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overactivation of microglia (Akiyama et al., 2000; Gao
et al., 2003; Liu and Hong, 2003). Therefore, the regula-
tion of microglia cell activation should be very important
issues in the treatment of such diseases. On the other hand,
increasing evidence suggests that microglia also play a piv-
otal role in neuroprotection and that TNF itself is a neuro-
trophic mediator (Cheng et al., 1994; Gary et al., 1998;
Nakajima and Kohsaka, 2004). In fact, we previously dem-
onstrated that microglia that are activated via P2X; recep-
tors secrete TNF, which in turn rescues the neurons from
glutamate-induced cell death (Suzuki et al,, 2004). The
amounts of TNF released by LPS-stimulated microglia are
much higher than the levels that occur from ATP or
BzATP-stimulated microglia. Thus, the quantity of TNF
released may reflect the state of the microglia with different
functions, harmful or protective. Interestingly, the present
results show that nicotine exerts opposite effects on TNF
release in response to LPS and ATP/BzATP; namely, it
significantly inhibited massive TNF release, whereas it
enhanced protective TNF release. Therefore, nicotine
may regulate the release of TNF toward neuroprotection
by suppressing inflammatory TNF (via TLR4) and by
strengthening neuroprotective TNF (via P2X; receptors).

These modulatory effects of nicotine have been
proved to occur through the activation of a7 AChRs in
microglia. There are a number of reports describing the
contribution of nAChRs to brain functions, including
learning and memory (MacDermot et al., 1999), antinoci-
ception (Marubio et al, 1999), and neuroprotection
(Messi et al., 1997; Laudenbach et al., 2002). Untl
recently, the common view was that a7 nAChRs were
expressed mainly in neurons, but increasing evidence sug-
gests that this type of nAChR is also expressed in non-
neuronal cells and is implicated in the regulation of cell
function and Ca’ " signalling (Buisson and Bertrand,
2002). In keratinocytes, for example, exposure to nicotine
causes a reduction in cell migration (Zia et al., 2000), and,
in astrocytes, nicotine modulates calcium signaling via cal-
cium-induced calcium release (CICR; Sharma and
Vijayaraghavan, 2001). More recently, it was revealed that
a7 nAChRs are also expressed in mouse peritoneal mac-
rophages and mouse brain microglia (Wang et al., 2003,
2004; Shytle et al., 2004). In this study, we also confirmed
the expression of functional @7 nAChRs in rat primary
cultured microglia, but they showed the unexpected
properties,

Neuronal a7 nAChRs are typical ligand-gated ion
channels; however, microglial a7 nAChRs seem to be dif-
ferent from those of their murona] counterparts, which
have a high permeability to Ca’". First, in microglia, nic-
otine induced an increase in intracellular Ca™* _concentra-
tions even in the absence of extracellular Ca” . Second,
nicotine-induced Ca " response was suppressed by chelat-
ing intracellular Ca”  (with BAPTA-AM), by inhibiting
PLC (with U73122) as well as by blocking the IP; recep-
tor (with xestospongin C). In addition, the electrophysio-
logical studies showed that currents could not be elicited
by nicotine stimulation, although ATP-induced currents
were detected in the same cells tested. These results sug-

gest that microglial «7 nAChRs may not function as a
ligand-gated ion channel but may be instead couylcd to
the activation of PLC and the mobilization of Ca” " from
[P;-sensitive intracellular Ca®" stores. Further studies will
be required to clarify whether a7 nAChRs could activate
PLC in the same manner as G protein-coupled receptors,
as previously reported as a nonclassical nicotine receptor
in frog pituitary melanotrophs (Garnier et al., 1994), or
via another mechanism. Recently, Severance et al. (2004)
reported the finding that @7 nAChRs have two isoforms,
which may help to explain the multiplicity of a7
nAChRs. Such a new typed a7 nAChR isoform might be
implicated in the diversity of signaling generated by nico-
tine.

All three members of MAP kinase family, ERK,
JNK and p38, play key roles in the production of cyto-
kines, including TNF (Bhat et al., 1998; Lee et al., 2000),
but their roles are different. In LPS-stimulated microglia,
as shown here, JNK and p38 mediate posttranscriptional
steps of TNF production, whereas ERK is involved in the
transcriptional regulation. Our results demonstrate that
nicotine inhibited LPS-induced activation (phosphoryla-
tion) of JNK and p38, but not ERK, suggesting that nico-
tine may interfere with the posttranscriptional step of
TNF synthesis by inhibiting the activation of JNK and
p38. Consistently with this result, nicotine did not change
TNF mRNA expression.

In the case of ATP stimulation, as we reported previ-
ously (Suzuki et al., 2004), all three MAP kinases play sim-
ilar critical roles in TNF production; JNK and ERK regu-
late the transcription, and p38 is involved in the regulation
of posttranscriptional steps, especially the export of TNF
mRNA from nucleus to cytoplasm. Nicotine did not
affect the activation of ERK, JNK, or p38 in ATP-stimu-
lated microglia. Insofar as nicotine enhanced TNF release
without promoting further mRNA expression, for at least
1 hour after stimulation, a7 nAChRs may stimulate the
posttranscriptional process of TNF synthesis through an
MAP kinase-independent pathway. To investigate further
the mechanism underlying nicotine-induced increase in
TNF release in P2X; receptor-activated-stimulated
microglia, we measured BzATP-clicited Ca™ signal after
treating the cells with nicotine for 10 min at a concentra-
tion of 10 pM, which showed the maximal increasing
effect on TNF release. This low concentration of nicotine
did not induce detectable Ca” ' increase by itself but sub-
stantially increased the Ca”" responses elicited by BzATP.
We previously confirmed that the BzATP- induced
increase in intracellular Ca®' levels is due to Ca” ' influx
through P2X; receptors, so nicotine may modulate P2X-
receptor functioning by increasing its channel activities.
P2X; receptor-mediated MAP kinase activation is inde-
pendent of extracellular Ca’~ (Hide et al., 2000), in line
with the present results showing that nicotine increased
Ca” signal without affecting MAP kinase activation. The
mechanism of interaction between a7 nAChR and P2X;
receptors remains undefined.

Interestingly, macrophage a7 nAChRs play a critical
role in the cholinergic antiinflammatory pathway, which
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has been revealed after electrical stimulation of vagus
nerve (Borovikova et al., 2000; Wang et al., 2003). More-
over, a similar antiinflammatory role of microglial a7
nAChRs in the mouse brain has been proposed (Shytle
et al., 2004). Nicotine is a major component in tobacco,
and it has been recognized that the incidence of neurode-
generative diseases such as Parkinson’s disease is less in
smokers, suggesting a neuroprotective role of nicotine
(Picciotto and Zoli, 2002). Actually, it was shown that
nicotine protects cortical neurons through neuronal o7
nAChRs, which transduce signals to the PI3K/Akt path-
way in a cascade (Kihara et al., 2001). Our present results
as well as the report by Shytle et al. (2004) may give an
additional explanation for nicotine-induced neuroprotec-
tion from the view of the regulation of neuroinflamma-
tion. In addition, our data provide other evidence for a
possible protective role of nicotine, in that nicotine may
be capable of enhancing ATP-mediated neuroprotective
TNF release by microglia.

In conclusion, we have provided new evidence for
the existence of nonconventional a7 nAChRs in rat
microglia. Although neuronal a7 nAChRs belong to
ligand-gated ion channels, microglial ®7 nAC hRs may be
coupled to the acnvanon of PLC and evoke Ca’ " release
from IP;-sensitive Ca”" stores. Such unique receptors
should play an important role in neuroprotection, because
the activation of these receptors is capable of modulating
the stage of microglia from the overactive inflammatory
type to a protective type. Therefore, it is conceivable that
nicotinic receptor agonists that target a7 nAChRs in
microglia may have significant therapeutic potential in
neuroinflammatory diseases in the brain.
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Abstract

Neurons in the latero-capsular part of the central nucleus of the amygdala (CeA), a region now called the “‘nociceptive amygdala”™,
receive predominantly nociceptive information from the dorsal horn through afferent pathways relayed at the nucleus parabrachialis
(PB). Excitatory synaptic transmission between the PB afferents and these neurons is reported to become potentiated within a few
hours of the establishment of arthritic or visceral pain, making it a possible mechanism linking chronic pain and unpleasant negative
emotional experiences. However, it remains unknown whether such synaptic potentiation is consolidated or becomes adaptively
extinct in the longer-lasting form of chronic pain, such as neuropathic pain, an as yet serious and frequent type of pain of important
clinical concern. To address this issue, we recorded postsynaptic currents in CeA neurons evoked by PB tract stimulation in acute
brain slices from young rats with neuropathic pain, as evaluated by tactile allodynic responses, following unilateral spinal nerve
ligature made 1 week earlier. CeA neurons contralateral to the nerve ligation showed significantly larger-amplitude postsynaptic
currents than those in the ipsilateral CeA and sham- and non-operated groups. The degree of synaptic potentiation, as compared
between two sides, was positively correlated to that of tactile allodynia responses. In addition, blockade of NMDA receptors did
not affect this potentiation. We conclude that potentiation of the PB-CeA synapse is consolidated in long-lasting neuropathic pain
but that this potentiation results from a molecular mechanism distinct from that in arthritic and visceral pain.
© 2006 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

Keywords: Neuropathic pain; Amygdala; Excitatory postsynaptic currents; Nucleus parabrachialis; Tactile allodynia; Emotion; NMDA receptor

1. Introduction

Persistent chronic pain has a strong emotional com-
ponent associated with negative affection (Price, 2002;
McWilliams et al., 2003; Rhudy and Meagher, 2003).
The amygdala, a key player in emotional responses to
various sensory stimuli (Davis, 1998; LeDoux, 2000;
Zald, 2003), is one of the principle structures linking
pain sensation and emotional response as it receives

* Corresponding author. Tel.: +81 3 3433 1111 ext. 2395; fax: +81 3
3433 1279.
E-mail address: fusao@jikei.ac.jp (F. Kato).

pain-related information via the spino-parabrachio-
amygdaloid pain pathway (Gauriau and Bernard,
2002). The nociceptive information arising from the
superficial layers of the dorsal horn crosses the midline
and forms synapses in the pontine parabrachial area
(PB). From this area, an ascending projection reaches
the central nucleus of the amygdala (CeA), in particular
the latero-capsular part of the CeA, now called the
“nociceptive amygdala” because of its abundance of
nociceptive neurons (Bernard et al., 1992).

The amygdala is also associated with the synaptic
plasticity underlying fear and painful memories in ani-
mals and humans (Maren, 2005; Phelps and LeDoux,

0304-3959/832.00 © 2006 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
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2005). Such plasticity also occurs with nociceptive
inputs. For example, using acute-onset models of the
arthritis and visceral pain models of the rat, Neugebauer
and colleagues (2003; 2004) demonstrated that excitato-
ry synaptic transmission and neuronal excitability in
CeA are potentiated due to augmented NMDA receptor
functions in brain slice preparations prepared 6-8 h
after the generation of the pain models.

Another frequently observed form of chronic pain
in human patients is neuropathic pain, resulting from
various etiologies including cancer, diabetes-linked
neuropathy and peripheral nerve injury (Russo and
Brose, 1998; Woolf and Mannion, 1999; Scholz and
Woolf, 2002). For these patients, the pain sensation
is long lasting and seriously affects quality of life,
including its emotional aspects, against which drug-
based therapeutic strategy has yet to be established.
Despite recent demonstrations that hyperexcitability
of neurons in the dorsal horn of the spinal cord
underlies neuropathic pain (Coull et al., 2003; Tsuda
et al., 2003; Inoue et al., 2004; Coull et al., 2005),
how neuropathic pain affects the emotional responses
in the brain network remains unknown.

To address this issue, we examined whether synaptic
transmission in the CeA is affected in an animal model
of neuropathic pain, for the following reasons. First, in
animal models, neuropathic pain can be quantitatively
evaluated by measuring touch-induced allodynia, a
form of hypersensitivity to tactile stimulation. Second,
because the hypersensitivity to tactile stimuli is long
lasting in animal models, it allows analysis over several
days of the functional synaptic changes following a
sustained increase in pain information reaching the
amygdala, in turn allowing the examination of any dis-
tinct mechanisms underlying the plastic changes in the
late phase of chronic pain, as occurs in hippocampal
late-phase long-term potentiation (LTP) which involves
molecular mechanisms distinct from early phase LTP
(Nayak et al, 1998; Soderling and Derkach, 2000).
Here, we report that the synaptic transmission medi-
ated by non-NMDA receptors is potentiated in the
CeA with high correlation to allodynia establishment
in chronic (>6 days) pain models. A part of this work
was previously presented in abstract form (lkeda et al.,
2005).

2. Methods
2.1. Neuropathic pain model

The manipulation of the animals was approved by the
Animal Experiment Committee at the Jikei University
School of Medicine and conformed to the Guiding Princi-
ples for the Care and Use of Animals in the Field of Physio-
logical Sciences of the Physiological Society of Japan (1998)
and to the guidelines of the International Association for

the Study of Pain (Zimmermann, 1983). Young Wistar rats
of either sex aged 20-26 days postnatal were used in this
study. They were no older than 33 days postnatal at the
time of electrophysiological recordings and we observed
no systematic difference between the results from the male
and female rats. The data from both sexes are therefore
pooled in this study. Rats were anesthetized initially with
diethyl ether and mounted on a surgical platform in a
prone position with the limbs fixed. Anesthesia was
then  maintained with  sevoflurane  or  isoflurane
(1.5-2% in 100% O,). A longitudinal incision (about
0.5cm in length) was made at the midline of the lower
lumbar using a sterile surgical blade. The left paraspinal
muscles were isolated and the left L6 transverse process
was cxposed. Under a dissecting microscope, the left L6
transverse process covering the L4 and L5 spinal nerves
was carefully removed. The left L5 spinal nerve was isolat-
ed and tightly ligated with 6-0 silk threads in the “liga-
tion” group (n=39), ligation was not performed in the
“sham-operated” group (n =25), and no surgical procedure
was carried out in the “non-operated” group (n=13).
After surgery, the muscles were sutured in layers, the skin
was closed using nylon thread (4-0), and anesthesia discon-
tinued. Animals fully recovered from anesthesia within 1 h
and showed no signs of distress as evidenced by the mon-
itoring of breathing patterns, grooming behavior and loco-
motion in the cage. The rats were housed in cages filled
with soft cushion-like flooring in a temperature- (around
25°C) and humidity- (around 50%) controlled room. Water
and food were available ad libitum and there was no
observed difference in water and food consumption between
the groups. Body weight measured at post-operational day
6-7 did not differ significantly between the ligation, sham-
operated and non-operated groups (P =0.386; ANOVA),
at 75.6 £ 2.7 g (mean + SEM; n=34), 793+ 2.0g (n=25)
and 81.2+52¢g (n=13), respectively. Behavior was moni-
tored regularly and no aberrant symptoms arising from
excessive nociception were observed except for a mild
deformity of the lesioned paw (Kim and Chung, 1992),
because of which, the von Frey filament test described
below could not be conducted entirely in a blind manner.
Every 1-2 days, rats were individually moved to a cage
for measurement of the paw withdrawal threshold (see
below), during which special care was taken to avoid nox-
ious stimulation of the hindlimb. No aberrant responses
were observed during interactions with the investigator.

2.2. von Frey filament test

The paw withdrawal threshold to mechanical stimuli was
evaluated by well-trained experimenters according to the previ-
ously reported method (Tsuda et al., 2003). Mechanical stimuli
were applied using von Frey filaments of different rigidities
(0.4-15.0 g). Each rat was placed on a metal mesh floor
(25 cm x 25 ¢m) and a von Frey filament was applied manually
from beneath. The 50% threshold was estimated by the up and
down method (Chaplan et al., 1994). Care was taken to reduce
the number of trials to avoid unnecessary pain sensation. The
tests were performed immediately before the operation and
repeated every 1-2 days for all rats until the final test immedi-
ately before decapitation (Fig. 1).
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Fig. 1. Side-specific tactile allodynia after unilateral spinal nerve
ligation. (A) Summary of the time-course of paw withdrawal threshold
in the ligation, sham- and non-operated groups. Open and filled circles
indicate responses in the hindpaws ipsilateral (left) and contralateral
(right) to the ligation, respectively. Open and filled triangles show the
responses in the hindpaws ipsilateral (left) and contralateral (right) to
the sham-operation, respectively, Diamond shows the value from the
non-operated group. Mean + SEM. ***P < 0.001 vs, sham- and non-
operated groups (ANOVA). " P <0.001 vs. values before operation
(measured at post-operational day 0; ANOVA). Numbers in paren-
theses indicate the number of rats. (B) Time course of the paw
withdrawal threshold (value in the hindpaw ipsilateral to the ligation
(left) is normalized by that in the hindpaw contralateral to the ligation
(right) measured in the same rat). Filled and open squares indicate
values from the ligation and sham-operated groups, respectively.
Diamond shows that value from the non-operated group. Mean +
SEM. "P<0.001 vs. sham- and non-operated groups
(Mann-Whitney U test).

2.3. Preparation of transverse brain slices

Immediately after the final von Frey filament test on post-
operational day 6-7, the rats were decapitated under ketamine
anesthesia (100-150 mg/kg, i.p.). In a subset of experiments
(n = 5), rats were anesthetized with isoflurane (2-3% in 100%
0,) before decapitation to analyze the influence of ketamine
anesthesia. We obtained both ipsilateral (left) and contralater-
al (right) coronal brain slices to the operation side (left) from
the ligation group (69 unilateral slices from 34 rats), sham-op-
erated group (51 unilateral slices from 25 rats) and non-oper-
ated group (33 unilateral slices from 13 rats) according to
previously described procedures (Shigetomi and Kato, 2004;
Ikeda and Kato, 2005). Briefly, the brain was dissected out
and cut at the midline. The dissected hemisphere was secured
on the cutting stage of a vibrating blade slicer (DSK-1000,
Dosaka EM) with the rostral end upwards. Coronal slices of
400-um thickness containing the amygdala were cut in the
ice-cold cutting artificial cerebrospinal fluid (ACSF) composed
of (in mM) 125 NaCl, 3 KCl, 0.1 CaCl,, 5 or 3 MgCl,, 1.25
NaH,PO,, 10 p-glucose, 0.4 L-ascorbic acid and 25 NaHCO;
(pH 7.4 bubbled with 95% O,+ 5% CO,; osmolarity,

~310 mOsm/kg). The slices were first incubated in a holding
chamber with a constant flow of standard ACSF, of which
the concentrations of CaCl; and MgCl, were 2 and 1.3 mM,
respectively, at 37 °C for 30-45 min. The slices were kept at
room temperature (20-25 °C) in the same chamber until elec-
trophysiological recording. Each slice was transferred to a
recording chamber (~0.4-ml volume) and fixed with nylon
grids to a platinum frame. The slice was submerged in and con-
tinuously superfused at a rate of 1-2 ml/min with standard
ACSF. To isolate excitatory synaptic inputs, 100 uM picrotox-
in (Sigma) and 1 uM strychnine HCI (Sigma) were dissolved in
ACSF and bath-applied.

2.4. Patch-clamp recordings and cell visualization

Central amygdala (CeA) neurons were visually identified
under an upright microscope (BX-50WI, Olympus) with infra-
red differential interference contrast (IR-DIC) optics. The IR-
DIC images were captured using a chilled CCD camera
(C5985-02, Hamamatsu Photonics) and stored digitally on a
computer. The whole-cell transmembrane current was record-
ed from neurons in the left and right CeA (i.e., ipsilateral and
contralateral, respectively, to the ligation). The patch-clamp
electrodes were made from borosilicate glass pipettes
(1B120F-4; World Precision Instruments). The composition
of the internal solution was (in mM) 120 potassium gluconate,
6 NaCl, 1 CaCl,, 2 MgCl,, 2 ATPMg, 0.5 GTPNa, 12 phos-
phocreatine Na,, 5 EGTA and 10 Hepes hemisodium (pH
7.2 as adjusted with KOH; osmolarity, ~310 mOsm/kg). The
tip resistance of the electrode was 3-6 MQ). The evoked excit-
atory postsynaptic currents (¢eEPSCs) were recorded at a hold-
ing potential of —70 mV. The membrane currents were
recorded using an Axopatch 200B amplifier (Axon Instru-
ments), low-pass filtered at 2 kHz and sampled at 4 kHz with
a PowerLab interface (ADInstruments). To analyze the type
of glutamate receptors involved, either 10 uM 6-cyano-7-nitro-
quinoxaline-2,3-dione (CNQX; Sigma; a non-NMDA receptor
antagonist) or 50 uM D(-)-2-amino-5-phosphonopentanoic
acid (APV; Sigma; a NMDA receptor antagonist) was dis-
solved in ACSF and bath-applied for more than 10 min. All
recordings were made at room temperature (20-25°C). The
order of recordings from the right and left amygdala was ran-
domized to avoid side-dependent differences due to changes in
the viability of neurons during the time from slice preparation
to recording. All compounds except those noted above were
purchased from Sigma or Nacalai Tesque (Kyoto, Japan).

2.5, Afferent pathway stimulation

To activate action potential-dependent glutamate release
from the afferent fibers arising from the PB and basolateral
amygdala (BLA), under microscopic control we carefully
located the stimulating electrode on the fiber tract dorsomedial
to the CeA (PB tract) and in the BLA near the borderline to
the CeA; “PB stimulation” and “BLA stimulation™, respec-
tively. To calculate the paired-pulse ratio of EPSCs as a mea-
sure of changes in presynaptic release properties (McKernan
and Shinnick-Gallagher, 1997), double pulses with an inter-
stimulus interval of 50 ms were delivered. The paired-pulse
ratio (PPR) was calculated as the second EPSC amplitude
(EPSC2) normalized by the first EPSC amplitude (EPSCI).
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PB-CeA pathways showed paired-pulse facilitation (i.e.,
PPR > 1} in all neurons in a similar manner as that of a previ-
ous report (Neugebauer et al., 2003). Stimulation intensity was
fixed at a sub-maximal value without spike current generation
in the experiments examining the effects of glutamate receptor
antagonists and in those for PPR measurement.

2.6. Data and statistical analysis

The recorded membrane current was analyzed off-line by an
Igor Pro 5 (WaveMetrics, OR, USA) following procedures
written by F.K. Peak amplitude was measured on the basis
of the averaged waveform of eEPSCs (eight consecutive trials).
Values are expressed as mean values + standard error of the
mean (SEM). Differences in the values were compared using
one-way analysis of variance (ANOVA) followed by a post
hoc test (Dunnet), the paired ¢-test and Mann-Whitney U test.
Differences with a probability (P) less than 0.05 were consid-
ered significant.

3. Results

3.1. Side-specific establishment of tactile allodynia after
unilateral spinal nerve ligation

A total of 72 rats were divided into the ligation
(n = 34), sham-operated (n=25) and non-operated
(n=13) groups. The paw withdrawal threshold was
measured using von Frey filaments on post-operational
day 0 in the ligation and sham-operated groups and
immediately before the decapitation in the non-operated
groups. The paw withdrawal threshold of the left hind-
limb ipsilateral to the ligation decreased significantly
at post-operational day 1 and remained decreased until
post-operational day 6-7 (open circles'in Fig. 1A). Such
a decrease was not observed in the contralateral (right)
hindlimb in the ligation group (filled circles in Fig. 1A)
or in the bilateral hindlimbs in sham-operated rats (open
and filled triangles in Fig. 1A), in which the paw with-
drawal threshold gave consistently similar values to
those in the non-operated group (diamond in Fig. 1A).
These results indicate that animals that underwent
spinal nerve ligation developed stable tactile allodynia
within 1 week of operation, which is in good accordance
with the results described by Kim and Chung (1992)
who developed this neuropathic pain model. In

Table 1
Membrane properties of the CeA neurons recorded

addition, as there was no significant change in the paw
withdrawal threshold in the right hindlimb contralateral
to ligation on post-operational day 6-7 (filled circles in
Fig. 1A), it is likely that the establishment of allodynia
using this operative procedure is limited to the ipsilateral
side to the ligation (i.c., the left side in the present exper-
iments), at least within 1 week of operation in the rats at
the ages used (see Discussion in Kim and Chung, 1992).
Using these characteristics, we evaluated the degree of
allodynia establishment in each rat, which varied from
animal to animal, by normalizing the paw withdrawal
threshold of the left hindlimb by that of the right hind-
limb (ipsilateral/contralateral). Fig. 1B indicates the
time-course of this “normalized paw withdrawal thres-
hold™ after operation in the different groups. The nor-
malized paw withdrawal threshold did not change
significantly from post-operational day 0-7 in the
sham-operated group (open squares in Fig. 1B) and it
was not significantly different from that in the non-oper-
ated group, but it significantly decreased in the ligation
group to a mean value of 0.35 + 0.04 on post-operation-
al day 6-7 (filled squares in Fig. 1B). This result indi-
cates that this normalized paw withdrawal threshold is
a good index for the degree of side-specific tactile allo-
dynia in each animal following unilateral nerve ligation.

3.2. Side-specific increase in the amplitude of EPSC
evoked by PB-CeA pathway stimulation

Immediately following the final measurement of the
paw withdrawal threshold on post-operational day
6-7, brain slices containing the amygdala were prepared
for electrophysiological recordings. We recorded a total
of 228 visually identified neurons in the capsular part of
the CeA (Table 1). There was no apparent morphologi-
cal difference in the amygdala nuclei or in the neurons as
observed with IR-DIC optics between either side in the
ligation, sham- and non-operated animals. There were
also no differences between the groups in the ease with
which good quality whole-cell recordings could be
obtained from neurons. No significant difference was
observed in the resting membrane potential or whole-
cell capacitance between neurons from the right and left
CeA in the ligation, sham- and non-operated groups

Ligation Sham-operated Non-operated

Right CeA Left CeA Right CeA Left CeA

(n=153) (n=752) (n=43) (n = 36) (n=44)
Resting potential (mV) —63.6 £ 0.9 -61.7+0.38 ~-62.5+08 -642+1.0 618+ 1.0
Input resistance (MQ) 147.8 £ 8.7 154.5 £ 8.0 169.4 + 9.7 160.9 £ 9.7 166.4 + 6.5
Cell capacitance (pF) 177+ 0.8 169 + 0.8 15.7 £ 0.9 16.1 +1.0 145+ 0.7
Action potential threshold (mV) -428 £ 0.7 —41.1 £0.8 -399+08 -394 109 -37311.0

Values were measured immediately following establishment of the whole-cell mode.

rats (ANOVA).

Mean + SEM. P < 0.05 vs. values in sham- and non-operated
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(Table 1). In contrast, the threshold membrane potential
for action potential generation as measured by injecting
depolarizing current under the current-clamp mode was
significantly more hyperpolarized for neurons from the
ligation group than from the sham- and non-operated
groups. These data suggest that, as in the case of arthrit-
ic pain, some of the membrane properties of the CeA
neurons are altered in the neuropathic pain model, but
in a manner less manifest than in the arthritic pain mod-
els, which is accompanied by changes in resting mem-
brane potential and input resistance (Neugebauer
et al., 2003).

In the arthritic and visceral pain models, excitatory
synaptic transmission at PB-CeA synapses is potentiat-
ed when measured 6-8 h after treatment (Neugebauer
et al., 2003; Han and Neugebauer, 2004). We examined
whether such plastic changes in CeA synaptic transmis-
sion occur in the longer-term neuropathic pain models.
First, we stimulated the PB tract and recorded ¢eEPSCs.
When the stimulation intensity was gradually increased,
PB tract stimulation gave rise to eEPSCs of larger
amplitude with lower intensity in the right CeA (thick
traces) than in the left CeA (thin traces) in the ligation
group (Fig. 2A top). eEPSC amplitude in the right
CeA of the ligation group was also significantly larger
than that in the bilateral CeA in sham-operated rats
(Fig. 2A bottom). In a large portion of slices, the larger
amplitude of eEPSCs in the right CeA of the ligation
group resulted in non-clamped spike-like fast inward
current (thick trace in Fig. 2A top) at intensities of
500-1000 pA, whereas the neurons in the left CeA of
the ligation group and in the bilateral CeA in sham-op-
erated rats did not generate such spike-like currents with
stimulation intensities lower than 1000 pA (see below
for the stimulation intensity for action potential genera-
tion under the current-clamp mode; Fig. 3). Fig. 2B indi-
cates the relation between intensity of the PB tract
stimulation and eEPSC amplitude. From 100-600 pA,
e¢EPSC amplitude in the right CeA neurons (filled circles
in Fig. 2B) was significantly larger than that in the neu-
rons belonging to other groups. There was no significant
difference between neurons in the left CeA in the ligation
group (open circles) and those in bilateral CeA in the
sham- and non-operated groups (triangles and dia-
monds, respectively) at any stimulation intensity in the
range of 50-4000 uA (Fig. 2B). These results strongly
suggest that the potentiation of the PB-CeA transmis-
sion in the ligation group occurs in a manner highly
restricted to the side receiving nociceptive information
from the ligated side (i.e., the contralateral right CeA
in the present experiments). We then evaluated the
degree of synaptic potentiation in each animal by nor-
malizing the eEPSC amplitude in the right CeA by that
in the left CeA recorded from slices from the same rat. If
several neurons (n < 4) were recorded from one side of a
slice, their mean eEPSC value was used. This right/left
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Fig. 2. EPSC evoked by PB tract stimulation in the CeA in
neuropathic pain models. (A) Averaged waveforms of EPSCs evoked
by PB tract stimulation at different intensities (average of eight
consecutive responses). Top and bottom panels are recordings from
neurons in the ligation and sham-operated groups, respectively. Thick
and thin traces are recordings from neurons in the right and left CeA,
respectively. (B) Relationship between stimulation intensity and
eEPSC amplitude. Circles, triangles and diamonds indicate values
from neurons in the ligation, sham-operated and non-operated groups,
respectively. Mean + SEM. Open and filled symbols indicate values
from neurons in the left and right CeA, respectively. P < 0.05;
"P<0.01; *""P<0.00] compared to the left CeA in the ligation
group, and to bilateral CeA in the sham- and non-operated groups
(ANOVA). NS, not significantly different between groups (ANOVA).
Numbers in parentheses indicate the number of neurons. (C) Summary
of the normalized eEPSC amplitude (¢EPSC amplitude in the right
CeA normalized by that in the left CeA from the same rat) in the
ligation (filled bar) and sham-operated (open bar) groups. eEPSCs
were evoked by 400-pA stimulation. **P <0.01 vs. sham-operated
group (Mann-Whitney U test). Numbers in parentheses indicate the
number of rats.

ratio of eEPSC amplitude (“‘normalized eEPSC ampli-
tude’’) was significantly larger in the ligation group than
in the sham-operated group (Fig. 2C). In addition, this
ratio was ~1 in the sham-operated group (Fig. 2C), sug-
gesting that the significant and marked difference in
eEPSC amplitudes between right and left CeA in the



166 R Ikeda et al. | Pain 127 (2007) 161-172

Ligation

right CGAL L
leftCeA \ k

[6ft CEA F——-uveerereannsnn P k_]10 mvV
200 ms
400 600 1000 2000 4000
stimulation intensity (pA)

B B right CeA 0O left CeA

44

Ligation T EZ;

Sham-operated (6)
(6)

non-operated (?)

T

0 5 10 15
eEPSP amplitude
at 400 pA current stimulation (mV)

€ B right CeA O left CeA
*—ﬁ (10)
tt(11)

g (8)
Sham-operated (®)

non-operated ’m:@l_l

0 2500 5000
threshold stimulation intensity
for action potential generation (puA)

Ligation
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EPSPs evoked by PB tract stimulation at different intensities (average
of eight consecutive responses). Top and bottom panels are recordings
from the ligation and sham-operated groups, respectively. Thick and
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TP <0.00] compared to other groups (ANOVA). Numbers in
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threshold stimulation intensity for action potential generation in CeA
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ligation group does not primarily result from the asym-
metric nature of the PB-CeA connection or from the
asymmetry inherent in the recording and stimulation

systems. Rather, it is likely that the synaptic potentia-
tion in CeA was highly dependent on the side relative
to the nociceptive input.

Does such synaptic potentiation in the contralateral
(right) CeA in the ligation group affect the synaptic
excitability of the CeA neurons? To directly address this
issue, we recorded the membrane potential of the neu-
rons under the current-clamp mode. When the intensity
of the PB tract stimulation was increased, neurons in the
right CeA in the ligation group generated action poten-
tial at a lower intensity than those in the left CeA as well
as in those in sham-operated rats (Fig. 3A). In accor-
dance with the above ¢eEPSC data, the amplitude of
evoked EPSP (eEPSP) was significantly larger in the
right CeA in the ligation group than in the other groups
(Fig. 3B), which resulted in a significantly lower mini-
mum stimulation intensity required to make the post-
synaptic neurons fire in the right CeA neurons
(Fig. 3C). These results strongly indicate that such
potentiated excitatory synaptic transmission facilitates
the PB-CeA input to excite the neurons postsynaptic
to the CeA neurons in a manner specific to the side
receiving increased nociceptive information.

3.3. Increase in the amplitude of EPSC evoked by BLA-
CeA pathway stimulation was less side-specific

The CeA necurons also receive strong excitatory
inputs from the BLA, which transmits polymodal inte-
grated sensory information originating in higher struc-
tures such as the thalamus and cortex (Shi and Davis,
1999; Sah et al., 2003; Pare et al., 2004). The striking dif-
ference between these reported models is that both PB-
CeA and BLA-CeA transmissions are enhanced in the
arthritis pain model, whereas BLA-CeA transmission
is unaffected in the visceral pain model (Han and Neu-
gebauer, 2004). It is therefore conceivable that enhance-
ment of BLA-CeA transmission depends on the type of
pain.

Stimulation of the ventrolateral pathway arising from
the BLA resulted in eEPSC in CeA neurons. The BLA
stimulation evoked EPSCs of larger amplitude in the
neurons in the right CeA (Fig. 4A top, thick traces) than
those in the left CeA (thin traces). In addition, in the
majority of the left CeA neurons, the eEPSC amplitude
was larger than that recorded in sham-operated rats
(Fig. 4A top and bottom). Fig. 4B indicates the summa-
ry data of the amplitude of BLA-CeA ¢EPSC in
response to increasing stimulation intensity. The ampli-
tude of BLA-CeA e¢EPSC in the right CeA neurons in
the ligation group (filled circles in Fig. 4B) was signifi-
cantly larger than that in the left CeA neurons in the
ligation group than that in the sham- and non-operated
groups at 100-600 pA stimulation. However, unlike in
PB-CeA transmission, the amplitude of BLA-CeA
eEPSC in the left CeA neurons in the ligation group
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Fig. 4. EPSC evoked by BLA stimulation in the CeA in neuropathic
pain models. (A) Averaged waveforms of EPSCs evoked by BLA
stimulation at different intensities (average of eight consecutive
responses). Top and bottom panels are recordings from neurons in
the ligation and sham-operated groups, respectively. Thick and thin
traces are recordings from neurons in the right and left CeA,
respectively. (B) Relationship between stimulation intensity and
¢EPSC amplitude. Circles, triangles and diamonds indicate values
from neurons in the ligation, sham-operated and non-operated groups,
respectively. Mean + SEM. Open and filled symbols indicate values
from neurons in the left and right CeA, respectively. “P <0.05;
P<001; ""P<0.001 vs. sham- and non-operated groups;
P <005 "7 P<0.0l vs. left CeA in the ligation group (ANOVA).
Numbers in parentheses indicate the number of neurons.

(open circles in Fig. 4B) was also significantly larger
than in the sham- and non-operated rats at intensities
larger than 400 pA (triangles and diamonds, respective-
ly, in Fig. 4B). These results indicate that, despite the
difference in degree, BLA-CeA transmission is enhanced
in both CeAs contra and ipsilateral to the ligation in the
neuropathic pain models, suggesting that synaptic
potentiation in the BLA-CeA pathway is less side-spe-
cific than that in the PB-CeA pathway. As with the
PB-CeA synapse, the increased BLA-CeA ¢EPSC in
the ligation group also resulted in eEPSP of larger
amplitude that generated postsynaptic firing at signifi-
cantly lower stimulation intensity than in the
sham- and non-operated groups (data not shown).
Because the eEPSC amplitude in response to BLA
stimulation was increased in both sides of the CeA,
the contralateral/ipsilateral ratio (“normalized eEPSC
amplitude”) would not represent the degree of side-

specific potentiation in each rat and was therefore
not estimated for the BLA-CeA transmission.

3.4. Increase in evoked EPSC amplitude at PB-CeA was
positively correlated with the establishment of tactile
allodynia

The above results indicate that in animal models of
neuropathic pain, both the allodynic responses in vivo
and synaptic transmission in the CeA in vitro are
increased in a side-specific manner. There are, however,
considerable rat-to-rat variations in these phenomena. If
these two types of post-operative changes are mutually
related, behavioral and electrophysiological changes in
each rat would be expected to be correlated. We exam-
ined this hypothesis by analyzing the correlation
between changes in eEPSC amplitude and changes in
paw withdrawal threshold (Fig. 5). The values of nor-
malized ¢EPSC amplitude by PB tract stimulation
(eEPSC amplitude in the right CeA normalized by that
in the left CeA, as plotted in Fig. 2C) at the highest stim-
ulus intensity not evoking the spike currents in the slices
from a rat were plotted against those obtained for the
normalized paw withdrawal threshold (as plotted in
Fig. 1B) at post-operational day 6-7 in the same rat
(Fig. 5). The correlation coefficient between these vari-
ables was 0.75 (P < 0.001; n = 26; Spearman’s rank cor-
relation), indicating that the increase in PB-CeA
synaptic transmission in the right CeA contralateral to
the ligation is positively correlated to the side-dependent
increase in allodynic responses in the neuropathic pain
models. In contrast, the correlation coefficient between
the normalized eEPSC amplitude induced by BLA stim-
ulation and the normalized paw withdrawal threshold in
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Fig. 5. Correlation between tactile allodynia and synaptic potentia-
tion. A correlogram between the degree of tactile allodynia established
and that of the PB-CeA transmission potentiation. Abscissa, the
normalized paw withdrawal threshold (see Fig. l); ordinate, the
normalized ¢eEPSC amplitude (see Fig. 2). Open and filled circles are
values from the sham-operated (n = 16) and ligation (n = 10) groups,
respectively. Dotted line indicates the linear regression line estimated
by curve fitting (log[y] = 1.19log[x] — 0.16).
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each rat was much smaller and not significant (p = 0.40;
P =0.06; n =23).

3.5. Blockade of NMDA receptors did not affect the
potentiated PB-CeA transmission in the neuropathic pain
models

We further analyzed the mechanisms underlying this
activity-dependent side-specific potentiation of PB-CeA
transmission in the neuropathic pain models. The poten-
tiation of PB-CeA transmission measured 6-8 h after
establishment of acute arthritis in the rat is due to an
increased NMDA receptor-mediated postsynaptic com-
ponent, which is otherwise blocked by Mg>' but
becomes manifest even at a membrane potential of
—60 mV n arthritis models (Bird et al., 2005). In their
report, eEPSC was not abolished by CNQX, a non-
NMDA receptor antagonist, in the arthritis CeA, unlike
in the control CeA, and the synaptic potentiation was
not observed after application of APV, a NMDA recep-
tor antagonist, in the amygdala slices. Therefore, we
examined whether a similar mechanism involving
NMDA receptor-mediated transmission underlies the
synaptic potentiation in the CeA of long-term neuro-
pathic pain models. Two sets of evidence clearly indicate
that this synaptic potentiation does not result from
enhanced NMDA receptor function. First, with a hold-
ing potential of =70 mV, CNQX (10 uM) almost com-
pletely abolished PB-CeA ¢EPSC (Fig. 6A) in both
sides of the CeA in the ligation and sham-operated
groups. Only the stimulation artifact (Fig. 6A) and a
noise-level component remained in the presence of
CNQX in all groups (Fig. 6A2). This result is in contrast
to the results of Bird et al. (2005) who reported that in
the arthritic rats, a significant amount of PB—-CeA EPSC
remained in the presence of CNQX (30 uM). Second,
application of APV (50 uM; ~10 min) did not signifi-
cantly affect the amplitude of PB-CeA EPSC with
400 pA stimulation in both sides of the CeA in the liga-
tion group (Fig. 6B1 and 2). The EPSC amplitude of the
neurons from the right CeA was still markedly larger
than that from the left CeA even in the presence of
APV (Fig. 6B), indicating that the marked right-left dif-
ference in EPSC amplitude primarily resulted from the
increased non-NMDA receptor component in the right
CeA. It is unlikely that the negligible contribution of
the NMDA receptor-mediated component resulted from
the ketamine anesthesia used before decapitation,
because very similar responses to APV (50 uM) were
observed in five rats with strong allodynic responses
being anesthetized with isoflurane prior to decapitation
at post-operational day 6-7 (Fig. 6B). Our results
strongly argue against the major involvement of an aug-
mented NMDA receptor current in PB-CeA synaptic
potentiation in neuropathic pain, unlike in the arthritis
pain models. Rather, it is likely that the potentiation
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Fig. 6. NMDA receptor-independent synaptic plasticity in PB-CeA
transmission in the rat model of ncuropathic pain. (Al) Averaged
waveforms of EPSCs evoked by PB tract stimulation in the absence
(solid curves) and presence (broken curves) of CNQX (10 uM)
(average of eight consecutive responses). Left and right panels show
membrane currents recorded from neurons in bilateral CeAs in the
ligation and sham-operated groups, respectively. (A2) Summary of the
effect of CNQX on ¢EPSC amplitude. Filled and open bars indicate
changes in eEPSC amplitude in the right and left CeA, respectively.
Mean + SEM. Numbers in parentheses indicate the number of
neurons. (B1) Averaged waveforms of EPSCs evoked by PB tract
stimulation in the absence (solid line) and presence (broken line) of
APV (50 pM) in the ligation group (average of eight consecutive
responses). Left and right two panels are the data from CeA neurons
from two rats in which ketamine and isoflurane anesthesia, respec-
tively, were used before decapitation. (B2) Summary of the effect of
APV on ¢EPSC amplitude of the neurons in the right (filled bars) and
left (open bars) CeA recorded before addition of APV (—) and in the
presence of APV (+). Ketamine and isoflurane indicate the data from
the rats in which ketamine and isoflurane were used before decapita-
tion. Mean + SEM. NS, not significantly different between eEPSC
amplitudes in the absence and presence of APV (paired i-test).
*P < 0,05, Significantly different between the right and left CeA.
Numbers in parentheses indicate the number of neurons.



R. Ikeda et al. | Pain 127 (2007) 161-172 169

of PB-CeA transmission in the neuropathic pain models
involves enhanced non-NMDA receptor-mediated
transmission.

3.6. Potentiation of PB-CeA synaptic transmission does
not involve changes in the presynaptic release properties

The above results suggest that increased EPSC ampli-
tude in the right CeA in the ligation group might result
from postsynaptic alterations in the non-NMDA recep-
tor-mediated transmission by increased nociceptive
afferents from the PB. However, it is also possible that
the properties of glutamate release from the presynaptic
termini of the PB tract might play a role. To examine
whether the potentiated transmission involves changes
in the release properties, we analyzed the short-term
plasticity of PB-CeA transmission, which is reported
to show a strong short-term facilitation (Neugebauer
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Fig. 7. Responses to paired-pulse stimulation of the PB tract of CeA
neurons. (A) Averaged waveforms (n=8) of EPSCs evoked by a
paired stimulation of the PB tract at 50-ms intervals. Left and night
panels show the membrane currents recorded from CeA neurons in the
ligation and sham-operated groups, respectively. Top, typical record-
ings from neurons in the right CeA; middle, those in the left CeA;
bottom, overlaid display of the responses in the right and left CeA
scaled to the peak. Note the ratio of the second peak amplitude to the
first peak amplitude is almost the same for groups and sides. (B)
Summary of the paired-pulse ratio (the amplitude of the second eEPSC
(EPSC2) normalized by the first eEPSC (EPSCI)). No significant
difference between the groups was detected (P =0.566; ANOVA).
Numbers in parentheses indicate the number of neurons.

et al., 2003). The PB tract was stimulated twice with
an interval of 50 ms (Fig. 7A) in the right and left
CeA in the ligation (left in Fig. 7A) and sham-operated
(right in Fig. 7A) groups. Short-term facilitation of a
similar intensity was observed in both sides and in both
groups (Fig. 7A bottom). The PPR (EPSC2/EPSC1) did
not significantly differ between either side or between the
two groups (Fig. 7B). It is therefore unlikely that chang-
es in the presynaptic release properties play a principal
role in the pain-related plastic changes in PB-CeA
transmission.

4. Discussion

4.1, Particularities of CeA synaptic potentiation in
neuropathic pain models

Using the spinal nerve ligation model of neuropathic
pain (Kim and Chung, 1992) and electrophysiological
evaluation of the synaptic transmission in the CeA, here
we present the following novel findings. (1) In animal
models of long-lasting chronic neuropathic pain, excit-
atory synaptic transmission at the PB-CeA synapses is
potentiated such that the neurons in the latero-capsular
part of the CeA fire with a weaker PB input. (2) This
potentiation occurs predominantly in the PB-CeA syn-
apses contralateral to the peripheral neuropathic pain.
(3) The degree of synaptic potentiation, as compared
between the two sides, was positively correlated to the
degree of enhanced tactile allodynia in the hindlimb with
neuropathic pain. (4) This potentiation, unlike in the
semi-chronic arthritis pain model, does not involve
potentiation of the NMDA receptor-mediated compo-
nent of the postsynaptic current but instead involves
enhancement of the postsynaptic non-NMDA recep-
tor-mediated component. (5) The BLA-CeA transmis-
sion was also potentiated in these chronic neuropathic
models but in a less side-dependent manner. Together
these results point to the pivotal role of the long-lasting
potentiation of synapses in the “nociceptive amygdala™
in chronic pain-related emotional behaviors.

The potentiation of PB-CeA synaptic transmission in
the neuropathic pain model is in good accordance with
that in the arthritis and visceral pain models as pioneered
by Neugebauer and colleagues (Neugebauer et al., 2004).
However, the present results advance our knowledge
along several lines and we discuss these issues below.

4.2. Positive correlation between tactile allodynia and
synaptic potentiation

First, taking advantage of this model which
allows the degree of chronic neuropathic pain to be
quantitatively evaluated by measuring the tactile allo-
dynia threshold in each side of the hindlimbs, we dem-
onstrated for the first time, a positive correlation
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between allodynia establishment and synaptic potentia-
tion. Such quantitative evaluation of tactile allodynia
has been successfully used in the evaluation of neuro-
pathic pain (Chapman et al., 1998) and is known to
reflect sensitively the effects of drugs acting on the spinal
nociceptive systems (Tsuda et al., 2003). In addition, the
laterality-specific nature of this spinal cord-PB-CeA
projection (see Gauriau and Bernard, 2002) enabled
direct comparison between the painful and intact sides.

This positive correlation indicates that the synaptic
potentiation of PB-CeA transmission depends on the
intensity of nociceptive information of spinal origin.
The tactile allodynia results from aberrant activation
of nociceptive neurons in the spinal cord by tactile sen-
sation that normally does not evoke nociception (Woolf
and Mannion, 1999). It might therefore be possible that,
in the neuropathic rats, simple touches of the hindpaw
of the ligated side on the floor evoked allodynic nocicep-
tion and activated the spino-parabrachio-amygdaloid
pathways more frequently. It is thus likely that the
increased sustained nociceptive signals from the spinal
cord carried to the CeA via the PB triggered the side-
specific synaptic potentiation in the CeA. The mecha-
nism underlying this activity-dependent plasticity is an
interesting subject for future study.

4.3. NMDA receptor-independent potentiation

The second particularity of the present results is the
absence of NMDA receptor potentiation. This is in a
marked contrast to the synaptic potentiation of PB-
CeA synapses in semi-chronic arthritis pain models,
which was occluded by NMDA receptor blockade in
slice preparations (Bird et al., 2005). In the present
chronic neuropathic pain model, potentiation was
almost entirely dependent on the enhanced non-NMDA
receptor-mediated transmission as evidenced by com-
plete suppression with CNQX and the lack of a signifi-
cant effect of APV on eEPSC amplitude in the ligation
group. The marked difference in ¢EPSC amplitudes
between the right and left CeA even in the presence of
APV, which did not significantly affect the eEPSC
amplitude, both in rats anesthetized with ketamine and
with isoflurane before decapitation, indicates that
enhancement of the NMDA component plays a limited,
if any, role in the potentiated transmission in the chronic
neuropathic pain model, despite some differences in
recording conditions between their study and ours. This
characteristic is reminiscent of late-phase LTP in the
hippocampal CAl in which de novo insertions of the
AMPA receptors at the postsynaptic membrane give rise
to potentiated synaptic transmission in an activity-de-
pendent manner (Nayak et al., 1998). The most obvious
difference between our study and that by Bird et al.
(2005) is the duration after the pro-nociceptive manipu-
lations (a few hours vs. about 1 week). It is therefore

likely that the differences in the NMDA receptor contri-
bution between these distinct models result from time-
dependent alterations in the molecular mechanism
underlying synaptic potentiation. A possible schema to
explain such time-dependent alteration is as follows: (i)
increased afferent activity from the PB due to increased
nociception induces early phase synaptic potentiation
through a mechanism that is common to the early onset
synaptic potentiation in arthritic pain models involving
CGRP receptor activation and NMDA receptor phos-
phorylation (Bird et al., 2005; Han et al., 2005) and/or
through an unidentified mechanism specific to neuro-
pathic pain, and (ii) sustained early phase potentiation
for several days in neuropathic pain leads to late-phase
potentiation that involves a switch from potentiated
NMDA receptor function to enhanced non-NMDA
receptor-mediated transmission, thus consolidating syn-
aptic plasticity. This interpretation is consistent with the
view that different molecular mechanisms participate in
distinct steps of long-term potentiation in the central
synapses, including those involved in early and late hip-
pocampal LTP (Soderling and Derkach, 2000). This
finding is of particular importance in the development
of novel therapeutic approaches against neuropathic
pain and related emotional disorders at various stages
of chronic pain in human patients.

4.4. Distinct pathway-dependence of CeA synaptic
potentiation in neuropathic pain

In the present study, unilateral neuropathic pain
potentiated contralateral PB-CeA transmission and, to
a lesser extent, bilateral BLA—CeA transmission. While
visceral pain predominantly potentiates PB—CeA trans-
mission, arthritic pain potentiates both the PB—CeA
and BLA-CeA pathways (Neugebauer et al., 2003),
indicating that the pain-related synaptic plasticity in
the CeA depends both on the type of pain and on the
pathway. CeA receives inputs from other amygdala
nuclei and from the thalamus and cortex via the BLA
(Pare et al., 2004) as well as from the spino-PB pathway
via the PB tract (Bernard and Besson, 1990; Jasmin
et al., 1997); the former carries highly processed polymo-
dal sensory information and the latter carries nocicep-
tion-specific information (Gauriau and Bernard, 2002;
Neugebauer et al., 2004). It is conceivable that the differ-
ence in the pattern of synaptic potentiation in the CeA
between different models of pain stems principally from
the differences in the site and pathway at which the noci-
ceptive information is generated and sent to the brain.

Unlike in arthritis pain induced by kaolin and carra-
geenan injection to the knee joint (Neugebauer et al.,
2003) and in visceral colitis pain induced by intracolonal
zymosan injection (Han and Neugebauer, 2004; Yu
et al., 2005), in neuropathic pain as used in this study,
nociception occurs through aberrant activation of noci-
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ceptive neurons in the dorsal horn (Woolf et al., 1992;
Tsuda et al., 2003; Inoue et al., 2004; Coull et al.,
2005) and does not arise from the site of perceived pain
(in the present case, the hindpaw). It is therefore likely
that the sensory and nociceptive components of the allo-
dynic sensation are dissociated and processed by specific
pathways in neuropathic pain models, resulting in the
specific patterns of synaptic potentiation in the CeA
neurons.

Another issue to be noted in the present study is that
ligation was made in the left spinal nerve and synaptic
potentiation was observed in the right amygdala. In vivo
and in vitro studies to date have reported no lateral
specificity in the spino-brachio-amygdaloid pathways
(Gauriau and Bernard, 2002; Neugebauer et al., 2003,
2004). However, several studies in the rat demonstrated
that the right amygdala plays a greater role than the left
amygdala in the acquisition and expression of certain
forms of emotional memories (Baker and Kim, 2004;
Scicli et al., 2004; Adamec et al., 2005; LaLumiere and
McGaugh, 2005), in a similar manner to those found
in humans and cats. Therefore an interesting topic for
future research is to investigate whether such long-last-
ing potentiation of PB-CeA transmission occurs specif-
ically in the right amygdala, which might have a greater
impact on the emotional responses of the animal.

The amygdala is composed of several anatomically
and functionally distinct nuclei (Sah et al., 2003). The
CeA serves as the output nucleus for major amygdala
functions. Localized lesion experiments have demon-
strated that the roles played by the CeA and BLA are
distinct in chemical somatic and visceral pains (Tanim-
oto et al., 2003), appetitive emotional learning (Parkin-
son et al., 2000), fear-conditioned behavior (Killcross
et al, 1997) and Pavlovian second-order conditioning
(Hatfield et al., 1996). The behavioral consequence of
the distinct activation patterns of the PB-CeA and
BLA-CeA pathways in the neuropathic pain models
was not addressed in this study, however, identification
of the downstream effects of such differential potentia-
tion of these pathways will lead to the development of
efficient therapeutic strategies against intractable chron-
ic pain accompanied by emotional problems in human
patients.
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ABSTRACT

We previously reported that extracellular ATP induces
membrane ruffling and chemotaxis of microglia and sug-
gested that their induction is mediated by the Gi/o-protein
coupled P2Y,, receptor (P2Y,,R). Here we report discover-
ing that the P2X, receptor (P2X,R) is also involved in
ATP-induced microglial chemotaxis. To understand the in-
tracellular signaling pathway downstream of P2Y ;R that
underlies microglial chemotaxis, we examined the effect
of two phosphatidylinositol 3/-kinase (PI3K) inhibitors,
wortmannin, and LY294002, on chemotaxis in a Dunn
chemotaxis chamber. The PI3K inhibitors significantly
suppressed chemotaxis without affecting ATP-induced
membrane ruffling. ATP stimulation increased Akt phos-
phorylation in the microglia, and the increase was re-
duced by the PI3K inhibitors and a P2Y,,R antagonist.
These results indicate that P2Y,,R-mediated activation of
the PI3K pathway is required for microglial chemotaxis in
response to ATP. We also found that the Akt phosphoryla-
tion was reduced when extracellular calcium was chelated,
suggesting that ionotropic P2X receptors are involved in
microglial chemotaxis by affecting the PI3K pathway. We
therefore tested the effect of various P2X,R antagonists on
the chemotaxis, and the results showed that pharmacologi-
cal blockade of P2X,R significantly inhibited it. Knockdown
of the P2X, receptor in microglia by RNA interference
through the lentivirus vector system also suppressed the
microglial chemotaxis. These results indicate that P2X,R as
well as P2Y,5R is involved in ATP-induced microglial che-
motaxis. ©2007 Wiley-Liss, Inc.

INTRODUCTION

Microglia are the immune effector cells that partici-
pate in tissue repair, amplification of inflammatory res-
ponses, and neuronal degeneration in the central nerv-
ous system (CNS) (Kreutzberg, 1996; Streit, 2002). They
are present in the form of ramified cells under normal
conditions, but in response to pathological stimuli micro-
glia rapidly transform into a motile ameboid form and
migrate toward lesion sites, where they secrete a variety
of substances and clear cell debris (Moran and Graeber,
2004; Nakajima and Kohsaka, 2005; Stence et al., 2001).
Thus, microglial migration plays a crucial role in the

©2007 Wiley-Liss, Inc.

amelioration of a damaged CNS; however, the intracellu-
lar signals underlying microglial cell migration are
poorly understood.

Extracellular ATP is known to play a role as a neuro-
transmitter or neuromodulator in the CNS (Illes and
Alexandre Ribeiro, 2004), and it regulates various physi-
ological functions of microglia (Inoue, 2002). ATP recep-
tors are classified into two families: the ionotropic P2X
receptor (P2XR) family and the GTP-binding (G-) pro-
tein coupled P2Y receptor (P2YR) family (Ralevic and
Burnstock, 1998), and microglia have been reported to
possess functional ATP receptors, including P2X R,
P2X-R, and P2Y,,R (Cavaliere et al., 2003; James and
Butt, 2002; Sasaki et al.,, 2003; Tsuda et al., 2003).
Davalos et al. (2005) and Nimmerjahn et al. (2005)
recently reported that processes of ramified microglia
extended toward a confocal laser injury, where ATP is
likely to be released by damaged tissue and surrounding
astrocytes. These observations suggest that ATP is a pri-
mary molecule in the induction of the change in micro-
glial morphology.

We have also previously reported that ATP-induced
microglial membrane ruffling and chemotaxis are medi-
ated by Gi/o-protein coupled P2Y ;R (Honda et al., 2001;
Sasaki et al., 2003); however, the intracellular signaling
pathway downstream of P2YsR following ATP stimula-
tion is not fully understood. Several recent articles have
revealed that P2Y,,R stimulation results in activation of
the phosphatidylinositol 3'-kinase (PI3K) pathway in
some cells (Czajkowski et al., 2004; Soulet et al., 2004;
Van Kolen and Slegers, 2004). Although PI3K is known
to be a crucial enzyme in the regulation of chemotaxis
by monocytes and macrophages (Procko and McColl,
2005; Ridley, 2001; Van Haastert and Devreotes, 2004),
whether the PI3K pathway participates in ATP-induced
microglial chemotaxis remained unclear.
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P2X, RECEPTOR IN MICROGLIAL CHEMOTAXIS

In this study we demonstrated that activation of the
PI3K pathway is required for ATP-induced microglial
chemotaxis and found that the PI3K/Akt activation was
suppressed when extracellular Ca®" was chelated. ATP
stimulates P2XRs in microglia and causes an increase in
intracellular calcium concentration ([Ca®" ;) by inducing
an extracellular Ca®" influx (Inoue et al., 1998; Tsuda
et al., 2003). Therefore, to clarify involvement of P2XRs
in microglial chemotaxis we also examined the effect of
antagonists and RNA interference (RNAi) with P2XRs
on microglial chemotaxis, and the results demonstrated
that P2X,R is involved in ATP-induced chemotaxis.

MATERIALS AND METHODS
Isolation of Microglia

Microglia were obtained from primary cell cultures of
neonatal Wistar rat cerebral cortex as described pre-
viously (Nakajima et al., 1992). In brief, mixed glial cul-
tures were maintained for 12-23 days in DMEM (Invi-
trogen, Carlsbad, CA) with 10% fetal calf serum (FCS)
(Irvine Scientific, Santa Ana, CA). Microglia were pre-
pared as floating cells by gentle shaking and allowed to
attach to appropriate dishes or glasses.

Membrane Ruffling

Microglia attached to glass coverslips were incubated
for 4 h in DMEM without FCS and stimulated with
50 uM ATP (Yamasashyoyu, Chiba, Japan) for 5 min at
37°C. The cells were then fixed with 3.7% formaldehyde
for 10 min, permeabilized for 5 min with PBS containing
0.1% Triton X-100, and stained for 1 h with 2 U/mL
Texas Red-conjugated phalloidin (Invitrogen) diluted
in PBS containing 1%BSA. The cells were mounted in
PermaFluor (Thermo Fisher Scientific, Waltham, MA)
and examined under a fluorescence microscope AX70
(Olympus, Tokyo, Japan). To quantify membrane ruffles,
cells were stained with 1 pg/mL anti-Ibal polyclonal
antibody (Imai et al., 1996) and Alexa Fluor 488-conju-
gated anti-rabbit IgG (1:1,000, Invitrogen) and then
incubated with 2 U/mL Alexa Fluor 647-conjugated
phalloidin (Invitrogen). The F-actin content of cells posi-
tive for Ibal was quantified as the integral intensity of
Alexa Fluor 647 fluorescence with a laser scanning cy-
tometer (LSC2, CompuCyte, Cambridge, MA). The mean
fluorescent intensity of the cells pretreated with each in-
hibitor was calculated from the data obtained from
1,000 cells. Increases in membrane ruffles are reported
as ratios of the mean fluorescent intensity of the ATP-
stimulated cells to that of the unstimulated cells. The
effect of the inhibitors was assessed by preincubating
cells with wortmannin (Sigma, St. Louis, MO) (100 nM)
for 20 min, LY294002 (Wako, Osaka Japan) (50 uM)
for 20 min, AR-C69931MX (AstraZeneca, UK) (1 uM) for
10 min, 2/,3/-0-(2,4,6-trinitrophenyl) adenosine 5-tri-
phosphate (TNP-ATP) (Invitrogen) (100 uM) for 5 min,
pyridoxal-phosphate-6-azophenyl-2/,4/-disulfonic acid
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(PPADS) (Sigma) (300 uM) for 5 min, or Brilliant blue
G (BBG) (Nacalai Tesque, Kyoto, Japan) (1 uM) for
5 min, and then stimulating them with ATP.

Chemotaxis Assay

Dunn chemotaxis chambers (Weber Scientific Interna-
tional, Teddington, UK) were used to perform the chemo-
taxis assays according to the method described previously
(Honda et al., 2001; Webb et al., 1996). In brief, microglia
attached to square coverslips were incubated for 4 h in
DMEM without FCS. Each coverslip was then inverted
onto a chamber and the medium in the outer well was
replaced with DMEM containing 50 uM ATP. The chamber
was placed on the stage of a microscope (ECLIPSE TE300;
Nikon, Tokyo Japan), and cell images were collected ev-
ery 5 min for 1 h with a CCD camera (Hamamatsu Photo-
nics, Hamamatsu, Japan) and imaging software (fishPPC;
Hamamatsu Photonics). Time-lapse video images were
used to calculate the final position of cells relative to their
starting position, and the distance each cell migrated was
measured by plotting the positions of the cell nucleus on a
computer display with software (Image-Pro Plus; Media
Cybernetics, MD). The distance and direction moved are
shown as x and ¥ coordinates on scatter diagrams in which
the x-axis is parallel to the outer ring and the position of
the outer well is above the y-axis.

Akt Activation

Microglia were incubated for 4 h in DMEM without FCS
and then stimulated with 50 uM ATP or 100 ng/mL recom-
binant murine macrophage-colony stimulating factor (M-
CSF) (R&D Systems, Minneapolis, MN) for 5 min at 37°C,
and lysed with SDS sample buffer. Proteins were sepa-
rated by 10% SDS-PAGE and transferred onto an Immobi-
lon P membrane (Millipore, MA). The membrane was incu-
bated for 1 h at room temperature with a blocking solution
containing 25 mM Tris, pH 7.5, 150 mM NaCl, 0.1%(v/v)
Tween 20 (TTBS), and 5% (v/v) nonfat dry milk, and then
incubated overnight at 4°C with mouse monoclonal anti-
phospho-Akt (Ser473) antibody (diluted 1:1,000, Cell Sig-
naling Technology, Beverly, MA) or rabbit polyclonal Akt
antibody (diluted 1:1,000, Cell Signaling Technology). The
membrane was incubated for 1 h at room temperature
with horseradish peroxidase (HRP)-conjugated donkey
anti-mouse IgG (diluted 1:1,000, GE Healthcare, Little
Chalfont, UK) or HRP-conjugated donkey anti-rabbit IgG
(diluted 1:1,000, GE Healthcare), and phosphorylated Akt
and total Akt were detected with an ECL Western blotting
detection system (GE Healthcare). The Akt phosphoryla-
tion level was quantified by densitometry with NIH image
software. Before stimulating the cells in the calcium-
depleted experiment, they were incubated for 30 min in a
balanced salt solution composed of 20 mM Hepes, pH7 .4,
150 mM NaCl, 5 mM KCl, 1.2 mM MgCl,, and 10 mM glu-
cose in the presence of 1.2 mM Ca*" (BSS) or 1 mM ethy-
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lene glycol-bis(2-aminoethyl)-N,N,N,/Ni-tetraacetic acid
(EGTA) (Ca®"-free BSS).

Construction of Lentivirus Vectors Expressing
Interfering Short Hairpin RNA (shRNAi) and
Microglial Transduction

Lentivirus containing shRNAi was prepared by the
method previously described (Yogosawa et al., 2005). The
self-inactivating (SIN) vector construct pCS-RfA-CG,
which contains the EGFP gene under the control of the
CMV promoter and sites for site-specific recombination
with a Gateway vector (attR1,2), was used for simultane-
ous expression of EGFP and shRNA. Plasmid containing
P2X,R shRNAi under the control of human U6 promoter
was provided by Dr. K. Inoue (Kyushu Univ. Fukuoka, Ja-
pan). The gene of the P2X R shRNAi-expressing cassette
inserted into pENTR™1A was transferred into the pCS-
RfA-CG by a recombination reaction using Gateway LR
Clonase (Invitrogen). The sequence of shRNA targeted for
firefly luciferase was used as a control (Nishitsuji et al.,
2004). The sequence was inserted into the piGENE™
hU6 BspMI vector (iGENE Therapeutics, Tsukuba,
Japan), and the gene of the luciferase shRNAi-expressing
cassette was ligated into the pCS-RfA-CG. The sequence
of shP2X,R was: 5-GGG ATA AGA GAT ATA GGT AAC
GTG TGC TGT CCG TTA CTT ATA TTT CTT GTC CCT
TTT T-3". We confirmed the specificity of P2X4R shRNAi
by a coexpression assay. pCS-shP2x4R-CG was cotrans-
fected into Cos7 cells with P2x4 expression plasmid (pro-
vided by Dr. K. Inoue) or HA-tagged P2Y12R plasmid
(Supplemental information). pCS-shP2x4R-CG signifi-
cantly suppressed P2x4R expression but had no effect
P2Y12R expression. The recombined plasmid was cotrans-
fected into 293FT cells (Invitrogen) with a packaging plas-
mid (pCAG-HIVgp) and a plasmid expressing Rev and
vesicular stomatitis virus G glycoprotein (pCMV-VSV-G-
RSV-Rev), and the supernatant was collected after 48 h
and filtered through a 0.45-um pore filter (Falcon). Viral
particles in the supernatant were concentrated by ultra-
centrifugation for 2 h at 19,400 rpm (SW28 rotor; Beck-
mann Coulter, CA) and recovered by suspension in Hanks
buffered saline (Invitrogen).

The recombinant lentivirus (2 x 10° infectious units)
was added to the mixed glial cells that had been cultured
for 12 days in a 25-cm” flask, and cultured for 6 days in
DMEM containing 10% FCS. Floating cells were collected
as microglia and allowed to attach to appropriate dishes
or glasses. The efficiency of microglia transduction with
the shP2X R vector was 20-30%, the same as with the
shControl vector according to an analysis of the number of
microglia expressing EGFP by flow cytometry.

Isolation of EGFP-Positive Microglia
After transduction with the lentivirus vectors, floating
cells collected as microglia were resuspended in PBS

containing 2% FCS. EGFP-positive and -negative cells
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were sorted with a FACSVantageSE flow cytometry sys-
tem (BD Biosciences). Live gating was performed with
propidium iodide (Sigma-Aldrich, St. Louis, MO). The
purity of the EGFP-positive cells was >99% according to
a flow cytometry analysis.

Western Blot Analysis of P2X Receptor
Expression

Sorted cells were lysed in SDS sample buffer. P2X,R,
P2X;R, EGFP, and actin proteins in the lysate equiva-
lent to 2 X 10* cells were separated by 10% SDS-PAGE
and detected by Western blot analysis with 1 pg/mL
anti-P2X,R antibody (Alomone Labs, Jerusalem, Israel),
0.6 pg/mL anti-P2X;R (Alomone Labs), anti-GFP anti-
body (diluted 1:1,000, Medical & Biological Laborato-
ries, Nagoya, Japan), and anti-actin antibody (diluted
1:1,000, Sigma), respectively, and visualized with the
ECL system.

RT-PCR Analysis for P2Y ;R Gene Transcripts

RNA was isolated from the sorted cells with the
RNeasy Mini Kit (QIAGEN, Hildem, Germany) contain-
ing a DNase treatment, according to the manufac-
turer’s protocols. Reverse transcription of RNA was
performed with SuperScript III reverse transcriptase
(Invitrogen). The PCR amplification conditions were
30 s at 94°C, 15 s at 60°C, and 30 s at 68°C for 25-35
cycles, except for the initial denaturation step of 2 min
at 94°C and the final cycle with an elongation step of
5 min at 68°C. An extra reaction mixture without re-
verse transcriptase was used as a control for DNA con-
tamination of the RNA sample. The primers used were
as follows: rat P2Y,R, 5-AAA CTT CCA GCC CCA
GCA ATC T-3' (forward), 5-CAA GGC AGG CGT TCA
AGG AC-3' (reverse); rat p-actin, as an internal stand-
ard, 5'-TTG TTA CCA ACT GGG ACG ACA TGG-3' (for-
ward), 5-GAT CTT GAT CTT CAT GGT GCT AGG-3'
(reverse). PCR products of 447 bp for P2Y,;R and 763
bp for B-actin were analyzed on a 1.5% agarose and
stained with ethidium bromide. The relative intensity
of the bands for P2Y ;R was quantified by densitometry
with NIH image software and normalized to the B-actin
products. The normalized values were used to calculate
the ratio of P2Y;sR mRNA level in the EGFP-positive
cells transduced with the shP2X R vector to the level
in the EGFP-positive cells transduced with the shCon-
trol vector.

Calcium Imaging

The intracellular calcium concentration ([Ca®"];) was
monitored by the fura-2 method described by Inoue et al.
(1998), using a highly sensitive intensifier target video
camera C2400 and an Argus 50 image processor (Hama-
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Fig. 1. Effect of PI3K inhibitors on ATP- ©O
induced microglial chemotaxis. (A) Micro- % 40
glia were pretreated with 1 pM AR- T
C69931MX for 10 min or with 0.125% .5
DMSO, 100 nM wortmannin, or 50 puM 30
LY294002 for 20 min, and microglial migra- g
tion towards 50 yM ATP was observed in =
the Dunn chemotaxis chamber. The distance = 20
and direction migrated by individual cells .2
are shown as x and y coordinates on scatter P
diagrams. The position of the outer well of 10
the chamber is at the top in the vector dia-
grams of cells. (B) Chemotaxis by each cell 0

was quantified by measuring the (x, ¥) dis-
tance migrated from the starting position.
Data are means = SD of three independent
experiments. P < 0.001, Student’s {-test.

matsu Photonics). Microglia transduced with the lenti-
virus vectors were plated at 2 X 10° cells/well on poly-L-
lysine-coated CELLocate microgrid coverslips (Eppen-
dorf, Hambrug, Germany). After 2 h, the cells were incu-
bated with 10 uM fura-2 acetoxymethylester (fura-2/AM,
Dojindo Laboratories, Kumamoto, Japan) at 37°C for
30 min in DMEM containing 25 mM HEPES (DMEM-H,
Invitrogen), and the coverslips were mounted on an
inverted epifluorescence microscope (TMD-300, Nikon,
Tokyo, Japan). The cells were exposed to drugs dissolved
in DMEM-H by superfusion. Raw data were recorded as
500-nm emissions of fura-2 excited alternately at 340
and 380 nm, and [Ca®’]; was expressed as the ratio of
the fluorescence intensity at 340 nm to the fluorescence
intensity at 380 nm (F340/380).
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RESULTS
Involvement of the PI3K Pathway in
ATP-Induced Microglial Chemotaxis

We previously reported that ATP-induced microglial
membrane ruffling were inhibited by treatment with
pertussis toxin and a P2Y ;R-selective antagonist, AR-
C69931MX, suggesting that Gi/o-coupled P2Y,,R is in-
volved in both the membrane ruffling and the chemo-
taxis (Honda et al., 2001). Stimulation of P2YsR has been
reported to induce PI3K activation (Czajkowski et al.,
2004; Soulet et al., 2004; Van Kolen and Slegers, 2004).
To determine whether PISK activation is required for
chemotaxis by ATP-stimulated microglia, we investi-
gated the effects of the PI3K inhibitors wortmannin and
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Fig. 2. Effect of PI3K inhibitors on ATP-induced microglial mem-
brane ruffling. (A) Microglia were pretreated with 1 pM AR-C69931MX,
0.125% DMSO, 100 nM wortmannin, or 50 pM LY294002 as described
in Fig. 1A, and then stimulated with 50 pM ATP for 5 min. After fixa-
tion, the cells were stained with Texas Red-conjugated phalloidin to
visualize membrane ruffles. Arrowheads indicate membrane ruffles.
Scale bar, 10 pm. (B) Quantification of membrane ruffles. Microglia
were stimulated as in A for 5 min, fixed, and stained with an anti-Ibal
antibody and Alexa Fluor 647-conjugated phalloidin to recognize indivi-
dual microglial cells and membrane ruffles, respectively. The F-actin

LY294002 with a Dunn chemotaxis chamber. Microglial
chemotaxis toward the higher concentration of ATP was
evaluated by analysis of time-lapse images. When 50 uM
ATP was applied to the outer well, the cells migrated
toward higher concentrations of ATP. Pretreatment of
the microglia with wortmannin or LY294002 signifi-
cantly blocked the chemotaxis (Fig. 1A). The chemotactic
movement of the microglia was quantified by calcu-
lating the (x, y) distances individual cells migrated to-
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content of microglial cells was quantified as integral intensity of Alexa
Fluor 647 fluorescence by using LSC. The five panels on the left side
are histograms representing the total F-actin in each cell (x-axis, Alexa
fluor 647 integral) and the number of scanned cells (y-axis, cell count).
The black region represents the unstimulated cells, and the region sur-
rounded by the red line represents the ATP-stimulated cells. The bar
graph on the right side shows the ratio of the mean of fluorescent in-
tensity of ATP-stimulated cells to that of unstimulated cells after treat-
ment with each inhibitor. Data are means * SD of three independent
experiments. P < 0.01, Student’s ¢-test.

ward ATP. As shown in Fig. 1B, the mean distance
migrated by cells pretreated with PI3K inhibitors
was significantly shorter than the distance migrated
by cells pretreated with DMSO. Treatment with 1 pM
AR-C69931MX also inhibited the chemotaxis, as ex-
pected based on the results of our previous study
(Honda et al., 2001). These findings suggested that PI3K
activation is necessary for ATP-induced microglial che-
motaxis.



