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Abstract A recent study suggested that neuroinflamma-
tion plays a major role in the pathogenesis of a number of
neurodegenerative diseases such as Alzheimer’s disease
and Parkinson’s disease. Although the precise mechanism
is obscure, dysregulation of the signaling transduction
pathway in microglia may enhance inflammation, leading
to synaptic dysfunction and ultimately to neuronal cell
death. The expression and function of the P2X7 receptor
(P2X7R), an ATP-gated ion channel abundantly expressed
in microglia in the brain, is significantly up-regulated in the
postmortem brain of Alzheimer’s disease patients and
various neurodegenerative disease animal models. This
supports the role of the P2X7R pathway in the progression
of neurodegeneration. Blocking P2X7R using brilliant blue
G, a P2X7R antagonist that can cross the blood-brain
barrier, has been shown to result in the amelioration of
neuropathology in various animal models. Taken together,
these results raise the possibility that the P2X7R signaling
pathway could be a therapeutic target for treating various
neurodegenerative diseases.
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Abbreviations

AD Alzheimer’s disease

P2X7R  P2X7 receptor

Ap Amyloid-f

CNS Central nervous system

IL-1f  Interleukin-1p5

PrP5° Infectious form of prion protein

HD Huntington’s disease
BBG Brilliant blue G

Introduction

Neurodegenerative diseases are characterized by various
histopathological features, including intracellular inclusion
bodies, extracellular amyloid deposits, axonal swelling,
synaptic loss, and neuronal cell death. Although the precise
mechanism leading to the formation of neuronal pathology
and ultimately to neuronal death remains incompletely
understood, mounting evidence suggests that protein
aggregation plays a central role in the pathogenesis of such
diseases (Fujita et al. 2006; Hashimoto and Masliah 1999).
Due to gene mutations and/or environmental factors, dis-
ease-specific amyloidogenic proteins such as amyloid-f8
(Ap) and a-synuclein aggregate to form neurotoxic proto-
fibrils leading to neurotoxicity.

In addition to the direct toxic effects of these protein
aggregates, a recent study showed that inflammation may
play a considerable role in neurotoxicity (Sugama et al.
2009). As microglial cell-driven inflammatory responses
result in the release of various inflammatory mediators,
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including an array of neurotoxic cytokines, it is possible
that an abnormally up-regulated inflammatory response
may exacerbate neurodegeneration. Supporting the role of
glial activation in neurodegeneration, epidemiology studies
have shown that long-term users of non-steroidal anti-
inflammatory drugs, i.e. ibuprofen and indomethacin, have
significantly lower frequencies of neurodegenerative dis-
ease, including Alzheimer’s disease (AD) and Parkinson’s
disease (Sugama et al. 2009). Based on this, extensive
studies are in progress to determine whether anti-inflam-
matory drugs are effective in treating neurodegenerative
diseases.

Given the critical role of microglial activation in neu-
rodegeneration, we predict that dysregulation of the signal
transduction pathway in microglia may contribute to
enhanced neuroinflammation in neurodegenerative disease.
In this context, this short review focuses mainly on the role
of the P2X7 receptor (P2X7R) in the pathogenesis of
neurodegenerative diseases. A recent study showed that
increased expression and function of P2X7R is associated
with AD (McLarnon et al. 2006). Furthermore, the phar-
macological blockade of the P2X7R pathway results in
amelioration of neuropathology in animal models of neu-
rodegenerative diseases (Diaz-Hernandez et al. 2009; Ryu
and McLarnon 2008). This suggests that P2X7R may be
important as a therapeutic target for neurodegenerative
diseases.

The P2X7R: Unique Properties Distinct From Other
P2X Family Receptors

P2X7R is a purinergic P2 receptor, which are categorized
into two major families, P2X ionotropic receptors and P2Y
metabotropic receptors. The P2X receptors are ATP-gated
ion channels, while the P2Y receptors are G protein-
coupled receptors. To date, seven P2X (P2X1-7) and
twelve P2Y (P2Y1, P2Y2, P2Y4-6, and P2Y8-14) recep-
tors have been cloned from mammalian and avian species
(Abbracchio et al. 2006; North 2002).

P2X7R was initially cloned in 1996 from a rat brain
cDNA library and classified as a member of the P2X
receptor family due to its amino-acid sequence homology
(Surprenant et al. 1996). Similar to other members of the
P2X receptor family, P2X7R functions as an ion channel in
response to extracellular ATP and is permeable to several
small cations such as Ca’", K, and Na* (North 2002).
However, distinct from other P2X receptors, P2X7R has a
long C-terminal tail that interacts with several proteins and
lipids in the cytoplasm (Denlinger et al. 2001; North 2002;
Surprenant et al. 1996) and thus ATP can activate multiple
intracellular signaling pathways through this receptor.
P2X7R possesses some unique properties: (1) much higher

concentrations (around the millimolar range) of extracel-
lular ATP are required to activate P2X7R, which is higher
than those required for the other P2X receptors (Surprenant
et al. 1996), (2) the channel activity of P2X7R induced by
ATP is accompanied by slow or no desensitization during
application, while rapid desensitization is observed for
other P2X receptors (North 2002), (3) prolonged activation
of P2X7R using higher concentrations of ATP results in
pore formation in the plasma membrane leading to the
uptake of molecules as large as 900 Da and cell death (Di
Virgilio et al. 1998), and (4) extracellular divalent cations
such as Ca”, Mg”, Cu2+, and Zn>* potently inhibit the
activation of P2X7R by ATP (Jiang 2009). Based on these
properties, it is believed that ATP exerts specific biological
actions through P2X7R activation that never occur even
when other P2X receptors are activated.

Functional Expression of P2X7R in Microglia
and its Role in Brain Inflammation

P2X7R is highly expressed in the cells of monocyte/mac-
rophage lineages and plays important roles in the innate
immune system. In the central nervous system (CNS),
extensive functional expression of P2X7R was demon-
strated in microglia because these cells are the resident
macrophages of the brain (Kaur et al. 2001).

Using primary microglial cultures and immortalized
microglial cells, we and others have demonstrated that the
activation of P2X7R with higher doses of ATP elicits a
sustained influx of extracellular Ca®" as well as intracel-
lular KT efflux (Ferrari et al. 1996; Takenouchi et al. 2005;
Takenouchi et al. 2008). P2X7R activation also leads to the
activation of multiple intracellular signaling pathways in
microglial cells such as the p44/42 ERK kinase, p38
mitogen-activated protein kinase, c-Jun N-terminal kinase,
AMP-activated protein kinase-«, mammalian target of
rapamycin/S6 kinase, NF-xB signaling, and nuclear factor
of activated T-cell signaling pathways (Ferrari et al. 1997c;
Kataoka et al. 2009; Parvathenani et al. 2003; Suzuki et al.
2004; Takenouchi et al. 2007b; Takenouchi et al. 2009a).
These P2X7R-mediated signals contribute to the expres-
sion of various microglia cellular responses induced by
ATP.

Through the activation of P2X7R, ATP induces the
secretion of pro-inflammatory cytokines and chemokines
such as tumor necrosis factor-oo (TNF-a), interleukin-1pf
(IL-1p), and CC-chemokine ligand 3 (Ferrari et al. 2006;
Kataoka et al. 2009; Suzuki et al. 2004) and also stimulates
the production of superoxide and nitric oxide in microglial
cells (Gendron et al. 2003; Parvathenani et al. 2003).
Among the pro-inflammatory cytokines, recent studies
have demonstrated a critical role for P2X7R in the
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processing and release of IL-1f from microglial cells
(Ferrari et al. 1997b; Takenouchi et al. 2009b). IL-1f is
initially synthesized as a biologically inactive pro-IL-1/
that accumulates in the cytoplasm. The activation of
P2X7R by ATP triggers inflammasome activation followed
by the processing of pro-IL-1f to mature IL-15 (mIL-1p)
and massive release of mIL-1 into the extracellular space.
Although priming with the bacterial endotoxin lipopoly-
saccharide through innate Toll-like receptors is well
recognized to induce gene expression and protein synthesis
of pro-IL-1f in microglia, this is insufficient to trigger the
rapid release of mIL-1f. Since mIL-1p is a key regulator of
the brain cytokine network and causes various biological
actions related to not only physiological regulation, but
also pathological conditions, strict regulatory mechanisms
probably exist for the maturation and release of IL-1p.
Thus, it is considered that P2X7R activation is an essential
second step in the triggering of the release of mIL-1f from
microglial cells.

Similar to the case for peripheral macrophages, pro-
longed activation of P2X7R leads to the formation of
membrane pores in microglial cells, which results in the
induction of apoptotic/necrotic cell death in microglial
cells (Ferrari et al. 1997a). However, modest activation of
P2X7R was found to be inversely correlated with the
increased proliferation of these cells (Bianco et al. 2006;
Monif et al. 2009). Taking these results together, we pre-
dict that P2X7R may be fundamentally important for the
regulation of both cell death and cell proliferation.

Altered Expression and Function of P2X7R
in Neurodegenerative Conditions

It has recently been shown that the expression and function
of P2X7R are increased in the AD brain and in various
animal models of neurodegenerative diseases. These
observations are consistent with the notion that P2X7R
plays a critical role in the neuroinflammation observed
during the pathogenesis of neurodegenerative disease.

AD is histopathologically characterized by massive neu-
ronal loss, astrocytosis, and microglial activation. The
accumulation of aggregated A} in senile plaques is a typical
hallmark of the AD brain (Selkoe 1996). The up-regulation
of P2X7R expression was demonstrated in transgenic mice
over-expressing mutant APP (K670N, M671L), and it was
determined that P2X7R is up-regulated around amyloid
plaques and is regionally localized on activated microglia
and astrocytes (Parvathenani et al. 2003). Consistent with
this study, enhanced expression of P2X7R was demonstrated
in adult microglia derived from postmortem AD brains
compared with that in non-demented brains (McLarnon et al.
2006). It was further shown that Af triggers increases in

intracellular Ca2+, ATPrelease, IL-1f secretion, and plasma
membrane permeabilization in microglia from wild-type but
not P2X7R-deleted mice (Sanz et al. 2009). Likewise, intra-
hippocampal injection of Aff caused a large accumulation of
IL-1p in wild-type but not P2X7R-deleted mice (Sanz et al.
2009). These results suggest that P2X7R is an obligate par-
ticipant in microglial activation caused by Af. Collectively,
it is reasonable to speculate that increased levels of P2X7R
may be correlated with the over-activation of the inflam-
matory response in microglia contributing to the progression
of neuronal loss in AD.

The altered expression and function of P2X7R in
microglia may be associated with the development of other
neurodegenerative diseases, including prion disease and
Huntington’s disease (HD). Prion disease is caused by an
accumulation of abnormal forms of prion protein (PrP5°)
(Prusiner 1991) and is histopathologically associated with
brain vacuolation, neuronal cell death, astrocytosis, and
microgliosis (Crozet et al. 2008). Using PrP%“-infected mice,
we recently demonstrated that the mRNA level of P2X7R
gradually increased in the brain during disease progression in
these mice (Takenouchi et al. 2007a). Furthermore, PrP5°-
infected microglia exhibited hypersensitivity to P2X7R, as
demonstrated by the up-regulation of several receptor
functions such as Ca>* influx, membrane pore formation, the
induction of microglial cell death, and the release of mIL-1f
(Iwamaru et al. 2007; Takenouchi et al. 2007a).

HD is a neurodegenerative disorder caused by a CAG
triplet-repeat expansion that codes for a polyglutamine
sequence in the N-terminal region of the Huntington pro-
tein (The Huntington’s Disease Collaboratine Research
Group 1993). Recently, increases in the expression and
function of P2X7R in synaptic terminals were demon-
strated in the brain of HD model mice, suggesting that
ATP-induced synaptic dysregulation and neuronal cell
death caused by the altered expression of neuronal P2X7R
contributes to HD pathogenesis (Diaz-Hernandez et al.
2009). Notably, in the Caenorhabditis elegans and Dro-
sophila models of HD it was reported that in vivo
administration of drugs that impair ATP production, such
as rotenone and oligomycin, protected against neuronal
death, possibly due to the attenuation of toxic effects
elicited by extracellular ATP (Varma et al. 2007).

Taken together, these results suggest that up-regulation
of P2X7R is a common mechanism shared by various
neurodegenerative diseases.

The Mechanism of the Up-regulation of P2X7R
in Neurodegenerative Disease

The mechanism of P2X7R up-regulation in neurodegen-
erative disease is unclear, but it may be closely related to
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the complicated role of microglia during the progression of
such diseases (Fig. 1). It has been well characterized that
microglia exert both protective and neurodegenerative
roles in neurodegeneration. As macrophages, activated
microglia may remove potentially deleterious debris and
promote tissue repair, thus contributing to neuroprotection.
However, over-activated microglia can release potentially
neurotoxic substances, resulting in enhanced inflammation
and leading to neurodegeneration (Garden and Moller
2006).

Accumulating evidence suggests that aging may be a
critical factor associated with the switching of microglia
from a protective to a neurodegenerative role. Supporting
this concept, age-dependent microglial activation has been
demonstrated in various animal models of neurodegenera-
tive diseases. For example, microglial activation was
investigated in the brains of young (3 months) and older
(9—12 months) C57BL/6 mice following treatment with
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). MPTP
is a chemical inducer of parkinsonian symptoms that acts
through the killing of doperminergic neurons in the sub-
stantia nigra of the brain (Langston et al. 1983). The data

A Functional expression of P2X7R ( a) in neurons, astrocytes, and
microglia under physiological conditions.
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Fig. 1 Mechanisms for the involvement of P2X7R in neurodegen-
erative disease. P2X7R is abundantly expressed in microglia and to a
lesser extent in both neurons and astrocytes. Under physiological
conditions, microglia may protect neurons through the regulation of
synaptic transmission and astrocyte functions (a). Under pathological
conditions, the expression levels of P2X7R are increased not only in
microglia, but also in neurons and astrocytes. Over-activated
microglia may release toxic amounts of cytokines and chemokines,
leading to neuronal cell death. Microglia may also stimulate
astrocytosis, resulting in synapse dysfunction and exitotoxicity (b)

demonstrated that robust microglial activation occurs in the
substantia nigra in older mice (9-12 months), while less
microglial activation was observed in young mice
(3 months) (Sugama et al. 2003). In a transgenic mice model
of AD, the phenotype of microglia shifts from the non-
cytotoxic to the cytotoxic type depending on the age of the
mice. At an early age (4—6 months), activated microglia are
restricted to amyloid deposits and characterized by the
absence of cytotoxic factors (Jimenez et al. 2008). In con-
trast, in older mice (18 months), activated microglia show a
potentially cytotoxic phenotype expressing TNF-o, Fas-L,
TRAIL, Cox2, and Nox1 (Jimenez et al. 2008).

Based on the age-dependent switch in the microglial
phenotype, we speculate that up-regulation of P2X7R may
be pathologically important during the late stages of neu-
rodegeneration (Fig. 1). However, it is also possible that
P2X7R is involved in non-cytotoxic physiological func-
tions in the early stages of neurodegeneration. Further
investigations are required to test these hypotheses.

Expression of P2X7R at the Pre-synaptic Sites
of Neurons and Astrocytes

Although P2X7R is predominantly expressed in microglia,
arecent study has shown that this receptor is also expressed
in other cell types, including neurons and astrocytes.

While the involvement of the P2X family of receptors
except for P2X7R in ATP-related neurotransmission has
been well characterized (Norenberg and Illes 2000), the
expression of P2X7R in neurons was disputed until
recently (Sim et al. 2004). Evidence is accumulating for the
functional expression of P2X7R in the central and
peripheral pre-synaptic termini of neurons, which may be
relevant to the modulation of transmitter release, including
that of y-aminobutyric acid and glutamate (Anderson and
Nedergaard 2006). These results indicate that P2X7R plays
important roles in the fundamental regulation of synaptic
transmission at the pre-synaptic sites of neurons (Duan and
Neary 2006).

P2X7R is also expressed in other cell types, including
astrocytes and oligodendrocytes. Since astrocytes react
with neurotransmitters released from the synapse due to
intracellular Ca®" elevations causing the release of
glutamate (Duan et al. 2003), it is possible that ATP also
affects synaptic function by modulation of glutamate
release from astrocytes. Taken together, it is possible
that impairment of P2X7R expression and function in
both pre-synapse and astrocytes results in the dysregula-
tion of neural transmission and the induction of
excitotoxicity correlated with neurodegenerative diseases
(Fig. 1). Future investigations are required to confirm this
intriguing possibility.
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Therapeutic Effects of P2X7R Antagonists in Animal
Models of Neurodegenerative Disease

Since the up-regulation of the P2X7R system may stimu-
late neurodegenerative diseases, suppression of this
receptor could be a therapeutic strategy for ameliorating
the neurodegenerative process. Researchers previously
found that oxidized ATP, a potent antagonist for P2X7R,
could not cross the blood-brain barrier and had adverse
effects on the heart. Conversely, a recent study showed that
brilliant blue G (BBG) may be promising as an alternative
for this purpose because it has similar pharmacological
properties to oxidized ATP, can cross the blood-brain
barrier, and has low toxicity. BBG is derived from a blue
food dye called FD&C blue No. 1, which has been shown
to be safe in healthy animals and is approved for use in
foodstuffs (Borzelleca et al. 1990; Hess and Fitzhugh
1955).

In Af-42-injected rat hippocampi, marked increases in
P2X7R expression, gliosis, leakiness of the blood-brain
barrier, and hippocampal neuron loss were observed. The
P2X7R antagonist BBG reduced the levels of purinergic
receptor expression, attenuated gliosis, diminished the
leakiness of the blood-brain barrier, and was neuropro-
tective (Ryu and McLarnon 2008). BBG also demonstrated
neuroprotective and antagonistic effects against inflam-
matory responses induced by the P2X7R agonist 2',3'-
(benzoyl-4-benzoyl)-ATP (Ryu and McLarnon 2008). As
with AD, in vivo administration of BBG to HD mice
ameliorated the pathogenesis of HD by preventing neuro-
nal apoptosis (Diaz-Hernandez et al. 2009). Similarly,
BBG has been shown to exhibit beneficial effects on other
animal models of CNS diseases, including spinal cord
injury and multiple sclerosis (Matute et al. 2007; Peng et al.
2009).

The success of BBG in various animal studies suggests
that P2X7R could be used as a therapeutic target for the
treatment of neurodegenerative disease and related disor-
ders. However, considering that relatively high
concentrations of BBG (~ 50 mg/kg) have been used for
these animal studies, it is yet to be determined whether
non-toxic doses of BBG are effective for human patients
suffering from chronic neurodegenerative diseases. Thus,
further investigations may find new compounds that
antagonize the P2X7R pathway more effectively than
BBG. In addition to the pharmacological blockade of
P2X7R, other strategies may be considered, such as the
delivery of small RNA (e.g. micro RNA and small inter-
fering RNA) into the brain to knock down the expression
level of P2X7R. Such a strategy could be combined with
treatments involving P2X7R antagonists to effectively
suppress the P2X7R signaling pathway.

Concluding Remarks

A recent study suggested that the up-regulation of the
P2X7R pathway could play a critical role in the progres-
sion of various neurodegenerative diseases. In addition to
treatment with P2X7R antagonists, suppression of the
P2X7R pathway could become a novel therapeutic
approach for ameliorating neurodegenerative processes.
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