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The surface forces apparatus and atomic force microscope were
used to study the effects of lipid composition and concentrations
of myelin basic protein (MBP) on the structure of model lipid
bilayers, as well as the interaction forces and adhesion between
them. The lipid bilayers had a lipid composition characteristic of
the cytoplasmic leaflets of myelin from “normal” (healthy) and
“disease-like” [experimental allergic encephalomyelitis (EAE)]
animals. They showed significant differences in the adsorption
mechanism of MBP. MBP adsorbs on normal bilayers to form
a compact film (3–4 nm) with strong intermembrane adhesion
(∼0.36 mJ/m2), in contrast to its formation of thicker (7–8 nm)
swelled films with weaker intermembrane adhesion (∼0.13 mJ/m2)
on EAE bilayers. MBP preferentially adsorbs to liquid-disordered
submicron domains within the lipid membranes, attributed to hy-
drophobic attractions. These results show a direct connection be-
tween the lipid composition of membranes and membrane–protein
adsorption mechanisms that affects intermembrane spacing and
adhesion and has direct implications for demyelinating diseases.

lipid raft | biomembrane adhesion | myelin structure | multiple sclerosis |
intrinsically unstructured proteins

Myelin is an asymmetric multilamellar membrane wrapped
around the axons of the central nervous system (CNS) and

consists of alternating extracellular and cytoplasmic leaflets
(1–3). The bilayer-associated proteins, mainly myelin basic pro-
tein (MBP) and proteolipid protein, play an essential role in
stabilizing and maintaining the myelin structure. The bilayers are
in close contact (∼3 nm separation between lipid headgroup–
water interfaces), providing a low dielectric constant through the
compact bilayers, which is essential for efficient and fast saltatory
propagation of nerve impulses. Any structural changes of the
myelin sheath in the CNS, including lesion formation, loss of
adhesion, swelling of the water gaps, vacuolization, vesiculation,
and complete delamination (demyelination) of the myelin sheath
(4–6), are signatures of several inflammatory neurological dis-
orders. These types of disorders are characterized by a broad
spectrum of neurological symptoms, such as physical and cog-
nitive disabilities, with multiple sclerosis (MS) being one of the
most common demyelinating diseases (2).
The primary cause of structural changes in the myelin is still

under debate; however, morphological changes of the myelin
structure due to diseases such as MS are well known. A well-
studied and accepted animal model for MS is the experimental
allergic encephalomyelitis (EAE) of the marmoset (2, 6). Using
this model, recent studies conducted with the surface forces
apparatus (SFA) have shown that a loss of adhesion force (7)
and structural changes of model membranes with lipid compo-
sition characteristic of myelin accompanied compositional alter-
ations of the lipid species (8), as well as an electric charge
imbalance between lipid molecules and MBP (9). These alterations

also change the lateral distribution and stability of phase-separated
lipid domains (or rafts) within model myelin membranes (8, 10).
MBP is one of the most abundant proteins in the CNS and is

an intrinsically unstructured (disordered) protein (11). MBP acts
as an intermembrane adhesion protein between the cytoplasmic
leaflets of the myelin sheath. The predominant size and charge
isoform of MBP in healthy and mature myelin has a molecular
weight of 18.5 kDa and a net positive charge of 19 (12, 13).
Several studies conducted with model and extracted myelin
bilayers (9, 14–19) showed that because of its high content of
positively charged residues, MBP binds to the negatively charged
lipids of the cytoplasmic leaflets of the bilayer via electrostatic
interaction in addition to hydrophobic interactions. However,
studies have shown that the MBP charge component composi-
tion, as well as the balance between charged lipids and MBP
charge components, changes in EAE (as well as in MS) tissues
(20, 21). Other studies (9, 15) demonstrated the importance of
the hydrophobic interaction between MBP and lipid membranes
by showing that MBP specifically binds to lipid domain bound-
aries (defects), altering the lateral organization of the model
myelin bilayers. A recent study also showed that MBP’s associ-
ation with the cytoplasmic leaflet of the myelin membrane
induces a phase transition into a cohesive mesh-like protein
network (22, 23).
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The proper functioning of multilayer membrane systems, such
as myelin, requires the multilamellar membranes to be tightly
wrapped around the axon fibers, thereby allowing efficient
electric signal transmission. Slight changes in lipid composition
in myelin membranes will alter their domain sizes and dis-
tributions, and the intermembrane adhesive properties. Using
the surface forces apparatus and atomic force microscope, we
studied the adsorption of myelin basic protein (MBP) to model
myelin lipid bilayer membranes of varying compositions, and
their effects on the structure, equilibrium spacing (swelling),
and adhesion force between them. We find that MBP prefer-
entially adsorbs to “disordered” submicron domains, affecting
regular spacing and adhesion. These findings provide insights
into lipid–protein interactions and membrane-associated (e.g.,
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One open question regarding the stability of myelin mem-
branes is how the concentration of MBP affects the interaction
forces between myelin bilayers. We reconstructed and used two
types of supported model monolayers with a lipid composition
characteristic of “normal” or “healthy” and “disease-like” EAE
myelin deposited on a dipalmitoylphosphatidylethanolamine
(DPPE) monolayer to examine the effect of lipid composition,
domains, and fluidity on the interaction forces, film viscosity, and
MBP adsorption mechanism between these model myelin bilayers.
The lipid composition used is based on data from Inouye and
Kirschner (1, 24) and Ohler et al. (6) (Table 1). For convenience,
these reconstituted bilayers are referred to as “model normal
bilayers,” “model EAE bilayers,” and “model myelin bilayers”
throughout this article. The bilayers were prepared using the
Langmuir–Blodgett technique (25), and the interaction forces
were measured using surface forces apparatus (SFA) model 2000
(26), with the capacity of measuring interaction forces and sep-
aration distances between macroscopic surfaces with a resolution
of 10 nN and 0.1 nm, respectively. The MBP adsorption mech-
anism onto the bilayers also was examined using an atomic force
microscope (AFM). This study aims to establish the relationship
between the structure of the model lipid myelin bilayers and
protein adsorption and also to quantify the effect of MBP con-
centration on the intermembrane interaction forces.

Results
Interaction Forces Between Supported Model Cytoplasmic Myelin
Bilayers. MBP is a flexible, elongated biomolecule (11) that
contains both charged and hydrophobic/hydrophilic groups and
interacts readily with lipid bilayers. The adhesive strength and
density of an ensemble of MBPs between myelin lipid bilayers,
obtained through force–distance (F–D) and thin-film viscosity
measurements (see Fig. 1 for a schematic of the experimental
setup), provided qualitative and quantitative information about
the interfacial MBP conformation and adsorption mechanism at
the molecular level.
Force–distance profiles show there is a critical adsorption

concentration, Ccrit, of MBP above which MBP adsorbs (Fig. 2).
This adsorption threshold is a characteristic feature of domain
formations of molecules (2D micelles, clusters, or rafts) (27). At
bulk concentrations C of MBP that are less than 1.2 ng/mL, the
MBP adsorbs to neither normal (Fig. 2 A–C) nor EAE (Fig. 2 D–
F) model myelin bilayers and the bilayer’s interactions are sim-
ilar to two bare bilayers. When the MBP concentration exceeds
2.9 ng/mL, rapid and cooperative adsorption of MBP occurs, as
may be ascertained from the following observations (Fig. 2): (i)
Over a slight increase in the MBP concentration, a sharp out-
ward shift of the electric double-layer interaction and the steric
“hard wall” (Dsw = 2DB + DMBP at F/R ∼4 mN/m) from Dsw ∼10
nm (corresponding to two bilayers in contact, DB = 5 nm and
DMBP = 0 nm) to Dsw ∼13 nm (two normal bilayers plus one
layer of MBP, DB = 5 nm and DMBP = 3 nm) or Dsw ∼17 nm
(two EAE bilayers plus a swollen layer of MBP, DB = 5 nm and
DMBP = 7 nm) is observed. (ii) The adhesion (pull-off) force

increases concomitantly with the adsorption of MBP, as mea-
sured on separation.
Intermembrane distances and adhesion are important param-

eters for how well a myelin membrane functions. A low inter-
membrane distance within the multilayer myelin membrane gives
a lower dielectric constant between the core axon and the sur-
rounding medium and, according to cable theory, a faster tran-
sition time of nervous signal through the axon, compared with a
swelled membrane (9). Fig. 3 shows the normalized adhesion
force Fad/R (= min[F/R]), adhesion energy per unit area Ead
[= –2Fad/3πR, the Johnson, Kendall, and Roberts (JKR) model
(28, 29)], steric hard-wall thickness Dsw, and jump-from distance
Dj measured by the SFA, as a function of bulk MBP concen-
tration C. As shown in Fig. 3A, the increase of Fad/R with C is
abrupt and large (Fad/R ∼–1.7 mN/m, Ead ∼0.36 mJ/m2) in the
normal bilayer, whereas in the EAE bilayer, the Fad/R increase is
rather gradual and smaller (Fad/R ∼–0.6 mN/m, Ead ∼0.13 mJ/m2).
As shown in Fig. 3B, the comparison of Dsw clearly shows that
model EAE bilayers exhibit a swollen layer of MBP (DMBP ∼7–8
nm) at C > 2.9 ng/mL, whereas DMBP in the normal bilayer is
compact, with a thickness equal to that of a single MBP mole-
cule, σMBP (DMBP ∼3–4 nm) as measured by electron microscopy,
X-ray, and computational techniques (14, 30, 31). Following the
same trend, Dj is larger in the EAE bilayer (Fig. 3C), which is
a possible indication of the formation of a thicker gel-like layer
on EAE bilayers at C > 5.8 ng/mL. Structural changes (e.g.,
swelling, lesion formations) in autoimmune diseases such as
EAE and MS have been observed in the extracellular leaflet of
myelin membranes in the CNS only, by using electron micros-
copy (4, 6). Other studies have reported an alteration in the
MBP composition and concentration in the cytoplasmic leaflet (12,
20). Fig. 3 clearly shows that both the adhesion energy between
(model) cytoplasmic leaflets and the intermembrane distance are
sensitive to MBP concentration. Any out-of-balance concentra-
tion of MBP likely will result in some instability in myelin structure
and greater access of anti-MBP T cells and/or antibodies to MBP
at the cytoplasmic leaflet, possibly after some degree of break-
down of myelin due to other factors.
The differences in adhesion and MBP layer thickness between

normal and EAE bilayers demonstrate the sensitivity of these
properties to subtle changes in lipid composition (Table 1),
which is related to fluidity and lipid domain distributions (8, 10).
These changes in lipid membrane fluidity and domain structures

Table 1. Lipid compositions used for the reconstituted
cytoplasmic myelin lipid monolayers

Mole % lipid

Lipid class Normal EAE

Cholesterol 31.6 37.4
PS− 7.3 7.4
SM+/− 6.2 2.2
PC+/− 25.9 20.1
PE+/− 29.0 32.9
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mica substrate

mica substrate
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DMBP

DB

Silver layer

MBP layer

DPPE
monolayer

DPPE

Diffuse
Buffer
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MBP layer
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Myelin lipid
monolayer
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Fig. 1. Schematic representation of the model myelin bilayer system.
Two apposing model myelin bilayers deposited on solid mica substrates
were immersed in an aqueous buffer solution (saturated with lipids) with
a bulk MBP concentration of C. By using the Langmuir–Blodgett tech-
nique, a DPPE monolayer was deposited as the supporting layer on
atomically smooth mica. The myelin (cytoplasmic leaflet) lipid monolayer
was deposited above the predeposited DPPE monolayer. To adsorb MBP
to the bilayer surfaces, the MBP solution (in sodium nitrate buffer) was
injected into the medium with a syringe after separating two bilayers far
from each other (D > 1 mm). An equilibration time of 30 min was used
after every injection.
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may cause abnormal adsorption and/or conformations of MBP,
which might make myelin less stable and more susceptible to
attack by the immune system, allowing its eventual disintegra-
tion. MBP then might be exposed to proteolytic degradation and

release of immunogenic epitopes, which also contribute to de-
myelination (21).
The surface concentration of MBP (Γ, mass per unit area)

adsorbed onto the bilayer is directly related to the normalized
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Fig. 2. Normalized force–distance profiles measured at different MBP concentrations C and schematics of both the normal (A–C ) and EAE (D–F )
bilayers. The normal force F is measured between two cylindrical surfaces of radius R, as a function of the separation distance D (D = 0 at mica–mica
contact in air). DB, Dsw, DMBP, Dj, and σMBP indicate bilayer thickness, steric wall thickness, MBP film thickness, “jump-from” distance, and size of
a single MBP, respectively.
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adhesion force Fad/R (Fig. 4). The surface concentration is cal-
culated (Fig. 4A) by the refractive index n of the medium
(including MBP, water, and lipids) measured by using an optical
technique with the SFA (32). The volume fraction of MBP in
the adsorbed film, ϕMBP, is calculated based on the following
equation (33):

n2ðDÞ ¼ n2Bϕ
2
B þ n2MBPϕ

2
MBP þ n2wϕ

2
w;   ϕB þ ϕMBP þ ϕw ¼ 1; [1]

where n(D) is the measured refractive index, nx is a refractive
index of component x, and ϕx is a volume fraction of component
x, where the subscripts B and w indicate lipid bilayer and water,
respectively. The value of nB is approximated as the measured
refractive index at D = 2DB without MBP present in the solu-
tion. The values of nMBP and nw are 1.55 (34, 35) and 1.33, re-
spectively. The surface concentration of MBP, Γ, is obtained
using the following equation (Fig. 4B) (36):

Γ ¼ 0:5 · ρMBP ·D ·ϕMBP; [2]

using an MBP density ρMBP of 1.38 g/cm3 (37). Finally, the cal-
culated values of Γ may be correlated directly to the measured
normalized adhesion force Fad/R.
Fig. 4C shows that the magnitude of Fad/R increases linearly

with Γ for both the normal and EAE bilayers up to a certain level
(Γ = Γmax) and reaches a plateau or slightly decreases afterward.
This effect may be the result of a charge reversal (positive charges
of MBP overwhelm the negative charges of both lipid bilayers)
or gelation (9) from the dominance of intermolecular cohesion of
MBP rather than the adhesion between the MBP and bilayers.

The MBP adsorption mechanism determines the MBP con-
formation between the surfaces and therefore the intermembrane
adhesion. The “optimal” amount of MBP adsorbed at the myelin
membrane coincides with the maximum value of Fad/R (Fig. 4): at
maximum values of Fad/R of 2 mN/m and 0.6 mN/m, the MBP
surface concentrations Γmax are 1.8 and 2.5 mg/m2 for normal
and EAE bilayers, respectively (Fig. 4C). Assuming that only
a certain fraction of MBP, ξ, on the bilayers is participating in the
adhesion, the adhesion energy per MBP molecule EMBP may be
estimated using the JKR model for soft materials with large
deformations (28, 29), Ead = –2Fad/3πR (maximum “total” ad-
hesion energy per unit area), and the following equation:

EMBP ¼ Ead

ξΓmax
¼ −

2Fad

3πRξΓmax
: [3]

The adhesion energy per MBP molecule was calculated as
EMBP = 1.7/ξ kT (energy unit) for normal and 0.3/ξ kT for EAE,
respectively. MBP with the right conformation for interbilayer
adhesion should have the same EMBP. Assuming that the magni-
tudes of the binding energy per molecule of the normal and EAE
membranes are similar, we infer that the ξ value of a normal
myelin bilayer is approximately six times higher than that of an
EAE myelin bilayer.
The ξ value depends on many factors, such as the contact time

during the force–distance measurements, rate of separation, tem-
perature, and adsorption mechanism. Because all other factors were
maintained constant, we conclude that the difference of ξ between
the normal and EAE myelin bilayers emerges from the different
mechanisms of MBP adsorption, causing conformational and
orientational differences in MBP. Also, the different MBP
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adsorption mechanisms mainly are a result of the difference in
the lipid compositions and fluidity.

MBP Film Viscosity Between Supported Cytoplasmic Model Myelin
Bilayers. The thin film rheology measurement between the model
myelin bilayers provides information about the thin film viscosity, η;
hydrodynamic thickness, ΔH; and diffuse layer thickness (38, 39)
of MBP. The thin film rheology study measures the coupling
between oscillation (vibration) of the upper cylindrical surface
(amplitude Ao and frequency v) in the z-direction with a lower
surface that is suspended on a cantilever spring with spring

stiffness K (38) (seeMaterials and Methods for details). When the
separation distance D between the two apposing surfaces is large,
the lower surface does not move because of weak viscous cou-
pling between the two surfaces. As D is reduced gradually while
the upper surface is oscillated, the lower surface starts to “feel”
the viscous force induced by the oscillation of the upper surface
and oscillates at a relative amplitude A. When D approaches Dsw,
all the energy generated from the oscillation of the upper surface
is transmitted to the lower surface without any energy loss, causing
the two surfaces to move in phase with A = 0. The relation be-
tween viscosity, η; the distance between two surfaces,D; the applied
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vibration frequency, v; the applied vibration amplitude, Ao; and the
measured relative amplitude A is expressed as (38)

ηðDÞ ¼ KD
12π2R2v

"�
Ao

A

�2

−
�
1−

f
K

�2
#1 =

2

; [4]

where f = dF(D)/dD is the gradient of the interfacial force.
Fig. 5 shows plots of 12π2R2v/(K[(A0/A)

2
–(1–f/K)2]1/2) against

D measured between EAE bilayers, where the inverse slope of the
plotted line gives the viscosity. When the bulk concentration, C,
of MBP is less than 1.2 ng/mL (Fig. 5B), no signs of MBP ad-
sorption onto the bilayers are detected and the results are very
similar to bare bilayers (Fig. 5A). However, when the separation
distance between two bilayers is small (∼2 nm), a “depletion
zone” exists in which η is slightly smaller than the bulk viscosity
ηb and is similar to water’s viscosity ηw, which is a clear effect
from MBP in solution that did not adsorb to the bilayer surfaces.
The existence of a depletion zone in nonadsorbing polymeric
solutions already was shown by Kuhl et al. (40). When C is
higher than 2.9 ng/mL (Fig. 5C), completely different rheological
properties related to MBP adsorption are observed: (i) the hy-
drodynamic thickness ΔH is shifted outward about ∼5.5 nm for
each surface; (ii) the thickness of the diffusive MBP layer is
estimated to be D ∼21 nm; (iii) when the two diffusive MBP
layers overlap, the effective viscosity of the MBP film increases
up to two to threee times of ηb.
The trends are similar for normal bilayers (Fig. S1); however,

DMBP, ΔH, and the diffuse MBP layer thickness are ∼2.5, 1.3 and
4 nm, respectively, which are smaller compared with those of
EAE bilayers. The smaller values of the above three parameters
obtained for normal bilayers compared with EAE bilayers indicate
that MBP is adsorbed in a more compact manner on normal
bilayers (without swelling and a thick gel-like layer formation),
which is consistent with the higher adhesion of normal bilayers.

Selective Distribution of MBP on the Lipid Membrane. Several pro-
teins are known to adhere selectively to lipid domains of biological
membranes (41); however, the role of lipid domains in the distri-
bution of MBP still is not established. Previous studies (8, 10)
conducted with fluorescence microscopy showed the absence of
micrometer-sized domains at a surface pressure, Π, of ∼30 mN/m.
However, because of the resolution limit of the fluorescence mi-
croscope, submicron- or nano-sized domains still may exist.
Fig. 6 shows the topography of the EAE myelin lipid bilayers

as a function of MBP concentration imaged with an atomic force
microscope in aqueous solution. Bilayers without MBP (Fig. 6A)
had a thickness of ∼5 nm, which was consistent with the SFA
measurements. Also, noncircular nano-sized domains (area frac-
tion of 8%) were observed and were ∼0.5 nm thinner than the
surrounding bilayer, indicating that these domains were in a liq-
uid-disordered phase (Ld) and the surrounding bilayer was in a
liquid-ordered phase (Lo).
After injecting a low concentration of MBP (Fig. 6A, C ∼2.5

ng/mL), no changes in the bilayer structure were observed
compared with the bare bilayer. However, when C was increased
to 125 ng/mL (Fig. 6B), MBP adsorbed selectively only to Ld
lipid domains. MBP-bound lipid domains became ∼2 nm thicker
than the (MBP-free) Lo phase, indicating an MBP thickness of
∼3 nm, which is consistent with the SFA measurements and
previous studies (9, 14, 42). Also, the area fraction of bilayer
holes (which we used to confirm the bilayer thickness; see Fig. S2
for larger AFM images) decreased after the MBP adsorption
(from 14% to 12%), which provides evidence of bilayer expan-
sion caused by partial penetration of MBP into the upper leaflet
of the bilayer due to the hydrophobic attraction between the
hydrophobic moieties of MBP and hydrocarbon chains of the

myelin bilayer. The selective adsorption of MBP to the Ld phase
should be a result of the hydrophobic interaction, because the
lipids in the Ld phase have a greater molecular area compared
with those in the Lo phase, i.e., more hydrophobic residues are
exposed. The normal model bilayers did not show significant
differences in terms of selective MBP adsorption; however, they
exhibited a higher area fraction of Ld+MBP phase (8.4%) com-
pared with EAE lipid bilayers (5.5%) (Fig. S3).
At bulk MBP concentrations up to 375 ng/mL (Fig. 6C), the

MBP adsorbs unselectively to both the Ld and Lo phases, and the
thickness difference between the two phases becomes very small
(< 0.5 nm). In addition, MBP adsorbs to bilayer holes that cause
the depth of the holes in the lipid bilayer to be smaller (2 nm).
The nonselective adsorption of MBP to the bilayer surface causes
MBP to cover the whole bilayer surface (possibly as a multilayer),
forming a gel-like film, as found by viscosity measurements. The
gel-like structure of MBP, which possibly is induced by the co-
hesion between β-sheet regimes of MBP (11, 23), may alter the
structure and orientation of MBP. The altered structure of MBP
might not be optimal for the high interbilayer adhesion force in
myelin. This result is consistent with the SFA results showing
a decrease in adhesion after an excessive amount of MBP for
both normal and EAE bilayers (Fig. 3).

Discussion
MBP Structure and Adsorption Mechanism on Bilayers. The results
provide qualitative and quantitative information regarding not
only the structure of adsorbed MBP but also the mechanism of
how MBP adsorbs to myelin bilayer surfaces. Based on these
results and previous studies (14, 42, 43) of normal myelin bilayers,
MBP should be forming a thin yet compact structure (Fig. 1)
with a thickness of ∼3 nm, holding two opposing bilayers to-
gether via electrostatic and hydrophobic interactions. Here we
find that between two EAE bilayers, the compact structure of
MBP is disturbed and forms a swollen gel-like structure (∼6–7 nm
thickness) and a thick diffuse MBP layer (∼21 nm) with a hydro-
dynamic thickness ∼5.5 nm, as confirmed by normal force (Fig. 2)
and film viscosity (Fig. 5) measurements. The thick gel-like MBP
layer causes a significant decrease in the adhesion force (4, 6, 9),
which might be one of the causes, at a molecular level, of bilayer
degradation during the progression of demyelinating diseases.
The fact that MBP does not adsorb below a certain bulk

concentration Ccrit, whereas rapid adsorption of MBP occurs
above Ccrit, is consistent with cooperative adsorption. The co-
operative adsorption of MBP is involved closely in protein–
protein and protein–lipid/lipid domain interactions, which might
be an effective way for the MBP to bind to myelin bilayers,
resulting in a(n) (optimum) high adhesion force.

Role of Lipid Domains in the Myelin Membrane. The existence and
functions of lipid domains in myelin membranes already were
shown in many studies (8–10, 44). Normal and EAE myelin lipid
monolayers have different lipid domain sizes and distributions at the
same temperature and surface pressure (8, 10) that are attributed to
small differences in lipid compositions (Table 1). These differences
in lipid composition also give rise to different membrane fluidities
while the lipid charge density remains similar. The measured dif-
ferences in adhesion characteristics (Fig. 3) andMBP coverage (Fig.
4) between normal and EAE bilayers result from differences in
membrane fluidity and/or lipid domain distribution. Sphingomyelin,
known to be critical for the formation of liquid-ordered phases in
multicomponent lipid membranes (41), is up to three times more
abundant in normal compared with EAE myelin bilayers. Choles-
terol also is known to contribute to lipid domain formation (41) and
affects the fluidity of membranes (45), and EAE myelin contains
more cholesterol than normal myelin (Table 1).
Because the charge density between normal and EAE bilayers is

similar, all the differences between normal and EAE bilayers are
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the result of lipid fluidity and/or lipid domains. Without MBP be-
tween bilayers, the force profiles show little difference between
normal and EAE bilayers. Above Ccrit of MBP, the force profiles
show significant discrimination between normal and EAE bilayers:
with increasing C, the force profile of normal bilayers shows an
increase in the adhesion force while the bilayers maintain a compact
structure, whereas the EAE bilayers show little increase in the ad-
hesion force with significant swelling of the system.
AFM results (Fig. 6) show that MBP binds selectively to the Ld

phase of lipid bilayers up to a certain bulk MBP concentration.
Thus, it may be concluded that although membrane fluidity and
lipid domains have minimal effect on the adhesive properties
between supported lipid bilayers, lipid domains modify the mech-
anism of MBP adsorption (e.g., amount, structure, and orientation)
onto the model myelin bilayers that directly affect the in-
termembrane adhesion mediated by MBP.

Implications for Demyelinating Diseases. The forces between
bilayers of myelin with phase-separated lipid domains and an
inhomogeneous protein distribution are fundamentally different
from those between single-phase and homogeneous bilayers.
These inhomogeneities can dramatically amplify the effect of
even small changes in the lipid composition or protein isoform
(20), resulting in large changes in bilayer adhesion (7, 15) that
may cause the myelin sheath to unravel. Lipid domains within
lipid bilayers are known to be correlated with bilayer–bilayer
interactions (46) and may play important roles in adhesion (47),
intermembrane spacing (48), and permeability (49). Lipid domains
also are thought to act as platforms on which proteins can adsorb
selectively (50). Accordingly, any difference in lipid domain orga-
nization within myelin bilayers most likely will alter the MBP
adsorption properties, as well as intermembrane adhesion and
spacing, and will have a direct impact on the stability of the
myelin structure. When the stability of the membrane structure
is disturbed, the myelin might be more susceptible to attack by
the immune system and possibly progress to demyelinating dis-
eases such as MS.
The primary cause of demyelinating diseases (such as MS)

still is under debate, as is the molecular mechanism of in-
termembrane (de-)stabilization. Here, we focused on the effects
of lipid composition and MBP concentration on intermembrane
adhesion. With normal model myelin bilayers, we observed a
compact protein layer with a thin MBP film, resulting in high
intermembrane adhesion, whereas with EAE bilayers, swelling
and a decrease in adhesion were observed. Swelling of the myelin
membrane increases the dielectric constant between the neural
core (e.g., axon) and the medium surrounding the neural cell,
which reduces electric conduction through the axon and weakens
or deteriorates the signal’s transmission through the nervous
system. The swelling and loss of adhesion might contribute to the
disruption of myelin structure during the progression of de-
myelinating diseases (such as MS), from which one might infer
that the molecular indication of membrane swelling and loss of
adhesion may originate from an alteration of lipid composition
and MBP concentration.

Materials and Methods
Normal and EAE Cytoplasmic Model Myelin. A previous study (6) using NMR and
HPLC techniques identified the lipid composition of white matter from normal
and diseased marmosets after induction of EAE. With the distribution of lipids in
myelin determined by Inouye and Kirschner (1, 24), lipid compositions of both
normal and EAE cytoplasmic leaflets were calculated (Table 1).

To mimic the cytoplasmic myelin leaflet, the following porcine brain-
extracted lipids were purchased from Avanti Polar Lipids, stored in chloro-
form, and kept in a deep freezer (−50 °C) until used: phosphatidylserine
(porcine brain PS−), sphingomyelin (porcine brain SM+/−), phosphatidylcho-
line (porcine brain PC+/−), phosphatidylethanolamine (porcine brain PE+/−),
and cholesterol (ovine wool). The major fatty acid chain lengths of the
PC, PE, and PS are 16:0, 18:0, 18:1, and 20:4. Dipalmitoylphosphatidyl-
ethanolamine (DPPE), sodium nitrate (purity ≥99.0%), and morpholine-
propanesulfonic acid (Mops) sodium salt (purity ≥99.5%) were purchased
from Sigma–Aldrich. To disperse the lipids, the following solvents were
purchased from Sigma–Aldrich: chloroform (CHROMASOLV Plus for HPLC,
purity ≥99.9%), hexane (RegentPlus, purity ≥99.0%), ethanol (200 proof,
HPLC/spectrophotometric grade), and methanol (CHROMASOLV Plus for
HPLC, purity ≥99.9%). MBP was isolated from bovine brain white matter (51)
and kept in a deep freezer (−50 °C) until use.

Supported Bilayer Preparation. Freshly cleaved and back-silvered atomically
smoothmica sheets were glued onto two cylindrical glass disks with curvature
radii of 2 cm. Lipid bilayers were deposited onto themica using the Langmuir–
Blodgett deposition technique (25). For the first supporting monolayer, 100 μL
of 1 mg/mL DPPE solution [3:1 (vol/vol) chloroform/methanol] was spread onto
Milli-Q water (Millipore) and deposited at a surface pressure of 35 mN/m
(molecular area of ∼43 Å2). For the second layer, normal and EAE myelin
lipid solutions were prepared (see the lipid composition in Table 1) in dis-
persed form in the 11:5:4 (vol/vol) hexane/chloroform/ethanol solvent mix-
tures. The second layer was deposited onto the DPPE-deposited mica
substrates at a surface pressure of 30 mN/m (molecular area of ∼50–52 Å2)
with a subphase of sodium nitrate buffer (150 mM sodium nitrate/10 mM
Mops sodium salt, pH 7.4). The bilayer-deposited samples were transferred
immediately to the SFA chamber (without being exposed to air) prefilled
with degassed saturated lipid solution (sodium nitrate buffer in contact with
lipid crystals for 12 h, and degassed for 2 h before the experiment).

SFA Experiments. The SFA 2000 (26) was used in this study for the force
measurements. Bilayer-deposited disks were installed in the SFA chamber in
a cross-cylindrical geometry, which at small separation distances, is equiva-
lent to a sphere-on-flat geometry. The separation distance between two
surfaces is measured using optical interferometry (52), and the force be-
tween two surfaces can be calculated from the deflection of a double-can-
tilever spring of known spring constant that holds the lower disk holder. For
the force–distance measurements, the surfaces approach each other with
a speed of 0.5–1.0 nm/s, which is expected to be slow enough to maintain
a quasi-equilibrium state at all times. To measure film viscosity (38, 39), a
piezoelectric crystal was used to oscillate the upper surface relative to the
lower surface at an applied amplitude A0 by applying an ac voltage (15 V,
0.5 Hz, square wave for A0 and sine wave for the relative amplitude A) to the
piezoelectric crystal. While oscillating, the surfaces slowly are brought closer
together in a stepwise manner while measuring the relative amplitude A
with varying D.

MBP solution (dissolved in sodium nitrate solution) was prefiltered with an
Anotop10 0.1-μm filter (Whatman) and injected into the SFA chamber in
a stepwise manner after the two bilayers were separated far from each
other (D > 1 mm). After each injection, the system was equilibrated for 0.5 h,
allowing sufficient time for MBP to adsorb to the model myelin bilayers.

AFM Experiments. Images were acquired with an MFP-3D-Bio AFM (Asylum
Research) using an MSNL probe (Bruker) with a spring constant of 0.1 ± 0.05
N·m−1. Scanning was performed in tapping mode at room temperature (22 ±
1 °C) in lipid-saturated sodium nitrate buffer (150 mM sodium nitrate/10 mM
Mops sodium salt, pH 7.4). The EAE myelin bilayers were prepared as de-
scribed above and covered with 4 mL of sodium nitrate buffer in a reservoir.
MBP concentration was increased from 0 to 375 ng/mL by stepwise injection
of MBP solution (prepared as in SFA experiments) into the reservoir. The
sample was equilibrated for 30 min after each injection.
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