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P2X7 receptors (Rs) constitute a subclass of ATP-sensitive ionotropic receptors (P2X1-P2X7). P2X7Rs have many distinguishing fea-
tures, mostly based on their long intracellular C terminus regulating trafficking to the cell membrane, protein—protein interactions, and
post-translational modification. Their C-terminal tail is especially important in enabling the transition from the nonselective ion channel
mode to a membrane pore allowing the passage of large molecules. There is an ongoing dispute on the existence of neuronal P2X7Rs with
consequences for our knowledge on their involvement in neuroinflammation, aggravating stroke, temporal lobe epilepsy, neuropathic
pain, and various neurodegenerative diseases. Whereas early results appeared to support the operation of P2X7Rs at neurons, more
recently glial P2X7Rs are increasingly considered as indirect causes of neuronal effects. Specific tools for P2X7Rs are of limited value
because of the poor selectivity of agonists, and the inherent failure of antibodies to differentiate between the large number of active and
inactive splice variants, or gain-of-function and loss-of-function small nucleotide polymorphisms of the receptor. Unfortunately, the
available P2RX7 knock-out mice generated by pharmaceutical companies possess certain splice variants, which evade inactivation. In
view of the recently discovered bidirectional dialogue between astrocytes and neurons (and even microglia and neurons), we offer an
alternative explanation for previous data, which assumedly support the existence of P2X7Rs at neurons. We think that the unbiased
reader will follow our argumentation on astrocytic or microglial P2X7Rs being the primary targets of pathologically high extracellular

ATP concentrations, although a neuronal localization of these receptors cannot be fully excluded either.

Introduction

P2XR types

ATP-sensitive P2 receptors (Rs) have been classified into two
groups: the ligand-gated P2X type and the G-protein-coupled
P2Y type (Abbracchio and Burnstock, 1994). Scientific interest in
P2Rs considerably increased after their successful cloning in 1983
(Webb et al., 1993; Surprenant et al., 1996; Burnstock, 2013).
Within the P2X-type, 7 subtypes have been identified (P2X1-7),
which form homotrimeric and heterotrimeric assemblies and
mediate rapid transmembrane ionic fluxes. The P2X7R is unique
in occurring only as a homotrimer and causing, in addition to
immediate effects, also molecular changes on a much longer
time-scale, such as proliferation and apoptosis (Surprenant et al.,
1996; North, 2016). It has two transmembrane regions, intracel-
lular N- and C-termini, as well as a large extracellular loop. As
inferred from crystallization and x-ray diffraction of the zebrafish
P2X4R (Hattori and Gouaux, 2012) and, more recently, the hu-
man P2X3R (Mansoor et al., 2016), as well as from earlier mu-
tagenesis studies (North, 2002), the binding pouch for ATP is

Received Feb. 16, 2017; revised May 22, 2017; accepted May 24, 2017.
This study was supported by Deutsche Forschungsgemeinschaft Grant IL 20/21-1 and Sino-German Center for the
Promotion of Science GZ 919. T.M.K. was supported by Deutsche Akademische Austauschdienst scholarship.
The authors declare no competing financial interests.
Correspondence should be addressed to Dr. Peter Illes, Rudolf-Boehm-Institut fiir Pharmakologie und Toxikologie,
University of Leipzig, Haertelstrasse 16 —18,04107 Leipzig, G E-mail: peter.il Jizin.uni-leipzig.de
DOI:10.1523/INEUR0SCI.3103-16.2017
Copyright © 2017 the authors ~ 0270-6474/17/377049-14$15.00/0

harbored at the intersection of the extracellular loops of two
neighboring subunits. The C-terminal region of P2X7Rs is
much longer than that of the other subtypes, which regulates
trafficking to the cell membrane, protein—protein interactions,
and post-translational modification (Feng et al., 2005; Roger et
al., 2008, 2010; Costa-Junior et al., 2011). The C terminus is
especially important in enabling the transition from the nonse-
lective ion-channel mode to a large membrane pore allowing
the diffusion of molecules up to 900 Da (e.g., ATP, glutamate,
GABA) (Sperlégh et al., 2006) and fluorescent dyes (Surpre-
nant et al., 1996; Bartlett et al., 2014) according to their con-
centration gradient. Hence, ATP is an agonist at the receptor pore
as well as a molecule that permeates the dilated receptor or its
associated pore and subsequently strengthens the agonist-induced re-
ceptor activation.

The P2X7R

Kinetic modeling coupled with electrophysiological experiments
suggest that, in the absence of extracellular ATP, P2X7Rs remain
closed. When one ATP molecule is bound, the receptor becomes
desensitized, whereas the binding of two molecules triggers con-
formational changes leading to the opening of the nonselective
cationic channel (Yan et al., 2010). The occupation of three bind-
ing sites initiates the generation of a large membrane pore (Yan et
al., 2010). There are multiple, mutually exclusive hypotheses ex-
plaining the construction of this pore: (1) high concentrations of
ATP for extended periods of time or repetitive application of ATP
pulses cause channel dilation, which is an inherent property of
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other P2XRs, such as P2X4 as well (Chaumont and Khakh, 2008);
(2) the shift in equilibrium potential characterizing channel con-
ductance leads to time-dependent alterations in the concentra-
tion of intracellular ions rather than channel dilation (Li et al.,
2015); and (3) pore opening is due to the recruitment of an ac-
cessory protein, the pannexin-1 channel (Pelegrin and Surpre-
nant, 2006).

The classic P2X7R in monocytes/macrophages and microglia
Already before the cloning of the P2X7Rs by Surprenant et al.
(1996), a native receptor found in lymphocytes and macro-
phages, originally termed P2Z, has been shown to mediate ATP-
induced plasma membrane permeability and cytotoxicity (Gordon,
1986). P2X7Rs are considered to be identical with P2ZRs in both
their preferential location at cells of the hematopoietic linage and
their necrotic/apoptotic properties (Surprenant et al., 1996; Vo-
lonté et al., 2012). Indeed, P2X7Rs have a widespread distribution
at lymphocytes, monocytes/macrophages, and dendritic cells, but
also in platelets and erythrocytes (Di Virgilio et al., 2001). In the
CNS, P2X7R-mRNA and protein were originally thought to be
confined to microglia, activated, for instance, by ischemia due to
medial cerebral artery occlusion (MCAO) (Collo et al., 1997).
Microglia are resident macrophages of the brain and arise from
the yolk sac erythromyeloid precursors that invade the brain early
in the course of embryonic development (Sperldgh and Illes,
2007; Bhattacharya and Biber, 2016). P2X7Rs confine to micro-
glia a whole range of properties causing indiscriminate damage to
neurons as confirmed for neuron/microglia cocultures (Skaper et
al., 2006). Immediate consequences of P2X7R stimulation are the
release of inflammatory mediators through (1) the costimulation
of the post-translational processing of interleukin-13 (IL-13)
upon an LPS stimulus; (2) the shedding of microvesicles and
thereby the release of IL-1f3 into the extracellular environment;
(3) the expression of inducible nitric oxide synthase and in con-
sequence increased NO production; (4) the generation of reactive
oxygen intermediates, in particular superoxide; and (5) the secre-
tion of diacylglycerol lipase responsible for endocannabinoid
production and the simultaneous inhibition of monoacylglycerol
lipase responsible for endocannabinoid degradation (Sperlagh et
al., 2007; Skaper et al., 2009, 2011; Turola et al., 2012). P2X7Rs
induce apoptosis in glial cells via the activation of the caspase
pathway, and necrosis via opening of membrane pores and the
subsequent loss of intracellular proteins of vital significance.
P2X7Rs drive not only microglial activation but also its prolifer-
ation, potentially leading to a deleterious cycle of neuroinflam-
mation and neurodegeneration (Monif et al., 2010).
P2X7R-immunoreactivity (IR) in the rodent brain has been
shown to be upregulated after MCAOQ, at first in microglia (Collo
et al., 1997) but then, with a temporal lag, also in astrocytes and
neurons (Franke et al., 2004; Pedata et al., 2016). Under in vitro
conditions, mimicking ischemic damage of HEK293 cells by in-
cubation with an oxygen/glucose-deprived medium facilitated
the integration of wild-type P2X7Rs into the plasma membrane,
although the integration of their trafficking-deficient mutants
did not occur (Milius et al., 2007). Thus, it was concluded that
hypoxia/ischemia leads to the increased expression of P2X7Rs in
the cellular membrane by promoting trafficking from the en-
doplasmic reticulum and Golgi apparatus where these recep-
tors are synthesized. Apparently, the direct damage of neurons
by MCAO-induced metabolic limitation in the central necrotic
area of the parietal cortex is followed in the surrounding penum-
bra by a more slowly developing disturbance due to the activation
of microglia and the secretion of their inflammatory mediators in
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consequence of P2X7R upregulation (Illes and Verkhratsky,
2016). The participation of microglia in all types of subacute and
chronic injuries of CNS neurons, including neurodegenerative
diseases, has been discussed in a number of excellent overviews
(Sperlagh and Tlles, 2007, 2014; Skaper et al., 2010; Burnstock et
al., 2011; Volonté et al., 2012; Bartlett et al., 2014; Bhattacharya
and Biber, 2016) and will not be reviewed here. We will rather
focus on cells of the neural linage, such as neurons and neuroglial
cells (astrocytes, Bergmann glia, Miiller cells, oligodendrocytes)
and their mutual interaction in shaping normal and pathological
CNS functions.

The neuronal P2X7R: early arguments for and subsequent
doubts in their existence

P2X7R-mRNA and protein in neurons

RT-PCR and Western blotting confirmed the presence of P2X7R-
mRNA and protein in extracts of the spinal cord and medulla
oblongata (Deuchars et al., 2001), midbrain (Gémez-Villafuertes
etal., 2001; Marin-Garcia et al., 2008), hippocampus (Sperlagh et
al., 2002), and cerebral cortex (Wirkner et al., 2005) of rodents. In
addition, in situ hybridization helped to attribute P2X7R-mRNA
to neurons in diverse areas of the brain (Deuchars et al., 2001; Yu
etal., 2008). Immunohistochemistry indicated the colocalization
of P2X7R-IR with the neuronal marker microtubule-associated
protein-2 in cultured cerebrocortical neurons (Wirkner et al.,
2005; Fischer et al., 2009a). Antibodies in conjunction with elec-
tron microscopy revealed that P2X7R-IR is present in presynap-
tic nerve terminals of the CNS (Deuchars et al., 2001; Sperldgh et
al., 2002). Moreover, P2X7R-IR was detected in synaptosomal
preparations (isolated synaptic terminals) of cerebellar granule
cells (Sanchez-Nogueiro et al., 2005), hippocampal neurons
(Rodrigues et al., 2005), and cerebrocortial neurons (Alloisio et
al., 2008).

Evidence for functional P2X7Rs in neurons

Electrophysiological recordings in brain and spinal cord slices
(Deucharsetal., 2001; Ireland et al., 2004) or neuronally enriched
cerebrocortical cell cultures (Wirkner et al., 2005), as well as mea-
surement of the release of tritiated GABA from brain slices (Sper-
lagh et al., 2002) were considered to indicate the presynaptic
facilitatory effect of ATP and its structure analog dibenzoyl-ATP
(Bz-ATP) at presynaptic P2X7Rs. Bz-ATP is a prototypic P2X7R
agonist, exhibiting higher potency at this receptor type than ATP
itself. The stimulus for transmitter release was the ATP/Bz-ATP-
induced rise of intracellular Ca** ([Ca®"];) as demonstrated
by Ca*" imaging in synaptosomes (Miras-Portugal et al., 2003;
Sanchez-Nogueiro et al., 2005; Marin-Garcia et al., 2008).

The arguments for the existence of presynaptic P2X7Rs critically
depend on the selectivity of the respective antibodies. However,
three batches of antibodies, binding to intracellular C-terminal or
ectodomain epitopes, yielded different immunoreactivity pat-
terns (Anderson and Nedergaard, 2006). Still more importantly,
all antibodies stained not only hippocampal structures of wild-
type mice, but also those of two separate P2X7R knock-out
strains generated by the pharmaceutical companies Pfizer or
Glaxo Smith Kline (Sim et al., 2004). By contrast, the labeling of
P2X7Rs in peripheral organs was robust in wild-type and absent
in knock-out animals (Sim et al., 2004). The picture became still
more confusing when it was reported that midbrain synaptic
terminals (synaptosomes) of the Pfizer P2RX7 '~ mice possess
functional P2X7Rs mediating ATP and Bz-ATP-induced [Ca*" ]
transients in a Brilliant Blue G (BBG)-antagonizable manner
(Sanchez-Nogueiro et al., 2005; Marin-Garcia et al., 2008). It was
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concluded that an unidentified P2X7R-like protein is involved in
the functional responses. These apparent riddles were resolved
only some time afterward. There are several splice variants and
small nucleotide polymorphisms of mammalian P2X7Rs, all of
which are widely expressed in the nervous system and some of
which may escape inactivation by genetic deletion (Sperlagh and
Illes, 2014). In humans, 7 naturally occurring splice variants were
initially reported and termed P2X7B to P2X7H (Cheewatrakool-
pong et al., 2005; Bartlett et al., 2014). A naturally occurring
truncated isoform (P2X7B) of the human wild-type P2X7R
(P2X7A) has been found in the CNS probably participating in the
control of cell growth (Adinolfietal., 2010). A C-terminally trun-
cated variant of the mouse P2X7R has also been identified, which
partly retains its functionality when present in tissues of the
P2RX7 gene-deficient Pfizer mice (Masin et al., 2012). Another
isoform is the P2X7(k) variant, which, in contrast to the origi-
nally identified P2X7(a), is sensitive to ADP ribosylation and is
present in the Glaxo mouse (Nicke et al., 2009; Schwarz et al.,
2012). ADP ribosylation is a distinctive feature of the mouse
P2X7R in that it can be activated by extracellular nicotinamide
dinucleotide (NAD ™) by means of an ADP-ribosyltransferase 2 co-
enzyme (Adriouch et al., 2008). Eventually, gain-of-function or
loss-of-function small nucleotide polymorphisms may also exist
in the two knock-out mouse strains mentioned (Fuller et al.,
2009; Bartlett et al., 2014). Hence, functional splice variants and
naturally occurring mutants of the P2X7R as well as of their wild-
type counterparts are equally labeled by P2X7R antibodies; this
may lead to erroneous conclusions with regard to functionality.

Notwithstanding some uncertainty, it was concluded in 2006
that neuronal P2X7Rs exist not only as spurious immunological
signals but as true operational units regulating the function of
neurons (Anderson and Nedergaard, 2006; Sperlagh et al., 2006).
It was suggested that at least two of three criteria have to be
fulfilled before a P2XR can be classified as belonging to the P2X7
subtype (Anderson and Nedergaard, 2006). These criteria are the
following: (1) the effects of ATP/Bz-ATP should be potentiated in
a low divalent cation containing external medium, probably due
to the removal of an allosteric blockade of the receptor by Ca**
(Yan et al., 2011); (2) Bz-ATP should have a higher agonistic
potency than ATP; and (3) BBG or other selective P2X7R antag-
onists should block the receptors already at rather low concen-
trations. Indeed, these criteria are of considerable help in
identifying P2X7Rs in various tissues.

Astroglial P2X7Rs

P2X7R-mRNA and protein in astroglial cells

Even if P2X7Rs were absent at neurons, neuroglial/microglial
P2X7Rs could trigger the release of signaling molecules that there-
after initiate seemingly primary neuronal functions. P2X7R-mRNA
and protein have been detected in both cultured astrocytes as well
as in their counterparts localized in brain/spinal cord slices or in
whole animals (Illes et al., 2012). RT-PCR, Western blotting, and
immunohistochemistry of astrocytic cultures obtained from the
rat cerebral cortex documented the presence of P2X7Rs (Fischer
etal., 2009b). In acutely isolated human Miiller cells of the retina,
single-cell RT-PCR identified the message for P2X7Rs (Pannicke
et al., 2000). In cultured astrocyte-like satellite glial cells of rat
DRGs, P2X7R-IR was detected (Chen et al., 2008). Hippocampal
(Kukley et al., 2001) as well as accumbal and cortical astrocytes of
rats stained for P2X7R-IR (Franke et al., 2012), although the
latter ones only after mechanical or ischemic injury.
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Evidence for functional P2X7Rs in astroglial cells
P2X7R-mediated currents were found to mediate cationic cur-
rents in acutely isolated human Miiller cells of the retina (Pan-
nicke et al., 2000). Such currents were identified recently also in
cultured rat cortical astrocytes (Duan et al., 2003; Norenberg et
al., 2010) and in astrocytes patch-clamped in acute brain slices of
rats and mice (Oliveira et al., 2011). Further, in cultured cerebro-
cortical astrocytes, P2X7Rs were identified as the main pathway
for Ca** entry, although astroglial P2YRs possibly also contrib-
ute to the ATP or Bz-ATP-induced Ca>™ transients (Fumagalli et
al., 2003; Nobile et al., 2003). In the cerebellum of mice, Berg-
mann glial cells expressed P2X7Rs responding to Bz-ATP with
inward current and depolarization, potentiated in the absence of
extracellular Ca®*/Mg®" and blocked by P2X7R antagonists
(Habbas et al., 2011). Bz-ATP-induced [Ca**]; transients in
mouse cerebellar astrocytes exhibited two components, namely,
an initial rapid metabotropic phase followed by a sustained one
that depended on extracellular Ca** (Salas et al., 2013). This
latter phase was absent in astrocytes from P2RX7 /" mice, was
modulated by extracellular Mg>*, and was sensitive to the
P2X7R-antagonistic BBG and A-438079. Continuous Bz-ATP
application caused a gradual increase in membrane permeability
to large cations, such as N-methyl-D-glucamine, and led ulti-
mately to the death of the mouse astrocytes (Salas et al., 2013).

The long-term effects of P2X7R stimulation in astrocytic cul-
tures and their second-messenger mechanisms have been exten-
sively investigated (Duan and Neary, 2006; Burnstock et al., 2011;
Franke et al., 2012; Illes et al., 2012; Rodrigues et al., 2015). The
validity of the conclusions drawn by the reviewed studies is often
hampered by the lack of selective P2X7R antagonists used in
combination with the prototypic but unselective agonist Bz-ATP.
Hence, we will not discuss the effects of P2X7R stimulation continu-
ing over days or weeks and culminating in apoptosis/necrosis.

The neuroinflammatory astroglial P2X7R

As mentioned before in microglia, P2X7Rs tightly control the
synthesis and release of the inflammatory cytokine IL-13 (Skaper
etal., 2006). P2X7Rs are linked, probably via pannexin channels,
to the inflammasome, which is a protein complex consisting of
caspase-1, apoptosis-associated speck-like protein, and nod-like
receptor protein (NLRP1 or NLRP3) (Pelegrin and Surprenant,
2006, 2009; Di Virgilio, 2007). The inflammasome is a compo-
nent of the innate immune system and is responsible for the
activation of inflammatory processes.

The P2X7R-pannexin complex

Gap junctions in vertebrates are comprised of two docked con-
nexin (Cx) hemichannels linking the cytosol of adjacent cells,
whereas in invertebrates they are built up of innexins of related
structure. Homologous to innexins are the vertebrate pannexins
(Panx), which, however, do not form gap junctions and exist only
as channels (Sosinsky et al., 2011; Bennett et al., 2012). In verte-
brates, Cx-43 and Panx-1 hemichannels are pathways to release
ATP into the extracellular space, which then plays important
roles in secondary inflammatory reactions following, for exam-
ple, traumatic spinal cord or optic nerve damage (C. Huang et al.,
2012; Beckel et al., 2014), as well as ischemic brain injury (Barg-
iotas etal., 2009; Orellana et al., 2014). Fibroblast growth factor-1
(FGF-1) is secreted in response to mechanical traumata inflicted
upon the spinal cord (Koshinaga et al., 1993). FGF-1 induces
within minutes the release of ATP from astrocytes by a vesicular
mechanism; this ATP then activates P2X7Rs and pannexin chan-
nels, and consequently triggers a further release of ATP (Garré et
al., 2010, 2016). FGF-1, ATP, and P2X7Rs thereby contribute to
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Figure 1. Schematic of the tripartite synapse, which consists of the presynaptic neuronal
terminals, the innervated soma-dendritic structures of the postsynaptic neuron, and the astro-
cytic processes projecting to the synapse. ATP is synthesized in mitochondria of neurons and
astrocytes. It is either stored in the cytosol or is taken up from the cytosol into synaptic vesicles.
The release into the extracellular space occurs via transporters or exocytotic mechanisms. In
addition, during brain or spinal cord injury, ATP may pour out from the cell interior through the
damaged plasma membrane. ATP then binds to its specific receptors (P2X, P2Y) and becomes
afterward sequentially degraded to adenosine and finally to the inactive metabolite inosine.
Adenosine stimulates its own receptors (e.g., A1). The P2X, P2Y, and adenosine receptors may
be located at neuronal terminals, postsynaptic soma/dendritic elements, and astrocytes. We
think that an important member of the P2XR family (P2X7) is predominantly astrocytic and
regulates neuronal functions by gliotransmitters/signaling molecules. Modified with permis-
sion from llles (2006).

an early inflammatory phase characterized by the recruitment of
phagocytotic and cytokine/chemokine secreting monocytes/
macrophages (Garré et al., 2010, 2016). Prenatal exposure to
inflammatory conditions by injecting LPS to pregnant mice
resulted in the astrocytes of their offspring in an enhanced release
of ATP through pannexin unopposed channels (Avendano et
al., 2015). This ATP then caused neuronal death by P2X7R
activation.

Already before realizing the close association between P2X7Rs
and Panx-1 channels, convincing evidence was presented for the
release of glutamate (Duan et al., 2003; Fellin et al., 2006) and
ATP itself (Suadicani et al., 2006, Suadicani et al., 2009) through
P2X7Rs. Of course, other mechanisms of glutamate/ATP release
from astrocytes are also possible (Duan et al., 2006). These are,
for example, the reversal of neurotransmitter transporters, ABC
transporters, Ca>"-dependent exocytosis, lysosomal release, con-
nexin hemichannels, and osmolytic transporters linked to anion
channels (Illes and Ribeiro, 2004; Duan and Neary, 2006;
Lohman et al., 2012).

Glia-neuron signaling

The tripartite synapse

According to the concept of “tripartite synapse” (presynaptic and
postsynaptic neuronal elements, as well as fine astrocytic pro-
cesses being in intimate contact with these synapses), astrocytic
processes sense neuronal transmitter release and also signal back
to neurons either at the same synapse or at remote ones by the
release of so-called gliotransmitters (Fig. 1). Recent studies re-
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vealed that small, rapid, and localized Ca’* responses can be
elicited in microdomains of astrocytic processes by minimal syn-
aptic activity (Di Castro et al., 2011; Panatier et al., 2011). These
data suggest that astrocytes may integrate the activity of several
individual synapses to generate the larger Ca*>" responses upon
sustained and intense stimulation (Araque et al., 2014). In turn,
transmitter molecules may be secreted from astrocytes by various
mechanisms, including Ca*"-dependent exocytosis (Araque et
al., 2014; Gundersen et al., 2015; Verkhratsky et al., 2016).

P2X7R involvement in glia-neuron signaling

P2X7Rs can induce the release of glutamate or ATP from astro-
cytes either via exocytotic (Verkhratsky et al., 2016) or nonexo-
cytotic mechanisms (Illes and Ribeiro, 2004). These receptors
may increase [Ca®"];, which is a trigger of the vesicular/lyso-
somal gliotransmitter release, but they can be also instrumental
in glutamate/ATP outflow through their associated pannexin
channels. P2X7R-mediated depolarization generates a massive
influx of sodium into the cell, which may cause a reversal of the
glutamate transporter and subsequent accumulation of gluta-
mate in the extracellular space. Indeed, Bz-ATP triggered [Ca*"];
elevations in astrocytes in substantia gelatinosa (SG) slices of the
rat lumbar spinal cord and thereafter induced in nearby SG neu-
rons slow and irregularly occurring inward currents (SICs) (Bar-
doni et al., 2010). These SICs were insensitive to TTX but were
blocked by AP-5, an antagonist of NMDA-type ionotropic gluta-
mate receptors. Ca*" imaging revealed that astrocytic glutamate
evokes NMDAR-mediated episodes of synchronous activity in
groups of SG neurons. A more sustained release of glutamate also
occurred from SG astrocytes, which was shown to be inhibited by
the P2X7R antagonist A-438079, confirming that a P2X7R is re-
sponsible for this type of glutamate release (Fig. 2 A, B) (Ficker et
al., 2014). Moreover, biosensor measurements indicated that re-
active oxygen species are coreleased from astrocytes together with
glutamate and potentiate its neuronal effects (Ficker et al., 2014).
In perfect agreement with these data, Bz-ATP also induced SICs
and tonic currents in CA1 hippocampal pyramidal neurons of
rats (Fellin et al., 2006). The SICs were again unaffected by P2X7R
antagonism, whereas the tonic currents were sensitive to this
pharmacological manipulation, although they did not react to
glutamate transporter and gap junction channel inhibitors. It was
concluded from these experiments that purinergic receptors
other than those belonging to the P2X7 subtype mediate gluta-
mate release that evokes SICs, whereas activation of a P2X7R
appears to mediate a sustained glutamate efflux that generates a
tonic current in CA1 neurons (Fellin et al., 2006). However, re-
cent experiments in mouse, rather than rat, spinal cord slices
showed that, in a subpopulation of SG neurons, the Bz-ATP-
induced current is due to a direct P2X7R-mediated effect, which
cannot be blocked by a combination of NMDA- and AMPA-type
glutamate receptor antagonists (Gao et al., 2017). These results
point out the significance of species differences with respect to
neuronal P2X7Rs.

In rat locus ceruleus neurons, contained in a midbrain slice
preparation, the frequency, but not amplitude, of glutamatergic
spontaneous EPSCs was strongly potentiated by Bz-ATP (Khak-
pay etal., 2010). BBG as well as fluorocitric acid and aminoadipic
acid prevented the activity of Bz-ATP. BBG is a selective antago-
nist of P2X7Rs; fluorocitric acid and aminoadipic acid are selec-
tive astrocytic poisons, reported to interfere with the synthesis,
storage, and release of amino acid gliotransmitters (Huck et al.,
1984; Clarke, 1991). Hence, it was assumed that the stimulation
of astrocytic P2X7Rs leads to the outflow of an unidentified sig-
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Figure 2.

P2X7Rs are located at astrocytes, but not neurons, in the spinal cord dorsal and ventral horns of rats. A—D, Spinal cord slices were made from layers Il and VIII of the lumbosacral spinal

cord, respectively. Preparation, recording, and drug application protocols were as described by Ficker et al. (2014). In spinal cord slices, astrocytes and neurons were discriminated by a series of
current pulses injected into the cell by means of patch-clamp electrodes. Astrocytes responded to depolarizing current pulses with electrotonic membrane potential changes only (Ca), whereas
neurons responded above a certain threshold depolarization with series of action potentials (Da). The holding potential was —80 mV for astrocytes and (Figure legend continues.)
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naling molecule, which presynaptically increases the spontane-
ous release of glutamate onto LC neurons from their afferent
fiber tracts. Interestingly, in the rat hypothalamic paraventricular
nucleus, an increase in the amplitude of miniature EPSCs was
observed in response to noradrenaline that required the release of
ATP from glial cells (Gordon et al., 2005). The increase in quantal
efficacy, which likely results from an insertion of AMPA receptors
into the postsynaptic membrane, was secondary to the activation
of P2X7Rs, increase in postsynaptic Ca*", and the activation of
phosphatidylinositol 3-kinase. The gliotransmitter ATP therefore
contributed indirectly to the regulation of the postsynaptic efficacy
at glutamatergic synapses in the CNS (Gordon et al., 2005).

Effects attributed to the stimulation of neuronal P2X7Rs may
have also other reasons

Conditional humanized P2RX7 mouse

Recently, Metzger et al. (2017) reported the generation of a
conditional humanized P2RX7 mouse. This P2RX7 allele is acces-
sible to spatially and temporally controlled Cre recombinase-
mediated inactivation. In contrast to previously generated KO
mice, none of the described P2X7R splice variants evaded this
null allele. By selective disruption and assessment of the human-
oid P2X7R expression in different brain regions and cell types, it
was demonstrated that the P2X7R-mRNA is expressed in gluta-
matergic pyramidal neurons of the hippocampal CA3 region. In
addition, the receptor message was expressed also in neuroglia
(i.e., astrocytes, oligodendrocytes) and microglia in the brain.
However, functional experiments, for example, by electrophysi-
ological recordings from CA3 neurons and the target areas of the
CA3 axonal projections (e.g., the Schaffer collateral-commissural
pathway ending at CA1 neurons), are still indispensably needed
to prove the existence of neuronal P2X7Rs.

Cell culture systems

A general problem may arise when data obtained in cell culture
systems are uncritically transferred to the in vivo situation. It has
been repeatedly reported that astrocytes and neurons may change
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(Figure legend continued.) —70 mV for neurons. Membrane currents were induced by 6 consec-
utive applications of Bz-ATP (300 um) every 2 min for 10 sinalow Ca®*/no Mg *-containing
external medium (S-S5 ). A, Whole-cell recordings of membrane currents in astrocytes from
layer Il (substantia gelatinosa) of the rat dorsal horn. Aa, The Bz-ATP currents were reversibly
depressed by the selective P2X7R antagonist A-438079 (1 um). Representative tracings.
Ab, Percentage mean = SEM inhibition of the Bz-ATP effect by increasing concentrations of
A-438079 (1,10 ). The first current response immediately after the application of A-438079
(S;) was compared with the last current response immediately hefore antagonist application
(S,). B, Whole-cell recordings of membrane currents in neurons from layer Il of the rat dorsal
horn. Ba, Bb, Experiments analogous to those shown in Aa and Ab. *p << 0.05; statistically
significant difference from 100% both in Ab and Bb. It is important to note that, in contrast to
the astrocytic currents, the neuronal currents were depressed by a combination of the iono-
tropic glutamate receptor antagonists AP-5 (50 M) and CNQX (20 wm); a still stronger inhibi-
tion was achieved when, in addition, GABA, and glycine,, receptors were blocked by gabazine
and strychnine (10 wm both). A, B, Modified with permission from Ficker et al. (2014). C,
Whole-cell recordings of membrane currents in astrocytes from the layer VIl of the mouse
ventral horn. All agonist concentrations were applied every 2 min for 10 s each. Cb, Inward
current responses to agonists for ionotropic glutamate receptors (AMPA, 100 wm), P2X7Rs
(Bz-ATP; 300 yum), and GABA,-Rs (muscimol; 100 wm), but not to the ionotropic glutamate
receptor agonist NMDA (100 wm). Cc, Columns represent the mean of two consecutive re-
sponses to each agonist with the corresponding SEM values. D, Whole-cell recordings of mem-
brane currents in neurons from layer VIII of the mouse ventral horn. Db, Inward current
responses to AMPA (100 um), NMDA (100 pum), and muscimol (100 wum), but not to Bz-ATP
(300 pum). De, Columns represent the mean of two consecutive responses to each agonist with
the corresponding SEM values. The number of cells is indicated in each column. ¢, D, Unpub-
lished experiments of T.M.K. and P..
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their functional properties as well as their morphological and
immunohistochemical characteristics when kept in cell culture
(e.g., Rubini et al., 2006; Norenberg et al., 2010). For example, the
electrophysiological properties of rat striatal neurons dramati-
cally change in dependence on the culture medium used; in neu-
robasal medium (NBM), they have a low resting membrane
potential and fire only a single low amplitude spike in response to
depolarizing current injection (Rubini et al., 2006). By contrast,
neurons cultured in DMEM have a high resting membrane po-
tential and fire multiple, repetitive spikes in response to the in-
jection of depolarizing current pulses. In addition, NBM, but not
DMEM, neurons express immunoreactivity for astrocytic/neural
stem cell markers (GFAP, nestin).

P2X7R activation by Bz-ATP has been reported to induce
[Ca**]; transients in the distal domains of their cellular processes
rather than in the cell bodies of cultured mouse hippocampal
neurons cultured in NBM (Diaz-Hernandez et al., 2008; del
Puerto et al., 2012). Pharmacological inhibition of P2X7Rs or
their silencing by shRNA interference induced longer and more
branched axons, coupled with morphological changes to the
growth cones. However, Rubini et al. (2014) were unable to re-
produce these results in rat hippocampal neurons cultured by
identical procedures. Bz-ATP caused large [Ca*™]; transients in
the more distal cellular processes only if they grew above a glial
carpet, supplying spurious neuronal signals. Moreover, neither
the amplitude nor the frequency of sSEPSCs measured in rat hip-
pocampal neurons was increased by Bz-ATP; sEPSCs represented
the quantal release of glutamate onto neighboring neurons in a
network. Thus, even if we assume that cultured mice and rat
hippocampal neurons respond in a different manner to Bz-ATP,
the general significance of presynaptic P2X7Rs may be ques-
tioned in this system. In addition, the control of axonal elonga-
tion in cultured neurons by P2X7Rs is an interesting finding,
which probably argues for the function of this receptor type in the
mouse hippocampus during development, but it fails to prove its
neuronal localization in maturity.

Presynaptic P2X7Rs

Another publication had a long-lasting impact on the scientific
community by supplying evidence for purported presynaptic
P2X7Rs. It was reported that Bz-ATP-inhibits mossy fiber-CA3
pyramidal cell synapses in the rat hippocampus in an oxidized
ATP but not PPADS-reversible manner (Armstrong et al., 2002).
Several researchers did not notice that, soon after the publication
of this article, it was found that, although the findings are correct,
their interpretation is misleading. Apparently, the depression of
the field EPSPs evoked by mossy fiber stimulation could be fully
blocked by the adenosine A1R antagonist 8-cyclopently-1,3-
dipropylxanthine (Kukley et al., 2004). Further, the effect of
Bz-ATP was mimicked by ATP and adenosine and was com-
pletely prevented by adenosine-deaminase, an enzyme specifi-
cally degrading adenosine. Last but not least, oxidized ATP is a
slowly equilibrating and irreversible, nonselective antagonist of
P2X7Rs, which also interferes with inflammatory signal process-
ing and is by itself seriously cytotoxic (Sperlagh et al., 2006).
Hence, Kukley et al. (2004) concluded that Bz-ATP is extracellularly
catabolized to Bz-adenosine, subsequently hetero-exchanged for in-
tracellular adenosine from neuronal or astrocytic pools, and then
depresses mossy fiber excitatory synaptic potentials through presyn-
aptic A1Rs rather than through P2X7Rs.

Spinal cord ventral horn neurons
Weight drop impact inflicted upon the spinal cord of Sprague
Dawley rats caused injury and a large increase in the extracellular
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ATP concentration (Wang et al., 2004; Peng et al., 2009). This
ATP induced in neurons an irreversible rise of cytosolic Ca** and
subsequently cell death. P2X7R antagonism by oxidized ATP,
PPADS, and BBG significantly improved functional recovery and
diminished cell death in the peritraumatic zone. It was concluded
that P2X7Rs are located at the spinal ventral horn neurons them-
selves because ATP or Bz-ATP induced in these neurons high-
frequency spiking with little tendency to inactivate. The increased
spiking activity was attenuated by pretreatment with oxidized
ATP, but not by combined treatment with AMPA and NMDA
receptor antagonists. In similar experiments, Bz-ATP (300 um)
failed to induce inward current in layer VIII neurons of lumbo-
sacral spinal cord slices of Wistar rats (Fig. 2D). By contrast,
AMPA, NMDA, and muscimol (100 um each) caused inward
current responses. At the same time, Bz-ATP stimulated the cor-
responding layer VIII astrocytes, just as AMPA (100 um) and
muscimol (100 um) did, whereas NMDA (100 um) was ineffec-
tive (Fig. 2C). The disparate results once again point out the
extreme species- and strain-dependent variability in the presence
or absence of neuronal P2X7Rs and definitely raise doubts about
the general functional significance of this receptor type as local-
ized at ventral spinal cord neurons.

Neuroglial P2X7Rs may be involved in secondary
neurodegeneration and neurodegenerative illnesses

Trauma, ischemia, and stroke

Immunohistochemical investigations in the nucleus accumbens
of rats showed that after stab wound injury previously absent
P2X7R-IR was observed on cells labeled for the astrocytic marker
GFAP (Franke et al., 2001; Burnstock et al., 2011; Pedata et al.,
2016). Very similar findings were reported for the cerebral cortex
of spontaneously hypertensive rats, where MCAO led to the
upregulation of P2X7R-IR in the penumbra surrounding the
necrotic region in the brain (Franke et al., 2004). In support of a
secondary damage caused by ATP-induced stimulation of P2X7Rs
in the penumbra, the blockade of these receptors by the selective
antagonist BBG attenuated postischemic damage after MCAO
(Arbeloa et al., 2012; Cisneros-Mejorado et al., 2015). Similarly,
inhibition of P2X7Rs ameliorated global cerebral ischemia/rep-
erfusion injury as evidenced by survival rate, neuronal death in
the hippocampal CA1 region, and learning memory deficits (Chu
etal., 2012; Yu et al., 2013). P2X7Rs appeared to be involved in
cerebral edema and neurological damage after traumatic brain
injury as well; these receptors were localized at astrocytic end-
feet, and the application of BBG decreased the expression of
GFAP and aquaporin-4, an astrocytic water channel that pro-
motes cellular edema (Kimbler et al., 2012).

Oxygen/glucose deficiency led to anoxic depolarization in cul-
tured cortical neurons (Arbeloa et al., 2012) and oligodendro-
cytes (Domercq et al., 2010), which was due to the combined
activation of the excitotoxic NMDA and P2X7Rs. Embryonic rat
cortical neurons were cultured in NBM to obtain astrocyte- and
microglia-free preparations (Arbeloa et al., 2012). However, this
procedure has been shown to alter both the immunohistochem-
ical characteristics and functional properties of cultured rat stri-
atal neurons, making a comparison with the in vivo situation
questionable (Rubini et al., 2006). In neurons and oligodendro-
cytes, blocking a subtype of ionotropic glutamate receptors (NMDA,
AP-5) and P2X7Rs (BBG) nearly abolished the ischemia-induced cell
death (Domercq et al., 2010; Arbeloa et al., 2012). Nonetheless,
another study yielded divergent results for hippocampal CAl
neurons and astrocytes studied in their natural environment in
brain slice preparations; whereas AP-5 depressed the anoxic de-
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polarization, the selective P2X7R antagonist A-438079 failed to
alter it (Leichsenring et al., 2013). Hence, the available evidence
fails to support the notion that hypoxia/ischemia induces anoxic
depolarization by the activation of neuronal P2X7Rs under i situ
conditions.

Ischemic preconditioning using short-lasting MCAO in mice
protected from the consequences of a subsequent severe MCAO
(Hirayama et al., 2015). The spatiotemporal pattern of astrocytic,
but not microglial, activation correlated well with that of isch-
emic tolerance; inhibiting astrocytes with fluorocitric acid abol-
ished the induction of ischemic tolerance, which was also absent
in P2X7R knock-out mice.

Temporal lobe epilepsy
The temporal lobe epilepsy syndrome can be modeled in rodents
by chemical induction of status epilepticus using systemic kainic
acid or pilocarpine (Kandratavicius et al., 2014). Soon after
pilocarpine-induced status epilepticus in rats (12 h), there was no
somatic staining for P2X7R-IR in CAl or CA3 pyramidal neu-
rons, but a pronounced labeling in stratum oriens astrocytes
(Dona et al., 2009). At later time points (7 d) after chemically
induced epilepsy in rodents, the IR was upregulated in granule
neurons and microglia, paralleled by astroglial loss (Kim et al.,
2009). Intracerebroventricular application of P2X7R antagonists
(BBG, A-438079) attenuated seizures induced by unilateral
kainic acid injection into the amygdala of mice (Engel et al., 2012,
2016; Henshall et al., 2013). In this model, Western blotting re-
vealed increased P2X7R protein levels in the CAl and dentate
gyrus samples; EGFP-IR was accordingly upregulated in the den-
tate gyrus granule cell layer of Tg(P2RX7-EGFP) mice. These
mice express EGFP immediately downstream of the P2RX7 pro-
moter; therefore, EGFP antibodies reliably label P2X7Rs. It has
been confirmed that P2X7R protein was increased in the hip-
pocampal subfields of mice that underwent status epilepticus and
in the resected hippocampus from patients with pharmaco-
resistant temporal lobe epilepsy (Jimenez-Pacheco et al., 2016).
Tg(P2RX7-EGFP) mice developed recurrent spontaneous sei-
zures within 5 d after intra-amygdala kainic acid-induced status
epilepticus. In these animals, it was shown that, 21 d after status
epilepticus, the expression of P2X7Rs was increased in CA1 py-
ramidal cells and dentate granule neurons, as well as microglia,
but not astrocytes (Jimenez-Pacheco et al., 2016). However, an-
other group of authors found that systemic kainic acid or
pilocarpine-induced status epilepticus already 24 h after status
epilepticus potentiated Bz-ATP currents in astrocyte-like neural pro-
genitor cells (NPCs) of the subgranule zone of Tg(nestin-EGFP) mice
(Rozmer et al., 2016; Tang and Illes, 2016). The nestin-positive
NPCs of the subgranular zone generate neuroblasts and then
granule cells in the dentate gyrus. Rozmer et al. (2016) also re-
ported that neither neuroblasts nor mature granule cells of the
dentate gyrus projecting to interneurons and pyramidal neurons
of the CA3 area bear functional P2X7Rs. They raised the hypoth-
esis that status epilepticus may cause a proliferation of the sub-
granular zone NPCs via P2YIR activation. Such NPCs express
necrotic/apoptotic P2X7Rs decreasing the overtly large cell num-
ber, which would lead otherwise to a chronic manifestation of
recurrent epileptic fits by the generation of ectopically localized
granule cells in the hilus hippocampi. Once again, both a neuro-
nal and astrocytic localization of P2X7Rs might explain the sec-
ondary neurodegeneration following a status epilepticus. It has to
be noted that acute epileptic seizures are inhibited by P2X7R
antagonistic drugs (Engel et al., 2012, 2016; Jimenez-Pacheco et
al., 2016), whereas recurrent epileptic seizures developing after a
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one-time status epilepticus are promoted by P2X7R antagonists
(Rozmer et al., 2016). In conclusion, evidence for the involvement of
neuronal P2X7Rs in the antiepileptic effect of BBG and A-438079 are
possible but not unequivocally confirmed.

Diseases of the retina

Genetic association studies have implicated purinergic receptors
in the development of age-related macular degeneration (Gu et
al., 2013). It was suggested that P2X7Rs identified by their immu-
noreactivity at retinal ganglion cells may be the reason for the
observed apoptotic reactions (Franke et al., 2005). In human
organotypic retinal cultures, oxygen-glucose deprivation also
caused a BBG-antagonizable cell death of the ganglion cell layer
(Niyadurupola et al., 2013). To identify other cell types influ-
enced by P2X7R activation, we searched for P2X7Rs in astroglia-
like Miiller cells. In the human retina, P2X7Rs are present in
Muiiller cells, where they seem to function as targets of ATP, cou-
pled with Ca®"-mediated signaling pathways (Pannicke et al.,
2000; Wurm et al., 2011; Reichenbach and Bringmann, 2016).
Hence, Miiller cells of healthy humans, but not those of rats and
mice, appear to possess functional P2X7Rs. In preparations ob-
tained from patients suffering of proliferative vitreoretinopathy,
stimulation by Bz-ATP induced larger membrane currents than
in preparations from healthy patients (Bringmann et al., 2001).
Currents through Ca**-activated K™ channels of high conduc-
tance that reflect the increase of the intracellular Ca®" concen-
tration became also larger in consequence of proliferative
vitreoretinopathy.

Neuropathic and inflammatory pain
The peripheral equivalents of astrocytes, the so-called satellite
glial cells located in sensory ganglia, were reported to bear func-
tional P2X7Rs (X. F. Zhang et al., 2005). Thus, it was suggested
that ATP released from DRG neurons may activate P2X7Rs at
satellite cells, which in consequence release TNF-a potentiating
P2X3R-mediated responses at nearby neurons and thereby regu-
late pain sensation (X. Zhang et al., 2007). Another group of
authors published just opposite results (Chen et al., 2008; Villa et
al., 2010). They reported that satellite cells of DRGs tonically
inhibit the expression of P2X3Rs in neurons. Reducing P2X7R
expression using siRNA or blocking P2X7R activity by antago-
nists elicited P2X3R upregulation, increased the activity of
sensory neurons responding to painful stimuli, and evoked ab-
normal nociceptive behaviors in rats (hyperalgesia, allodynia). It
was hypothesized that activation of P2X7Rs evoked ATP release
from satellite cells. ATP in turn stimulated P2Y1Rs in neurons.
P2Y1R activation was then necessary and sufficient for the inhib-
itory control of P2X3R expression. Because P2X7R blockade or
its deletion has been shown to ameliorate neuropathic and in-
flammatory pain (Chessell et al., 2005; McGaraughty et al., 2007),
only the increase of P2X3R sensitivity by P2X7R activation would
make sense from a pathophysiological view. However, both sets
of data support the notion that neurons and surrounding glial
cells in DRGs communicate with each other via signaling mole-
cules; this communication has implications for the manifestation
of chronic pain (Gosselin et al., 2010). Later it has been pointed
out that Cx hemichannels and Panx channels serve as paracrine
communication pathways between satellite cells and neurons by
modulating the excitability of sensory neurons (Retamal et al.,
2014).

The primary mechanism of P2X7R stimulation in neuropath-
ic/inflammatory pain may be the release of IL-18 from activated
microglia/macrophages (Clark et al., 2010; Burnstock, 2016). In
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spinal cord slices taken from wild-type mice, the LPS-induced
release of IL-18 was prevented by pharmacological inhibition of
the P2X7R with A-438079 and was absent in P2RX7 knock-out
animals. Application of ATP did not deliver IL-13 from the dor-
sal horn unless preceded by a LPS priming stimulus. In behav-
ioral studies, intrathecal injection of LPS in the lumbar spinal
cord produced mechanical hyperalgesia in rat hindpaws, which
was attenuated by concomitant injections of A-438079 (Clark et
al., 2010). The astrocytic release of glutamate initiated by P2X7R
stimulation might also be a reason for neuropathic pain (Andé
and Sperlagh, 2013). Perfusion of spinal cord slices with ATP
elicited larger [H]glutamate release from spinal cord slices of
sciatic nerve-ligated mice (model of neuropathic pain) than from
their nonoperated counterparts. Moreover, ATP failed to release
[*H]glutamate from spinal cord slices of P2RX7 /" animals or
from analogous preparations of P2RX7"*/* animals when electri-
cally stimulated. Hence, glutamate release facilitated by P2X7Rs
situated extrasynaptically or on non-neuronal cells (i.e., astro-
cytes or microglia) may be causally involved in neuropathic pain.

Neurodegenerative diseases

Alzheimer’s disease (AD), Parkinson’s disease, Huntington’s dis-
ease, multiple sclerosis, and amyotrophic lateral sclerosis develop
on the basis of endogenous/genetic or toxic/infectious factors.
However, it is a common characteristic of these diseases that
superimposed on neuronal degeneration caused by disease-
specific factors secondary neuroinflammation with consecutive
neurodegeneration develops because of the deleterious activation
of P2X7Rs at microglia (see Introduction) (Sperlagh et al., 20065
Burnstock et al.,, 2011; Skaper et al., 2011; Turola et al., 2012;
Sperlagh and Illes, 2014).

A neuropathological hallmark of AD is the appearance of
plaques consisting of extracellular B-amyloid peptide sur-
rounded by reactive microglial cells (Sanz et al., 2009). The
amyloid precursor protein is cleaved by - and y-secretases to
generate 3-amyloid peptide, which triggers increases in [Ca** ],
ATP release, IL-1f3 secretion, and plasma membrane permeabi-
lization in microglia which consecutively damage neurons. In
contrast to microglial P2X7Rs, the same receptors at Neuro2a
mouse neuroblastoma cells, human neuroblastoma cells, and
mouse primary astrocytes or neural progenitor cells were re-
ported to favorably influence AD-like pathologies (Delarasse et
al., 2011). P2X7Rs may stimulate nonamyloidogenic processing
of the amyloid precursor protein by a-secretases, leading to pro-
teolytic cleavage within the AB peptide sequence and shedding of
the soluble amyloid precursor protein ectodomain, which in turn
has been reported to exert neuroprotection. Because in vivo ap-
plied P2X7R antagonists have been shown to slow down amyloid
plaque deposition and disease progression (Diaz-Hernandez et
al., 2012; Rodrigues et al., 2015), the microglial and astroglial
P2X7Rs may display contrasting effects, with the microglial re-
ceptor dominating over the astroglial one.

Huntington’s disease (HD) is a dominant inherited motor
disorder, characterized by progressive striatal neurodegenera-
tion. The mutation responsible for this fatal disease is an abnor-
mally expanded and unstable CAG (cysteine-alanine-glycine)
repeat within the coding region of the gene encoding the hun-
tingtin protein, which damages GABAergic output neurons of
the basal ganglia. Using mouse and cellular HD models, Diaz-
Hernandez et al. (2009) demonstrated increased P2X7R levels
and altered P2X7R-mediated Ca** permeability in somata and
terminals of HD neurons. In vivo administration of the P2X7R
antagonist BBG to HD mouse models prevented neuronal apo-
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ptosis and attenuated body weight loss and motor coordination
deficits. However, these data once again do not allow deciding
whether the neuronal changes are the immediate causes of the
expression of P2X7Rs or whether they are due to astrocytic/
microglial signaling mechanisms.

Experimental autoimmune encephalomyelitis (EAE) is an an-
imal model of multiple sclerosis. Matute et al. (2007) identified
functional P2X7Rs at oligodendrocytes ensheathing the isolated
rat optic nerve and observed that these receptors could kill oligo-
dendrocytes after their activation by ATP. In addition, oligoden-
drocytic P2X7R-IR was increased in optic nerve samples obtained
at autopsy of human patients, and P2X7R antagonism by BBG
ameliorated motor deficits in EAE by reducing demyelination
and thus improving axonal conduction. In another study, the
overexpression of P2X7R-IR was detected at neurons and astro-
cytes in EAE (Grygorowicz et al., 2010). Although infiltrating
cells were detected in brains of both P2RX7~/~ and wild-type
mice, astroglial activation and axonal damage were reduced in the
receptor-deficient animals (Sharp et al., 2008). In contrast, mi-
croglial activation was similar in the two strains. These results
point to the role of infiltrating T cells as pathological factors and,
in addition, point to a role of astroglial P2X7Rs in the develop-
ment of EAE. In addition, P2RX7 /" mice showed an enhanced
susceptibility to EAE, reflecting a loss of apoptotic activity in
lymphocytes; this finding supports an important role for this
receptor in lymphocyte homeostasis (Chen and Brosnan, 2006).
Whereas Sharp et al. (2008) (Glaxo mouse) reported a protective
effect in case of P2RX7 deletion, Chen and Brosnan (2006) (Pfizer
mouse) found a worsening of the EAE symptoms in the respective
knock-out animals. Hence, specific P2X7R isoforms evading in-
activation in the Glaxo or Pfizer mice could explain the differ-
ences in the functional consequences of P2RX7 deficiency in the
respective knock-outs.

Transgenic mice overexpressing human superoxide dismu-
tase 1 (SOD1) are an accepted model of amyotrophic lateral
sclerosis (Maier and Chan, 2002). In SOD1 mixed astrocytic/
neuronal cultures, stimulation by Bz-ATP caused astrocytes to
become neurotoxic, inducing death of motor neurons. Involve-
ment of P2X7Rs was confirmed by BBG inhibition of ATP/
Bz-ATP effects (Gandelman et al., 2010). Furthermore, in SOD1-
G93A microglial cultures, the stimulation of P2X7Rs by Bz-ATP
activated potentially neurotoxic signaling pathways, which were
interrupted by knocking out P2X7Rs or were inhibited by P2X7R
antagonists (Apolloni et al., 2013a). In contrast to these results, the
same group of researchers reported, by using P2X7R-deficient SOD1-
GI3A mice, that the clinical onset was significantly anticipated
and the disease progression worsened in comparison with the
normal SOD1-G93A mice (Apolloni et al., 2013b). We have no
apparent explanation for this discrepancy.

In conclusion, there is an ongoing and repeatedly escalating
discussion about the presence or absence of neuronal P2X7Rs. In
the early embryo, the neuroectoderm gives rise to both neurons
and neuroglial cells (e.g., astrocytes); microglial cells are of mes-
enchymal origin. In addition to their direct or indirect participa-
tion in neuronal signaling, astrocytes, when activated, also exert
immunological (microglia-like) functions in secreting cytokines/
chemokines and in phagocytosing cellular debris or microorgan-
isms. By contrast, neurons are specialized to receive, process, and
transmit information through electrical and chemical signals.
Microglia are resident immunocytes of the peripheral and CNS,
which constitute the first defense line in case of an infection. By
inspecting the relevant literature, we believe that, although the
existence of the necrotic/apoptotic P2X7Rs at neurons cannot be
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excluded in all cases, primary modulation of neuronal activities
by these receptors is with great likelihood usually due to indi-
rect effects exerted by the stimulation of neuroglial/microglial
P2X7Rs.

é )

Response from Dual Perspectives Companion
Author-Miguel Diaz-Hernandez

Illes and coworkers have made outstanding and insightful
contributions related to purinergic signaling over the last
decades. In this way, they have undoubtedly helped to ad-
vance the knowledge about the role that purinergic signal-
ing plays in the physiology of the CNS. Nevertheless, their
input about the localization of P2X7R in the CNS has been
rather contradictory. Initially, their studies appeared to
support the presence of P2X7R in neurons, but not in astro-
cytes (Wirkner et al., 2005), contrary to other groups that
reported the presence of this receptor in astrocytes (Carras-
quero et al., 2009). However, subsequent studies provided
additional evidence supporting the presence of P2X7R in
astrocytes and called into question its presence in neurons.
This evidence was mainly based on pharmacological crite-
ria: a mixture of inhibitors of AMPA, kainate, GABA, and
glycine receptors reduced significantly, but did not abolish,
dibenzoyl-ATP (Bz-ATP)-induced currents in neurons, but
not in astrocytes from rat spinal cord slices (Ficker et al.,
2014). Interestingly, despite the fact that they observed a
differential distribution of AMPA, kainate, and GABA re-
ceptors in neurons and astrocytes (these being present in
100% of neurons and only in 50% of astrocytes tested), they
reasoned that the currents observed in neurons were due to
Bz-ATP-induced glutamate release from astrocytes (Ficker
et al., 2014). Nevertheless, they have had to question this
hypothesis because in a recent study this inhibitory mixture
failed to block the Bz-ATP-induced currents in neurons
from mouse spinal cord slices (Gao et al., 2017).

Illes et al. also debate the presence of presynaptic P2X7R,
arguing that it critically depends on the selectivity of the
antibodies used. However, they do not mention the studies
performed with isolated presynaptic terminals and in slices
from brain and spinal cord. In these works, the existence of
functional presynaptic P2X7Rs was demonstrated by using
different technological approaches, including microfluo-
rimetry calcium imaging, electrophysiological recordings,
and measures of neurotransmitter release. In addition, Illes
etal. questioned the presence of P2X7R at the axonal growth
cone by arguing that Rubini et al. (2014) were not able to
reproduce the results reported by Diaz-Hernandez et al.
(2008) or del Puerto et al. (2012). However, they seem to
ignore the fact that whereas Rubini et al. (2014) used a
mixed astrocytic/neuronal culture from rat hippocampus, Diaz-
Herndndez et al. (2008) and del Puerto et al. (2012) used
pure cultures of hippocampal neurons from mouse seeded
atlow density, allowing them to monitor P2X7R function in
single neurons in the absence of glial contribution. More-
over, the involvement of presynaptic P2X7R in axonal
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elongation has recently been validated by Sebastian-
Serrrano et al. (2016), who demonstrated that the growth of
callosal axons projections is negatively regulated by P2X7R
in a cell-autonomous process.

Throughout the review, Illes et al. prioritize pharmacologi-
cal criteria over others, arguing that these approaches are
enough to support the presence of P2X7R in a specific place.
Despite the fact that pharmacological tools to identify P2X7R
have been significantly improved in recent years, it is reason-
able to think that additional criteria should be taken into ac-
count to establish the specific location of P2X7R. Moreover,
considering the extreme dependence that pharmacological ap-
proaches have on the selectivity of drugas well as the sensitivity
of the technique used, we think that pharmacological or immu-
nological approaches have to be supplemented by genetic ap-
proaches. In this line, the new transgenic mice generated,
both the humanized conditional mouse and the reporter
P2X7R-EGFP mouse, are potent genetic tools that have
helped to validate the functional presence of this receptor in
neurons.
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