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Abstract
The adhesion receptor dystroglycan positively regulates terminal differentiation of
oligodendrocytes, however the mechanism by which this occurs remains unclear. Using primary
oligodendrocyte cultures, we identified and examined a connection between dystroglycan
expression and the ability of insulin-like growth factor-1 (IGF-1) to promote oligodendrocyte
differentiation. Consistent with previous reports, treatment with exogenous IGF-1 caused an
increase in MBP protein that was preceded by activation of PI3K (AKT) and MAPK (ERK)
signaling pathways. The extracellular matrix protein laminin was furthermore shown to potentiate
the effect of IGF-1 on oligodendrocyte differentiation. Depletion of the laminin receptor
dystroglycan using siRNA, however, blocked the ability of IGF-1 to promote oligodendrocyte
differentiation of cells grown on laminin, suggesting a role for dystroglycan in IGF-1-mediated
differentiation. Indeed, loss of dystroglycan led to a reduction in the ability of IGF-1 to activate
MAPK, but not PI3K, signaling pathways. Pharmacological inhibition of MAPK signaling also
prevented IGF-1-induced increases in MBP, indicating that MAPK signaling was necessary to
drive IGF-1-mediated enhancement of oligodendrocyte differentiation. Using
immunoprecipitation, we found that dystroglycan, the adaptor protein Grb2, and insulin receptor
substrate-1 (IRS1), were associated in a protein complex. Taken together, our results suggest that
the positive regulatory effect of laminin on oligodendrocyte differentiation may be attributed, at
least in part, to dystroglycan’s ability to promote IGF-1-induced differentiation.
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Introduction
The majority of cells in the brain lack a detectable cell-associated extracellular matrix
(ECM), or basement membrane. However, basement membrane proteins such as laminins
have been identified outside of traditional basement membrane structures e.g. in the adult
subventricular zone (SVZ) in blood vessel-associated “fractone” structures, and, in the
developing brain associated with future white matter axon tracts (Colognato et al. 2002;
Mercier et al. 2002; Tavazoie et al. 2008). Laminins that contain the α2-subunit are
furthermore proposed to regulate CNS development as children born with laminin α2
deficiencies have white matter abnormalities, agyrias, and hypoplasias (Jones et al. 2001). In
vitro, laminins have been shown to enhance the differentiation of oligodendrocytes, the
myelinating glia of the CNS (Buttery and ffrench-Constant 1999). Recently, laminin-
deficient mice have been shown to have myelin abnormalities (Chun et al. 2003) as well as
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delayed oligodendrocyte differentiation (Relucio et al. 2009), suggesting that laminins may
regulate oligodendrogenesis.

While the precise role of laminins during CNS myelination is not fully understood, an
examination of oligodendroglial laminin receptors (α6β1 integrin and the transmembrane
glycoprotein dystroglycan) has provided insight into laminin’s potential influence on
oligodendrocyte differentiation. α6β1 integrin plays a role in mediating growth factor-
induced signaling through activation of PI3K/AKT (Barros et al. 2009; Colognato et al.
2002; Colognato et al. 2004). Yet, while animals with deleted or disrupted β1 integrin in the
oligodendrocyte lineage exhibit CNS myelin abnormalities (Barros et al. 2009; Camara et al.
2009; Lee et al. 2006) and cell survival deficits (Benninger et al. 2006), all of these animal
models exhibit relatively normal oligodendrocyte development, in contrast to the abnormal
oligodendrocyte differentiation observed in laminin-deficient animals (Chun et al. 2003;
Relucio et al. 2009). Dystroglycan, on the other hand, has been shown to promote the
differentiation of cultured oligodendrocytes (Colognato et al. 2007). In contrast to α6β1
integrin, however, dystroglycan does not appear to affect oligodendrocyte survival,
suggesting that the two receptors have distinct roles during oligodendrocyte development.
Here, we aim to elucidate signaling mechanism(s) responsible for dystroglycan-mediated
differentiation of oligodendrocytes.

In muscle and other tissues, dystroglycan is a critical component of the dystrophin-
glycoprotein complex that links the cytoskeleton with the ECM (Sunada and Campbell
1995). In addition, evidence suggests that dystroglycan may influence intracellular signaling
through its association with adaptor molecules such as Grb2 (Russo et al. 2000). In both
muscle and the brain, Grb2 has been shown to bind to dystroglycan (Yang et al. 1995). And,
Grb2 contains SH2 and SH3 domains enabling it to bind a number of signaling molecules
e.g. association between Grb2 and the guanine exchange factor SOS mediates activation of
MAPK/ERK signaling through RAS/RAF (Skolnik et al. 1993b). Grb2 has also been shown
to be critical in the propagation of IGF-1 signaling via its association with insulin receptor
substrate-1 (IRS-1) (Holgado-Madruga et al. 1996). Given that dystroglycan and the IGF-1-
receptor have each been shown to promote oligodendrocyte differentiation, and have each
been linked to MAPK signaling, we examined potential connections between dystroglycan,
IGF-1, and oligodendrocyte differentiation. We observed that, when cells were grown on
laminin substrates, IGF-mediated effects on oligodendrocyte differentiation depended on
dystroglycan, suggesting a functional connection between oligodendrocyte dystroglycan
signal transduction and IGF-1 receptor signaling. Indeed, maximal activation of MAPK
signaling by IGF-1, which was necessary for IGF-1-mediated enhancement of
oligodendrocyte differentiation on laminin, was also found to be dystroglycan-dependent.
We furthermore identified a protein complex in differentiating oligodendrocytes containing
dystroglycan, Grb2, and IRS-1, and propose that this complex is a critical regulatory
element that integrates extrinsic input from laminins and IGF-1 during oligodendrocyte
differentation.

Methods
Cell Culture

Neonatal rat cortices were dissociated with papain and cultured on poly-D-lysine (PDL)
coated flasks in progenitor maintenance media (high glucose Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal calf serum (FCS)) at 37°C in 7.5% CO2. Media was
refreshed every 48-72 hours. A mixed glial culture, consisting of oligodendrocyte precursor
cells (OPCs) and microglia bound to an astrocyte monolayer, was attained after
approximately 10–12 days. OPCs were separated from mixed glial cultures by a procedure
modified from the mechanical agitation and differential adhesion method described by
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McCarthy and De Vellis (Colognato et al. 2004; McCarthy and de Vellis 1980). OPCs were
transferred to chamber slides or Nunclon tissue culture dishes that were pre-coated for 4 hrs
with PDL or laminin-2 (following a 1 hr pre-coat with PDL), and incubated at 37°C in 7.5%
CO2. To promote differentiation of oligodendrocytes, progenitor maintenance media was
replaced with differentiation media (Sato with 0.5% FCS) and samples were incubated for
an additional 72 hours. For experiments involving intracellular signaling, progenitor
maintenance media was replaced with serum-free DMEM for 2 hours (serum starvation
conditions). Growth factor was then added to appropriate samples for indicated times prior
to lysis.

Protein Analysis—Cells were scraped from culture dishes into boil buffer (20mM Tris
(pH 7.4), 1% Sodium dodecyl sulfate containing protease and phosphatase inhibitor
cocktails (Calbiochem)) preheated to 95 °C. Lysates were transferred into microtubes and
incubated at 95°C for 10 minutes. Insoluble material was separated by centrifugation at
18,000 g for 10 minutes. Protein concentration of lysates was evaluated using a detergent-
compatible Bradford assay (Biorad). Lysates were combined with NuPAGER lithium
dodecyl sulphate sample buffer (Invitrogen) with BME (final concentration of 3%) and
boiled for 5 minutes. SDS-PAGE using 8%, 10%, 12% , or 15% mini-gels was used to
separate proteins, which were then blotted onto 0.45 μm nitrocellulose. To prevent non-
specific binding of antibodies, membranes were incubated for 60 minutes in blocking
reagent (Tris buffered saline with 0.1% Tween20 (TBS-T) containing 4% BSA or 1% Milk).
Primary antibodies were diluted in blocking reagent and incubated with membranes
overnight at 4°C. Membranes were next washed with TBS-T and incubated for 60 minutes at
room temperature in HRP-conjugated secondary antibodies (Amersham) diluted (1:3000) in
blocking buffer. Finally, membranes were washed and developed using enhanced
chemiluminescence (Amersham). All experiments were carried out at least 3 times.
Representative blots are depicted.

Immunocytochemistry—Dystroglycan immunocytochemistry was performed on live
cells. Media was replaced with fresh oligodendrocyte progenitor media containing 15ug/mL
of IIH6 anti-α dystroglycan antibody and cells were incubated at room temperature for 45
minutes, before being washed 3 times with medium. Cells were then fixed with 100%
methanol at −20°C for 5 minutes, incubated with DAPI, and coverslipped with SlowFade
Gold (Molecular Probes). For dystroglycan co-immunocytochemistry, cells were fixed and
processed for standard immunocytochemistry following live labeling with dystroglycan
antibodies. Then, after fixation with 100% methanol at −20°C, cells were blocked for 30
minutes in PBS containing 5% donkey serum (blocking buffer), and then incubated for 60
minutes with additional primary antibodies diluted in blocking buffer. Slides were then
treated for 60 minutes with FITC, Texas Red, or CY5-conjugated donkey IgG against mouse
IgM (for IIH6), rabbit and/or rat IgG in blocking buffer. Washes were carried out using PBS
(4 times, 5 minutes each). Slides were subjected to a final wash and mounted in
Fluoromount G (Southern Biotech) or SlowFade Gold (Molecular Probes).

Microscopy and image acquisition—Cells were visualized using a Zeiss Axioplan
inverted fluorescence microscope fitted with a 10X eyepiece using 20X (0.5 N.A.), 40X
(0.75 N.A.), or 63X oil immersion objectives. Images were captured using a Zeiss Axiocam
MRM digital camera and Zeiss Axiovision imaging software. Z-stacks were captured at 0.25
micron intervals and deconvolved using an iterative algorithm (Axiovision); maximal
intensity projections obtained from the deconvolved stacked images are shown (panels B
and D in Figure 5).
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Quantitation and Statistical Analysis—The relative intensity of Western Blot protein
bands was determined using densitometry (ImageJTM). Values were normalized to
appropriate loading controls (actin, or total protein in the case of evaluating changes in
phosphorylation states) and expressed as the fold change relative to control samples
(assigned a value of 100%). N values ranged from 3–4, as indicated. Error bars represent
standard error of the mean. Mean relative pixel intensity was measured from fluorescent
micrographs obtained using equal exposure times and acquisition settings (Axiovision).
Area coverage by immunoreactivity was determined by measuring the area of
immunofluorescence above a set threshold from 3 or more images per condition. This value
was divided by the total number of cells in each field to give the immunoreactive-positive
area per cell in a given image. Graphs depict the average fluorescent-positive area per cell of
4 experiments, with error bars depicting standard error of the mean. Statistical analysis was
carried out using the 2-tailed paired student’s t-test.

RNA interference—A mixture of 4 siRNA duplexes specific for rat DG mRNA was used
to substantially diminish dystroglycan protein expression (Dharmacon). Control cells were
treated with a non-rat-targeting pool of siRNAs (Dharmacon). Transfection into OPCs was
achieved using the Nucleofector electroporation system with the rat oligodendrocyte
transfection reagent as described in the manufacturers protocol (Amaxa). Cells were
transferred immediately into culture dishes or chamber slides. 16 hours later, cells were
switched into either differentiation medium (Sato+ 0.5% FCS) or serum-free DMEM
(signaling experiments). At 24 hours post DG siRNA transfection, we obtained an average
dystroglycan protein level of 24.99 ± 12.78% that observed in cells transfected with control
siRNA (n=3; p=0.01773; not shown).

Immunoprecipitation—Primary oligodendrocyte cultures were lysed at 4°C using 1%
Triton X-100, 150nM NaCl, 50mM Tris (pH 7.5), 5mM EDTA, and protease/phosphatase
inhibitors (Calbiochem). Cell lysates containing 150ug of total protein were pre-cleared for
30 minutes using Protein A/G agarose beads (Santa Cruz) in TBS. Antibodies were added to
pre-cleared samples (input) or lysis buffer (control samples) at a final concentration of 50μg/
mL and inverted overnight at 4°C. Samples were combined with 30μL of Protein A/G bead
1:1 suspension and gently inverted overnight at 4°C. Bound proteins were separated from
beads by boiling in 100 μL of 1X NuPAGE® lithium dodecyl sulphate sample buffer
(Invitrogen) containing 3% BME.

Pharmacological inhibition—To assess the effects of disrupting MAPK signaling,
10μM PD98059 (Sigma) or equivalent volume of vehicle (75% ETOH, 25% DMSO) was
added to cells 30 minutes prior to growth factor treatment, and, for long-term differentiation
experiments, again at 24 hours later followed by lysis at ~60 hours after the first inhibitor
treatment. To assess the effects of endogenous IGF-1 receptor signaling in primary
oligodendrocyte cultures, 10μM Tyrphostin1-OMe-AG 538 (Sigma) or the vehicle control
(75% ETOH, 25% DMSO) was added to cells (Blum et al., 2000). Cytotoxicity studies were
performed using this inhibitor and it was determined that 10 uM Tyrphostin1-OMe-AG 538
was not toxic to oligodendrocyte cultures (not shown). For signaling experiments, inhibitor
or vehicle was added to oligodendrocytes following a 2h incubation in serum-free media.
Cells were lysed after 30 minutes. For differentiation experiments, inhibitor or vehicle was
added to OPCs placed in differentiation media for 3 days.

Reagents
Antibodies—The following antibodies were used for Western blotting: MBP (rat IgG;
Serotec), 2’,3’-cyclic nucleotide 3’-phosphadiesterase (CNP) (rat IgG; Sigma), β-
dystroglycan (mouse IgG; Novocastra), NG2 (rabbit IgG; Chemicon), β-actin (mouse IgG;
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Sigma), Grb2 (rabbit IgG; Abcam), Fyn (mouse IgG; BD Biosciences), Src Family Kinase
phosphorylated-tyrosine 418 (rabbit IgG; Calbiochem), phosphorylated Akt Ser473 (rabbit
IgG; Cell Signaling), Akt (rabbit IgG; Cell Signaling) , phosphorylated ERK1/ERK2 (T202/
Y204) (rabbit IgG; R&D Systems), p44/42 MAP Kinase (total ERK1/2) (rabbit IgG; Cell
Signaling), IRS1 (rabbit IgG; Abcam). The following antibodies were used in
immunocyochemistry: α-DG (mouse IgM, clone IIH6; Upstate Biotechnologies); MBP (rat
IgG; Serotec), 2’,3’-cyclic nucleotide 3’-phosphadiesterase (CNP) (rat IgG; Sigma); FITC-
conjugated goat anti-mouse IgM (Sigma) or Texas Red-conjugated donkey anti-mouse IgM
(Jackson ImmunoResearch), and FITC-, Texas Red-, or CY5-conjugated donkey IgG against
mouse, rabbit or rat IgG.

Proteins—Human recombinant IGF-1 (PeproTech) was used at 50 or 100ng/mL. Unless
otherwise indicated, plates or chamber slides were coated for 1 hour with 2.5ug/mL PDL
(Sigma) at 37°C in 7.5% CO2. This wasfollowed by washes and 4 hour incubation with
10ug/mL laminin-2 (Millipore) under the same conditions.

Results
Laminin potentiates the ability of insulin-like growth factor-1 (IGF-1) to promote
oligodendrocyte differentiation

IGF-1 has been shown previously to regulate several stages in oligodendrocyte
development, including proliferation and differentiation; here we focused on the ability of
IGF-1 to promote oligodendrocyte differentiation (McMorris et al. 1986; Ye et al. 1995; Ye
et al. 2002b; Zeger et al. 2007). To confirm the pro-differentiation influence of exogenous
IGF-1, oligodendrocytes were differentiated for 3 days in the presence or absence of 50ng/
mL IGF-1 and evaluated for myelin basic protein (MBP) protein immunoreactivity.
Immunoblots revealed that IGF1-treated cells contained higher levels of MBP compared to
control cells (Supplementary Fig. S1A), and MBP immunocytochemistry furthermore
revealed increased MBP immunoreactivity in IGF-1-treated cells (Supplementary Fig. S1B).
Since the extracellular matrix protein laminin has been shown previously to enhance
oligodendrocyte responses to the growth factors neuregulin-1 and PDGF (Baron et al. 2003;
Colognato et al. 2002; Frost et al. 1999), we examined whether laminin could also enhance
the pro-differentiation effects of IGF-1 (Fig. 1). Cells were differentiated for 3 days on PDL
or laminin substrates in the presence or absence of IGF-1, and followed by CNP and MBP
immunocytochemistry to visualize oligodendrocytes (CNP; Fig. 1A) and mature
oligodendrocytes (MBP; Fig. 1B). Oligodendrocytes differentiated with laminin plus IGF
showed an increase in cell area covered by MBP-positive, mature oligodendrocytes (Fig.
1C; in the absence of IGF-1: 46.8 ± 18.8% on PDL versus 64.7 ± 32.9% on Lm, n=3,
p=0.3497; in the presence of IGF-1: 108.9±12.8% on Lm versus 70.0±17.0% on PDL, n=3,
p=0.0429). In addition, average area covered by CNP-positive oligodendrocytes was also
increased by laminin in IGF-1-treated cells (484.1±176.4% on Lm versus 335.6±155.0% on
PDL, n=3, p=0.0268, not shown). Finally, the percentages of mature oligodendrocytes
increased when cells were differentiated with laminin plus IGF, relative to those
differentiated with IGF-1 on PDL (53.7±4.2% CNP(+) cells on Lm versus 41.7±7.0% on
PDL, n=3, p=0.1545; 21.4±1.3% MBP(+) cells on Lm versus 14.4±1.5% on PDL, n=3,
p=0.0438; not shown). Together, these data suggested that IGF-mediated effects on
oligodendrocyte differentiation were amplified by the presence of laminin.

Dystroglycan is required for laminin to enhance IGF-1-mediated differentiation
To investigate whether the laminin receptor dystroglycan was needed for laminin to enhance
IGF-1-mediated increases in differentiation, we compared IGF-1-induced differentiation on
laminin for 3 days in cells containing normal levels of dystroglycan (transfected with control
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siRNA) with that in cells containing reduced levels of dystroglycan (transfected with
DAG-1 siRNA) (Fig. 2). First, we obtained protein lysates from control or dystroglycan-
deficient cells to confirm effective knock-down of dystroglycan protein. As in a previous
study (Colognato et al. 2007) we obtained significant depletion of oligodendrocyte
dystroglycan using a pool or 4 siRNAs to rat dystroglycan mRNA (Fig. 2A;Supplementary
Fig. S2). To circumvent differences in adhesion, we used laminin substrates that had been
precoated with PDL, and it should be noted that control siRNA treated cells attached to
laminin substrates no differently than DG siRNA treated cells: control cells attached at a
density at 1.40 X10−3 ± 0.22 X 10−3 cells per micron2, while DG siRNA treated cells
attached at a cell density of 1.37 X10−3 ±0.24 X10−3 cells per micron2 (n=3, p=0.859; not
shown). Cell lysates were also evaluated for the levels of oligodendrocyte lineage stage-
specific proteins, NG2 (OPC), CNP (oligodendrocyte), and MBP (mature oligodendrocyte)
(Fig. 2A). As expected, control cells differentiated with IGF-1 showed a significant increase
in total MBP protein content relative to untreated control cells (Fig. 2B; 126.4±2.2%, n=3,
p=0.0084). In contrast, dystroglycan-deficient cells did not increase MBP protein levels in
the presence of added IGF-1 (Fig. 2B; 79.7±6.9% of untreated control cells in the absence of
IGF-1 versus 90.1±1.1% of untreated control cells in the presence of IGF-1, n=3, p=0.2975).
The exon-2-containing 21.5 kDa MBP is believed to play a role in the regulating the onset of
myelin synthesis and is highly associated with active myelination (Capello et al. 1997).
Densitometry was therefore performed on the 21.5 kDa MBP isoform to determine whether
dystroglycan loss preferentially affected this key isoform (Fig. 2C). Control cells
differentiated with IGF-1 showed a significant increase in the MBP protein content relative
to untreated control cells (Fig. 2C; 184.7±30.6%, n=3, p=0.0368). In contrast, dystroglycan-
deficient cells did not show increased levels of the 21.5 kDa MBP isoform in the presence of
IGF-1 (Fig. 2C; 76.7±22.7% of untreated control cells in the absence of IGF-1 versus
94.3±15.3% of untreated control cells in the presence of IGF-1, n=3, p=0.2782). In
comparison with MBP, however, the loss of dystroglycan had little effect on the levels of
NG2 or CNP, indicating that the requirement for dystroglycan in laminin’s ability to
potentiate IGF-1-mediated differentiation was restricted to later stages of oligodendrocyte
development i.e. acquisition of myelin proteins (Fig. 2A).

As oligodendrocytes expand the space covered by their processes and plasma membranes
during their maturation process, an additional read-out for oligodendrocyte differentiation is
the increase in the area covered by MBP immunoreactivity i.e. cell area. MBP-positive cell
regions were visualized using immunocytochemistry on control, or dystroglycan-depleted,
cells that were differentiated on laminin in the presence or absence of IGF-1 (Fig. 2D).
Mean MBP-immunoreactive areas, as a function of total cells per field, were significantly
increased in control cells that were differentiated in the presence of IGF-1 (Fig. 2E; 99.9±4.9
μm2 with IGF-1 versus 58.5±2.3 μm2 without IGF-1, n=4, p=0.0043). In contrast,
dystroglycan-deficient cells showed less MBP-positive area coverage and even showed a
slight decrease upon added IGF-1 (Fig. 2E; 48.7±1.3 μm2 without IGF-1 versus 30.1±1.7
μm2 with IGF-1, n=4, p=0.0177). And, when comparing both cell types in the presence of
IGF-1, dystroglycan-deficient cells showed significantly less MBP-positive area coverage
compared to control cells (Fig. 2E; n=4, p=0.0007). In contrast, function-blocking antibodies
to the β1 subunit of α6β1 did not perturb the ability of IGF-1 to enhance MBP sheet area of
oligodendrocytes grown on laminin substrates (Supplementary Fig. S3). Together these data
indicated that the ability of IGF-1 to enhance the differentiation of oligodendrocytes grown
on laminin was dependent on the presence of dystroglycan.
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Dystroglycan influences the ability of IGF-1 to induce a maximal stimulation of MAPK, but
not Akt, phosphorylation

MAPK and PI3K signaling cascades are key intrinsic regulators of oligodendrocyte
development (Baron et al. 2005). IGF-1 has previously been shown to promote both MAPK
and PI3K signaling in oligodendrocytes (Bibollet-Bahena and Almazan 2009). To confirm
and further characterize the signaling events activated by IGF-1 during oligodendrocyte
differentiation on laminin substrates, we serum-starved oligodendrocytes for 2 hours,
followed by treatment with 50 ng/ml IGF-1 for indicated time points (Fig. 3A). Western
blots indicated that during the time course of IGF-1 stimulation, both ERK1/2 and Akt
phosphorylation increased, peaking at approximately 20 minutes post-stimulation, and then
decreased to near baseline by 1 hour. In contrast, Fyn, a Src Family Kinase implicated in
oligodendrocyte development as Fyn null mice are hypomyelinated, did not show substantial
changes in phosphorylation during the IGF-1 time course (Fig. 3A). To determine whether
dystroglycan was necessary for IGF-1 mediated activation of ERK1/2, control and
dystroglycan-deficient cells were differentiated on laminin, serum-starved as above, and
then treated with 50 ng/ml IGF-1 for 20 minutes (Fig. 3B). Control cells showed a
significant increase in ERK1/2 phosphorylation (relative to total ERK1/2 protein) following
IGF-1 treatment (Fig. 3C; 157.2±15.8% of untreated cells, n=4, p=0.0214). In contrast,
dystroglycan-deficient cells showed significantly less relative ERK1/2 phosphorylation in
the absence of IGF-1 (Fig. 3C; 45.7±10.7% that of control, untreated cells, n=4, p=0.0038).

Dystroglycan-deficient cells did however show increased ERK1/2 phosphorylation when
treated with IGF-1, although the maximal amount of ERK1/2 phosphorylation was
significantly lower than that in control IGF-1-treated cells (Fig. 3C; 113.2±8.5%, n=4,
p=0.0319). Yet, because of the lower baseline of ERK1/2 phosphorylation, the effect of
IGF-1 treatment on dystroglycan-deficient cells remained a significant change (Fig. 3C; n=4,
p=0.0041). In summary, while dystroglycan-deficient oligodendrocytes in contact with
laminin are able to respond to IGF-1 and induce ERK1/2 phosphorylation, dystroglycan was
required for the maximal level of ERK1/2 phosphorylation under these conditions.

In contrast to ERK1/2 activation, the ability of oligodendrocytes on laminin to elicit a
normal IGF-1-induced AKT phosphorylation response was not significantly affected by the
loss of dystroglycan (Fig. 3D). Thus, Akt phosphorylation in response to IGF-1 remained
unchanged in the presence or absence of dystroglycan. Untreated control cells were
therefore not significantly different from dystroglycan-deficient cells (Fig. 3E;
121.2±22.4%, n=3, p=0.6834), and IGF-1 stimulated control cells were not significantly
different form IGF-1 stimulated dystroglycan-deficient cells (Fig. 3E; 260.5±21.9% in
control cells versus 252.6±49.1% in dystroglycan-deficient cells, n=3, p=0.5149). Together,
these data suggest that, in response to IGF-1, dystroglycan-laminin interactions were
required to obtain a maximal level of ERK1/2 phosphorylation, but not Akt phosphorylation.
This finding is consistent with our previous studies in which we reported that the
enhancement of PDGF-mediated oligodendrocyte survival by laminin did not require
dystroglycan but instead involved the activation of PI3K/Akt signaling through α6β1
integrin (Colognato et al. 2007).

We noted that ERK1/2 phosphorylation was lower in dystroglycan-deficient cells in the
absence of exogenous IGF-1 and wondered whether IGF-1 that was synthesized by
oligodendrocytes was a significant contributor (Fig. 3C). Indeed, IGF-1 synthesized by
oligodendrocytes has previously been reported to promote autocrine signaling (Pfeiffer et al.
1993). Here we used the IGF-1 receptor inhibitor Tyrphostin 1-OMe-AG (Tyrphostin) to test
whether blockade of IGF-1 autocrine effects could further dampen oligodendrocyte
differentiation and/or MAPK signaling (Supplementary Fig. S4). Treatment with 10uM
Tyrphostin caused a reduction in ERK1/2 phosphorylation and in MBP protein levels, when
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compared to cells treated with vehicle control (Supplementary Fig. S4). These data confirm
that, in primary oligodendrocyte cultures, autocrine IGF-1 signaling activates MAPK/ERK
signaling and promotes differentiation.

IGF-1-mediated differentiation on laminin substrates requires MAPK signaling
The ability of IGF-1 to enhance oligodendrocyte differentiation is known to require MAPK
signaling (Baron et al. 2000; Bibollet-Bahena and Almazan 2009; Palacios et al. 2005). To
ascertain whether IGF-1-mediated increases in oligodendrocyte differentiation were also
MAPK-pathway-dependent when cells were grown on laminin, we compared cells treated
for 3 days with MEK1/2 inhibitor (PD98059) or vehicle control (Fig. 4). As expected,
oligodendrocytes grown on laminin and treated with IGF-1 for 3 days showed significantly
increased levels of MBP protein relative to cells on laminin without added IGF-1 (Fig.
4A,B; 125.6±2.8 of untreated cells, n=4, p=0.296). In contrast, oligodendrocytes that were
differentiated on laminin, in the presence of PD98059, showed no change in MBP levels
following treatment with IGF-1 (81.4±10.0% without IGF-1 and 85.0±9.2% with IGF-1,
n=4, p=0.9372). As in Fig. 2, relative MBP levels were calculated as a percentage of that
found in control cells without added IGF-1, and normalized to actin. These data confirm and
extend previous reports that IGF-1-mediated effects on oligodendrocyte differentiation rely
on an intact MAPK signaling cascade; here we additionally demonstrated that combined
IGF-1/laminin effects on differentiation are also reliant on MAPK pathway transduction.

Oligodendrocyte dystroglycan associates with Grb2 and IRS1
The adaptor protein Grb2, important in many contexts for appropriate MAPK signal
transduction, has been reported to associate with dystroglycan in fibroblasts through
interaction of its SH3 domains with the C-terminal region of beta dystroglycan (Spence et al.
2004). In addition, the IGF-1 signaling protein, IRS1, has been shown to interact with Grb2
through interaction of its SH2 domain (Holgado-Madruga et al. 1996). Together these
reports suggested that Grb2 participates in linking the dystrophin-glycoprotein complex with
the IGF-1 signaling pathway. To test this hypothesis we used immunocytochemistry to
determine whether dystroglycan, Grb-2 and IRS1 were expressed in primary
oligodendrocytes cultures, and whether expression coincided with that of dystroglycan (Fig.
5A,B). Co-immunocytochemistry using antibodies specific for IRS1 (Fig. 5A) in
conjunction with dystroglycan and MBP antibodies confirmed that IRS1 was expressed in
differentiated oligodendrocytes, with partial overlap with the expression of dystroglycan
(Fig. 5A). Co-immunocytochemistry using antibodies specific for Grb2 (Fig. 5B) in
conjunction with dystroglycan and MBP antibodies showed that Grb2 was expressed in
differentiated oligodendrocytes, with partial overlap with the expression of dystroglycan
(Fig. 5A). Next, we asked whether, using co-immunoprecipitation, we could identify Grb2,
dystroglycan, and/or IRS-1 together in a protein complex (Fig. 5B). Indeed,
immunoprecipitations using the Grb2 antibody revealed both dystroglycan and IRS-1 in the
isolated complexes, while the IRS1 antibody immunoprecipitated dystroglycan and Grb2
(Fig. 5B). These associations however, were not dependent on laminin substrate, that is, they
were observed in cells grown on PDL substrate (not shown). These data suggested that
dystroglycan may be able to influence IGF-1-mediated signal transduction through its
association with Grb2 and thus with IRS-1, an important component of the IGF-1 receptor
signaling apparatus.

Discussion
Oligodendrocyte maturation is characterized by the expression of myelin proteins such as
myelin basic protein. Myelin, the insulating sheath that surrounds axons, is necessary for
salutatory conduction in the vertebrate nervous system. Thus, increasing our understanding
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of factors that influence the myelination process will be pivotal to the development of
treatments for demyelinating pathologies such as Multiple Sclerosis. In the current study we
investigated the downstream mechanism(s) by which the extracellular matrix (ECM)
receptor, dystroglycan, is able to promote oligodendrocyte maturation. We identified a
functional link between the IGF-1 receptor and dystroglycan during oligodendrocyte
differentiation. Previous studies have shown that ECM-binding integrins potentiate
oligodendroglial responses to a variety of growth factors, including PDGF and neuregulin
(Baron et al. 2003; Colognato et al. 2002; Frost et al. 1999), however, the current study
provides the first evidence that laminin-dystroglycan interactions are also capable of
potentiating growth factor effects on oligodendrocyte differentiation.

Dystroglycan has previously been found by our group to promote the maturation of
oligodendrocytes (Colognato et al. 2007), yet the underlying signaling mechanism(s)
necessary for this role have not been elucidated. Dystroglycan protein complexes, of both
signaling and structural varieties, have been identified in a variety of cell types, including
other glial cells types. In Schwann cells, the myelinating cells of the peripheral nervous
system (PNS), dystroglycan is required for proper clustering of sodium channels, formation
of microvilli, and folding of myelin (Occhi et al. 2005). Several dystroglycan interacting
proteins have been identified in Schwann cells including sarcoglycans, sarcospan, α-
dystrobrevin 1, Dystrophin-related protein 2, DP116 (an alternatively spiced form of
dystrophin) and α1-syntrophin (Saito et al. 2003). In astrocytes, dystroglycan has been
shown to complex with, and mediate clustering of, the sodium channel Kir 4.1 and the water
channel aquaporin 4 (AQP4) (Guadagno and Moukhles 2004). Dystroglycan’s role as a
component of signal transduction cascades, however, has been best explored thus far in
studies of fibroblasts, where dystroglycan has been shown to bind extracellular regulated
kinase (ERK) and its upstream activator, mitogen activated protein kinase kinase 2 (MEK2)
(Spence et al. 2004).

Here, we set out to elucidate the potential mechanisms involved in dystroglycan-mediated
oligodendrocyte differentiation. We found that the dystroglycan ligand, laminin, was able to
potentiate the effects of IGF-1 in promoting oligodendrocyte development. And, we found
subsequently that laminin’s effect on IGF-1 was dystroglycan-dependent, and was thus
sensitive to the depletion of dystroglycan using small interfering RNAs. α6β1 integrin, the
other oligodendrocyte laminin receptor, was incapacitated using function-blocking
antibodies to the β1 integrin subunit, however, this treatment did not effect the ability of
IGF-1 to promote oligodendrocyte maturation on laminin substrates (Supplementary Fig.
S3). Nonetheless, we cannot rule out the possibility that α6β1 integrin modulates other
effects mediated by IGF-1 during oligodendrogenesis, such as oligodendrocyte progenitor
proliferation. Insulin-like growth factor-1 (IGF-1) is a potent regulator of growth and
development in nearly all tissue types. Functioning mainly as an endocrine hormone,
systemic IGF-1 is produced primarily in the liver under the regulation of growth hormone
(Juul 2003). However, in the CNS, it is synthesized independently of growth hormone
regulation as a neurotrophic factor whose effects are the result of autocrine and paracrine
signaling (Jones and Clemmons 1995). Indeed, neurons, astrocytes, and oligodendrocytes all
synthesize IGF-1 and express its receptor, IGF1R. In the current study we confirmed the
presence of autocrine IGF-1 signaling in primary oligodendrocyte cultures by
pharmacological inhibition of the IGF1R (Supplementary Fig. S4).

As a key regulator of myelinogenesis, IGF-1 has been shown to promote the generation,
proliferation, survival, and differentiation of oligodendrocytes (Barres et al. 1992; Hsieh et
al. 2004; Jiang et al. 2001; McMorris et al. 1986). Studies in transgenic mice overexpressing
IGF-1 have furthermore revealed that excess IGF-1 results in increased myelin thickness as
well as an increase in the percentage of myelinated axons (Ye et al. 2002a; Ye et al. 2002b).
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IGF-1-null mice, as well as in mice that overexpress IGFBP-1, an IGF-1 binding protein that
interferes with endogenous IGF-1 signaling, both show a decreased percentage of
myelinated axons (Ye et al. 2002a; Ye et al. 2002b). IGF-1 signaling has also been
implicated in remyelination, as genetic disruption of the IGF-1 receptor (IGF1R) leads to
impaired myelin repair following recovery from cuprizone-mediated demyelination (Mason
et al. 2003). Here we confirmed that IGF-1 promotes oligodendroglial differentiation, yet
additionally provide evidence to suggest that, during oligodendrocyte maturation, the IGF-1
signaling pathway has the ability to intersect with signaling mediated by the extracellular
matrix protein laminin through at least one of its receptors, dystroglycan.

IGF-1 signaling is initiated by the binding of IGF-1 to its receptor tyrosine kinase, IGF1R.
Activation of the receptor is marked by conformational changes and the phosphorylation of
tyrosines along the cytoplasmic beta subunit (Gronborg et al. 1993). Some of these
phosphorylated sites serve as docking sites for insulin receptor substrates (IRS1-IRS4), a
group of molecules that mediate IGF-1 signaling downstream of IGF1R. Activated IRSs can
activate both MAPK and PI3K signaling through the recruitment of, and association with,
certain adaptor and signaling proteins. Activated IRS-1 is known to recruit and interact with
the adaptor protein, growth factor receptor-bound protein-2 (Grb2) (Holgado-Madruga et al.
1996). Indeed, overexpression of Grb2 in a myoblast cell line enhanced insulin-induced
MAPK signaling through Ras and resulted in increased association among GRB2, Sos and
IRS1 (Skolnik et al. 1993a; Skolnik et al. 1993b). Importantly, previous studies reported that
oligodendrocytes express IRS1, IRS2, IRS4 (Freude et al. 2008) as well as Grb2 (Weinger et
al. 2008), suggesting that interplay between these various adaptor molecules may occur in
the oligodendrocyte lineage. Here we report that, in differentiating oligodendrocytes, Grb2
and IRS1 are found associated in a protein complex that includes dystroglycan (Fig. 5),
suggesting that dystroglycan may interact with the IGF1R, at least in part, via these adaptor
proteins. We did not observe any ligand-dependency to this interaction, however, as
immunoprecipitated complexes were similar from cells grown in the presence or absence of
IGF-1 (not shown).

Besides IRS1, however, another IRS protein, IRS2, has been recently implicated in the
correct timing of myelination, as mice deficient for IRS2 show a small but pronounced delay
in myelination onset in the developing cerebral cortex (Freude et al. 2008). In future studies
it will be important to determine therefore whether IRS2 (or IRS4) also associates with
dystroglycan, or, alternatively, with additional ECM receptors such as integrins.
Interestingly, IRS1 and IRS2 have been shown to be at least partly compensatory to each
other during oligodendrocyte development, as gene deletion of one leads to upregulation of
the other (Freude et al. 2008; Ye et al. 2002a). Yet, loss of IRS1 leads to defects in the
ability of oligodendrocytes to respond to exogenous IGF-1, suggesting that even if some
compensation by IRS2 occurs, IRS1 remains as an important downstream effector of IGF1R
(Ye et al. 2002a).

In addition to its well documented role in cell division of oligodendrocyte progenitors (Jiang
et al. 2001), evidence suggests that MAPK/ERK activation drives differentiation and process
extension in maturing oligodendrocytes (Althaus et al. 1997; Baron et al. 2000; Stariha et al.
1997; Stariha and Kim 2001). And, a recent study in which Raf-2 (a key upstream activator
of MAPK/ERK signaling) was specifically ablated in CNS neural precursor cells revealed
that MAPK signaling is necessary for normal CNS myelination (Galabova-Kovacs et al.
2008). In the current study we found that the ability of IGF-1 to stimulate MAPK signaling,
and indeed to promote oligodendrocyte differentiation, could be modulated by dystroglycan
interactions with the ECM protein laminin. Given that laminins have been found associated
with future white matter tracts prior to the onset of myelination (Colognato et al. 2002), a
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potential mechanism is that contact with laminins drives oligodendrocytes to exhibit a more
robust IGF-1 response that, in turn, further stimulates oligodendrocyte maturation.

In summary, we report that laminin enhanced the ability of IGF-1 to promote
oligodendrocyte differentiation, and, that the laminin receptor dystroglycan is a critical
component of this effect. These data suggest that laminin’s ability to modulate growth factor
actions are not limited to laminin interactions with integrin receptors, and instead may
depend on the precise repertoire of laminin receptors that are available and/or engaged.
Indeed, preliminary studies indicate that myelination may be delayed in mice that lack
oligodendroglial dystroglycan (Eyermann, McClenahan, and Colognato, unpublished
observations). Further investigations will be required to determine whether additional
mechanisms exist whereby dystroglycan is able to promote oligodendrocyte differentiation,
and whether IGF-1 and dystroglycan similarly cooperate either during developmental
myelination or during myelin repair following injury.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Laminin potentiates IGF-mediated effects on oligodendrocyte differentiation
Oligodendrocytes were differentiated on PDL or laminin substrates for 3 days in the
presence or absence of 50 ng/ml IGF-1. (A) Differentiated oligodendrocytes were evaluated
using CNP immunocytochemistry. Representative micrographs of CNP immunoreactivity
(red) and DAPI nuclear stain (blue) are shown. Scale bar, 50 μM. (B) Differentiated
oligodendrocytes were evaluated using MBP immunocytochemistry. Representative
micrographs of MBP immunoreactivity (green) and DAPI nuclear stain (blue) are shown.
Scale bar, 50 μM. (C) Bars represent the mean (± sem) relative change in MBP(+)
oligodendrocyte cell area after differentiation on PDL or laminin (Lm), in the presence or
absence of 50 ng/ml IGF-1. Mean areas are normalized to mean area of control cells on PDL
(*p<0.05, n=3).

Galvin et al. Page 15

J Neurosci Res. Author manuscript; available in PMC 2011 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 2. Dystroglycan-laminin interactions regulate the ability of IGF-1 to enhance
oligodendrocyte differentiation
Oligodendrocytes were transfected with control (ctrl) or dystroglycan-specific (DG) siRNA
and differentiated on laminin for 3 days in the presence or absence of 50 ng/ml IGF-1. (A)
Oligodendrocytes were evaluated by Western blot to determine MBP, CNP, and NG2
protein relative to actin loading control. β-dystroglycan (βDG) blots were additionally
performed to verify siRNA-mediated dystroglycan depletion. (B) Densitometry to determine
levels of MBP protein following IGF-1 treatment in dystroglycan (DG) or control (ctrl)
siRNA transfected oligodendrocytes. Bars represent the mean (± sem) change in MBP
protein relative to actin from 3 independent experiments (**p<0.01). (C) Densitometry to
determine levels of MBP 21.5 kDa protein isoform following IGF-1 treatment in
dystroglycan (DG) or control (ctrl) siRNA transfected oligodendrocytes. Bars represent the
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mean (± sem) change in 21.5 kDa MBP protein relative to actin from 3 independent
experiments (*p<0.05). (D) Bars represent the mean (± sem) relative change in MBP(+)
oligodendrocyte cell area after the differentiation of transfected cells in the presence or
absence of IGF-1. Mean areas are normalized to mean area of control-transfected cells
without IGF-1 (**p<0.01; ***p<0.001). (E) Differentiated oligodendrocytes expressing
either DG or control (ctrl) siRNA were evaluated using MBP (red) and dystroglycan (DG,
green) immunocytochemistry, in conjunction with DAPI nuclear stain (blue). Representative
micrographs at two different magnifications are shown. MBP and DG immunoreactivity was
reduced in oligodendrocytes expressing DG siRNA. Scale bar, 50 μM.
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Fig 3. Dystroglycan influences IGF-1 activation of MAPK/ERK, but not PI3K/Akt
(A) Oligodendrocytes were treated for the indicated time points with 100 ng/ml IGF-1,
lysed, and evaluated by Western Blot to visualize the phosphorylation of ERK1/2, Akt, or
Fyn. (B) Oligodendrocytes were transfected with control (ctrl) or dystroglycan (DG) siRNA
and differentiated on laminin substrate for 1 day. Oligodendrocytes were then serum-starved
for 2 hours, incubated in the presence or absence IGF-1 for 20 minutes, then evaluated by
Western blot to visualize ERK1/2 phosphorylation (pERK1/2) relative to total ERK1/2
protein. A representative set of blots from 4 independent experiments is shown. (C)
Densitometry to determine levels of ERK1/2 phosphorylation (pERK) induced IGF-1,
relative to total ERK protein. Bars represent the mean (± sem) relative change in ERK1/2
phosphorylation from 4 independent experiments (*p<0.05, **p<0.01). (D)
Oligodendrocytes were transfected with control (ctrl) or dystroglycan (DG) siRNA and
differentiated on laminin substrate for 1 day. Oligodendrocytes were then serum-starved for
2 hours, incubated in the presence or absence IGF-1 for 20 minutes, then evaluated by
Western blot to visualize Akt phosphorylation (pAkt) relative to total Akt protein. A
representative set of blots from 4 independent experiments is shown. (E) Densitometry to
determine levels of Akt phosphorylation (pAkt) induced IGF-1, relative to total Akt protein.
Bars represent the mean (± sem) relative change in Akt phosphorylation from 4 independent
experiments (*p<0.05).
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Fig 4. MAPK/ERK signaling is required for IGF-1-enhancement of oligodendrocyte
differentiation on laminin
(A) Oligodendrocytes were differentiated on laminin for 3 days in the presence or absence
of MEK inhibitor (PD98059) or vehicle control, as well as in the presence or absence of 50
ng/ml IGF-1. Following treatment, oligodendrocyte lysates were evaluated by Western blot
to determine MBP and CNP protein relative to actin loading control. A representative
western blot from 4 independent experiments is shown. (B) Densitometry to determine
levels of MBP protein following IGF-1 treatment in vehicle or PD98059-treated
oligodendrocytes. Bars represent the mean (± sem) change in MBP protein relative to actin
from 4 independent experiments (*p<0.05). PD98059 abolishes IGF-1-induced enhancement
of MBP expression.
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Fig 5. Dystroglycan is found in a protein complex with Grb2 and IRS1
Oligodendrocytes were differentiated for 3 days on laminin followed by
Immunocytochemistry. (A) Immunocytochemistry to visualize IRS1 (white) in conjunction
with dystroglycan (red). Co-expression of the mature oligodendrocyte protein, MBP (green),
was used to confirm oligodendrocyte identity. Scale bar, 50 μM. (B) Immunocytochemistry
to visualize IRS1 (green) in conjunction with dystroglycan (red). Scale bar, 25 μM; 10 μM
in inset, right. (C) Immunocytochemistry to visualize Grb2 (white) in conjunction with
dystroglycan (red). Co-expression of the mature oligodendrocyte protein, MBP (green), was
used to confirm oligodendrocyte identity. Scale bar, 50 μM. (D) Immunocytochemistry to
visualize Grb2 (green) in conjunction with dystroglycan (red). Scale bar, 25 μM; 10 μM in
inset, right. (E) Immunoprecipitations were performed with lysates obtained from
oligodendrocytes differentiated for 3 days (input), using antibodies against Grb2, IRS1, or
control rabbit IgG, in conjunction with Protein A/G beads. Immunopreciptation complexes
isolated with Grb-2 antibodies contained Grb-2, β-dystroglycan (βDG), and IRS1.
Immunopreciptation complexes isolated with IRS-1 antibodies contained IRS1, β-
dystroglycan and Grb-2. Samples devoid of antibody (“none”), or treated with the equivalent
amount of control antibody (“IgG”) did not isolate detectable levels of Grb-2, β-
dystroglycan, or IRS1. Control samples containing equivalent amounts of antibody (Grb-2
or IRS1) but devoid of lysate were included to demonstrate that observed bands were not
due to cross-reactivity of Western Blot secondary antibodies with IP antibodies.
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Fig 6. Putative dystroglycan and IGF-1 interactions that promote oligodendrocyte differentiation
Grb2 binds to both β-dystroglycan and IRS1; this complex then fosters the ability of the
IGF-1 receptor (IGF1R) to promote MAPK signal transduction. Following IGF-1 ligand
binding, MAPK signaling and subsequent differentiation may be more efficiently activated
through Ras/Raf via association of Grb2 with SOS (son of sevenless).
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