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Central nervous system development requires precise
and localized regulation of neural precursor behav-
iour. Here we show how the interaction between
growth factor and integrin signalling pathways
provides a mechanism for such precision in oligo-
dendrocyte progenitor (OP) proliferation. While
physiological concentrations of platelet-derived
growth factor (PDGF) were not in themselves suf®-
cient to promote OP proliferation, they did so on
extracellular matrix (ECM) substrates that bind avb3
integrin. Upon PDGF-AA exposure and avb3 engage-
ment, a physical co-association between both receptors
was demonstrated, con®rming the interaction between
these signalling pathways. Furthermore, we found
that PDGFaR stimulated a protein kinase C-depend-
ent activation of integrin avb3, which in turn
induced OP proliferation via a phosphatidylinositol 3-
kinase-dependent signalling pathway. These studies
establish a mechanism by which OP proliferation is
dependent on the availability of both an ECM ligand
and a mitogenic growth factor. Growth factor-
mediated integrin activation is the critical integrative
step in proliferation signalling, and ensures that the
response of neural precursor cells to long-range cues
can be regulated by their cellular neighbours, allowing
precise control of cell behaviour during development.
Keywords: activation/extracellular matrix/integrin/
PDGF/WOW-1

Introduction

Growth factors play essential roles in the control of cell
behaviour during neural development. During myelin-
ation, for example, they have been implicated in the
regulation of oligodendrocyte precursor (OP) prolifer-
ation, migration, survival and differentiation (Armstrong
et al., 1990; Barres and Raff, 1994; Bansal and Pfeiffer,
1997; Osterhout et al., 1997; Butt and Berry, 2000;
Garcion et al., 2001). However, signals deriving from

diffusible molecules such as growth factors may act over
signi®cant distances, and the precise control over indi-
vidual cell behaviour required for correct development
will require additional, more localized mechanisms. One
potential means of providing this localization is the
extracellular matrix (ECM), cues from which have been
shown to contribute to the regulation of many develop-
mental processes (Adams and Watt, 1993; DeSimone,
1994; Hynes, 1994). Integration of short-range cues from
the ECM with the longer range growth factor signals
provides a mechanism by which the cells can com-
municate with, and respond to, both adjacent and more
distant cellular neighbours. The identi®cation and char-
acterization of any such integrative pathways is therefore
essential for understanding the regulation of development
in the central nervous system (CNS) and other systems.

To de®ne these mechanisms of integration, we have
examined the regulation of OP proliferation. As well as
providing an essential mechanism to increase appropri-
ately the number of precursor cells that can differentiate
into myelin-forming oligodendrocytes (Barres and Raff,
1994), the regulation of OP proliferation also de®nes an
important switching point in the oligodendroglial lineage.
Proliferating OPs do not differentiate and still have the
potential to revert to a stem cell phenotype (neural
precursor cell) (Kondo and Raff, 2000). In contrast, OPs
that have ceased to divide constitutively differentiate into
a myelin-forming oligodendrocyte unless inhibitory cues
such as Notch signalling pathways are present (Temple
and Raff, 1985; Wang et al., 1998). Both localized ECM
cues and soluble growth factor signals have been impli-
cated in the regulation of proliferation. OPs in cell culture
proliferate in response to a number of different growth
factors, including platelet-derived growth factor (PDGF),
®broblast growth factors (FGFs), insulin-like growth
factors (IGFs) and neuregulin (NRG) (McMorris and
Dubois-Dalcq, 1988; Richardson et al., 1988; Bogler
et al., 1990; Canoll et al., 1996). In the case of PDGF,
experiments with transgenic mice lacking PDGF-A have
shown that PDGF is crucial for OP proliferation in vivo
(Fruttiger et al., 1999). Evidence for a role for the ECM
comes from studies on mice de®cient in tenascin-C, which
show reduced levels of OP proliferation in vivo (Garcion
et al., 2001). At least in cell culture, this effect is mediated
by the avb3 integrin, which we have also identi®ed
previously as a regulator of OP proliferation using an
overexpression strategy (Blaschuk et al., 2000). One
mechanism for the integration of short- and long-range
signalling in OPs is therefore via integrin±growth factor
interactions, speci®cally between the PDGFaR [which is
the only PDGF receptor (PDGFR) expressed on OPs;
Pringle et al., 1989] and avb3 integrin. Here we provide
experimental support for this mechanism by demonstrat-
ing a functional and physical link between the two

The oligodendrocyte precursor mitogen PDGF
stimulates proliferation by activation of
avb3 integrins
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receptors in OPs. The biological signi®cance of this
interaction is demonstrated by our ®ndings that physio-
logical concentrations of PDGF do not trigger proliferation
directly, but do so indirectly via activation of avb3
integrin that leads to increased af®nity for ligand. As a
result, the mitogenic response to PDGF at these physio-
logical concentrations is absolutely dependent on the
availability of an appropriate integrin ligand. This inter-
action ensures that the immediate cellular environment
regulates growth factor-stimulated proliferation, and the
central role of integrins in this regulation also provides a
mechanism for the further integration of other signalling
cues, the different downstream pathways of which can lead
to changes in integrin activation.

Results

Vitronectin potentiates oligodendrocyte progenitor
proliferation at physiological PDGF concentrations
To examine the effects of physiological concentrations of
PDGF on OP proliferation, it is necessary to estimate the
concentration present in vivo during development. Recent
results examining cell cycle times in OPs show that these
are regulated by the availability of PDGF, and the cell
cycle times in vivo suggest that the concentration of PDGF
available to OPs is <1 ng/ml (van Heyningen et al., 2001).
To examine cell proliferation at these physiological
concentrations, we initially used primary OP cells
obtained from cultures of cortical cells by mechanical
dissociation and not subjected to any prior growth factor
expansion (McCarthy and de Vellis, 1980; Milner and
ffrench-Constant, 1994). Such expansion may alter the
expression levels of growth factor receptors, making the

primary cells a better model of the situation in vivo. In
experiments using minimal medium [Dulbecco's modi®ed
Eagle's medium (DMEM) supplemented only with glut-
amine and antibiotics, and therefore lacking any serum and
other potential signalling factors], we found that concen-
trations of <1 ng/ml PDGF did not promote proliferation
on non-speci®c poly-D-lysine (PDL) substrates (Figure 1).
As our previous studies implicate the avb3 integrin in OP
proliferation (Blaschuk et al., 2000; Garcion et al., 2001),
we next investigated whether proliferation in response to
these concentrations of PDGF could be observed when
signalling from avb3 integrin was initiated by ligation to a
vitronectin (Vn) substrate. As shown in Figure 1, OPs were
unable to proliferate on Vn in the absence of growth
factors, whereas they readily attached to the substrate.
However, with the addition of physiological concentra-
tions of PDGF (<1 ng/ml) to these adherent OPs,
proliferation was now observed. In contrast, no prolifer-
ation was seen if the cells were exposed to the growth
factor prior to plating on the Vn substrate. This substrate-
dependent proliferation response was due to a speci®c
cross-talk between PDGF and Vn-induced signalling as
other described OP or stem cell mitogens, FGF-2,
epidermal growth factor (EGF) and NRG (Bogler et al.,
1990; Reynolds and Weiss, 1992; Canoll et al., 1996;
Tropepe et al., 1999), were not able to induce proliferation
on Vn at these growth factor concentrations. Similar
results to those with Vn were observed on ®bronectin (Fn)
(not shown) but, as shown in Figure 1, <1 ng/ml PDGF
did not induce OP proliferation on PDL or laminin-1
(Ln-1). OP proliferation does occur in DMEM on PDL or
Ln-1 at higher, non-physiological, PDGF levels (10 ng/ml)
(data not shown, but see Baron et al., 2000). This

Fig. 1. Effect of different combinations of substrates and growth factors (at suboptimal concentrations) on OP proliferation. OPs were plated on
different ECM substrates (Vn and Ln-1) or PDL, after which they were exposed to growth factors (PDGF-AA, FGF-2, NRG and EGF). The effect of
these substrate±growth factor combinations on OP proliferation was determined after 16 h by BrdU incorporation, as described in Materials and
methods. Values shown are means 6 SD of at least three independent experiments, each in duplicate. Statistical signi®cance is shown (***P <0.001)
for the indicated growth factor concentration and substrate as compared with the PDL control at the same growth factor concentration. Note that the
proliferation was signi®cantly increased on a Vn substrate in the presence of PDGF-AA.
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concentration of PDGF is widely used to grow OPs in cell
culture, and we conclude that proliferation observed under
these conditions may be regulated by signalling pathways
that differ from those activated by physiological growth
factor concentrations.

Integrin avb3 mediates the PDGF-induced
oligodendrocyte progenitor proliferation
on Vn
The requirement for an ECM substrate, Vn, for OP pro-
liferation at <1 ng/ml PDGF suggests that av integrins, all
of which will bind Vn, are involved in the potentiation of
the growth factor response. In con®rmation of this, we
found that RGD peptides that will competitively inhibit Vn
binding to all av integrins (Ruoslahti, 1996) inhibited this
proliferation (Figure 2). Oligodendroglial cells express
four av integrins, avb1, avb3, avb5 and avb8 (Milner
and ffrench-Constant, 1994; Milner et al., 1997). To
investigate which of these Vn receptors was responsible,

bromodeoxyuridine (BrdU) incorporation assays were
performed in the presence of speci®c blocking anti-
integrin monoclonal antibodies against avb1, avb3 and
avb5 (blocking antibodies against avb8 are not yet
available). As shown in Figure 2A, an antibody against a
functional epitope on integrin avb3 (F11) inhibited the
PDGF-induced proliferation. This antibody had no effect
on the PDGF-induced proliferation at higher PDGF levels
on a PDL or Ln-1 substrate (data not shown), as expected,
since these substrates are not ligands for av integrins. In
contrast to the experiments using F11, blocking mono-
clonal antibodies against the b1 (Ha2/5) and b5 (P1F6)
integrin subunit had no effect on PDGF-induced prolifer-
ation on Vn (Figure 2A), showing that PDGF-induced OP
proliferation on Vn is mediated by avb3 and not by avb1
or avb5.

To con®rm further that avb3 is required for oligo-
dendrocyte proliferation at <1 ng/ml PDGF, we infected
OPs with retroviral vectors expressing either a cytoplasmic
b3 or b1 subunit attached to the extracellular and
transmembrane domain of the interleukin-2 receptor
(IL2Rb3 and IL2Rb1). Previous studies have shown that
these IL2R±integrin constructs can act as dominant-
negative inhibitors of integrin function (LaFlamme et al.,
1994). For these experiments, designed to con®rm integrin
function, it was necessary to perform assays with OPs
previously expanded using growth factors so as to allow
G418 selection of cells expressing the IL2R±integrin
chimera. However, as shown in Figure 2B, expression of
IL2Rb3 in OPs resulted in an inhibition of the proliferative
response to <1 ng/ml PDGF when compared with vector
only (VO) controls, so con®rming the role of avb3 even in
expanded cell populations. In contrast, expression of
IL2Rb1 resulted in an enhanced proliferative response to
these PDGF concentrations, suggesting that b1 integrins
function as inhibitors of OP proliferation. This result
con®rms that this dominant-negative approach using
chimeras is speci®c for individual b subunits and does
not cause trans-dominant inhibition of multiple b integrin
subunits as has been described with soluble integrin-
speci®c ligands (Diaz-Gonzalez et al., 1996). As expected,
since the IL2R-constructs do not bind any ligand, these
inhibitory or stimulatory effects were seen on all sub-
strates, with similar results obtained when the progenitors
were plated on either PDL, Ln-1 or Vn (data not shown).

PDGFaR and integrin avb3 co-associate in
OP cells
To examine the mechanisms of interaction between the
PDGFaR and avb3 integrin, we next determined whether
there is a physical association between these two
receptors, as reported for the PDGFbR and avb3 integrin
in other cell types (Schneller et al., 1997; Woodard et al.,
1998; Borges et al., 2000). As shown in Figure 3A,
immunoprecipitation of OP cell surface proteins identi®ed
by biotin labelling showed avb3 to be present only in the
cellular protein fraction insoluble in Triton X-100 at 4°C.
This result is consistent with our previous studies on
oligodendroglial av integrins, in which we did not observe
avb3 integrin in the fraction soluble in Triton X-100 at
4°C until later stages of differentiation (Milner et al.,
1997), and suggests that avb3 is normally associated with
the cytoskeleton in OPs. In contrast, western blot analysis

Fig. 2. Identi®cation of which integrin is responsible for PDGF-AA-
mediated enhanced OP proliferation on Vn. (A) OPs were plated on Vn
(10 mg/ml) and the ability of integrin-blocking antibodies and blocking
RGD peptides to abolish the PDGF-AA (1 ng/ml)-mediated OP pro-
liferation on Vn was determined, as described in Materials and
methods. PDL represents the BrdU incorporation on PDL in the
absence of any growth factor. Values shown are means 6 SD of at
least three independent experiments, each in duplicate. Statistical sig-
ni®cance is shown (***P <0.001) between control (Vn + 1 ng/ml
PDGF) and any other indicated condition. Note that the PDGF-AA-
mediated enhanced OP proliferation on Vn is abolished by anti-integrin
b3 and blocking RGD peptides. (B) OPs expressing vector only (VO),
the dominant-negative IL2Rb3 construct or the IL2Rb1 construct were
subjected to proliferation assays on PDL in the presence of 1 ng/ml
PDGF-AA, as described in Materials and methods. No signi®cant pro-
liferation is observed in the absence of PDGF (data not shown). Values
shown are means 6 SD of at least three independent experiments, each
in duplicate. Statistical signi®cance is shown (*P <0.05, ***P <0.001)
between VO and any other indicated condition. Note the decrease in
proliferative capacity of OPs expressing the dominant-negative IL2Rb3
construct and the increased proliferation of the dominant-negative
IL2Rb1-expressing OPs.
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of Triton X-100 cell lysates revealed that most of the
PDGFaR was present in the soluble fraction on all
substrates (data not shown). To demonstrate if there was a
physical link between a subfraction of the PDGFaR in the
Triton X-100-insoluble fraction and avb3 integrin, anti-b3
antibody immunoprecipitates from the Triton X-100-
insoluble fractions were re-immunoprecipitated with
anti-PDGFaR antibodies. Immunoblotting under reducing
conditions with anti-PDGFaR then showed an association
of avb3 and the PDGFaR under those conditions that
induce OP proliferation (Figure 3B). This associated
PDGFaR could not be detected by the less sensitive
technique of immunoblotting following the anti-b3
immunoprecipitation. This shows that only a small
subfraction of the total PDGFaR was associated with the
integrin, as expected from the western blotting experi-
ments in which the integrin and most of the growth factor
receptor were found in different fractions following Triton
X-100 solubilization. However, the association was
speci®c, as both engagement of the avb3 integrin and
growth factor binding to the PDGFaR were essential, with
no association seen by this double immunoprecipitation
protocol in the absence of PDGF or on PDL substrates.
Interestingly, at the high concentrations of PDGF
(10 ng/ml) required for proliferation on Ln-1 or PDL
substrates, no association of the PDGFaR and avb3
integrin was observed (data not shown). From these
results, we therefore conclude that in the presence of
PDGF at physiological concentrations and integrin ligand
binding, an association of the PDGFaR with avb3 integrin
is established in OPs.

Both phosphatidylinositol 3-kinase and PKC
activity are required for avb3-mediated
proliferation at low PDGF concentrations
To examine the molecular mechanism by which the
interaction between the PDGFaR and avb3 integrin might

potentiate proliferation, we next investigated the signal-
ling pathway(s) involved using pharmacological com-
pounds capable of inhibiting speci®c signalling molecules.
As shown in Figure 4, avb3-mediated OP proliferation
requires both a phosphatidylinositol 3-kinase (PI3K)- and
a protein kinase C (PKC)-dependent signalling pathway.
Wortmannin, a PI3K inhibitor (Arcaro and Wymann,
1993), and bisindolylmaleimide (BIM), a speci®c PKC
inhibitor (Toullec et al., 1991), inhibited OP proliferation
on Vn at <1 ng/ml PDGF. The pp70 S6 kinase down-
stream of PI3K was also involved, as a potent inhibitor
(rapamycin; Price et al., 1992) blocked proliferation. In
contrast, the mitogen-activated protein kinase (MAPK)
signalling pathway was not involved in OP proliferation
under these conditions since PD098059, a MEKK inhibitor
(Dudley et al., 1995), was not able to counteract the
enhanced proliferation (Figure 4). Autophosphorylation of
the PDGFaR was necessary as pre-treatment of the OPs
with AG1295, a speci®c inhibitor of the PDGFaR tyrosine
kinase activated by autophosphorylation (Kovalenko et al.,
1994), inhibited the PDGF-induced proliferative response
on Vn.

PKC activation mimics PDGF exposure by
enhancing oligodendrocyte proliferation on
vitronectin in the absence of growth factor
To determine whether the PKC- and PI3K-dependent
signalling pathways required for OP proliferation on Vn at
<1 ng/ml PDGF operate in a parallel or a sequential
manner, the effect of PKC activation was examined. As
shown in Figure 5, phorbol 12-myristate 13-acetate (PMA;
a PKC activator) was able to mimic low PDGF concen-
trations by enhancing OP proliferation on Vn in the
absence of PDGF. Similar to the response observed
with PDGF, the PMA-stimulated proliferation was not

Fig. 4. The effect of inhibition of different signal transduction pathways
on the PDGF-mediated enhanced OP proliferation on Vn. OPs were
either left untreated (ctrl) or were pre-exposed to PD098059 (PD,
50 mM), AG1295 (AG, 10 mM), wortmannin (WM, 50 nM), rapamycin
(RM, 20 ng/ml) or BIM (0.5 mM) for 30 min at 37°C (in suspension),
and subsequently plated on Vn (10 mg/ml). The ability of these speci®c
signalling inhibitors to abolish the PDGF-AA (1 ng/ml)-mediated OP
proliferation on Vn was determined as described in Materials and
methods. PDL represents the BrdU incorporation on PDL in the
absence of any growth factor. Values shown are means 6 SD of at
least three independent experiments, each in duplicate. Statistical
signi®cance is shown (***P <0.001) between control (Vn + 1 ng/ml
PDGF) and any other indicated condition. Note that the incorporation
of BrdU was signi®cantly decreased when OPs were co-treated with
AG1295 (PDGFaR tyrosine kinase inhibitor), wortmannin (PI3K
inhibitor), rapamycin (pp70 S6 kinase inhibitor) or BIM (PKC inhibi-
tor), but not with PD098059 (p42/p44 MAPK inhibitor).

Fig. 3. Association of integrin avb3 with the PDGFaR in Triton
X-100-insoluble fractions. (A) Freshly puri®ed OPs were plated on
PDL-coated dishes for 1 h, surface labelled with biotin, scraped and
extracted with 1% Triton X-100. Both soluble (S) and insoluble (I)
fractions were immunoprecipitated with anti-b3 (F11) and analysed by
SDS±PAGE/western blot (7.5% gels) followed by detection with
streptavidin±peroxidase and ECL, as described in Materials and
methods. Note the expression of b3 solely in the detergent-insoluble
fractions. (B) OPs were plated on either PDL, Vn or Ln-1 for 30 min,
and then stimulated with 0 or 1 ng/ml PGDF-AA (0 and 1, respect-
ively) at 37°C for 5 min, lysed, extracted with 1% Triton X-100, and
insoluble fractions immunoprecipitated with anti-b3. Anti-b3 immuno-
precipitates were then reprecipitated with anti-PDGFaR, and analysed
for PDGFaR under reducing conditions with SDS±PAGE/western blot
(7.5% gels) using ECL detection, as described in Materials and
methods. Note that an association between integrin avb3 and PDGFaR
is observed on a Vn substrate in the presence of low levels of
PDGF-AA.
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observed when OPs were plated on either PDL or Ln-1,
nor was it present if the cells were exposed to PMA prior to
plating on Vn substrates (data not shown). The effect of
PMA could be completely blocked by BIM and wortman-
nin, but not by AG1295 and PD098059 (Figure 5). Taken
together with the observation that inhibiting either PKC
or PI3K blocks proliferation on Vn at <1 ng/ml PDGF,
these results using pharmacological inhibitors suggest
®rst, that PKC and PI3K signalling operate sequentially
and, secondly, that PKC activation is downstream of the
PDGFaR but upstream of PI3K.

We also used an alternative method of establishing the
relationship between avb3 and the PDGFaR, in which
OPs were plated on the integrin function-blocking anti-
bodies used as immobilized substrates. When presented in
this way, antibodies can cluster integrins and hence initiate
downstream signalling events (Miyamoto et al., 1995).
Anti-b3 substrates were able to enhance OP proliferation
in the absence of either PDGF or PMA (Figure 6),
con®rming that the integrin lies downstream of the
PDGFaR in this signalling pathway. Importantly, this
enhanced proliferation could be blocked with wortmannin
but not PD098059 (data not shown). This shows that the
same signalling pathway is involved as with PDGF and
PMA, and also that the integrin is upstream of PI3K
signalling for this particular response. As expected from
the studies using either blocking antibodies or dominant-
negative chimeras, no enhanced proliferative response was
observed when the OPs were exposed to immobilized anti-
b1 or anti-b5 (Figure 6). Indeed, the anti-b1 substrates
resulted in a small but signi®cant reduction in proliferation
(Figure 6), consistent with the conclusion from the
IL2R±integrin chimera data above that b1 integrins
function as inhibitors of proliferation in OPs. Taken
together with the experiments using PMA, we conclude
from these data that ligand-induced PDGFaR signalling
stimulates a PKC-dependent pathway, which in turn and in
the presence of an integrin ligand leads to the induction of

an avb3-dependent PI3K signalling pathway that directly
stimulates OP proliferation.

PDGF-mediated activation of integrin avb3
The signalling sequence outlined above raises the question
as to how PKC induces PI3K signalling in an integrin
ligand-dependent manner. One potential mechanism is via
af®nity modulation, a mechanism for the activation of
integrins (Hynes, 1992; Bazzoni and Hemler, 1998). For
example, the avb3 integrin in quiescent endothelial cells is
normally expressed in a low-af®nity state for ligand
binding and can be changed to a high af®nity state via PKC
signalling, presumably by conformational modi®cation of
the ligand-binding site resulting from inside-out signalling
(Byzova and Plow, 1998). In this high af®nity state and in
the presence of ligand, the integrin could then initiate the
downstream signalling pathways shown above to lead to
proliferation. We therefore asked if other manipulations
that activate avb3 integrin also induced OP proliferation
on Vn substrates in the absence of PDGF. Mn2+ has been
shown to activate avb3 integrin by increasing ligand
af®nity (Smith et al., 1994; Byzova and Plow, 1998). In
keeping with a role for integrin activation in OP
proliferation, Mn2+ induced proliferation of OPs already
plated on Vn to a similar extent as PKC signalling or
exposure to physiological levels of PDGF (Figure 6). As
predicted, Mn2+-induced proliferation is dependent on
avb3 ligand binding, as OP proliferation on PDL and Ln-1
was not observed in the presence of Mn2+ (data not
shown).

The experiments using Mn2+ or PMA show that
activation (resulting from increased ligand af®nity) of
avb3 integrin is suf®cient to induce proliferation in the
absence of PDGF provided Vn is present, and therefore
suggest that PDGF at physiological concentrations exerts
a proliferative effect indirectly as a result of integrin
activation. To con®rm directly that PDGF increases the

Fig. 6. The effect of Mn2+ and immoblized integrin antibodies on the
proliferative capacity of OPs on Vn. OPs were plated on Vn (indicated
by the horizontal bar) or on immobilized integrin antibodies (b1, b3
and b5), and subsequently left untreated (ctrl, beta 1, beta 3 and beta
5), or treated with either 1 ng/ml PDGF (PDGF), 100 nM PMA (PMA)
or 50 mM Mn2+ (Mn), and the effect on proliferation was determined as
described in Materials and methods. Values shown are means 6 SD of
at least three independent experiments, each in duplicate. Statistical sig-
ni®cance is shown (***P <0.001) between control (ctrl) and the other
indicated conditions. Note that integrin activation via Mn2+ (in the pres-
ence of the ligand Vn) or plating on immobilized integrin b3 antibody
(in the absence of ligand) mimicked the mitogenic response of OPs as
observed with PDGF-AA or PMA on a Vn substrate.

Fig. 5. Effect of PKC activation on the proliferative capacity of OPs on
Vn. OPs were either left untreated (ctrl, PDGF, PMA) or were pre-
exposed to PD098059 (PD, 50 mM), AG1295 (AG, 10 mM), wortman-
nin (WM, 50 nM) or BIM (0.5 mM) for 30 min at 37°C (in suspension),
plated on Vn (10 mg/ml) and subsequently left untreated (ctrl) or treated
with either 1 ng/ml PDGF (PDGF) or 100 nM PMA (all others, indi-
cated by the horizontal bar), and the effect on proliferation was deter-
mined as described in Materials and methods. Values shown are
means 6 SD of at least three independent experiments, each in dupli-
cate. Statistical signi®cance is shown (***P <0.001) between PMA and
the other indicated conditions. Note that PKC activation (in the absence
of PDGF) via PMA mimicked the PDGF-mediated enhanced prolifer-
ation on Vn, and that inhibition of both PKC (BIM) and PI3K (WM)
was able to abolish this enhanced proliferation.
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ligand af®nity of avb3 in OPs, we used the ligand-
mimetic antibody Fab, WOW-1. WOW-1 is a genetically
engineered monovalent ligand that speci®cally recognizes
a change in the af®nity state of avb3 (Pampori et al.,
1999). These experiments were performed on adherent
cells, as primary OPs do not survive in suspension for the
time span of the experiments. Positive control experiments
using Mn2+ showed the expected increase in WOW-1
staining, as detected by immuno¯uorescence microscopy
(Figure 7A and B). We next measured the intensity of
WOW-1 staining in OPs in response to exposure to PDGF
for 5 min. The cells were grown on either PDL or Vn, and
assays were performed 1 h after plating. As shown in
Figure 7B, 1 ng/ml PDGF was able to increase signi®-
cantly the intensity of WOW-1 staining on both PDL and
Vn, even though proliferation was only observed on the
Vn substrate. While most of the WOW-1 binding was
intracellular under these conditions (Figure 7A), with
occasional detectable edge staining (Figure 7A, arrow),
the intensity was signi®cantly reduced by either RGD
peptides or EDTA, and the degree of reduction was very
similar to the increase seen in response to PDGF. These
control experiments con®rm that the change in WOW-1
binding in response to PDGF is indicative of activated
integrins (Figure 7C). We conclude, therefore, that PDGF

Fig. 7. Effect of low levels of PDGF-AA on integrin avb3 activation. Freshly puri®ed OPs were plated on PDL or Vn (10 ml) for 1 h, and either left
untreated or exposed to either 1 ng/ml PDGF or 50 mM Mn2+ for 5 min at 37°C. OPs were ®xed and permeabilized and stained with the activation-
dependent monovalent antibody WOW-1, as described in Materials and methods. (A) Localization of high-af®nity integrin avb3 in each of the con-
ditions. Note that the WOW-1 staining is mainly intracellular, with occasional edge staining (arrow). (B) Quanti®cation of the WOW-1 intensity in
each condition within a single experiment, performed as described in Materials and methods. Statistical signi®cance (***P <0.001) was seen in each
of two experiments between 0 ng/ml PDGF (PDL 0) and 1 ng/ml PDGF (PDL 1), Vn + 1 ng/ml PDGF (Vn 1) and Mn2+ (Mn). Note that 1 ng/ml
PDGF-AA is able to enhance WOW-1 binding intensity independently of the substrate. (C) Con®rmation of the speci®city of WOW-1 binding. RGD
peptides (10 mg/ml) and EDTA (10 mM) were added 10 min before exposure to PDGF-AA. A single experiment is shown. Note the small but sig-
ni®cant reduction in labelling intensity (***P <0.001, present in both experiments) between ctrl (Vn + 1 ng/ml PDGF) and the RGD- or EDTA-treated
cells, re¯ecting the WOW-1 binding speci®c for activated integrins.

Fig. 8. Model for oligodendrocyte progenitor proliferation. As the
levels of soluble growth factors in vivo are both limiting and too low to
induce OP proliferation by themselves, local co-signals are needed to
keep OPs proliferative and unable to differentiate prematurely. So, for
example, by contacting integrin avb3 ligands, such as Vn on adjacent
cells (neurons and astrocytes), a proliferative OP response can be
induced at physiological PDGF concentrations. Upon both integrin
avb3 engagement and PDGFaR ligand binding, the PDGFaR is
sequestered to discrete detergent-insoluble membrane signalling plat-
forms. In these membrane compartments, the PDGFaR is able to
(further) activate integrin avb3 via a PKC-dependent signalling path-
way. As a consequence, OP proliferation is induced via an integrin
avb3-mediated PI3K-pp70 S6K-dependent signalling pathway. The
fact that OP proliferation is dependent on the simultaneous action of a
local, short-range signal (integrin ligand) and a more general, long-
range signal (soluble growth factor) makes it possible for OP pro-
liferation to be tightly regulated.
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increases the ligand-binding af®nity of integrin avb3 on
both PDL and Vn.

Discussion

The results presented here provide a novel mechanism for
the regulation of precursor cell proliferation in the CNS
(summarized in Figure 8). We have identi®ed a speci®c
interaction between the PDGFaR and the avb3 integrin in
OPs and shown that proliferation at physiological PDGF-
AA levels (0.1±1 ng/ml) requires avb3 ligand binding.
Without such binding, as on Ln-1 and PDL substrates,
much higher and non-physiological PDGF-AA levels
(10 ng/ml) are needed to induce OP proliferation. The
critical integrative mechanism involves PDGF-induced,
PKC-dependent activation of avb3 integrin mediated by
an increase in ligand af®nity. This step is independent of
any ECM substrate, but allows an avb3-mediated PI3K-
dependent signalling pathway to promote proliferation in
the presence of an appropriate ECM ligand. Previous work
on the convergence of downstream signalling pathways
activated by growth factors and integrins has emphasized
the coordinating role of signalling molecules downstream
of both the growth factor receptors and integrins (Schwartz
and Assoian, 2001). The situation described here, in which
the growth factor receptor signals via the integrin itself,
shows similarities to the recently reported vascular
endothelial growth factor (VEGF)- and EGF-mediated
activation of integrin avb3 in endothelial cells (Byzova
et al., 2000). The important consequence in both cell types
is that growth factor-mediated integrin activation allows
the integration of a long-range growth factor signal and a
regional-dependent ECM signal, so allowing precise
regulation of cell behaviour.

Integrin activation, as de®ned by an increased ability to
bind ligand, can result from af®nity modulation (as we
have demonstrated here) and also from increased avidity
associated with an enhanced ability of the integrins to
diffuse and cluster within the membrane (Bazzoni and
Hemler, 1998). Our observation that Mn2+ (which activ-
ates by stabilizing the high-af®nity conformation of the
integrin) promotes proliferation on Vn substrates in the
absence of PDGF suggests that af®nity modulation alone
is suf®cient for integrin-stimulated proliferation in OPs.
However, avidity modulation could also be triggered by
PDGFaR signalling in OPs. It has been shown in OPs that
PDGF phosphorylates the PKC substrate MARCKS
(Baron et al., 2000), and that PKC-induced phosphoryl-
ation leads to translocation of MARCKS into the cytosol
and a redistribution of the cortical actin cytoskeleton
(Baron et al., 1999). MARCKS has been implicated in the
activation of b2 integrins by facilitating their release from
cytoskeletal restraints and so allowing clustering (Zhou
and Li, 2000), and could therefore play a similar role in the
activation of OP integrins. Consistent with such a model,
our experiments show that the PDGFaR is recruited into
the Triton X-100 insoluble fraction (which contains the
proteins associated with the cytoskeleton) in conditions
that stimulate OP proliferation. This result suggests that
rearrangements of the cytoskeletal association of signal-
ling receptors occur alongside any increase in integrin
af®nity. However, our results do not address whether this
is a primary event contributing to further integrin

activation and signal ampli®cation, or a secondary conse-
quence of the integrin signalling induced by af®nity
modulation in response to PDGF that does not amplify the
response further.

From a developmental standpoint, the model proposed
in Figure 8 for the regulation of cell proliferation is
important for two reasons. First, it emphasizes that
proliferation requires both growth factor availability and
the presence of the correct ECM, so allowing cells to
behave differently from their immediate neighbours and
set up patterns of proliferation even in microenvironments
within which the growth factor concentration is uniform.
In the case of OPs, at the physiological PDGF level,
proliferation is absolutely dependent on the availability of
an avb3 ligand. The avb3 integrin has been shown to bind
several different ligands, including tenascin-C and Thy-1,
both of which are present in the CNS (Morris, 1985;
Joester and Faissner, 2001). Tenascin-C-de®cient mice
show decreased OP proliferation in vivo, in keeping with
such a role for this ligand (Garcion et al., 2001). The recent
®nding that Thy-1 is a ligand for b3 integrin (Leyton et al.,
2001) is potentially very interesting, as Thy-1 is a neuronal
surface glycoprotein that rises 100-fold during early
postnatal CNS development and is expressed on the
axon surface once axonal growth is complete (Morris,
1985; Xue et al., 1991). Expression of Thy-1 on the axons
and recognition by OP avb3 therefore provides a
mechanism for bi-directional axo-glial signalling. This
signalling will ensure that OP proliferation is precisely
controlled and con®ned only to those cells that have
established appropriate axonal contact (i.e. to those axons
that have completed their growth and not yet myelinated)
and have therefore migrated appropriately. Other possible
avb3 integrin ligands in the CNS are L1 and ADAM23
(Montgomery et al., 1996; Yip et al., 1998; Sagane et al.,
1999), but, as the binding of ADAM23 to avb3 is reported
to be RGD independent, this ligand may elicit signalling
responses different from those we have examined in this
study (Cal et al., 2000). Secondly, our model in which
integrin activation is a critical regulator of signalling
provides a mechanism by which other molecules that
regulate integrin activation can contribute to the regulation
of OP behaviour. Potential examples are the Eph receptor
family and their ligands, ephrins, as well as the Edg
receptors, all of which have been shown to alter integrin
activation levels in other cell types (Huynh-Do et al.,
1999; Zou et al., 1999; Davy and Robbins, 2000; Huai and
Drescher, 2001; Paik et al., 2001). Further studies are
required to determine whether these signalling molecules
also alter integrin activation in OPs and so provide a
network of diverse cell±cell signalling systems, all of
which are integrated by their role in integrin activation.
Additionally, it will be important to determine whether (as
we would predict) other aspects of OP development such
as migration, for which we have demonstrated a role for
the avb1 integrin (Milner et al., 1996), are also
coordinated by integrin activation.

Our present results also have important implications for
studies of the CNS response to injury, as they predict that
short- or long-term changes in the ECM will alter
precursor cell behaviour. Such changes have been
described in models of CNS injury. For example, acute
stab lesions have been shown to induce a transient increase
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in the proliferation of adjacent OPs (as de®ned by their
expression of the NG2 molecule, which co-localizes with
the well-de®ned PDGFaR marker of OPs in normal
development; Nishiyama et al., 1996) adjacent to the
lesion (Levine, 1994). The loss of the blood±brain barrier
associated with these lesions will result in the entry into
the CNS of serum proteins such as Fn and Vn, which will
provide ligands for av integrins. We suggest that these
ECM changes will potentiate the effects of any endo-
genous or exogenous (serum-derived) mitogens present in
this region and contribute to the increase in OP number at
the site of injury. Equally, chronic lesions such as those
seen in multiple sclerosis (MS) contain an altered ECM
(Sobel, 1998). By altering the levels of ligand for avb3,
this abnormal ECM may inhibit the differentiation of OPs
into oligodendrocytes with the capacity to form new
myelin and repair the lesion. This hypothesis would
explain the presence of OPs in many MS lesions appar-
ently unable to contribute to repair, and also makes
the important prediction that therapeutic interventions
designed solely to increase growth factor concentrations in
the lesion will have little bene®cial effect on repair.

Materials and methods

Reagents and antibodies
GRGDSP and GRGESP (control) hexapeptides were obtained from Life
Technologies. PDGF-AA was obtained from Peprotech. All pharmaco-
logical signalling pathway inhibitors were obtained from Calbiochem-
Novobiochem Corporation. All other chemicals, including all cell culture
media, were purchased from Sigma Chemical Co., unless stated
otherwise. Anti-integrin b3 (F11, mouse IgG1) (Helfrich et al., 1992)
was kindly provided by Dr M.Horton, London, UK. WOW-1 was
generated as previously described (Pampori et al., 1999). Anti-integrin b1
(Ha2/5, Hamster IgM) and anti-integrin b5 (P1F6, mouse IgG1) were
supplied by PharMingen and Chemicon, respectively. The polyclonal
antibody against the PDGFaR (C-20) was obtained from Santa Cruz.
Linker antibodies for immunoprecipitation and coating were obtained
from Nordic Immunological Laboratories.

IL2R constructs
IL2Rb1 and IL2Rb3 cDNAs were kind gifts of Dr S.E.LaFlamme, New
York, NY. The cDNAs were cloned into a retroviral vector (pLIXN,
Clontech Laboratories). Retroviral infection was then performed as
described previously (Relvas et al., 2001); brie¯y, freshly puri®ed OPs
were kept proliferative during the infection by growing them in SATO
medium containing PDGF-AA (10 ng/ml) and FGF-2 (10 ng/ml). After
retroviral infection, the cells were kept under selection (G418) for 5 days,
trypsinized, resuspended in DMEM, replated and their mitogenic
response analysed as described below under `Proliferation studies'.

Cell culture
Primary mixed brain cell cultures cells were prepared from forebrains of
1- to 2-day-old Sprague±Dawley rats, and OPs were isolated by
mechanical dissociation, followed by differential adhesion, as described
previously (Milner and ffrench-Constant, 1994). Enriched OPs were
resuspended in DMEM supplemented with 2 mM glutamine and
penicillin/streptomycin (DMEM), and treated as indicated.

Proliferation studies
Cell proliferation was measured by determining the incorporation of the
thymidine analogue BrdU. Assays were performed in minimal medium
(DMEM) so as to minimize the presence of other possible signalling
factors, such as growth factors and ECM substrates. Eight-well permanox
Lab-Tek chamber slides (Nalge Nunc Int.) were coated for at least 4 h at
37°C with either PDL, Vn or Ln-1 (all at 10 mg/ml). When the cells were
plated on immobilized integrin antibodies, the chamber slides were
coated for 2 h at 37°C with a linker antibody [10 mg/ml in phosphate-
buffered saline (PBS)], followed by a 2 h coating at 37°C with the
indicated integrin antibodies (10 mg/ml in PBS). Non-speci®c binding
was blocked with heat-inactivated bovine serum albumin (BSA; >30 min

at 37°C). Freshly puri®ed OPs were suspended in DMEM and kept in
suspension at 37°C for 30 min so as to minimize activation of integrin and
growth factor signalling pathways. A total of 20 000±40 000 cells were
then added to each well, and growth factors, PMA or Mn2+ added 2±5 min
after plating at the indicated concentrations. For the experiments with the
different signalling inhibitors, the OPs were pre-treated with these agents
during the 30 min in suspension and they were also present during the
time span of the experiment (16 h). The concentrations of the signalling
inhibitors used were: 50 mM PD098059, 0.5 mM BIM, 20 ng/ml
rapamycin, 10 mM AG1295 and 50 nM wortmannin. The agents were
solubilized in cell culture dimethylsulfoxide (DMSO), with the ®nal
concentration of DMSO in the medium being <0.1%. Controls contained
the same DMSO concentration. Function blocking integrin antibodies
(10 mg/ml) and peptides (10 mg/ml) were added immediately after plating
and before PDGF-AA was added. Cultures were incubated with 10 mM
BrdU for 16 h (overnight). BrdU incorporation was detected using a BrdU
proliferation detection kit (Roche) according to the manufacturer's
instructions. Cells were mounted in ImmunoFloure (ICN) to prevent
image fading, and subsequently were examined with a Zeiss ¯uorescence
microscope. Data represent the results of at least three independent
experiments, each performed in duplicate with at least 500 cells per well
counted. Statistical analysis was performed using the unpaired Student's
t-test (statistical signi®cance was accepted for *P <0.05, **P < 0.01 and
***P <0.001).

Immunoprecipitations and western blotting
Cells were treated as indicated, washed twice with PBS, scraped and cell
pellets lysed in lysis buffer [50 mM Tris±HCl, 5 mM EDTA, 150 mM
NaCl, 1% Triton X-100, 2 mM phenylmethylsulfonyl ¯uoride (PMSF),
1 mg/ml pepstatin A, 2 mg/m aprotinin, 5 mg/ml leupeptin, 2 mM sodium
¯uoride, 2 mM sodium vanadate and 1 mM sodium pyrophosphate pH 7.4]
on ice for 30 min. For cell surface labelling experiments, cell surface
molecules were labelled with 0.1 mg/ml NHS-LC-biotin (Pierce) for
25±30 min at 37°C, washed three times in cell wash buffer (50 mM
Tris±HCl, 150 mM NaCl, 1 mM CaCl2 and 1 mM MgCl2 pH 7.5), scraped
and lysed as described above. Extracts, i.e. supernatant and pellet, were
collected by centrifugation at 14 000 r.p.m. for 10 min at 4°C. The
insoluble pellet was washed once with lysis buffer and solubilized in a
small volume of solubilization buffer (50 mM Tris±HCl, 5 mM EDTA,
1% SDS) by passage through a 21-gauge needle, and diluted with
extraction buffer to the same volume as the supernatant. Supernatants
were also adjusted to an SDS concentration equal to that of the solubilized
pellets. The amount of total protein in the extracts was determined with
the Bio-Rad detergent-compatible protein assay with BSA as standard. As
indicated, equal amounts of protein or equal volumes were then subjected
to immunoprecipitation. Immunoprecipitations with anti-b3 (F11, 1:250)
were carried out overnight with 40 ml of rabbit-anti-mouse pre-linked
protein A±Sepharose (Pharmacia) at 4°C. The beads were washed
extensively four times with immunoprecipitation wash buffer (cell wash
buffer + 0.5 M NaCl and 1% NP-40) and once with PBS. If identi®cation
of total integrin b3 was required, precipitated biotin-labelled cell surface
integrin b3 was analysed by SDS±PAGE (7.5%) under non-reducing
conditions, followed by immunoblot ECL detection with streptavidin±
peroxidase (Amersham). A sequential immunoprecipitation technique
was used to analyse the association between avb3 and the PDGFaR. The
immune complexes (beads) from the anti-b3 immunoprecipitation were
resuspended in 25 ml of 50 mM Tris±HCl (pH 6.8) supplemented with 2%
SDS and heated for 5 min at 95°C. Supernatants were then diluted 10-fold
with lysis buffer and re-immunoprecipitated with anti-PDGFaR (1:100)
as described above for b3. Precipitated PDGFaR was visualized by
SDS±PAGE (7.5%) under reducing conditions, followed by western
blotting with anti-PDGFaR and ECL detection. For western blotting,
proteins were separated by SDS±PAGE and electroblotted onto
nitrocellulose membranes (Hybond-C, Pharmacia). Membranes were
blocked in either 4% BSA (integrin) or 10% non-fat dry milk (PDGFaR)
in Tris-buffered saline (TBS) for 1 h at room temperature or overnight at
4°C. Blots were incubated with primary antibody overnight (anti-
PDGFaR 1:400) at 4°C in 1% milk in TBS containing 0.1% Tween-20
(TBS-T), followed by a 2 h incubation with the appropriate secondary
peroxidase-conjugated antibody (Amersham) in TBS-T. The immuno-
reactive proteins were visualized using ECL according to the manufac-
turer's instructions (Amersham).

WOW-1 experiments
Enriched OPs were resuspended in DMEM, and 40 000 cells were plated
onto each well of a Vn- or PDL-pre-coated/BSA blocked (see
`Proliferation studies') 8-well permanox Lab-Tek chamber slide. After
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1 h, adherent OPs were either left untreated or treated with PDGF-AA
(1 ng/ml) or Mn2+ (50 mM) for 5 min. For the WOW-1 speci®city studies,
RGD peptides (10 mg/ml) or EDTA (10 mM) were added 10 min before
addition of PDGF-AA. Cells were ®xed with 2% paraformaldehde in PBS
for 15 min, followed by 4% paraformaldehyde for 20 min. Cells were
permeabilized and blocked with 0.1% Triton X-100 and 10% normal goat
serum (NGS) and incubated with WOW-1 (25 mg/ml in 1% NGS in PBS)
overnight at 4°C. After three washes with PBS, cells were next incubated
for 30 min with Alexa Fluor 488 goat anti-mouse IgG (H+L) (Molecular
Probes). Cells were mounted in ImmunoFloure (ICN) to prevent image
fading, and WOW-1 labelling intensity was analysed and evaluated using
image analysis on a Zeiss ¯uorescence microscope with Openlab software
(Improvision). Images of cells grown under the different conditions on a
single slide and then immunolabelled together were obtained using a
Hamamatsu C4742-95 camera. Individual cells were then selected using a
lasso function and the average pixel intensity obtained using a 12-bit scale
giving arbitrary values between 0 and 4096. The mean intensity of at least
60 individual cells per condition was determined in two independent
experiments. Statistical analysis was performed using the unpaired
Student's t-test, with statistical signi®cance calculated within each
experiment and shown as *P <0.05, **P < 0.01 and ***P <0.001 when
present in all experiments.
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