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The Folch–Lees proteolipid induces phase coexistence and transverse

reorganization of lateral domains in myelin monolayers
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Abstract

Solvent solubilized myelin membranes spread as monomolecular layers at the air–water interface show a heterogeneous pattern at all

surface pressures. In order to asses the role of myelin protein and lipid components in the surface structuring we compared the topography, as

seen by Brewster angle microscopy (BAM) and epifluorescence microscopy, of monolayers made from mixtures containing all myelin lipids

(except gangliosides) and variable proportions of Folch–Lees proteolipid protein (PLP, the major protein component of myelin). The presence

of the single PLP, in the absence of the other myelin proteins, can reproduce the surface pattern of the whole myelin extract films in a

concentration-dependant manner. Moreover, a threshold mole fraction of PLP is necessary to induce the lipid–protein component

reorganization leading to the appearance of a rigid (gray) phase, acting as a surface skeleton, at low surface pressures and of fractal clusters at

high surface pressures. The average size of those clusters is also dependent on the PLP content in the monolayer and on the time elapsed from

the moment of film spreading, as they apparently result from an irreversible lateral aggregation process. The transverse rearrangement of the

monolayer occurring under compression was different in films with the highest and lowest PLP mole fractions tested.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The phenomenon of lateral phase coexistence has been

conceived many years ago on the basis of calorimetric

studies of reconstituted systems of lipids and proteins [1,2].

More recently, coexisting domains in different phase state

could be directly observed with artificial model membrane

systems (monolayers and bilayers) of different complexity

[3–6]. These experiments have revealed a new level of

surface organization in relation to the shapes, sizes, thick-

ness, percolation and pattern distribution of coexisting

domains. Furthermore, there are already some results
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pointing to an important role of the morphologic and

topographic parameters for the control of the activity of

lipolytic enzymes mediating the generation of lipid second

messengers involved in the functional properties of mem-

branes through signaling cascades [7–10].

There are many lines of evidence supporting that natural

membranes exhibit surface domain microheterogeneity of

considerable dynamics, and many indirect experiments have

suggested functionality to such topography [11,12]. Hypoth-

eses on the origin of laterally segregated membrane

domains, including those generically called braftsQ on

operational terms [11,13], consider that their formation

can be driven by distinctive interactions among different

lipid species [14]. Proteins have been mostly considered to

passively partition into pre-assembled lipid domains, or

specifically associate to lipids with different affinities

depending on polar head group electrostatics or hydro-

carbon chain matching optimization [15].
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In spite of advances during the last decade, little is

known about the relevant molecular parameters determining

the driving potential for phase coexistence. For relatively

simple binary and ternary mixtures, some correlation

between spontaneous separation of phase domains and

molecular features or composition has been reported. This

included mismatch of the phospholipid hydrocarbon chain

length [16], lateral segregation by phospholipids of glyco-

lipid-enriched phases [17], and induction of segregated

liquid-ordered phases by cholesterol [18]; however, almost

nothing is known for more complex mixtures.

Alterations of the lipid and protein compositions of

central nervous system myelin are related to the structural

instability and dysfunction of this membrane in various

human and experimental demyelinating diseases [19], and

selective alterations of the content of specific lipids and

proteins have been correlated to the evolution of the

neurological process in autoimmune encephalomyelitis

[20]. We have previously described [21] the thermody-

namic–electrostatic behavior and surface topography of

compositionally complex lipid–protein monolayers prepared

with the whole myelin membrane at the air–water interface

under conditions of continuously known intermolecular

organization. From these studies it was determined that the

myelin monolayer exhibited a smooth compression isotherm

but with coexistence of immiscible phases at all surface

pressures which involved immiscibility among some of the

film components. Fluorescent immunolabeled myelin pro-

teins and specific fluorescent ligands to charged lipid

components were found to colocalize in domains segregated

from the fluorescent labels associated with cholesterol and

neutral or condensed lipids [5]. To further analyze the

factors that may give rise to the microheterogeneous lateral

organization of the myelin monolayer, we have now focused

on the influence of its major protein and lipid fraction.

Myelin, compared to other cell membranes, has a low

protein content amounting only to about 24% by weight.

About 30% of the protein fraction is represented by the

myelin basic protein and about 50% by the highly hydro-

phobic transmembrane Folch–Lees proteolipid protein

(PLP) [22]. In this work we have compared the topography

of monolayers formed by all myelin components with films

made from mixtures of myelin lipids and different propor-

tions of PLP.
2. Materials and methods

2.1. Myelin fractions

Besides the total myelin extract, we isolated a solution

containing almost all the myelin lipids (except for ganglio-

sides) and a mixture of myelin lipids and PLP. The bovine

spinal cord myelin was purified trough successive centrifu-

gations in sacarose concentration gradients followed by

osmotic shocks in distilled water [23], and micro-vesiculated
as described elsewhere [21]. Briefly, the myelin precipitate

was resuspended and dispersed in 5 vol. of phosphate buffer

(1 mM pH 8) and 2 mM dithiothreitol and finally dissolved,

in the same buffer, to a final protein concentration of

approximately 0.2 mg/ml. The solution is gently agitated at 8

8C for 15–18 h and the precipitate obtained after centrifu-

gation (25,000�g for 30 min) is resuspended in a small

volume of the same buffer and passed five times through a

26-G syringe. To prepare the different myelin solutions to be

spread as monomolecular films, the micro-vesiculated

myelin [24] was fully solubilized in 19 vol. of chloroform–

methanol (2:1, v/v). In this solution, all the myelin lipids and

proteins remain soluble (some high molecular weight

proteins, such as the Wolfgram proteins, tend to slowly

aggregate with time [25]) and, if the solution is used

immediately after myelin solubilization, a whole myelin

monolayer can be spread that contains all its lipid and protein

components; the surface behavior of such film is indistin-

guishable from that obtained by spreading freshly prepared

micro-vesiculated myelin [21]. To continue with the isolation

procedure, one-fifth volume of water was added to the

extract and mixed to form two immiscible solvent phases.

The mixture was centrifuged at 1000�g for 30 min to

provide two sharply separated lower and upper solvent

phases (representing 7:3 v/v). The lower phase (chloroform–

methanol–water 86:14:1) contains essentially all the lipids

(except gangliosides) and PLP as the only protein compo-

nent; this phase was washed twice with a solvent solution

having the same solvent composition as the upper phase

(chloroform–methanol–water 3:48:47). The final lower

phase is used as such to prepare films containing all the

PLP but free of ganglioside, myelin basic protein, and

Wolfgram proteins (all these components partition into the

upper phase or remain at the two-solvent interface, which is

removed). In order to obtain a total lipid fraction, the lower

solvent phase was equilibrated (in proportion 1:1) with a

chloroform–methanol–water (3:48:47) solution saturated

with potassium citrate. In this condition, the PLP becomes

insoluble and can be removed because it accumulates at the

two-solvent interface [26]. The procedure is repeated three

times. Subsequently, the lower phase is washed with a

citrate-free upper phase (in proportion 1:1). The mole

fraction of PLP remaining in the final extract is 1.1�10�4

as measured by standard procedures [27] after incubating the

sample, previously dissolved in 0.5 N NaOH, 2.5% SDS, at

room temperature for 18 h [26]. According to HPTLC

(running solvent: chloroform–methanol–water 70:30:4

revealed with cupric acetate 3% orthophosphoric acid 8%)

the lipid extract composition matches that of total myelin,

and that of the original lower phase isolated after the initial

solvent partition [21].

The composition and denomination of the different

fractions that we have tested in this work are summarized

as follows. Whole myelin extract contains all the lipids and

protein components of myelin membranes. Lower phase

extract contains all myelin lipids (except gangliosides) and
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PLP (mole fraction 1.8�10�3) but lacks the myelin basic

protein and Wolfgram proteins. Lipid extract contains the

myelin lipids (except gangliosides) and a mole fraction of

1.1�10�4 of PLP, which is less than 6% the PLP content of

lower phase extract.

2.2. Epifluorescence and Brewster angle microscopy (BAM)

During observation and registration of video images, the

surface pressure and mean molecular area of the films were

measured and recorded with a KSV minithrough equipment

(KSV, Helsinski, Finland) or a KIBRON microtrough

(Helsinski, Finland) mounted on the stage of a Zeiss

Axiovert or Axioplan (Carl Zeiss, Oberkochem, Germany)

epifluorescence microscope, and/or under a miniBAM

(Nanofilm technologies, NFT, Gottingem, GE), as previ-

ously described [6,28].

For BAM observations, the surface was illuminated with

a 658-nm p-polarized light from a 30-mW laser diode at the

Brewster angle of the bare interface (from which a minimum

of reflectance is achieved). An additional p-positioned

analyzer filters the residual s-component background of

the reflected light collected with a standard achromat (12.5-

mm diameter, 25-mm focus). When a film is spread on the

aqueous subphase, it acts as a third optical medium and

reflects light depending on its local thickness and refractive

index.

The camera of our equipment produces a gray level

signal linearly related to the light intensity for 1/500 shutter

speed at least up to 160 gray level arbitrary units. The

relative reflectance I can be derived (r2=0.99)from:

I ¼ � 0:915� 10�6 þ 4:502� 10�6
� �

GL ð1Þ

where GL is the gray level in arbitrary units [6].

Since the laser beam profile produces an inhomogeneous

illumination across the image, gray level measurements

were taken in a small region of 10�10 pixels (83�83 Am)

located at the center of the maximum illumination area.

Gray level values are the mean value of the grayscale

histogram of the square 100-pixel area measured. These

values were reproducible from one experiment to another

within 10 arbitrary units.

For most epifluorescence observation, films were formed

from lipid or lipid–protein solutions doped with 0.25–0.5

mol% of l-a-phosphatidylethanolamine-N-(lyssamine rhod-

amine B-sulfonyl) (egg-Rho-PE) with 55% of unsaturated

acyl chains (Avanti Polar Lipids). This probe is partitioned

preferably in liquid-expanded phases [29]. Other probes such

as l-a-phosphatidylethanolamine-N-(4-nitrobenzo-2-oxa-

1,3-diazole) (egg-NBD-PE) with 55% of unsaturated acyl

chains (Avanti Polar Lipids), 1,2-dipalmitoyl-sn-glycero-3-

phosphatidylethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-

4-yl) (16:0 NBD-PE) (Avanti Polar Lipids) and 1,2-dipalmi-

toyl-sn-glycero-3-phosphatidylethanolamine-N-(lyssamine

rhodamine B-sulfonyl) (16:0 Rho-PE) (Avanti Polar Lipids)
were also occasionally used. After the films were spread onto

a TRIS–Ca buffer pH 7,4 (10 mM Tris, 100 mM NaCl, 20

mM CaCl2), at least 10 min were allowed before initiating

isometric compression to permit the evaporation of the

solvent. Images were captured with a CCD video camera

Axiocam (Zeiss) or a Micromax camera (Princeton Instru-

ments, Inc., USA) commanded through the Axiovision

software of the Zeiss microscope or Metamorph 3.0 software

(Universal Imaging Corporation, PA, USA). Objectives of

20� and 3.2� were used. All the experiments were

performed at room temperature (23F2 8C).
To calculate the fractal dimension, the commercial

software Benoit 1.2 (Trusoft Intl. Inc. USA) was employed.

The methods effectively used to determine fractal dimension

were box counting and information (entropy) dimensions

[30].
3. Results

3.1. Epifluorescence and BAM

Fig. 1A shows representative images of lipid extract

monolayers at different surface pressures as observed by

epifluorescence and BAM. It is worth reminding that the

lipid mixture contains the myelin lipids and a mole fraction

of PLP protein of 1.1�10�4; this is less than 6% the total

PLP content of the lower phase extract. In order to compare

the images seen by both techniques, it must be considered

that the length of the field shown in epifluorescence

micrographs is approximately one third of that in BAM

micrographs (see the reference bars at the bottom of the

images); thus, the latter allows a wider overview of the

surface topography. On the other hand, since our BAM

resolution is in the order of 20 Am, many small details are

better appreciated in epifluorescence images which have a

resolution in the order of 1 Am.

After the lipid extract has formed a coherent film, as

indicated by the lift-off in the mean molecular area–surface

pressure isotherm, the fluorescent probe begg-Rho-PEQ
reveals the coexistence of two phases (Fig. 1Aa). Both of

these phases are liquid as deduced from the Brownian

motion of some small clusters and by the relaxed borders of

the domains. The surface pattern is characterized by a

fluorescent probe-enriched phase polydispersed within a

percolating probe-depleted phase in regularly distributed

domains which are approximately circular, although some

undulating fluctuations can be observed at the domain

boundaries (see Fig. 1Aa and B) suggesting a low line

tension. Moreover, some larger and more elliptical domains

that may reach lengths of hundreds of micrometers are also

present (see insert in Fig. 1Aa). The surface pattern appears

more homogeneous in BAM images (Fig. 1Af). The small

round domains are under the level of resolution of our

equipment but some large less reflective zones are

distinguished (Fig. 1Af) that may correspond to the large



Fig. 1. (A) Representative epifluorescence (a–e) and BAM (f and g) images of lipid extract monolayers containing 0.5 mol% of egg-Rho-PE during

compression at 1.5 mN/m (a and f), 2 mN/m (b and c), 2.4 mN/m (d) and 30 mN/m (e and g). The same homogeneous pattern shown in e and g is observed

from merging up to collapse. Images b and c show the striped phase formed before the merging shown in image d. The fusion of bright domains leads to zones

where the bright phase percolates (c). The visual field shown in the inset has 350�322 Am (the same dimensions as whole image baQ) but its enlargement is the

same as in the BAM images. This shows that very large fluorescent domains enclosing a small proportion of fluorescent-depleted phase are also present. The

reference bars represent 150 Am. BAM images were taken at 1/50 shutter speed. (B) shows shape fluctuations of one enlarged individual fluorescent-enriched

domain at 1.7 mN/m in a lipid extract monolayer. The total observation time was 6 s (from left to right an interval of 3 s separates consecutive frames). (C)

shows the surface pressure–molecular area isotherm of myelin lipid extract.
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fluorescent domains seen by epifluorescence (see insert of

Fig. 1Aa). An inversion of contrast between both techniques

occurs when the less reflective phase is the one including

the fluorescent probe. We found an inversion of contrast at

low surface pressures in lower phase extract films (see

below).

For the lipid extract monolayers the segregation of two

phases is thermodynamically favorable only over a limited

range of low surface pressures and the domains merge when

compressed to about 2.5 mN/m. The surface pressure–

molecular area isotherm of these films does not show
surface pressure-induced phase transitions that are, how-

ever, observed in the microscopy images (Fig. 1C). This can

occur in multicomponent mixtures where the diversity of

interactions causes loss of intermolecular cooperativity. In a

previous paper, we discussed these phenomena regarding

whole myelin monolayers [28]. There is some variability in

relation to the phase mixing point from one lipid extract to

another, and with the time elapsed between the preparation

of the solution and the performance of the experiment. With

freshly prepared lipids, the merging point was between 2

and 3 mN/m during the first compression while when the
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monolayers were recompressed, the merging point rose to

5–6 mN/m. This last effect might result from possible

oxidation of some natural lipid components of the film as

reported for other mixtures [31]. Before merging, the

circular shapes become unstable and stripes are progres-

sively formed (Fig. 1Ab,c), indicating the proximity of a

critical point for structural transition, as also indicated by

the fluctuations of the domain boundary described above

(Fig. 1B). In this scenario there are fusion phenomena

between domains and changes in the connectivity of the

striped phase leading to locally inverted percolation zones.

After merging, the surface remains homogeneous on the

basis of the partition of the fluorescent probe (Fig. 1Ae) and

the surface reflectance (Fig. 1Ag) up to the collapse point.

At all surface pressures, monolayers formed with the

lower phase extract and with the whole myelin extract show

very similar topographies (Fig. 2A). It is worth recalling
Fig. 2. (A) Representative images of whole myelin extract monolayers (a, b, c, and

egg-Rho-PE as seen by epifluorescence microscopy (a, c, e and g) and BAM (b, d,

the protein component. The upper row of images corresponds to surface pressure

image beQ is pointing to the border of the gray phase (outlined with a dotted line)

were taken between 35 and 37 mN/m. The reference bars in epifluorescence and B

images is 2.8 times the visual field of epifluorescence images. The BAM images w

area isotherm of whole myelin extract (dotted line) and lower phase extract (solid
that the lower phase extract only differs from the whole

myelin extract in that it lacks all the myelin proteins except

for the PLP.

As reported in previous work regarding the surface

topography of whole myelin monolayers, the films show

coexistence of two liquid phases at low surface pressures

which are organized as fluorescent probe-enriched domains

within a percolating fluorescent probe-depleted phase [28].

The size and shape distribution of domains are more

heterogeneous during the first compression of the film, but

in successive recompressions the pattern converges to a

bimodal distribution consisting of a group of regularly spaced

small circular domains and larger domains which develop

over lengths usually in the order of millimeter (Fig. 2A upper

row of images). In BAM images the smaller domains are not

resolved but the extent of the large structures can be better

appreciated. At low surface pressures a third gray phase,
d) and lower phase extract monolayers (e, f, g and h) containing 0.5 mol% of

f and h). As stated in the text, the lower phase extract contains only PLP as

s between 1 and 1.5 mN/m during the second compression. The arrow in

that is surrounded by a rim of bright phase. The images in the bottom row

AM images represent 150 Am. Notice that the visual field shown in BAM

ere taken with 1/50 shutter speed. (B) shows the surface pressure–molecular

line).
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observed by epifluorescence and previously described in

whole myelin monolayers [28], is found in lower phase

extract films (Fig. 2Ae). This gray phase is not always

apparent and forms irregular rigid structures inside the bright

domains, excluding contacts with the dark phase (Fig. 2Ae).

At high surface pressures only two phases are distinguished

as shown in Fig. 2Ac, d, g and h. The structure formed by the

fluorescent-enriched phase is a highly irregular network

included in a dark phase of a liquid nature. Similar to the lipid

extract films (see above), the surface pressure–molecular

area isotherms of lower phase and whole myelin extract films

(Fig. 2B and Ref. [28]) do not show surface pressure-induced

phase transition correlating with the transition observed in

the microscopy images. As assessed for myelin monolayers

[30], the pattern observed at high surface pressures is fractal

for lower phase extract films and the dimensions calculated

from BAM images of whole myelin films (Fig. 2Ad) and

lower phase extract films (Fig. 2Ah) were 1.71 and 1.57,

respectively, calculated with box counting method, and 1.75

and 1.62 calculated with information dimension method. The

self-similarity of the pattern is clearer in Fig. 3 where images
Fig. 3. Representative BAM images of monolayers of whole myelin (a, b, c), low

5.3�10�4 mole fraction of PLP (g, h, i). The regions indicated by the larger squa

inside the smaller squares in a, d and g are enlarged in c, f and i, respectively (noti

and h). Images were taken between 35 and 37 mN/m. The reference bars correspon

of images b and e is the same as image h, and the scale of images c and f is the
of whole myelin (Fig. 3a) and lower phase extract mono-

layers (Fig. 3d) are shown to exhibit the same general

appearance as images from inner regions of the visual field

enlarged 1.7 times (Fig. 3b and e which also correspond to

Fig. 2Ad and h) and three times (Fig. 3c and f). The

transition between both surface patterns, rounded-to-fractal

shapes, is rather gradual and involves intermediate states

with progressively more elongated and thinner bright

domains with increasing connectivity. The images shown

in Fig. 2A are representative of the surface patterns

observed below 7 mN/m (Fig. 2Aa, b, e and f) and above

25 mN/m (Fig. 2Ac, d, g and h), although these surface

pressure ranges are somehow variable because, as already

mentioned, the shape transitions are diffuse. It is worth

noticing that at 25 mN/m, as in whole myelin monolayers

[5], the inmunolabeling of PLP protein in lower phase

extract films was found preferentially located in the

fluorescent probe-enriched phase. According to the probe

partition preferences in lipid monolayers, this would be a

liquid expanded phase [29]. However, it should be pointed

out that the protein-enriched fractal phase at high surface
er phase extract (d, e, f) and myelin lipids (except gangliosides) containing

res in a, d and g are respectively enlarged in b, e and h. In turn, the regions

ce that these images also correspond to the regions inside the squares in b, e

d to 255 Am. The scale of images a and d is the same as image g. The scale

same as image i.
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pressures shows irregular non-relaxed boundaries, suggest-

ing a more rigid nature.

The surface pattern of monolayers containing intermedi-

ate amounts of PLP is shown in Fig. 4. These films were

spread from solutions prepared by mixing various propor-

tions of lipid extract with the lower phase extract to achieve

a PLP mole fraction of 2.8�10�4 and 5.3�10�4 (15% and

30%, respectively, of the PLP content of lower phase

extract). The topographic features revealed by epifluores-

cence in these monolayers are reminiscent of those of the

films formed with whole myelin in that, at low surface

pressures, the pattern converges during recompression to a

bimodal distribution of small circular domains (forming

quite a regular lattice) with larger domains sometimes

distorted to elliptical and more irregular shapes (arrows in

Fig. 4a and e); the latter are seen as less reflective domains

under BAM (Fig. 4b and f). The average size of those large

domains increases with the amount of PLP in the film. By

epifluorescence, the largest domains show a highly notice-

able inner rigid phase (gray), the relative proportions of

which increase with the protein amount in the film, with

non-relaxed boundaries fully surrounded (binterfacial
wettingQ [32]) by the brightest phase (Fig. 4a and e). The

pattern described is maintained only in a narrow range of

surface pressures. At around 1.5–2 mN/m the topography

becomes characterized by structures of connected thin and

elongated domains of irregular borders that indicate a rigid

phase with non-relaxed boundary. Again, the extent of the

clusters and their connectivity depend on the protein

content. In films with a mole fraction of 2.8�10�4 of
Fig. 4. Representative epifluorescence (a, c, e and g) and BAM (b, d, f and h) imag

0.5 mol% of egg-Rho-PE. The films shown in a, b, c and d contain a PLP mole fr

mole fraction of PLP (15% and 30%, respectively, of the PLP protein content of th

the second compression of films at surface pressures between 1 and 1.5 mN/m. Th

and 37 mN/m. Although BAM images at low surface pressure generally have poo

distinguished (see the arrows). The inserts in e and f have been included to show

borders but very irregular shapes. The insets have the same scale as the BAM imag

1/50 shutter speed.
PLP, most of the domains are mostly unbranched and with a

waving aspect (Fig. 4c). In BAM images they are seen as

brilliant dots while the shape details fall below the

resolution level of our microscope (Fig. 4d). Instead, in

the films with a PLP mole fraction of 5.3�10�4, branched

domains of larger average size can be clearly observed by

epifluorescence and BAM (Fig. 4g and h). The transition

between the pattern of rounded to long thin shapes occurs

primarily through the merging of at least part of the bright

phase that forms the structure enclosing the gray phase. In

Fig. 5, a series of epifluorescence images of films with a

PLP mole fraction of 5.3�10�4 is shown during the

expansion of the monolayer from 2.8 to 1.5 mN/m. In the

sequence, the gray and irregular domains seen at higher

surface pressure can be identified as the nucleating

structures for the formation of the fluorescent phase acting

as a structural support.

Fig. 6 shows a temporal sequence of BAM images taken

at 37 mN/m showing the topography of films with a PLP

mole fraction of 5.3�10�4. The clusters become increas-

ingly larger with time (Fig. 6, 1a, 1b, 1c, 1d) and their

growth seems to be favored by the expansion and

compression process of the monolayer (Fig. 6, 2a and

2b) The domains progressively formed have a self-similar

average shape with fractal appearance. Moreover, the

pattern from image 2b has a fractal dimension of 1.62

calculated with box counting method and 1.63 calculated

with information dimension method. To illustrate the self-

similarity of the pattern, we show in Fig. 3g–i an image of

a monolayer with 5.3�10�4 mole fraction of PLP at 37
es of monolayers of myelin lipids containing different amounts of PLP and

action of 2.8�10�4, and the films shown in e, f, g and h contain 5.3�10�4

e lower phase extract monolayers). The upper row of images corresponds to

e images in the bottom row are from films at surface pressures between 35

r contrast and many small details are lost, some large round domains can be

that at low surface pressures some of the largest domains have rounded

es. The reference bars represent 150 Am. The BAM images were taken with



Fig. 6. Representative BAM images of a film of myelin lipids (except gangliosides) containing 5.3�10�4 mole fraction of PLP. The monolayer was compressed

up to 37 mN/m and was left at the same surface pressure for 100 min. Images 1a, 1b, 1c and 1d are representative of the topography of the films at 2, 50, 80 and

100 min, respectively, after the target surface pressure was reached during the first compression. Images 2a and 2b show the pattern when 10 and 70 min

elapsed from when the film was brought to 37 mN/m during the second compression. The reference bars represent 300 Am. BAM images were taken at 1/50

shutter speed.

Fig. 5. Epifluorescence images of the topography of a film of myelin lipids (except gangliosides) containing 0.5 mol% of egg-Rho-PE and 5.3�10�4 mole

fraction of PLP during the expansion at 2.8 mN/m (a), 2 mN/m (b), 1.7 mN/m (c) and 1.5 mN/m (d). The reference bars represent 150 Am.

C.M. Rosetti et al. / Biochimica et Biophysica Acta 1668 (2005) 75–8682
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mN/m from which inner regions of the visual field have

been enlarged 1.7 (Fig. 3h) and 3 times (Fig. 3i). Notice

that the pattern is very similar in spite of the change in the

scale.
Fig. 7. (A) Plot of the relative reflectance measurements made on films of lower ph

The reflectance values measured in the lower phase extract film were distinctivel

depleted phase (5) or the probe-enriched phase (n). In lower phase extract films

distinct phases are identified. The relative reflectance values were obtained using E

center of the illumination area of BAM images. The dispersion of values in some ra

different average reflectances over the area where measurements are taken. (B) Im

mol% of egg-Rho-PE at 3.5 mN/m (a and b) and 20 mN/m (c and d) seen by BAM

used to obtain the epifluorescence images. The reference bars represent 150 Am.
3.2. Surface reflectance

Fig. 7A shows the relative reflectance against surface

pressure for films of the lipid extract and of the lower phase
ase extract (n and 5) and lipid extract (.) as a function of surface pressure.

y identified when they clearly correspond to zones occupied by the probe-

, in the range of 5 to 10 mN/m, the contrast is lost in BAM images and no

q. (1) from the average gray level measured in a square of 83�83 Am in the

nges of surface pressure is due to the flow of portions of the monolayer with

ages of the same field of a monolayer of lower phase extract containing 0.5

(a and c) and epifluorescence microscopy (b and d). A 3.2� objective was

BAM images were taken at 1/50 shutter speed.



C.M. Rosetti et al. / Biochimica et Biophysica Acta 1668 (2005) 75–8684
extract. BAM images, in addition to demonstrating the

lateral topography of the monolayers, may also reflect the

transverse reorganization of the film domains under

compression since relative reflectance values are propor-

tional to the film optical thickness (I~t2, where t is the film

thickness). In the graph, it can be seen that the lipid extract

film at low surface pressures and the lower phase extract

film at low and high surface pressures show a considerable

dispersion of the relative reflectance values. This is because

in those surface pressure ranges there is coexistence of

phases with different reflectance in the monolayer as the

film flows; the relatively small area of the visual field over

which the intensities are evaluated (83�83 Am) becomes

randomly covered by regions with different proportions of

those phases. In the lipid extract above 3 mN/m, after the

surface became homogeneous by epifluorescence, the

relative reflectance increases linearly and with little dis-

persion with the surface pressure (Fig. 7A, filled circles). On

the other hand, in the lower phase extract films two different

phases are identified by BAM at low and high surface

pressures (Fig. 7Ba,c); these phases correspond rather

accurately to the fluorescence-enriched and fluorescence-

depleted phases (Fig. 7Bb,d). It can be clearly appreciated

that the more reflective phase by BAM is the fluorescence-

depleted phase at 3.5 mN/m but is the fluorescence-enriched

phase at 20 mN/m. In Fig. 7A, the relative reflectance values

mainly corresponding to the fluorescence-depleted phase are

represented with open squares and the values measured in

the regions covered mainly by the fluorescence-enriched

phase are represented with filled squares. On this basis, the

fluorescence-depleted phase shows a low increase of its

relative reflectance as the film is compressed with a slope

comparable to that of the lipid extract film (filled circles).

On the contrary, the fluorescence-enriched phase shows a

rather large variation of its relative reflectance with changes

of surface pressure. The inversion of contrast among the

phases occurs in the range of 5 to 10 mN/m.
4. Discussion

Our current results contribute to the elucidation of the

possible roles of the lipid extract and at least one of the

major myelin proteins on the topographic organization of

the monomolecular films formed by the myelin components.

In turn, the surface structuring is related to major topo-

graphic and compositionally driven dynamic features of the

interface. Regarding the protein fraction, we determined that

the presence of the single PLP is enough to reproduce the

topographic surface behavior of the whole myelin extract

monolayer in a manner that is dependent on the protein

content. The elimination of the rest of the proteins,

representing about 50% by weight of the protein fraction,

does not result in major variations in the surface orga-

nization compared to the film formed by the whole myelin

membrane. However, it remains to be seen whether the
effect of other myelin proteins could possibly be redundant

in also reproducing (in the absence of PLP) the character-

istic pattern and surface pressure-dependent organization

found in the whole myelin film that is not present in lipid

extract monolayers; this is currently under study.

Mixtures containing the myelin lipids (except ganglio-

sides) and a small amount of PLP (mole fraction of

1.1�10�4), denominated as lipid extract, show a pattern

consisting of only two coexisting liquid phases over a

narrow range of low surface pressures. The full merging of

the liquid phases (as reported by the fluorescent probe

partitioning) is favored when the surface pressure is raised

above 2–3 mN/m. The formation of a third gray phase,

which is found embedded within the bright domains, is only

observed in films containing more than 2.8�10�4 mole

fraction of PLP and its extent is correlated with the content

of PLP in the monolayer. Moreover, the gray phase seems to

originate on the PLP-enriched domains found at high

surface pressures (see Fig. 5). On the other hand, from the

comparison of the topography of the films tested, over the

range of surface pressures where all the monolayers show

some kind of surface pattern (up to 2–3mN/m), it is clear

that the presence of PLP markedly influences the topo-

graphic features regarding the size and shape distribution of

domains in a manner dependent on the protein proportion in

the film (see Figs. 1A, 2A and 4).

The surface pattern found at low surface pressures in all

the studied monolayers resembles that described in a

number of binary and ternary mixtures containing choles-

terol together with glycerophospholipids and/or sphingoli-

pids [4]. Cholesterol is known to determine phase

segregation of cholesterol-enriched liquid-ordered phases

and phospholipid-enriched liquid-disordered phases [33,34].

In myelin monolayers, phospholipids and cholesterol con-

stitute more than 80% of the lipid fraction (on a molar

basis), with cholesterol representing about 42%, a percent-

age at which segregation of the liquid-ordered phase is

present in other systems [35]. We previously identified, in

whole myelin monolayers, the fluorescent probe-depleted

domains as a cholesterol-enriched phase [5]. In this work,

we have determined that in monolayers prepared with the

lower phase extract the fluorescence-depleted phase also

corresponds to a cholesterol-enriched phase (not shown).

Other reconstituted films prepared with natural lipid

mixtures mimicking the lipid composition of cell mem-

branes have also been reported to show immiscible

cholesterol-enriched and cholesterol-depleted liquid phases

[36]. In those experiments, as in our monolayers formed

with the lipid extract, the coexisting phases undergo surface

mixing under compression beyond a critical surface pressure

point. These phenomena arise from the marked condensa-

tion of the mean molecular area that cholesterol sponta-

neously induces on its neighboring molecules, thus

thermodynamically favoring phase segregation at low, but

not at high, surface pressures [3]. In addition, the topo-

graphic features of the lipid extract films near the phase



C.M. Rosetti et al. / Biochimica et Biophysica Acta 1668 (2005) 75–86 85
merging point (see the striped phase and border fluctuations

in Fig. 1Ab,c and B, respectively) reveal that these

monolayers are at, or near, a critical point similar to that

observed in other complex mixtures of lipids mimicking cell

membranes [36].

The heterogeneous topography of whole myelin extract

monolayers at high surface pressures appears determined by

the single presence of PLP in the film together with myelin

lipids. A threshold PLP mole fraction among 1.1�10�4 and

2.8�10�4 is required to induce a surface pattern of thin and

elongated irregular domains. The clusters observed by BAM

formed soon after the first compression have a length extent

that increases with the proportion of PLP in the film

(compare Figs. 2Ah and 4d,h) and, at least in films with a

mole fraction of PLP of 5.3�10�4, the clusters continue to

grow with time forming self-similar fractal structures

without an equilibrium size. Moreover, the spontaneous

cluster aggregation to form the fractal domains is an

apparently irreversible process. When the film is expanded

the clusters remain integrally associated and form the

starting support for the formation of the gray phase and

the nucleation of newly formed fluorescent liquid phase

under expansion. On successive recompressions the average

size of the clusters at high surface pressures is further

increased. In the lower phase extract films and whole myelin

extract monolayers the PLP has been localized in the fractal

clusters. In previous work [5] ganglioside GM1 together

with myelin basic protein was found to colocalize with PLP

in the fractal clusters of whole myelin extract monolayers.

Moreover, some preliminary results indicate an effect of the

hydrocarbon chains saturation on the partition of lipidic

fluorescent probes among the different phases in lower

phase extract films. At high surface pressure, the probes

egg-NBD-PE and egg-Rho-PE having unsaturations in their

hydrocarbon chains preferably partition into the fractal

domains. By contrast, for C16-Rho-PE and C16-NBD-PE,

having the same polar head group but all saturated hydro-

carbon chains, the partition in the cholesterol-enriched

phase is favored. This suggests that, although a major factor

to induce formation of the domains at high surface pressures

is the aggregation of PLP protein (the thermodynamic

tendency of myelin lipids at those pressures is to mix

homogeneously), there are lipids that would preferably

partition into the fractal phase, a tendency driven by some

molecular structural properties (as may be the hydrocarbon

chain saturation). Thus, the aggregation of the PLP protein

appears to provide a thermodynamic basis for the formation

of domains at high surface pressures although the under-

lying protein–protein and/or lipid–protein interactions

involved remain unknown. On the other hand, the fractal

arrangement of the domains formed is indicative that they

may organize through a non-equilibrium process. The

formation of fractal structures has been experimentally

observed and theoretically described for diffusively aggre-

gating spherical particles [37] and theoretical simulations of

photosystems aggregation in membranes have predicted
ramified fractal-like structures under certain conditions [38].

In those cases, the type of domain surface structure

organized is expected to depend on the balance of the

interaction energy among particles and the thermal energy.

In our system, the factors that contribute to the formation of

a fractal pattern at high surface pressures remain to be

identified but a strong interaction between PLP protein units

could lead to a non-equilibrium aggregation into fractal

domains.

As could be expected, there is also a large difference in

the transverse structuring of the monolayer along the plane

perpendicular to the interface that is dependent on the PLP

content. In the lipid fraction after merging (above 2–3 mN/

m) and in the fluorescent probe-depleted phase of the films

formed with the lower phase extract, only small variations

of the relative reflectance occur with changes of surface

pressure. This is expected because the presence of choles-

terol induces, by itself, a conformational order in the lipid

hydrocarbon chains which acquire concomitantly a more

closely packed state. On the contrary, the phase containing

the PLP in the lower phase extract films undergoes a marked

rearrangement with the surface pressure. As described for

many proteins and polymers at interfaces at low surface

pressures, the PLP may adopt an expanded conformation

[39–41]. At higher surface pressures, the calculated mean

molecular area range occupied by PLP (17 to 13 nm2

between 20 and 40 mN/m) is in keeping with the adoption

of a closed molecular packing consistent with a more

condensed erect state.

In summary, in the topographic organization of whole

myelin monolayers two overlapping contributions were

identified. The lipid extract containing PLP at a mole fraction

of 1.1�10�4 induces the coexistence of liquid phases at low

surface pressures leading to a pattern of domains with relaxed

boundaries. The PLP protein induces through the reorgan-

ization of the lipid–protein components the appearance of a

rigid (gray) phase that, acting as a sort of surface skeleton,

determines the shapes, sizes and dynamic behavior of

domains. The heterogeneous topography at surface pres-

sures beyond a few mN/m (2–3 mN/m) is a property

acquired by the monolayer only when PLP, above some

threshold proportion, is present in the films leading to a

fractal pattern that is originated as an irreversible domain

aggregation process. The PLP by itself, when mixed with

the lipid extract, is capable of reproducing the surface

topography of the whole myelin monolayer in a concen-

tration-dependent manner.
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