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Abstract. Microglia, the immune cells of the central nervous system (CNS), are busy and vigilant housekeepers in the adult brain.
The main candidate as a chemoattractant for microglia at damaged site is adenosine triphosphate (ATP). However, many other
substances can induce immediate change of microglia. Some neuropeptides such as angiotensin II, bradykinin (BK), endothelin,
galanin (GAL), and neurotensin are also chemoattractants for microglia. Among them, BK increased microglial migration via
B, receptor with different mechanism from that of ATP. BK-induced migration was controlled by a G;, protein-independent
pathway, while ATP-induced migration was via a G;/, protein-dependent and also a mitogen-activated protein kinase (MAPK)
/ extracellular signal-regulated kinase (ERK)-dependent pathway. On the other hand, GAL is reported to have a similar signal
cascade as that of BK, though only part of the signaling was similar to that of BK-induced migration. For example, BK activates
reverse-mode Na*/Ca®>* exchange allowing extracllular Ca?* influx, while GAL induces intracellular Ca>* mobilization via
increasing inositol-1,4,5-trisphosphate. In addition, GAL activates MAPK/ERK-dependent signaling but BK did not. These
results suggest that chemoattractants for immune cells in the brain including ATP and each peptide may have distinct role under
both physiological and pathophysiological conditions.
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INTRODUCTION

In the brain, glial cells are considered to be the patho-
logic response element; both microglial cells [1-3] and
astrocytes (see review [4]) are involved in pathologic
events. Microglial cells represent the immune system
of the mammalian brain and therefore are critically
involved in various injuries and diseases. On the other
hand, astrocytes are the most abundant non-neuronal
cells in the central nervous system (CNS), and their
role in physiological and pathophysiological processes
is becoming increasingly appreciated [5].

Microglial migration plays a central role in immune
defense and wound healing. Microglial cells exhibit
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two types of movement activity: in the ramified form,
they actively move their processes without translo-
cation of the cell body. In the amoeboid form, they
also move their processes, but in addition the entire
cell can migrate within brain tissue including translo-
cation of their soma. It is not yet explored whether
these forms of motility, migration and process move-
ment are distinctly regulated. Nevertheless, there are
many candidate molecules which serve as signals for
pathologic events to microglia including ATP [6, 7],
cannabinoids [8], morphine [9], the chemokine CCL21
[10], lysophosphatidic acid [11], neurotransmitters
such as glutamate [12], dopamine and adrenaline
[13], and bradykinin (BK) [14] (Fig. 1). In addition,
ion channels and transporters play an important role
in cell migration such as K * channels, Cl~ chan-
nels, Na™/H"exchanger, C1~/HCO3~ exchanger, and
Na*/HCO3 ™~ cotransporter, all of which are linked to
the actin cytoskeleton [15, 16].

Microglial cells express quite different types of
receptors. Beside Toll-like receptors, they express
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Fig. 1. Microglial migration is induced by various substances and activation of their receptors. There are many candidate molecules which serve
as signals for pathologic events to microglia including ATP, cannabinoids, morphine, chemokines, lysophosphatidic acid, neurotransmitters such
as glutamate, dopamine and adrenaline, and BK. In addition, ion channels and transporters play an important role in cell migration such as K™
channels, C1~ channels, Na*/H*exchanger, CI7/HCO3~ exchanger, and Nat/HCO3~ cotransporter (not shown). It is probable that there will
be more candidates, such as neuropeptides, to serve as signals for pathologic events to microglia and regulate their migration.

receptors for neurotransmitters, neuropeptides, hor-
mones, and cytokines. In the last century, many
neuropeptides and hormonal peptides were identified.
They are involved in wide variety of physiological
and pathophysiological functions such as eating and
sleeping, pain and inflammation. Recent findings also
support a major role for neuropeptides in mediating
the responses to stress and thereby identify the neu-
ropeptide system as potential novel therapeutic targets
for the treatment of depression and anxiety disorders
[17, 18]. Neuropeptides are short-chain amino acid
neurotransmitters and neuromodulators, often local-
ized in brain regions that mediate emotional behaviors
and the response to stress [19]. Though many recep-
tors and their signaling in glial cells are in common
with neuronal ones, their functions are quite different
between neurons and glial cells, and the functional role
of neuropeptides in glial cells are not well known.
Among neuropeptides or peptides in the CNS,
kinins including BK are a family of endogenous pep-
tides, which participate in several pathophysiological
events. They are formed in plasma and tissues via the
kallikrein-kinin system in response to infection, tis-
sue trauma or inflammatory reactions, such as increase
in vascular permeability, oedema formation and pain.
Among kinins, BK is widely distributed not only in the
periphery but also in the brain [20-23]. Although BK is
frequently regarded as an inflammatory mediator in the
brain, we showed that it does not appreciably induces
inflammatory cytokines in microglia but instead sup-
presses the release of inflammatory cytokines (e.g.
TFN-o and IL-18) from microglia induced by bacterial

lipopolysaccharide (LPS), and that this could mediate
an anti-inflammatory (neuroprotective) effect on the
CNS [24, 25]. The neuroprotective role of BK against
glutamate toxicity was also reported in the retina [26].
In support of this idea, it was reported that BK receptor
antagonists increased mortality in an animal model of
global cerebral ischemia; hence the therapeutic effect
of specific BK receptor antagonists on functional out-
come remains unclear [27]. Recent observation also
showed that B; BK-receptor is protective for T cell
recruitment in autoimmune encephalomyelitis (EAE)
[28].

BK receptors have been identified in microglia [29]
and astrocytes [30-33]. In astrocytes, BK induced
expression of matrix metalloproteinase-9, phospholi-
pase A and COX-2 [34-36] and increased expression
and secretion of IL-6 [37] and glutamate [38].
Taken together, BK has multiple effects on different
types of cells, inducing both inflammatory and anti-
inflammatory cascades.

In the previous studies, we provided evidence that
BK receptors in microglia mediate anti-inflammatory
or neuroprotective effects, namely the inhibition of
LPS-induced release of TNF-a and IL-1B [25]. It was
also reported that BK reduced ARB-induced expression
of proinflammatory genes including iNOS and COX-
2, playing an important role in A clearance [39].
In the brain, microglial cells are dispersed through-
out the entire CNS and exhibit a ramified morphology
under normal conditions, but their processes are highly
dynamic [7, 40], respond to mechanical stimuli or to
focal application of ATP, suggesting that microglial
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cells scan the brain parenchyma and potentially shield
it from injury. Their processes move rapidly toward
a site of injury, for example a damaged blood ves-
sel in the brain, in response to the localized release
of a chemoattractant such as ATP. According to these
observations, microglial cells quickly extend their
processes and form a barrier to protect healthy tissue
[41].

BK levels are also up-regulated at the site of injury
and can be a candidate as one of the chemoattractants
released from injured sites. In fact, BK increased the
motility of microglia and attracted them, as revealed
by using Boyden chamber [14]. In many pathologi-
cal conditions, microglial cells are activated and have
been reported to release immunoregulatory molecules
such as cytokines or chemokines, and other substances
including growth factors, such as growth factors [42],
PGE; and NO [43-45]. However, these substances
are not always toxic but are sometimes neurotrophic,
depending on the circumstances and their concen-
trations. This is why the role of microglia is called
a double-edged sword. The problem is that little is
known about the role of microglia in the healthy brain
and their immediate reaction to brain damage. It has
been shown that blood-brain barrier disruption pro-
voked immediate and focal activation of microglia,
switching their behavior from patrolling to shielding
of the injured site. Microglia are thus busy and vigilant
housekeepers in the adult brain [40]. Though the main
candidate as a chemoattractant for microglia at dam-
aged site was ATP [7], many other substances can also
induce immediate change of microglia. Furthermore,
previous studies showed that extracellular ATP can
induce ATP release from astrocytes. ATP also medi-
ates communication between astrocytes and between
astrocytes and microglia. Likewise, other substances
released from neurons, blood vessels, astrocytes, or
microglia may have multiple effects on different cell
types and communicate each other.

Here we show the effects of various neuropeptides
on microglial migration and then summarize differ-
ent mechanisms of neuropeptides, such as BK and
galanin (GAL), from those of ATP, the most promi-
nent chemoattractant of microglia. Furthermore, it is
pointed out that even neuropeptides which are reported
to have similar intracellular signaling have different
signal cascade to increase intracellular Ca?*, which
leads to cell migration. This information may help
to understand the role of ATP and individual neu-
ropeptides in the brain’s immune cells and how they
contribute to neuronal activity under physiological and
pathophysiological conditions.

EFFECTS OF VARIOUS NEUROPEPTIDES
ON MICROGLIAL MIGRATION

Microglial cells isolated from mixed cultures of
cerebrocortical cells of Wistar rats were used in
postnatal day 3 as described previously [29]. The
motility of microglia under controlled temperature
(37°C) and gas (10% CO>/90% air) was monitored
with a time-lapse video microscopy system. The aver-
age distance of microglial migration within 1h was
measured in the presence of various neuropeptides as
follows; angiotensin-II; 100 nM (n=17), BK; 300 nM
(n=15), bombesin; 1 nM (n=26), endotheline 1 (ET-
1); 100nM (n=16), GAL; 0.1 pM (n = 20), neurotensin
(NT); 10nM (n = 17), oxytocin; 1 nM (n =24), somato-
statin; 10 nM (n =20), substance P (SP); 1 nM (n=25),
thyrotropin releasing hormone (TRH); 1 puM (n=10),
vasopressin; 1 nM (n=20), and vasoactive intestinal
peptide (VIP); 10nM (n=23). The concentration of
each neuropeptide was chosen as a typical concen-
tration for biological assays in previous studies. As
shown in Fig. 2, angiotensin-1I, BK, ET-1, GAL, and
neurotensin induced significant increase in microglial
motility.

DIFFERENT MECHANISMS
OF MICROGLIAL MIGRATION
INDUCED BY BK AND ATP

Microglial migration induced by BK and that
induced by ATP are caused by different mechanisms.
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Fig. 2. Effects of various neuropeptides on microglial motility. Total
distance shows the average distance of microglial migration within
1 h. Angiotensin-II (100 nM), BK (300 nM), ET-1 (100 nM), GAL
(0.1 pM), and neurotensin (10 nM) showed significant increase in
microglial motility compared to that in the absence of neuropeptides
with vehicle (control). **p <0.005".
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BK-induced migration and lysophosphatidic acid
(LPA)-induced migration (not shown) were Pertussis
toxin (PTX)-resistant and therefore controlled by a
Gi/o-protein-independent pathway (Fig. 3A), whereas
ATP-induced migration was via a Gjj,-protein-
dependent pathway [6] (Fig. 3B). Cell migration
needs an intracellular Ca”* rise. Application of ATP
(100 M) induced Cat signals (due to the activation
of both P2Y and P2X receptors [46—48]), with a larger
amplitude than BK [29, 49]. ATP evoked an increase
of [Ca%T]; even in cells which did not respond to BK,
suggesting that the majority of cultured microglial cells
possess ATP receptors but not functional BK receptors.

As for the mechanism of intracellular Ca2 rise, BK
induces Ca’ influx due to the activation of reverse
mode of Nat-Ca?t exchanger 1 (NCX1). BK-, but
not ATP-induced microglial migration was attenuated
in microglia from transgenic mice expressing lower
NCX1 (NCX1+/~ mice) (Fig. 3C). Since knock-out
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of NCX1 genes (NCX1~/7) is lethal, it was not possi-
ble to use NCX1 double knock-out mice. Operational
NaT-dependent Ca®* uptake was already detected in
cultured microglial cells in 2001 [50]. Subsequent
experiments revealed an expression of all three NCX
isoforms, NCX1, NCX2 and NCX3, at both trans-
lational and protein levels in cultured rat microglia
[51]. At the mRNA level expression of NCX1 was
dominant, and was larger than in neurons from the
same animals; expression of NCX2 and NCX3 was
weak, being much less than in nerve cells [S1]. As
for the mechanism whereby ATP induces intracellu-
lar Ca* rise, ionotropic ATP receptors such as P2X4
and P2X7 would presumably contribute to the influx
of Ca?t . Actually, the specific importance of P2X4
receptors in ATP-induced migration has been reported
[52].

As a consequence of the intracellular Ca?* rise,
Ca2+—dependent K+ (K(ca)) channels are activated. It
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Fig. 3. Different signaling in BK- and ATP-induced microglial migration. A, Total distance (in micrometers) of microglial migration for 1 h of
microglial cells was increased by BK (300 nM). PTX did not affect BK-induced microglial motility (n=20). ***p <0.001. B, Pretreatment of
PTX (50 ng/ml) for 12 h (with additional 50 ng/ml PTX before application of ATP) almost completely blocked the effect of ATP. ***p <0.001,
significantly different from control. ###p <0.001, significantly different from ATP+PTX. C, B; agonist (Des-Arg’-BK)-induced microglial
motility in wild-type (NCX*/*) mice (open bar) and NCX knock-out (NCX*/~) mice (filled bar). In wild-type mice, 300 nM Des-Arg’-BK
induced microglial motility was 1.7-fold increased, whereas in NCX*/~mice, Des-Arg’-BK-induced microglial motility was only 1.3-fold
increased. D, Charibdotoxin (ChTX, 0.1 uM), an inhibitor of LK-type (large-conductance) and IK-type (intermediate-conductance) of Kca)
channels, blocked BK-induced microglial motility, but apamin (APA), a SK-type (small-conductance) K(ca) channel blocker, had no effect on
BK-induced microglial motility. E. ATP (50 wM)-induced microglial motility was not affected by ChTX (0.1 uM), but was inhibited by APA.

##%<0.001; ##p <0.005, ###p <0.001.
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has been reported that charybdotoxin-sensitive Kca)
channels were important in the migration of various
cell types such as leukocytes and fibroblasts [15, 16],
though there was no information which type of Kcy)
channel is important in each cell type. BK-induced
migration of microglia was dependent on activation of
charybdotoxin (ChTX)-sensitive K(ca) channels. Since
iberiotoxin (IBX) and apamin (APA) (blockers of
LK-type (large conductance) and SK-type (small con-
ductance) K(ca) channels, respectively) had no effect
on BK-induced microglial motility [14] (Fig. 3D), it
is most likely that IK-type (intermediate conductance)
K(ca) channels play an important role in BK-induced
migration. On the other hand, ATP-induced microglial
migration was not inhibited by ChTX but significantly
inhibited by APA (Fig. 3D), suggesting that ATP-
induced microglial migration was dependent on the
activation of SK-type K(c,) channels.

Additional difference in signal cascade between BK
and ATP was that ATP-induced microglial migration
was dependent on MAPK/ERK pathway but BK-
induced microglial migration was not. PD98059, a
mitogen-activated protein (MAP) kinase/extracellular
signal-regulated kinase (ERK) inhibitor, did not affect
BK-induced microglial migration. On the other hand,
ATP-induced migration was significantly inhibited by
pretreatment with PD98059 (Fig. 4).
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Fig. 4. Difference in MAP/ERK-dependence between BK- and
ATP-induced microglial migration. A. BK-induced microglial motil-
ity was not affected by pretreatment of MAP/ERK inhibitor,
PD98059 (10 wM), 24 h. B. On the contrary, ATP-induced microglial
motility was significantly inhibited by pretreatment of PD98059
(10 pM), 24 h. *#*p <0.001, and *¥p <0.001.

DIFFERENT MECHANISMS
OF MICROGLIAL MIGRATION
INDUCED BY BK AND GAL

GAL is the 29 amino acid peptide, named after the
N-terminal glycine and C-terminal alanine, and was
firstisolated from porcine intestinal extracts [53]. GAL
is widely, but not ubiquitously, expressed in the adult
nervous system. The expression of GAL is markedly
up-regulated in many neuronal tissues after nerve
injury or disease [54-56]. The physiological effects
of GAL are mediated by the activation of one or more
of the three known G protein-coupled GAL recep-
tor subtypes designated GalR1, GalR2 and GalR3
[57]. GAL receptor subtypes are distributed widely
throughout the brain, spinal cord, and peripheral
nervous system [58—60]. Among them, GalR2 showed
robust expression in rat brain and is also expressed in
rat cultured microglia [61]. All three receptors couple
to Gj/, and inhibit adenylyl cyclase [62, 63] but GalR2
can also signal via Gg/11 to activate phospholipase C
(PLC) and protein kinase C (PKC) [64, 65], which is
similar to the signaling pathway induced by BK.

GAL-induced microglial migration was also PTX-
resistant and therefore controlled by a G;/,-protein-
independent, presumably Gg,11-protein dependent
pathway [66]. In our previous study, BK-induced
microglial migration was dependent on extracellu-
lar Ca?>* and was inhibited by chelating extracellular
Ca’>t by BAPTA-AM, a membrane-permeable form
of Ca?* chelator BAPTA (1,2-bis(o-aminophenoxy)
ethane-N,N,N’,N'-tetraacetic acid) (Fig. 5A). On
the other hand, GAL-induced microglial migration
induced by a galanin-like peptide (GALP), a more
specific agonist for GALR2 which is the main GAL
receptor in microglia, was affected by BAPTA-AM
but not by deleting extracellular Ca?>* (Fig. 5B).
Judged by the effect of an NCX inhibitor (Fig. 5C),
the reverse mode of NCX1 was important in BK-
induced microglial migration, inducing an influx of
extracellular Ca?* [14]. However, the specific NCX
inhibitor, SN-6, did not block the effect of GALP
(Fig. 5D). Instead, the classical Gq;11 pathway lead-
ing to IP3-induced intracellular Ca®* mobilization,
and activation of PKC were involved in GAL-
induced migration [66]. MAPK/ERK pathway was
also involved in GAL-induced microglial migration,
as in ATP-induced migration [66].

An additional difference between BK and GAL is
that BK induced iNOS expression [49] whereas GAL
did not [66]. It was suggested that BK, produced at the
site of injury or inflammation, produces NO to dilate
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Fig. 5. Difference in extracellular Ca?>*-dependence in BK-and GALP-induced migration. A, Microglial motility in the presence of BK was
significantly inhibited by pretreatment with BAPTA-AM (10 wM) for 20 min. In the absence of extracellular CaZt([Ca2t ), free), total distance
(in micrometers) of microglial migration was not increased by BK (300 nM) (n=19). B, Microglial motility in the presence of GALP (500
pM) was significantly inhibited by pretreatment with BAPTA-AM (10 wM) for 20 min. However, the absence of extracellular Ca?t([Ca?t ]
free) did not affect GALP-induced increased migration. C, B; agonist (Des-Arg’-BK)-induced microglial motility was inhibited by SN-6 (5 and
10 wM), a more specific inhibitor of reverse-mode NCX. D, On the other hand, GALP-induced microglial motility was not inhibited by SN-6.

**P<0.005, ***p <0.001.

constricted blood vessels [49]. This seems unlikely
in the case of GAL. Furthermore, GAL up-regulated
the expression of major histocompatibility complex
(MHC) molecule class I (MHC-II) determined by anti-
MHC Class II antibody (OX-6) expression, while BK
did not significantly induce MHC-II expression [14].
As for the mechanism leading to MHC-II gene expres-
sion, phosphoinositide 3-kinase (PI3K) and PKC might
be required as was reported in IFN-y-stimulated
macrophages [67], while serine/threonine kinase activ-
ity, possibly MAPK, and tyrosine kinase activity, are
required for IFN-y-induced expression of MHC-II
genes in astroglioma [68]. Though the precise signal
cascade which leads to MHC-II expression from acti-
vation of GalR2 receptor has not yet been analyzed,
it was suggested that GAL induces an immunological
response, unlike BK.

Even though functional changes in microglia are dif-
ferently induced by BK and GAL, both GAL and BK
may be neuroprotective. Both GAL (~1 pM) and BK
(300 nM~) inhibited LPS-induced TNF-a production
in microglial cells [25, 61]. It was reported that GAL

acts as a neuroprotective factor to the hippocampus
[69] and BK may also work as a neuroprotective agent
through a negative-feedback mechanism on the LPS-
induced inflammatory response [24, 49]. Therefore,
the differences in down-stream signal transduction
induced by GAL and BK suggest that GAL and BK
may control distinct microglial functions under patho-
logical conditions.

DISTINCT MECHANISM LEADING
TO MICROGLIAL MIGRATION BY ATP
AND NEUROPEPTIDE

As a conclusion, many substances released from
pathologic sites work as chemoattractants for micro-
glia, brain’s immune cell population. The mechanisms
leading to microglial migration and other functions,
such as NO formation or adaptive immune response,
may be distinct in each chemoattractant, e.g., ATP
and neuropeptides such as BK and GAL. Figure 6
summarizes the different signaling induced by each
chemoattractant. ATP binds to P2Y; receptor which
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Fig. 6. ATP, BK and GAL activate different signaling cascades leading microglial migration. ATP binds to P2Y 1, receptor which couples to G/,
protein-dependent signaling, leading activation of PI3K [6] and MAPK/ERK. Activation of P2X, also contributes to ATP-induced microglial
migration [52], allowing influx of Ca?* and activates SK-type K(ca) channel (Noda et al. , unpublished data). BK is metabolized to B agonist
by kininase I and activates B; receptor, coupling to Gg/11 protein and activation of PLC and subsequent PKC. Though precise mechanism is
unknown, the down stream cascade activates reverse mode of NCX, allowing influx of extracellular Ca?*+, which activates IK-type of Kca
channels. B; agonist-induced microglial migration is also dependent on PI3K but not MAPK/ERK [14]. Another neuropeptides produced at
lesion sites, GAL binds to GalR2 and also activates Gq/11 protein-dependent pathway. However, GAL does not activate NCX but activates PKC-
and IP3-dependent pathway, leading to activation of K(ca) channels, presumably IK-type. GAL-induced microglial migration is also dependent

on PI3K and MAPK/ERK [66].

couples to Gj/, protein-dependent signaling, via PI3K
and MAPK/ERK, and also SK-type K, channel
activation. ATP binds to P2X, receptors, contributing
microglial migration by activating K(c,) channels.

To describe more precise mechanism induced by
ATP, the effects of ATP on microglia are medi-
ated through purinoceptors of both metabotropic and
ionotropic subtypes [70]. This means that not only
ATP but other purines (ADP, adenosine, etc.) can
work at the same time. Microglia are endowed with
ectonucleotidases, which degrade ATP and its deriva-
tives. For example, microglial cells also express CD39
ectonucleotidase, which is critical for ATP-mediated
signaling. In microglia deficient for CD39, migration
cannot be stimulated by ATP [71]. The application
of ATP in concert with adenosine or the addition
of exogenous soluble ectonucleotidase, restored the
ATP stimulated migration, thus indicating that both

P1 and P2 receptor stimulation are required and that
the ectonucleotidases can provide the substrate for P1
receptors [71].

Different from of ATP-induced signaling, BK
and GAL couple to G;j/o-independent, presumably
Gg/11 protein, and activate PLC pathway. Despite
the similarity in the signal cascades induced by
BK and GAL, GAL-induced migration was not
dependent on extracellular Ca?*, which was differ-
ent from BK-induced migration [14]. According to
pharmacological investigation, BK activates the path-
way PLC—PKC——reverse NCX— IK-type K(cy)
channel. On the other hand, GAL activates the pathway
PLC—-IP3— Ca’* —K(c,) channel. It is not yet
been known which type of K(ca) channel is involved
in GAL-induced migration. PI3K is also involved in
BK and GAL signaling, but MAPK/ERK signaling is
involved only in GAL signaling (Fig. 6).



60 M. Noda et al. / Neuropeptides as Attractants of Immune Cells and their Signaling

So far, the signaling induced by ATP, BK and GAL
has been investigated but many other chemoattractants
would be also good candidates and may show fur-
ther differences in signaling. Further research on these
may help to understand the role of microglia and the
potentially-important relationship between microglia
and neuropeptides.
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