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Specific membrane microdomains (including lipid rafts)
exist in myelin but have not been fully characterized.
Myelin basic protein (MBP) maintains the compactness
of the myelin sheath and is highly posttranslationally
modified. Thus, it has been suggested that MBP might
also have other functions, e.g., in signal transduction.
Here, the distribution of MBP and its modified forms
was studied, spatially and temporally, by detailed char-
acterization of membrane microdomains from develop-
ing and mature bovine myelin. Myelin membranes were
extracted with three different detergents (Brij 96V,
CHAPS, or Triton X-100) at 48C. The detergent-resistant
membranes (DRMs), representing coalesced lipid rafts,
were isolated as low-buoyant-density fractions on a
sucrose density gradient. These myelin rafts were dis-
rupted when cholesterol was depleted with methyl-
b-cyclodextrin. The use of CHAPS detergent led to
enrichment of several myelin proteins, including phos-
pho-Thr97-MBP, in the DRMs from mature myelin. Cit-
rullinated and methylated MBP remained in ‘‘nonraft’’
microdomains. In contrast, the DRMs from early myelin
were enriched in Golli-MBP, Fyn, Lyn, and CNP. The
localization of various proteins in DRMs was further
supported by the colocalization of these lipid raft com-
ponents in cultured mouse oligodendrocytes. Thus,
there is a developmental regulation of posttranslation-
ally modified forms of MBP into specific membrane
microdomains. �c 2005 Wiley-Liss, Inc.
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Myelin is a lipid-rich multilamellar membrane
structure that ensheathes nerve axons and is produced by
the oligodendrocytes (OLs) of the central nervous system
and by the Schwann cells of the peripheral nervous sys-
tem (PNS). The cytoarchitecture of the myelin mem-
brane reflects its association with or proximity to the cell
body, the axon, and the nodes of Ranvier (for review
see Arroyo and Scherer, 2000; Scherer and Arroyo,

2002). Most myelin proteins are generally localized to a
specific architectural subdomain of myelin; for example,
myelin basic protein (MBP), and proteolipid protein
(PLP) are in the compact myelin, and 20,30-cyclic
nucleotide 30-phosphodiesterase (CNP) is in noncom-
pact, cytoplasm-containing myelin loops, with myelin-
associated glycoprotein (MAG) localized mainly to the
periaxonal loops (Hartman et al., 1982; Braun et al.,
1988; Brunner et al., 1989; Quarles et al., 1992). The
myelin membrane composition and the spatial organiza-
tion of the lipids and proteins are maintained by OLs
through the regulation of vesicle transport systems and,
possibly, lipid rafts (de Vries and Hoekstra, 2000; Simons
et al., 2000; Kramer et al., 2001; Larocca and Rodri-
guez-Gabin, 2002).

Lipid rafts are specific microdomains of plasma
membranes, which are enriched in glycosphingolipids,
cholesterol, and specific proteins such as glycosylphos-
phatidylinositol (GPI)-anchored proteins and signal trans-
ducers (Src family kinases, small G-proteins). These
sphingolipid-rich rafts are highly ordered entities as a
result of tight packing of the long saturated acyl chains.
Moreover, the liquid-ordered (lo) phase of the lipid rafts
coexists with phospholipid-rich environments, which
represent the classical fluid or loosely packed, disordered
state of membranes. The major functions of lipid rafts
are signal transduction and membrane trafficking, as well
as endocytosis and pathogen entry (Simons and Ikonen,
1997; Brown and London, 1998). Heterogeneous lipid
rafts may come together to form a signalling platform
that, once coalesced, contains the proteins necessary to
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activate a signalling response. Conversely, the formation
of the platform may sequester signalling proteins or
receptors from the phospholipid domains, or these pro-
teins may be encased within a lipid shell that targets the
platform (Anderson and Jacobson, 2002). Although the
lipid raft model is widely accepted, controversy remains
with regards to raft size, lifetime, and function (Edidin,
2001; Munro, 2003). Most researchers isolate what are
believed to be lipid rafts from plasma membranes with
the treatment of cold nonionic detergent [typically, 1%
Triton X-100 (TX-100)], followed by separation of the
low-buoyant-density microdomain fraction on a sucrose
density gradient (Brown and Rose, 1992). These in-
vitro-isolated microdomains are commonly referred to as
detergent-resistant membranes (DRMs).

The presence of lipid rafts has been determined in
many biological membranes. Various GPI-anchored pro-
teins, tetraspan myelin proteins, and members of the Src
tyrosine kinases have been localized in lipid rafts from
Schwann cells, OLs, and myelin; these microdomains
may provide signalling events for the initiation of myeli-
nation (Kramer et al., 1997, 1999; Kim and Pfeiffer,
1999, 2002; Simons et al., 2000; Erne et al., 2002; Tay-
lor et al., 2002; Bosse et al., 2003). Also, the noncom-
pact myelin proteins CNP and myelin/oligodendrocyte
glycoprotein (MOG) have been isolated in DRMs (Kim
and Pfeiffer, 1999). The formation of lipid rafts may also
serve as a transport mechanism to target proteins to the
myelin sheath.

MBP is a highly abundant protein in myelin. From
alternative splicing of the mbp gene, several classic MBP
and Golli-MBP isoforms result (Givogri et al., 2000). In
human and bovine myelin, the 18.5-kDa MBP isoform
is most abundant. Posttranslational modifications of this
isoform, such as phosphorylation and deimination, give
rise to numerous charge isomers or components. Can-
onically, the major function of MBP is to adhere to the
cytoplasmic leaflets of the myelin bilayer, thus permitting
myelin compaction to occur. However, evidence exists
to suggest that it might also have roles in signal transduc-
tion (Dyer and Benjamins, 1989; Dyer et al., 1994;
Boggs and Wang, 2001; Dyer, 2002).

As a first step to investigate the hypothesis that
MBP (including posttranslationally modified forms) is a
multifunctional protein family, we have found it neces-
sary to characterize its localization in membrane micro-
domains (especially lipid rafts) in developing and mature
bovine myelin. We have found that, during early mye-
lin development, MBP and its modified forms remain
in a membrane environment that resists detergent
extraction. In the later stages of myelination, MBP par-
titions into DRMs but is unmodified. In mature mye-
lin, phosphorylated MBP (phospho-MBP) is localized
in DRMs, whereas citrullinated MBP (Cit-MBP) and
methylated MBP (CH3-MBP) remain in ‘‘nonraft’’
microdomains. These results suggest that posttransla-
tional modifications of this protein may be important
for its temporal partitioning into the various lipid
microdomains.

MATERIALS AND METHODS

Reagents

Brij 96V was obtained from Fluka (Buchs, Switerland).
CHAPS (3-[(3-cholamidopropyl)dimethylammonia]-1-propane-
sulfonate), methyl-b-cyclodextrin (mbCD), peroxidase-conju-
gated cholera toxin B, and secondary antibodies were purchased
from Sigma-Aldrich (Oakville, Ontario, Canada). The antibod-
ies listed here were generous gifts: polyclonal anti-MBP (E5;
Boggs et al., 1983; Dr. Boggs, Hospital for Sick Children, Tor-
onto, Ontario, Canada); polyclonal anti-Golli-MBP (Landry
et al., 1996; Dr. Campagnoni, UCLA, Los Angeles, CA); poly-
clonal anti-MAG (Heape et al., 1999; Dr. Heape, Oulu Univer-
sity and Central Hospital, Oulu, Finland); monoclonal anti-
MOG (Schluesener et al., 1987; Dr. Linington, University of
Aberdeen, Aberdeen, Scotland); monoclonal anti-Cit-MBP
(Nicholas and Whitaker, 2002); polyclonal anti-peptidylarginine
deiminase II (PADII; Guerrin et al., 2003; Dr. Moscarello, Hos-
pital for Sick Children, Toronto, Ontario, Canada); and mono-
clonal antiglycolipids 01 and 04, which recognize
galactosylceramide (GalC) and sulfatide, respectively (Sommer
and Schachner, 1981; Bansal et al., 1989, 1992; Dr. Pfeiffer,
University of Connecticut, Farmington, CT). The following
antibodies were purchased for this study: A2B5 (clone 105;
American Type Culture Collection, Manassas, VA); monoclonal
antimethyl-arginine (mono- and dimethyl-Arg; Abcam, Cam-
bridge, United Kingdom); monoclonal anti-CNP (Sternberger
Monoclonals, Lutherville, MD); monoclonal anti-Src (clone
GD11) and polyclonal anti-PRMT5 (Upstate Biotechnology,
Lake Placid, NY); monoclonal anti-Fyn (clone 1S; Lab Vision,
Fremont, CA); monoclonal anti-Lyn (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA); monoclonal anti-PLP (clone plpc 1) and
monoclonal antiphospho-Thr98-MBP (clone 98P12), which is
specific to MBP phosphorylated on Thr98, human sequence
(Thr97; bovine sequence; Serotec, Oxford, United Kingdom);
and polyclonal anti-p44/42 MAP kinase (Cell Signalling Tech-
nology, Beverly, MA). All the secondary (Alexa Fluor-conju-
gated) antibodies for immunocytochemistry analysis were
purchased from Molecular Probes (Eugene, OR).

Bovine Brain Samples

Bovine brains and/or skulls were obtained from a local
abattoir (Better Beef Ltd., Guelph, Ontario, Canada) or from
the Ontario Veterinary College, University of Guelph, and
immediately processed. For fetal samples, the gestational age
was estimated from the crown-to-rump length (total bovine
gestational period is 40 weeks). Brain samples were obtained
from fetal calves ranging in gestational age from 11 to 40
weeks (E11–E40), of young calves ranging in age from 3
weeks to 12 months (P3–P52), and of mature cattle ranging
in age from 2 to 5 years. The crown–rump length, on aver-
age, was 11 cm by the beginning of the second trimester (14
weeks), 55 cm by the beginning of the third trimester (27
weeks), and over 94 cm just before birth (40 weeks).

Histochemistry of Fetal Bovine Brains

The skull was sectioned sagitally, and the left hemibrain
was immersed in 10% buffered formalin and fixed for 48 hr.
In some cases, the right hemibrain was processed for bio-
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chemical analysis (see below). Fixed brain tissue was sectioned
transversely through the cerebral cortex at the levels of the
cruciate and sylvian sulcus and through the brainstem anterior
and caudal to the cerebellum. The tissues were embedded in
paraffin and sectioned at 5 mm thickness. Sections were stained
with hematoxylin and eosin, and with luxol fast blue (LFB).
The degree of myelination was assessed in the cerebral cortex,
corpus callosum, cerebellum, and brainstem.

Myelin Preparation

Myelin was isolated from fetal and mature bovine brain
by established methods, which consisted of two discontinuous
sucrose gradients with three rounds of hypoosmotic shock
treatments (Norton, 1974). The isolated myelin was resus-
pended in Tris-buffered saline (TBS; 25 mM Tris-HCl,
pH 7.5, 140 mM NaCl) with protease inhibitor cocktail (PIC;
Roche Molecular Biochemicals, Laval, Quebec, Canada) and
phosphatase inhibitor cocktail 1 (Sigma), snap frozen in liquid
nitrogen, and then stored at –808C.

Isolation of DRMs

The DRMs were isolated as previously described for
RBL-2H3 cells (Radeva and Sharom, 2004), with several
modifications for myelin membranes. On ice, myelin (500 mg
protein) was extracted with 0.5% Brij 96V, 1.5% CHAPS, or
1% Triton X-100 in 1 ml 25 mM Tris-HCl, pH 7.5,
140 mM NaCl, 2 mM EDTA buffer (TNE) supplemented
with 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM sodium
orthovanadate, and PIC. Over the 30-min extraction period,
samples were mixed periodically. Samples were then centri-
fuged at 10,000g for 5 min at 48C. The low-speed supernatant
(or with other cellular preparations more commonly referred
to as the postnuclear supernatant) was removed, and the DRMs
were isolated (see below). The pellet was resuspended with
1% sodium dodecyl sulfate (SDS) in 10 mM Tris-HCl, pH
8.0 (final volume 1.0 ml), and then stored at –208C until
analysis by Western blot. The supernatant (0.3 ml) was mixed
with 60% sucrose in TBS (0.6 ml) to obtain a 40% sucrose
mixture. This mixture was subjected to density gradient cen-
trifugation on a discontinuous sucrose gradient. In a Quick
Seal tube (5 ml; Beckman Coulter Canada, Mississauga,
Ontario, Canada), the 40% sucrose sample mixture (0.8 ml)
was overlaid with 30% sucrose in TBS (2.2 ml) and then with
5% sucrose in TBS (2.2 ml). Samples were centrifuged in a
VTi 65.2 rotor (Beckman Coulter Canada) at 64,000 rpm for
3 hr (402,000g). Thirteen fractions (400 ml) were collected
from the top of the tube by displacement with a density gra-
dient fractionator (model 640; ISCO, Lincoln, NE); fraction 1
(top) contained the lowest and fraction 13 (bottom) contained
the highest sucrose concentrations. The refractive indices of
the fractions were also measured. The isolation of CHAPS
DRMs was also completed with the addition of 500 mM
NaCl to the lysis buffer. In other experiments, 1) the CHAPS
pellet was resuspended in the lysis buffer and then applied to
the sucrose gradient, 2) the whole CHAPS lysate was applied
to the sucrose gradient, and 3) myelin in buffer containing no
detergent was applied to the sucrose gradient.

Protein Analysis and Western Blotting

Protein concentrations of myelin, of detergent extrac-
tion supernatants and pellets, and of sucrose gradient fractions
were determined by using the micro-BCA assay (Pierce,
Rockford, IL) with bovine serum albumin (BSA) as a stand-
ard. For Western blot analysis of total myelin, samples were
first partially delipidated with ether:ethanol (2:1; v/v). For the
supernatant, pellet, and sucrose gradient fractions, 16 ml were
analyzed. All samples were mixed with Laemmli sample buf-
fer, boiled for 5 min (with the exception of samples for PLP
analysis), resolved on 14% SDS polyacrylamide minigels, and
transferred to nitrocellulose (0.45 mm; Bio-Rad, Mississauga,
Ontario, Canada). Membranes were blocked with 5% skim
milk powder in TBS with 0.05% Tween-20 (TBST), with
the exception of membranes subjected to anti-MBP or anti-
phospho-Thr98-MBP, which instead were blocked in 2% gel-
atin in TBST. All membranes were washed five times in
TBST after primary antibody incubation. After the appropriate
secondary antibody incubation and TBST washing, the mem-
branes were developed by enhanced chemiluminescence
(Amersham Biosciences, Piscataway, NJ). The supernatant and
pellet fraction bands of MBP and its posttranslationally modi-
fied forms were quantified by using AlphaEase FC Stand
Alone Software (Alpha Innotech, San Leandro, CA).

Lipid Analysis

Prior to lipid extraction, myelin preparations (500 mg
protein) were brought to a final volume of 500 ml with water,
and sucrose gradient fractions from the DRM isolation proce-
dure were dialyzed against TBS. Samples were extracted with
CHCl3:MeOH (2:1; v/v). After centrifugation to separate the
phases, the organic layer was removed to a glass tube and
dried in a Speed-Vac. The lipids were resuspended in 50 ml
CHCl3:MeOH (2:1; v/v), and the total solution was spotted
as a 1-cm band onto a Whatman K5 silica gel TLC plate.
Plates were developed in CHCl3:MeOH:H2O (14:6:1; v/v/v),
and lipids were visualized by charring with hot 50% H2SO4.

Cholesterol concentrations of the extraction supernatant,
pellet, and sucrose gradient fractions were determined with
the Amplex Red cholesterol assay kit (Molecular Probes). The
lipid raft marker monosialoganglioside GM1 was analyzed in
the sucrose gradient fractions by dot blot with cholera toxin
B-horseradish peroxidase (HRP) conjugate (Chabraoui et al.,
1993).

Cholesterol Depletion

Mature myelin was extracted with various concentrations
of mbCD to determine the critical concentration that effectively
depletes cholesterol from the myelin membranes. Myelin
(500 mg) was incubated with mbCD (0, 5, 10, 20, 50, and
75 mM) in phosphate-buffered saline (PBS) at 378C for 30 min.
After centrifugation (10,000g, 10 min), the concentration of
cholesterol in the supernatant (containing the extracted choles-
terol) and pellet (the myelin membranes) was determined. The
effect of cholesterol depletion on DRMs was investigated with
the critical concentration of 75 mM mbCD. After cholesterol
extraction, the remaining myelin membranes were resuspended
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in TNE buffer with 1.5% CHAPS and inhibitors, and DRM
isolation was carried out as described above.

Dynamic Light Scattering Analysis

The size of the DRM vesicles from the various deter-
gent extractions of mature myelin was determined by dynamic
light scattering (DLS) analysis using a Brookhaven BI9000
autocorrelator with a bin time of 50 msec. The intensity sig-
nals were analyzed by DLS Software version 1.35 (developed
by Dr. Ross Hallett, Department of Physics, University of
Guelph), and results were expressed as a normalized number
distribution.

Mouse Primary OL Cultures

The method for primary cell culture of oligodendroglial
cells has been previously described (Bongarzone et al., 1996;
Givogri et al., 2001). Briefly, newborn (0–3 day old) mouse
brain cortices were used for the establishment of the oligoden-
droglial cell cultures. After dissection of the brain material, the
cerebral hemispheres were dissociated in Ham’s F12/Dulbec-
co’s modified Eagle’s (DME) high-glucose media (Irvine
Scientific, Santa Ana, CA) supplemented with 10% fetal

bovine serum (FBS; Hyclone Scientific, Logan, UT) with a
nylon mesh membrane, and cells were collected in cell media
(50 ml). The dissociated cell suspension was passed through
two cellector tissue sieves (230-mm sieve followed by 140-mm
sieve). The resulting filtrate was centrifuged for 15 min at
1,000 rpm. The cell pellet was resuspended in cell medium
(*15 � 105 cells/ml), and 1 ml of this suspension was plated
in each well of a 24-well plate containing coverslips previ-
ously coated with poly-D-lysine. The cells were incubated at
378C in 5% CO2, and the medium was changed every 4 days.

Immunocytochemistry

Primary OL cell cultures were treated as previously
described (Bongarzone et al., 1996). Cells were stained live
with specific primary antibodies for 1 hr, followed by washing
five times for 5 min each with PBS. Then, cells were fixed in
4% paraformaldehyde, washed with PBS, and permeabilized
with 0.1% TX-100 (when necessary). Cells were then incu-
bated with another primary antibody. The appropriate secon-
dary antibodies were diluted to 1:400 in PBS and incubated
with the cells for 2 hr at room temperature, with gentle shak-
ing. The cells were washed as described above, mounted on
slides using Immuno-mount (ThermoShandon, Pittsburgh,
PA), and allowed to dry overnight. All cells were imaged on a
Leica dual laser scanning confocal microscope.

RESULTS

Bovine Brain Histochemistry

The degree of myelination in the developing fetus
is species specific. In rodents, myelination occurs postna-
tally, with the peak at 18 days (Baumann and Pham-
Dinh, 2001). At the end of the 9-month gestation
period, the bovine CNS myelin has developed exten-
sively to allow the calf to walk within a few minutes of
its birth. Microscopically, myelin was first identified here
as fine LFB-staining fibrils at an approximate gestational
age of 3 months (E11). With increasing gestational
maturity, myelin was detected progressively in the cere-
bellum (see Fig. 1), the corpus callosum, the basal gan-
glia, and the white matter of the cerebral hemispheres.
Myelin was present in all areas of the brain in fetuses
from approximately 7 months gestational age onward.
Concurrently with expansion of myelination in a caudal
to rostral direction, the thickness of the myelin sheath
increased, and fibril formation changed from predomi-
nantly spiral to more elongated. The myelin deve-
lopment in bovine fetal brain has been previously
studied immunohistochemically at 1–2 months and at
8–9 months (Urban et al., 1997).

Protein and Lipid Expression in Developing
Myelin

Developing and mature myelin extracts from bovine
brain material were characterized by TLC lipid analysis,
lipid dot blots, and Western blots. In the second trimester
of fetal development (weeks 14–26), high levels of expres-
sion of Fyn, Lyn, Src, and Golli-MBP were observed by

Fig. 1. Myelination in the developing bovine brain. Sections of the
cerebellum were stained with luxol fast blue. a: Seventeen weeks of
gestation (E17). b: Thirty-one weeks of gestation (E31). c: Thirty-
six weeks of gestation (E36). d: Three weeks after birth (P3).
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Western blot analysis (Fig. 2a). Generally, the levels of
these proteins declined with further development. With
CNP, overexposure of the blot indicated the expression of
this protein at the gestational age of 11 weeks (results not
shown). Most myelin proteins were observable only after
the 23rd week of gestation by Western blotting, and
expression levels increased with age (Fig. 2b). Several
other PLP-related proteins with a lower molecular mass
were expressed in bovine myelin after birth. These PLP-

related proteins have been described and characterized
elsewhere (Lepage et al., 1986; Bizzozero et al., 2002).
The presence of posttranslationally modified forms of
MBP (phosphorylated, methylated, and citrullinated) par-
allels the expression of MBP.

The expression levels of several enzyme proteins
responsible for the posttranslational modifications of MBP
were also analyzed (Fig. 2c). Specific Arg residues can be
enzymatically deiminated by PAD to yield citrulline resi-
dues (Lamensa and Moscarello, 1993). Phosphorylation of
Ser and Thr residues can be catalyzed by several kinases.
Both MAP kinase and glycogen synthase kinase (GSK-3)
can phosphorylate the Thr97 residue (Thr98, human
sequence; Yon et al., 1996). Furthermore, Arg106 (Arg107,
human sequence) can be methylated or dimethylated by
protein arginine methyltransferase (PRMT5). The expres-
sion of PADII was observed after 27 weeks, whereas MAP
kinases (p44/42) were constitutively expressed. For
PRMT5, the highest expression levels were during the
third trimester, with lower levels after birth and the lowest
levels during the second trimester. The two major glyco-
sphingolipids, GalC and its sulfated form, sulfatide, were
detectable only by TLC lipid analysis in myelin isolated
from fetuses greater than 23 weeks of gestation, indicating
that myelin membranes were maturing (Fig. 3).

Extraction of Mature Myelin With Brij 96V,
CHAPS, and Triton X-100

An initial investigation was completed to determine
the concentration of detergent that effectively distributed
MBP (as detected by Western blot analysis) between the
supernatant and pellet fractions, when the extraction was
completed at 48C. The second criterion was that when
the extraction was completed at 378C, most of the pro-
tein was solubilized into the supernatant fraction. For
Brij 96V, detergent concentrations from 0.25% to 0.5%
(the maximum solubility at 48C) were tested; for
CHAPS, from 0.25% to 1.5%; and, for TX-100, from
0.5% to 1.5%. The optimal detergent concentrations
were determined to be 0.5% Brij 96V, 1.5% CHAPS,
and 1% TX-100.

Although the detergents at these concentrations gave
a similar distribution of MBP between the supernatant and
the pellet fractions, there were significant differences in

Fig. 2. Developmental expression of proteins in bovine myelin.
Western blots were completed on partially delipidated myelin from
bovine samples ranging in age from 15 weeks of gestation (E15), to 3
weeks after birth (P3), to maturity (adult). a: Proteins expressed at
high levels during early development. b: Myelin proteins. c:
Enzymes involved in the posttranslational modification of proteins,
including MBP. The primary antibody dilutions were as listed: Golli-
MBP (1:10,000), Fyn (1:500), Lyn (1:500), Src (1:500), CNP
(1:500), MBP (1:2,000), methyl-Arg (1:250, for CH3-MBP), phospho-
Thr98-MBP (1:2,000), Cit-MBP (1:50), PLP (1:2,000), MOG
(1:3,000), MAG (1:3,000), PADII (1:200), MAPK (p44/42) (1:1,000),
and PRMT5 (1:1,000). The molecular mass markers are shown at right.

3
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the sucrose gradient fraction profiles. The sucrose gradient
fractions were characterized by protein and cholesterol
determination, Western blot, and GM1 dot blot analysis; as
well, a DRMs fraction from each detergent was analyzed
by DLS (Fig. 4). In comparing the extraction of mature
myelin with 0.5% Brij 96V, 1.5% CHAPS, and 1.0% TX-
100, we found that the amount of protein and lipid, as
well as the sucrose gradient buoyancy and vesicle size of
the DRM, varied widely among the detergents used (sum-
marized in Table I). As observed from the protein/choles-
terol plots (Fig. 4a), Brij 96V extraction resulted in a wide
distribution of buoyancy of DRMs (62% of total protein
of gradient fractions) over many fractions, whereas TX-
100 extraction led to solubilization of most of the mem-
brane cholesterol and protein, and only a small percentage
as DRMs (4.0% of total protein). With CHAPS, there was
a very narrow distribution of DRMs with a significant
amount of protein (15% of total protein). Regardless of
the detergent used to isolate the myelin DRMs, the pro-
tein:cholesterol ratio in the DRM fractions was approxi-
mately 5.5.

On the basis of the DRM profile for CHAPS, we
used this detergent to characterize further myelin rafts
containing MBP. From the TLC lipid analysis of the
CHAPS sucrose gradient fractions, a similar lipid com-
position profile was observed between the DRMs (frac-
tions 4 and 5) and mature myelin. In contrast, fractions
12 and 13, which represented the highly solubilized
membrane components, contained all the myelin lipids
except for GalC and sulfatide (Fig. 5).

Changes in Sucrose Gradient Profile With Lysate
Treatment

Mature myelin was lysed with CHAPS as described
above. Either the lysate was directly applied to a sucrose

gradient or the pellet after centrifugation was resus-
pended in extraction buffer and then applied to a
sucrose gradient. To compare the differences among
the sucrose gradient profiles of the various lysate treat-
ments, Western blots for MBP and CNP were com-
pleted (Fig. 6). The sucrose gradient profile of the
whole lysate of the CHAPS extraction showed a low-
density fraction (4), medium-density fractions (6–9),
and high-density fractions (11–13). The profile of the
pellet from the CHAPS extraction had medium-density
and high-density fractions, whereas the profile from the
supernatant (the lysate treatment used in this study)
indicated only low- and high-density fractions. Mature
myelin (with no detergent treatment) floated into
medium-density fractions. This sucrose gradient distri-
bution of myelin vesicle has been previously noted
(Kim and Pfeiffer, 1999).

The high-density fractions from the supernatant,
pellet, and whole lysate sucrose gradient profiles repre-
sent solubilized lipids and proteins from disordered fluid
membrane domains, such as the bulk phospholipid
environments. The medium-density fractions from the
pellet and whole lysate profiles might also comprise
the myelin vesicles that were seen in the no-detergent
profile.

Effect of High Salt or Cholesterol Depletion on
Myelin Rafts

To characterize the myelin rafts further, the myelin
CHAPS lysis included 500 mM NaCl to diminish possi-
ble protein–protein and/or protein–lipid electrostatic
interactions, or the myelin membranes were pretreated
with mbCD prior to CHAPS extraction to deplete the
cholesterol. In general, the presence of salts increased the
solubilization of myelin proteins by detergents including
CHAPS (Aveldano et al., 1991). With the addition of
NaCl, there was no disruption of the integrity of myelin
rafts, and the peripheral membrane proteins MBP and
CNP remained raft associated (results not shown). Thus,
the cationic proteins MBP and CNP are not held in
lipid rafts solely by weak ionic binding to anionic lipids
or proteins.

The concentration of mbCD required to deplete
cholesterol (>95%) from myelin membranes effectively
was determined to be 75 mM (see Table II). Interest-
ingly, the critical concentration of mbCD for cell cul-
tures is significantly lower; for example, HeLa cells
require only 5 mM mbCD (Foster et al., 2003). Figure
7 illustrates the depletion of cholesterol from the low-
buoyant-density fractions of a CHAPS extraction of
mature myelin with mbCD pretreatment (compare with
Fig. 4a). GM1 is now distributed to the higher buoyant
density fractions, indicating a disruption in DRMs/lipid
rafts. Furthermore, the myelin proteins are no longer
localized in the DRMs. Only upon very long exposure
of the Western blots can low levels of MBP be seen in
the DRM fractions.

Fig. 3. Developmental synthesis of lipids in bovine myelin. Lipids
from bovine myelin samples ranging in age from 15 weeks of gesta-
tion (E15), to 3 weeks after birth (P3), to maturity (adult) were
extracted with CHCl3:MeOH (2:1, v/v) and separated by TLC on a
silica gel plate.
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Developmental Regulation of Myelin Proteins Into
Various Microdomains

The supernatant and pellet fractions from the
CHAPS lysis of developing and mature myelin were

analyzed by Western blotting. The distribution of vari-
ous proteins in the supernatant and pellet fractions
changed from early to middle to late myelination stages
and in mature myelin (Fig. 8). At the midmyelination

TABLE I. Characteristics of DRMs Extracted From Mature Bovine Myelin with Brij 96V, CHAPS,

or TX-100

Fractionsa Proteinb (%)

Sucrose

concentrationc (%)

Protein/cholesterol

ratiod
Vesicle

diameter (nm)e

Brij 96V 2–6 62 8.8–18.5 3.4–5.8 41–55

CHAPS 4 and 5 16 12.4 and 14.7 5.7 and 5.2 40–53

TX-100 5 and 6 4.0 14.7 and 18.5 5.5 and 5.7 76–106

aDetermined by Western blot analyses and total protein and cholesterol assays.
bThe percentage of total protein in DRM fractions in comparison with total protein in supernatant.
cDetermined by refractometry.
dMass ratio of protein to cholesterol.
eRange of DRM vesicle size as determined by DLS.

Fig. 4. Characterization of DRMs from mature myelin with Brij 96V,
CHAPS, or TX-100. a: Protein and cholesterol concentration profiles
of the sucrose gradient fractions. b: GM1 dot blot and Western blot
analyses. c: Vesicle size profiles as measured by DLS. The supernatant
from the cold detergent lysis of myelin was applied to a discontinuous
sucrose gradient. The sucrose gradient fractions were collected from
the top of the tube; fraction 1 contains the lowest-buoyant-density

material (and lowest sucrose concentration), and fraction 13 contains
the highest-buoyant-density material (and highest sucrose concentra-
tion). The DRM fractions from each detergent (fraction 3 from Brij
96V, fraction 5 from CHAPS, and fraction 6 from TX-100) were dia-
lyzed against TBS prior to DLS analysis. The molecular mass markers
are shown at right.
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stage, MBP (18.5-kDa isoform) and its phosphorylated
and citrullinated forms were found exclusively in the
pellet fraction. The methylated form was not detectable
in the supernatant or pellet fractions. As myelination
continued, the 18.5-kDa isoform was distributed into
the supernatant fraction, whereas the 21.5-kDa isoform
remained in the pellet fraction. At this late myelination
stage, some of the MBP and phospho-MBP was detected
in the supernatant (28% and 27%, respectively), and
CH3- and Cit-MBP remained in the pellet fraction. In
mature myelin, a significant proportion of MBP and
phospho-MBP was found in the supernatant (55% and
68%, respectively), yet the methylated and citrullinated

forms remained predominantly in the pellet fraction
(72% and 64%, respectively). The distribution of the
other myelin proteins, MAG, MOG, and PLP, was simi-
lar to that of MBP. Unlike the above-mentioned myelin
proteins, CNP was found to be equally distributed in
the supernatant and pellet fractions at all stages of myelin
development. The proteins Golli-MBP, Fyn, and Src
were found primarily in the supernatant fraction in early
myelin development. Lyn was found exclusively in the
supernatant fraction in the early stages, and very low lev-
els were detected only in the pellet in mature myelin.

As per our isolation procedure for DRM, the
supernatant contained both highly solubilized membrane

Fig. 5. Lipid profile of the sucrose gradient fractions from the CHAPS extraction of mature mye-
lin. Sucrose gradient fractions were dialyzed against TBS, extracted with CHCl3:MeOH (2:1, v/v),
dried, and applied to a silica gel TLC plate. The image is inverted for better contrast.

Fig. 6. Sucrose density gradient profiles of mature myelin with various lysate treatments. Mature
myelin was extracted with CHAPS detergent. The supernatant, the pellet resuspended in lysis buf-
fer, or the whole lysate was applied to a sucrose gradient. The control was completed whereby
myelin was resuspended in buffer containing no detergent. Western blots were completed for
MBP and CNP. The molecular mass markers are shown at left.
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components that had a high buoyant density in the
sucrose gradient and DRMs that had a low buoyant
density. In early myelination, CNP, Golli-MBP, Fyn,
and Lyn were localized in DRMs (Fig. 9a). The acti-
vated form of Lyn was found in lipid rafts (Young
et al., 2003). By midmyelination, Fyn and Lyn were
no longer detectable in DRMs, but CNP and Golli-
MBP remained localized in the DRMs. Also detected
in the DRM fractions were PLP and MOG (Fig. 9b).
The myelin proteins CNP, PLP, and MOG remained
localized in these lipid rafts over all the last stages of
development. At the late stage of myelination, MBP
and MAG became detectable in the DRMs and
remained detectable in mature myelin rafts (Fig. 9c).
Phospho-MBP was only detectable in DRMs of
mature bovine myelin (Fig. 9d), although it was dis-
tributed into the supernatant fraction of myelin from
the late stages of development (Fig. 8). Methylated and
citrullinated forms of MBP could not be detected in
any of the sucrose gradient fractions from the DRM
isolations.

Colocalization of Myelin Raft Components
in Mouse OLs

Colocalization of the early glial cell marker A2B5

with various Src tyrosine kinases, and the early OL
marker CNP, showed that colocalization (indicated by
yellow staining) occured around the oligodendrocyte cell
body and in the early processes that they extended
(Fig. 10a). When mature OLs were doubly stained with
the myelin marker O1 and with Lyn, very little colocali-
zation was seen in the mature oligodendrocyte, whereas,
when OLs were doubly stained with Fyn, moderate
colocalization was observed in the cell extensions
(Fig. 10b). CNP costaining was seen in the cell processes
and the myelin extensions, whereas, for MBP costaining,
the colocalization was seen only in the myelin exten-
sions. Phospho-MBP staining was seen at high levels in
both cell processes and extensions in the mature OLs.
When double staining was completed with O4 instead
of O1, similar colocalization with the proteins was
observed (results not shown).

DISCUSSION

Use of Various Detergents and Conditions in
DRM Isolation

Cholesterol- and sphingolipid-rich microdomains
remain intact when membranes are subjected to certain
detergents at low temperatures. The most selective deter-
gent for the isolation of DRMs containing MBP from
myelin was determined to be CHAPS at a concentration
of 1.5%. Very little MBP was found in the DRM frac-
tions from TX-100 myelin extraction, whereas Brij 96V
gave a very wide distribution of DRM fractions. Pre-
vious studies have found CHAPS to be suitable for the
isolation of PLP in DRMs (Simons et al., 2000), but
TX-100 is most commonly used to characterize other
myelin proteins in lipid rafts (Kramer et al., 1997; Kim
and Pfeiffer, 1999, 2002; Hasse et al., 2002; Bosse et al.,
2003). This detergent selectivity in isolating proteins in
DRMs has been noted with myelin (Taylor et al., 2002)
and with other cell preparations (Giurisato et al., 2003;
Marwali et al., 2003; Gebreselassie and Bowen, 2004;

Fig. 7. Depletion of cholesterol from mature myelin results in the
disruption of DRMs. Mature myelin was pretreated with 75 mM
mbCD and then extracted with CHAPS at 48C. After centrifugation,
the supernatant was applied to a sucrose gradient. a: Protein and cho-
lesterol concentration profiles of the sucrose gradient fractions. b:
GM1 dot blot and Western blot analyses. The effect of cholesterol
depletion can be seen by comparing this figure directly with the
CHAPS column in Figure 4a and with Figure 9d. The putative lipid
rafts are disrupted; cholesterol is no longer enriched in fractions 5–7,
GM1 is now localized in higher-buoyant-density fractions, and the
myelin proteins are not localized in the DRMs. A very low level of
MBP can be detected in fraction 5 upon long exposure of the film.
The sucrose gradient fractions were collected from the top of the
tube; fraction 1 contains the lowest-buoyant-density material (and
lowest sucrose concentration), and fraction 13 contains the highest-
buoyant-density material (and highest sucrose concentration). The
molecular mass markers are shown at right.

TABLE II. Percentage of Cholesterol Remaining in Myelin After

Extraction With Various Concentrations of mbCD*

mbCD (mM) Cholesterol remaining (%)

0 100 6 0.3

5 79.2 6 9.7

10 53.2 6 6.2

25 16.9 6 5.1

50 7.7 6 0.5

75 4.0 6 1.0

*Mature myelin membranes were incubated with mbCD for 30 min at

378C. The amount of cholesterol remaining in the membrane was deter-

mined with the Amplex Red cholesterol assay kit. Values are the average 6
standard deviation from four trials.
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Radeva and Sharom, 2004), and recently it has been
extensively explored (Schuck et al., 2003; Chamberlain,
2004). The detergents TX-100 and CHAPS are most
selective, with DRMs strongly enriched in cholesterol
and sphingolipids, whereas Tween-20 and Brij 58 are
least selective with minimal enrichment of the DRMs
(Schuck et al., 2003). In this study, the different deter-
gents also yield DRMs of different vesicle diameter,

although the values are within the 25–700 nm range
observed from various cell types (Anderson and Jacob-
son, 2002). Because of the selectivity of the detergent,
the various DRMs isolated may represent different
microdomains or part of the same microdomain in the
in vivo membrane. A further discussion on the heteroge-
neity of lipid rafts and isolation procedures introduces
the ‘‘induced-fit model of raft heterogeneity’’ (Pike,
2004). In the raft, specific proteins are considered to
have an affinity for specific lipids. As small raft entities
or ‘‘protorafts’’ coalesce, the interactions between pro-
tein and lipids can be modified as new protein–protein
interactions develop. The raft environment changes, and
thus specific proteins can be retained or excluded.

In the initial studies of DRMs, the whole, unfractio-
nated detergent lysate was applied to the sucrose gradient
(Brown and Rose, 1992). Now, it is more common to
centrifuge the lysate and apply the postnuclear supernatant
to the gradient. We have found, with the CHAPS lysis of
mature myelin, that the whole lysate gives a sucrose gra-
dient profile with three distinct areas: low-, medium-,
and high-density fractions. The application of the super-
natant gives low- and high-density fractions, whereas the
pellet gives medium- and high-density fractions. Myelin
not treated with detergent results in the localization of
lipid and proteins in the medium-density fractions. We
conclude that the low-density fractions contain DRMs,
the medium-density fractions contain myelin vesicles, and
the high-density fractions contain highly solubilized lipids
and proteins.

Characterization of Lipid Microdomains
of Developing and Mature Myelin

We defined the stages of bovine myelin develop-
ment based on the histochemistry and biochemical anal-
ysis of fetal brain and myelin. The early myelination
stage includes brains up to E19, the midmyelination
stage from E20 to E28, and the late myelination stage
from E29 to E40, with mature myelin occurring after
birth.

As an initial step to investigate the potential role of
MBP in signalling, we isolated DRMs from developing
and mature myelin. The DRMs represent coalesced lipid
rafts from the intact biological membrane. Identification
of the components in myelin lipid rafts may lead to the
elucidation of specific signal transduction pathways in
the maturation of the oligodendrocyte, in the develop-
ment of myelin, and in the maintenance of mature mye-
lin. Although MBP and the other myelin proteins are
expressed in early myelin, they are not raft associated
(with the exception of CNP); they remain primarily in
the CHAPS-extracted pellet. Only Fyn, Lyn, Golli-
MBP, and CNP are localized in DRMs from early mye-
lin. The protein and lipid compositions of the lipid rafts
are developmentally regulated. Both GalC and sulfatide
are not detectable in early bovine myelin and, thus, can-
not be found in these lipid rafts. Brown and coworkers
(Ostermeyer et al., 1999) have concluded that glycosphi-

Fig. 8. Developmental distribution of various myelin proteins into
the CHAPS supernatant and pellet fractions from myelin of early,
middle, and late myelination stages and from mature myelin. Myelin
was extracted with CHAPS at 48C and then centrifuged to give the
supernatant and pellet fractions. The pellet was redissolved into the
same volume as the supernatant. Equal volumes of the supernatant
(S) and pellet (P) fractions were loaded onto 14% gels, and Western
blots were performed. The early myelination stage included E11–E19
samples; midmyelination stage, E20–E28 samples; late myelination
stage, E29–E40 samples; and mature myelin from P3 to adult. The
absolute levels of protein among the various developmental stages in
this figure cannot be compared. Expression levels are illustrated in
Figure 2. S, supernatant fraction; P, pellet fraction; ND, not detected;
NC, not completed.
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ngolipids are not essential in lipid raft formation. In
another study, Fyn and Lyn were localized in the mouse
myelin DRMs, and these kinases were found to be
developmentally regulated, with highest activities at the
beginning of myelination (Kramer et al., 1999). The
Golli-MBPs are other proteins that are significant in mye-
linogenesis, and the localization of Golli-MBP to DRMs
has been demonstrated in stimulated Golli-transfected
Jurkat T cells (Feng et al., 2004). The role of Golli-
MBP isoforms in signal transduction has been suggested
previously (Campagnoni and Skoff, 2001; Reyes and
Campagnoni, 2002), and its nuclear binding partner,
Golli-interacting protein (GIP), has recently been identi-
fied (Fernandes et al., 2004). In this work, Golli-MBP is
found with Src tyrosine kinases and CNP in the DRMs,
yet it is unclear whether it directly interacts with these

proteins. In mature mouse OLs, Golli-MBP does not
colocalize with Fyn or Lyn. The lipid raft association of
these proteins suggests that their role in signalling is most
significant during the initiation of myelination.

By the midmyelination stage, GalC and sulfatide
are synthesized at detectable levels, and the myelin pro-
teins PLP and MOG are localized in the DRM fractions.
The GalC/sulfatide dependence of PLP-raft association
has been previously noted (Simons et al., 2000). Anti-
body cross-linking recruits MOG from one microdo-
main to another in OL cell cultures, with concomitant
changes to cell morphology and phosphorylation state of
proteins (Marta et al., 2003).

In the final stages of myelination, MAG and MBP
are translocated into the DRM fraction. Previously,
MAG and MOG were found only in DRMs from mye-

Fig. 9. Characterization of CHAPS-extracted DRMs from develop-
ing and mature myelin. Bovine myelin samples from various stages
of development were extracted with CHAPS at 48C and centri-
fuged, and the supernatant was applied to a sucrose gradient. West-
ern blots were analyzed, and the developmentally regulated
localizations of various proteins into the DRM fractions are shown.
a: Early myelination (E11–E19). b: Midmyelination (E20–E28).

c: Late myelination (E29–E40). d: Mature myelin. The sucrose gra-
dient fractions were collected from the top of the tube; fraction 1
contains the lowest-buoyant-density material (and lowest sucrose
concentration) and fraction 13 contains the highest-buoyant-density
material (and highest sucrose concentration). The molecular mass
markers are shown at right.
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lin not from cultured OLs (Kramer et al., 1999; Marta
et al., 2003). Only in mature myelin is phospho-MBP
localized in the DRM fractions. The double staining of
GalC (01 mAb) or sulfatide (04 mAb) with phospho-
MBP shows the colocalization in the cell processes and
extensions of the mature OL. Protein phosphorylation is
one of the most significant signal transduction mecha-
nisms. The phosphorylation of MBP is necessary for
myelin formation (Vartanian et al., 1986), and it has
been suggested that phosphorylation of Thr97 is regu-
lated by the action potential generation in the axons
(Atkins et al., 1999). Furthermore, phosphorylation can
regulate a protein’s localization into lipid rafts. For
example, the phosphorylated form of p75 neurotrophin
receptor is translocated to lipid rafts in the neuron
(Higuchi et al., 2003), and the phosphorylated form of

plasmolipin is raft associated in PNS myelin (Bosse et al.,
2003).

The integrity of lipid rafts is lost with the removal
of cholesterol from the plasma membrane (Simons and
Ehehalt, 2002). Cholesterol is selectively extracted by
mbCD from the surface of the cell (Yancey et al., 1996;
Barabe et al., 2002), yet the membrane asymmetry is not
affected (Kunzelmann-Marche et al., 2002). The choles-
terol depletion from myelin membranes leads to the dis-
sociation of myelin proteins from lipid rafts. The
proteins MAG, MOG, CNP, and PLP are no longer
colocalized in DRMs of myelin pretreated with mbCD.
Only a very small fraction of MBP remains associated
with the DRMs. The transmembrane proteins MAG,
MOG, and PLP and the prenylated protein CNP are
highly dependent on cholesterol for their association

Fig. 10. Colocalization of various lipids and proteins in the develop-
ing oligodendrocyte. Cells were stained with a first set of primary
antibody (either A2B5 or O1, both used directly from a hybridoma
supernatant), followed by cell fixation with 4% paraformaldehyde in
1� PBS, followed by permeabilization with 0.01% Triton X-100
(when necessary), blocking in 5% normal goat serum, and incubation
with a second set of primary antibody [Lyn (1:200), Fyn (1:200),
Golli-MBP (1:5,000), CNP (1:400), Src (1:250), MBP (1:250), or

phospho-Thr98-MBP (1:400)]. Cells were thoroughly washed with
1� PBS and incubated with the appropriate secondary antibodies,
depending on antibody host species and antibody subtype (rabbit-
anti-mouse IgG-Alexa Fluor 488, goat-anti-rabbit IgG-Alexa Fluor
488, or rabbit anti-mouse IgM-Alexa Fluor 594). a: Early oligoden-
drocytes fixed at 7 days in vitro (DIV). b: Mature oligodendrocytes
fixed at 15 DIV.
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with myelin rafts, whereas the peripheral protein MBP
may not significantly interact with cholesterol. The cho-
lesterol dependence of PLP for lipid raft association has
been previously observed (Simons et al., 2000).

In addition to lipid rafts, other microdomains exist
in myelin and within its specific architectural subdo-
mains. Evidence for this idea is also suggested from data
on myelin detergent lysis. In the supernatant fraction,
proteins are either localized into lipid rafts or into phos-
pholipid-enriched microdomains, whereas the pellet frac-
tions may represent other microdomains that may be a
part of the radial component of myelin (Karthigasan
et al., 1996). A complex consisting of MBP-PLP-MAG,
in which MBP is not phosphorylated, has been found in
a phospholipid-enriched, GalC- and cholesterol-poor
microdomain isolated from a TX-100 extraction (Arva-
nitis et al., 2002). Proteins in nonraft microdomains
might also have specific functional roles (Claas et al.,
2001). Specific activated Ras isoforms are localized in
noncholesterol-dependent microdomains (Prior and
Hancock, 2001; Niv et al., 2002). As proposed with
MARCKS protein (Murray et al., 1997; Murray et al.,
1999), the polybasic domain of K-Ras may induce its
own microdomain via electrostatic interactions with
acidic phospholipids (Hancock, 2003; Laude and Prior,
2004).

Role of Posttranslational Modifications of MBP
in Microdomain Localization

The 18.5-kDa isoform of MBP is the most abun-
dant and best characterized. As a result of posttransla-
tional modifications (Thr and Ser phosphorylation, Gln
deamidation, Arg methylation, and Arg deimination),
this isoform exhibits significant microheterogeniety and
can be separated by cation exchange chromatography
into charge isomers or components (denoted C1–C8). In
bovine myelin, C1 and C2 are not phosphorylated,
whereas the other charge isomers are phosphorylated
(Zand et al., 1998). Our data suggest that specific charge
isomers of MBP are sequestered into or excluded from
lipid rafts. From the Western blot analyses of the super-
natant and pellet fractions, most of the Cit-MBP and
CH3-MBP is found in the pellet fraction; these two
posttranslationally modified forms of MBP are nonraft
proteins at all stages of development. In contrast, the
DRM results indicate that, by the later stages of myeli-
nation, an unmodified form of MBP (not phosphory-
lated, citrullinated, or methylated) is raft associated. In
mature myelin, phospho-MBP becomes raft associated.
Moreover, Cit-MBP is found mainly at the intraperiod
line of myelin, and phospho-MBP is localized to the
major dense line (Yon et al., 1996), also supporting the
finding that these two forms of MBP are not colocalized
in the same microdomain. In model myelin membranes,
the various MBP charge isomers associate with the lipids
differently (Boggs et al., 1997; Shanshiashvili et al.,
2003), consistent with the statement that these charge

isomers are localized in different lipid microdomains
in vivo.

In summary, our results show that there is a devel-
opmental regulation of MBP isoforms and posttransla-
tionally modified MBP into specific myelin membrane
microdomains. CNP is a protein that partitions into lipid
rafts at all stages of myelin development and thus may
serve as raft marker in myelinogenesis. Golli-MBP is raft
associated during early myelin development. Unmodified
MBP (not phosphorylated, methylated, or citrullinated)
becomes localized into lipid rafts during the latter stages of
myelinogenesis. In mature myelin, phospho-Thr97-MBP is
translocated into the raft fractions, whereas methylated
and citrullinated forms of MBP are still not raft associated.
The posttranslationally modified forms of MBP that are
localized into specific microdomains (raft and nonraft)
might have significant functional roles in myelination/
remyelination.
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