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Role of lipid interactions in autoimmune demyelination
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Abstract

A morphological transformation involving loss of adhesion between myelin lamellae and formation of myelin vesicles has been described

as a mechanism for demyelination in multiple sclerosis and marmoset experimental allergic encephalomyelitis (EAE). Although protein

interactions are involved in maintaining normal myelin structure, we describe here how lipids contribute to myelin stability and how lipid

changes in EAE, including increases in lipid polyunsaturation and negatively charged phosphatidylserine (PS), promote demyelination. Three

physico-chemical techniques were used to identify these changes: (1) Langmuir monolayer isotherms indicated that EAE white matter lipids

were significantly more ‘expanded’ (fluid) than controls. (2) NMR spectroscopy indicated that EAE myelin lipids were more polyunsaturated

than controls. (3) High-performance liquid chromatography (HPLC) with an evaporative light scattering detector indicated increased PS in

EAE compared to controls, while sphingomyelin (SM), sulfatides and phosphatidylcholine (PC) were decreased. We present a physical

model considering electrostatic, van der Waals and undulation forces to quantify the effect of these changes on myelin adhesion at the

extracellular interface. Taken together, the isotherm, NMR, HPLC and modeling results support a mechanism for autoimmune demyelination

whereby the composition of myelin lipids is altered in a manner that increases myelin fluidity, decreases myelin adhesion, increases

membrane curvature, and promotes vesiculation.

D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Myelin is a stacked membrane structure (Figs. 1 and 2A)

that allows for fast, efficient conduction of nerve impulses

[1]. Multiple sclerosis (MS) is a neurodegenerative disorder

characterized by the destruction of myelin (demyelination)

with resultant loss of sensory and motor functions and

disability [2]. The design of effective treatments for MS has

been difficult, in part because the cause and exact mech-

anism of demyelination remain unknown.

While evidence that proteins play a structural role in

myelin is significant [3], we have investigated the possi-

bility that the myelin lipids contribute to myelin structure

and adhesion. Indeed, the unusual abundance of lipids in
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myelin (~80% by dry mass) and their markedly asymmet-

ric distribution across the myelin bilayers [1] suggest that

they might play an important role and should not be

ignored.

Toward investigating the role of lipids in myelin struc-

ture, prior work in our laboratory has focused on looking

for very early alterations in the areas of MS brains that

appeared normal macroscopically on in vivo standard spin

echo magnetic resonance images and microscopically us-

ing in vitro standard histology. These studies found a

variety of lipid composition changes that we believe reflect

the early stages of a myelin lipid metabolism defect [4–6].

In the current study, we turned to the acute stage of active

demyelination and examined myelin and white matter

lipids isolated from acute experimental allergic encephalo-

myelitis (EAE) in the common marmoset (Callithrix jac-

chus) [7], a highly relevant model of MS. Recent

ultrastructural studies of both marmoset EAE and selected

cases of MS showed that myelin sheaths appear to disin-



Fig. 1. Schematic diagram showing arrangement of lipids and proteins in

myelin. Note the asymmetric distribution of lipids across the bilayer, where

gray headgroups represent primarily sphingolipids (NCER, HCER, SCER,

SM) and the black headgroups represent primarily phospholipids. Depicted

protein shapes are schematic and used to show the protein distribution

asymmetry and are not intended to imply that the true structure is

completely known. Diagram constructed from literature values [1,37–39].

Fig. 2. Representative electron microscopy images (left column) along with

schematic diagrams of myelin membrane morphological transitions (right

column). Electron microscopy images are from the same data set published

in Genain et al. [8] and were obtained as previously described. All scale

bars indicate 1 Am. (A) Bilayers in normal myelin are stacked tightly,

indicative of high intermembrane adhesion. (B) Myelin begins to lose

adhesion and split along the extracellular lines. (C) The large myelin

vacuoles appear to degrade into smaller vesicles with high membrane

curvature, favored by ‘‘cone’’ lipids.
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tegrate via a structural transformation that involves the loss

of the normal compact, multilamellar structure (Fig. 2B)

and formation of small vesicles (Fig. 2C) [8].

These structural changes drew our attention because they

are very similar to the biophysical changes in membrane

adhesion and curvature for which lipids have been proven to

be responsible in other model and biological systems [9–11].

Membrane adhesion is determined by intermolecular inter-

actions (i.e., van der Waals, electrostatic, undulation forces,

etc.) that depend strongly on lipid properties (i.e., their charge

and fluidity). Membrane curvature is also strongly correlated

with the intrinsic molecular shapes of lipids (i.e., the relative

areas of the headgroup vs. the acyl chains).

This paper describes the use of three complementary

techniques to investigate the nature of brain lipid composi-

tion changes in marmoset EAE. The Langmuir monolayer

technique was used because it is sensitive to lateral inter-

actions between lipids, including their packing and fluidity

[12]. Magic angle spinning (MAS) NMR spectroscopy was

used as a measure of lipid acyl chain unsaturation and

membrane fluidity. High-performance liquid chromatogra-

phy (HPLC) was used for quantitative analysis of lipid class

composition in the membranes. A simple physical model is

presented that quantifies the effect of these changes and

shows how they affect membrane curvature and intermem-

brane forces in a manner consistent with the observed
ultrastructural transitions described by Genain et al. [8]

(Fig. 2).
2. Materials and methods

2.1. Marmoset EAE and control white matter samples

Cerebral white matter samples were obtained immediate-

ly postmortem from 10 C. jacchus marmosets sensitized for

acute EAE by active immunization with myelin antigens in

adjuvant [8,13]. Routine histology confirmed varying

degrees of inflammation accompanied by demyelination.

Five identically processed samples were obtained from

healthy marmosets (gift from Dr. Suzette Tardif, Kent State

University). Lipids were extracted from dissected white

matter using a modified Folch–Lees procedure [14,15].

Animals in this study were used in full compliance with

all guidelines of the Institutional Animal Care and Use

Committees.



Table 1

Lipid class composition of marmoset white matter for control and EAE

samples by HPLC

Lipid Class Controls

(five samples)

EAE

(five samples)a
Change vs.

controls

Phosphatidylcholine

(PC)F
23.9F 0.4 18.1F 0.7 � 24%#

Cholesterol (CHOL) 19.3F 2.2 22.6F 1.1 + 17%

Cholesterol Esters (CE) 0.5F 0.1 1.5F 0.4 + 200%#

Phosphatidylethanolamine

(PE)F
17.8F 0.5 19.7F 1.0 + 11%

Hydroxy cerebrosides

(HCER)

17.4F 1.8 18.8F 0.9 + 8%

Cerebroside sulfates

(SCER)�
9.0F 0.1 5.4F 0.5 � 40%#

Sphingomyelin (SM)F 5.4F 0.1 1.8F 0.2 � 67%#

Phosphatidylserine (PS)� 3.8 F 0.4 8.9 F 0.5 + 134%#

Non-hydroxy cerebrosides

(NCER)

2.9F 0.5 3.1F 0.3 + 7%#

Quantities are mass percent of dry weight, plus or minus standard error.
a Five of the ten EAE samples were analyzed earlier with NMR before

the HPLC or monolayer analysis was available.
# Indicates P < 0.05 using a two-tailed, unpaired t-test.
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2.2. Lipids

The following nine purified brain-derived lipids with

naturally occurring unsaturation were used as supplied

commercially for model Langmuir isotherms and HPLC

calibration: phosphatidylethanolamine (PE), phosphatidyl-

choline (PC), phosphatidylserine (PS), phosphatidylinositol,

sphingomyelin (SM) (Avanti Polar Lipids, Alabaster, AL,

99%), cholesterol (CHOL), cholesterol esters (CE), a-hy-

droxy galactocerebrosides (HCER), non-hydroxy galacto-

cerebrosides (NCER), (Sigma, St. Louis, MO, 99%), and

cerebroside sulfates (sulfatides) (SCER) (Matreya, Pleasant

Gap, PA, 98%).

2.3. Langmuir monolayers

Pressure–area (P–A) isotherms of the lipids were

measured at 22 jC (room temperature) on a Nima Tech-

nology 622 Langmuir trough (Coventry, England). Solu-

tions of the lipids were made in a solvent of hexane/

chloroform/ethanol (11:5:4, v/v) (Fisher Scientific, Pitts-

burgh, PA). The solutions were added dropwise onto the

water surface and the solvent allowed to evaporate for 30

min. Isotherms were measured on compression at a speed

of about 10 cm2/min, which typically corresponded to

about 1 Å2/molecule/min.

2.4. HPLC analysis of lipids

The lipid composition of the white matter samples was

determined by HPLC (Hewlett Packard 1100 series, Palo

Alto, CA), with an Alltech Associates, Inc. Macrosphere

GPC-100 7U diol column (Deerfield, IL) and an evaporative

light scattering (mass) detector (Alltech Associates, model

500 ELSD) as described elsewhere [6,16,17].

2.5. MAS NMR analysis of white matter

Control and EAE marmoset white matter were analyzed

with carbon-13 MAS NMR as described elsewhere [18].

Proton-decoupled carbon-13 MAS NMR Bloch decay

spectra were acquired at 39 jC, marmoset body tempera-

ture, using an 11.7 T widebore superconducting NMR

spectrometer (Chemagnetics, Fort Collins, CO).

2.6. Statistics

Standard two-tailed, unpaired t-tests were used to test for

statistical significance in the comparison of EAE and control

samples in Table 1 and Fig. 4.

2.7. Modeling of myelin interaction forces and adhesion

A simple model of myelin adhesion based on the so-

called DLVO theory (van der Waals and electrostatic

forces) [19,20] along with a repulsive thermal undulation
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force was used to gain insight into the biophysical

significance of lipid changes in EAE. The interaction

energy arising from the van der Waals force was modeled

between two flat bilayers according to the equation:

EvdW ¼ �A

12pD2
fJ m�2g ð1Þ

where A is the Hamaker ‘‘constant’’ and D is the

separation between the surfaces. Parsegian’s formula for

the Hamaker constant was used [21], given by:

A ¼ Am¼0ð1þ 2jDÞe�2jD þ Am>m1 fJg ð2Þ

where Am = 0 is the unscreened zero-frequency contribution

(taken as 0.3� 10� 20 J), j is the reciprocal Debye length

(1.25 nm� 1 in physiological saline), and Am>m1 is the

finite frequency contribution (taken as 0.5� 10� 20 J).

This results in an unscreened Hamaker of 0.8� 10� 20 J

at small separations that decays to 0.3� 10� 20 J beyond

about one Debye length, as measured by Marra and

Israelachvili [22] for typical lipid bilayers.

The electrostatic interaction [19,20] was modeled accord-

ing to:

EDL ¼ ðj2=2pÞZe�jD fJ m�2g ð3Þ

where j is again the reciprocal Debye length and Z is a

given by:

Z ¼ 9:38 	 10�11tanh2ðw0=107Þ fJ m�1g ð4Þ

for monovalent electrolytes at 37 jC and w0 is the surface

potential in units of millivolts [23]. The surface potential, in
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turn, can be calculated from the Graham equation for a

given charge density, r, by:

w0 ¼ 53:4sinh�1ð8:62r½NaCl��1=2Þ fmVg ð5Þ

for 1:1 electrolytes at 37 jC [23], where [NaCl] is in units of

mol l� 1 and the charge density, in units of C m� 2, was

calculated from the lipid composition and an assumed

molecular area of 50 Å2. The separation distance, D, was

made uniformly 0.4 nm less than the separation for the van

der Waals or undulation forces to account for the outer

Helmholtz plane being farther out than the plane of origin of

these forces (cf. Ref. [22]).

Thermal undulations result in a repulsive contribution to

the potential energy of:

Eund ¼
3p2ðkTÞ2

128kcD2
fJ m�2g ð6Þ

where kc is the bending modulus of the lipid bilayer [10,24].

The above three terms were simply added together to get the

overall potential energy curve for the myelin adhesion

interaction. The energy units were converted from J m� 2

to kT per molecule, again assuming an area of 50 Å2 per

molecule.
3. Results

3.1. HPLC results

Table 1 gives the lipid class compositions of marmoset

control and EAE white matter samples as determined by

HPLC. Significant decreases were found in SCER, PC and

SM. Significant increases were found in NCER, PS, and CE

with a trend for increases in CHOL. Phosphatidylinositol

occurred below the quantifiable detection limit in all brain

lipid samples.
Fig. 3. Pressure–area (P–A) isotherms of tissue extracted white matter lipids me

show larger average molecular areas than controls (solid lines). Each isotherm rep

Isotherms of model mixtures made from individual lipids having the same average

matter are not significantly different. (C) Isotherms of pure synthetic PC species w

monolayers. From left to right, acyl chain composition is 16:0–16:0 (solid), 16:0
3.2. Langmuir monolayer results

Fig. 3A shows isotherms of marmoset control and EAE

white matter lipids. EAE isotherms (dashed) are shifted to

significantly higher molecular areas and have smaller, less

prominent kinks and plateaus around P0 = 30–40 mN/m

compared to the controls.

Fig. 3B shows isotherms measured for two lipid

solutions made from purified myelin lipid classes with

compositions matching the average control and EAE

compositions given in Table 1. These isotherms were

measured to test the possibility that changes in lipid

headgroup class alone (rather than acyl chains) drive

the observed changes in the EAE isotherms. It is

readily apparent that these isotherms do not exhibit

the differences seen in Fig. 3A, which suggests that

the observed isotherm changes for EAE samples are

due to alterations in acyl chain composition (increased

chain unsaturation), not lipid headgroup class composi-

tion. A series of isotherms demonstrating the effect of

acyl chain composition is shown in Fig. 3C, where

isotherms of various PC species show a pronounced

expansion of the monolayers to larger molecular areas

with increasing acyl chain unsaturation. Taken together,

the data in Fig. 3 indicates that the EAE lipids have

increased average surface areas relative to controls, and

that this expansion is caused by an increase in acyl

chain unsaturation, not by changes in lipid class (head-

group) concentration.

The isotherm results serve as a bulk measurement of

the total lipid unsaturation, not as an overall thermo-

dynamic model of the myelin membrane. Using Lang-

muir monolayers as a model of myelin assembly would

have to account for the lipid asymmetry of the mem-

brane, the effect of membrane proteins, the temperature

and the ionic environment. For these reasons, attempts

to experimentally model myelin assembly are probably

better left to studies of bulk lipid solutions [25] and

supported bilayers [26].
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asured at 22 jC on pure water. (A) Marmoset EAE samples (dashed lines)

resents a different tissue sample from a different individual marmoset. (B)

composition of marmoset control (solid lines) and EAE (dashed lines) white

ith increasing acyl chain unsaturation show a trend for more fluid, expanded

–18:0 (dashed), 16:0–18:2 (dotted), and 16:0–20:4 (dash-dot).
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3.3. NMR results

An overall measure of myelin acyl chain composition

and changes in EAE was obtained with MAS NMR spec-

troscopy [18]. MAS NMR is advantageous because no

sample derivatization is required for lipid analysis and it is

sensitive to both membrane lipid composition and molecular

dynamics—a direct measure of membrane fluidity. For

MAS NMR studies, the sample is not dissolved in solvent

and the myelin membrane remains in its native multilamel-

lar state. Fig. 4A shows the carbon-13 MAS NMR peaks

corresponding to the double bonds of unsaturated acyl

chains of myelin lipids. Each of the two peaks in Fig. 4A

represents a superposition of several fatty acid resonances

[18], but in general, the peak labeled ‘‘mono’’ represents

primarily monounsaturated fatty acids (mainly 18:1, 24:1)

and the peak labeled ‘‘poly’’ represents polyunsaturated

fatty acids such as 18:2, 20:4 and 22:6. The increasing

poly- to monounsaturated acyl chain ratio in Fig. 4 indicates

that the acyl chains of EAE lipids are significantly more

polyunsaturated than controls, a result consistent with the

expanded pressure–area isotherms of Fig. 3A.

Because MAS NMR response is sensitive to both com-

position and fluidity while HPLC is sensitive only to

composition, a comparison of NMR and HPLC results can

provide semi-quantitative evidence of changing membrane

fluidity. For example, a comparison of NMR and HPLC

results for EAE and control white matter is shown in Fig.

4B. By HPLC, there is a 33% decrease in the concentration

of PC and SM, but by MAS NMR, there appears to be a

34% increase. The increase in the NMR signal despite the

decrease in concentration is explained by enhanced NMR

B. Ohler et al. / Biochimica et14
Fig. 4. (A) Comparison of acyl chain composition as measured by NMR. The incre

more polyunsaturated than the control lipids. Bars indicate standard errors. Th

Comparison of HPLC composition results to NMR response results. PC and SM

same for these two lipids. The differences between control and EAE groups w

Additionally, HPLC control results were significantly different from NMR control

results ( P < 0.05). (C) Because NMR response is proportional to both composition

NMR response to HPLC absolute concentration data yields information on chang

NMR response by the absolute concentration measured by HPLC. We find that t
relaxation dynamics in the EAE samples relative to controls.

Because the NMR signal is proportional to concentration

multiplied by a relaxation (fluidity) factor, the NMR results

can be divided by the HPLC-measured composition results

to isolate changes in the fluidity factor (Fig. 4C). Depending

on the region of the correlation curve in which the mea-

surement is made, this change in the ‘‘fluidity factor’’ could

indicate either an increase or decrease in membrane fluidity.

However, only increased fluidity is consistent with both the

expanded EAE lipid isotherms (Fig. 3A) and the poly- to

mono-NMR data (Fig. 4A). The fluidity factor of EAE

samples is about twice that of controls, reflecting signifi-

cantly greater fluidity. This is consistent with the observa-

tion of expanded vacuoles of myelin in acute EAE (Fig.

2B).

3.4. Effects on bilayer interaction energy

The model of myelin adhesion described above was used

to investigate the effect of the observed lipid changes at the

extracellular interface of myelin. The three key parameters

that determine this adhesion are the charge or electrostatic

potential of themembrane surface, the Hamaker constant, and

the bending modulus of the membrane. The surface potential

can be estimated relatively easily and accurately from the

lipid composition data (for PS and SCER, the two charged

lipids) and an average molecular area. Using Eq. (5), these

calculations yielded surface potentials of w0 =� 44 mV for

controls and � 58 mV for EAE. The Hamaker constant for

lipid bilayers has been found to be rather insensitive to the

exact lipid species, so the assumed values of A= 0.8� 10� 20

J at small separations and 0.3� 10� 20 J at large separations
ase in the poly- to mono- ratio indicates that the EAE lipids are significantly

e difference was found to be statistically significant with P< 0.05. (B)

are grouped together because NMR detects the headgroups, which are the

ere statistically significant ( P < 0.05) for both NMR and HPLC groups.

results, and HPLC EAE results were significantly different from NMR EAE

and relaxation dynamics (which reflect membrane fluidity), a comparison of

es in fluidity. This ‘‘fluidity factor’’ has been isolated here by dividing the

his ‘‘fluidity factor’’ nearly doubles.



Fig. 5. (A) Total interaction energy plot (solid line) calculated using the

control lipid composition indicates an adhesive energy minimum at 9 nm.

The individual contributions to the total are shown with dashed lines, as

labeled. Parameters used were A= 0.8� 10� 20 J at small separations,

A= 0.3� 10� 20 J at large separations, w0 =� 44 mVand kc = 0.6� 10� 19 J.

(B) Calculations using the EAE lipid composition resulted in interaction

energies that are repulsive at all separations, indicating that the myelin

would swell. Parameters used for the EAE plot were A= 0.8� 10� 20 J at

small separations, A= 0.3� 10� 20 J at large separations, w0 =� 58 mVand

kc = 0.3� 10� 19 J. The shaded regions surrounding each line represent the

variation in the total energy if kc is varied F 25% from the assumed values

(0.45� 10� 19 to 0.75� 10� 19 J for controls and 0.23� 10� 19 to

0.38� 10� 19 J for EAE), holding the other parameters constant.
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should be reliable estimates [27]. The major unknown in

these calculations is the bilayer bending modulus, kc. Exper-

imental reports of the bending modulus for lipid membranes

have focused on vesicles formed from a single lipid species or

binary mixtures of lipids (usually a phospholipid and cho-

lesterol) rather than natural mixtures. One study that exam-

ined the effect of chain unsaturation on the bending modulus

of PC bilayers found that the number of double bonds in the

chains was more important than their position or the chain

length in determining the bending modulus. This group

reported that measurements on bilayers of saturated and

monounsaturated lipids yielded bending moduli of about

0.9� 10� 19 J, while bilayers of polyunsaturated lipids mea-

sured about 0.4� 10� 19 J [28]. However, a more recent

report with a technique that better isolates only the bending of

the membrane yielded a much smaller value of 0.46� 10� 19

J for bilayers of the saturated lipid DMPC in water at 30 jC
[29]. This same paper reports that DMPC bilayers appear

more flexible in buffer rather than in pure water

(kc = 0.27� 10� 19 J at 30 jC, and 0.15� 10� 19 J at 40

jC). Note that both temperatures are already above the phase

transition temperature of 24 jC for DMPC [30]. Since there is

no clear consensus as to the true magnitude of kc, we have

conservatively estimated a value of 0.6� 10� 19 J for control

lipids (a value in the middle of the range) and 0.3� 10� 19 J

for EAE lipids (assuming an effect of polyunsaturation

similar to that reported by Rawicz et al. [28]). Using these

values and the equations above, the plots in Fig. 5 are

obtained. Fig. 5A shows the three contributions to the overall

normal adhesive interaction potential energy for controls.

Fig. 5B shows the overall energy plots for the control and

EAE values, which indicate that the intermembrane interac-

tion becomes completely repulsive at all separations. The

shaded regions around each line in Fig. 5B indicate the

variation of the adhesion energy for values of kc in the range

F 25% from the values given above. Calculations (not

shown) considering the increased electrostatic and undulation

forces individually indicated that the increased undulation

force (due to increased polyunsaturation) dominates the

overall effect, reducing the interaction energy by 98%. The

increased electrostatic force (due to increased PS) has a

relatively minor effect, reducing the interaction energy by

only 5%. Myelin lipid unsaturation therefore appears to be a

key determinant of myelin stability.

3.5. Effects on bilayer curvature

Adhesion between adjacent bilayers can also be altered

by changes in the spontaneous curvature of the membranes.

The intrinsic molecular shape of the lipids, in particular, the

area of the headgroup relative to the acyl chains influences

membrane curvature. This observation is quantified using

the ‘‘shape factor,’’ s = v/a0lc, where v is the hydrocarbon

volume of the lipid, a0 is the optimal headgroup surface

area, and lc is the critical length beyond which the chains are

energetically constrained from exceeding [10]. This theory
predicts increasingly convex curvature (e.g., curved

bilayers! cylindrical micelles! spherical micelles) for

values of s < 1, planar bilayers for sc 1, and increasingly

convex curvature (e.g., inverted micelles) for s>1. Note that

the quantity v/lc is approximately constant for diacyl lipids

regardless of chain length or unsaturation because v~lc.

Therefore, changes in the headgroup area, a0, tend to drive

curvature changes. As the packing area of the EAE lipids

appears to be changing relative to the controls (see Fig. 3A),

this effect could certainly contribute to loss of adhesion and

formation of vesicles depicted in Fig. 2.
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4. Discussion

4.1. The role of lipids in determining myelin stability

It has been noted that the stable structure of normal

myelin is the result of a delicate balance of forces to

maintain its compact structure [31]. This is based on the

observation that many processes, including both natural

diseases and animal models, lead to demyelination despite

the fact that their mechanistic details (what lipids or

proteins are altered) vary widely. This suggests that a

disturbance in any one or more myelin components could

disrupt normal myelin structure [31]. One important

implication of this observation is that although myelin

proteins may contribute a portion of myelin intermem-

brane adhesion, myelin lipids also contribute to the

adhesion and may be critical for maintaining the balance

of forces and membrane stability. Despite many studies

directed at finding a myelin protein defect in MS, none

has conclusively been shown [32], with the possible

exception of a myelin basic protein (MBP) alteration in

rare cases of acute, fulminating (Marburg variant) MS

[33]. Thus we have investigated the role of lipids and

found dramatic changes in EAE myelin lipids relative to

controls, the biophysical significance of which are dis-

cussed below.

4.2. The forces maintaining normal myelin structure

Normal, compact myelin forms a stacked bilayer struc-

ture like that shown schematically and by electron mi-

croscopy in Figs. 1 and 2A. In this form, adhesion

between bilayers is strong and membrane curvature is

low. We propose that different mechanisms maintain this

adhesion at the cytoplasmic surfaces (major dense line)

and the extracellular surfaces (intraperiod line). At the

cytoplasmic interface, MBP most likely contributes the

majority of the adhesion via attractive electrostatic inter-

actions (ionic bonds or salt bridges) between its positively

charged surface groups (mainly arginines) and the nega-

tively charged PS present at that interface. Combined with

the attractive van der Waals force, this easily offsets a

repulsive force due to thermal undulations and accounts

for the observation that the major dense line is excep-

tionally stable even when attempts are made to disrupt it

ex vivo [34].

The situation at the extracellular interface is very differ-

ent. Here, the only protein in any large quantity is proteo-

lipid protein (PLP) which, although proposed to play an

adhesive role [35], probably only interacts via weak van der

Waals forces with the apposing membrane. The sulfatides

present at this interface will contribute a repulsive force

along with the repulsive force originating from thermal

undulations. Evidently, the sum of these repulsive forces

is offset by the attractive van der Waals interaction in

normal myelin. Hence, we propose that adhesion at this
interface is much less stable than at the cytoplasmic inter-

face, an observation consistent with reports that loss of

adhesion normally occurs at this interface in demyelinating

diseases [8,36].

4.3. Lipid changes in EAE eliminate adhesion

In MS and EAE, demyelination appears to involve loss

of the compact multilamellar structure (Fig. 2B) and subse-

quent degradation into small vesicles (Fig. 2C). The split-

ting occurs at the extracellular interface (intraperiod line)

which implies a loss of intermembrane adhesion at this

interface. For this to occur, the attractive van der Waals

forces described above must be overcome by stronger

repulsive forces arising from an increase in the thermal

undulation and electrostatic forces. The physical model

presented in Fig. 5A confirms that the intermembrane

interaction should be adhesive for the control lipid compo-

sition. The model predicts that this adhesion is eliminated,

becoming repulsive at all separations for the EAE compo-

sition (Fig. 5B). It should be noted, however, that even if the

interaction energy minimum were only to be decreased, not

eliminated (c.f. the shaded regions in Fig 5B), an alternative

bilayer arrangement (i.e., vesicles) could then be more

energetically favorable and therefore drive the equilibrium

away from normal myelin structure. Clearly the bending

modulus of the membrane is critically important, and a

better understanding of exactly how polyunsaturation, buff-

er composition and temperature affect this parameter would

be of great value.

In summary, our study suggests that myelin lipids con-

tribute to acute immune-mediated demyelination by de-

creasing intermembrane adhesion, mainly due to an

increase in polyunsaturation and negatively charged PS

compared to controls. Understanding the origin of these

lipid changes could provide a means to discover suitable

methods for preventing myelin damage, for example, via an

administration to restabilize myelin by counteracting the

effects of increased fluidity and decreased adhesion or

modifying the in vivo lipid synthesis processes.
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