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Abstract. Accumulating findings indicate that nucleo-
tides play an important role in microglia through P2
purinoceptors. P2 purinoceptors are divided into two
families, ionotropic receptors (P2X) and metabotrop-
ic receptors (P2Y). P2X receptors (7 types; P2X, —
P2X,) contain intrinsic pores that open by binding
with ATP. P2Y receptors (8 types; P2Y 5 4 6.11.12. 13 and
14) are activated by nucleotides and couple to intra-
cellular second-messenger systems through hetero-
meric G-proteins. Nucleotides are released or leaked
from non-excitable cells as well as neurons in physio-

logical and pathophysiological conditions. Microglia
express many types of P2 purinoceptors and are
known as resident macrophages in the CNS. ATP and
other nucleotides work as ‘warning molecules’ espe-
cially through activating microglia in pathophysiolog-
ical conditions. Microglia play a key role in neuro-
pathic pain, chemotaxis and phagocytosis through
nucleotide-evoked activation of P2X,, P2Y, and P2Y,
receptors, respectively. These findings indicate that
extracellular nucleotides are important players in the
central stage of microglial function.
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Introduction

Accumulating evidence suggests that nucleotides are
released or leaked from non-excitable cells as well as
neurons and play a role in cell-to-cell communication
in physiological and pathophysiological conditions
[1]. One of the most interesting cell types in non-
excitable cells is glia, which make up over 70 % of the
total cell population in the central nervous system
(CNS) and are classified into astrocytes, oligodendro-
cytes and microglia. Microglia express many types of
P2 purinoceptors and are known as resident macro-
phages in the CNS, accounting for 5—10 % of the total
population of glia [2, 3]. P2 purinoceptors are divided
into two families, ionotropic receptors (P2X) and
metabotropic receptors (P2Y) [1]. P2X receptors (7
types; P2X, — P2X;) contain intrinsic channels allow-
ing ions to flow that switch conformation from closed

2. 13 ana 14) are activated by purine or pyrimidine
nucleotides or sugar nucleotides subtype-dependently
and couple to intracellular second-messenger systems
through heteromeric G-proteins [1].

In this article, I describe how ATP and other
nucleotides work as ‘warning molecules’ especially
through activating microglia in pathophysiological
conditions. Activated microglia play a key role in
neuropathic pain, chemotaxis and phagocytosis
through nucleotide-evoked activation of P2X,, P2Y,,
and P2Y, receptors, respectively.

Chemotaxis of microglia

The initial microglial responses that occur after brain
injury and in various neurological diseases are char-
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Figure 1. Resting (A) and acti-
vated (B) microglia. Microglia
are ubiquitously distributed
throughout the CNS and repre-
sent a morphologically unique
type of cell which has a small
soma bearing thin and branched
processes under normal condi-
tions (A). Pathophysiological
conditions, including peripheral
nerve injury, brain damage, trau-
ma, virus infections and micro-
glia show an activated phenotype
(B); the small soma of microglia
become hypertrophic, and the
long and thin processes with-
draw.

Phagocytosis, chemotaxis

acterized by microglial accumulation in the affected
sites of the brain, which results from the migration and
proliferation of these cells. The early-phase signal
responsible for this accumulation is likely to be
transduced by rapidly diffusible factors. Honda et al.
examined the possibility that ATP released from
injured neurons and nerve terminals affects cell
motility in rat primary cultured microglia [4]. They
found that extracellular ATP and ADP induce mem-
brane ruffling and markedly enhance chemokinesis in
a Boyden chamber assay. Further analyses using the
Dunn chemotaxis chamber assay, which allows direct
observation of cell movement, revealed that both ATP
and ADP induce chemotaxis of microglia. The elim-
ination of extracellular calcium or treatment with
PPADS or suramin does not inhibit ATP- or ADP-
induced membrane ruffling, whereas AR-C69931MX,
a P2Y12 and P2Y13 receptor blocker [5, 6], or
pertussis toxin (PTX) treatment clearly inhibits the
ruffling. As an intracellular signaling molecule under-
lying these phenomena, the small G-protein Rac is
activated by ATP and ADP stimulation, and its
activation is also inhibited by pretreatment with
PTX. These findings suggested that the membrane
ruffling and chemotaxis of microglia induced by ATP
or ADP are mediated by G(i/0)-coupled P2Y recep-
tors (P2Y12 and/or P2Y13).

Haynes et al. recently confirmed the finding by Honda
et al. in vivo that extracellular ATP functions as a
chemoattractant for microglia via P2Y,, receptors
using P2Y,, receptor knockout animals [7]. In the
adult, microglia are ubiquitously distributed through-
out the CNS and represent a morphologically unique
type of cell which, under normal conditions, has a
small soma bearing thin and branched processes (Fig.
la). Such microglia were considered to be ‘resting’,

but recent studies using a transgenic mouse line that
expressed green fluorescent protein in microglia
together with two-photon microscopy have revealed
that microglia processes are highly dynamic in the
brain [8, 9]. The processes of microglia rapidly move
toward the site of injury, an effect that is mimicked by
local injection of ATP and can be inhibited either by
the ATP-hydrolyzing enzyme apyrase or by blockers
of P2YRs [8]. Furthermore, Haynes et al. have shown
that microglia in P2Y,,R-deficient mice exhibit nor-
mal basal motility but diminished directional branch
extension toward nucleotides or sites of cortical
damage in vivo [7]. Thus, microglia show chemotaxis
through the P2Y,R signaling system.

Neuropathic pain

Spinal microglial P2X4 in neuropathic pain

Pain in response to noxious stimuli has an important
role as an early warning device. This normal pain
usually goes away after the nociceptive stimulus is
removed or the tissue damage is repaired, and even if
pain persists for awhile, it can generally be managed
by treatment with analgesics. However, there is a type
of pain that does not go away even though the tissue
has already healed. One such type is neuropathic pain,
which typically develops when peripheral nerves are
damaged such as through surgery, bone compression
in cancer, diabetes or infection. This type of pain
provides no known physiological advantage. Neuro-
pathic pain is a major factor causing impaired quality
of life in millions of people worldwide and, unfortu-
nately, is frequently resistant to all known analgesics.
It has been understood that neuropathic pain is not
just a symptom of disease but a consequence of
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Figure 2. Schematicillustration of potential mechanisms by which P2XR in activated microglia modulate pain signaling in the dorsal horn.
On the normal side of the dorsal horn normal microglia have a small soma bearing thin and branched processes and are homogeneously
distributed. After peripheral nerve injury, microglia in the spinal cord ipsilateral to the nerve injury become transformed to the activated
phenotype that is characterized by hypertrophy, proliferation, and the expression of cell-surface molecules. Activated microglia after nerve
injury increase the expression of P2X,R. The P2X,R are activated by ATP, which is presumably released from primary sensory neurons (C-
fiber and/or Ad-fiber) (or astrocytes), and in turn cause a rise in intracellular calcium. P2X,R activation leads to the release of bioactive
diffusible factors such as BDNF. BDNF causes collapse of the transmembrane anion gradient in dorsal horn lamina I neurons presumably
through downregulation of KCC2, which in turn renders GABA and glycine effects depolarizing in these neurons. Thus, touch stimulation
through AP may cause the release of GABA (and/or glycine) from inhibitory interneurons, and GABA activates the dorsal horn neurons,

evoking neuropathic pain.

disordered functioning of the nervous system [10—12].
Accumulating evidence concerning how peripheral
nerve injury creates neuropathic pain suggests that
nerve injury produces molecular and cellular alter-
ations that result in multiple forms of neuronal
plasticity and anatomical reorganization in the dorsal
horn of the spinal cord. These alterations have been
proposed to be crucial in the pathogenesis of neuro-
pathic pain. Besides the role of neurons in pain, there
is a rapidly growing body of evidence indicating that
spinal glial cells, in particular microglia, play a critical
role in the pathogenesis of neuropathic pain.

Evidence from studies using animal models of neuro-
pathic pain reveal that peripheral nerve damage leads
to a dramatic change in microglia within the spinal
dorsal horn, converting these cells to an activated
phenotype (Fig. 1b) through a step-by-step process
[13]. Within the first 24 h after peripheral nerve injury,
the first signs of microglial activation can already be
observed: the small soma become hypertrophic, and
the long and thin processes withdraw [14]. This is
followed by a burst in proliferation of microglia with a
peak around 2~3 days after the nerve injury[15].
Activated microglia upregulate the expression of the

complement receptor 3, leading to enhanced OX-42
labeling [14, 16—19]. The temporal pattern of OX-42
upregulation in the dorsal horn correlates with that of
the development of tactile allodynia [18], which is an
abnormal hypersensitivity to innocuous stimuli and is
a hallmark of neuropathic pain syndrome in humans.
In all animal models for studying neuropathic pain,
the activation of microglia in the dorsal horn is
observed after nerve injury [14, 16, 18-22], bone
cancer [23] and diabetes [24].

There are abundant findings indicating the activation
of spinal microglia in a neuropathic pain state, but
until recently it remained an open question whether
spinal microglia play a causal role in neuropathic pain
behavior. Tsuda et al. directly implicated activated
microglia in the pathogenesis of neuropathic pain by
determining the role of the purinoceptor P2X, recep-
tors (Rs) [20]. A clue to identifying P2X,Rs in the
spinal cord as being required for neuropathic pain first
came from a pharmacological investigation of pain
behavior after nerve injury, using the P2X receptor
antagonists 2',3'-O-(2,4,6-trinitrophenyl)adenosine 5'-
triphosphate (TNP-ATP) and pyridoxalphosphate-6-
azophenyl-2',4’-disulphonic acid (PPADS) [20]. The
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marked tactile allodynia after injury of a spinal nerve
was found to be reversed by acutely administering
TNP-ATP intrathecally but was unaffected by admin-
istering PPADS. From the pharmacological profiles of
TNP-ATP and PPADS, it was inferred that the tactile
allodynia depends upon P2X,Rs in the spinal cord.
The expression of P2X,R protein progressively in-
creased in the days following nerve injury, the time
course of which was parallel to that of the develop-
ment of tactile allodynia. In the immunohistochemical
analysis, it was found that increase of the expression of
P2X,R protein was seen only in activated microglia
rather than neurons or astrocytes. Moreover, it was
found that reducing the upregulation of P2X,R
protein in spinal microglia by P2X,R antisense
oligodeoxynucleotide prevented development of the
nerve injury-induced tactile allodynia. Together, this
evidence implied that P2X,Rs activation in spinal
microglia is necessary for neuropathic pain. The
sufficiency of P2X,R activation in microglia for the
development of allodynia was demonstrated by intra-
thecal administration of activated, cultured microglia
in which these receptors had been stimulated in vitro
by ATP [20]. In otherwise naive animals, allodynia
develops progressively over a period of 3—5 h follow-
ing the administration of P2X,R-stimulated microglia.
Moreover, in rats in which tactile allodynia was caused
by the ATP-stimulated microglia, this allodynia was
reversed by administering TNP-ATP. Thus, the allo-
dynia caused by ATP-stimulated microglia is pharma-
cologically similar to that caused by peripheral nerve
injury. These findings indicate that P2X,R stimulation
of microglia is not only necessary for tactile allodynia
but is also sufficient to cause allodynia (Fig. 2).

BDNF release from microglia by activation of P2X Rs
The first evidence that microglia may participate in
the hyperexcitability in dorsal horn neurons was
revealed by Coull et al. [25]. They used spinal cord
slices taken from rats that had displayed allodynia by
intrathecal administration of P2X,R-stimulated mi-
croglia, and found that ATP-stimulated microglia
positively shifted the anion reversal potential (E,;ion)
in spinal lamina I neurons and rendered the GABA
effects depolarizing in these neurons [25]. TNP-ATP,
which can reverse nerve injury-induced allodynia,
acutely reverses the depolarizing shift in E,,, in
lamina I neurons after peripheral nerve injury [25].
Together with the findings that the depolarizing shift
in E,;,, and the excitatory response to GABA are key
events in dorsal horn neurons in neuropathic pain
[26], these results suggest that spinal microglia
stimulated by P2X,R cause neuropathic pain through
a rise in intracellular CI” in spinal lamina I neurons.
Coull et al. also determined the role of brain-derived
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neurotrophic factor (BDNF) as a signaling factor
between microglia and dorsal horn lamina I neurons
[25]. It was found that intrathecal application of
BDNF mimicked the tactile allodynia and the depo-
larizing shiftin E,,;,, in lamina [ neurons by peripheral
nerve injury or by intrathecally administering P2X,R-
stimulated microglia. Furthermore, interfering with
the signaling between BDNF and its receptor (TrkB)
either by a function-blocking TrkB antibody or by a
BDNF-sequestering fusion protein (TrkB-Fc) pre-
vented the tactile allodynia caused by peripheral
nerve injury or by intrathecally administering P2X,R-
stimulated microglia. Applying ATP to microglia
caused the release of BDNF, which was prevented
by TNP-ATP. Therefore, these results indicate that
P2X,R-stimulated microglia release BDNF as a cru-
cial factor in the signaling to lamina I neurons, causing
a collapse of their transmembrane anion gradient and
subsequent neuronal hyperexcitability (Fig. 2).
GABA sR-mediated depolarization might also pro-
duce excitation through voltage-sensitive Ca** chan-
nels and NMDA receptors. There is evidence that
several proinflammatory cytokines that are known to
be released from microglia [27, 28] modulate excita-
tory synaptic transmission. Interleukin-1f3 was report-
ed to enhance NMDA receptor-mediated Ca*" re-
sponse [29]. Long-term treatment with interferon-y
produced an increase in neuronal excitability in dorsal
horn neurons [30]. Thus, net enhanced transmission in
the dorsal horn pain network by these factors might be
responsible for nerve injury-induced neuropathic
pain.

Possible mechanism of the upregulation of P2X R
expression in microglia

Nasu-Tada et al. reported the role of fibronectin, an
extracellular matrix protein, as a potential candidate
molecule in P2X,R upregulation in microglia (Fig. 2)
[31]. It was found that microglia cultured on fibro-
nectin-coated dishes showed a marked increase in
P2X,R expression both at the mRNA and protein
levels [31]. The upregulated P2X,R protein by fibro-
nectin on microglia might be functional since the P2X,
R-mediated Ca”" response was enhanced in fibronec-
tin-treated microglia. Furthermore, intrathecal deliv-
ery of ATP-stimulated microglia to the rat lumber
spinal cord revealed that microglia treated with
fibronectin more effectively induce allodynia than
control microglia. More recently, we found that
fibronectin-integrin signaling and integrin-Lyn (tyro-
sine kinase) signaling is involved in the upregulation
of P2X,Rs in spinal microglia after peripheral nerve
injury in vivo [32, 33]. Microglia cultured on dishes
coated with fibronectin expressed a higher level of
P2X,R protein as compared with those cultured on
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control dishes. The increase was suppressed by
echistatin, a peptide that selectively blocks p1s- and
[3-containing integrins, and with a function-blocking
antibody of B1 integrin. In in vivo studies, the
upregulation of P2X,Rs in the spinal cord after spinal
nerve injury was significantly suppressed by intra-
thecal administration of echistatin. Tactile allodynia in
response to nerve injury and intrathecal administra-
tion of ATP- and fibronectin-stimulated microglia was
inhibited by echistatin. Furthermore, intrathecal ad-
ministration of fibronectin in normal rats increased
the level of P2X,R protein in the spinal cord and
produced tactile allodynia. The fibronectin-induced
allodynia was not observed in mice lacking P2X,R.
These results suggest that the fibronectin-integrin
signaling system participates in the upregulation of
P2X,R expression after nerve injury and subsequent
neuropathic pain [32]. We identified Lyn as the
predominant Src family kinase (SFK) amongst the
five members (Src, Fyn, Yes, Lck and Lyn) in spinal
microglia. The level of Lyn expression was increased
after nerve injury. Using mice lacking lyn (lyn—-/-), we
found that these mice exhibit a striking reduction of
the phospho-SFK-IR and of tactile allodynia after
nerve injury without any change in basal mechanical
sensitivity or inflammatory pain. The lyn-/- mice
displayed impaired upregulation of P2X,R in the
spinal cord after nerve injury, which is crucial for
tactile allodynia. Microglial cells from lyn-/- mice
showed a deficit in increasing P2X,R expression
caused by fibronectin. These findings suggest that
Lyn may be a critical kinase mediating nerve injury-
induced P2X,R upregulation and neuropathic pain
[33].

It was also reported that activating both TLRs and
NOD2 (another pattern-recognition receptor) in
cultured microglia increased the expression of P2X,
R at the mRNA level [34], thus suggesting the
involvement of these receptors in the regulation of
P2X,R. The functional relevance of these receptors in
vivo is still unclear.

Neuropathic pain via P2Y, activation

As mentioned before, P2Y,R in microglia is impli-
cated in ATP-induced membrane ruffling and chemo-
taxis [4, 7, 35]. A recent study has demonstrated that
P2Y,R is required for the extension of microglial
processes to engulf injured cells in vivo [7, 8, 36].
Moreover, whereas the microglial ATP receptors (for
example, P2X,R, P2X,R and P2Y(R) are expressed in
both microglia and peripheral macrophages [37], the
P2Y,R subtype is unique in that its expression is
restricted to microglia [7, 38]. These observations
suggest that microglia are key sensors of adverse
conditions in the CNS, detecting nucleotides via P2Y,
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Rs. Despite rapid progress in elucidating the physio-
logical functions of microglia mediated by P2Y,R,
relatively little insight has been gained concerning the
in vivo role of P2Y,Rs in pathophysiological con-
ditions in the CNS. We investigated the role of
microglial P2Y,Rs in the spinal cord in neuropathic
pain and discovered that activation of P2Y,Rs in
spinal microglia is a critical in the pathogenesis of
neuropathic pain, using selective antagonists for P2Y,
R and mice lacking P2Y,R. The level of P2Y,R
mRNA expression was markedly increased in the
spinal cord ipsilateral to the nerve injury, and this
expression was highly restricted to activated microglia
[39]. Anincrease in the immunofluorescence of P2Y,
R protein in the ipsilateral spinal cord was also
observed after nerve injury, and P2Y,R-positive cells
were double-labeled with the microglial marker OX-
42. The intrathecal administration of P2Y,R antag-
onist AR-C69931MX prevented the development of
tactile allodynia, a hallmark of neuropathic pain
syndrome. Furthermore, mice lacking P2ryl2
(P2ry127") displayed impaired tactile allodynia after
nerve injury without any change in basal mechanical
sensitivity. Moreover, a single intrathecal administra-
tion of AR-C69931MX or oral administration of
clopidogrel, a P2Y,R blocker clinically in use, to
nerve-injured rats produced a striking alleviation of
existing tactile allodynia. These findings suggest that
activation of P2Y,Rs in spinal microglia is a critical
event in the pathogenesis of neuropathic pain [40],
and that blocking microglial P2Y,R might be a viable
therapeutic strategy for treating neuropathic pain.

Phagocytosis by microglia

Phagocytosis is the uptake system by the cell of
relatively large (>1.0 pm) particles into vacuoles and
has a central role in tissue remodeling, inflammation
and defense against infectious agents [41]. Phagocy-
tosis is initiated by the activation of various cell-
surface phagocytosis receptors, including Fc recep-
tors, complement receptors, integrins, endotoxin re-
ceptors (CD18, CD14), mannose receptors and scav-
enger receptors [42], which are activated by corre-
sponding extracellular ligands. In the CNS, a full
innate immune system, i.e., Fc receptors, complement
system, scavenger receptors and Toll-like receptors
etc., has been described, and microglia reveal related
roles as dedicated phagocytes. It is well-known that
dying cells express so-called ‘eat-me’ signals such as
phosphatidylserine (PS) on their surface membrane
[42], by which microglia recognize the apoptotic cells
in order to catch and remove them [42]. As for
amyloid 8 protein (Af), a key molecule that mediates
Alzheimer’s disease, microglia remove AP presum-
ably via Fc receptor-dependent phagocytosis [43, 44].



Cell. Mol. Life Sci. ~ Vol. 65, 2008

We first found that exogenous UDP caused microglial
phagocytosis in a concentration-dependent manner,
which was P2Y, receptor-dependent [45]. Neuronal
injury caused by kainic acid (KA) upregulated P2Yj
receptors in microglia, and the KA-evoked neuronal
injury resulted in an increase in extracellular UTP,
which was immediately metabolized into UDP in vivo
and in vitro [45]. Moreover, UDP leaked from injured
neurons caused P2Y, receptor-dependent phagocyto-
sis in vivo and in vitro. Nucleotides seem to have the
ability to act as ‘eat-me’ signals for necrotic cells
suffering traumatic or ischemic injury because these
cells cause swelling, followed by shrinkage, leading to
the leakage of cytoplasmic molecules, including a
large amount of ATP and UTP; and extracellular
nucleotides are immediately degraded by ecto-nucle-
otideases, suggesting that leaked nucleotides could be
transient and localized signals that alert to the crisis
created by the presence of the necrotic cells. It should
be noted that nucleotides could be both ‘find-me’ and
‘eat-me’ signals. Cells release ATP, and we also found
that KA causes an increase in extracellular UTP/UDP
[45]. Therefore, microglia might be attracted by ATP/
ADP and subsequently recognize UDP, leading to the
removal of the dying cells and their debris. It is
interesting that ATP/ADP is not able to efficiently
activate P2Y, receptors, nor can UDP act on P2Y,,
receptors.

Conclusion

We have described how nucleotides work as ‘warning
molecules’ through microglia in a pathophysiological
condition. Microglia play a key role in chemotaxis,
neuropathic pain and phagocytosis through the nu-
cleotide-evoked activation of P2Y,,, P2X, and P2Y,
receptors respectively, expressed on cells. These find-
ings for extracellular nucleotides in microglia during
physiological and pathophysiological processes sug-
gest that nucleotide signalling has an important role in
the regulation of the functions of microglia.
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