domains: a large extra-
cellular loop and an intracellular N- and C-terminus.88 

P2X receptors can form either functional homo- or hetero-
trimers, which upon binding to their endogenous agonist 
ATP allow the passage of small cations, such as Na+, Ca2+, 
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and K+, depolarizing the cell membrane. All P2X recep-
tors are sensitive to ATP; however, with differing levels of 
affinity (P2X1 > P2X3 > P2X2 > P2X4, P2X5 > P2X6 > 
P2X7).89 P2X receptors are activated within milliseconds, 
and with the exception of P2X7, display fast desensitiza-
tion (P2X3 > P2X1 > P2X2 > P2X4 > P2X7

88,90). While the 
contribution of P2X receptors to fast synaptic transmission 
is well-established,91 they have also been implicated in 
several other cellular processes, such as proliferation, dif-
ferentiation, maturation, survival, cell adhesion, migration, 
and inflammation.92 Among the P2X receptors, due to its 
unique structural and functional characteristics, P2X7 has 
attracted particular attention as a target for brain diseases, 
including epilepsy.93 P2X7 has a relatively low affinity for 
ATP (EC50 ≥100 μM, activation threshold 0.3–0.5 mM, 
which has been reported decreased during inflammation 
[0.05–0.1 mM])94, suggesting that P2X7 activation occurs 
mainly under pathological conditions of high ATP release 
(which may occur during a seizure). It also has slow 
desensitization dynamics, the ability to permeabilize the 
cell membrane to molecules up to 900 Da in size, and is a 
key driver of inflammation via activation of the NLRP3 
inflammasome.94 Moreover, suggesting a direct impact on 
neurotransmission, P2X7 has been shown to modulate both 
uptake and release of GABA and glutamate during 
epilepsy.95,96 P2X7 is highly expressed on cells of the 
immune system, including microglia. P2X7 expression 
has also been reported on oligodendrocytes and 
endothelial cells.97,98 Its expression and function with 
regard to astrocytes and neurons remains, however, 
controversial.99,100

The metabotropic P2Y-receptor family consists of eight 
G protein–coupled receptors — P2Y1,2,4,6,11–14.17,101 P2Y 
receptors can be activated by adenosine or uridine nucleo-
tides: ATP (P2Y2, P2Y11), ADP (P2Y1, P2Y12, P2Y13), 
uridine-5′-triphosphate (UTP) (P2Y2, P2Y4), UDP (P2Y6, 
P2Y14), and UDP-glucose (P2Y14). P2Y receptors have an 
extracellular amino terminus, intracellular carboxyl termi-
nus, and seven transmembrane-spanning motifs.102 P2Y 
receptors can also be grouped according to their coupling 
to specific G proteins: P2Y1, P2Y2, P2Y4, P2Y6, and 
P2Y11 receptors are coupled with Gq/G11 proteins, stimu-
lating phospholipase C and leading to the release of cal-
cium from intracellular stores and the activation of PKC. 
P2Y11 can also couple with Gs, stimulating adenylate 
cyclase and increasing the production of cyclic adenosine 
monophosphate (cAMP).101 P2Y12, P2Y13, and P2Y14 

receptors are coupled to Gi proteins, inhibiting adenylate 

cyclase and thereby decreasing cAMP production.101 

Similarly to P2X receptors, P2Y receptors have been 
described to be expressed and functional on all brain 
cells and implicated in several cellular functions and 
pathological processes relevant to epileptogenesis and 
epilepsy, including synaptic reorganization, changes in 
neurotransmitter release, neurodegeneration, and 
neuroinflammation.103,104

Purinergic Receptors and 
Neuroinflammation
P2X Receptors and Neuroinflammation
With many inflammatory pathologies resulting in altered 
purinergic signaling and with ATP being one of the pri-
mary DAMPs to be released at sites of inflammation, the 
close association of P2 receptors with inflammatory sig-
naling comes as no surprise.105 This positive-feedback 
loop created between inflammation and ATP release cre-
ates continuous neuroinflammation in the brain.81

All P2X-receptor subtypes have some degree of 
expression on immune-system cells of the body; 
however, within the brain, only P2rx1, P2rx4, P2rx6, 
and P2rx7 mRNA is predominantly expressed in mouse 
microglia.106,107 Microglia P2rx3 and P2rx5 expression is 
observed at much lower levels, with P2rx5 expression 
restricted to neonatal animals and no evidence of microglia 
P2rx2 expression at any age analyzed.106 All P2X recep-
tors aside from P2X6 are expressed in astrocytes.108 Of all 
P2X receptors, P2X4 and P2X7 possess the largest body of 
evidence of a well-defined functional role in inflammation. 
P2X1 and P2X2 inflammatory function within the brain is 
currently unknown, and their association with inflamma-
tion stems from their expression changing at sites of 
inflammation observed in ischemia, axotomy, stab-wound 
injuries, and cerebellar lesions.109–112 Despite their expres-
sion in glial cells, an immunomodulatory function of 
P2X3, P2X5, and P2X6 within the brain is currently 
unknown.

Of P2X7’s various roles, its proinflammatory function 
has been widely explored, with many touting it as the 
gatekeeper of inflammation.113 P2X7 is known to be the 
most potent contributor to the release of proinflammatory 
cytokines,94 including but not limited to IL18,114 IL6,115 

IL1β, and IL1α.116 With varying affinity of ATP required 
to activate P2X4 or P2X7, they work in tandem to respond 
to stimuli over a wide range of ATP concentrations.117 In 
many disease pathologies, including seizures, the 
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proinflammatory cytokines IL1β, IL18, and TNFα are 
released. It is well known that pharmacological inhibition 
or genetic knockout of P2X4 or P2X7 can hinder 
the release of proinflammatory cytokines, such as 
IL1β.118–122 Proinflammatory and proconvulsive IL1β 
release is a two-signal process: priming (an inflammatory 
signal acts upon TLR4 to synthesise proIL1β) and activa-
tion (activation of the NLRP3 inflammasome and caspase1 
is required to cleave pro-IL1β and for subsequent secretion 
of IL1β). P2X7 is important for NLRP3 activation, with 
P2X7’s pore-forming ability described as necessary to 
create a drop of local intracellular K+ concentration 
needed for activation of the inflammasome without com-
promising global cellular K+ homeostasis.123,124 P2X4 also 
possesses the ability to form a large conductance pore that 
can facilitate inflammasome activation, with P2X4-knock-
out mice showing impaired inflammasome activation and 
subsequent IL1β release following a spinal cord injury.118 

However, P2X4 may act as the initial trigger, due to a 
higher affinity for ATP, and then via working with pan-
nexin 1 to release ATP, with P2X7 amplifying the signal 
and elevating inflammation within the brain.92 P2X7 sti-
mulation can also promote the activation of microglia and 
elevate their proliferation.125 Furthermore, P2X7 may con-
tribute to further release of DAMPs, which act to potenti-
ate inflammation via facilitating pyroptosis.126 Pyroptosis, 
a form of inflammatory programmed cell death, is down-
stream of the P2X7–NLRP3 axis, where the permeability 
of the cell membrane increases, inducing swelling and 
subsequent cell death. P2X7 activation to induce pore 
formation can also contribute to cell death and subsequent 
DAMP release via rearrangements of the cell 
cytoskeleton.127,128 Interestingly, P2X4 pore formation 
does not lead to cell death.129 The release of DAMPs is 
a fundamental component of inflammation, and can further 
act upon P2X7 to potentiate inflammation. Furthermore, 
P2X7 activation can stimulate production of cytokine pre-
cursors via upregulation of both the NFκB130 and NFAT131 

proinflammatory transcription factors.
Aside from P2X7’s defined role in microglia, its astro-

cytic expression has also been reported. Functional astro-
cytic P2X7 has been observed in cortical brain slices132 

and astrocytic cultures, where it induces cell death and the 
release of radical oxygen species and proinflammatory 
IL6.133 Furthermore, human primary astrocytes secrete 
IL1β mediated via the P2X7–NLRP2 signaling cascade in 
tandem with pannexin 1 in a manner similar to what is 
seen in microglia.134

With P2X4 higher ATP affinity than P2X7, P2X4 may 
have a more physiological role in inflammation. 
Upregulation of P2X4 is observed in many disease models 
that are associated with inflammation.135–137 P2X4 immu-
noreactivity has been observed in astrocytes;138 however, 
conflicting reports from electrophysiological experiments 
suggest no functional role of astrocytic P2X4.139 P2X4 is 
widely considered to drive microglia motility, process 
extension, activation, and recruitment to the site of 
damage, with ATP acting as a chemotactic factor for 
P2X4

+ microglia.140,141 In fact, P2X4 activation drives 
microglia recruitment and motility via the PI3K–Akt 
pathway.140,142 P2X4 expression is mainly restricted to 
activated microglia, with P2X4 localized in intracellular 
lysosomal compartments of microglia and trafficked to the 
cell surface under inflammatory conditions.143 Microglia 
are shifted to an activated state in response to noxious 
stimuli and governed via the transcription factors 
IRF8 and IRF5 directly inducing expression of the P2rx4 
gene.144 Furthermore, P2X4 also plays an anti-inflamma-
tory role, which may occur following its acute proinflam-
matory function. P2X4 is associated with mediating 
microglia cell death as a physiological response, with 
suggestions that the repopulating microglia are 
regenerative.145 Following a spinal cord injury, microglia 
also release brain-derived neurotrophic factor146 mediated 
via P2X4 to promote regeneration.147 In multiple sclerosis 
models, activation of microglia P2X4 promotes an anti- 
inflammatory phenotype and facilitates remyelination.148

P2Y Receptors and Neuroinflammation
P2Y receptors have been repeatedly implicated in neuroin-
flammation; however, their exact role is not fully under-
stood and seems to be dependent on downstream-signaling 
pathways.149 As with P2X receptors, many P2Y receptors 
are expressed on inflammatory cells. In isolated microglia, 
mRNA of all known rodent P2Y receptors can be 
detected.106 Among P2Y receptors, P2Y1 is one of the 
predominant targets of ATP in mediating danger signals 
in the brain during, eg, ischemia150 or trauma.151 As such, 
there is a plethora of evidence of P2Y1 inflammatory 
action. Glial P2Y1 expression is known to regulate astro-
glial proliferation and astrogliosis.112 In a model of cere-
bral ischemia, antagonism of P2Y1 reduced the astrocytic 
transcription of cytokines (eg, TNFα) and chemokines.152 

Overexpression of P2Y1 in astrocytes can lead to the 
propagation of intracellular Ca2+ waves, which is respon-
sible for the release of ATP and cytokines.152,153 Oxidative 
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stress potentiates the activation of P2Y1 and the release of 
IL6.154 Interestingly, blockade of P2Y1 increases astrocy-
tic response and is neuroprotective in TBI.41 Reinforcing 
tight cross-interaction of glial cells, microglia-derived 
cytokines have been demonstrated to downregulate P2Y1 

expression and function on astrocytes, promoting forma-
tion of glial scars and increasing astrocyte process 
extension.41 Interestingly P2Y1 and P2Y12 activation can 
induce astrocyte proliferation in vitro.155 In the same 
study, activation of P2Y14 had no influence on prolifera-
tion. Though less explored, an anti-inflammatory role of 
P2Y1 through the release of IL6 has also been 
suggested.156

P2Y12 is heavily implicated in mediating inflammatory 
responses. In fact, P2Y12 immunoreactivity is widely 
accepted as a marker of resting microglia,157 ie, microglia 
in nonpathological conditions. Similarly to P2X4, the pri-
mary role of P2Y12 activation is to induce reactivity of 
microglia, elicit microglia-process outgrowth, and stimu-
late their migratory movement via PI3k/PLC signaling to 
sites of inflammation.140,158–160 As such, P2Y12 may pro-
mote neuronal damage in brain pathologies by guiding the 
inflammatory response to the site of injury.161,162 

Interestingly, P2Y12 expression is downregulated during 
the phenotypic M1/M2 shift,163 reinforcing its role in rest-
ing microglia. Additionally, microglial P2Y12 and P2Y13 

are involved in preventing astroglial proliferation mediated 
by ADPβS in cocultures of astrocytes and microglia.164 

P2Y12 and P2Y13 are integrally linked, with P2Y13 acting 
to potentiate the chemotaxis response of P2Y12,165 and 
have been widely reported to be expressed in microglia 
and astrocytes.106,166–168 As reported for the other P2Y 
receptors, P2Y13 activation also increases intracellular 
Ca2+ in glial cells,167–169 contributing to the release of 
several proinflammatory cytokines (IL1β, IL6, and 
TNFα) from microglia cells.170 Furthermore, a recent 
study demonstrated that joint activation of P2Y1 and 
P2Y13 induce the retraction of microglial processes in 
epileptic and peritumoral human tissue.171

Much less is known about the remaining P2Y receptors 
in inflammation. P2Y6 has been implicated in microglia 
activation, leading to activation of inflammation signaling 
pathways.172 P2Y6 stimulation is also involved in inducing 
microglia phagocytosis of cell debris, which is beneficial 
to neuroregeneration.172 Interestingly, P2Y6 activation can 
inhibit P2X4 functioning in microglia, which results in 
reduced motility.173 P2Y2 plays a neuroprotective role 
via upregulation of antiapoptotic genes in astrocytes174 

and promoting migration of astrocytes.175 Furthermore, 
P2Y2 mediates amyloid β–protein phagocytosis by micro-
glia cells, suggesting a neuroprotective role in Alzheimer’s 
disease.176 Unfortunately, current understanding of P2Y4’s 
functional role in neuroinflammation is lacking, despite it 
being known to be expressed in microglia.106

Purinergic Signaling During 
Seizures and Epilepsy
ATP Release During Seizures and Epilepsy
Initial evidence suggesting a link between increased extra-
cellular ATP levels and hyperexcitability was provided by 
two studies, one showing increased extracellular ATP con-
centrations in hippocampal brain slices of a seizure-prone 
strain of mice (inbred DBA/2 [D2] mice),177 and the other 
evidencing motor seizures caused by microinjections of 
ATP into the prepiriform cortex of rats.178 In vitro evi-
dence suggesting that ATP can be released during 
increased neuronal activity stems from a study using depo-
larizing high K+ concentrations in slices of rat 
hippocampus.179 Further in vitro evidence was provided 
by Lopartar et al, showing increased extracellular ATP 
mediated via pannexin 1 in rat hippocampal slices 
treated with the glutamate agonist (S)-3,5- 
dihydroxyphenylglycine.180 In contrast to these findings, 
other methods, such as stimulation of the Schaffer collat-
eral, did not increase extracellular ATP concentrations.181 

In agreement with pannexin 1 activation contributing to 
extracellular ATP increases during seizures, a recent study 
using resected tissue from patients with epilepsy showed 
that extracellular ATP increased 80% during high K+– 
induced ictal discharge, which was blocked by pharmaco-
logical inhibition of pannexin 1.182 Of note, blocking 
pannexin 1 channels provides potent anticonvulsive effects 
in a mouse model of KA-induced seizures, suggesting a 
proconvulsant function of extracellular released ATP.182 In 
vivo evidence showing increased extracellular ATP during 
seizures/epilepsy was provided by Dona et al using a rat 
model of epilepsy induced by pilocarpine administration 
(360 mg/kg, IP). The authors showed that status epilepti-
cus led to an increase of the ATP metabolites ADP, AMP, 
and adenosine, but not ATP. On the other hand, the same 
ATP metabolites were found to be decreased during epi-
lepsy, though increased significantly following an epileptic 
seizure. This also included an approximately fourfold 
increase in extracellular ATP levels.183 Further suggesting 
a proconvulsant function of extracellular adenosine 
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nucleotides, injection of ATP, the ATP analogue 2,3-O-(4- 
benzoylbenzoyl) ATP (BzATP) or ADP, into the lateral 
ventricle of mice caused high-amplitude, high-frequency 
polyspiking on electroencephalography (ATP)184 and 
increased seizure severity during KA (0.3 µg, IA)–induced 
status epilepticus (BzATP and ADP).119,185 In contrast to a 
proconvulsant function of extracellular ATP, injection of 
uridine-5′-triphosphate into the lateral ventricle of mice 
reduced seizure severity during IA KA-induced status 
epilepticus.185

P2-Receptor Expression Following 
Seizures and During Epilepsy
P2 receptors, including both P2X and P2Y receptors, are 
widely distributed throughout the brain, where they are 
expressed and functional on both neurons and glial cells, 
contributing to a plethora of physiological and pathologi-
cal processes ranging from neurotransmission and neuro-
genesis to glial cell communication.93,104 While we still 
lack a detailed description of potential expression changes 
during epilepsy for most of the P2 receptors, this has 
changed in recent years, in particular for the P2X7 and 
P2Y1 subtypes.

Expression changes for P2X receptors following sei-
zures (eg, status epilepticus) or during epilepsy have been 
reported for P2X2, P2X4, and P2X7. No changes have been 
found so far in expression of the remaining P2X receptors 
(ie, P2X1, P2X3, P2X5, and P2X6).119 While P2X2 has 
been shown to be downregulated following KA (3 µg, 
IA),119 P2X4 expression increases in the hippocampus 
following systemic KA injections (8–22 mg/kg, 
IP),142,186 but not IA KA- or pilocarpine (360 mg/kg, 
IP)-induced status epilepticus.119,187 In contrast, P2X4 

expression is decreased in the hippocampi of pilocarpine 
(360 mg/kg, IP)-treated epileptic rats.187 As mentioned 
previously, among the P2X-receptor family, most data 
are available for P2X7. P2X7 expression has been reported 
to be upregulated in mice following intraperitoneal KA 
(hippocampus),186 IA KA-induced status epilepticus in 
mice (hippocampus, cortex, striatum, thalamus, and 
cerebellum),119,188,189 and pilocarpine-induced status epi-
lepticus in rats (hippocampus).187 Studies have suggested 
P2X7 to be upregulated on neurons post–status epilepticus 
using immunohistochemical approaches, detecting P2X7 at 
glutamatergic nerve terminals,187 and a soluble EGFP 
BAC transgenic P2X7 mouse model, where EGFP is 
under the transcriptional control of the P2rx7 

promoter.119,188 Others, however, have failed to detect 
neuronal expression of P2X7 using P2X7 reporter mice 
where P2X7 is fused to EGFP.189,190 Of note, a recent 
study comparing both transgenic P2X7 reporter mouse 
lines observed aberrant P2X7 expression and increased 
P2X4 expression in the soluble EGFP BAC transgenic 
P2X7 mouse model, questioning the validity of this repor-
ter mouse.191 P2X7 expression has also been shown on 
oligodendrocytes post–status epilepticus; however, its 
expression was not detected on astrocytes.119,189 During 
epilepsy, P2X7 expression has been shown to be increased 
in the hippocampus and cortex in both experimental rodent 
models and patients with TLE.95,187,188,192 Regarding its 
cell type–specific expression using immunohistochemistry, 
P2X7 expression has been shown to increase on microglia, 
mossy fibers, and glutamatergic nerve terminals of epilep-
tic pilocarpine (360–380 mg/kg, IP)-treated rats.187,193 A 
mainly microglial and neuronal P2X7 induction during 
epilepsy was confirmed by using the soluble EGFP BAC 
transgenic P2X7 mouse model.188,192 Regarding neuronal 
expression, Barros-Barbosa found P2X7 to be increased in 
neocortical nerve terminals of patients with epilepsy.95 

However, similarly to status epilepticus, neuronal expres-
sion of P2X7 receptors during epilepsy could not be con-
firmed in a more recent study using the P2X7 reporter 
mouse where P2X7 is fused to EGFP.189 P2X7 expression 
has also been found on oligodendrocytes, while absent on 
astrocytes during epilepsy in mice.189 Based on these 
results, whereas there is broad consensus on P2X7 recep-
tors being increased on microglia following status epilep-
ticus and during epilepsy, whether P2X7 receptors increase 
on neurons is still a matter of debate.

Changes in the transcription and expression of the P2Y 
receptors have been reported in different brain structures, 
including the hippocampus and cortex, using different 
mouse models, including KA (3 μg, IA and 18-22 mg/ 
kg, IP)185, 186 and pilocarpine (340 mg/kg, IP),185 pilocar-
pine (340 mg/kg, IP),185 and KA (18–22 mg/kg, IP)- 
induced status epilepticus mouse model.186 In the IP KA- 
induced status epilepticus mouse model, P2ry6, P2ry12, 
and P2ry13 mRNA transcripts were increased in the 
hippocampus.186 A more detailed study using the IA 
KA-induced status epilepticus mouse model, identified an 
interesting pattern between changes in P2Y-receptor tran-
script levels and the two main agonists of these receptors 
(adenosine and uridine nucleotides). While transcript 
levels of adenosine-sensitive receptors were decreased 
(P2ry1, P2ry12, and P2ry13), transcript levels of uridine- 
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sensitive receptors were increased (P2ry2, P2ry4, and 
P2ry6) in the hippocampus. At the protein level, hippo-
campal P2Y receptors coupled with Gq were increased 
(P2Y1, P2Y2, P2Y4, and P2Y6) and P2Y receptors coupled 
with Gi downregulated or unchanged (P2Y12, P2Y13, 
P2Y14).185 In contrast, P2Y-receptor expression was 
mainly upregulated in the cortex post–status epilepticus194 

and in the hippocampi of epileptic mice and patients 
with drug-refractory epilepsy.185,195 Regarding cell type– 
specific expression, while P2Y1 has been shown to be 
expressed in microglia following IA KA-induced status 
epilepticus,196 P2Y2 and P2Y4 have been shown to be 
mainly expressed in astrocytes in brain tissue from patients 
with intractable epilepsy.195

Targeting of P2X Receptors During 
Seizures and Epilepsy
As stated before, among the P2X receptors, though not the 
only one investigated, P2X7 has attracted most attention as 
a potential therapeutic target for seizure suppression and 
treatment of epilepsy.93

Treatment with P2X7 antagonists has been shown to 
provide anticonvulsive effects in several experimental mod-
els of status epilepticus and acute seizures. P2X7 antago-
nists (A438079 and Brilliant Blue G [BBG]) reduce both 
seizure severity during status epilepticus and resulting neu-
rodegeneration in the KA (3 µg, IA) mouse model (pre- and 
posttreatment regime).119,188 Using the same IA KA mouse 
model, seizure suppression is also evident in P2X7 

Knockout mice and via P2X7-targeting antibodies delivered 
into the lateral ventricle.119 Interestingly, P2X7 antagonists 
potentiated effects of the anticonvulsant lorazepam, sug-
gesting their potential as adjunctive treatment for pharma-
coresistant status epilepticus.119 Confirming an 
anticonvulsive effect of P2X7 antagonism, a more recent 
study using three P2X7 antagonists (BBG, A438079, and 
A740003) showed reduced seizure severity during coriaria 
lactone (40 mg/kg, IP)-induced status epilepticus in rats.197 

Suggesting anticonvulsive effects of P2X7 antagonism not 
being dependent on developmental stage, P2X7 antagonism 
also reduces seizures in a KA (2 µg, ICV) rat model of 
early-life seizures using the P2X7 antagonist A438079198 

and in a model of hypoxia-induced seizures (5% O2 for 15 
minutes) in 7-day-old mouse pups using two P2X7 antago-
nists (A438079 and JNJ47965567).121 The effects of P2X7 

antagonism on neonatal seizures are even more exciting, as 
commonly used ASDs, such as phenobarbital, show only 

limited effects in suppressing seizures in infants.199,200 

Moreover, the use of commonly used ASDs is undesirable 
at a time when the brain is developing rapidly and particu-
larly vulnerable to any toxic effects. Therefore, the targeting 
of P2X7, thought to be mainly activated during pathological 
release of ATP,201 may represent a promising novel treat-
ment strategy for neonates.202 Other studies, however, have 
shown only a moderate or no anticonvulsant effect of P2X7 

antagonism. Using the maximal electroshock seizure– 
threshold test and the Ptz (87 mg/kg, IP) seizure-threshold 
test in mice, Fischer et al showed no anticonvulsant effects 
provided by P2X7 antagonism using four antagonists 
(JNJ47965567, AFC5128, BBG, and tanshinone IIA sulfo-
nate). However, further strengthening the potential of P2X7 

antagonism as adjunctive treatment, P2X7 antagonists 
potentiated anticonvulsant effects of carbamazepine in the 
maximal electroshock-seizure test.203 In line with this, a 
subsequent study by Nieczym et al204 found only a weak 
anticonvulsant effect of the P2X7 antagonist BBG on Ptz 
(1% Ptz 2 mL/min, IV) seizure threshold, maximal electro-
shock-seizure threshold, and 6 Hz psychomotor seizure- 
threshold tests. Moreover, no effect of P2X7 antagonism 
on seizures was observed in WAG/Rij rats, a model of 
genetic absence epilepsy.10 Suggesting a proconvulsive 
function of the P2X7 receptor, Kim and Kang reported 
exacerbated seizure severity in P2X7-KO mice using a 
pilocarpine (150, 175, 200, 225, or 250 mg/kg, IP) mouse 
model.205 In addition, research by the same group using the 
pilocarpine (380 mg/kg, IP) rat model showed that P2X7 

antagonism (oxidized ATP [OxATP] and BBG) protected 
against astroglial cell death,206 reduced the infiltration of 
neutrophils into the frontoparietal cortex,207 and 
increased status epilepticus–induced hippocampal 
neurodegeneration.208 Suggesting, however, a model-spe-
cific effect, research by the same group showed that P2X7 

deficiency did not alter seizure severity in the systemic KA 
(25 mg/kg, IP) mouse model or the picrotoxin (5 mg/kg, IP) 
mouse model.205 As such, while P2X7 antagonism impacts 
on seizure severity in models of status epilepticus, these 
effects seem to be minor or absent during acute nondama-
ging seizures.

Suggesting antiepileptogenic potential of P2X7 antag-
onism, Soni et al showed that the P2X7 antagonist BBG 
decreased mean kindling score and restored cognitive def-
icits and motor coordination using the Ptz (30 mg/kg, IP) 
kindling model in rats.209 Similar results were obtained in 
a more recent study by Fischer et al using the P2X7 

antagonists JNJ47965567, AFC5128, and BBG.203 In the 
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same vein, Amorim et al showed that injection of a P2X7- 
targeting siRNA post–status epilepticus delayed the emer-
gence of the first epileptic seizure and reduced the fre-
quency and severity of seizures in the pilocarpine (370 
mg/kg, IP) rat model.210 Interestingly, a recent study by 
Jamali-Raeufy et al showed that the P2X7 antagonist BBG 
and linagliptin, which blocks the enzyme dipeptidyl pepti-
dase4 and is used for the treatment of diabetes, reduced 
seizure severity and neuronal cell death more efficiently 
when given in combination in a KA (4 μg, intrahippocam-
pal) rat model. Epileptic rats treated with both inhibitors 
also showed improved spatial learning at a later stage, 
probably caused by fewer seizures during the initial 
insult.211 In agreement with P2X7 antagonism impacting 
on epilepsy-related comorbidities, treatment of pilocar-
pine-induced epileptic rats with the P2X7 antagonist 
BBG promoted antidepressive and anti-anxiety effects. 
BBG did not, however, affect the development of sponta-
neous recurrent seizures, but inhibited microglia activation 
following pilocarpine (single dose of 30 mg/kg and 
repeated doses of 10 mg/kg, IP)-induced status epilepticus 
in rats.212 However, similarly to status epilepticus, treat-
ment with the P2X7 antagonists AZ10606120 and BBG 
following pilocarpine (300 mg/kg, IP)-induced status epi-
lepticus in mice resulted in the development of a more 
severe epileptic phenotype.213

Suggesting P2X7 antagonism as treatment for estab-
lished epilepsy, Amhaoul et al showed that treatment 
with the P2X7 antagonist JNJ47965567 during epilepsy 
reduced seizure severity, though without affecting the 
total number of seizures. In this study, epileptic rats were 
treated for 1 week 3 months after KA (22.2±2.02 mg/kg, 
IP)-induced status epilepticus.214 The antiepileptic poten-
tial of P2X7 antagonism was further demonstrated in a 
study carried out by Jimenez-Pacheco et al. In this study, 
mice subjected to IA KA (0.3 µg) were treated with the 
P2X7 antagonist JNJ47965567 for 5 days, starting at 10 
days post–status epilepticus. In contrast to the previous 
study, P2X7 antagonism reduced the total number of sei-
zures during treatment, and remarkably, during an addi-
tional recording period following treatment withdrawal, 
suggesting disease-modifying potential.192 Therefore, in 
contrast to acute seizures, P2X7 seems to play a more 
prominent role during epilepsy once pathological pro-
cesses have been initiated.

While compelling evidence has now demonstrated a 
role for P2X7 mediating hyperexcitability in the brain, 
the mechanisms by which it modulates seizure severity 

are still to be determined. While affecting numerous path-
ways in the CNS, the most likely explanation is that P2X7 

effects are mediated, at least in part, via their prominent 
role in driving inflammatory processes. P2X7 is an impor-
tant driver of microglial activation and proliferation,125 

and has been shown to be highly expressed under physio-
logical conditions and during epilepsy.189,190 Suggesting a 
functional role of P2X7 regulating inflammatory processes 
during seizures and epilepsy, blocking of P2X7 during 
status epilepticus leads to decreased hippocampal IL1β 
levels.119 Moreover, targeting of P2X7 receptors during 
epilepsy reduces both microgliosis and astrogliosis.192 

Although not shown to be increased on astrocytes follow-
ing seizures or during epilepsy, astrocytes can also be 
activated via P2X7.215 As outlined before, astrocytes can 
reduce seizure thresholds via various mechanisms (eg, 
dysregulation of extracellular ionic balance, impaired neu-
rotransmitter reuptake, release of proinflammatory cyto-
kines and purines, eg, ATP, and removal of extracellular 
adenosine via ADK).27,28,216,217 Interestingly, P2X7 antag-
onism has been shown to protect against astrocyte death 
following pilocarpine (380 mg/kg, IP)-induced status epi-
lepticus, possibly contributing to its proconvulsive func-
tion in this model.206 Further in line with P2X7 impacting 
on astrocytes, P2X7-deficient mice subjected to KA (25 
mg/kg, IP) show decreased astroglial autophagy through 
the regulation of FAK- and PHLPP1/2-mediated Akt-S473 
phosphorylation.218 P2X7 has also been shown to promote 
microglial activation and astroglial apoptosis via PDI- 
mediated redox/S-nitrosylation following pilocarpine 
(380 mg/kg, IP)-induced status epilepticus in rats.219 It 
is, however, important to keep in mind that while suppres-
sing inflammatory pathways is the most likely explanation, 
P2X7 is involved in a myriad of different effects in patho-
logical conditions, including BBB disruption, changes in 
neurotransmitter levels, synaptic reorganization, and neu-
rogenesis, to name just a few.220 Of note, suggesting P2X7 

activation modulating extracellular levels of the neuro-
transmitters GABA and glutamate, Barros-Barbosa et al 
demonstrated that by using isolated nerve terminals of the 
neocortex from patients with epilepsy, P2X7 antagonism 
prevented the uptake of GABA more efficiently in tissue 
from epileptic patients, thereby potentially increasing 
GABAergic rundown.95 Further supporting a role of 
P2X7 receptors in the control of neurotransmitter levels 
in epilepsy, a more recent study observed that P2X7 modu-
lated both GABA and glutamate release depending on the 
availability of extracellular Ca2+.96
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The only other P2X receptors for which a functional 
role has been investigated in the setting of seizures and 
epilepsy are P2X3 and P2X4. In the case of P2X4, Ulmann 
et al showed that despite experiencing no changes in 
seizure severity during status epilepticus, P2X4-deficient 
mice were partially protected from seizure-induced neuro-
degeneration following KA (8–22 mg/kg, IP)-induced sta-
tus epilepticus, possibly via regulating the activation of 
microglia.142 As for P2X3, Xia et al showed that treatment 
with the P2X3 NF110 reduced mean kindling scores and 
improved other pathological parameters, such as memory 
deficits, motor activity, neuronal damage, and hippocam-
pal inflammation, in the Ptz (30 mg/kg, IP)-induced kind-
ling rat model.221

Targeting of P2Y Receptors During 
Seizures and Epilepsy
While P2X receptors have attracted most attention as 
possible drug targets for epilepsy, increasing 
evidence also suggests a role of the metabotropic P2Y 
receptors,11,222 with P2Y1 and P2Y12 being the most 
studied.222 Evidence suggesting a role for P2Y12 during 
status epilepticus stems from a study using P2Y12-knock- 
out mice. Using the KA (18–22 mg/kg, IP) mouse model 
of status epilepticus, Eyo et al found that P2Y12-deficient 
mice showed a more severe seizure phenotype and reduced 
microglial process extension in the hippocampus.160 They 
suggested that neuronal NMDA-receptor activation contri-
butes to an influx of Ca2+, which increased ATP release 
from neurons to activate microglial P2Y12, potentiating the 
extension of microglia processes.160 In line with P2Y12 

regulating microglial processes, Avignone et al also 
showed an increase in microglia motility following treat-
ment with the P2Y12 agonist 2-Me-ADP in a mouse model 
of KA (15 and 5 mg/kg, IP)-induced status epilepticus.223 

In a more recent study, using resected hippocampal tissue 
from TLE patients, Milior et al showed that while low 
doses of ADP induced microglial process extension via 
blocking of P2Y12, high doses of ADP caused microglial 
process retraction and membrane ruffling, which was 
blocked by the coapplication of antagonists against P2Y1 

and P2Y13.171 Moreover, microglial P2Y12 has been sug-
gested to contribute to status epilepticus–induced aberrant 
neurogenesis and increased immature neuronal 
projections.224

Initial evidence suggesting a role for P2Y1 during 
seizures showed that P2Y1 antagonism (MRS2179) 

reduced neuronal cell death following KA (10 mg/kg, 
IP)-induced status epilepticus in rats, though without 
affecting seizure severity.225 In contrast, a more recent 
study published by our group showed that P2Y1-deficient 
mice subjected to IA KA (3 µg) presented a lower seizure 
threshold, experiencing more severe seizures during status 
epilepticus and increased seizure-induced neurodegenera-
tion in the hippocampus.196 In line with genetic deletion of 
P2Y1, treatment with the P2Y1 antagonist MRS2500 prior 
to IA KA exacerbated seizure severity during status epi-
lepticus and resulting neurodegeneration. Moreover, mice 
pretreated with the P2Y1 agonist MRS2365 had less severe 
seizures during status epilepticus and less seizure-induced 
neurodegeneration.196 However, suggesting a context-spe-
cific role for P2Y1 during status epilepticus, treatment with 
the P2Y1 agonist MRS2365 or P2Y1 antagonist MRS2500 
10 minutes following IA KA injection when mice had 
presented their first seizure burst showed the opposite 
results when compared to the pretreatment regime. Here, 
the P2Y1 antagonist reduced seizure severity and neurode-
generation, while treatment with the P2Y1 receptor agonist 
increased seizure severity. These results suggest that 
P2Y1-based treatment is highly dependent on the timing 
of intervention. Why P2Y1 behaves differently according 
to the timing of treatment initiation remains elusive. 
However, immunohistochemical analysis shows that 
while P2Y1 receptors are mainly expressed in neurons 
during physiological conditions, they become rapidly 
upregulated in microglia following IA KA. Therefore, a 
likely explanation may be a cell type–specific contribution 
of P2Y1, depending on where it is increased, with predo-
minant neuronal P2Y1 expression reducing hyperexcitabil-
ity and predominant P2Y1 microglial expression 
contributing to increased hyperexcitability via driving 
inflammatory processes.196 To fully address a possible 
cell type–specific contribution of P2Y1 to seizures 
requires, however, the use of a cell type–specific deletion 
of P2Y1 (ie, in neurons and microglia). The role of P2Y1 

is, however, not restricted to microglia, and P2Y1 has also 
been shown to be functional on astrocytes.112 In a rapid 
amygdala kindling model, P2Y1 has been proposed to 
contribute to seizure generation and epilepsy via the med-
iation of astrocytic Ca2+ oscillations226 and to 
restore normal excitatory synaptic activity in the hippo-
campus by blocking TNFα-induced Ca2+ release from 
astrocytes.227 Recently and in line with these results, 
Martorell et al, using a rapid kindling model in rats con-
sisting of ten daily trains of biphasic rectangular current 
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pulses at subthreshold postdischarge intensity applied for 3 
consecutive days, showed that P2Y1 inhibition rescued 
both the abnormal pattern of astroglial Ca2+ activity and 
plastic properties of CA3–CA1 synapses in the epileptic 
hippocampus.228

In contrast to studies analyzing the impact of targeting 
P2Y receptors during status epilepticus, only one study has 
investigated a possible contribution of P2Y receptors to 
epileptogenesis and epilepsy.196 Here, the authors showed 
that treatment with the P2Y1 antagonist MRS2500 post-IA 
KA (3 µg)-induced status epilepticus, delayed the onset of 
epilepsy, and when applied during epilepsy, suppressed 
epileptic seizures, though this effect did not persist during 
treatment withdrawal. Changes in inflammation during 
treatment were not analyzed.196

Targeting of P2Y receptors has shown promising 
results during acute seizures and also during epilepsy 
(Table 1). Again, as with P2X receptors, the exact mechan-
isms of how these receptors impact on seizures or epilepsy 
remains to be established; however, results so far suggest a 
prominent role of P2Y receptor–driven inflammation. 
While P2Y12 seems to be more important for the activation 
of microglia,160 effects mediated via P2Y1 have been 
suggested for both microglia and astrocytes.196 Of note, 
in the case of P2Y1, neuronal expression seems to be 
associated with protective mechanisms,226 and thus target-
ing of P2Y1 in specific cell types may represent a better 
and possibly more efficient pharmacological strategy to 
treat seizures and epilepsy. Whether a cell type–specific 
function is also the case for other P2Y receptors remains to 
be established.

Conclusion
Over the last decade, compelling evidence suggesting an 
important role of P2 receptors during pathological brain 
hyperexcitability has been steadily increasing, with 
encouraging data showing that targeting of these receptors 
not only suppresses neuroinflammatory processes but also 
provides seizure-suppressive and disease-modifying 
effects (Figure 1). However, to advance therapeutic strate-
gies based on P2-receptor targeting further toward clinical 
application, several issues should be addressed.

1. While mounting data suggest anticonvulsive and 
antiepileptogenic effects via targeting of P2 recep-
tors, the mechanisms of action of these receptors 
during seizures and epilepsy are still poorly under-
stood. P2 receptors are described as one of the 

gatekeepers of inflammation, with continuous P2- 
receptor activation believed to contribute to sus-
tained pathological neuroinflammation in the brain, 
possibly contributing to seizures and the develop-
ment of epilepsy. However, how exactly P2 recep-
tors contribute to inflammation during seizures and 
epilepsy is yet not fully understood.

2. P2 receptors have been shown to change their 
expression in different brain regions following sei-
zures and during epilepsy; however, we still lack 
reliable data regarding their cell type–specific 
expression or their subcellular localization, which 
is probably due to a lack of reliable detection tools 
for most of the purinergic receptors. For example, 
while it is well accepted that P2X7 is expressed in 
microglia during epilepsy, its expression on neurons 
is still a matter of debate.99 As such, better detection 
tools (eg, nanobodies, P2-receptor reporter mice190) 
are needed to establish the exact expression profile 
of these receptors during epilepsy.

3. New data suggest a cell type–specific function of P2 
receptors during seizures. For example, neuronal 
P2Y1 expression seems to be anticonvulsive, 
whereas P2Y1 expressed on microglia may be 
proconvulsive.196 Therefore, further investigation is 
needed to clarify the exact cell-specific contribution 
of these receptors to disease progression, requiring 
the use of cell type–specific knockout mice (eg, Cre- 
LoxP).

4. To date, the majority of studies investigating a role 
for P2 receptors in epilepsy have been performed in 
rodent models of seizures, including acute seizures, 
such as Ptz or maximal electroshock, and models 
mimicking TLE, such as KA- or pilocarpine- 
induced status epilepticus. Taking in consideration 
that epilepsy is a heterogeneous group of epilepsy 
syndromes with many etiologies, the analysis of a 
possible role of P2 receptors should be extended to 
other disease models such as models of acquired 
epilepsy (eg, TBI) or genetic models.

5. None of the P2 receptor–based treatments have 
resulted in complete cessation of seizures; however, 
promising data have suggested P2 receptor–based 
treatments as adjunctive treatment for drug-refractory 
epilepsy potentiating effects of anticonvulsants (eg, 
P2X7 antagonism boosting effects of lorazepam in 
the IA KA mouse model119). Importantly, new treat-
ments are unlikely to be applied as monotherapies, and 
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Table 1 In vivo studies demonstrating the impact of P2-receptor targeting in seizures and epilepsy (selected examples)

Acute seizures

Receptor Seizure 

type

Model Approach Effects on 

neuropathology, 

seizures, and 

epilepsy

Effects on inflammation Study

P2X4 Status 

epilepticus

IP KA (dose 8–22 mg/kg) 

Mice, sex not specified

P2X4 KO mice. Neuroprotection 

in the CA1 area of 

the hippocampus. 

No effects on 

behavioral seizures.

Impaired microglial function (eg, 

cell recruitment and upregulation 

of voltage-dependent potassium 

channels) in P2X4-KO mice.

142

P2X7 Status 

epilepticus

IP KA (25 mg/kg), 

IP pilocarpine (150, 175, 200, 

225, or 250 mg/kg), IP 

picrotoxin (5 mg/kg) 

Mice, male

P2X7 KO mice. 

P2X7 antagonists: OxATP (5 mM), 

A438079 (10 μM), A740003 (10 

μM) delivered over 1 week via 

osmotic minipump before seizure 

induction.

P2X7 deletion and 

blockade increased 

pilocarpine- 

induced seizure 

susceptibility via 

nonglutamatergic 

and non- 

GABAergic 

transmission. 

No effects on 

seizures in KA or 

picrotoxin models.

Not studied. 205

Status 

epilepticus

IP pilocarpine (380 mg/kg) 

Rats, male

P2X7 agonist: BZATP (5 mM, ICV) 

given 1 week prior to pilocarpine 

injection. 

P2X7 antagonists: OxATP (5 mM), 

A740003 (5 mM) and A438079 (10 

μM), via osmotic minipump 1 week 

prior to pilocarpine injection.

BzATP attenuated 

SE-induced 

neuronal damage. 

OxATP-, A438079, 

and A740003 

increased neuronal 

death. 

Effect on seizures 

was not studied.

BzATP increased TNFα 
immunoreactivity in dentate 

granule cells, while OxATP 

decreased it. 

Reduced astroglial death and 

reduced infiltration of neutrophils 

mediated via P2X7 antagonism.

206–208

Status 

epilepticus

IA KA (3 µg) 

Mice, male

P2X7 KO mice. 

P2X7 agonist: BZATP (0.1 nmol, 

ICV) given 10 minutes prior to KA 

injection. 

P2X7 antagonists: A438079 (1.75 

nmol, ICV), BBG (1 nmol, ICV) 

given 10 minutes prior to KA 

injection and during SE. 

P2X7R antibody (0.7 mg/mL, ICV) 

given 10 minutes prior to KA 

injection.

Increased seizure 

severity after 

P2X7-agonist 

treatment. 

P2X7 antagonists/ 

P2X7R KO 

reduced seizures 

and 

neuroprotection in 

hippocampus and 

cortex.

P2X7 antagonists blocked IL1β and 

reduced the number of activated 

microglia after SE.

119, 188

Status 

epilepticus

IM coriaria lactone (40 mg/ 

kg) 

Rats, male

P2X7 antagonists: BBG (1, 5, 10 µg, 

ICV), A740003, A740003 (10 µM, 

ICV), A438079 (10 µM, ICV), 

A740003 (10 µM, ICV), given prior 

to KA injection.

P2X7 antagonism 

reduced neuronal 

damage, seizures.

P2X7 antagonism reduced 

inflammation (astrogliosis and 

microgliosis).

197

(Continued)
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Table 1 (Continued).  

Focal, 

generalized, 

and 

generalized 

tonic–clonic

Timed IV Ptz infusion test 

(1% Ptz 2 mL/min), MES-T, 

and 6 Hz electroshock- 

induced seizures (0.2 ms 

square pulse at 6 Hz for 3 

seconds) 

Mice, male

P2X7 antagonists: BBG (50–200 mg/ 

kg, IP) given 30 minutes before 

seizure induction.

Reduced seizures 

during 6 Hz test 

(focal seizure) via 

BBG. 

No significant 

anticonvulsive 

effects of BBG in IV 

Ptz and MES-T test 

(generalized and 

generalized tonic– 

clonic seizures).

Not studied. 204

Absence 

seizures

Male WAG/Rij rats (inbred 

strain with genetic absence 

epilepsy) 

Rats, male

P2X7 agonist: 

BZATP (50 μg and 100 μg, ICV). 

P2X7 antagonists: A438079 (20 μg 

and 40 μg, ICV).

No effects of P2X7 

agonists or 

antagonists on 

spike-wave 

discharges.

Not studied. 10

Acute 

(tonic– 

clonic)

MES-T (inusoidal pulses 

4–14 mA, 50 Hz, 0.2 

seconds’ duration) and SC 

Ptz-T (87 mg/kg) 

Mice, male

P2X7 antagonists: JNJ47965567 (15 

or 30 mg/kg, IP), AFC5128 (25 or 

50 mg/kg, IP), BBG (50 mg/kg, IP), 

tanshinone (30 mg/kg, IP), given 

prior to induction of seizures.

No effects on acute 

seizures of P2X7 

antagonism when 

given alone. 

Reduced seizure 

severity when 

P2X7 antagonists 

were given in 

combination with 

carbamazepine.

Not studied. 203

P2Y1 Status 

epilepticus

IP KA (10 mg/kg) 

intrahippocampal injection of 

quinolinic acid (1 µL at 0.2  

µL/min) 

Rats, male

P2Y1 antagonist: MRS2500 (1 nmol, 

ICV) given prior to KA injection.

P2Y1 antagonist– 

mediated 

neuroprotection, 

but no impact on 

seizure severity.

Not studied. 225

Status 

epilepticus

IA KA (3 µg/2 µL) and IP 

pilocarpine (340 mg/kg) 

Mice, male

P2Y1 antagonist: MRS2500 (1 nmol, 

ICV) given prior to KA and during 

SE. 

P2Y1 agonist: MRS2365 (0.3 and 1 

nmol, ICV) given prior to KA and 

during SE. 

P2Y1 KO mice.

P2Y1 KO mice: 

Increase in seizure 

severity during SE 

and 

neurodegeneration. 

Pretreatment: P2Y1 

agonist reduced 

seizure severity 

and protected 

brain from damage; 

P2Y1 antagonism 

increased seizure 

severity and brain 

damage. 

Treatment during SE: 

P2Y1 agonist 

increased seizure 

severity; P2Y1 

antagonism 

decreased seizure 

severity and brain 

damage 

(hippocampus and 

cortex).

P2Y1 KO mice: Reduced astrogliosis. 

Pretreatment: P2Y1 agonist reduced 

astrogliosis and P2Y1 antagonism 

increased astrogliosis. 

Treatment during SE: P2Y1 agonist 

increased astrogliosis and P2Y1 

antagonist decreased astrogliosis.

194, 196

(Continued)
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Table 1 (Continued). 

P2Y12 Status 

epilepticus

IP KA (18–22 mg/kg) and 

ICV KA (0.12–0.18 µg) 

Mice, male and female

P2Y12 KO mice. Increased seizure 

phenotype in 

P2Y12-deficient 

mice.

Reduced hippocampal microglial 

processes toard neurons.

160

Epilepsy

Receptor Model Approach Effects on 

seizures and 

epilepsy

Effects on inflammation Study

P2X3 IP Ptz (30 mg/kg) 

Mice, male

P2X3 antagonist: NF110 (20 nM, 40 

nM, and 60 nM, ICV) given from 

day 1 until the end of the study 

(day 42).

Not studied. Reduced proinflammatory 

cytokines, oxidative stress, and 

mitochondrial dysfunction.

221

P2X7 IP Ptz kindling (35 mg/kg) 

Rats, male

P2X7 antagonists: JNJ47965567 (30 

mg/kg, IP), AFC5128 (50 mg/kg, IP), 

BBG (50 mg/kg, IP), tanshinone (30 

mg/kg, IP) given prior to Ptz 

injection.

AFC5128 and 

JNJ47965567 

showed a 

significant and long- 

lasting delay in 

kindling 

development.

AFC5128 and JNJ47965567 

reduced IBA1 and GFAP 

immunoreactivity in the 

hippocampus.

203

IP Ptz kindling (30 mg/kg) 

Rats, sex not specified

P2X7 antagonist: BBG (15 and 30 

mg/kg, IP) given 30 minutes before 

Ptz injection.

Reduced 

generalized tonic– 

clonic seizures 

(kindling seizures). 

Improved motor 

performance and 

cognitive deficits.

Not studied. 209

IP pilocarpine (370 mg/kg) 

Rats, male

P2X7 antagonists: AZ10606120 (3 

µg, ICV), BBG (50 mg/kg, IP), one 

injection per day for 4 days post- 

SE.

P2X7 antagonisms 

increased seizure 

frequency and 

seizure severity 

during epilepsy.

Not studied. 213

IP pilocarpine (370 mg/kg) 

Rats, male

P2X7-targeting siRNA (ICV) given 

6 hours post-SE.

P2X7-targeting 

siRNA treatment led 

to neuroprotection 

in hippocampus, 

reduced edema, and 

reduced mortality 

following SE. In 

addition, P2X7 

suppression delayed 

seizure onset and 

seizure numbers 

during chronic 

epilepsy.

Not studied. 210

Intrahippocampal KA (4 µg) 

Rats, male

P2X7 antagonist: BBG (2 nM, ICV) 

given 30 minutes prior to induction 

of SE.

Pretreatment with 

linagliptin/BBG 

reduced seizure 

severity, improved 

spatial memory, 

and reduced 

neuronal cell death 

and aberrant 

mossy-fiber 

sprouting.

BBG/linagliptin therapy decreased 

astrogliosis.

211

(Continued)
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Table 1 (Continued).  

Timed IV Ptz-infusion test (1% Ptz 2 mL/min), 

MES-T, and 6 Hz electroshock-induced 

seizures (0.2 ms square pulse at 6 Hz for 3 

seconds) 

Mice, male

P2X7 antagonists: BBG (25–100 mg/ 

kg, IP) given for 7 consecutive days.

Reduced seizures 

during 6 Hz test 

(focal seizure) via 

BBG. 

No significant 

anticonvulsive 

effects of BBG in IV 

Ptz or MES-T 

(generalized and 

generalized tonic– 

clonic seizures).

Not studied. 204

P2Y1 IA KA (3 µg) 

Mice, male

P2Y1 antagonist: MRS2500 (1 nmol, 

ICV) given 4 and 24 hours post-SE.

P2Y1 antagonism 

delayed epilepsy 

development.

Not studied. 196

Rapid kindling model (biphasic square current 

pulses [1 ms] for 10 s at 50 Hz, delivered ten 

times per day every 20 minutes) 

Rats, male

P2Y1 antagonist: MRS2179 (10 µM, 

ICV) given prior to and after 

kindling.

Not studied. MRS2179 decreased astroglial Ca2+ 

oscillations by reducing the 

frequency of slow Ca2+ transients, 

thereby restoring the balance 

between slow and fast Ca2+ 

transients.

153, 226, 228

Epilepsy

Receptor Model Approach Effects on 

seizures and 

epilepsy

Effects on inflammation Study

P2X7 Multiple low-dose IP KA (22.2±2.02 mg/kg) 

Rats, male

P2X7 antagonist: JNJ47965567 (0.6 

g/kg/2mL, osmotic minipump) given 

during a week.

Decreased seizure 

severity, but no 

changes in the total 

number of seizures.

P2X7 antagonist did not alter 

microglia activation or astrogliosis.

214

IA KA (3 µg) 

Mice, male

P2X7 antagonist: JNJ47965567 (30 

mg/kg, IP) given 10 days post-SE for 

5 days.

Reduced seizure 

frequency during 

treatment and for 

an additional 5 days 

posttreatment.

Decreased inflammation 

(astrogliosis and microgliosis).

192

P2Y1 IA KA (3 µg) 

Mice, male

P2X7 antagonist: MRS2500 (1 nmol, 

ICV) given 10 days post-SE for 5 

days.

Reduced 

spontaneous 

seizures, delaying 

epilepsy 

development 

during treatment.

Not studied. 196

P2Y13 Brain tissue from patients with mesial 

temporal lobe epilepsy

P2Y1 antagonist: MRS2500 (10 uM). 

P2Y13 antagonist: MRS2211 (10 uM).

Not studied. Joint application of P2Y1 and P2Y13 

antagonists suppressed retraction 

of microglial processes in human 

tissue from epilepsy patients.

171

Abbreviations: ADP, adenosine diphosphate; BBG, Brilliant Blue G; BzATP, 2ʹ(3ʹ)-O-(4-benzoylbenzoyl)adenosine-5ʹ-triphosphate; IA, intraamygdala; IM intramuscular; IP, 
intraperitoneal; ICV, intracerebroventricular; IV, intravenous; KA, kainic acid; KO, knockout; MES-T, maximal electroshock seizure–threshold test; Ptz-T, pentylenetetrazol 
seizure–threshold test; SE, status epilepticus.
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are most likely used as adjunctive therapy in combina-
tion with ASDs already in clinical use. Therefore, 
future studies should target P2 receptors in combina-
tion with ASDs to identify better options for seizure 
control during pharmacoresistant epilepsy.

6. Studies to date have analyzed P2 receptors sepa-
rately; however, this receptor family is constituted 
of P2X and P2Y receptors, which can have syner-
gistic effects on each other. Multitargeting 
approaches should be carried out in future studies. 

Figure 1 The vicious cycle of inflammation and purinergic signaling underlying epilepsy progression. (A) Following an acquired initial insult to the brain, (1) ATP is released 
from cells via exocytotic mechanisms, through leakage across damaged membranes, and through purinergic channels, such as P2X7 receptors and pannexin 1. Once released, 
ATP activates P2 receptors or is metabolized by ectonucleotidases into different breakdown products, such as ADP. ATP and ADP act on the P2 receptors to induce motility, 
proliferation, and reactivity of microglia and astrocytes. (2) Activation of P2X receptors on microglia via ATP induces inflammasome activation and upregulation of 
inflammatory transcription factors (NFκB and NFAT), leading to cytokine release. Activation of P2Y1 also induces cytokine release. However, the P2Y12 receptor acts to 
oppose these proinflammatory cascades. P2 receptor activation also stimulates release of ATP from microglia. (3) Activation of P2Y1 on astrocytes releases Ca2+ from the 
endoplasmic reticulum, leading to further cytokine release and ATP release. Acting as a paracrine-signaling molecule, ATP can potentiate these inflammatory cascades. (4) An 
increase in inflammation of the brain and large amounts of ATP release increases the excitability of the brain, resulting in seizures and epilepsy progression. Chronic 
inflammation and excitotoxicity induced by seizures leads to further ATP release and epilepsy progression. (B) Effects of blocking P2 receptors at the different stages of 
acquired epilepsy progression following an initial insult to the brain (eg, status epilepticus).
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For example, inhibition of both P2Y1 and P2X7 at 
the same time may improve their effectiveness 
against seizures and delay or stop the progression 
of epilepsy, possibly improving previously reported 
disease-modifying effects.192

7. The lack of reliable biomarkers to predict seizures 
and/or the development of epilepsy remains an 
important gap in the field. Blood-based inflamma-
tion markers have been suggested as strong candi-
dates for the diagnosis of epilepsy.22 Of note, a 
recent study showed that blood-purine levels corre-
lated with seizure severity in mice and were elevated 
in humans with epilepsy, demonstrating their diag-
nostic potential.229 Future studies should be 
designed to establish the diagnostic and prognostic 
potential of purinergic signaling for epilepsy and 
whether we can stratify patients according to the 
need for P2 receptor–based treatment.

Abbreviations
ADK, adenosine kinase; ADP, adenosine-5ʹ-diphosphate; 
AMP, adenosine monophosphate; ASDs, antiseizure drugs; 
ATP, adenosine 5ʹ-triphosphate; BBB, blood–brain barrier; 
BBG, Brilliant Blue G; BzATP, 2,3-O-(4-benzoylbenzoyl) 
ATP; cAMP, cyclic AMP; CNS, central nervous system; 
DAMPs, damage-associated molecular patterns; GABA, γ- 
aminobutyric acid; GFAP, glial fibrillary acidic protein; 
HMGB1, high-mobility group box 1; ILAE, International 
League Against Epilepsy; IL, interleukinIRF5, interferon 
regulatory factor; IA, intraamygdala; IP, intraperitoneal; IV, 
intravenous; NFAT, nuclear factor of activated T cells; NFκB, 
Nuclear factor κ light–chain enhancer of activated B cells; 
NMDA, N-methyl-D-aspartate; NR2B, N-methyl-D-aspar-
tate receptor subtype 2B; NLRP3, NLR family, pyrin domain 
containing 3; OxATP, oxidized ATP; P2XRs, P2X receptors; 
P2YRs, P2Y receptors; PDI, protein disulfide isomerase; 
PI3K, phosphatidylinositol-3-kinase; Ptz, pentylenetetrazol; 
STAT3, signal transducer and activator of transcription 3; 
TLE, temporal lobe epilepsy; TLR4, Toll-like receptor 4; 
TNF, tumor necrosis factor; TBI, traumatic brain injury; 
VNUT, vesicular nucleotide transporter.
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