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Abstract In the last decades, the discovery that glial cells do
not only fill in the empty space among neurons or furnish them
with trophic support but are rather essential participants to the
various activities of the central and peripheral nervous system
has fostered the search for the signalling pathways controlling
their functions. Since the early 1990s, purines were foreseen as
some of the most promising candidate molecules. Originally
just a hypothesis, this has become a certainty as experimental
evidence accumulated over years, as demonstrated by the
exponentially growing number of articles related to the role
of extracellular nucleotides and nucleosides in controlling glial
cell functions. Indeed, as new functions for already known
glial cells (for example, the ability of parenchymal astrocytes
to behave as stem cells) or new subtypes of glial cells (for
example, NG2+ cells, also called polydendrocytes) are discov-
ered also, new actions and new targets for the purinergic
system are identified. Thus, glial purinergic receptors have
emerged as new possible pharmacological targets for various
acute and chronic pathologies, such as stroke, traumatic brain
and spinal cord injury, demyelinating diseases, trigeminal pain
and migraine, and retinopathies. In this article, we will
summarize the most important and promising actions
mediated by extracellular purines and pyrimidines in con-
trolling the functions, survival, and differentiation of the
various “classical” types of glial cells (i.e., astrocytes,
oligodendrocytes, microglial cells, Müller cells, satellite

glial cells, and enteric glial cells) but also of some rather
new members of the family (e.g., polydendrocytes) and of
other cells somehow related to glial cells (e.g., pericytes
and spinal cord ependymal cells).
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Introduction

In recent years, the role of the purinergic system in the
modulation of cell-to-cell communication in the central
(CNS) and peripheral nervous system (PNS) has clearly
emerged, as extensively reviewed elsewhere in this issue.
Not only neurons but also many types of glial cells (mainly,
astrocytes and microglia) release and respond to ATP and
other purinergic molecules under both physiological and
pathological conditions [1]. As shown in Fig. 1, P1 and P2
receptors are expressed on neurons and astrocytes, as well as
on all other types of CNS and PNS glia, including oligoden-
drocytes (OLs) and Schwann cells (SCs) (that myelinate
nerve terminals, thus ensuring rapid impulse conduction
and axonal protection) and microglia (the brain’s and spinal
cord’s immunocytes that continuously patrol the nervous
tissue and react to damaging insults). Purinergic signalling
also plays an important role in regulating the activity and
function of both satellite glial cells (SGCs), the type of glia
found in sensory ganglia, and of Müller cells, the retinal
glial cells crucially involved in the transmission of visual
inputs. In addition, ATP is an important signalling substance
at the gliovascular interface and exerts a crucial control in
the regulation of microvascular blood flow. This complex
and highly integrated glial purinergic network acts in an
autocrine and paracrine manner to regulate nervous system
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function under physiological conditions and to ensure re-
sponse and foster repair under acute and chronic patholog-
ical conditions. Here, we aim at summarizing the role played
by the purinergic system in astrocytes, OLs, SCs, microglia,
SGCs, and Müller cells. We also briefly revise the current
literature on the involvement of purinergic signalling in
some other cells that are not typically glia but are somehow
related to the glial lineages, such as the ependymal cells
lining spinal cord central canal, and pericytes, connective
tissue cells that participate to the formation of the blood–
brain barrier (BBB) and express typical glial markers, such
as the proteoglycan NG2. We focus on the purinergic con-
trol of the physiological functions of these different cell
types, as well as on the effects on their proliferation, differ-
entiation, and death under both normal and pathological
conditions.

Astrocytes

Purines and pyrimidines in the physiological regulation
of astrocyte functions

Under physiological conditions, astrocytes are exposed to
extracellular nucleotides released during synaptic transmis-
sion. Astrocytes themselves can release ATP through a
highly controlled vesicle system [2] and various membrane
channels [3]. Interestingly, ATP release from astrocytes is
regulated by circadian clock genes and IP3 signalling, sug-
gesting that extracellular nucleotides can contribute to the
observed daily oscillation in brain functions [4]. In turn,
extracellular nucleotides and the corresponding nucleosides
deriving from their metabolism act paracrinally on sur-
rounding cells or autocrinally on astrocytes themselves. In
fact, virtually all purinergic receptor P1 and P2 subtypes
have been identified in astrocytes in vivo and in vitro by
means of different approaches. As reviewed in details by
Verkhratsky and colleagues [3], some receptor subtypes
have been only identified at the mRNA level or by immu-
nocytochemistry, with no clear indication of their role in
controlling astrocyte functions (i.e., the P2X subtypes). In-
deed, some receptor subtypes are expressed but not func-
tional under basal conditions and are recruited and activated
only following specific physiopathological situations ([5];
see also below). Finally, the lack of really selective agonists/
antagonists for each purinoceptors has greatly contributed to
the paucity of information on the role of specific receptor
subtypes in the observed nucleotide-mediated effects on
astrocytes. Apart from the above-mentioned difficulties in
identifying the individual receptor subtypes responsible for
specific functions, it has been clearly shown that extracellu-
lar ATP is responsible for short-term communication among
astrocytes through the generation of [Ca2+]i transients,

which in turn can further modulate exocytotic glutamate
and ATP release from the same cells (for details, see [6];
see also below, “The discovery of a novel, long-range cell-
to-cell signalling system: ATP-dependent glial calcium
waves”). Thanks to the activity of ecto-nucleotidases, the
subsequent extracellular generation of adenosine is then
further involved in the modulation of the amplitude and
kinetics of calcium waves among astrocytes and can control
glutamate uptake by inhibiting the specific astrocyte trans-
porter [3]. Astrocyte-derived extracellular nucleotides and
nucleosides can indeed modulate synaptic transmission by
activating their pre- and post-synaptic receptors (Fig. 1).
Thus, based on its emerging specific role in controlling
astrocyte functions and cell-to-cell communication, ATP
has been correctly defined as the major “gliotransmitter” in
the brain.

Purines and pyrimidines in the modulation of reactive
astrogliosis

Substantial evidence indicates a key role for the purinergic
system in controlling and promoting reactive astrogliosis,
the typical response of astrocytes to any harmful event
affecting the nervous tissue. This is particularly important
in the light of the exciting recent discovery that reactive
astrocytes do not only contribute to isolating the damaged
area from the surrounding healthy or poorly injured tissue
and release growth factors and trophic substances to pro-
mote tissue recovery, but they can themselves behave as
stem-like cells, giving rise to the whole progeny of CNS
cells at least in vitro ([7]; see also below). In detail, after
traumatic or ischemic injury, resident CNS astrocytes be-
come activated and start re-expressing neural cell stem
markers, thus constituting a potential source of newborn
neurons and glial cells for reparative purposes [7]. There-
fore, early studies demonstrating synergistic effects of puri-
nergic ligands and classical growth factors in the formation
of “reactive” astrocytes [8, 9] need to be re-interpreted and
indeed represented the first demonstration that, upon injury,
purinergic ligands can induce astrocytes to de-differentiate
to multipotent stem-like cells.

In this respect, it is now recognized that following path-
ological events, astrocytes exposure to extracellular nucleo-
tides and nucleosides is dramatically increased, due to both
overactivated excitatory synaptic transmission, and to mas-
sive cell death, leading to membrane disruption and extra-
cellular leakage of the cytosolic purines and pyrimidines
pool. As already mentioned in the previous paragraph, the
elucidation of the specific contribution of the different puri-
nergic receptor subtypes to the observed functional effects
on astrocytes has been greatly slowed down by various
factors. Nevertheless, it can be now undoubtedly stated that
extracellular nucleotides are key players in modulating
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astrocytic reaction to injury. Here, we shall summarize some
key facts in the purinergic regulation of reactive astrogliosis.
For more details on this phenomenon with special reference
to the signalling systems involved, the reader is referred to a
more detailed review on this topic in this same issue.

The role of extracellular nucleotides in promoting reac-
tive astrogliosis has been identified and studied since the
early 1990s. The extensive work from both Neary’s and our
laboratories has clearly shown that extracellular ATP pro-
motes astrocyte hypertrophy, elongation of glial fibrillary
acidic protein (GFAP)-positive processes and proliferation,
through the activation of the ERK1/2 and of the pro-
inflammatory COX-2 signalling pathways [10–12]. ATP-
induced effects closely resemble growth factor modulation
of reactive astrogliosis, and the two signalling systems
closely collaborate together [9]. These effects seem to be
mostly mediated by P2Y receptors, although the exact con-
tribution of specific receptor subtypes has not been clearly
defined yet. ADP-sensitive P2Y1 subtype promotes astro-
cytic reaction to traumatic injury in vivo through the PI3K/
Akt signalling pathway [13] and controls astrocytic cyto-
kine/chemokine transcription thus worsening cerebral dam-
age in vivo [14]. Activation of the P2Y2 subtype promotes

cytoskeletal changes and astrocyte migration through direct
interaction with integrins ([15]; reviewed in [16]). Interest-
ingly, this receptor subtype can also directly transactivate
growth factor receptors, providing an additional possible
explanation for nucleotide-growth factors interaction in con-
trolling astrocyte functions [17]. Indeed, activation of the
P2Y2 and P2Y4 subtypes promotes the astrocytic production
and secretion of amyloid precursor protein [18]. This obser-
vation, together with the known ability of activated astro-
cytes to release various pro-inflammatory mediators (as
reviewed in [19]), opens entirely new avenues on the role
of astrocytes and of the purinergic system in the onset and
development of Alzheimer’s disease, which could unveil
new pharmacological targets to this devastating pathology.
It is also worth mentioning that, at the BBB level, astrocytic
end feet express predominantly the P2Y2 and P2Y4 receptor
subtypes [20], which could be paracrinally or autocrinally
activated by uracil nucleotides released by astrocytes fol-
lowing exposure to thrombin, as occurs in vivo as a conse-
quence of plasma extravasation due to BBB rupture (for
review, see [21]). Thus, a role for these receptors in control-
ling BBB integrity and permeability can be envisaged,
which could have important implications during inflammatory
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Fig. 1 Schematic representation of the role played by extracellular
nucleosides and nucleotides in modulating cell-to-cell communication
between neurons and glial cells in the central nervous system. ATP is
exocytotically released from nerve terminals as a co-transmitter during
synaptic transmission, and activates its pre- and post-synaptic receptors
but also receptors on surrounding astrocytes and microglial cells. ADP
and adenosine are generated through the activity of ecto-nucleotidases
and further contribute to neurotransmission and to the modulation of
glial cell functions. Astrocytes and microglia themselves can release

ATP, which acts autocrinally or paracrinally on surrounding cells. An
axonal non-vesicular ATP release has been recently identified, which
plays a fundamental role in controlling oligodendrocyte myelinating
functions, and, possibly, also NG2+ cell activity and maturation. No
clear evidence for a vesicular release of uracil nucleotides is currently
available, but pyrimidinergic receptors have been identified on any of
the cell types shown here, thus indicating their important role in
controlling glial activity. For the sake of clarity, only generic receptor
families (i.e., P1, P2Y, and P2X) are shown. See text for details
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and traumatic events but also for cancer cell migration and
metastatization to the nervous system.

Although the exact contribution of P2X receptors to
reactive astrogliosis is still unclear, a specific role for the
P2X7 subtype has emerged. In fact, it seems that a clear
expression of this receptor subtype in astrocytes can be
detected only following traumatic or ischemic events, or
when cells are activated in vitro by the culturing procedure
[3]. Opening of this receptor channel leads to the sustained
release of glutamate and other pro-inflammatory mediators
(reviewed in [3]), thus highlighting the important role
played by the P2X7 receptor subtype in the general frame
of events leading to tissue remodeling and response to acute
and chronic harmful events.

Following any ischemic and/or traumatic event, the mas-
sive increase in the extracellular nucleotides concentration
bears as a logical consequence a delayed exposure to high
adenosine concentrations, which in turn contributes to the
modulation of reactive astrogliosis. In this respect, the obser-
vation that the astrocytic expression of ecto-nucleotidases, the
nucleotide metabolizing enzymes, is dynamically regulated
following brain damage (e.g., stab wound) with upregulation
in the injured area [22] suggests that the contribution of
adenosine receptors to reactive astrogliosis could become
increasingly important with time after injury. The A1 adeno-
sine receptors play a protective and anti-apoptotic role for
astrocytes exposed to oxygen–glucose deprivation [23]. Acti-
vation of the A2A subtype in vivo has been shown to induce
signs of gliosis [24], and its selective blockade completely
prevented bFGF-mediated gliotic reaction in vitro [25]. A
cross-talk between the pro-inflammatory cytokine TNFα
and the A2B receptor subtype has been also demonstrated,
with TNFα inhibiting A2B receptor desensitization and con-
tributing to A2B-mediated elongation of astrocytic processes, a
typical hallmark of reactive astrocytes in vitro [26]. An inter-
esting double-edged sword activity for the A3 receptor sub-
type was also shown both in vivo and in vitro, with low
agonist concentration promoting astrocytic survival, elonga-
tion of GFAP-positive processes [27], and increasing animals’
survival following ischemia [28]. Conversely, high micromo-
lar agonist concentrations were responsible for induction of
apoptosis in vitro [27] and worsened animals’ outcome fol-
lowing ischemia in vivo [28].

Although still incomplete, the picture that emerges from
the above-mentioned and other experimental evidence high-
lights a central role for the purinergic system in controlling
and fine-tuning astrocytic response to acute and chronic
events. A renewed interest in this field can be foreseen in
the next years, based on the already above-mentioned new
discoveries that parenchymal reactive astrocytes possess
stem cell-like properties. In fact, during their reaction to
damage, normally quiescent parenchymal astrocytes under-
go a dedifferentiation process, revealing many of the

molecular traits of progenitor or stem cells (for review, see
[7]). Although they can generate both astrocytes and neu-
rons in vitro, they only give rise to astrocytes in vivo, thus
suggesting that local inhibitory signals to neurogenesis may
exist [19]. In this respect, the elucidation of the permissive
or inhibitory role played by the various purinergic agonists,
and receptor subtypes could contribute to unveil new strat-
egies to promote tissue recovery following brain injury.
Indeed, also stem cells in the neurogenic subventricular
zone (SVZ) display typical astrocytic features [29]; these
cells normally divide slowly, but following experimental
depletion of SVZ cells, they are capable of reconstituting
the principal SVZ cell populations [30]. Since these cells
retain an apical contact with the lateral ventricle and a basal
process that extends towards local vasculature [31], they are
possibly exposed to multiple sources of extracellular nucleo-
tides and nucleosides, which can modulate their self-
renewal and differentiative abilities.

Schwann cells and oligodendrocytes

The role of the activity-dependent axonal signal ATP
and its metabolites on Schwann cell and oligodendrocyte
proliferation and differentiation

In the mammalian nervous system, most large-diameter
axons are wrapped by a myelin sheath, which ensures the
rapid conduction of nerve impulses and protects axons from
damage. As mentioned in the “Introduction,” during devel-
opment, myelin formation is provided by SCs in the PNS
and by OLs in the CNS and requires a highly coordinated
series of events in which multiple factors regulate precursor
cell proliferation and their timely differentiation into myeli-
nating glia [32, 33]. Myelin has recently received a lot of
interest from the scientific community. One reason at the
basis of this interest is because different diseases target
myelin, including hereditary demyelinating neuropathies in
the PNS, and multiple sclerosis (MS) and hereditary leuko-
dystrophies in the CNS [34]. In recent years, myelin has also
generated new interest for its involvement in normal cogni-
tive function, learning and intelligence quotient, and as an
unexpected contributor to a wide range of psychiatric dis-
orders, including depression and schizophrenia (for review
see: [35]). Moreover, it is now becoming clear that myeli-
nation continues into adulthood, affects information pro-
cessing by regulating the velocity and synchrony of
impulse conduction between distant cortical regions and is
modifiable by experience and likely by drugs [36]. On this
basis, it is obvious that an in-depth knowledge of the factors
and mechanisms regulating myelination in the adult brain
would greatly advance our understanding of brain function
under both physiological and pathological conditions.
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Purinergic signalling is one of the main pathways that
regulate myelination in both the PNS and CNS. Extracellular
ATP has been identified as an important, activity-dependent
axonal signal that, when non-synaptically released from elec-
trically stimulated axons, activates purinergic P2 receptors on
neighboring SCs and OLs [37].

Non-vesicular ATP release has been indicated to occur
from premyelinated axons of dorsal root ganglion (DRG)
neurons upon electrical stimulation and to cause calcium
elevation in perinatal SCs, which is blocked by P2Y recep-
tor antagonists or by the application of apyrase, one of the
enzymes that breaks down ATP to ADP, AMP, and adeno-
sine [38]. In accordance to this, exogenous application of
ATP induces an increase of intracellular calcium concentra-
tions by the activation of purinergic receptors on cells acute-
ly isolated from both adult and neonatal sciatic nerves [39,
40]. Of note, some P2 receptor subtypes (e.g., P2X7, P2Y1,
and P2Y2) have been localized so far on myelinating and
non-myelinating SC membranes [38, 41–43]. In particular,
P2Y1 receptor stimulation upon activity-dependent release
of ATP from DRG neurons or by the exogenous selective
agonist 2-methylthio ADP [44] has been described to inhibit
both SC proliferation and differentiation, as indicated by the
analysis of the O4 immature SC/OL marker in co-culture. It
has been postulated that this inhibitory mechanism is meant
at preventing premature SC differentiation, increasing the
pool of pre-differentiated SCs ready to respond to appropri-
ate myelination signals [37]. However, it has been reported
by other studies [45], that, in adult nerves, SCs fail to
respond to action potential firing, even if functional P2
receptors have been detected ([42]; see also above). Al-
though technical limitations cannot be ruled out, these data
suggest that activity-dependent ATP release (whose mecha-
nisms are still unknown) might be restricted to specific early
phases of development, when these responses are elicited in
SCs by premyelinated axons [37]. It has been reported that
SCs are also able to respond with intracellular calcium
transients to ATP released from ear vestibular neurons,
acting through purinergic receptors. In turn, purinergic activa-
tion of SCs induces release of neurotrophin brain-derived
neurotrophic factor (BDNF, mainly acting on P2X7 recep-
tors), which is required by vestibular neurons to support their
survival and growth [46]. These data represent a clear example
of a functional cross-talk between neurons and SCs.

Similarly to ATP, adenosine, a product of ATP metabo-
lism by extracellular ecto-nucleotidases [47] inhibits SC
proliferation induced by platelet-derived growth factor
(PDGF), by activating ERK/MAPK through stimulation of
cAMP-linked A2A receptors [43, 44]. However, in contrast
to ATP, adenosine fails to inhibit the differentiation of
SCs to the O4+ stage, suggesting that, besides ATP,
adenosine is an activity-dependent signalling molecule
between axons and premyelinating SCs, acting through

distinct intracellular signalling pathways in response to
neural impulse activity [44].

Also in the CNS, neuronal activity influences myelination
by activating purinergic signalling. During development, OLs
are generated by cells of the embryonic ventricular zone in the
brain and spinal cord, giving rise to oligodendrocyte precursor
cells (OPCs) that proliferate and migrate throughout the CNS
[48]. These OPCs can then terminally differentiate into mature
OLs during a step-by-step process characterized by the down-
regulation of precocious markers (such as the membrane
chondroitin sulfate proteoglycan, NG2, and the PDGF
receptor-alpha (PDGFRα)) and the acquisition of immature
OL antigens such as O4, followed by myelin specific struc-
tural proteins (i.e., myelin basic protein (MBP)). Furthermore,
early undifferentiated bipolar OPCs acquire a more complex
morphology with many branched processes, culminating in
the formation of membrane sheaths that wrap around axons
[49]. Also in CNS, myelination is regulated by extracellular
signals and intracellular factors acting on both the various
steps of OL maturation and axonal activity [33].

In detail, adenosine has been reported to inhibit OPC
proliferation in the presence of the mitogenic agent PDGF
and to promote cell differentiation towards premyelinating
oligodendrocytes, thus globally increasing myelination, as
shown by the rise of MBP+ oligodendrocytes in DRG/OPC-
treated co-cultures. Of note, the percentage of myelinating
MBP+ oligodendrocytes was lower in co-cultures treated with
the adenosine receptor antagonists alone, suggesting that
endogenous sources of adenosine are sufficient to promote
differentiation effects [50]. In addition, activation of A1

receptors has been reported to induce OPC migration ([51]).
In line with these functional data, all four P1 adenosine
receptors have been detected by RT-PCR in cultured OPCs
[50]. Functional purinergic P2 receptors (i.e., P2Y1, P2Y2,
P2Y6, P2Y12, P2Y13) have been also identified in OPCs, by
assessing intracellular calcium transients elicited by some
relatively selective purinergic agonists [50, 52–54]. In line
with these data, ATP and ADP are able to inhibit OPC
proliferation in vitro, both in purified cultures and in cerebel-
lar tissue slices. ATP and ADP, but not UTP, have been also
shown more effective than PDGF in stimulating OPC migra-
tion and in promoting oligodendrocyte differentiation acting
mainly on P2Y1 receptor [53]. More recently, purinergic
signalling has been found to stimulate myelination at later
stages of OL development, through an indirect mechanism
involving astrocyte release of the promyelinating cytokine,
leukemia inhibitory factor (LIF). It has been shown that ATP,
2-methylthio ATP, and α,β−methylene ATP, but not UTP,
increase myelination when DRG, co-cultured with immuno-
purified O1+ stage oligodendrocytes, are supplemented with
astrocytes [55]. In these culture conditions, upon ATP treat-
ment, astrocytes are induced to produce LIF, which, as pre-
viously reported [56], stimulates myelination.
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The opposite effects of ATP in OPC and SC differentia-
tion have been related with differences in the timing of
myelination of the CNS and PNS axonal branches of DRG
neurons with respect to the onset of electrical activity during
development. Myelination of the peripheral axon branch
being delayed with respect to central one, the blockade of
SC differentiation by activity-dependent release of ATP may
serve to prevent premature SC differentiation at times
when axonal ATP has not yet induced the differentiation
of OPCs [50].

Specific P2 receptor subtypes as promising targets
for myelin repair in the CNS

A contribution to oligodendrocyte function has been recent-
ly postulated for the P2Y12 receptor subtype, being this
receptor found to be expressed in mature OLs throughout
the corticospinal tract [57]. Interestingly, the analysis of
postmortem samples of the cerebral cortex from healthy
human subjects and MS patients has shown that P2Y12

protein expression is reduced in proximity to the lesions.
In particular, its reduction was found to be inversely pro-
portional to the extent of demyelination found in gray matter
cortical plaques and subcortical white matter, suggesting
that this reduction may represent an additional marker of
the development of the lesions in the disease [58].

A number of recent studies have demonstrated the exis-
tence of pyrimidinergic signalling pathways mediated by
uracil nucleotides (i.e., UTP and UDP) and their sugar
conjugates (i.e., UDP-glucose and UDP-galactose), which
have been also reported to modulate OPC proliferation and
differentiation [21]. In this respect, UDP, UDP–glucose, and
UDP–galactose have been shown to act as endogenous
agonists at the P2Y-like receptor GPR17 [59, 60], recently
identified as an important regulator of OL maturation [54,
61–63]. Interestingly, GPR17 is also activated by cysteinyl–
leukotrienes (cysLTs; a family of pro-inflammatory arach-
idonic acid-derived molecules that also markedly increase at
CNS injury sites, see also below), representing one of the
first example of G protein-coupled receptor showing a dual
pharmacology [59, 64]. We were indeed the first to show
that, in the adult rodent brain, GPR17 is expressed by a
subpopulation of NG2+ OPCs (see also below), whereas the
receptor was not found in mature OLs expressing the clas-
sical mature myelin markers such as MBP and the proteoli-
pid protein PLP [54, 61, 63]. Similarly, in vitro, GPR17 has
been found to decorate two distinct subsets of slowly pro-
liferating NG2+ OPCs: (1) morphologically immature cells
expressing other early proteins like Olig2, A2B5, PDGFRα,
and the immature DM-20 isoform of the PLP1 myelin
protein, and (2) ramified pre-OLs, already loosing NG2
and PDGFRα immunoreactivity and acquiring expression
of more mature factors like O4 and O1 (for details on the

more general role of NG2 cells in the CNS, see also the
following section). After the O4/O1 differentiation stage,
GPR17 is progressively turned down and never found in
fully mature MBP+ oligodendrocytes [54], indicating that
GPR17 expression is restricted to very early differentiation
stages and completely segregated from that of mature mye-
lin. We also reported that GPR17 activation by its endoge-
nous ligands (i.e., UDP–glucose and LTD4), results in a
marked inhibition of adenylyl cyclase and cAMP production
[54], an effect counteracted by GPR17 antagonists (e.g.,
AR-C69931MX, also named cangrelor, and montelukast,
[59]) and by receptor silencing with siRNAs [54]. By means
of pharmacological and biotechnological approaches, we
also showed that uracil nucleotides promote OL maturation.
Conversely, the GPR17 antagonist cangrelor [59] signifi-
cantly reduced the number of mature MBP+ or CNPase+

cells, indicating a shift of cells toward a less differentiated
stage, as also confirmed by the prevalence, in culture, of a
morphologically undifferentiated phenotype. The detected
delay in OPC maturation in response to cangrelor could be
ascribed to blockade of the binding of endogenous ligands
(i.e., UDP–glucose, UDP) to GPR17, suggesting that, even
in culture, GPR17 is extrinsically regulated by its physio-
logical ligands that accumulate in the extracellular milieu
[54]. Interestingly, suppression of GPR17 expression at
early differentiation stages by siRNA significantly reduced
the number of terminally differentiated MBP+ cells, suggest-
ing that GPR17 is initially necessary to commit progenitors
towards mature OLs. However, the absence of GPR17 ex-
pression in mature MBP+ cells suggest that, at later differ-
entiation stages, the receptor has to be turned down to allow
cell maturation. In this respect, starting at postnatal week 2,
transgenic mice overexpressing GPR17 under the control of
the promoter of CNPase, a relatively late marker of OPC
differentiation, displayed generalized tremors, hind limb
paralysis, with a parallel reduction of MBP and PLP1
expressing cells in brain white matter starting at postnatal
day 14, followed by precocious death at 3 weeks of age.
These data confirm that the forced GPR17 over-expression
at late differentiation stages, when OPCs are already irrevers-
ibly committed to becomemature OLs, inhibits cells’ terminal
maturation [62]. Interestingly, recent data have shown that the
presence of both bFGF and EGF is required to maintain a low
expression of GPR17, suggesting that the two growth factors
act in synergy in keeping OPCs at a less differentiated, pro-
liferating state and that they do so by restraining GPR17
expression. GPR17 protein expressionwas instead abundantly
induced in a subpopulation of O4+ cells when cultures were
grown in the absence of growth factors and in the presence of
a differentiating medium [65]. Globally, these data suggest
that GPR17 is specifically involved in the differentiation
rather than in the self-maintenance of the pool of undifferen-
tiated proliferating OPCs. In line with this hypothesis, in vivo
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maximal GPR17 expression was found in post-mitotic NG2+

cells undergoing morphological differentiation [66]. Of note,
O4+ cells were also shown to undergo massive cell death in
the presence of 100μMATP only when coexpressing GPR17,
whereas cells that did not express the receptor were partially
spared [63]. This suggests that different levels of GPR17
might dictate susceptibility to ATP-induced cell death, an
event that may prove important for both regulating cell num-
ber during development and for determining myelin damage
under traumatic/hypoxic conditions (see also below). A cyto-
toxic effect exerted on mature OLs by high ATP concentra-
tions has been also previously demonstrated by a mechanism
involving activation of the P2X7 receptor subtype. MBP-
expressing cells from the rat optic nerve exposed to 1 mM
ATP undergo massive cell death, and an increased expression
of P2X7 in myelinating OLs was also observed preceding the
onset of experimental autoimmune encephalomyelitis (EAE),
suggesting that this receptor subtype might represent a risk
factor for the development of MS. Accordingly, the P2X7
receptor antagonist Brilliant Blue G has been shown to exhibit
beneficial effects in the same animal model of MS [67]. The
P2X7 receptor has been also demonstrated to mediate ische-
mic damage to OLs in vitro. Indeed, OLs release high con-
centrations of ATP during ischemia, which activate P2X7
receptors, inducing massive myelin destruction, in addition
to OLs death [68]. It may therefore well be that both GPR17
and P2X7 cooperate in modulating OL survival and death
depending upon the extracellular ATP concentrations, with
GPR17 playing a predominant role at lower ATP levels and
the P2X7 subtype being recruited only when higher extracel-
lular nucleotide concentrations are reached [63]. In conclu-
sion, it is anticipated that the full elucidation of the complex
interplay between specific P2 receptors in OL proliferation,
differentiation, and death may unveil novel targets to combat
demyelination and promote myelin repair.

Purinergic signalling in adult NG2+ cells

As discussed above, the demonstration that NG2+ OPCs are
still present in the adult CNS has generated a lot of interest
on these cells as a reservoir of OLs to repair demyelinated
lesions [69, 70]. However, recent reports on the lineage and
the electrophysiological properties of these cells have ques-
tioned the notion that all NG2 expressing cells (also called
polydendrocytes) simply act as progenitors committed to the
OL lineage. It has been indeed reported that, under specific
conditions, NG2 cells can give rise to neurons and astro-
cytes [71]. This indicates that polydendrocytes exhibit ad-
ditional properties apart from their assumed functions as
OPCs, although this concept is currently a highly debated
topic. NG2 cells have been also demonstrated to make
multiple contacts with the axonal membrane at nodes of
Ranvier [72] and with synaptic terminals [73], suggesting

a role in surveillance of neuronal activity and raising the
question of whether adult NG2 cells may be capable of
responding to or influencing neuronal activity [74–76]. In
this respect, several data indicate that, similarly to mature
OLs, these cells respond to neuronal activity and to neuro-
transmitters (for review, see [76]. In particular, by confocal
calcium imaging on optic nerves from a transgenic mouse
line in which NG2 glia are identified by the expression of
the red fluorescent protein DsRed, it has been recently
shown that ATP, released during axonal action potential
propagation and mechanical stimulation of astrocytes,
evokes calcium signal in these cells, mainly through the
activation of P2Y1 and P2X7 receptors [77]. These results
strongly favor the view of a close interdependence among
polydendrocytes, astrocytes, and neurons in synaptic trans-
mission, supporting the existence of the “tetrapartite syn-
apse” proposed by Butt and coworkers in 2005 [76]. As well
as responding to ATP, polydendrocytes have also been
shown to respond to GABAergic inputs, glutamate and
probably to other neurotransmitters and neuromodulators,
since they also express receptors for glycine, acetylcholine,
monoamines, and substance P [78].

Highly relevant, NG2+ cells also react to many patholog-
ical conditions by active proliferation, hypertrophy, NG2
upregulation, and contribution to glial scar formation, sug-
gesting that they actively participate in the neuroinflamma-
tory events of the injured nervous system [79]. Of note,
GPR17 receptor has been found to be expressed by adult
NG2+ OPCs that take part in the remodelling and repair after
ischemia. Starting from 48 to 72 h after ischemia induction,
GPR17-expressing OPCs start to proliferate in the peri-
lesion area and to differentiate into more mature oligoden-
drocytes, indicating an attempt of remyelination [61]. A
similar time-dependent induction of GPR17 in OPCs was
found in a mechanical spinal cord injury model in mice [65].
In line with our data, Chen and coworkers [62] found the
receptor to be highly expressed during development, to
undergo downregulation at adulthood and to be upregulated
upon induction of EAE in mice, a model of MS. In line with
these findings, as already stated above, the forced expres-
sion of GPR17 at advanced OPC differentiation stages
impairs physiological myelination [54] and increases sus-
ceptibility to death [63]. These initial data in MS models
suggest that GPR17 may be pathologically upregulated in
demyelinating conditions, suggesting the hypothesis that
excessive, chronic, non-physiological activation of GPR17
may prevent OPCs from repairing lesions. In this respect,
our recent in vitro data showing that GPR17 pharmacolog-
ical or biotechnological modulation has important effects on
the final destiny of OPCs suggests a key role for endoge-
nous GPR17 ligands in the normal differentiating program
of these cells and in its dysregulation under pathological
conditions [54]. Of note, both cysLTs and nucleotides
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accumulate at the site of injury in the ischemic damaged
brain [80, 81]. These data point to uracil nucleotides and
cysLTs as main extrinsic local regulators of these cells under
physiological conditions and during myelin repair [54].

Microglia

Involvement of purinergic signalling in microglia-mediated
immunosurveillance of the CNS

Microglia are the immunocompetent cells of the CNS. They
have crucial functions in surveillance and homeostasis of
CNS, reacting to injury, trauma, or toxins, removing cellular
debris and actively participating to neural tissue remodeling
after injury. In normal conditions, they are widespread in the
whole CNS in a resting state, as a network of small cells
with a ramified morphology. Under pathological conditions,
they can rapidly acquire an activated phenotype, assuming a
different morphological (amoeboid) biochemical and immu-
nological (phagocytic) state. Activated microglia upregulate
their surface expression of immunomodulatory proteins and
become efficient in producing a variety of cytokines, che-
mokines, reactive oxygen species, and proteases [82, 83].
While the surveillance properties of microglia are essential
for the maintenance of CNS integrity, excessive or uncon-
trolled microglial activation has severe and deleterious con-
sequences [19]. Microglia differentially regulate their
“trophic” and “toxic” effectors depending from the neuro-
transmitter signal released from injured neurons, which is
dependent on the degree of injury [84].

Microglial activation is heavily implicated in the patho-
genesis of virtually all CNS diseases, including brain and
spinal cord injury, stroke, and degenerative diseases [85].
ATP released in large amounts at the sites of CNS injury
contributes to microglial activation through both ionotropic
P2X and metabotropic P2Y receptors ([81, 86, 87]). Expres-
sion of several P1 and P2 receptors and the ability of
purinergic molecules to profoundly affect multiple micro-
glia responses (such as proliferation, process motility, mi-
gration, phagocytosis, cytokine, and chemokine release)
make this cell type a useful model for studying the role of
purines in inflammation [88].

Purinergic regulation of membrane ruffling and chemotaxis

The trophic effects of extracellular nucleotides on microglia
were demonstrated several years ago by Honda and col-
leagues. They demonstrated that ATP induced rapid micro-
glial membrane ruffling after 5 min through P2Y receptors
[89]. A significant morphological change was also observed
after exposure to ADP and UTP. However, only ATP and
ADP induced chemotaxis of microglia, whereas UTP was

ineffective. Moreover, membrane ruffling and chemotaxis
were completely abolished by pre-incubation with cangre-
lor, a P2Y12-13 antagonist [89]. Considering that, in micro-
glia, the transcript for P2Y13 has been detected only at low
levels, and the encoded receptor protein has not been ob-
served at all [90], it’s likely that P2Y12 signalling is one of
the most relevant pathways activated in these cells in re-
sponse to injury. Purified microglia from wild-type mice
demonstrated a strong polarization and chemotaxis toward
a nucleotide source (i.e., ATP or ADP). Instead, microglia
from P2Y12-deficient mice showed no evidence of mem-
brane ruffling, polarization, or directed movement [90]. The
same phenotype has been observed in a more physiological
environment, in which nucleotides have been diffused in
hippocampal slices from postnatal mice. The same authors
analyzed P2Y12-mediated chemotaxis in intact living brain
of adult mice, placing a microelectrode containing ATP into
the neocortex of Cx3cr1+/GFP mice. In these animals, micro-
glial cells are fluorescent due to specific expression of the
green fluorescence protein (GFP), allowing following
changes of microglial morphology and function using a
two-photon time-lapse microscopy. As expected, GFP+

microglia showed a very active extension of cellular pro-
cesses toward the nucleotide source. In contrast, GFP+

microglia from P2Y12-deficient mice showed greatly re-
duced responses [90]. These data demonstrate that P2Y12

is essential for microglial chemotaxis to a site of injury.
Interestingly, P2Y12 is expressed in resting ramified micro-
glia, whereas it almost disappears during activation, sug-
gesting that prolonged exposure to ATP and ADP
desensitizes this receptor. This indicates that P2Y12 may
have a role in the early phases of microglial response to
injury, and it has to be subsequently downregulated [90].
Real-time confocal microscopy also demonstrated that re-
lease of ATP, ADP, and UTP participates to the rapid micro-
glia response to laser-induced or mechanical brain lesions,
when microglial processes respond to and move towards the
site of injury. Application of the P2Y receptor inhibitors
reactive blue 2 or PPADS markedly reduced the number
and motility of microglial processes towards the ablations
[87]. These data confirm that, upon nucleotide release from
these or other surrounding cells, activation of a P2Y recep-
tor on microglia is necessary for this rapid microglial re-
sponse to injury. ATP itself could be the chemoattractant
responsible for the directional extension of microglial pro-
cesses. Alternatively, ATP could trigger the release of yet
unidentified chemoattractant(s) from the surrounding tissue.
In fact, in the presence of apyrase, the application of ATP
from a point source is not sufficient per se to attract micro-
glial processes [87].

Although all neural cells are likely to release large
amounts of ATP upon injury and contribute to microglial
activation, it has been demonstrated that astrocytes are the
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main players in inducing widespread microglial activation.
Application of connexin channel blockers before laser abla-
tion abolished the movement of microglial processes to-
wards an electrode releasing ATP. Since connexins are
highly expressed in astrocytes but not microglia in a resting
state [91], both the rapid baseline dynamics and the injury-
induced response of microglial processes could be mediated
by extracellular ATP released from astrocytes [87].

The effect of ATP on cell shape change is transient, since,
when kept in culture, microglia return to a baseline ramified
morphology after 90 min. Continued exposure of the cells to
ATP does not cause further shifts, probably due to desensi-
tization [92]. Therefore, it has been suggested that ATP is
only an initiator, whereas additional factors are needed
during an inflammatory process in vivo for sustained amoe-
boid morphology. TNFα has been previously shown to be
released from cultured microglia in response to high con-
centrations of ATP [83]. However, there is no TNFα pro-
duction when microglia are exposed to low ATP
concentrations [92]. Other evidence demonstrated that ATP
is not sufficient to trigger cytokine release in vitro in the
absence of an LPS priming [93, 94]. It is therefore possible
that membrane ruffling and cytokine release belong to two
distinct signalling pathways, and ATP is only responsible
for the microglia morphological changes [92].

Purinergic signalling and microglial phagocytosis

Extracellular nucleotides do not only play a key role in
attracting microglial cells to the site of injury but can also
promote microglial phagocytosis through the activation of
the P2Y6 receptor subtype. UDP-treated rat microglial cells
rapidly changed their morphology through actin reorganiza-
tion, leading to a strong phagocytosis of zymosan particles
in the culture medium. UDP-induced phagocytosis was sig-
nificantly reduced by MRS2578, a selective antagonist at
the P2Y6 receptor subtype and was nearly abolished by the
treatment with P2Y6 antisense oligonucleotides [95].

The expression and function of microglial P2Y6 receptors
in vivo was demonstrated by intraperitoneal administration of
kainic acid (KA) to rats. Neuronal injury caused after KA
injection induced a strong increase in UTP concentrations
with respect to untreated animals. UTP was subsequently
degraded to UDP, the endogenous ligand of P2Y6 receptors,
which are also upregulated after injury [95]. The definitive
evidence of the involvement of the P2Y6 receptor subtype in
the modulation of microglial phagocytosis came from the
injection of fluorescent microspheres in the hippocampal
CA3 regions after KA administration. The selective knocking
down of the P2Y6 receptor by specific antisense oligonucleo-
tides significantly inhibited the number of phagocyted par-
ticles, clearly demonstrating that P2Y6-mediated signals are
important for microglial phagocytosis even in vivo [95].

Purinergic regulation of microglial process retraction

Local application of ATP onto LPS-activated microglia
caused a chemorepulsive migration away from ATP and a
rapid process retraction. Whereas process extension has
been hypothesized to play an important role in the active
surveillance of brain parenchyma, process retraction is evi-
dent in activated microglia and considered a hallmark of
inflammation in the brain [96]. Considering that the Gi-
coupled P2Y12 receptor mediates processes extension to-
ward ATP/ADP in resting microglia, it is likely that a Gs-
coupled signalling might mediate process retraction in re-
sponse to ATP in activated microglia. The application of
forskolin caused process retraction in both LPS-treated and
untreated microglia, thus confirming this hypothesis [96].
The same authors proposed that this effect was a conse-
quence of the rapid ATP breakdown to adenosine and that
this process was mediated by the adenosine A2A receptor. In
fact, during microglial activation, P2Y12 is downregulated
[90], whereas the A2A receptor is rapidly upregulated. How-
ever, the effects of adenosine in cytokine secretion, phago-
cytosis, and other microglial functions are still poorly
understood and need to be further investigated.

The peculiar role of P2X7 on microglia: beyond cell death

The P2X7 receptor plays a pivotal role in the hierarchy of
neuroinflammation [97]. P2X7 is a purinergic ATP-gated
channel mainly expressed in cells with immune function,
including microglia [98]. Its contribution to proinflamma-
tory events such as release of IL-1β and TNFα has been
widely described [82, 83]. P2X7 also regulates the release of
chemokines. ATP induces mRNA expression and release of
CXCL2, a potent chemoattractant for neutrophils with an
important role in various CNS pathologies [99]. In BV-2
microglial cells, this induction is dependent on the activa-
tion of a NFAT and a MAPK pathway downstream of P2X7
[100]. It is reported that both ERK and JNK are involved in
the regulation of ATP-induced expression of TNF-alpha in
microglia [83]. Interestingly, enhanced P2X7 expression has
been reported in pathological conditions such as MS, amyo-
trophic lateral sclerosis, Huntington’s disease, Alzheimer’s
disease, and brain ischemia [101, 102]. It is likely that ATP
released from neurons, astrocytes, or microglia themselves
(Fig. 1) relays information to resting microglia, which sense
this danger signal through P2X7 receptors. According to
this view, this receptor could be one of the first players in
neuroinflammation, even before P2Y12.

It has long been known that the transient stimulation of
P2X7 with ATP or with the synthetic agonist BzATP opens
a channel permeable to small cations, whereas prolonged
exposure leads to the formation of a large membrane pore
permeable to hydrophilic molecules up to 900 Da. This high
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stimulation leads to excessive Ca2+ influx, depletion of intra-
cellular ions and metabolites, and eventually cell death [82].
However, P2X7 is not to be considered a receptor merely
associated to cytolysis. Back in 2002, ATP was indeed dem-
onstrated to induce proliferation in lymphoid cells through the
activation of P2X7 [103]. A few years later, a role for P2X7 in
the proliferation of microglia was established for the first time
[104]. In detail, a strong decrease in cell growth was observed
after exposing either primary hippocampal microglia or N9
microglial cells to the P2X7 receptor antagonists oxidized ATP
and Brilliant Blue G. In N9 cells, LPS exposure inhibited both
P2X7 expression and cell growth, mainly due to a decrease in
intracellular calcium concentrations [104]. The same result was
obtained by treatment with the ATP-hydrolyzing enzyme apy-
rase or by transfection of a siRNA specifically designed to
knock-down P2X7 [104]. Finally, flow cytometric analysis
indicated that both oxidized ATP and LPS treatment reversibly
decreased cell cycle progression, without increasing the per-
centage of apoptotic cells. Overall, these data showed that
P2X7 plays an important role in controlling microglial prolif-
eration by supporting cell cycle progression.

More recently, the role of the P2X7 pore in microglial
proliferation was confirmed by showing that overexpression
of this receptor in primary microglial cultures is sufficient to

drive both microglia activation and proliferation and that these
effects were significantly inhibited by pre-incubation with the
specific P2X7 antagonist oxATP [105]. Following transfection
of a mutant P2X7 receptor (P2X7RG345Y), with normal
channel function but in which the capacity to form the pore
was ablated, the observed microglial activation was impaired
and proliferation was reduced [105]. The mechanism bywhich
ATP supports microglial proliferation is not fully understood,
but it is likely that a tonic stimulation increases basal calcium
concentrations and generates an intracellular stimulating sig-
nal. By contrast, sustained activation can lead to either cell
death, or trophic effects mediated by pore formation.

The various effects mediated by extracellular nucleotides
and nucleosides on CNS glial cells and Schwann cells
described so far are summarized in Fig. 2.

Retinal Müller cells

Retinal Müller glial cells release ATP and express various
purinergic receptors

Müller cells are the predominant glial cell responsible for
preserving the health and activity of retinal neurons. These
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cells crucially regulate the volume of the extracellular space,
ion and water homeostasis, neurovascular coupling, and the
release of neuro- and glio-transmitters inside the retina
[106]. Reactive Müller cells are neuroprotective but may
also contribute to neuronal degeneration under dysregulated
pathological conditions ([107]; see also below).

In the retina, purines (mainly ATP) are tonically released
from neurons in a calcium-dependent manner and from glial
and pigment epithelial cells by both calcium-independent
and calcium-dependent mechanisms [108]. Adenosine is
formed in the extracellular space from released ATP as a
result of the action of ecto-nucleotidases but may also be
released by Müller cells via nucleoside transporters [108].
Purine release is also regulated by glutamate (see also be-
low). All P1 receptors together with various P2X and P2Y
receptors are expressed on Müller cells.

From a functional point of view, the A1 receptor repre-
sents the best characterized P1 receptor in these cells, being
its activation by endogenously released adenosine implicat-
ed in the purinergic signalling cascade which inhibits the
swelling of the cells under hypo-osmotic conditions (see
also next section).

Among P2X receptors, human Müller cells (but, impor-
tantly, not Müller cells from other mammalian species)
express functional ionotropic P2X7 receptors [109] linked
to membrane depolarization, calcium influx, sustained acti-
vation of calcium-activated, big-conductance potassium
(BK) channels, and calcium release from intracellular stores.
The P2X7-induced depolarization of the cells is balanced by
the hyperpolarization mediated by BK channels. In contrast
to the P2X7 of immune cells such as retinal microglia [110],
prolonged activation of P2X7 in Müller cells does not
induce the formation of large plasma membrane pores
[109]. Müller cells also express various P2Y receptors, with
P2Y1 representing the most common functional subtype.
However, marked species differences in the expression of
P2Y receptors and in their coupling to calcium mobilization
have been reported (excellently reviewed in [108]). These
differences have to be taken into account when translating
data from animals to man.

Purinergic regulation of Müller cell volume: a fundamental
mechanism for maintaining an appropriate neuronal
function

Neuronal activity is associated with rapid ion shifts causing
changes of water fluxes, swelling of synapses, and decreases
in the volume of the extracellular space. To avoid excessive
detrimental decreases in extracellular space volume that
would cause neuronal hyperexcitation, Müller cells inhibit
their swelling and take up neuron-derived potassium and
other osmolytes, which both favor water influx. This impor-
tant action involves both glutamatergic and purinergic

signalling (for a detailed description, the reader is referred
to [108]). Briefly, glutamate derived from both Müller cells
and neurons and acting at its metabotropic receptors, evokes
release of ATP from Müller cells. Ecto-ATPases catabolize
ATP to ADP, which activates P2Y1, which, in turn, triggers
the release of adenosine from Müller cells [111–113]. Aden-
osine then activates A1 receptors, leading to the opening of
potassium and chloride channels in Müller cell membranes
and ion efflux compensating the osmotic gradient across the
plasma membrane and thus preventing hypo-osmotic swell-
ing. In the retinal parenchyma of diabetic rats, NTPDase1
(which hydrolyzes ATP and ADP about equally well) is
upregulated and therefore extracellularly formed adenosine
contributes to the swelling-inhibitory effect of glutamate
and ATP (Fig. 3).

Müller cells can also release ATP upon mechanical stim-
ulation. This may be important even under physiological
conditions, since membrane stretch induced by osmotic
perturbations during intense neuronal activation may trigger
release of ATP from Müller cells, which, via autocrine
activation of P2Y1, prevents cells’ osmotic swelling. Thus,
two different mechanisms trigger ATP release from Müller
cells: glutamate receptor-dependent release and/or receptor-
independent release induced by osmotic membrane
stretching.

The discovery of a novel, long-range cell-to-cell signalling
system: ATP-dependent glial calcium waves

In some seminal studies at the end of the 1990s, while
studying the potential roles of P2 receptors in Müller glial
cells, it was noted that the calcium responses mediated by
P2Y receptors were restricted to the inner half of the Müller
cells [111, 114, 115], as was the distribution of both spon-
taneous calcium transients [115] and of the intercellular
calcium waves induced in astrocytes and Müller cells by
various stimuli (including neurotransmitters such as gluta-
mate, or electrical and mechanical stimulation). Under con-
stant illumination conditions, these waves occur at a
frequency of 4.6 per cell per 1,000 s, display a duration of
2.5–6 s and propagate at 20–30 μm/s up to 180 μm from the
site of initiation [116]. It was also soon appreciated that
calcium waves propagation depended upon the release and
extracellular diffusion of ATP, with consequent activation of
P2Y receptors and release of calcium from internal stores
[116]. The discovery of calcium waves in the retina repre-
sented the first demonstration of a new form of cell-to-cell
communication that was later demonstrated to also occur in
the brain and to allow long-distance homotypic astrocyte–
astrocyte communication, as well as heterotypic signalling
with other cells such as neurons, oligodendrocytes, and
microglia (see above; for review, see [6]). In the retina, glial
calcium waves have been suggested to mediate an
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extraneuronal long-range signalling system influencing neu-
ronal activity, neurovascular coupling, and regulation ofMüll-
er cell volume. Under pathological conditions, e.g., after local
retinal detachment, glial calcium waves may cause gliosis and

retinal degeneration to spread toward larger retinal areas, via
the release of ATP and growth factors.

Purinergic signalling in retinal Müller cells under
pathological conditions: induction of proliferation
and reactive gliosis

In a similar way to astrocytes in other parts of the CNS, during
acute or chronic insults, Müller cells undergo gliotic changes
(i.e., cellular hypertrophy, increased proliferation, and migra-
tion). Gliosis may start as an attempt to repair damage, but its
chronicization turns it into a detrimental reaction further en-
hancing retinal damage. In proliferative retinopathies, massive
long-term proliferation results in formation of epiretinal mem-
branes that can protect the retina from pathogenic factors pres-
ent in the vitreous. However, contraction of themembranes also
results in retinal detachment and disease aggravation [107].
Thus, inhibition of glial proliferation is a major clinical aim
when attempting to prevent blindness. Commonly, proliferative
retinopathy is treated by vitreoretinal surgery, since there are no
obvious pharmacological means to control retinal cell prolifer-
ation. The purinergic system may represent a new target to
achieve inhibition of excessive Müller cells proliferation.

Abnormal increases of P2Y receptor responsiveness with
markedly enhanced calcium signalling have been reported
in proliferative retinopathies, in transient retinal ischemia
and in retinal detachment (summarized in [108]). After
partial vitreous detachment from the retina, vitreous fibers
adhering to Müller cell endfeet exert tractional forces, which
may induce ATP release, resulting in autocrine/paracrine
cell activation and proliferation. Stretch-induced autocrine
ATP signalling in Müller cells may also stimulate epiretinal
membranes contraction [117]. Thus, inhibition of purinergic
signalling of Müller cells might prevent early and late stages
of epiretinal membrane formation [107]. Müller cells from
patients with proliferative vitreo-retinopathy also exhibit
enhanced P2X7 receptor function compared with healthy
donors [118]. Both these receptor changes may play a role
in Müller cells gliosis. Partially in line with this hypothesis,
suramin reduced the hypertrophy of Müller cells but not the
upregulation of ATP-induced calcium responses [119]. To
support a specific role for P2X7 in proliferation, in Müller
cells from patients with non-proliferative gliosis, no
increases in P2X7 currents were observed, although other
signs of gliosis (e.g., cellular hypertrophy) could be ob-
served [118]. A bidirectional cross-talk between P2Y and
growth factor receptor tyrosine kinases is involved in the
proliferation-stimulatory effect of ATP, as shown by the
demonstration that P2Y-induced proliferation of Müller cells
depends upon the transactivation of receptor tyrosine
kinases [108].

Globally, these findings suggest that P2 receptors represent
new targets for innovative pharmacological interventions to

Fig. 3 Modulation of retinal Müller glial cell functions and of their
cross-talk with neurons by extracellular nucleotides and adenosine
under control conditions and following diabetic retinopathy. Vascular
endothelial growth factor (VEGF) evokes the exocytotic release of
glutamate, which in turn activates metabotropic glutamate receptors
(mGluRs) leading to the calcium-independent release of ATP from
Müller cells. ATP is extracellularly converted by the nucleoside tri-
phosphate diphosphohydrolase-2 to ADP that activates P2Y1, resulting
in nucleoside transporter-mediated release of adenosine. Activation of
A1 adenosine receptors causes the opening of potassium and chloride
channels; the ion efflux equalizes the osmotic gradient across the
plasma membrane and thus prevents water influx and cellular swelling
under hypo-osmotic stress conditions. In swollen cells, the ion efflux is
associated with a water efflux, resulting in decreased cell volume.
Neuron-derived glutamate and ATP modulate the volume-regulatory
signaling cascade depending upon neuronal activity. In the murine
retina, activation of P2Y4,6 by UTP and UDP, respectively, might result
in a release of neuronal ATP that activates glial P2Y1. Muller cell-
derived glutamate and adenosine may also activate neuronal AMPA/
KA and A1 receptors, resulting in stimulation and inhibition, respec-
tively, of neuronal activity. In the retinal parenchyma of diabetic rats,
increased extracellular adenosine concentrations further contributes to
the swelling-inhibitory effect of glutamate and ATP. Reprinted and
modified from Wurm et al. [108] with permission from Elsevier
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reduce excessive proliferative gliosis in several retinal dis-
eases, with a great potential in the prevention of the associated
blindness. In this respect, one putative strategy is the blockade
of purinergic receptors.

Müller glial cells as potential stem cells for retinal repair

Replacement of dying retinal neurons by endogenous sour-
ces is under investigation [120]. Proliferative cells display-
ing some typical hallmarks of multipotent neural stem cells
can be isolated from the ciliary body and Müller glia of the
mature rodent and human retina. While the neurogenic
capability of ciliary cells has been questioned, Müller glial
cells can be induced in vitro to express markers of various
mature retinal neurons. Moreover, spontaneously immortal-
ized cell lines with Müller glia characteristics have been
isolated from the neural retina of several adult eye donors
[121]. When grown in vitro as adherent monolayers, these
cells responded to EGF and could be expanded indefinitely
without growth factors. In the presence of FGF-2 or retinoic
acid, they acquired neural morphology, formed neuro-
spheres, and expressed neural stem cell markers including
βIIItubulin, Sox2, Pax6, Chx10, and Notch1. They also
expressed markers of postmitotic retinal neurons, including
peripherin, recoverin, calretinin, S-opsin, and Brn3 [121].
When grafted into the subretinal space of dystrophic RCS
rats susceptible to retinal degeneration, immortalized cells
migrated into the retina and started expressing various
markers of retinal neurons. Thus, adult human neural retina
harbors a population of cells expressing both Müller glial
and stem cell markers. Furthermore, it has been reported that
Notch and Wnt signalling can stimulate in vivo Müller cell
proliferation and regeneration of photoreceptors [122].
While no definitive evidence for the functional integration
of newly generated cells has been provided, these initial data
suggest that these cells may have a potential use for cell-
based therapies to restore retinal function.

Effects of purinergic signalling on other glial cells

Being a universal signalling system, purinergic transmission
is expected to contribute to the physiopathological behavior
of glial cells other than astrocytes, oligodendrocytes, micro-
glia, and retinal Müller cells. Here, we briefly summarize
what is currently known on purinergic modulation of SGCs
in sensory ganglia, ependymal cells lining the spinal cord
central canal, pericytes, and enteric glial cells.

Purinergic modulation of satellite glial cell (SGC) functions

In sensory and autonomic ganglia, neuronal somata are
surrounded and wrapped by SGCs, which modulate

neuronal functions, and contribute to the development of
pathological states like chronic pain and migraine [123,
124]. ATP and extracellular nucleotides contribute to
neuron-to-SGC and SGC-to-SGC communication within
dorsal root and trigeminal ganglia [125] and SGCs respond
to nucleotide application with increases in the intracellular
calcium concentrations. Virtually all P2Y receptor subtypes
have been found expressed in DRG and trigeminal SGCs,
although some subtypes are not functional under basal con-
ditions [126], whereas conflicting results have been pub-
lished on the expression of P2X receptors (for review, see
[125]). Unlikely neurons in sensory ganglia, SGCs selec-
tively express the P2X7 receptor subtype, which seems to
play a still ambiguous role in the modulation of pain trans-
mission (for review, see [124]).

Interestingly, inflammatory or chronic pain states can
dramatically modulate P2 receptor expression in SGCs. In
fact, the induction of temporomandibular joint inflammation
increased trigeminal SGCs sensitivity to ATP by causing a
shift from P2Y- to P2X-receptor-mediated responses [127].
Moreover, pro-inflammatory and pro-algogenic mediators
(such as the calcitonin gene-related peptide) released from
trigeminal neurons potentiated P2Y receptor-mediated func-
tions in surrounding SGCs, which in turn released various
cytokines and growth factors [128]. This complex network
is overactivated in a genetic mouse model of familial hemi-
plegic migraine, suggesting that the purinergic system might
contribute to the development of migraine-associated pain
and that targeting P2 receptors on trigeminal SGCs might
represent an innovative analgesic strategy [128].

Purinergic modulation of spinal cord ependymal cell
functions

The origin and function of ependymal cells lining the spinal
cord central canal have just recently started to be elucidated
but many details still remain to be clarified. They cannot be
classified as “conventional” glial cells, but they are gener-
ally believed to originate from the terminal differentiation of
radial glia during the early postnatal period [129]. Originally
believed to simply constitute a physical and selective barrier
between the cerebrospinal fluid and the brain tissue, it is
now known that they are rapidly activated following spinal
cord injury (SCI), proliferate, overexpress GFAP, and un-
dergo multi-lineage differentiation to generate new oligo-
dendrocytes and, more abundantly, astrocytes that migrate
to the lesion site, building a substantial part of the glial scar.
Thus, at least a sub-population of spinal cord ependymal
cells has latent neural stem cell properties [130, 131], and
they are now believed to represent the true stem cells in the
adult spinal cord.

Very few data are available on the role of extracellular
nucleotides in controlling ependymal cell functions. Together
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with spinal cord neurons and oligodendrocyte progenitors,
these cells express the P2Y-like receptor GPR17 responding
to both uracil nucleotides and cysteinyl leukotrienes that is
crucially involved in the development of SCI-associated tissue
and functional damage [65]. In fact, the selective inhibition of
this receptor by the in vivo delivery of antisense oligonucle-
otide significantly ameliorated the histological and motor
deficits of mice exposed to SCI [65]. Interestingly, following
SCI GPR17-expressing ependymal cells start proliferating
and upregulate the marker of pluripotency marker GFAP, thus
suggesting that this receptor might play a role in the tentative
reaction of these cells to traumatic injury [65].

The P2X7 subtype has been also found to be expressed in
this type of cells, at least at the mRNA level [132]. Since it
is known that blockade of P2X7 receptor activation is pro-
tective against spinal cord injury-associated damage [86,
133], it can be speculated that ependymal cells contribute
to the neuroprotective action evoked by P2X7 antagonists.

Purinergic modulation of pericyte functions

Pericytes are connective tissue cells located around micro-
vessels and capillaries, and control microvasculature functions
and diameter. Pericytes exert their effects on local microcir-
culation virtually in all organs and tissues (e.g., kidney, retina,
brain, etc.; [134]). A clear classification of this particular type
of cells is still difficult, mostly due to the lack of selective
markers. They are generally believed to derive from bone
marrow cells [135] and therefore cannot be classified as glial
cells, but since they are fundamental to the integrity and
formation of the BBB, it is worth mentioning here the effects
exerted by purinergic signalling on them as well. Indeed, brain
pericytes express the typical glial progenitor marker NG2
[135], and they have been shown to behave as stem cells,
giving rise to neurons and glial cells at least in vitro [136].

Very little but interesting information is currently avail-
able on the role of purinergic transmission in controlling
brain pericyte functions. mRNAs encoding for all the cloned
P2Y receptors as well as for ecto-nucleotidase 1 and 2 have
been identified in rat brain pericytes [137]. The in vivo
administration of lipopolysaccharide induced a transient
change in the morphology and lipid membrane composition
of hippocampal pericytes leading to an increased expression
and function of ecto-nucleotidase 1 [138]. Indeed, the ex-
posure of an in vitro model of the BBB (consisting of triple
co-cultures of pericytes, astrocytes, and endothelial cells) to
oxygen–glucose deprivation, which mimics hypoxic events
in vivo, leads to the shedding of ecto-nucleotidase contain-
ing microvesicles from astrocytes and endothelial cells
[137]. It can be speculated that the shed vesicles could
contribute to cell-to-cell communication in the BBB by
delivering nucleotide-metabolizing enzymes, which could
finely tune the extracellular concentrations of purines and

pyrimidines at the injury site, with important consequences
on the subsequent functional outcome.

Purinergic modulation of enteric glial cells

In the enteric nervous system, ATP is co-released with the two
major neurotransmitters controlling enteric functions (i.e.,
noradrenaline and acetylcholine), but the role of the purinergic
component in enteric neurotransmission is not fully under-
stood [139] (for a detailed review, see [140]). Glial cells are
abundant in the enteric nervous system (with a ratio to neurons
of 2:1), and share electrophysiological and molecular similar-
ities with CNS astrocytes, including expression of GFAP, of
the calcium-binding protein S-100, as well as of the P2X7
receptor [141–143]. In 1996, it has been shown for the first
time that ATP and UTP are able to increase intracellular
calcium concentrations in enteric glia probably via P2Y2 or
P2Y4 receptors [144], further supported by the evidence of a
Ca2+ release from intracellular stores [145]. Networks of
enteric glia can generate propagating waves of Ca2+ that pass
via gap junctions and depend on ATP release [146]. It has
been also demonstrated that the electrical stimulation of axons
in interganglionic nerve fiber bundles releases ATP from
neurons that in turn stimulates Ca2+ responses in the surround-
ing enteric glia. This effect is antagonized by the P2 antagonist
PPADS and by the phospholipase C inhibitor U73122, indi-
cating the involvement of P2Y receptors [139]. It has been
also suggested that the sympathetic stimulation in the colonic
myenteric plexus releases ATP that acts at stimulatory P2Y4

receptors on enteric glia [147]. Interestingly, the nucleotide-
metabolizing enzyme NTPDase2 has shown to be exclusively
localized at the surface of enteric glial cells, suggesting that
these cells control the availability of ATP and UTP in the
enteric system [148]. Thus, once its physiological role will be
more clearly understood, the purinergic modulation of enteric
glia functions (and more, in general, of the whole enteric
nervous system) could represent a new target for the develop-
ment of effective pharmacological strategies to various disor-
ders of the gastrointestinal tract.

Conclusions

The evidence summarized here support a key role for puriner-
gic signalling in all types of glial cells under both physiological
and disease conditions. As far as the first are concerned, it has
long been known that ATP is one of the main gliotransmitters
involved in the neuron–astrocyte and astrocyte–astrocyte com-
munication in the CNS. Long-range ATP-dependent calcium
waves involving release of ATP from both neurons and astro-
cytes and autocrine/paracrine activation of purinergic receptors
on both cell types, initially discovered in the retina and later
extended to the entire CNS, have been recognized to represent a
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new form of cell-to-cell communication allowing homotypic
and heterotypic signalling between distant cells in both the
brain and spinal cord. Evidence has been also accumulating
to support a role for purinergic signalling in the neural-to-glia
communication allowing maturation of SCs and OLs and mye-
lination in both PNS andCNS. In addition to this, the purinergic
system controls the normal patrolling functions of microglial
cells and is involved in their activation during CNS perturba-
tions, leading to the acquisition of specific phenotypes that
promote lesion remodelling and repair. Under pathological
conditions, nucleotides released from either neurons or glia also
activate astrocytes that become hypertrophic and proliferative
and contribute to initiate repair responses. However, while
these responses are initially beneficial, it is now acknowledged
that, under chronic inflammatory conditions, these glial
responses become detrimental and contribute to the neuronal
and functional loss that also occur in several disabling human
conditions, such as Alzheimer’s, Parkinson’s disease, MS, and
retinal degeneration. In this respect, our analysis has highlight-
ed peculiar roles for the P2X7 receptor, for the P2Y1 and for the
A2A receptors. Thus, in principle, the pharmacological block-
ade of these specific purinergic receptors in chronic diseases
may prove effective in reducing damage. However, more recent
data demonstrating the presence of P1 and P2 receptors, in-
cluding the P2Y-like receptor GPR17, on glial-related neural
stem cells also underline that the purinergic systemmay be also
exploited to unveil the multipotency of these cells and foster
repair in demyelinating diseases, retinal detachment, and
ischemia-associated degeneration. This latter approach would
also allow targeting and implementing the self-repair abilities of
the nervous system that, especially in the case of acute insults,
allows a larger and temporally more convenient therapeutic
window compared to a classical neuroprotective approach.
Therefore, new therapeutic opportunities may derive from the
proper stimulation of purinergic signalling during the post-
injury reparative phase. In this respect, there is an urgent need
for compounds to be developed which are orally bioavailable,
stable in vivo, and able to cross the BBB, including purino-
ceptor subtype agonists and antagonists and inhibitors of ecto-
nucleotidases and ATP transport.
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