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Glutamate Stimulates Oligodendrocyte Progenitor Migration
Mediated via an �v Integrin/Myelin Proteolipid
Protein Complex

Tatyana I. Gudz, Hitoshi Komuro, and Wendy B. Macklin
Department of Neurosciences, Lerner Research Institute, Cleveland Clinic Foundation, Cleveland, Ohio 44195

In the mammalian CNS, oligodendrocyte precursor cells (OPCs) express most neurotransmitter receptors, but their function remains
unclear. The current studies suggest a physiological role for glutamate (AMPA and/or kainate) receptors in OPC migration. AMPA
stimulated �v integrin-mediated OPC migration by increasing both the rate of cell movement and the frequency of Ca 2� transients. A
protein complex containing the myelin proteolipid protein (PLP) and �v integrin modulated the AMPA-stimulated migration, and
stimulation of OPC AMPA receptors resulted in increased association of the AMPA receptor subunits themselves with the �v integrin/PLP
complex. Thus, after AMPA receptor stimulation, an �v integrin/PLP/neurotransmitter receptor protein complex forms that reduces
binding to the extracellular matrix and enhances OPC migration. To assess the extent to which PLP was involved in the AMPA-stimulated
migration, OPCs from the myelin-deficient (MD) rat, which has a PLP gene mutation, were analyzed. OPCs from the MD rat had a normal
basal migration rate, but AMPA did not stimulate the migration of these cells, suggesting that the PLP/�v integrin complex was important
for the AMPA-mediated induction. AMPA-induced modulation of OPC migration was abolished by pertussis toxin, although baseline
migration was normal. Thus, G-protein-dependent signaling is crucial for AMPA-stimulated migration of OPCs but not for basal OPC
migration. Other signaling pathways involved in this AMPA-stimulated OPC migration were also determined. These studies highlight
novel signaling determinants of OPC migration and suggest that glutamate could play a pivotal role in regulating integrin-mediated OPC
migration.
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Introduction
Oligodendrocyte precursor cells (OPCs) arise in restricted germi-
nal areas of the CNS, and they migrate over considerable dis-
tances to the developing white matter, where they differentiate
and elaborate myelin sheaths around axons. Because neurotrans-
mitters are an integral part of the chemical environment sur-
rounding OPCs, they have been implicated in mediating some
neuron– oligodendrocyte interactions (Barres and Raff, 1993).
The fact that neurotransmitter receptors are expressed before the
establishment of synaptic networks in early brain development
suggests novel biological functions for these receptors, in addi-
tion to synaptic transmission (Mattson, 1988; Nguyen et al.,
2001; Belachew and Gallo, 2004). OPCs express most neurotrans-
mitter receptors, such as GABA, muscarinic, dopamine, glycine,
and AMPA/kainate glutamate receptors. OPCs express several
AMPA-specific glutamate receptor subunits: GluR1, GluR2,

GluR3, and GluR4 (Yoshioka et al., 1995; Matute et al., 1997).
Agonist activation of AMPA receptors on OPCs causes Ca 2�

influx via Ca 2�-permeable channels, which consist of GluR3 and
GluR4 (Itoh et al., 2002). Approximately 30% of OPC AMPA
receptors contain the GluR2 subunit, which is edited at the Q/R
site, rendering the channel impermeable to Ca 2� (Itoh et al.,
2002).

Neurotransmitter receptor expression decreases during oligo-
dendrocyte differentiation, suggesting a specific role in OPCs. In
neurons, the coordinated activity of Ca 2� channels and NMDA
receptors seems to modulate the amplitude and frequency of
intracellular Ca 2� fluctuations, which may provide a major in-
tracellular signal controlling the rate of neuronal cell migration
(Komuro and Rakic, 1998). We hypothesized that such molecu-
lar events may regulate OPC migration as well.

Recently, we demonstrated that muscarinic acetylcholine re-
ceptor agonists induced activation of �v integrin receptors on
oligodendrocytes and increased association of �v integrins with
the myelin proteolipid protein (PLP) and calreticulin (Gudz et
al., 2002). This finding supports the concept that neurotransmit-
ters could regulate integrin-mediated functions in oligodendro-
cytes, such as proliferation and survival (Barres and Raff, 1999).
The most conclusive data on the role of integrin receptors in OPC
metabolism come from the group of ffrench-Constant (Milner
and ffrench-Constant, 1994), who first established the develop-
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mental regulation of several integrin receptors on oligodendro-
cytes: �6�1, �v�1, �v�3, �v�5, and �v�8. In particular, this group
has demonstrated the importance of �6�1 integrin receptor and
its interactions with platelet-derived growth factor receptor �
(PDGF�R) for OPC proliferation (Blaschuk et al., 2000; Colo-
gnato et al., 2002; Baron et al., 2003).

We used purified OPCs in culture to test the hypothesis that
neurotransmitters could regulate integrin-mediated OPC migra-
tion. We found that �v integrin-mediated OPC migration was
significantly increased in the presence of AMPA. Cell motility was
dependent on coordinated activity of AMPA receptor-initiated
signaling and intracellular Ca 2� fluctuations. AMPA-induced
stimulation of OPC migration was completely abolished by per-
tussis toxin, indicating the involvement of Gi-proteins. Most in-
triguingly, activation of AMPA receptors seems to induce the
association of GluR2 and GluR4 subunits of glutamate receptors
with the �v integrin/PLP complex. These data are the first dem-
onstration of neurotransmitter regulation of OPC migration in
vitro and are further support for the existence of a neuron– oligo-
dendrocyte communication network.

Materials and Methods
Materials. The antibodies used in these studies were directed against the
myelin PLP C terminus (AA3 clone; a gift from Dr. S. Pfeiffer, University
of Connecticut, Farmington, CT); the myelin PLP extracellular domain
(clone 9021, Agmed; Immunodiagnostics, Woburn, MA); �1 integrin
(clone P4C10; Chemicon, Temecula, CA); �v�5 integrin (clone P1F6;
Chemicon); �v�3 integrin (clone LM609; Chemicon); �v integrin (clone
P3G8; Chemicon); GluR2 (Chemicon); GluR4 (Chemicon); or PDGF�R
antibody (Upstate Biotechnology, Lake Placid, NY). U73343 (1-[6-
([17�-3-methoxyestra-1,3-5(10)-trien-17-yl]amino)hexyl]-2,5-pyrroli-
dine-dione), U73122 (1-[6-([17�-3-methoxyestra-1,3,5(10)-trien-17-
yl]amino]hexyl-1H-pyrrole-2,5-dione), bisindolylmaleimide (Bis),
pertussis toxin, carbachol, thapsigargin, BAPTA, ruthenium red, and
carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP) were
obtained from Sigma (St. Louis, MO); glutamate, kainate, NMDA,
AMPA, cyclothiazide (CZ), 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-
benzo[f]quinoxaline-7-sulfonamide disodium (NBQX), and
GYKI52466 [1-(aminophenyl)-4-methyl-7,8-methylenedioxy-5H-2,3-
benzodiazepine] were obtained from Tocris (Ellisville, MO); H7 [1-(5-
isoquinolinesulfonyl)-2-methylpiperazine] and H89 (N-[2-bromocin-
namyl(amino)ethyl]-5-isoquinolinesulphonamide) were from
Calbiochem (San Diego, CA); KT5720 was from Alomone Labs (Jerusa-
lem, Israel); fibronectin and laminin were from Chemicon; and the
Alexa-488 protein labeling kit was from Pierce (Rockford, IL).

OPC cultures. Mixed glial cultures were generated from 2-d-old wild-
type or myelin-deficient (MD) rat pups as described previously (Gudz et
al., 2002). Briefly, the cerebra of rat pups were dissected, minced, and
digested at 37°C with trypsin/pancreatin (0.06% w/v each) to generate a
single-cell suspension. Cells were plated into 75 cm 2 flasks and grown in
DMEM with 10% fetal bovine serum (FBS) at 37°C and 5% CO2 for 10 d.
OPCs were purified from mixed glial cells by a shake-off procedure (Mc-
Carthy and de Vellis, 1973). Cells were shaken initially for 1 h at 100 rpm
to remove microglia and refed and shaken for 20 –22 h at 37°C at 200
rpm. OPCs were collected by centrifugation at 1200 rpm for 5 min,
resuspended in DMEM supplemented with N2 medium (Sigma), and
centrifuged again to remove FBS. Cells were then plated for specific
experiments. To identify pups as MD pups, spinal cord protein from
individual pups was analyzed by Western blots to demonstrate the lack of
PLP expression in MD cells. All animal protocols were approved by the
Cleveland Clinic Foundation Institutional Animal Use and Care
Committee.

Migration assay. To quantify OPC migration, we used a Costar
transwell-based assay (Cole Parmer, Vernon Hills, IL). It has advantages
over the agarose drop assay, including the ability to monitor cell migra-
tion within hours, not days. Thus, there is no impact of proliferation in
this assay. Both sides of the transwell membrane (8 �m) were precoated

with 10 �g/ml extracellular matrix (ECM) protein overnight. Nonspe-
cific binding sites were blocked with 2% BSA for 1 h. Cells were plated at
80,000 cells/transwell in DMEM/N2 medium and allowed to migrate for
4 h unless stated otherwise. Cells were labeled with calcein-AM (Molec-
ular Probes, Carlsbad, CA) 1 h before the end of the assay. Nonmigrated
cells were removed with the cotton swab from the top compartment of
the transwell. Calcein fluorescence of cells on the bottom compartment
of the transwell was measured in a plate reader at 530 nm (with 480 nm
excitation).

Time-lapse measurement of cell movement and intracellular Ca2� levels.
To monitor the changes in intracellular Ca 2� levels in OPCs, the cells
were incubated for 30 min with a cell-permeant, acetoxymethyl ester
form of 4 �M Oregon Green 488 BAPTA-1 (Molecular Probes) diluted in
the culture medium, which consisted of DMEM supplemented with 1.8
mM glutamine and 24 mM NaHCO3. The cells were subsequently washed
three times with the culture medium, and the dye was allowed to de-
esterify for an additional 30 – 60 min in the CO2 incubator. The dishes
were transferred into the chamber of a micro-incubator (Medical Sys-
tem, Greenvale, NY) attached to the stage of a confocal microscope (TCS
SP; Leica Microsystems, Mannheim Germany). The chamber tempera-
ture was kept at 37°C, and the cells were provided with a constant gas flow
(95% O2, 5% CO2). OPCs loaded with Oregon Green 488 BAPTA-1 were
illuminated with a 488 nm light from an argon laser, and the fluorescence
images for Ca 2� measurements (at 530 � 15 nm) and transmitted im-
ages for monitoring cell movement were collected simultaneously every
5 s for up to 2 h.

Immunocytochemistry. Postnatal day 9 (P9) rat pups were perfused
with 4% paraformalaldehyde in PBS, pH 7.6; brains were removed and
postfixed in the same fixative overnight at 4°C. Free-floating sections
(coronal, at bregma) were incubated for 1.5 h in 10% normal goat serum
(NGS; Invitrogen, Grand Island, NY) containing 1% Triton X-100 (v/v).
Sections were rinsed and incubated with the avidin/biotin blocking kit
(Vector Laboratories, Burlingame, CA). They were incubated overnight
at 4°C with PLP antibody (1:1000, AA3 clone) and PDGF�R antibody
(1:1000) in PBS, 3% NGS, 1% Triton X-100 (v/v). Sections were washed
in PBS and incubated 60 min with biotinylated anti-rat secondary anti-
body (Vector Laboratories) in 3% NGS in PBS. Sections were then
washed with PBS and incubated with Texas Red Avidin D (1:1000; Vector
Laboratories) and fluorescein-conjugated rabbit IgG antibody (1:1000;
Vector Laboratories) in sodium bicarbonate buffer, pH 8.5, for 30 min.
Sections were mounted in Vectashield (Vector Laboratories) and ana-
lyzed by a confocal laser scanning microscope (Aristoplan; Leica).

Immunoprecipitation and Western blots. Cell lysates were made using
buffer A: 0.15 M NaCl, 0.05 M Tris, 0.5 mM EDTA, 1% Triton X-100,
0.05% SDS, 5 mM NaF, and 1 mM Na3VO4, pH 7.5, supplemented with
Complete Mini Protease Inhibitor Cocktail (Roche Applied Science, In-
dianapolis, IN). After 1 h on ice, samples were centrifuged at 15,000 � g
for 10 min to remove insoluble material. Protein concentrations were
determined by the bicinchoninic acid method (Sigma). For immunopre-
cipitation reactions, lysates (1 mg/ml) were precleared in buffer A sup-
plemented with 2% BSA, pH 7.5, by incubation with appropriate species-
specific IgG-conjugated magnetic beads (Dynabeads, Dynal Biotech;
Invitrogen, Carlsbad CA) for 1 h. An antibody was then added. After
incubation at 4°C overnight with gentle mixing, antibody–antigen com-
plexes were captured with Dynabeads and washed. Immunoprecipitates
were eluted by boiling in SDS-sample buffer. Lysates and immunopre-
cipitates were separated on 8.5–10% SDS-PAGE, blotted to the polyvi-
nylidene difluoride membrane, blocked with 5% nonfat dry milk in
TBS-T buffer (10 mM Tris, 150 mM NaCl, and 0.2% Tween 20, pH 8.0)
overnight at 4°C, and subsequently probed with the appropriate anti-
body (�v or AA3). Immunoreactive bands were visualized using the en-
hanced chemiluminescence kit (ECL-Plus; Amersham Biosciences, Pis-
cataway, NJ).

Fibronectin binding assay. Fibronectin was conjugated to the Alexa
Fluor 488 (Molecular Probes) and purified on the day of the experiment
using the Molecular Probes kit according to the manufacturer’s instruc-
tions. OPCs were plated in 96-well plates and incubated in the presence
of antibodies and/or inhibitors for 30 min at 37°C. Cells were then stim-
ulated with AMPA and CZ for 10 min. (The normally rapid desensitiza-
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tion of AMPA receptors after agonist application is blocked by CZ.)
Fibronectin-Alexa Fluor 488 conjugate (10 �g/ml) was added to the
wells, and the incubation continued for 30 min. After three washes with
PBS, fluorescence at 530 nm (480 nm excitation) was measured. Non-
specific binding of fibronectin to wells filled with medium was subtracted
from all measurements.

Statistical analysis. All assays were performed three or more times.
Typically, there were four to six replicates of each treatment in each assay.
Data were collected, and the mean value of the treatment groups and
SEM were calculated. Data were analyzed for statistically significant dif-
ferences between groups either by one-way ANOVA or by two-way
ANOVAs with post hoc Bonferroni’s test, which adjusts for multiple si-
multaneous comparisons.

Results
OPC migration was quantified in transwell-based assays. In these
studies, transwells were precoated with fibronectin or laminin,
which are the ligands of integrin receptors expressed on OPCs, or
with collagen, a ligand of integrins absent from OPCs (Plow et al.,
2000). First, we examined whether integrin receptors mediate
OPC migration on fibronectin or laminin using function-
blocking antibodies against integrins. These studies suggested
that OPC migration on fibronectin is significantly mediated by
�v�3 integrin, with much less contribution of �1-containing in-
tegrins (Fig. 1A). The greater role of �v�3 integrin, relative to
�v�5 integrin, is consistent with the known abundance of �v�3

integrin heterodimer at this stage of oligodendrocyte differentia-
tion, relative to �v�5 integrin (Milner and ffrench-Constant
1994). On the other hand, when migrating on laminin, OPCs did
not use �v�3 or �v�5 integrins but rather used �1-containing
integrins, presumably �6�1. PLP contributed to OPC migration
on fibronectin, because an antibody against an extracellular do-
main of PLP (PLP1) reduced cell migration. An antibody against
a PLP intracellular domain (PLP2) was appropriately ineffective.

The next study demonstrated that OPC migration was mod-
ulated by glutamate receptors (Fig. 1B). In the presence of in-
creasing concentrations of AMPA, starting as low as 50 nM, the
number of OPCs migrating on fibronectin or laminin through
the transwell was significantly increased. AMPA-induced accel-
eration of OPC migration was completely abolished by the
AMPA receptor antagonist GYKI52466. In contrast, there was no
neurotransmitter-induced stimulation of cell migration on col-
lagen, indicating that AMPA-induced intracellular signaling af-
fected only integrin-mediated cell motility. Together, these re-
sults suggest that AMPA-initiated intracellular signaling
stimulates OPC movement by influencing the activity of an �v�3

integrin receptor signaling complex that includes PLP.
In addition to AMPA-specific glutamate receptors, OPCs ex-

press other neurotransmitter receptors: kainate-specific gluta-
mate receptors (Belachew and Gallo, 2004) and muscarinic ace-
tylcholine receptors (Ragheb et al., 2001). To determine the
specificity of the AMPA-induced stimulation of OPC migration,
we measured OPC migration in the presence of agonists of these
neurotransmitter receptors. This study showed that activation of
both AMPA- and kainate-specific glutamate receptors resulted in
stimulation of OPC migration on fibronectin (Fig. 2A). In con-
trast, NMDA had no effect on OPC migration, which is consis-
tent with the inability of NMDA to induce downstream signaling
in other studies on these cells (Lui et al., 1997). The stimulation of
OPC migration on fibronectin was not limited to the activation of
glutamate receptors, because carbachol, an agonist of muscarinic
acetylcholine receptors, profoundly increased OPC migration.
Consistent with the previous studies using AMPA agonists (Fig.

1B), none of the neurotransmitter receptor agonists modulated
OPC migration on collagen.

PLP appeared to play an important role in neurotransmitter-
induced stimulation of OPC motility. Because PLP is not typi-
cally thought of as a protein in OPCs, we studied whether it was
coexpressed in OPCs in vivo. In young rats, some cortical OPCs
expressed both PLP and PDGF�R (Fig. 3). We then analyzed the
migration of OPCs derived from the MD rat, which has a PLP
gene mutation that results in the absence of normal PLP protein
expression in MD OPCs. These cells were chosen because there is
little or no expression of PLP protein. It must be noted that the
protein that is expressed is mutated, and when expressed at high
levels, eventually causes death of oligodendrocytes (Jackson and

Figure 1. OPC migration on fibronectin is mediated by �v�3 integrin, and PLP and can be
modulated by AMPA receptors. A, Transwells were coated with 10 �g/ml fibronectin or lami-
nin. Nonspecific binding sites were blocked with 2% BSA. Wells were treated with antibodies for
30 min before plating the cells. Antibodies against either an extracellular domain (PLP1) or an
intracellular domain (PLP2, AA3 antibody) of PLP and antibodies against �v�3, �v�5, or �1

integrins (all at 0.01 �g/ml) were used. Calcein-AM (10 �M) was added 1 h before the end of
the assay. After 4 h, nonmigrated cells were removed from the top compartment of the trans-
well with a cotton swab, and the calcein fluorescence of migrated cells on the bottom of the
transwell was measured. The data presented are means � SEM (12 replicates from at least 3
independent experiments). *p � 0.05; **p � 0.01. CON, Control. B, OPC migration was as-
sessed in a 4 h transwell migration assay in the presence of AMPA and/or in the presence of 20
�M GYKI52466, which is an AMPA receptor antagonist. Transwells were precoated with 10
�g/ml fibronectin, laminin, or collagen. Nonspecific binding sites were blocked with 2% BSA.
Calcein-AM (10 �M) was added 1 h before the end of the assay. Nonmigrated cells were re-
moved from the top compartment with a cotton swab, and the calcein fluorescence of migrated
cells on the bottom of the transwell was measured. The data presented are means � SEM (12
replicates from at least 3 independent experiments). *p � 0.05; **p � 0.01.
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Duncan, 1988). Nevertheless, in these progenitor cells, expres-
sion of the mutated PLP protein had no obvious deleterious ef-
fect, because the baseline cell motility of the MD OPCs was com-
parable to that of wild-type cells (Fig. 2B). Thus, low-level
expression of mutant PLP in these cells had no negative impact
on baseline migration or presumably the health of the progenitor
cells. Importantly, activation of glutamate receptors caused in-
creased cell motility in wild-type OPCs, but there was no stimu-
lation of MD OPC motility (Fig. 2B). These data suggest that PLP
is crucial for the neurotransmitter-induced stimulation of �v �3

integrin-mediated OPC migration, although its presence or ab-
sence has no impact on baseline OPC migration.

To examine the molecular mechanisms that control AMPA-
induced stimulation of OPC motility, we first focused on Ca 2�

signaling. Neuronal migration has been shown to be dependent
on NMDA receptor-initiated intracellular Ca 2� fluctuations
(Komuro and Rakic, 1998). Additionally, it has been shown that
in OPCs, the activation of AMPA receptors results in increased
cytosolic Ca 2� levels (Lui et al., 2002). We therefore tested the
role of Ca 2� signaling in OPC migration by allowing cells to

migrate in the presence of agents disrupt-
ing Ca 2� signaling (Fig. 4). BAPTA che-
lates intracellular Ca 2�, resulting in over-
all decreased cytosolic Ca 2�. Thapsigargin
inhibits Ca 2� influx into endoplasmic re-
ticulum, ruthenium red blocks mitochon-
drial Ca 2� transport, and FCCP prevents
Ca 2� uptake into mitochondria by de-
energization of mitochondria. Thus, these
compounds produce increased cytosolic
Ca 2� by several mechanisms. Either de-
creasing intracellular Ca 2� with BAPTA
or increasing intracellular Ca 2� with thap-
sigargin, ruthenium red, or FCCP led to a
significant decrease in cell migration (Fig.
4). These results support the concept that
OPC migration, as with neuronal migra-
tion (Komuro and Rakic, 1998), requires
coordinated intracellular Ca 2� signaling
and that disruption of Ca 2� signaling in
OPCs leads to reduced OPC movement.

Recently, real-time Ca 2� measure-
ments revealed that Ca 2� transient fre-
quency per se is a major factor controlling
the rate of cerebellar granule cell move-
ment (Kumada and Komuro, 2004). Al-
tered migration of cells in a transwell assay
could result from selective migration of a
subpopulation of cells or altered migration
rate for all cells. To distinguish these pos-
sibilities and to determine the role of Ca 2�

transients in the AMPA-induced stimula-
tion of OPC migration, we used confocal
microscopy combined with a Ca 2� indica-
tor dye (Table 1). In untreated control
samples, cells migrated at an average rate
of 40.5 �m/h with an average frequency of
51.8 Ca 2� transients per hour. In the pres-
ence of AMPA, OPCs migrated at a signif-
icantly higher rate of 68.2 �m/h with an
increased average frequency of 63.4 Ca 2�

transients per hour. Thus, AMPA in-
creased the rate of cell movement in the

total OPC cell population, along with increasing the frequency of
Ca 2� transients. These data suggest that the AMPA-induced ac-
celeration of OPC movement may, at least in part, result from an
increase in the frequency of Ca 2� transients.

Because our previous studies demonstrated that PLP was es-
sential for neurotransmitter-induced enhancement of OPC mi-
gration, it was important to establish whether this inability to
modulate migration in MD cells was upstream or downstream of
these alterations in Ca 2� transients. Thus, we analyzed the rate of
migration of OPCs isolated from the MD rat and their frequency
of Ca 2� transients (Table 1). The mutant OPCs migrated at the
rate 42.5 �m/h with an average frequency of 51 Ca 2� transients
per hour at baseline, which is comparable to wild-type cells.
However, the addition of AMPA had no effect on the rate of cell
movement or on the frequency of Ca 2� transients. Thus, the
absence of PLP prevents OPCs from responding to AMPA by
preventing the increase in the rate of Ca 2� transients, which
further shows the essential role of PLP for AMPA-induced accel-
eration of cell migration.

To assess whether the rate of cell movement was regulated by

Figure 2. Activation of AMPA/kainate and muscarinic receptor results in stimulation of integrin-mediated OPC migration, and
PLP is essential for this response. A, OPCs were allowed to migrate in the presence of 100 nM AMPA, 100 nM kainate, 100 nM

glutamate, 100 nM carbachol, or 100 nM NMDA for 4 h. Transwells were precoated with 10 �g/ml fibronectin or collagen.
Nonspecific binding sites were blocked with 2% BSA. Calcein-AM (10 �M) was added 1 h before the end of the assay. Nonmigrated
cells were removed from the top compartment of the transwell with a cotton swab, and the calcein fluorescence of migrated cells
on the bottom of the transwell was measured. The data presented are means � SEM (12 replicates from at least 3 independent
experiments). **p � 0.05. B, OPCs derived from wild-type (WT) rats or from the MD rat were allowed to migrate in the presence
of 100 nM AMPA, 100 nM glutamate, 100 nM carbachol, or 100 nM NMDA for 4 h. Transwells were precoated with 10 �g/ml
fibronectin. Nonspecific binding sites were blocked with 2% BSA. Calcein-AM (10 �M) was added 1 h before the end of the assay.
Nonmigrated cells were removed from the top compartment of the transwell with a cotton swab, and the calcein fluorescence of
the migrated cells on the bottom of the transwell was measured. The data presented are means� SEM (12 replicates from at least
3 independent experiments). *p � 0.05.

Figure 3. PLP is coexpressed in OPCs in P9 rat cortex. Coronal sections of P9 brain were incubated with PLP antibody and
PDGF�R antibody. Cells in the cortical region had the typical bipolar morphology of OPCs and coexpressed PDGF�R (fluorescein)
(A) and PLP (Texas Red) (B), as can be seen in the merged image (C). Scale bars, 25 �m.
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�v integrin function, cells were incubated in the presence of �v

blocking antibody. This reduced the rate of cell movement but
had no impact on the frequency of Ca 2� transients (Table 1).
Thus, the Ca 2� transients in OPCs were modulated indepen-
dently of the �v integrin.

We next investigated the involvement of G-proteins in
AMPA-induced stimulation of OPC migration. It has been
shown that AMPA receptor activation causes Gi-protein activa-
tion in cortical neurons by a mechanism independent of its role as
a Ca 2� and Na� channel. Thus, AMPA receptors can operate
with both ionotropic and metabotropic activity (Wang et al.,
1997). Pertussis toxin, a potent inhibitor of Gi-protein activity,
abolished AMPA-induced OPC migration with no effect on the
baseline OPC migration rate (Fig. 5). These results indicated that
AMPA receptor stimulation triggers Gi-protein activation that
leads to increased OPC motility. It has been shown that AMPA
can act as a weak agonist to metabotropic glutamate receptors
(mGluRs) (Brauner-Osborne et al., 1996). Furthermore, there

are mGluRs on OPCs (Luit et al., 2003), and there is evidence that
these receptors impact responses to AMPA in OPCs (Kellend and
Toms, 2001). It was therefore important to test the possibility
that the Gi-protein activation by AMPA arose not from direct
AMPA receptor stimulation but through the AMPA-induced ac-
tivation of mGluRs. However, the mGluR antagonist (S)-MCPG
(�-methyl-4-carboxyphenylglycine; 1 mM) had no effect on the
AMPA-induced stimulation of OPC migration. In addition, the
mGluR agonist (S)-DHPG [(RS)-3,5-dihydroxyphenylglycine;
1–100 �M] also had no effect on OPC motility (data not shown).
These data indicate that AMPA-induced stimulation of OPC mi-
gration involves the activation of a Gi-protein, which is not cou-
pled to mGluRs on OPCs.

Having demonstrated that neurotransmitter-induced stimu-
lation of �v �3-mediated OPC migration also requires PLP, we
investigated whether neurotransmitter induces the formation of
the PLP/�v integrin complex that we found in carbachol-
stimulated OPCs (Gudz et al., 2002). OPCs were allowed to at-
tach to fibronectin-coated plates for 1 h and were stimulated with
100 �M AMPA in the presence of 50 �M CZ, a selective AMPA
receptor desensitizer, for various times. There was a time-
dependent increase in PLP and �v integrin association that was
maximal after a 10 min treatment with an agonist, and it declined
somewhat by 20 min (Fig. 6A). Comparable data were obtained
when immunoprecipitations were done with PLP antibody (Fig.
6A) or with �v integrin antibody (as seen in Fig. 8). Preincuba-
tion of the cells with 10 �M NBQX, a potent AMPA receptor
antagonist, reduced the AMPA-induced response at 10 min. Our
previous study demonstrated that although OPCs express �6�1

integrin, PLP does not associate with that integrin heterodimer
but rather with �v-containing integrins (Gudz et al., 2002). Be-
cause �v�3 integrin receptor is the major �v integrin heterodimer
at this stage of oligodendrocyte differentiation (Milner and
ffrench-Constant, 1994) and is the active integrin complex that
mediates AMPA-stimulated OPC migration (Fig. 1A), PLP
seems to associate with �v�3 integrin after OPC treatment with
AMPA receptor agonist.

To assess the impact of neurotransmitter on the interaction of
the PLP/�v�3 integrin complex with the ECM, we examined fi-
bronectin binding to OPCs (Fig. 6B). Fibronectin is produced by

Figure 4. OPC migration is dependent on coordinated activity of intracellular Ca 2� stores.
OPCs were allowed to migrate in the presence of the intracellular Ca chelator (20 �M BAPTA-
AM), the extracellular Ca 2� chelator (5 mM EGTA), an inhibitor of Ca 2� uptake by endoplasmic
reticulum [1 �M thapsigargin (TG)], or inhibitors of mitochondrial Ca 2� uptake [0.5 �M ruthe-
nium red (RR) or 1 �M FCCP] for 4 h. Transwells were precoated with 10 �g/ml fibronectin.
Nonspecific binding sites were blocked with 2% BSA. Calcein-AM (10 �M) was added 1 h before
the end of the assay. Nonmigrated cells were removed from the top compartment of the trans-
well with a cotton swab, and the calcein fluorescence of migrated cells on the bottom of the
transwell was measured. The data presented are means � SEM (12 replicates from at least 3
independent experiments). **p � 0.05.

Table 1. Cell movement and Ca2� transients were monitored by confocal
microscopy

Rate of cell movement
(�m/h)

Number of Ca2� transients
(per hour)

Wild type
Control 40.5 � 4.4 (n�31) 51.8 � 3.3 (n�31)
AMPA (2 �M) 68.2 � 5.1* (n�31) 63.4 � 3.5* (n�31)

Mutant type
Control 42.5 � 3.9 (n�37) 51.0 � 2.8 (n�37)
AMPA (2 �M) 47.2 � 4.5 (n�37) 52.5 � 3.1 (n�37)

Wild type
Control 44.2 � 3.4 (n�31) 48.9 � 3.8 (n�31)
�v-antagonist 32.4 � 2.8* (n�31) 51.0 � 3.2 (n�31)

(40 �g/ml)

To measure intracellular Ca2� levels, OPCs were preincubated with 4 �M Oregon Green 488 BAPTA-1. AMPA (2 �M)
was added to the medium after 20 min control observations. In the third set of experiments, wild-type OPCs were
incubated with 40 �g/ml �v-integrin-blocking antibody. The data presented are means � SEM. *p � 0.01.

Figure 5. OPC migration is Gi-protein dependent. OPCs were allowed to migrate in the
presence of 100 nM AMPA with or without 50 �M pertussis toxin for various times. Transwells
were precoated with 10 �g/ml fibronectin. Nonspecific binding sites were blocked with 2%
BSA. Calcein-AM (10 �M) was added 1 h before the end of the assay. Nonmigrated cells were
removed from the top compartment of the transwell with a cotton swab, and the calcein fluo-
rescence of migrated cells on the bottom of the transwell was measured. The data presented are
means � SEM (12 replicates from at least 3 independent experiments). **p � 0.05.
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astrocytes, and it is a major ligand for �v integrins in the CNS
(Liesi et al., 1986). AMPA induced a concentration-dependent
decrease in Alexa-488 –fibronectin binding to OPCs that could be
abolished by the AMPA receptor antagonist NBQX. Our data
demonstrate that, as with carbachol stimulation, AMPA receptor
activation increased the association of PLP with �v integrin, along
with reduced integrin receptor binding to ECM ligand.

AMPA receptor activation initiates intracellular signaling that
might involve phospholipase C (PLC), protein kinase A (PKA),

and PKC (Lui et al., 1999). To examine
further the signal transduction pathways
involved in neurotransmitter-induced
modulation of fibronectin binding to
OPCs, we treated the cells with selective
kinase inhibitors (Fig. 7). The AMPA
receptor-induced decrease in fibronectin
binding was abolished by PKA inhibitors
H89 and KT5720, whereas inhibitors of
PKC, H7, and Bis, were ineffective. Inhibi-
tion of PLC activity with U73122 also
blocked the AMPA/CZ-induced reduction
of fibronectin binding to OPCs. These data
suggest that PLC and PKA are essential
mediators of the AMPA receptor-induced
signaling that regulates �v integrin-
mediated OPC interaction with the ECM.

What other proteins are in the �v inte-
grin/PLP complex after AMPA treatment
of OPCs? Most interestingly, coimmuno-
precipitation studies showed an increased
association of GluR2 and GluR4 subunits
of AMPA receptor with the �v integrin/
PLP complex after agonist stimulation of
AMPA receptor (Fig. 8). There was no in-
creased GluR2 or GluR4 association with
the complex after stimulation of musca-
rinic acetylcholine receptor, despite the
fact that carbachol also enhances the �v

integrin/PLP association and modulates fibronectin binding and
OPC migration. Together, these results clearly showed that neu-
rotransmitter receptor stimulation triggers the formation of a
multiprotein complex centered at �v integrin receptor and PLP,
which includes the neurotransmitter receptor itself. Formation of
this complex weakens integrin affinity to ECM ligand, which
likely enhances OPC motility.

A model for the overall signaling system described here is
proposed in Figure 9. In the absence of AMPA or glutamate, there
is only low interaction of PLP, �v�3 integrin, and AMPA recep-
tor, with strong binding of �v�3 integrin and fibronectin (Fig.
9A). After activation of the AMPA receptor, there is an increase in
the complex containing PLP, �v�3 integrin, and the AMPA re-
ceptor, with signaling coupled to a Gi-protein to increase calcium
transients in the cell (Fig. 9B). This, combined with reduced
binding to fibronectin, leads to increased migration of OPCs.

Discussion
These studies are unique in establishing a direct connection be-
tween neurotransmitter receptor signaling and integrin function
modulating OPC migration. Thus, activation of glutamate recep-
tors on OPCs accelerates integrin-mediated OPC motility via
mechanisms that involve AMPA receptors. AMPA increased the
number of migrated OPCs only when the cells were allowed to
migrate on fibronectin or laminin, which are ligands of integrin
receptors expressed on OPCs. There was no stimulation of OPC
migration when the cells migrated on collagen, which does not
bind to the integrins on OPCs. These results extend our previous
findings (Gudz et al., 2002) that neurotransmitters are powerful
regulators of the integrin receptor function in OPCs. Glutamate
receptor agonist stimulated OPC migration mediated both by
�6�1 integrin, which binds to laminin, and by �v�3 integrin,
which binds to fibronectin. These observations complement pre-
vious studies showing a role of �v�1 integrin in OPC migration

Figure 7. AMPA receptor-induced decrease in fibronectin (FN) binding to OPCs is mediated
by PLC and PKA. OPCs were preincubated for 30 min with 20 �M U73122 (PLC inhibitor); 20 �M

U73343 (inactive analog of U73122); 80 nM KT5720 and 80 nM H89 (PKA inhibitors); and 5 �M Bis
and 5 �M H7(PKC inhibitors). Cells were then treated with 2 mM Ca 2� and 100 �M AMPA plus
60 �M CZ for 10 min, and the incubation continued for an additional 30 min in the presence of
10 �g of fibronectin-Alexa Fluor 488 conjugate. Cells were washed with PBS, and the fluores-
cence was measured. The data presented are means � SEM (12 replicates from 3 independent
experiments). Fibronectin binding significantly decreased in the presence of AMPA and CZ
(**p � 0.01 compared with untreated control). U73122, H89, and KT5720 treatment inhibited
the AMPA-induced decrease in fibronectin binding compared with cells treated with AMPA plus
CZ (*p � 0.05).

Figure 6. AMPA receptor stimulation enhanced PLP association with �v integrin receptor and reduced fibronectin binding to
OPCs. A, OPCs were stimulated with AMPA in the presence of CZ. Cells were immunoprecipitated (IP) with PLP antibody (1:50) and
analyzed by Western blotting using polyclonal �v antibody (1:100) or an antibody against the intracellular domain of PLP (AA3;
1:100). One sample was incubated with AMPA and CZ for 10 min after a 30 min pretreatment with 10 �M NBQX. B, OPCs plated in
96-well plates were preincubated for 30 min with 10 �M NBQX. Cells were then treated with 2 mM Ca 2� and 100 �M AMPA plus
various concentrations of CZ for 10 min. The incubation was continued for another 30 min in the presence of 10 �g of fibronectin-
Alexa Fluor 488 conjugate. Cells were washed with PBS, and the fluorescence was measured. The data presented are means �
SEM (12 replicates from 3 independent experiments). Fibronectin (FN) binding significantly decreased in the presence of AMPA
and CZ (**p � 0.01, #p � 0.05 compared with untreated control). NBQX treatment abolished the AMPA- and CZ-induced
decrease in fibronectin binding compared with cells treated with AMPA plus CZ (*p � 0.05).
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on the ECM derived from astrocytes (Milner et al., 1996). Our
data draw attention to possible ligands of �v�3 integrin in the
developing CNS. Several ECM ligands, including fibronectin and
vitronectin, have been found within white-matter tracts early in
brain development (Neugebauer et al., 1991; Sheppard et al.,
1991). Additionally, �v�3 integrin has been shown to interact
with L1, which is a neuronal adhesion molecule expressed in
axonal tracts (Ruppert et al., 1995). Based on our cell culture data,
it is quite possible that �v�3 integrin interactions with L1 could
provide guidance cues for OPC migration in vivo.

OPCs express AMPA and kainate receptors, which can clearly
impact OPC migration. These results suggest that, in vivo, gluta-
mate could serve as a chemoattractant, stimulating the migration
of OPCs toward their target destination in the developing brain.
It has been well established that glutamate plays a major role
regulating cortical neuronal migration in vitro via NMDA recep-
tors (Behar et al., 1999). Also, glutamate has been shown to stim-
ulate neuronal movement in the developing cerebellum by acti-
vation of NMDA receptors (Komuro and Rakic, 1993). Our data
also support the hypothesis of a widespread role for glutamate as
a chemoattractant that provides positional cues for neurons and
glial cells in the developing nervous system. These findings pro-
vide new evidence suggesting that glutamate receptors may play
an early role in the regulation of glial cell migration before the
establishment of synaptic networks in early brain development.

Several mechanisms may be involved in the modulation of
OPC migration that is mediated by AMPA and other neurotrans-
mitters. The most obvious mechanism seen in these studies is
modulation of ECM binding. Thus, neurotransmitter agonists
reduce binding of OPCs to fibronectin, an �v integrin ligand. This
reduced binding to the ECM likely plays a major role in the en-
hanced migration of the cells. Fibronectin is produced in the
developing brain by both radial glia and neurons. It is initially
expressed by radial glia, which align the fibronectin in radial
stripes, presumably as part of the guidance role that radial glia
provide in the developing brain (Sheppard et al., 1995; Stettler
and Galileo, 2004). It is subsequently found in the outer cortical
layers, produced primarily by neurons migrating within the cor-
tex (Sheppard et al., 1995). Thus, it is clearly available as an ap-

propriate substrate for OPC migration, likely produced by the
same cells that release neurotransmitters.

Another mechanism that is clearly significant in this system is
Ca 2� signaling, which is essential for regulation of cell migration.
Migration of neuronal progenitors requires coordinated activity
of Ca 2� channels, NMDA-type glutamate receptors, and intra-
cellular Ca 2� fluctuations. The combined amplitude and fre-
quency components of Ca 2� fluctuations in the somata of mi-
grating neurons provide the signal that controls the rate of cell
migration. Reducing the amplitude or frequency of Ca 2� fluctu-
ations slows the speed of cell movement, whereas increasing these
components accelerates migration (Pende et al., 1994). Ca 2�

transients are primarily based on coordinated mobilization of
intracellular Ca 2� stores. Thus, in cerebellar granule cells, de-
creasing internal Ca 2� release with thapsigargin or chelating
Ca 2� with BAPTA resulted in a significant reduction of Ca 2�

transient frequency and a slowdown of granule cell movement
(Kumada and Komuro, 2004). The analysis of OPC migration

Figure 8. AMPA receptor activation results in increased association of GluR2 and GluR4 with
the �v integrin/PLP complex. OPCs were treated with AMPA or muscarinic receptor agonist for
10 min. Cell lysates were immunoprecipitated with �v integrin antibody (clone P3G8; 0.01
�g/ml) or an antibody against the intracellular domain of PLP (clone AA3; 0.01 �g/ml). Im-
munoprecipitated complexes were loaded into gel in lane 1 (control), lane 2 (cells treated
with100 �M AMPA plus 60 �M CZ), and lane 3 (cells treated with the muscarinic acetylcholine
receptor agonist, 100 �M carbachol). Western blots were analyzed with anti-PLP (clone AA3;
1:50), polyclonal anti-�v integrin (1:100), polyclonal anti-GluR2 (1:100), or polyclonal anti-
GluR4 (1:100) antibody. IP, Immunoprecipitated.

Figure 9. Model for association of PLP with �v integrin and AMPA receptor. A, In the absence
of AMPA, little association of PLP with the AMPA receptor or integrins is observed, and �v�3

integrin associates tightly with fibronectin. B, In contrast, after agonist activation of the AMPA
receptor PLP, �v�3 integrin and the AMPA receptors form a complex. Previous studies (Gudz et
al., 2002) demonstrate that PLP binds directly to the C terminus of �v integrin. Signaling from
this complex is Gi-protein dependent and is mediated by PLC and PKA. This signaling reduces
OPC binding to fibronectin, enhances OPC migration, and is likely mediated through association
of signaling and cytoskeletal molecules with the �3 integrin molecule.
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revealed the importance of Ca 2�-dependent intracellular signal-
ing and, in particular, of Ca 2� transients in OPCs. Our data
demonstrate that disruption of Ca 2� signaling by blocking Ca 2�

release from intracellular stores, or Ca 2� uptake by mitochon-
dria, or by chelating cytosolic Ca 2� with BAPTA is accompanied
by a reduction in OPC movement. These data suggest that OPC
migration could be governed by transient Ca 2� elevations in the
cytosolic compartment. Clearly, AMPA treatment of OPCs mod-
ulates Ca 2� transient frequency (Table 1). It is well established
that activation of AMPA receptors on OPCs leads to increases in
the intracellular Ca 2� level attributable to extracellular Ca 2� in-
flux through the channels and Ca 2� release from the intracellular
stores (Holzwarth et al., 1994; Pende et al., 1994; Hortzclaw et al.,
1995; Lui et al., 1997). The results of our studies show for the first
time that an increase in amplitude and frequency of Ca 2� tran-
sients is one of the mechanisms underlying AMPA-induced stim-
ulation of OPC migration.

Additionally, AMPA treatment of the cells may modulate mi-
gration through recycling of integrins. Recycling integrins has
been demonstrated in neutrophils, in response to signaling that
alters Ca 2� transient frequency (Lawson and Maxfield, 1995).
Neutrophil migration is modulated by �v�3 adhesion to fi-
bronectin/vitronectin. The relative adhesion of the leading mem-
brane compared with that of the membrane at the rear of the cell
is modulated by intracellular Ca 2�transients. The density of �v�3

integrins on the leading edge of the cell is significantly greater
than that at the rear of the cell. This differential distribution is
maintained by endocytosis of the integrins at the rear of the cell
and recycling to the leading edge, and this endocytosis/recycling
pathway is dependent on intracellular Ca 2�. Thus, the differen-
tial distribution of these integrins can be eliminated, and migra-
tion can be reduced by altering intracellular Ca 2�.

G-protein-coupled second-messenger systems seem to be an-
other essential component involved in the AMPA-induced stim-
ulation of OPC motility. AMPA-induced OPC migration was
completely abolished by pertussis toxin, indicating that AMPA
activated Gi-protein in OPCs. However, the AMPA-activated
G-protein in OPCs was not coupled to a metabotropic receptor.
Although not typical of G-protein association with receptors, this
is consistent with studies showing AMPA-induced activation of
G-protein that was physically associated with GluR1 in neurons
(Wang et al., 1997). It also focuses attention on Gi-protein-linked
second-messenger pathways in OPCs. Both activation of PLC
and accumulation of inositol phosphates have been reported in
OPCs exposed to AMPA, which were mediated by G-protein
coupled to AMPA receptor, not to mGluR (Lui et al. 1997, 1999).
In addition, our data showing PLC dependence of AMPA-
induced modulation of integrin ligand binding activity provide
further support for the role of PLC in regulation of OPC motility.
Detailed analysis of G-protein-dependent second-messenger
pathways involved in regulation of AMPA-induced OPC migra-
tion is certainly warranted.

PLP is the major integral membrane protein of CNS myelin,
and until recently, it was believed to be expressed primarily by
differentiated oligodendrocytes. The consensus was that PLP
functioned as a structural component of myelin, providing sta-
bility and maintaining the compact lamellar structure of myelin.
Emerging data demonstrate the importance of PLP expression
during early brain development in OPCs and neurons (Timsit et
al., 1992; Mallon et al., 2002; Miller et al., 2003), as well as in
non-neural cells (Skoff et al., 2004). Moreover, a soma-restricted
alternatively spliced isoform of PLP was detected in motor neu-
rons and striated muscle before the onset of myelination (Jacobs

et al., 2004). Altogether, the results of these studies raise a possi-
bility of a new biological role for PLP in cell migration, which is
independent of myelination. Our data showing that PLP is essen-
tial for the neurotransmitter-induced alteration in OPC migra-
tion are further support for a critical role of PLP in neuron–
oligodendrocyte communication during the early brain
development.
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