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Brief Communication

Morphine-Induced Chemotaxis and Brain-Derived
Neurotrophic Factor Expression in Microglia

Naoko Takayama and Hiroshi Ueda

Division of Molecular Pharmacology and Neuroscience, Nagasaki University Graduate School of Biomedical Sciences, Nagasaki 852-8521, Japan

The addition of morphine at 1 um induced morphological changes of cultured microglia such that they changed from having globular or
bipolar rod-like shapes to being flat and lamellipodial, with membrane ruffling at the edge, which was stained with phalloidin. The
membrane ruffling was clearly colocalized with Rac. Morphine also induced chemotaxis in Boyden chamber analysis at concentrations of
1 uM or more in microglia and the microglial cell line EOC 2. All of these changes were abolishable by naloxone, antisense oligode-
oxynucleotide for w-opioid receptor (MOR), pertussis toxin (PTx), and wortmannin, but not genistein or 1,10-phenanthroline. The
addition of morphine to microglia stimulated the gene expression of brain-derived neurotrophic factor (BDNF) as early as the 1 hr point,
and this lasted for >12 hr. Morphine induced BDNF gene expression and ERK1/2 (extracellular signal-regulated kinase 1/2) phosphor-
ylation, and these were abolishable by naloxone, wortmannin, PD98059, genistein, and 1,10-phenanthroline. The addition of conditioned
medium derived from the culture of morphine-treated microglia also increased the phosphorylation of ERK1/2. All of these findings
suggest that morphine induces significant changes in both morphology and gene expression at relatively high concentrations, but the
underlying signaling pathways downstream of MOR and G;,, appear to be different from each other. Phosphoinositide 3-kinase vy
activation and Rac activation are involved in chemotaxis, whereas indirect pathways through ERK1/2 phosphorylation induced by
unknown growth factors generated through an MOR-mediated metalloprotease activation are linked to the enhanced BDNF gene

expression.
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Introduction
Accumulating evidence suggests that glial cells, such as astrocytes,
oligodendrocytes, and microglia, influence various neuronal ac-
tivities, including neuronal transmission and survival, through
the activity of cytokines and neurotrophins (Fields and Stevens-
Graham, 2002; Hansson and Ronnback, 2003). Cytokines and
neurotrophins are substances known to effect both morphologi-
cal and functional changes in neurons such as enhancing survival
and inducing differentiation. More recent findings indicate that
neurotrophins may also act as synaptic modulators (Poo, 2001).
Such interactions have been suggested to be further augmented
by microglial chemotaxis and the altered expression of the gluta-
mate transporters of astrocytes (Fields and Stevens-Graham,
2002). Recent studies suggest that neuronal plasticity is regulated
by mutual interactions performed by and through a variety of
mediators released among neurons and glial cells (Cotrina et al.,
2000; Fields and Stevens-Graham, 2000).

In addition to the neuronal plasticity related to behavioral
activities such as memory and learning, drug-induced plasticity
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has attracted the interest and concern of neuroscientists. A rep-
resentative instance is the morphine tolerance and dependence
that develop during chronic treatment, which has been long dis-
cussed from the point of view of in vivo studies (Ueda et al., 2000;
Williams et al., 2001; Inoue et al., 2003). Current work suggests
that opioid tolerance and dependence may be usefully considered
in terms of “anti-opioid” systems, including glutamatergic neu-
rons via the NMDA receptor as well as nociception neurons
(Ueda et al., 2003). The relevant mechanisms may include syn-
aptogenesis and enhanced receptor expression in neurons. Such
drug-induced plasticity may also be fortified by the activity of
glial cells. Chronic morphine treatments induce the activation of
astrocytes in vivo (Song and Zhao, 2001; Raghavendra et al.,
2002). Chronic morphine treatments downregulate the neuronal
and astrocyte glutamate transporters (Mao et al., 2002), which
leads to an enhancement of synaptic glutamate or an increase in
the anti-opioid level. These treatments also activate microglia
(Song and Zhao, 2001) and release cytokines to promote the
release of glutamate from neurons (Bal-Price and Brown, 2001).
Thus, itis evident that chronic morphine exerts significant effects
on neuronal plasticity through glial activity. Indeed, it is known
that astrocytes and microglia express u-, 6-, and k-opioid recep-
tors as well as neurons express them (Ruzicka et al., 1995; Calvo et
al., 2000). However, direct evidence for morphine-induced acti-
vation of microglia has yet to be obtained. Here, we report
morphine-induced morphological changes in microglia, along
with their genetic regulation and signaling mechanisms.
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Materials and Methods

Microglial culture. Mixed glial culture was prepared from the whole-brain
tissues of 17-d-old embryonic Wistar rats (Hamabe et al., 2003) and
maintained for 10—14 d in DMEM with 10% fetal bovine serum (FBS).
The purity of microglia obtained as floating cells over the mixed glial
culture was 98-100%, as determined by immunostaining with an OX-42
antibody (BD Biosciences PharMingen, San Jose, CA).

Cell line culture. Mouse microglial EOC 2 cells (American Type Cul-
ture Collection, Manassas, VA) were grown in 70% DMEM containing
4.5 gm/l glucose, 10% FBS, and 20% LADMAC-conditioned media pro-
duced from the LADMAC cell line (American Type Culture Collection),
which secretes CSF-1 (colony-stimulating factor-1) (Olivas et al., 1995).

Membrane ruffling. Microglial cells at a density of 2 X 10* cells/cm?
were introduced into eight wells of a poly-1-lysine-coated Lab-Tek cham-
ber (Nunc, Roskilde, Denmark), washed three times with serum-free
DMEM, starved for 30 min in the same medium, and then stimulated
with DMEM or morphine/HCl (Takeda Chemical Industries, Osaka,
Japan) at 1 uMm for 30 min at 37°C in a 5% CO, atmosphere. After fixation
with PBS containing 4% paraformaldehyde (PFA) for 30 min at 25°C,
microglia were permeabilized using PBS containing 0.2% Triton X-100
for 5 min and incubated in a blocking buffer containing 1% bovine
serum albumin and Texas Red-conjugated phalloidin (Texas Red-X
Phalloidin, 5 U/ml; Molecular Probes, Eugene, OR) for 20 min at 25°C.
Immunolabeled cells were mounted with PermaFluor (Thermo Electron
Corporation, Pittsburgh, PA), and imaged on an AxioVision 3.0 (Zeiss,
Tokyo, Japan) attached to a fluorescence microscope (BX50; Olympus
Optical, Tokyo, Japan).

Rac translocation. Fixed cells were incubated overnight at 4°C with
rabbit polyclonal antibody against Rac (1:200; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) and then with FITC-conjugated anti-rabbit IgG
(1:100; Cappel, Aurora, OH) for 2 hr. F-actin was costained with Texas
Red-conjugated phalloidin (Honda et al., 2001).

Chemotaxis assay using the Boyden Chamber. Chemotaxis of microglia
using the Boyden Chamber (Neuroprobe, Bethesda, MD) was assessed,
as reported previously (Yokomizo et al., 1997). Polycarbonate filters with 5
wm pores (Neuroprobe) were coated with 10 wg/ml bovine plasma fibronec-
tin (Invitrogen, Carlsbad, CA) for 2 hr. A dry-coated filter was installed in the
Boyden Chamber placed on a 24-well plate, the bottom wells of which were
filled with serum-free DMEM containing morphine (200 ul). Freshly pre-
pared microglia were suspended in serum-free DMEM, and the cell suspen-
sion was placed into the top wells (100 ul, 2 X 10* cells per well). After
incubation at 37°C for 90 min, cells on the filter were washed once with
serum-free DMEM, and the filter was disassembled. The cells were fixed with
4% PFA in PBS and stained with 10 ug/ml Hoechst 33342 (Molecular
Probes, Eugene, OR) at 37°C for 15 min, and the filters were removed and
mounted with PermaFluor. The number of cells that migrated to the bottom
side was measured with an NTH Image analyzer.

Treatments with antisense oligodeoxynucleotide. The culture media
with 20 uMm antisense oligodeoxynucleotide (AS-ODN) (5'-GCC GGC
GCT GCT GTC CAT-3'), its missense oligodeoxynucleotide (MS-ODN)
(5'-GCC GGC GGT GCT GCT CAT-3') for the u-opioid receptor
(MOR) (Sawady, Tokyo, Japan) at 20 umM, or vehicle were changed twice
per day for 3 d. On the third day, EOC 2 cells were harvested in serum-
free medium and used for the chemotaxis assay.

Western blot analysis. SDS-PAGE with 12% polyacrylamide gel, immu-
noblot analysis, and visualization were performed using proteins (20
ug), rabbit anti-MORTI antiserum (1:500) in 1% bovine serum albumin,
rabbit anti-phospho-ERK1/2 (extracellular signal-regulated kinase 1/2)
(1:1000) or rabbit anti-ERK1/2 (1:1000; New England Biolabs, Tokyo,
Japan), and SuperSignal West Pico chemiluminescent substrate (Pierce,
Rockford, IL) for the detection of horseradish peroxidase (Hamabe et al.,
2003).

Quantitative real-time PCR. Microglia at a density of 2 X 10* cells/cm >
in DMEM with 10% FBS were washed twice with DMEM with 1% FBS
and stimulated with 1 um morphine (1% FBS/DMEM) for 1, 3, 6, and 12
hr. Total RNA (1 ng) prepared from such treated microglia by means of
TRIzol (Invitrogen) was used for cDNA synthesis with Superscript II
reverse transcriptase and random hexamer primers (Invitrogen). Real-
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time quantitative PCR was performed using an ABI Prism 7000 Sequence
Detection system (Applied Biosystems, Tokyo, Japan), using qPCR Mas-
termix for SYBR® Green I (Eurogentec, Seraing, Belgium) containing
dNTPs(+dUTP), Hot Goldstar DNA polymerase, and Urasil-N Glyco-
silase, according to the directions of the manufacturer. The cycling con-
ditions for all primers were the following: hold for 10 min at 95°C to
activate the Hot Goldstar DNA polymerase, followed by 50 cycles con-
sisting of two steps, 15 sec at 95°C (denaturing) and 1 min at 60°C
(annealing—extension). The brain-derived neurotrophic factor (BDNF)
mRNA levels were evaluated by the use of two different sets of primers
and normalizing genes, such as glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) and B-actin (ACTB). In all cases, the validity of amplifi-
cation was confirmed by the presence of a single peak in the melting
temperature analysis and linear amplification against the PCR cycle.

Statistical analysis. The data were analyzed using Student’s ¢ test after
multiple comparisons of ANOVA. The criterion of significance was set at
*p < 0.05. All results are expressed as the mean = SEM.

Results

Morphine-induced membrane ruffling and Rac activation

in microglia

Microglia harvested from culture bottles exhibited a small, spher-
ical shape just after seeding in DMEM with 10% FBS. Several
minutes later, however, they firmly attached to the dish and
changed so as to become spread, flat, and amoeboid-like within
30 min. These cells gradually shrank and then became globular or
bipolar rod-like in shape by 12 hr after the seeding. As mentioned
in Materials and Methods, microglia were washed three times
with serum-free DMEM 12 hr after the seeding and starved for 30
min in the same medium. Further incubation with morphine (1
uM) changed the cell shape of the microglia to become
amoeboid-like and enlarged to ~50 um in diameter within 30
min. The cells were fixed 30 min after the morphine addition and
stained with Texas-Red-conjugated phalloidin. As seen in Figure
1 Ab, phalloidin-stained membrane ruffling is observable at the
edge of the cell.

Morphine-induced membrane ruffling was abolished by 30
min pretreatment with naloxone (1 um), 12 hr pretreatment with
pertussis toxin (PTx) (100 ng/ml), or 30 min pretreatment with
wortmannin (1 uM), a phosphoinositide 3-kinase (PI3K) inhib-
itor (Fig. 1Ad,Af,Ah), although these inhibitors themselves ex-
erted no effect on the control morphology (Fig. 1Ac,Ae,Ag). The
morphine-induced ruffling was not affected by genistein (3 um),
a tyrosine kinase inhibitor, or 1,10-phenanthroline (300 um), a
metalloprotease inhibitor (data not shown). The intense phalloi-
din staining showing the membrane ruffling was further stained
with anti-Rac 1 IgG (Fig. 1 B).

Morphine-induced chemotaxis of microglia in the

Boyden Chamber

Chemotactic motility closely related to membrane ruffling was
determined by the penetration of cells through a polycarbonate
membrane filter of a Boyden Chamber 90 min after the start of
the experiments. As shown in Figure 2, A and B, morphine sig-
nificantly increased concentration-dependent chemotaxis, and
this was abolished by pretreatment with naloxone, PTx, or wort-
mannin, although these inhibitors had no effect on the control
chemotactic motility (Fig. 2C).

Blockade of morphine-induced chemotaxis in EOC 2 cells by
MOR antisense treatment

Alonger treatment of microglia with AS-ODN requires a mono-
layer of astrocytes, which also express opioid receptors. Because
these opioid receptors in astrocytes might also be affected by
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morphine, the evaluation of AS-ODN ef-
fects under this scenario would be compli-
cated. Thus, we used a microglial cell line,
EOC2 cells, which do not require an astro-
cyte feeder layer. As shown in Figure 3, A
and B, morphine induced both membrane
ruffling and chemotaxis, and the chemotaxis
was completely abolished by AS-ODN
for MOR, which significantly reduced
MOR-immunoreactive signals. However,
the MS-ODN treatment had no effect.

Morphine stimulates BDNF

gene expression

BDNF mRNA expression was enhanced as
early as 1 hr after the addition of 1 um mor-
phine, and the level remained constant for at
least 12 hr when evaluated by the use of dif-
ferent normalizing genes (GAPDH and
ACTB) or different sets of primers for BDNF
gene (Fig. 4Aa). Morphine concentration
dependently increased BDNF gene expres-
sion at the time point of 1 hr (Fig. 4Ab).

This enhanced BDNF gene expression
was blocked by naloxone, wortmannin,
the MEK (mitogen-activated protein kinase
kinase) inhibitor PD98059 (1 M), genistein
(3 mm), and 1,10-phenanthroline (300 um),
but not by the phospholipase C inhibitor
U73122 (1 um), the SAPK (stress-activated
protein kinase) SP600125 (1 um), a JNK (c-
Jun N-terminal protein kinase) inhibitor, or
the EGFR (epidermal growth factor recep-
tor) tyrosine kinase inhibitor AG1478 (3
uM), as shown in Figure 4 Ac.

As shown in Figure 4 Ba, morphine sig-
nificantly stimulated the phosphorylation
of ERK1/2 only at 30 min. This phosphor-
ylation was inhibited by naloxone, wort-
mannin, PD98059, genistein, and 1,10-
phenanthroline (Fig. 4 Bb), although these
inhibitors had no effects on the control
phosphorylation. The conditioned me-
dium (CM) (100%) prepared from the
morphine-stimulated culture also stimu-
lated the phosphorylation of ERK1/2 at 30
min in the presence of naloxone. On the
other hand, the phosphorylated JNK/
SAPK level remained unchanged at any of
the time points of 5, 15, 30, or 60 min after
the addition of morphine (data not shown).

Discussion

The present study provides evidence that
morphine induces morphological changes
in cultured microglia from a ramified to an
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Figure 1. Morphine-induced membrane ruffling and Rac activation in microglia. A, Effects of inhibitors on morphine-induced
membrane ruffling. Microglia were stimulated with DMEM (a, ¢, e, g) or T um morphine (b, d, £, h) for 30 min after 12 hr of
pretreatment with 100 ng/ml PTx (e, f), 30 min of pretreatment with 1 um naloxone (¢, d), and 1 um wortmannin ( g, h). B,
Translocation of Rac. The cells were stimulated with DMEM (a—c) or 1 um morphine (d—f) for 30 min and stained with Texas
Red-conjugated phalloidin (a, d) and Rac antibody and FITC-conjugated anti-rabbit IgG (b, e). Merged photographs show the
colocalization of Rac and F-actin in the ruffling region (¢, f), as indicated by the arrowheads. Scale bars, 50 pm.
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Figure2. Morphine-induced chemotaxis of microglia in the Boyden Chamber. Microglia were stimulated with DMEM or T um
morphine for 90 min after 12 hr of pretreatment with 100 ng/ml PTx, or 30 min of pretreatment with 1 v naloxone and 1 um
wortmannin. The ratio of filter-penetrated cells that migrated to the morphine stained by Hoechst 33342 to the control (DMEM)
was evaluated as chemotaxis. A, Light microscopic observation of migrated cells. B, Concentration dependency of morphine-
induced chemotaxis. (, Effects of inhibitors on morphine-induced chemotaxis. Results are expressed as the mean = SEM from
three independent experiments. *p << 0.05 versus vehicle; p < 0.05 versus morphine alone.

mulating findings that have suggested that chemotaxis is medi-

amoeboid shape. The specific changes observed include mem-
brane ruffling and chemotaxis. Because membrane ruffling is
found at the front edge of migrating cells as early as 10 min after
morphine addition, it is believed to be a driving force in chemo-
taxis (Lauffenburger and Horwitz, 1996). Indeed, the pharmaco-
logical mechanisms through G;,-coupled MOR and PI3K are
quite similar for both mechanisms and consistent with the accu-

ated by non-chemokine G;/,-coupled receptors and requires the
release of free By subunits (Neptune and Bourne, 1997). We
found that morphine-induced membrane ruffling was observed
primarily at the front edges of migrating cells, in which Rac was
colocalized (Fig. 1 Ab,Bf). Because Rac activation is known to be a
downstream signal of PI3K+y (Hall, 1998; Li et al., 2000), the
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Figure 3.  Blockade of morphine-induced EOC 2 cell chemotaxis by treatment with AS-ODN
for MOR. A, Morphine-induced membrane ruffling in EOC 2 cells. The cells were treated with
DMEM or morphine (1 wum) for 30 min and stained with Texas Red-conjugated phalloidin. The
arrowheads point out F-actin in the ruffling region. Ba, MOR knock-down in the EOC 2 cells.
Microglia were pretreated with vehicle (veh), AS-ODN (AS), or MS-ODN (MS). Bb, Blockade of
morphine-induced chemotaxis in EOC 2 by AS-ODN but not MS-ODN. *p << 0.05 versus vehicle;
#5 < 0.05 versus morphine alone.

mechanisms underlying morphine-induced chemotaxis appear

to include sequential activations of MOR, G;,,,, PI3K, and Rac.
Such a rapid activation of microglia by morphine seems to

contradict a previous report, which found morphine-induced apo-
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ptosis in microglia (Hu et al., 2002). However, because this weak
toxicity was not observed as early as any time points on the first day,
it unlikely contradicts the present study, which is focused on mor-
phine-induced activation at 30—60 min. It also appears that there is
another previous finding that morphine inhibits chemotaxis toward
avariety of stimuli (Chao et al., 1997). However, the pretreatment of
microglia with morphine by itself, which causes microglial chemo-
taxis, might be different from in treatment with both morphine and
other chemoattractants.

Another issue in the present study is the finding that the mor-
phine treatment increased BDNF gene transcription. It is well
known that BDNF gene expression is regulated by the phosphor-
ylation of CREB (cAMP response element-binding protein),
which plays an essential role in the development of morphine
dependence (Shaw-Lutchman et al., 2002). This fact is closely
related to the current finding that naloxone-precipitated physical
dependence was markedly attenuated in conditional bdnfknock-
out mice (Akbarian et al., 2002). Thus, to characterize the signal-
ing pathways to CREB activation would be a good strategy to
study the molecular mechanisms for novel morphine-induced
microglial activation in terms of BDNF gene transcription. CREB
activation includes three pathways, i.e., cAMP-dependent pro-
tein kinase, calcium/calmodulin-dependent kinase, and ERK1/2
(West et al., 2001). Because opioid receptors are well known to
mediate the inhibition of adenylyl cyclase, this first pathway is
unlikely to be involved. Furthermore, Because BDNF gene ex-
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Figure4. Morphine-induced BDNF mRNA expression in microglia. Ag, The time course of the BDNF mRNA expression induced by 1 v morphine. Primer sequences for two sets of BDNF, GAPDH, and ACTB
in experiments for the time course study. Ab, Morphine-stimulated BDNF mRNA expression in a concentration-dependent mannerat 1hr (0—1 wum). Ac, Effects of various inhibitors. Cells were pretreated with
vehicle (veh; DMEM), 1 wm naloxone, T v wortmannin, 1 v PD98059, 3 um genistein, 300 wum 1,10-phenanthroline, 1 pumU73122, 1 um SP600125, and 3 pum AG1478 for 30 min before the addition of 1
umorphine for 1 hr. After treatments with morphine and inhibitors, microglial BDNF mRNA expression was measured by a real-time PCR method. Data show the mean == SEM from four to six independent
experiments. B, Effects of various inhibitors on morphine-induced phosphorylation of ERK1/2 in microglia. Cell lysates were subjected to Western blotting with anti-ERK1/2 and anti-phospho-ERK1/2
antibodies. Ba, Time course. Bb, Effects of various inhibitors on morphine-induced phosphorylation of the ERK1/2 at 30 min. B¢, The phosphorylation of ERK1/2 by (M prepared from morphine-stimulated
culture in the presence of naloxone. All results were reproducible in another set of experiments. The IC, values were as follows: naloxone, 45.06 = 13.67 nm; wortmannin, 73.62 = 10.13 nw; PD98059,
122.20 = 9.27 nw; genistein, 1.06 = 0.079 wv; and 1,10-phenanthroline, 36.34 == 20.82 wm. *p << 0.05 versus vehicle; *p < 0.05 versus morphine alone.
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pression was not affected by U73122, an inhibitor of phospho-
lipase C, the calcium-mediated calmodulin-dependent kinase
pathway is also unlikely. Indeed, we could not detect any calcium
mobilization by 10-100 uM morphine in cultured microglia
(data not shown). On the other hand, BDNF gene expression was
abolished by naloxone, wortmannin, and PD98059. These results
suggest that morphine-induced enhancement of BDNF gene ex-
pression is mediated through activation of ERK1/2. Indeed, the
pharmacological profiles of various inhibitors of BDNF gene ex-
pression and ERK1/2 phosphorylation are quite similar (Fig.
4 Ac,Bb). However, the significantly increased phosphorylation
of ERK1/2 by morphine was only observed as late as 30 min, being
in contrast with many other cases, in which the phosphorylation
that occurs through GPCRs (G-protein-coupled receptors) or
growth factor receptors takes place within the first several min-
utes (Schmidt et al., 2000).

Therefore, alternative, indirect pathways for morphine-
induced ERK1/2 phosphorylation are likely involved. Indeed, the
CM prepared from morphine-treated microglia also increased
the ERK1/2 phosphorylation only at 30 min in the presence of
naloxone (Fig. 4Bc). These findings suggest that certain other
factors secreted from morphine-treated microglia are responsible
for this indirect activation of ERK1/2. This view is supported by
the findings that both BDNF gene expression and ERK1/2 phos-
phorylation were significantly inhibited by genistein, a tyrosine
kinase inhibitor, and 1,10-phenanthroline, a matrix metallopro-
tease inhibitor. The metalloproteases are involved in the shed-
ding of endogenously expressed growth factor-like ligands, such
as the EGF-like ligands, from their plasma membrane anchor
(Wetzker and Bohmer, 2003). The current study demonstrates
that morphine stimulation activates metalloproteases to generate
EGF-like growth factors in human embryonic kidney 293 cells
overexpressed with MOR (Belcheva et al., 2001). All of these
results suggest that unknown AG1478 (an EGFR tyrosine kinase
inhibitor)-insensitive growth factors, generated through metal-
loproteases activated by MOR signaling, might be involved in the
activation of ERK1/2 and the enhanced BDNF gene expression.
Although the mechanisms for the late and short-lived ERK1/2
phosphorylation remain under investigation, the mechanisms
for the counteracting CM factors, e.g., by an inhibition of phos-
phorylation or attributable to the low expression of the putative
growth factor receptors, must for the moment be subjects for the
future. However, the morphine-induced membrane ruffling is
unlikely to be mediated by CM factors, because it was not affected
by genistein or 1,10-phenanthroline. Because the membrane ruf-
fling and chemotaxis as well as the ERK1/2 phosphorylation were
abolished by wortmannin, direct PI3K activation (Lopez-Ilasaca
et al,, 1997), without any activity of CM factors, could also have
caused the ERK1/2 phosphorylation, even in the presence of 1,10-
phenanthroline and genistein. Although many possibilities are
worthy of consideration, this argument might be solved in part by
the current finding that the PI3K species (PI3KY, Class IB) that
preferentially activates Rac is different from the PI3K (Class 1A)
that activates Ras, an upstream molecule of ERK1/2 (Wennstrom
and Downward, 1999; Wymann et al., 2003).

Finally, we observed that relatively higher concentrations
(0.3—1 M) of morphine caused microglial activation in terms of
chemotaxis and BDNF gene expression. Recent evidence has sug-
gested that chronic and high-dose morphine activates spinal and
cortical astrocytes, and these changes as well as morphine toler-
ance are blocked by glial inhibitors (Song and Zhao, 2001;
Raghavendra et al., 2002). These findings many provide a new
aspect of the molecular basis of mechanisms for morphine toler-
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ance and dependence through neuron—glia (astrocyte and mi-
croglia) interactions.

In conclusion, the present study demonstrates that morphine
causes membrane ruffling, chemotaxis, and enhanced BDNF
gene expression in microglia. The latter effect appeared to be
mediated by CM growth factors generated through morphine-
induced activation of metalloproteases.
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