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Abstract
Myelin-associated glycoprotein (MAG) has been implicated in inhibition of nerve regeneration in
the CNS. This results from interactions between MAG and the Nogo receptor and gangliosides on
the apposing axon, which generates intracellular inhibitory signals in the neuron. However, because
myelin–axon signaling is bidirectional, we undertook an analysis of potential MAG-activated
signaling in oligodendrocytes (OLs). In this study, we show that antibody cross-linking of MAG on
the surface of OLs (to mimic axonal binding) leads to the redistribution of MAG into detergent
(TX-100)-insoluble complexes, hyperphosphorylation of Fyn, dephosphorylation of serine and
threonine residues in specific proteins, including lactate dehydrogenase and the β subunit of the
trimeric G-protein-complex, and cleavage of α-fodrin followed by a transient depolymerization of
actin. We propose that these changes are part of a signaling cascade in OLs associated with MAG
function as a mediator of axon–glial communication which might have implications for the mutual
regulation of the formation and stability of axons and myelin.
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INTRODUCTION
CNS myelin is a unique, lipid-rich biological membrane that is produced by oligodendrocytes
(OLs) (Pfeiffer et al., 1993; Madison et al., 1999). In addition to its important physiological
role in facilitating nerve conduction, myelin also inhibits axonal regeneration (Schwab et al.,
1993; Woolf and Bloechlinger, 2002). Although this might be important in the regulation of
unwanted nerve sprouting in the mature nervous system, it severely limits neuron recovery
after injury. Myelin associated glycoprotein (MAG), a sialic acid-binding protein on the
periaxonal myelin membrane, is implicated in the inhibition of nerve regeneration (Vyas and
Schnaar, 2001; Weiss et al., 2001; Spencer et al., 2003) through its interaction with molecules
on axonal plasma membranes, such as microtubule-associated protein 1B (Franzen et al.,
2001), gangliosides GD1a and GT1b (Kelm et al., 1994; Crocker et al., 1996; Vinson et al.,
2001; Vyas et al., 2002), and the recently discovered glycosylphosphatidylinositol (GPI)-
linked Nogo receptor (neuronal receptor for Nogo, another myelin inhibitor of axonal
regeneration) (Fournier et al., 2001; Domeniconi et al., 2002; Liu et al., 2002). Binding of an
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extracellular domain of MAG to apposing molecules on the axonal surface generates an
inhibitory signal in the neuron that involves p75, RhoA and Rac1 signaling (Niederost et al.,
2002; Wang et al., 2002). In addition, intracellular domains of MAG bind to microtubules
(Kursula et al., 2001) and Fyn tyrosine kinase (Umemori et al., 1994; Umemori et al., 1999)
in OLs.

Myelin–axolemmal interactions regulate many cellular and molecular events (Menon et al.,
2003). Axons elicit signals that modify oligodendrocyte gene expression, signal transduction
and survival, and provide metabolic precursors (Friedrich and Mugnaini, 1983; Chakraborty
et al., 1999; Chakraborty et al., 2001; LoPresti et al., 2001). Conversely, OLs and Schwann
cells regulate axon caliber, microtubular properties and ion-channel clustering at nodes of
Ranvier (Aguayo et al., 1979; Sanchez et al., 1996; Brady et al., 1999; Kirkpatrick et al.,
2001; Rasband and Trimmer, 2001; Dashiell et al., 2002). Although some of the cellular and
molecular mechanisms that control these processes have been described, myelin–axon
signaling mechanisms are still poorly understood.

Glycosphingolipids and cholesterol form microdomains in the plasma membrane of cells
(termed rafts) into which some proteins can partition and others are excluded (Simons and
Ikonen, 1997; Brown and London, 1998; Friedrichson and Kurzchalia, 1998; Varma and
Mayor, 1998; Taylor et al., 2002; Taylor et al., 2004). Lipid rafts have an important role as
platforms for the initiation of signal transduction by favoring specific protein–protein
interactions (Simons and Toomre, 2000). Using biochemical criteria to identify proteins in
rafts, it has been shown that in myelin the GPI-linked proteins NCAM-120 and contactin, the
doubly acylated proteins Fyn and Lyn kinases, 2′,3′-cyclic nucleotide 3′-phosphodiesterase
(CNP) and myelin oligodendrocyte glycoprotein (MOG) partition into rafts (Kim et al.,
1995; Kramer et al., 1997; Kim and Pfeiffer, 1999; Kramer et al., 1999; Simons et al., 2000;
Taylor et al., 2002), whereas MAG does not. Cross-linking of some proteins to either ligand
or antibody can result in their enhanced partitioning into rafts and participation in early signal-
transduction events (Simons and Toomre, 2000). Previous studies have validated the use of
antibodies to mimic ligand binding (Atashi et al., 1992; Simons and Toomre, 2000; Filatov et
al., 2003). For example, we have shown that whereas ∼40% of MOG in myelin is associated
with detergent-insoluble complexes that are characteristic of rafts, MOG in OLs in culture is
nearly entirely excluded from rafts (Marta et al., 2003). However, antibody cross-linking of
MOG in OLs in culture results in its increased association with lipid rafts, and leads to rapid,
novel signal-transduction events and pronounced morphological changes in OLs (Marta et al.,
2003).

In the present study, we sought to identify OL signaling molecules involved in axon–glial
interaction through MAG. We show that antibody cross-linking of MAG on the surface of OLs
(to potentially mimic axonal binding) leads to a significant redistribution of MAG into TX-100
insoluble fractions (which are associated with lipid rafts and the cytoskeleton), increased
phosphorylation of Fyn, dephosphorylation of serine and threonine residues in specific
proteins, such as lactate dehydrogenase (LDH), and Gβ, cleavage of α-fodrin, and a transient
depolymerization of actin. We propose that these changes are part of a MAG-mediated
bidirectional signaling cascade between the axolemma and myelin that is associated with the
control of myelin formation and stability on the one hand, and axon physiology, including
inhibition of axonal regeneration, on the other.

OBJECTIVES
Bidirectional signaling between the myelin sheath and the axon influences crucial aspects of
OL and neuron physiology. These include events that are regulated by MAG, a protein apposed
to the axolemmal membrane on the inner lamella of the myelin sheath. Based on our recent
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observations of MOG, another myelin protein, we hypothesized that MAG signaling is initiated
in glycosphingolipid–cholesterol microdomains (‘lipid rafts’). To test this hypothesis, we
antibody cross-linked MAG on the OL cell surface to potentially mimic the axonal binding of
ligand, analyzed the repartitioning of MAG into detergent-insoluble fractions that are
characteristic of lipid rafts or cytoskeletal association, and evaluated by proteomic analysis of
phosphoproteins and cytoskeletal proteins the signal-transduction cascade that was generated.

METHODS
Materials

Anti-MAG 513mAb, which recognizes an external, conformation-dependent epitope of MAG
(Poltorak et al., 1987), was purified from its hybridoma supernatant in Dr. R. Quarles's
laboratory. Rabbit polyclonal MAG (used for Western blotting) was obtained from Dr. J.
Roder. O4 mAb (Sommer and Schachner, 1981) was prepared in our laboratory (Bansal and
Pfeiffer, 1989). Other antibodies were obtained as follows: anti-phosphoserine and anti-
phosphothreonine (Zymed); anti-phosphotyrosine (4G10), anti-Fyn and goat anti-mouse IgG
(Transduction Laboratories); anti-Gβ1-4 (Santa Cruz Biotechnology Inc); anti-α-fodrin, and
horseradish peroxidase-conjugated goat anti-mouse IgG (Chemicon); anti-β-tubulin (Sigma).

Vanadate, GT1b, nocodazol, taxol, cytochalasin D and Hoechst 33342 were obtained from
Sigma. ASB-14 was obtained from Calbiochem. Texas Red-X phalloidin was obtained from
Molecular Probes. Protein G Sepharose was obtained from Amersham Biosciences.

All solutions were prepared with MilliQ H2O. Protein concentrations were determined using
the DC protein assay kit (Bio-Rad).

Cell culture
Mixed primary cultures and highly enriched populations of maturing OLs were prepared and
maintained as described previously (Pfeiffer et al., 1993; Bansal et al., 1996). OL populations
were grown in defined medium [modified N2 (mN2)] (Bottenstein and Sato, 1979; Gard and
Pfeiffer, 1989) for 5–6 days to obtain OLs that expressed MAG.

MAG cross-linking
OLs grown in mN2 medium were washed with 1% bovine serum albumin (BSA) in Dulbecco's
modified Eagle's medium (DMEM) and incubated for 15 minutes at 37°C with monoclonal
anti-MAG antibody (513mAb, 1:100; directed against an extracellular epitope) diluted in
freshly prepared mN2. The antibody was washed out by two changes of DMEM. Goat anti-
mouse IgG (1:500, diluted in DMEM) was added for 15 minutes at 37°C. In some cases, the
antibody-containing medium was removed and cells incubated with fresh medium for an
additional 14 hours. In other cases, cells were incubated with 10 μM nocodazol for 3 hours at
37°C, 20 μM cytochalasin D for 3 hours at 37°C, and 20 μM taxol for 3 hours at 37°C before
adding antibodies. Other conditions included incubation with GT1b [2–10 μg/mL (Vinson et
al., 2001)] for 30, 60 or 120 minutes, and incubation with GT1b for either 15 or 120 minutes
followed by further incubation with anti-MAG antibody and anti-mouse IgG to cross-link
MAG–anti-MAG complexes. Controls were subjected to the same schedule of washes and
incubations.

Immunofluorescence microscopy
After cross-linking, OL wells were put on ice and the antibody washed out by two changes of
HEPES-buffered Earle's balanced salt solution (EBSS-HEPES).
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Cells were incubated with EBSS-HEPES containing 3% normal goat serum (NGS) (also used
for diluting antibodies) to block nonspecific absorption, and live cells were stained for 20
minutes at 4°C with either O4 mAb (1:25) or anti-MAG (513mAb, 1:100). Cells were then
incubated with the appropriate secondary antibody for 20 minutes at 4°C: FITC-conjugated
goat anti-mouse IgM (1:50, μ-chain specific, Chemicon) for O4; and goat anti-mouse IgG
(1:500, γ-chain specific, Jackson ImmunoResearch) for MAG. In some cases, cells were fixed
with 4% paraformaldehyde, permeabilized with 0.05% saponin for 3 minutes at room
temperature and either stained with anti-MAG (1:100) or permeabilized with 0.3% TX-100 for
5 minutes at room temperature and stained with anti-β-tubulin (1:50), followed by the
appropriate secondary antibodies for 20 minutes, or with Texas Red-X phalloidin (which binds
to polymerized actin) for 20 minutes. A nuclear counterstain (1 μg ml−1 Hoechst dye 33342)
was included with the secondary antibodies. Washing between steps was performed with three
5-minute-changes of 1% NGS and EBSS-HEPES. Cells were mounted in 50% glycerol, pH
8.6 and 2.5% diazobicyclo-(2,2,2) octane to suppress fading and examined by epifluorescence
microscopy.

Preparation of cell lysates
After cross-linking, plates were put on an ice-tray and washed twice with ice-cold phosphate-
buffered saline (PBS). Cells were scraped into 0.5 ml of 150 mM NaCl, 5 mM EDTA, 25 mM
Tris-Cl buffer containing 1 mM PMSF, 10 μg ml−1 leupeptin/aprotinin, 50 mM NaF, 10 mM
NaP2O7 and 1 mM Na o-Vanadate (scraping buffer) and passed 10 times (on ice) through a
30G needle.

Detergent extraction and sucrose-gradient ultracentrifugation
Triton X-100 (1% final concentration) was added to cell lysates and incubated for 30 minutes
at either 4°C or 37°C (Kim and Pfeiffer, 1999; Taylor et al., 2002). The TX-100 extracts were
centrifuged (13 000×g, 4°C for 10 minutes) to separate detergent-insoluble pellet and
detergent-soluble supernatant fractions.

The supernatant fraction was precipitated with 2 volumes of ethanol at −20°C overnight,
centrifuged (13 000×g, 4°C for 10 minutes) and the new supernatant discarded. Finally, both
the original detergent-insoluble pellet and the ethanol-precipitated soluble-fraction pellets were
solubilized in equal volumes of either sample-loading buffer or RIPA buffer for SDS-PAGE
or immunoprecipitation, respectively, to compare the relative amount of each protein in the
two fractions.

For sucrose-gradient ultracentrifugation, TX-100-insoluble pellet fractions were resuspended
in 0.5 ml of scraping buffer plus 1% TX-100, mixed with 2 M sucrose (1 ml), overlaid with 1
M (2 ml) and 0.2 M (1.5 ml) sucrose, and centrifuged for 16 hours at 45 000 rpm (SW 55
Ti,∼200 000×g, Beckman) at 4°C. After centrifugation, 0.5 ml fractions were collected at 4°
C, from the top to the bottom of the gradient.

Cholesterol extraction
To disrupt cholesterol in OL membranes before TX-100 extraction, cell lysates were treated
with saponin (final concentration 0.2%) on ice for 30 minutes and centrifuged (13 000×g, 10
minutes) (Kim and Pfeiffer, 1999). The supernatants (S1) were collected. The pellets were
extracted with 0.5 ml of 1% TX-100 in scraping buffer for 30 minutes (above), centrifuged (13
000×g, 10 minutes), and the TX-100 soluble fractions (S2) and pellets separated. Supernatants
S1 and S2 were precipitated with ethanol at −20°C overnight and centrifuged (13 000×g, 10
minutes). Pellets and ethanol-precipitated supernatant fractions were resuspended in equal
volumes (to compare the relative amount of each protein in the two fractions) of sample buffer
for analysis by SDS-PAGE.
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Immunoprecipitation
Equal volumes of the soluble and insoluble fractions (see above) of the various TX-100 extracts
were solubilized in 500 μl of RIPA buffer (10 mM Tris pH 7.6, 150 mM NaCl, 0.1% SDS, 1%
deoxycholate, 1% NP-40 and 1% TX-100) containing 1 mM PMSF, 10 μg ml−1 leupeptin/
aprotinin and 1 mM Na o-Vanadate. Samples were incubated overnight with anti-
phosphotyrosine (4G10, 1:100) at 4°C. Protein G Sepharose beads (0.01 μg ml−1) were added
for 2 hours at 4°C. Immunocomplexes were separated by centrifugation (13 000×g, 4°C, 10
minutes) and washed four times with RIPA buffer. Supernatants were ethanol precipitated (see
above). Immunocomplexes and supernatants were solubilized in equal volume of 50 mM Tris-
HCl pH 6.8, 2.5% glycerol, 5% SDS, 4 M urea, 0.01% bromophenol blue and 10 mM DTT,
for analysis by SDS-PAGE.

SDS-PAGE and Western-blotting
Equal volumes of the soluble and insoluble fractions (see above) of the various TX-100 extracts
were solubilized in sample buffer (50 mM Tris-HCl pH 6.8, 2.5% glycerol, 5% SDS, 4 M urea,
0.01% bromophenol blue and 10 mM DTT), loaded onto acrylamide gels (Protean II mini-cell
apparatus, Bio-Rad), and run at constant voltage (120 V for 1–2 hours). The proteins were
transferred to PVDF membranes (Hybond-P, Amersham Biosciences) at 4°C with a constant
voltage (100 V, 1 hour). The blots were blocked with either 5% non-fat milk or 5% BSA
(Sigma) for 1 hour at room temperature, depending on the antibody before immunostaining
and detection using enhanced chemiluminescence (ECL Plus, Amersham Biosciences).

Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE)
Mature OL cells were scraped into 25 mM Tris-Cl buffer (pH 7.5) containing 2% ASB-14, 1
mM PMSF, 10 μg ml−1 leupeptin/aprotinin, 50 mM NaF, 10 mM NaP2O7, and 1 mM Na o-
Vanadate. Proteins were precipitated overnight with 2 volumes of ethanol at −20°C. Cell
extracts (300 μg of protein) were solubilized in rehydration buffer [7 M urea, 2 M thiourea,
2% ASB-14, 0.5% IPG buffer 3-10 (Amersham Biosciences), 100 mM DTT, 0.001%
bromophenol blue]. All samples were left in rehydration buffer for 1 hour at room temperature
with occasional mixing before centrifugation (10 000×g, 10 minutes) to clear particulate matter.
Sample supernatant was added to IPGphor coffins (Amersham Biosciences) and an
Immobiline™ Dry Strip pH 3-10 isoelectricfocusing gel (Amersham Biosciences) was placed
over the solution. The IPG strips were allowed to rehydrate overnight. Proteins were separated
in the first dimension (200 V, 1 hour; 500 V, 1 hour; 1000 V, 1 hour; ramped to 6000 V, 30
minutes; held at 6000 V for 20 000 Vh) at 20°C using an IPGPhor electrophoresis unit
(Amersham Biosciences). After isoelectricfocusing, the gel was equilibrated, first for 15
minutes with 130 mM DTT in an equilibration buffer containing 6 M urea, 50 mM Tris pH
8.8, 30% glycerol, 2% SDS, and, second, for 15 minutes with 135 mM iodoacetamide in the
same equilibration buffer. SDS-PAGE was performed in 10% acrylamide running gels at a
constant current (15 mA gel−1, 14 hours), using a Hoefer DALT vertical system (Amersham
Biosciences). The proteins were transferred to PVDF membranes (Hybond-P, Amersham
Biosciences) at constant current (400 mA, 14 hours). In some cases, gels were stained with
either ammoniacal silver nitrate or Colloidal Blue (Invitrogen).

RESULTS
Antibody-induced cross-linking of MAG induces its partitioning into a detergent-insoluble
fraction

Biochemical studies of glycosphingolipid-cholesterol microdomains often take advantage of
their insolubility in non-ionic detergents at low temperatures. In agreement with previous
results using purified myelin (Kim and Pfeiffer, 1999; Taylor et al., 2002), when cultures
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enriched for OLs were extracted with 1% TX-100 at 4°C, nearly all MAG was detected in the
soluble fraction (Fig. 1A). However, when we treated MAG-positive OLs at 37°C with anti-
MAG antibody (1:100) for 15 minutes before detergent extraction (TX-100, 4°C), ∼50% of
MAG was recovered in the detergent-insoluble fraction. When OLs were treated at 37°C for
15 minutes with anti-MAG (primary antibody) followed by an additional 15 minutes with
cross-linking secondary antibody (1:500, anti-IgG) nearly all MAG was found in the insoluble
fraction (Fig. 1A). In subsequent experiments we used the latter secondary-cross-linking
approach. As a control, secondary antibody alone had no effect on MAG partitioning (Fig. 1A).
Additional control studies for cross-linking experiments are shown in (Marta et al. 2003). We
conclude that cross-linking MAG on the surface of differentiated OLs in culture results in a
major change in its detergent solubility properties. We therefore initiated a series of
experiments to assess the biochemical characteristics and functional significance of this
crosslinking-mediated detergent insolubility.

Detergent-insoluble MAG has low-density and high-density components
Insolubility of a protein in TX-100 at 4°C can be caused by association with lipid rafts and/or
through protein–protein interactions that often involve cytoskeletal elements (Pfeiffer et al.,
1993; De Angelis and Braun, 1996; Kim and Pfeiffer, 1999; Taylor et al., 2002; Marta et al.,
2003). Therefore, we applied three, additional, well-established biochemical criteria to analyze
the properties of detergent-resistant membrane complexes. Following TX-100 extraction at 4°
C, the detergent-insoluble, raft-associated proteins float to a characteristic, low density in
density (e.g. sucrose) gradients (Brown and Rose, 1992; Simons and Ikonen, 1997). In general,
raft-associated proteins that are insoluble in TX-100 at 4°C become solubilized when the
extraction is carried out at either 37°C (Brown and Rose, 1992) or 4°C following treatment
with the cholesterol-binding agent saponin (Rothberg et al., 1990; Cerneus et al., 1993; Hanada
et al., 1995; Stulnig et al., 1997; Ledesma et al., 1998). It has been reported (Marta et al.,
2003) that markers of lipid rafts, such as GM1 ganglioside and caveolin (a marker for caveolae,
a subgroup of lipid rafts) (Abrami et al., 2001), are enriched in low-density, detergent-insoluble
fractions derived from OLs on TX-100 extraction at 4°C, and that they are completely
solubilized following either extraction at 37°C or 4°C after pretreatment with saponin.
Applying these three additional criteria, we found that detergent-insoluble MAG (TX-100, 4°
C) from antibody-cross-linked OLs (above) was distributed between low and heavy-density
fractions following flotation on sucrose gradients (Fig. 1B). The material in the low-density
fraction was solubilized efficiently by extraction with either TX-100 at 37°C or by pretreatment
of the cell lysate with saponin and extraction with TX-100 at 4°C (Fig. 1B). We conclude that
a significant fraction of MAG that is detergent-insoluble upon antibody cross-linking is present
in lipid rafts.

MAG/anti-MAG complexes are internalized upon antibody cross-linking of MAG
Several studies have linked raft-association of membrane proteins and endocytic uptake
(Ikonen, 2001). In mature OLs in culture, MAG was distributed uniformly on the surface of
OLs, as seen by staining of native MAG in live cells at 4°C (Fig. 2A). However, after cross-
linking MAG at 37°C (treatment with anti-MAG for 15 minutes followed by unlabeled anti-
mouse IgG for additional 15 minutes; see Methods), staining of MAG on the surface of live
cells at 4°C was significantly reduced (Fig. 2B). In this case, detection of MAG could be
achieved only by first permeabilizing cells to allow visualization of internalized antigens (Fig.
2C). Consistent with this, internalized MAG/anti-MAG complexes could also be visualized in
unpermeabilized, live cells when a Cy3-labeled secondary antibody was used to cross-link
MAG/anti-MAG at 37°C (Fig. 2D). We conclude that MAG/anti-MAG complexes are
internalized following cross-linking of MAG.

Marta et al. Page 6

Neuron Glia Biol. Author manuscript; available in PMC 2006 September 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Protein phosphorylation following antibody cross-linking of MAG
In a number of systems, either ligand- or antibody-mediated partitioning of proteins into lipid
rafts results in the initiation of signal transduction cascades (Simons and Toomre, 2000).
Because phosphorylation of proteins is an integral part of signal-transduction mechanisms, we
used immunoprecipitation and 1D- and 2D-SDS-PAGE/Western blotting to examine the
phosphorylation state of residues in proteins from untreated and MAG cross-linked OLs (Fig.
3).

A similar pattern of proteins in the total OL lysates (silver-stained gels) was observed for
control and cross-linked cells (Fig. 3A), indicating that the overall protein content and profile
was unchanged following MAG cross-linking. Furthermore, tyrosine phosphorylation of
MAG, a known substrate of tyrosine kinases (Jaramillo et al., 1994), was similar in control and
cross-linked cells (∼105 kDa, Fig. 3B,E, spot 2; identified by Western blotting). Consistent
with this, immunoprecipitation with anti-phosphotyrosine antibody demonstrated that MAG
is tyrosine phosphorylated in the detergent-soluble fraction before cross-linking, and in both
the soluble and insoluble fractions after cross-linking (Fig. 3F).

By contrast, an increase in tyrosine phosphorylation of Fyn (∼60 kDa) was detected after cross-
linking using a pan-tyrosine-phosphate antibody (Fig. 3B,E, spot 3; identified by Western
blotting). Additional studies were carried out with antibodies that recognize specific
phosphorylated tyrosines in Fyn. Anti-phosphotyrosine 418 (Y418) was unchanged, and anti-
Y529 showed no or only minor enhancement in levels of phosphorylation upon cross-linking
(data not shown). These data indicate that other tyrosine sites in Fyn must be phosphorylated
on antibody cross-linking (see Discussion).

Similar analyses with anti-phosphothreonine and anti-phosphoserine antibodies identified
proteins that were dephosphorylated on cross-linking (Fig. 3C,D, spots 4 and 5). These were
identified as the 35 kDa β(1-2) subunit of the heterotrimeric G-protein complex (Fig. 3C,E,
spot 4; identified by mass spectrometry and Western blotting) and LDH (Fig. 3D, spot 5;
identified by mass spectrometry). We conclude that antibody cross-linking of MAG leads to
increased phosphorylation of fyn and dephosphorylation of Gβ and LDH.

α-Fodrin cleavage and actin depolymerization following antibody cross-linking of MAG
Analysis with the anti-phosphotyrosine antibody upon cross-linking of MAG also detected the
appearance of a ∼120 kDa phosphotyrosine-containing protein. This was identified by mass
spectrometry and 2D-PAGE Western blot as a cleavage product of α-fodrin (Fig. 3B,E, spot
1). Further analysis by 1D-Western blot with anti-fodrin showed the presence of α-fodrin
fragments of ∼120 kDa, ∼150 kDa and ∼180 kDa in the detergent-soluble fraction after MAG
cross-linking (Fig. 4), but not in untreated control cells (intact α-fodrin of 250 kDa is not
detected in 1D- and 2D-Western blots because of poor resolution of high molecular weight
proteins). These results indicate that cleavage of α-fodrin increases on MAG cross-linking.

Cleavage of α-fodrin results in rearrangements of the actin cytoskeleton (Harris and Morrow,
1990). Consistent with this, polymerized actin (estimated by phalloidin staining) became
disorganized and significantly reduced on treatment with anti-MAG antibody followed by anti-
mouse IgG (Fig. 5B). This process was reversible; actin polymerization returned to control
conditions within 14 hours of removing the antibodies (Fig. 5C).

In contrast to actin microfilaments, the morphology of OLs (determined by immunostaining
with O4) and microtubule integrity (estimated by anti-tubulin staining after detergent
solubilization) was unaltered (Fig. 5D-G). Nevertheless, when OLs were treated first with
either nocodazol or cytochalasin D, to depolymerize microtubules and microfilaments,
respectively, or taxol, to stabilize microtubules, repartitioning of MAG to the TX-100-insoluble
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fraction (4°C) was reduced (Fig. 6). This is consistent with previous obsevations that an intact
cytoskeleton is necessary for the integrity of rafts in OLs (Holowka et al., 2000; Fassett et al.,
2001; Nebl et al., 2002; Marta et al., 2003).

GT1b, a ligand for MAG, does not mimic antibody-mediated effects
The ganglioside GT1b binds to MAG and has been proposed as a neuronal receptor for MAG
(Vinson et al., 2001). Treatment of OLs with GT1b (2–10 μg ml−1) for 30–120 minutes neither
induced the repartitioning of MAG into a detergent-insoluble fraction nor increased the
cleavage of α-fodrin (Fig. 4). Moreover, pre-incubation of OLs with GT1b for 15–120 minutes
did not prevent MAG repartitioning into the TX-100-insoluble fraction after cross-linking with
anti-MAG/anti-mouse IgG (data not shown).

CONCLUSIONS
• Antibody cross-linking of MAG on the surface of differentiated OLs in culture results

in repartitioning of MAG into detergent-insoluble fractions with biochemical
characteristics of lipid rafts; this repartitioning depends on an intact OL cytoskeleton.

• MAG/anti-MAG complexes are internalized on antibody cross-linking.
• Antibody cross-linking of MAG leads to increased phosphorylation of fyn and

dephosphorylation of Gβ and LDH.
• Antibody cross-linking of MAG leads to a cleavage of α-fodrin and to a transient

depolymerization of actin microfilaments; microtubule integrity and morphology of
OLs remain unaltered.

• GT1b, a binding ligand for MAG, does not induce repartitioning of MAG or cleavage
of α-fodrin.

DISCUSSION
Several lines of evidence indicate that MAG has an important role in the control of axon–glial
interactions in the CNS. MAG is localized in the periaxonal myelin membrane, is apposed to
the axollema and inhibits axonal regeneration after injury. MAG-null mice exhibit a significant
delay of myelination, structural anormalities of myelin sheaths and OL dystrophy with aging
(Quarles, 2002). These findings emphasize that MAG-mediated signaling from axons to OLs
is needed for efficient myelination and maintenance of healthy, mature oligodendroglia.
Although several studies have identified axonal molecules involved in MAG-mediated
signaling, little is known about the molecular interactions within the OL.

Cross-linking of membrane proteins is a physiological phenomenon that can lead to the
repartitioning of these proteins into lipid rafts, which results in novel protein interactions and
the initiation of cell signaling (Simons and Toomre, 2000; Ikonen, 2001). Although this occurs
naturally in response to multivalent ligands, similar responses have been observed using
antibodies. In this report we show that, although MAG is largely detergent soluble (TX-100,
4°C) in OLs in culture, it becomes repartitioned into a detergent-insoluble fraction after
antibody-induced cross-linking (anti-MAG plus secondary antibody). When the detergent-
insoluble fraction is floated on sucrose gradients, MAG is distributed between low- and heavy-
density fractions. The low-density fraction has characteristics of lipid rafts (low density,
sensitive to pretreatment with cholesterol-perturbing agents before detergent extraction at 4°
C and sensitive to detergent extraction at 37°C, which renders MAG soluble). The heavy-
density fraction is enriched in proteins such as β-tubulin and β-actin, indicating that protein–
protein interactions with cytoskeletal proteins are involved (Marta et al., 2003). Moreover, our
results indicate that MAG/anti-MAG complexes are internalized upon cross-linking, thus,
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either endosomes or caveosomes might mediate the signaling that is triggered by antibody
cross-linking (Conner and Schmid, 2003; Nabi and Le, 2003).

Concomitant with the cross-linking-dependent redistribution of MAG into the detergent-
insoluble fraction, there are changes in the phosphorylation of specific proteins, including Fyn
and Gβ1-2, which have been shown previously to reside in lipid rafts (Kramer et al., 1997;
Kramer et al., 1999; Melkonian et al., 1999; Marta et al., 2003). Fyn is a member of the Src
family of kinases and is associated with cell adhesion, migration, proliferation, differentiation,
apoptosis and cytoskeletal rearrangements (Osterhout et al., 1999). Increased phosphorylation
of Fyn following MAG cross-linking in double-transfected COS cells has been reported
previously (Umemori et al., 1994; Umemori et al., 1999). The main site of Fyn
autophosphorylation is Tyr418, which leads to activation of kinase activity. Phosphorylation
of additional tyrosines (Tyr28, Tyr138 and, particularly, Tyr213) also leads to kinase activation
(Hansen et al., 1997). By contrast, phosphorylation of the C-terminal Tyr529 results in the
inhibition of Fyn kinase activity (Resh, 1998). Considering that our data show a significant
increase in Fyn phosphorylation in tyrosine residues other than Tyr418 or Tyr529, we speculate
that this is due primarily to phosphorylation of Tyr213, Tyr138 and/or Tyr28. Clearly,
additional studies are needed to clarify this challenging aspect of signal transduction.

The G-protein βγ complex (Gβγ) regulates the activity of a diverse set of effectors, including
phospholipases, adenyl cyclases and ion channels (Clapham and Neer, 1997). Phosphorylation
of the β subunit activates the dissociated Gβγ complex (Sternweis, 1994; Nurnberg et al.,
1996). Dephosphorylation of the Gβγ complex could, therefore, affect a number of downstream
signaling pathways. Previously, we have reported the dephosphorylation of Gβ1-2 subunit after
cross-linking of MOG (Marta et al., 2003).

Additional consequences of cross-linking MAG are an increase in the cleavage of α-fodrin and
a concomitant depolymerization of actin filaments. α-Fodrin is involved in the organization of
receptor domains by linking integral membrane proteins to cortical actin filaments. This
process is regulated by the binding of calmodulin to α-fodrin and the subsequent cleavage by
Ca2+-dependent proteases (Harris and Morrow, 1990). Fragments of fodrin (120–150 kDa) are
generated by caspase and calpain activation during apoptotic cell death (Moore et al., 2002).
Ca2+/calmodulin-dependent protein phosphatases, such as calcineurin (Asai et al., 1999), also
regulate the phosphorylation of LDH, which is dephosphorylated upon MAG cross-linking.
Changes in the phosphorylation of LDH have important implications for the control of cell
metabolism (Yasykova et al., 2000). These findings indicate that MAG might have a role in
the regulation of Ca2+/calmodulin. Taken together, these observations are consistent with a
model in which contact between MAG and a receptor on the axolemma activates specific
signal-transduction pathways, which results in alterations in OL metabolism and cytoskeletal
rearrangements.

Treatment of mature OLs with GT1b ganglioside, which interacts with MAG, neither
reproduced nor prevented the changes observed after MAG cross-linking. This might be
because of a low binding affinity of GT1b compared to anti-MAG antibody. Alternatively,
MAG–neuron interactions might require a multimeric protein–lipid complex, which includes
not only gangliosides, but also proteins such as the Nogo receptor and its co-receptor p75
(Domeniconi et al., 2002; Liu et al., 2002; Wang et al., 2002). It was reported recently that
MAG is associated with a lubrol-insoluble fraction (Vinson et al., 2003). Because the Nogo
receptor is a GPI-linked protein, these authors suggested that the interaction between MAG
and its receptors might involve the association between lipid rafts on opposing neuron and OL
membranes. The regulated partitioning of MAG into lipid rafts that we report here is consistent
with this concept.
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Recently, we used a similar cross-linking approach to study MOG signaling in OLs. MOG is
clearly implicated in the demyelinating disease multiple sclerosis (Marta et al., 2003). Unlike
MAG, which is localized in the inner myelin lamella, MOG is concentrated in the outer lamella
of the myelin sheath where it is exposed to the environment. Interestingly, although both anti-
MOG and anti-MAG antibodies can be detected amongst the many autoantibody responses in
multiple sclerosis, only anti-MOG antibodies appear to be pathogenic in this disease (Genain
et al., 1999; Lassmann et al., 2001; Robinson et al., 2003). This indicates that in pathological
situations MOG-mediated signaling occurs upstream of that mediated by MAG cross-linking.
In agreement with these observations, the signaling and morphological modifications of OLs
following MOG or MAG cross-linking are distinct. Specifically, antibody cross-linking of
MOG results in the rapid repartitioning of MOG into lipid rafts, changes in the phosphorylation
of a different set of proteins that respond to MAG (with the exemption of Gβ), and a rapid
retraction of OL processes and myelin-like membranes (MAG cross-linking does not induce
morphological alterations).

We propose that the antibody-induced association of MAG with lipid rafts leads to novel
interactions with other proteins (e.g. kinases and phosphatases) that are also selectively
recruited into lipid rafts. This triggers specific, MAG-mediated signaling that is involved in
the cross-communication between OLs and axons. This process might require the
reorganization of protein domains in the plasma membrane and, as a consequence,
rearrangements of the actin cytoskeleton.
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Fig. 1.
Antibody cross-linking leads to MAG partitioning into detergent-insoluble
microdomains. (A) Western blot analyses of MAG from untreated OLs (control) or following
incubation for 15 minutes with anti-mouse IgG (1:500, 2ndAb), anti-MAG IgG mAb (1:100,
1stAb) or anti-MAG mAb (1:100) followed by anti-mouse IgG (1:500, 15min; 1st+2ndAb). Cell
lysate (10μg of protein) was extracted with TX-100 at 4°C, separated by centrifugation into
insoluble (P) and soluble (S) fractions, and the entire yield in each fraction loaded on the gel.
(B) OLs were extracted as above, with TX-100 at 4°C, at 37°C and at 4°C after pretreatment
of the cell lysate with saponin. The insoluble fractions from MAG-cross-linked cells (anti-
MAG + anti-mouse IgG, 50μg protein) were then further fractionated by centrifugation on
sucrose gradients (see Methods). Fraction 1, is the top of gradient (i.e. lowest density). The
figure represents a typical result of three independent experiments.
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Fig. 2.
MAG–anti-MAG complexes are internalized upon antibody cross-linking. OLs in culture
were either left untreated as controls (A), or (B,C) treated with anti-MAG mAb (1:100 for 15
minutes at 37°C) followed by anti-mouse IgG (1:500 for 15 minutes at 37°C). (A,B) Cells were
immunostained live at 4°C with anti-MAG antibodies or (C) fixed (see Methods) and
permeabilized prior to immunostaining with anti-MAG. (D) Cells were antibody-treated with
anti-MAG mAb (1:100 for 15 minutes at 37°C) followed by a fluorescent-tagged anti-mouse
IgG (IgG-Cy3, 1:500 for 15 minutes at 37°C). Cells were then fixed but not permeabilized or
further stained before visualization by fluorescence microscopy. Scale bar: 5 μm.
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Fig. 3.
Specific proteins change their phosphorylation status upon antibody cross-linking of
MAG. (A–E) Two-dimensional electrophoresis of cell lysates (300 μg total cell protein) from
untreated, control OLs in culture and OLs treated with anti-MAG mAb (anti-MAG mAb, 1:100,
15 minutes; anti-mouse IgG, 1:500, 15 minutes) (MAG). Western blots are silver stained (A),
and stained for anti-phosphotyrosine (p-tyr) (B), anti-phosphothreonine (p-thr) (C) and anti-
phosphoserine (p-ser) (D). (E) Proteins that change their phosphorylation status upon MAG
cross-linking identified by immunoblotting with specific antibodies (rectangles indicate
position of these proteins in the respective phospho-immunoblot). 1, α-fodrin; 2, MAG, the
rectangle encloses the pan-phosphotyrosine signal (2 in B). MAG overlaps with only the lower
part of the phosphotyrosine signal because of the presence of other phosphoproteins in that
region; 3, fyn; 4, Gβ; and 5, LDH. Ab: reactivity of some remaining antibody light chain.
Images are enlarged in terms of pI and molecular weight in B–E compared to A. (F) Control
and antibody-treated cells (MAG) were subjected to immunoprecipitation with anti-
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phosphotyrosine antibody followed by Western blot analysis of MAG. Cell lysates (20 μg)
were extracted with TX-100 at 4°C and separated into pellets (P) and supernatants (S) by
centrifugation. The entire yield in each fraction was used for immunoprecipitation (see
Methods). The immunoprecipitated (IP) and non-immunoprecipitated (Sup) proteins were
analyzed by Western blot using anti-MAG. Typical results of three independent experiments
are shown.
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Fig. 4.
Antibody cross-linking of MAG leads to cleavage of α-fodrin. (A,B) Western blot analyses
of MAG (A) and α-fodrin (B) in lysates of untreated OLs (control), and OLs incubated for 15
minutes with anti-MAG mAb (1:100, MAG), with anti-MAG mAb (1:100) followed by anti-
mouse IgG (1:500, 15 minutes, MAG+2Ab), and with GT1b (2 μg ml−1) for 30 minutes
(GT1b30), 1 hour (GT1b1) and 2 hours (GT1b2). Cell lysates (10 μg protein) were extracted
with TX-100 at 4°C and separated into pellets (P) and supernatants (S) by centrifugation, and
the entire yield in each fraction loaded on the gel. The figure represents a typical result of three
independent experiments. Data shown are for 2 μg ml−1GT1b, the concentration used by
(Vinson et al., 2001); concentrations up to 10 μg ml−1 gave similar results.

Marta et al. Page 19

Neuron Glia Biol. Author manuscript; available in PMC 2006 September 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
MAG cross-linking leads to a transient depolymerization of actin without major
morphological alterations in OLs. OLs in culture were either left untreated (A,D,F) as
controls or treated with anti-MAG mAb (1:100, 15 minutes at 37°C) followed by anti-mouse
IgG (1:500, 15 minutes at 37°C) (B,C,E,G). In some cases (C), the antibody-containing medium
was washed and cells were incubated with fresh medium for an additional 14 hours. Cells were
then immunostained (see Methods) with phalloidin (A–C), O4 (D,E) and anti-tubulin (F,G)
antibodies for epifluorescence microscopy. Scale bars: 5 μm.
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Fig. 6.
Repartitioning of MAG into detergent-insoluble fractions depends on cytoskeletal
integrity. Western blot analysis of MAG from OLs incubated with anti-MAG mAb (1:100, 15
minutes) followed by anti-mouse IgG (1:500, 15 minutes) (cross-linked), and from untreated
OLs (control), after 3-hour pretreatment with 10 μM nocodazol (noc), 20 μM cytochalasin D
(cyt) and 20 μM taxol (tax). After scraping, cell lysates (10 μg protein) were extracted with
TX-100 at 4°C and separated into pellets (P) and supernatants (S) by centrifugation. The entire
yield in each fraction was loaded for each condition. The figure represents a typical result of
three independent experiments.
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