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ABSTRACT 

The developing rat optic nerve provides a good system in which 

to study early stages of myelination because of the extent and uniformi

ty of myelination in this tissue. A micro-method based on the charac

teristic low density of myelin was devised in order to detect the 

presence of myelin in a single optic nerve. Individual optic nerves 

were homogenized in 0.929 M CsCl, 10 mM Tris, pH 7.4, 5 mM Ca++, and 

sedimentation equilibrium centrifugation carried out at 4°C and 52,000 

rpm in the ANF rotor of the Beckman Model E analytical ultracentrifuge. 

Under these conditions a band of material was detected at a density of 

1.126 gm/ml. In order to characterize this material and determine if it 

represents the presence of myelin in the whole optic nerve a preparative 

procedure was developed and the isolated material analyzed. This frac

tion banding at a density of 1.126 gm/ml had a protein content of 22-

241, was 851 soluble in chloroform:methanol and had a phospholipid: 

cholesterol:galactolipid molar ratio of 1:1:0.6. Activity for the my

elin marker enzyme, 2',3'-cyclic nucleotide 3'-phosphohydrolase was 

13.15 yM/min/mg protein in this fraction. Electron microscopic examina

tion showed the typical appearance of isolated myelin and only myelin 

proteins were observed on disc gel electrophoresis of SDS extracted pro

teins from this fraction. This myelin rich material was first detected 

in the optic nerve of rats 10 days of age. 

Studies on myelin specific proteins in the whole optic nerve in

dicated that myelin basic protein was first detected at 10 days and 

x 
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myelin proteolipid protein was detected first at 12 days. 2',3'- Cyclic 

nucleotide 3'-phosphohydrolase activity gradually increased with age of 

the nerve but the greatest single day increase in activity was between 

10 and 11 days. Myelin lipid levels gradually increased with the 21 day 

old neive closely resembling myelin in its phospholipid:cholesterol: 

galactolipid ratio. The sulfatide fraction dominated the galactolipid 

content in the optic nerves of rats younger than 12 days. After this 

time the nerve demonstrated a signficant increase in cerebroside con

centration. Lecithin levels decreased with development of the nerve. 

Based on this data and evidence reported by others, a hypothesis was 

made regarding the possible sequence of deposition of the major myelin 

components during the initial stages of myelin formation: sulfatide 

and Wolfgram protein are present from the onset of myelination. The de

position of myelin basic protein occurs during the early stages of dif

ferentiation of the myelin membrane from the glial cell plasma membrane. 

The addition of cerebrosides with their long chain saturated fatty acids 

and cholesterol with its extensive hydrophobic region stabilize the mem

brane and myelin proteolipid participates in maturation of the myelin 

membrane and compaction of myelin lamellae. 

In addition to this particular application, the analytical ul-

tracentrifugation method was used to detect myelin in other brain re

gions and under various conditions. This method appears to be a 

sensitive, reliable and relatively rapid method for the detection of 

myelin in small amounts of tissue. 



INTRODUCTION 

The membrane which forms a sheath around an axon is termed my

elin. In the central nervous system myelin is formed by an extention of 

the plasma membrane of the oligodendroglial cell (Peters, 1960, 1964; 

Bunge, 1968). The sheath is not continuous along the length of the 

nerve but is interrupted at periodic intervals called nodes. The in-

ternodal distance corresponds to the area ensheathed by one process from 

an oligodendroglial cell. Impulse propagation along the nerve, caused 

by membrane depolarization, "skips" over the myelin insulated portions 

of the nerve and completes the bioelectric circuit at the next node. 

This is saltatory conduction and results in an increased conduction ve

locity of impulses in myelinated nerve fibers as compared to unmyeli

nated fibers. 

Although its functional importance more than justifies the study 

of this membrane, at least two other aspects have created intense inter

est. These are the distinctive morphological characteristics of the 

myelin sheath and its unique protein and lipid composition. During the 

period of initial myelin membrane synthesis, these morphological and 

compositional characteristics change rapidly, but in concert, and thus 

provide complimentary information about the early stages of membrane 

formation. Extensive investigation has been carried out on the morphol

ogy of the myelin membrane during its formation, but little is known 

about how this, or any membrane, is assembled at the molecular level. 

The purpose of the present study was to determine the sequence of 
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deposition of myelin components during the initial stages of myelin 

formation. 

Morphology of the Myelin Membrane 

In 1862 Valentin examined intact myelin under polarized light 

and presented the first evidence that myelin possesses a highly ordered 

structure. This observation was later confirmed and investigators an

ticipated that myelin would provide a system for elucidating membrane 

architecture. Using the data obtained from polarized light experiments, 

Schmidt (1936) proposed a model for the structure of the myelin sheath, 

which is similar to that proposed for cell membranes in general by 

Danielli and Davison (1935). X-ray diffraction studies verified earlier 

findings and supplied additional information on the molecular dimensions 

of the multilayer myelin membrane (Schmitt, Bear, and Clark, 1935). 

The morphological features of the myelin sheath and processes 

involved in myelin sheath formation were not adequately investigated un

til the advent of electron microscopy. This power technique substan

tiated earlier findings on the lamellar structure of myelin and 

established that the layers represent a spiraling membrane process (Ge-

ren, 1954; Fernandez-Moran and Finean, 1957) rather than concentric 

layers as previously proposed. Using this techinque, Karlsson (1966) 

calculated that the distance between lamellae or the double membrane 

O O 
distance is approximately 106 A which is in agreement with the 50 A dis

tance calculated for a single membrane thickness. 
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Physical and Chemical Characteristics 
of the Myelin Membrane 

Initial attempts to define the composition of the myelin mem

brane relied on the indirect approach of studying whole brain or those 

areas of the brain which are heavily myelinated, referred to as white 

matter. Several studies of the total lipid composition changes in 

whole brain during the period of rapid myelination have appeared (e.g., 

Wells and Dittmer, 1967). These studies indicated that, relative to 

plasma membrane, myelin has a lower lecithin and higher plasmalogen, 

cholesterol and cerebroside concentration. The latter compound was not 

detected in brains prior to myelination (Wells and Dittmer, 1967). In 

addition, the white matter regions of whole brain contained a proteo- ' 

lipid which was suggested to be a myelin component (Folch and Lees, 

1951). Martenson and LeBaron (1966) extracted a protein fraction from 

white matter with acidified chloroformrmethanol. This fraction could 

induce experimental allergic encephalomyelitis, a disease also induced 

by myelin fragments (Laatsch et al., 1962). 

Myelin Isolation Methods 

With the advent of methods to isolate and purify myelin from 

central nervous system (CNS) tissue, compositional characteristics could 

be more clearly defined. Early isolation schemes were subcellular frac

tionation techniques modified to give pure preparations of myelin mem

branes. The unusually high lipid content of myelin allowed separation 

of this membrane from others on the basis of density. 

Components native to myelin were not established in these ini

tial studies and purity was assessed primarily by morphological 
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criteria. In "pure" myelin preparations multi-lamellar structures typi

cal of intact myelin sheath were present, and other membranous material, 

cellular organelles and trapped debris, were absent. As isolated myelin 

fractions became more homogeneous, composition and enzymatic activity 

were used to assess the degree of purity in addition to the morphologi

cal appearance. 

Numerous methods are available for the isolation and purifica

tion of myelin. The following are considered representative of the 

frequently employed methods and will be discussed briefly. 

The method of Laatsch et al. (1962) was developed for purifying 

material from adult guinea pig brain known to cause experimental aller

gic encephalomyelitis (EAE). These investigators found that the agent 

producing EAE was localized in the myelin fraction and more specifically 

in the basic protein from myelin. 

The method consists of several one step discontinuous sucrose 

gradient centrifugations, e.g., 0.25 M sucrose over 0.88 M sucrose. The 

interfacial material which was recovered after centrifugation of the 

brain homogenate contained all particles with a density greater than 

0.25 M sucrose but less than 0.88 M sucrose. This interfacial material 

was exposed to a hypotonic wash which resulted in osmotic "shock," and 

the sucrose and debris-free myelin was collected as a pellet by centri-

fuging at 105, 000 x g. Purity of the preparation was assessed by elec

tron microscopic appearance and lack of succinate dehydrogenase 

activity, indicative of mitochondrial contamination. On a dry weight 

basis the preparation contained 20% protein and 201 cholesterol. 
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Another frequently applied method is one developed by Autilio, 

Norton, and Terry (1964) for the preparation of myelin from adult bovine 

white matter. This procedure also employed a one step discontinuous 

gradient, however, it was over the narrower range of 0.32 M to 0.65 M 

sucrose. Repeated centrifugation and recovery of the interfacial layer 

constituted the main isolation scheme. Procedures to remove contaminat

ing microsomes and an osmotic shock treatment were also included. Final 

purification was achieved using a continuous sucrose gradient which 

yielded two bands of particles designated "light" and "heavy" myelin. 

The lipid compositions of these two fractions were almost identical but 

the "heavy" myelin fraction contained more chloroform '.methanol insoluble 

residue and protein. With this overall scheme they found that as the 

number of purification steps increased, the chloroform:methanol insolu

ble fraction decreased, nucleic acid concentration decreased, and lipid 

and proteolipid concentrations increased. The limited amounts of nu

cleic acids which remained appear to be totally derived from microsomal 

contamination (Adams and Fox, 1969). Representative values for the lip

id composition of purified "light" myelin on a molar percentage basis 

were cholesterol, 43.2; galactolipids, 22.1; phospholipids, 34.7; and 

plasmalogen, 11.1. White matter lipid values were similar. Although 

this product was morphologically and chemically representative of myelin 

by self-established criteria, by their own admission they "cannot say 

anything about water-soluble constituents which may possibly be an im

portant part of native myelin" (Adams and Fox, 1969, p. 24). 

A modification of the Autilio method (Norton and Poduslo, 1973a) 

for the purification of myelin from rat brain is in current popular 
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usage. The main alteration was an increase in the molarity of the high 

density sucrose "pad" from 0.65 M to 0.85 M. This change was made in 

order to prevent the loss of the heavier components of myelin. This 

method will be discussed later as a scheme for preparing myelin from im

mature rat brains. 

A more classical approach to fractionation of brain tissue to 

yield myelin and other subcellular particles is a method developed by 

Eichberg, Whittaker, and Dawson (1964) for study of lipid distribution 

in subcellular particles from guinea pig brain. The total brain homoge-

nate in 0.32 M sucrose was centrifuged at 1,000 x g and the pellet was 

resuspended in 0.32 M sucrose and applied to a discontinuous gradient of 

0.8 M over 1.2 M sucrose. After centrifugation, myelin was present at 

the 0.32 M-0.8 M interface, nuclei at the 0.8 M-1.2 M interface and cell 

debris in the pellet. The supernatant from the initial lowspeed cen

trifugation was centrifuged at 17,000 x g and the resultant pellet re-

suspended and applied to the discontinuous gradient as before. The 

material at the 0.32 M-0.8 M interface was designated as small myelin 

fragments, that at the 0.8-1.2 M interface was synaptosomes, and mito

chondria were in the pellet. According to the investigators, microsomes 

contaminated the fractions in the second discontinuous gradient. For 

the large myelin fraction they determined a cholesterol:phospholipid: 

cerebroside ratio of 2:1.94:1. Gangliosides were also present in the 

fraction to a limited but possibly significant degree (Suzuki, Poduslo, 

and Norton, 1967). 

In addition to these schemes using differential centrifugation, . 

at least two procedures have been developed for the isolation of myelin 
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by zonal centrifugation. London (1972) employed zonal centrifugation 

conditions in buffered sucrose to purify myelin from intradural spinal 

roots. The myelin membranes had an isopycnic banding density of 1.059 

gm/ml. Day et al. (1971) fractionated rat brain homogenates in iso-

osmotic Ficoll-sucrose under zonal conditions. McMillan et al. (1972) 

followed the method of Day et al. (1971), and recovered three subtrac

tions of myelin at densities of 1.054, 1.060, and 1.066 gms/ml. These 

subfractions differed in phospholipid:cholesterol:galactolipid ratio. 

They suggest that these subpopulations may represent different stages 

of maturation of myelin from whole brain. 

From this brief discussion of myelin isolation methods, it is 

evident that there are problems in preparing and defining the charac

teristics of the "pure" myelin membrane. Dissimilar preparative tech

niques yield myelin with divergent compositions. All methods attempt 

to obtain myelin of optimum integrity and criticisms of particular 

methods are usually moot. However, some reservations may be justified 

in evaluating the effectiveness of certain procedures in recovering an 

unaltered myelin membrane. 

Cautions. Day et al (1971) observed that iso-osmotic Ficoll-

sucrose created a more stable gradient than sucrose alone, and that 

"the movement of myelin into even veiy slightly hypertonic sucrose, 

begins a process of condensation or coalescence which gradually appears 

to involve other structures " (p. 43). This observation raises the 

question of the effect of homogenization medium in preparing myelin mem

brane material of optimum integrity. 
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Most methods for preparing myelin utilize buffered or unbuffered 

sucrose in the homogenization and centrifugation schemes. Worthington 

and Blaurock (1969) in a low angle X-ray diffraction study of peripheral 

nerve myelin found that incubation in isotonic sucrose at 4° for 13 

hours caused frog sciatic nerve to swell. These investigators concluded 

that such swelling "naturally leads to some molecular changes within the 

membrane pair" (p. 434). Beaufay and Berthet (1963) noted that mito

chondria, exposed to a sufficiently high concentration of sucrose, "as

sumed an abnormal 'dense state,' presumbaly owing to partial dehydration 

of the matrix" (p. 72). Although this may be a phenomenon related to 

permeation of the inner membrane space, they also observed that the 

equilibrium densities of lysosomes and several other cytoplasmic parti

cles were much lower in glycogen gradients than in sucrose. They suggest 

that this may also reflect the dehydrating influence of sucrose on these 

particles. Standard and "heavy" microsomes have also been recovered 

from sucrose gradients (Thompson, Goodwin, and Cumings, 1967). The 

possible dehydrating effect of sucrose could explain the enigmatic in

fluence of sucrose on the extractibility of proteolipids from brain and 

other tissues (Lees, 1966). Braun and Radin (1969) observed that lipo

protein complexes in sucrose density gradients showed a nonlinear de

crease in density when the lipid:protein ratio exceeded 3:1. In this 

case the exclusion of water would render the lipid-rich complex less 

dense, in contrast to protein-rich membranes which would become more 

dense tinder dehydrating conditions. 
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Density of Myelin 

Sucrose. Recovery data for myelin components during isolation 

and density values for myelin are seldom reported and it is difficult to 

assess the effect of sucrose on myelin composition and density. Despite 

the effects sucrose may have on these parameters, most procedures uti

lizing this support fail to take full advantage of the inherent density 

of myelin for its purification. Velocity sedimentation discontinuous 

gradients result in separation of the particles on the basis of size as 

well as density. Autilio et al. (1964) performed a final purification 

step on a continuous gradient and observed two populations of myelin 

particles. The "heavy" myelin may be the product of contamination of 

the myelin material by other membranes and possibly a particle size 

differential in comparison to the "light" fraction. They did not cal

culate the banding densities of the two populations and report variabil

ity in the proportions of the two populations from one preparation to 

the next. In contrast, Adams and Fox (1969), found only one broad band 

of protein-containing material when they centrifuged purified myelin to 

equilibrium in sucrose. They concluded that their myelin from rat brain 

homogenates consisted of a continuum of particles of widely differing 

densities. 

Tarn (1971) carried out equilibrium sedimentation centrifugation 

on myelin in sucrose using the Beckman Model E analytical ultracentri-

fuge. Myelin subjected to treatment with the French pressure cell be

fore centrifugation had an isopycnic banding density of 1.090 gm/ml 

while untreated myelin had a density of 1.075 gm/ml. Equilibrium 



sedimentation densities should not be influenced by the size of the par

ticles so these results would indicate a compositional variation in the 

two banding populations. 

Dickinson et al. (1970) reported a value of 1.084 gm/ml for the 

density of "intact" lamellar myelin and 1.063 gm/ml for "collapsed" my-

elin. The former has a protein concentration of 34% and the latte'.fpF 

24%. They claim that the "collapsed" myelin represented myelin v.hich 

has lost the myelin basic protein; however, most values for protein con

tent of myelin (including the basic protein) is approximately 25%. 

Other Media. Supports other than sucrose have been suggested: 

glycogen (Beaufay and Berthet, 1963), dextran (Mach and Lacko, 1968), 

and the Ficoll-sucrose system mentioned above (Day et al., 1971). Vis

cosity considerations make the first two undesirable. The particular 

application of the latter support (see also Day et al., 1972) is depen

dent upon rate zonal conditions involving mass-density relationships 

(Kornguth et al., 1972) and therefore does not separate particles 

strictly on the basis of density. The application of this medium to the 

equilibrium density gradient investigation of myelin has not been re

ported. 

Ionic Media. Multiple bands obtained in sucrose or Ficoll 

(Kamat and Wallach, 1965) gradients may, in part, reflect the vesicular 

nature of membranes after homogenization. These vesicles are imperme

able to sucrose or Ficoll and thus are separated on the basis of their 

bouyant density rather than their matrix density (Steck, Straus, and 

Wallach, 1970). Ionic supports should permeate these membranes existing 
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in vesicular form and separate them according to the density of the ma

trix itself. 

One of the first systems employing an ionic support for isola

tion of myelin was reported by Patterson and Finean (1961), who isolated 

myelin in sucrose or saline. Both supports were used in a series of 

floatation steps. They did not observe any harmful effects of saline on 

myelin morphology or composition. Lipid ratios were comparable except 

for cholesterol values which were slightly higher in the sucrose iso

lated myelin (see also Wolman and Wiener, 1963). 

An ionic support frequently utilized in equilibrium gradient 

centrifugation is CsCl (Meselson, Stahl, and Vinograd, 1957). Thompson 

et al. (1967) used a CsCl gradient to band myelin which had been par

tially purified in 0.32 M sucrose. The equilibrium centrifugation step 

was carried out in 15% CsCl at 4° for 18 hours and 100,000 x g. Myelin 

banded near the top of the gradient. The values obtained for phospho

lipids by this method are comparable to those reported for myelin re

covered from sucrose gradients. This indicates that prolonged exposure 

to CsCl does not affect these particular membrane components adversely. 

Their method required only two steps due to the advantage of separation 

on the basis of equilibrium density. In a later study by these same 

investigators (Cumings, Thompson, and Goodwin, 1968), they determined 

sphingolipid and phospholipid values for myelin and microsomes from nor

mal and pathologic brains. Data for nonnal myelin sphingolipids showed 

no detectable gangliosides and a cerebrosidersulfatide ratio of 4:1, 

which agrees with reports for sucrose isolated myelin. 
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Several researchers included a discontinuous (D'Monte, Mela, 

and Marks, 1971) or performed continuous (Norton, 1971; Greenfield, Nor

ton, and Morell, 1971; Morell et al., 1972) CsCl gradient for the final 

purification step of myelin. Norton (1971) gave a value of approximately 

1.100 gm/ml for the banding density in a continuous CsCl gradient of a 

partially purified myelin sample. The material applied to the CsCl gra

dient was a homogenate fraction recovered from the interface between 

0.32 and 0.85 M sucrose. Morell et al. (1972) observed two bands in a 

continuous CsCl gradient with their sample. They did not report the 

density values for these two fractions and only noted that the lower 

band showed single membranes in contrast to the typical rnulti-lamellar 

appearance of myelin in the upper band. D'Monte et al. (1971) recovered 

two fractions from a discontinuous CsCl gradient at densities of 1.098 

gm/ml and 1.112 gm/ml. The material applied to this'gradient had pre

viously banded at the interface between 0.32 M and 0.8 M sucrose. 

The main reservation in employing CsCl is the high concentra

tions necessary to create the required gradient and the possible effects 

on the charged components of the membrane. Kornguth et al. (1972) re

ported that synaptic complexes isolated in a CsCl density gradient 

possessed protein profiles on disc gel electrophoresis similar to those 

prepared in sucrose gradients. However, protein recovery values were 

not determined (Wannamalcer, 1972). D'Monte et al. (1971) added CsCl in 

concentrations up to 1 M to partially purified myelin and observed no 

adverse effects on the enzyme activities examined. Morell (1974) found 

no significant difference between myelin whose final purification is in 

CsCl and that which is purified entirely in sucrose. For preparative 
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purposes he considers the traditional sucrose methods more convenient 

but acknowledges the superiority of CsCl for isolating myelin solely on 

the basis of density. 

The density of myelin depends on the method of purification. 

Thus, even in the same medium, an absolute density has yet to be estab

lished. Ideally, the density of the membrane matrix should be unaf

fected by the medium, but from the evidence given above this is probably 

not the case. Comparable values for samples isolated under equilibrium 

conditions in CsCl or sucrose are not to be expected. Therefore, the 

nature of the support also affects the density. Whereas Day et al. 

(1971) for myelin in Ficoll-sucrose, and Beaufay and Berthet (1963) for 

mitochondrial fractions in glycogen, found lower density profiles than 

for the same fractions in sucrose, Kornguth et al. (1972) reported higher 

densities of synaptic complexes in CsCl compared to sucrose (1.178-1.190 

gm/ml versus 1.072, 1.152 gm/ml). Myelin has been observed at densities 

of 1.13-1.15 gm/ml in CsCl-sucrose gradients (Geison, ELangas, and Korn

guth, 1972). 

Lipid Composition 

Compositional characteristics of isolated myelin reflect the de

gree of purity and integrity of the final product. A limit may be 

reached in trying to prepare myelin membranes free of contamination, 

yet still possessing the integrity of the intact membrane. "Purifica

tion of the myelin sheath carries with it the danger of removing compo

nents native to the sheath in situ and careful distinction must be made 
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between the intact material and its purified 'membrane components' " 

(D'Monte et al., 1971, p. 363). 

Early investigators of myelin composition, as stated previously, 

used whole brain or white matter as the starting material. Comparing 

the composition of isolated myelin and white matter, these workers in

ferred which components were "myelin specific." Unfortunately, although 

some of these conclusions were erroneous (Norton and Autilio, 1966), 

these studies were frequently cited (Fewster and Mead, 1968; Dalai and 

Einstein, 1969) to substantiate claims of the non-myelin origin of some 

white matter lipids. 

Autilio et al. (1964) ascribed all chloroform:methanol soluble 

protein found in white matter to myelin and on this basis calculated the 

contribution by myelin to the different classes of lipids found in white 

matter. This calculation left the origin of approximately half of the 

lipid composition of white matter unaccounted for. Thus, a substantial 

amount of galactolipid was relegated to non-myelin structures of white 

matter. However, their assumption that the 8-9% chloroform:methanol 

soluble protein in white matter corresponds to the 22% chloroform: 

methanol soluble protein in myelin did not take into consideration that 

the basic protein of myelin, which is soluble in chloroform:methanol when 

extracted from purified myelin, is not soluble in chloroform:methanol 

when extracted from whole brain (Kies, Thompson, and Alvord, 1965). In 

bovine brain the basic protein is present at approximately 70% of the 

concentration of the proteolipid protein (Mehl and Halaris, 1970). Thus, 

the percentage of protein in white matter, corresponding to the 22% 

soluble in chloroform:methanol from myelin, would be 15% instead of 
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8-9%. This would change the value calculated for the percentage of 

white matter derived from myelin from 40 % to 70%. If myelin is assumed 

to be 75% lipid, it would account for almost all of the lipid in white 

matter, approximately 60%. Although aclcnowledging their earlier error, 

Norton and Autilio (1966) again derived values similar to the erroneous 

values. Their new calculations were based on water content and recovery 

of isolated myelin. Values obtained by this method depend on isolation 

techniques and are not considered rigorous. Soto, de Bohner, and Cal-

vino (1966) concluded that white matter is at least 60% myelin with 

most of the plasmalogen and cerebroside being found in myelin. However, 

they observed no lipids unique to myelin. On the basis of this figure 

it was possible to account for almost all of the cholesterol and galac-

tolipid components of white matter as being chiefly derived from myelin. 

The problems encountered in extrapolating from these and similar types 

of calculations are myriad. 

Recently, Norton and Poduslo (1973b) estimated that the recovery 

value for isolation of myelin from rat brain with their system is ap

proximately 60%. Although they predict as much as 30% of the galacto-

lipids being in non-myelin structures, they consider cerebroside as the 

most "characteristic" myelin lipid and "an excellent marker for myelin" 

(p. 770). 

The possibility of contamination between fractions has made it 

difficult to determine if there are lipids unique to myelin. The fact 

that myelin seems to be enriched in cerebroside and plasmalogen, in 

comparison to other structures, does not necessarily mean these com

pounds are confied to myelin. For cerebroside, at least, there are 



several lines of evidence that are suggestive of its preferential loca

tion in myelin. One major fact is the virtual absence of cerebroside 

in whole brain before the onset of myelination (Wells, and Dittmer, 

1967). During this period the galactolipid fraction consists of sulfa-

tide only. Other evidence supporting this hypothesis was the inability 

of Drummond, Eng, and Mcintosh (1971) to detect cerebroside in the un

myelinated nerves from invertebrates and the report by Chacko, Goldman, 

and Pennock (1972) that cerebrosides and sulfatides were present in the 

myelinated trigeminal nerve of the garfish but not in the unmyelinated 

olfactory nerve. Indirect evidence for the location of cerebroside in 

myelin was supplied by Davison et al. (1966), who found no cerebroside 

in a neuronal enriched fraction from brain. Radin et al. (1972) proposed 

that the very low levels of galactocerebroside found in neurons was the 

result of an inability of neurons to form a cerebroside precursor or a 

cerebroside binding protein. Although Raghavan and Kanfer (1972) de

tected low levels of cerebroside in their neuronal fraction, these 

cerebrosides contained no long chain (>18 carbon atoms) fatty acids 

which are characteristic of myelin cerebrosides (O'Brien and Sampson, 

1965). Hoshi, Williams, and Kishimoto (1973) reported that the high non-

hydroxy:hydroxy fatty acid ratio and the low galactose:glucose ratio in 

the brains of 3 or 6 day old rats indicated that cerebrosides in the 

brains of these very young rats were not from myelin. Brenkert and 

Radin (1972) used lyophilized rat brain homogenates to investigate the 

synthesis of this galactolipid. They found a dramatic increased 

capacity for synthesis of the galactosyl ceramide beginning around the 

8th day postpartum. These data agreed with Basu et al. (1971) and 
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corresponded to the approximate time for the detectable onset of myeli-

nation in rat brain (^10 days--Cuzner and Davison, 1968). 

Although the fatty acid pattern of the galactolipid may be more 

characteristic of its origin than the mere presence or absence of the 

galactolipid itself, caution has been advised in adopting this inter

pretation also (DeVries and Norton, 1974). DeVries, Norton, and Raine 

(1972) isolated myelin-free axons from bovine brain and determined that 

20% of the lipid was galactolipid, cerebroside and sulfatide in a 2:1 

ratio. DeVries and Norton (1974) showed that axonal galactolipids pos

sess shorter chain fatty acids than the corresponding myelin galactolip

ids, but the investigators emphasized that differences were not large 

and suggest that the "axonal and myelin galactolipids could be metaboli-

cally both independent and interdependent" (p. 257). 

Certain mutant mice, designated MSD, which express a myelin 

synthesis deficiency, possess extremely low levels of galactosyl trans

ferase activity necessary for cerebroside synthesis (Brerikert et al., 

1972) and quaking mice, in which myelination is retarded, contain low 

levels of cerebroside and sulfatide which are deficient in long chain 

fatty acids (Bourre, Jacque, and Baumann, 1971). This is especially , 

evident in the hydroxy and non-hydroxy 24 carbon monounsaturated fatty 

acids (Baumann, Harpin, and Bourre, 1970; Singh, Spritz, and Geyer, 

1971). Data from mutant animals have limited value due to the usually 

pleotropic nature of such defects, but from this system "the hypothesis 

that enzymatic activity for cerebroside biosynthesis is repressible, 

and an important control in myelinogenesis is developed" (Constantino-

Ceccarini and Morell, 1971, p. 83). 
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Although plasmalogen (predominantly ethanolamine plasmalogen) 

is found in higher concentrations in myelin fractions than in other sub

cellular membranes (Koeppen, Barron, and Mitzen, 1971; Soto et al., 

1966; see Horrocks, 1972, for extensive discussion) and its concentra

tion does increase in whole rat brain during myelination, it is not ab

sent from un-myelinated rat brains (Wells and Dittmer, 1967). In most 

myelin preparations plasmalogen accounts for approximately 30% of the 

phospholipid with 80% of the phosphatidyl ethanolamine in the plasmalo

gen form. In most non-myelin tissues plasmalogen represents 17% of the 

phospholipid (Horroclcs, • 1972). 

The predominant phospholipids in myelin are the ethanolamine 

phosphatides which make up almost 50% of the total phospholipids. Phos

phatidyl choline accounts for 15%, and the remainder is present as phos

phatidyl serine, phosphatidyl inositol, and sphingomyelin. 

Contamination. Myelin lipid composition is not invariant but 

differs from species to species and even in different structures from 

the same species (Smith, 1973). Due to slightly different methods of 

preparation, the composition of myelin from the same structures and from 

the same species varies between laboratories. Norton (1971) suggests 

that loss of constituents from myelin during isolation and attendant 

contamination by other membranes may be responsible for this disparity. 

The main source of contamination is the closely associated axolemma of 

the axonal process. The osmotic shock step included in most procedures 

is not only for removing sucrose or other media but to "swell" the my

elin away from the axolemma. The degree to which this step successfully 

removes contamination or is detrimental to the integrity of the myelin 



membrane is difficult to evaluate (Benjamins, Miller, and McKhann, 

1973). Pure fractions of axolemma have been isolated from only one 

source, squid retinal axons (Zambrano, Cellino, and Canessa-Fischer, 

1971). This preparation had a phospholipid:cholesterol ratio of 3:1 and 

cerebrosides were not detected. Because the axolemma has not been pre

pared from rat or bovine brain it is difficult to determine the possible 

contribution by this structure to contamination of myelin from these 

sources. Unfortunately, the bovine preparation of DeVries and Norton 

(1974) lacked an axolemma. However, another approach is available for 

assessing contamination from the axonal membrane. Some investigators 

*4* 
rely on the absence of activity for Na , K -ATPase, a known component 

of plasma membranes, to indicate a preparation free of axonal plasma 

membrane contamination (Norton and Poduslo, 1973a). Characteristics of 

whole unmyelinated nerves also provide some indication of the type of 

contamination to be expected. Simon et al. (1971) analyzed cat cere

bellum prior to myelination and found a phosphatidyl choline phosphati

dyl ethanolamine ratio of 1 and a phospholipid:cholesterol ratio of 

1.67. Obviously, the extent of contamination from this source would be 

difficult to judge. 

Protein Composition 

Folch and Lees (1951) isolated a chloroform:methanol soluble 

protein from bovine white matter which they called "proteolipid." They 

proposed that this proteolipid might be myelin specific. In 1966, Mar-

tenson and LeBaron demonstrated the existence of a basic protein frac

tion which could be extracted from bovine white matter with acidified 
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chloroformmethanol. Wolfgram (1966) postulated and verified (see also 

Wolfgram and Kotorii, 1968) the existence of an acidic protein fraction 

to account for the total amino acid composition of white matter. Since 

these initial observations, the existence of these three main protein 

fractions in myelin has been substantiated by numerous investigators 

(Eng et al., 1968; Gonzalez-Sastre, 1970; Mehl and Halaris, 1970) and 

they have been further characterized as discussed below. 

Proteolipid Protein Fraction. Although all myelin proteins 

could be classified as proteolipids due to their solubility in organic 

solvents, this term is usually reserved for the Folch-Lees protein. 

Similar proteins exist in other organelles, but myelin proteolipid pro

tein appears to be unique. Lipid-free "apoprotein" can be obtained by 

dialyzing the protein in chloroform:methanol containing HC1 (Folch and 

Stoffyn, 1972). The apoprotein has a monomer molecular weight of 12,000 

based on amino acid composition (Folch and Stoffyn, 1972) and the value 

of 34-36,000 usually reported (Mehl and Wolfgram, 1969) is that Of the 

trimer. Other reports of a molecular weight of 23,000 (Waehneldt and 

Mandel, 1972; Eng, 1971) correspond to the dimer. 

Basic Protein Fraction. Myelin basic and proteolipid proteins 

are both extracted from purified myelin by chloroform:methanol, but 

basic protein cannot be solubilized in this manner from whole brain 

(Kies et al., 1965). Basic protein can be prepared free of proteolipid 

protein from isolated myelin by treatment with 0.1 N HC1 (Martenson, 

Diebler, and Kies, 1969), or by precipitation from the chlorofoxm:metha

nol extract by addition of various electrolytes (Gonzalez-Sastre, 1970). 

Basic protein can also be prepared from whole brain by extracting the 
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chloroform:methanol insoluble residue with dilute acid, pH 3.0 (Marten-

son et al., 1969; Wood and King, 1971). However, if the pH is lower 

than 3.0, there is a possibility of also extracting histones (Murray, 

1966; Martenson et al., 1969). 

Myelin from most species contains only one basic protein and its 

molecular weight is approximately 20,000 (Mehl and Halaris, 1970), but 

two basic proteins of moleculer weight 17,000 and 14,000 can be isolated 

from rat myelin (Martenson, Diebler, and ICies, 1970). The smaller mo

lecular weight protein differs from the larger by deletion of 40 amino 

acids (Martenson, Diebler, and Kies, 1971). 

Because of its participation in experimental allergic encepha

lomyelitis there has been a great deal of interest, not only in the 

antigenic site within myelin basic protein, but also in the topographi

cal location of the protein in the myelin sheath. Dickinson et al. 

(1970) concluded from ultracentrifugation studies that basic protein is 

labile under relatively mild conditions. This information coupled with 

electron microscopic evidence constitute the basis for their argument 

that the basic protein is located in the intraperiod line, extracellular 

side, of the myelin membrane. However, more recent evidence contradicts 

this conclusion and indicates that the cytoplasmic surface of the myelin 

membrane may be the location of this protein. Herndon, Rauch, and Ein

stein (1973) prepared peroxidase labeled antibody against myelin basic 

protein and reacted it with intact myelin. Electron microscopic immuno-

histochemistry revealed that the antibody reacted at the major dense 

line (cytoplasmic side) of the myelin sheath, but only after partial 

disruption of the intact sheath. Similar results were obtained by 
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Poduslo and Braun (1973). After incubating a segment of the dorsal 

125 
column of the cat spinal cord with I, the myelin was isolated and the 

proteins fractionated by disc gel electrophoresis. The high molecular 

weight proteins and the proteolipid protein became labeled, but no label 

was found associated with myelin basic protein. They postulated that 

basic protein could not react with the label because the protein is lo

cated at the inner, cytoplasmic, surface of the membrane, and therefore 

is not accessible. Braun, Golds, and Poduslo (1974) arrived at the same 

conclusion by reacting the intact sheath with pyridoxal phosphate. The 

Schiff base formed by reaction of this compound with the free amino 

groups of accessible proteins was reduced with tritiated NaBH^. All my

elin proteins showed tritium incorporation except for the basic protein. 

By electron microscopic examination, Adams et al. (1971) observed the 

basic protein at the period line after exposure of the intact sheath to 

anionic dyes. 

Wolfgram Protein Fraction. The Wolfgram fraction is generally 

recognized as the chloroform:methanol insoluble residue from myelin. 

However, it can be extracted from myelin with acidified chloroform:meth-

anol. This fraction has a molecular weight of 64,000 when isolated from 

rat brain (Waehneldt and Mandel, 1972). Recently, Wiggins et al. (1974) 

used the mehtod of polyacrylamide electrophoresis to resolve this pro

tein fraction from bovine white matter into three major protein bands of 

23,500, 54,000, and 62,000 molecular weight. These workers suggest that 

a minor band at 22,500 molecular weight observed in this preparation may 

have some relationship to myelin proteolipid protein. 
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There is a minor controversy over whether the Wolfgram fraction 

is, indeed, a component of the myelin membrane. Waehneldt and Mandel 

(1972) noted decreasing amounts of this protein concomitant with in

creasing purity of the myelin. D'Monte et al. (1971) found a decrease 

in Wolfgram protein with repeated washings of the myelin fractions, but 

they caution that this may only reflect the lability of this myelin com

ponent. Greenfield et al. (1971) gave two reasons why this high molecu

lar weight protein fraction they found routinely in myelin was not 

always found by other investigators: 1) the method of final purifica

tion in a continuous CsCl gradient recovers the more dense myelin frac

tions usually discarded in sucrose methods, and 2) the limit of 

resolution in certain polyacrylamide gels may render this fraction un

detectable. 

Other Protein Fractions. Mehl and Halaris (1970) called atten

tion to a protein migrating on polyacrylamide gel electrophoresis be

tween myelin proteolipid and basic protein. This protein was 

subsequently studied by Morell et al. (1972), who referred to it as 

"intermediate" protein. Agrawal et al. (1972) carried out an extensive 

investigation of this myelin protein component and called it DM 20 be

cause it has a molecular weight of approximately 20,000. According to 

these investigators, this protein might be related to the Wolfgram or 

proteolipid fraction but probably not to basic protein. 

A glycoprotein has also been reported to be closely associated 

with the myelin sheath (Quarles, Everly, and Brady, 1972). A possible 

role for this protein in myelin synthesis has been proposed (Brady and 

Quarles, 1973). 
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Proportions. The stoichiometric relationship of the three main 

protein components varies from species to species and preparation to 

preparation in much the same fashion as the lipid composition. In most 

species the proteolipid represents 50%, the basic protein 35%, and the 

acidic protein 15% of the myelin protein. Mehl and Halaris (1970) found 

that the basic and proteolipid protein are present in equal concentra

tions, together making up 80% of the myelin protein. Morell et al. 

(1972) calculated 25% for the proteolipid, 33% for the basic, and 34% 

for the Wolfgram and other high molecular weight proteins for the compo

sition of mouse brain myelin. Morell, Lipkind, and Greenfield (1973) 

also determined the protein composition of myelin from brain and spinal 

cord of several other species. 

Methods. Eng et al. (1968) recovered all the proteins present 

in myelin by fractionation with ammonium acetate and Triton X-100. 

Gonzalez-Sastre (1970) partitioned the three main protein components of 

myelin on the basis of solubility differences. Rapid and reproducible 

methods for fractionating total myelin proteins employ polyacrylamide 

electrophoresis of the myelin proteins extracted and analyzed by elec

trophoresis with any one of three available solvent systems containing 

phenol:acidic acid:water (Gonzalez-Sastre, 1970), phenol:formic acid: 

water (Mehl and Halaris, 1970), or sodium dodecyl sulfate (SDS). 

Enzymatic Activity 

With the exception of possible microheterogeneity within the 

different fractions, the myelin proteins discussed above are quite well 

defined; however, the enzymatic, or rather, lack of enzymatic activity 
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in myelin is still a matter of considerable speculation. Adams, Davi

son, and Gregson (1963) concluded, after their extensive study, that 

myelin is inactive in terms of oxidative capacity and relatively inac

tive in terms of hydrolytic activity. They found only slight leucine 

amino-peptidase activity. Using purified myelin, Rumsby, Riekkinen, and 

Arstila (1970) failed to detect activities for succinate dehydrogenase, 

lactate dehydrogenase, acid phosphatase, or acid protease. However, 

they did observe a nonspecific esterase activity. 

Hallpilce (1972) assembled an impressive survey of potential my

elin enzyme activities but the final list was quite short. Only three 

enzyme activities have been reported by more than one laboratory. These 

are a neutral protease, leucine amino-peptidase, and 2',3'-cyclic nu

cleotide 3'phosphohydrolase. D'Monte et al. (1971) confirmed the pres

ence of the latter two activities, but noted that the assay for neutral 

protease is subject to considerable difficulties and the leucine amino-

peptidase assay is rather nonspecific. In addition, the leucine amino-

peptidase activity does not increase with increasing purification or 

maturation of myelin (Dalai and Einstein, 1969). 

The 2',3'-cyclic nucleotide 3'-phosphohydrolase activity was 

first reported in brain (Drummond, Iyer, and Keith, 1962). Further in

vestigation established myelin as the probable location of this enzymat

ic activity (Kurihara and Tsukada, 1967; Olafson, Drummond, and Lee, -

1969). It is reduced or absent from demyelinated tissue (Komija and 

Kasahara, 1971) and myelin deficient mutant mice show little activity 

for this enzyme (Kurihara, Nussbaum, and Mandel, 1970). Slight enzyme 

activity has been detected in glial cells (Zanetta et al., 1972) and 
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significant activity has been reported for glial cell membranes (Poduslo 

and Norton, 1972). The abnormally high for 2',3'-cyclic AMP (1.9 x 

- 3  
10 M) indicates that this is probably not the physiological substrate. 

In fact, the ribonucleoside 2',3'-cyclic phosphates that are formed as 

intermediary products during enzymatic degradation of RNA by ribonucle-

ase have never been detected in mammalian tissues in measurable amounts; 

therefore the true substrate is unknown (Olafson et al., 1969). 

Experimental Approaches to the 
Study of Myelin Assembly 

Electron microscopic examination shows that myelin in immature 

animals is often present as a membrane process containing cytoplasm 

which is loosely wrapped around the axon with extracellular space be

tween lamellae (Uzman, 1964). Membranes in this form do not signifi

cantly enhance the conduction velocity of impulses along the nerve 

(Bunge, 1968). In contrast, myelin found in mature animals is more com

pact with no obvious cytoplasm and no space between lamellae. This 

morphological "maturation" may coincide with compositional maturation 

of the membrane, that is, the transition from "ensheathment" to myelina-

tion. In order to determine the chemical aspects of the assembly and 

maturation of the myelin membrane it is necessary to study the membrane 

at the molecular level. 

Although the lipid, protein, and enzymatic composition of mature 

myelin membrane has been extensively characterized, topographical and 

metabolic relationships among these components have not been elucidated. 

Diverse approaches have been employed in an attempt to gain insight 
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into the initial assembly process and architecture of the myelin mem

brane. 

Subunits 

One approach has been a search for repeating substructures of 

myelin by attempting to reduce the membrane to its smallest "subunit" 

by treatment with lysolecithin (Gent et al., 1964; Gent and Gregson, 

1966; Gent etal.,1971), synthetic detergents (Soller and ICoenig, 1970; 

Mcllwain, Graf, and Rapport, 1971), or certain ions (Wiener, 1965). 

Once these subunits have been defined perhaps one could deduce how sub-

units are assembled. 

Although Gent et al. (1964) reported achieving dispersion of 

myelin membrane into discrete units of 109,000 molecular weight, it is 

unlikely that this represents a stable unit in vivo (Smith, 1969). 

This general approach yields data difficult to interpret and as stated 

by Mcllwain et al. (1971), "solubility depends less on disruption of 

lipid-protein bonds than on direct interaction with the detergent" (p. 

2262). These workers reported variable solubilization. 

Turnover 

Turnovet studies can yield evidence concerning the relative 

stability of membrane components. Although the myelin membrane was at 

one time considered inert, data now available create a picture of con

siderable metabolic activity. Smith (1968) injected adult rats with 

uniformly labeled ^C-glucose and monitored the half lives of the lipid 

and protein components of myelin. Cerebroside, sulfatide, and choles

terol showed little turnover (T^ > 1 year)> while lecithin and protein 
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fractions gave half life values of 40 days. These results substantiated 

values obtained in an earlier study in which younger rats (15-16 days) 

were labeled with 1-^C acetate (Smith and Eng, 1965). In 1969 Smith 

performed similar experiments in vitro and concluded that the half lives 

for these same compounds under these conditions were comparable to 

values obtained from the in vivo studies. However, a more recent report 

indicates that the half lives may be significantly shorter in in vitro 

systems (Smith, 1973). D'Monte et al. (1971) studied the turnover of 

rat myelin proteins after injection of "^C lysine and calculated half 

lives of 12-24 days for the proteolipid, 14-21 days for the basic, and 

28-37 days for the acidic protein fraction. Wood and King (1971) ar

rived at a similar value of 21 days for the half life of the' basic pro-

tein after labeling with H-leucine, but Smith and Hasinoff (1971) 

reported a half life of 35 days for the proteolipid. Jungalwala and 

32 
Dawson (1971) labeled rat myelin lipids by injecting rats with P-

phosphate, U-^C glycerol, and 2-^C ethanolamine. They observed rapid 

turnover of ethanolamine plasmalogen, in agreement with reports of an 

active plasmalogenase in brain (Ansell and Spanner, 1965). In addition 

the results of Jungalawala and Dawson indicated the presence of two 

metabolic pools in myelin; a rapidly exchanging pool, and a slowly ex

changing pool, which could only be labeled in the developing animal. 

Davison and Gregson (1966) had earlier reported that the fast exchanging 

pool of myelin sulfatide amounts to only 0.2% of the total pool in the 

mature animal. Thus, turnover studies indicate an independent mainte

nance schedule for each myelin component and these schedules may change 

during development. 
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Metabolic Inhibitors 

The effect of metabolic inhibitors on the incorporation of la

beled precursors into myelin lipids and proteins provides additional 

evidence for non-concerted turnover of membrane components. Smith and 

Hasinoff (1971) observed that treatment with a protein synthesis inhibi

tor, cycloheximide, did not affect incorporation of 1-^C acetate into 

myelin lipids of rat brain and spinal cord slices, but did prevent 1-

^C-leucine incorporation into proteins. However, another protein syn

thesis inhibitor, chloramphenicol, inhibited incorporation of 

1-^C-acetate into myelin lipids. Benjamins et al. (1971) reported 

, findings similar to Smith and Hasinoff's observations with cyclohexi

mide in vitro by injecting rats with cycloheximide or puromycin prior to 

labeling. However, they emphasized that the necessarily short-term na

ture of such experiments in young animals precluded definitive interpre

tation of the data. Cholesterol synthesis inhibitors seem to limit 

incorporation of both lipids and proteins into myelin (Smith, Hasinoff, 

and Fumagalli, 1970) and cause eventual destruction of the sheath (Raw

lins, 1973). Inhibitor experiments seem to indicate that the synthesis 

of lipids and proteins of myelin are independently controlled at early 

stages of myelin synthesis, but that the stability of the myelin mem

brane over longer periods of time is contingent upon the interaction be

tween these membrane components. 

Pathologic Myelin 

In quaking mice, myelination is arrested and proteins and lip

ids appear to be equally affected (Morell, Norton, and Greenfield, 
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1971). The same phenomenon is observed in Wallerian degeneration which 

represents a demyelinating state; myelin composition is unaffected but 

total myelin lipids and proteins are decreased (Bignami and Eng, 1973). 

This provides evidence that loss of a particular lipid or protein com

ponent is not responsible for demyelination or, by analogy, that a spe

cific lipid or protein is not necessary for the integrity of myelin. 

However, it would probably be difficult to detect the initial loss of 

the required component in the avalanche of labile components thus cre

ated. McCaman and Robins (1959) observed that with the progression of 

Wallerian degeneration the myelin lipids more closely resemble gray 

matter lipids, having a greater concentration of phospholipids and 

shorter chain fatty acids. They did not observe preferential loss of 

any particular lipid. Hallpike (1972), however, noted that the myelin 

basic protein was lost initially in Wallerian degeneration. 

Malnutrition results in a nonspecific decrease in all myelin 

components in human CNS myelin (Fox et al., 1972), but ethanolamine 

plasmalogen is most affected under corresponding conditions in the rat 

(Fishman, Madyastha, and Prensky, 1971). 

Therefore, one can infer from studies of arrested myelination or 

degeneration of the sheath that all components respond equally or at 

least interdependently. However, it should be stressed that the small 

changes in concentration observed for some components may be especially 

significant at the molecular level. 



Model Systems 

In a series of experiments investigating the interaction of 

purified myelin proteins with certain myelin lipids, London and co

workers discovered that under specified conditions: 1) myelin basic 

protein reacted preferentially with negatively charged lipids, specifi

cally, cerebroside sulfate (London et al., 1974), 2) binding of cere

broside sulfate protected certain regions of the basic protein from 

tryptic digestion (London et al., 1973), 3) the basic protein expelled 

++ 
Ca from interaction with cerebroside sulfate at an air-water interface 

(Demel et al., 1973), and 4) though the proteolipid showed a broad lipid 

affinity, it reacted preferentially with cholesterol (London et al., 

1974). 

Braun and Radin (1969) prepared water soluble proteolipid pro

tein from bovine brain myelin according to Tenenbaum and Folch (1966), 

and reacted this protein with various aqueous dispersions of lipids. 

In some cases detergents were necessary to solubilize the lipids. They 

observed that acidic lipids formed insoluble complexes with the protein 

whereas non-ionic lipids failed to form complexes. Once the binary com

plex was formed between the protein and acidic lipids it could then 

bind non-ionic lipids. Cerebroside was easily extracted from these 

tertiary complexes. They also observed the stabilization of protein-

anionic lipid complexes by cations, both di- and monovalent. Divalent 

cations were more efficient in this regard. From this interesting study 

Braun and Radin (1969, p. 4317) conjecture: 

that the fundamental structural units of myelin are lipoprotein 
complexes composed of a variety of lipids and several proteins, 
and that these units are assembled into a two-dimensional array 
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with the assistance of anionic lipids and divalent cations. 
This alignment of elementary particles may be a cooperative 
phenomenon dependent upon ligands such as anionic lipids. The 
assembly process could provide a protomyelin lattice of re
peating units whose ultimate arrangement is contingent on the 
incorporation of additional lipids and proteins. 

This evaluation is probably correct in a general sense, but provides 

little information about the actual sequence of events in vivo. How

ever, model studies of this type supply valuable data on the molecular 

interaction between specified myelin components. 

Developmental 

The Oligodendroglial Cell. An obvious approach to studying the 

steps involved in the early stages of myelin formation would be to study 

its precursor membrane, the plasma membrane of the oligodendroglial 

cell, and compare the properties of this membrane to myelin from very 

young animals. The glial cell fraction is like plasma membranes in 

composition (Davison et al., 1966), containing higher phospholipid and 

protein concentration and lower cholesterol and negligible cerebroside 

in comparison to myelin. Glial cell plasma membranes (Poduslo and 

Norton, 1973) contain significant galactolipid but considerably more 

chloroform:methano1 insoluble residue than myelin (44% versus 5%). 

Ifyelin basic protein has not been reported in glial cells but the 2 *,31 -

cyclic nucleotide 3'-phosphohydrolase activity has been detected (Podus

lo and Norton, 1972). Unfortunately, isolating myelin from immature 

animals for purposes of comparison to glial cell membrane fractions or 

for any other purpose is of dubious value (see below). 



33 

Myelin Specific Changes with Development. Changes in the con

centration during development of those compounds known to be intrinsic 

to myelin can represent the most pertinent information. Duckett and 

Blunt (1967) employed a variety of specific staining procedures to de

termine the sequential appearance of phosphoglycerides and protein in 

myelinated fibers. They concluded that in the rat corpus callosum 

phosphoglycerides were present on the first day postpartum, proteina-

cious material appeared on the 8th day and unsaturated lipids could be 

detected on the 12th day. Kornguth, Anderson, and Scott (1965) prepared 

a labeled antibody against the myelin basic protein from rat brain and 

showed that it reacted with the fetal rat spinal cord 3 days earlier 

than myelin could be detected by lipid stains. They surmised that basic 

protein was involved in the initiation of myelination. Einstein et al. 

(1970) reported that in rabbits the myelin proteolipid protein was pres

ent prior to the myelin basic protein in both spinal cord and brain. 

Myelin basic protein was first detected at 9 days and corresponded to 

an increase in acid proteinase and leucine amino-pepdidase activities. 

A histone was also present but the amount decreased with increasing age 

of the animal. From disc gel electrophoresis patterns of rat basic pro

teins, Gaitonde and Martenson (1970) observed myelin basic protein in 

samples from rats 10 days of age but not younger. 

Myelin Isolation During Development. It would seem reasonable 

to expect that the composition of myelin isolated from immature animals, 

in the incipient stages of myelination, would indicate the pattern of 

myelin maturation, i.e., the steps involved in myelin assembly. But 

there is an inherent problem: What would be the criteria for isolation? 
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Can an immature or evolving structure be isolated on the basis of cri

teria established for the mature or completed structure? How is a mem

brane in transition defined? 

In spite of these fundamental objections many investigators 

have tried to isolate immature myelin from young animals (Cuzner and 

Davison, 1968; Eng and Noble, 1968; Horrocks, 1968; Banik and Davison, 

1969; Agrawal et al., 1970; Jungalwala and Dawson, 1971; Norton and 

Poduslo, 1973a). Although, for the most part, these studies yielded no 

new findings, Banik and Davison (1969) and Agrawal et al. (1970) recov

ered a "myelin-like" fraction from young rat brains. Adult rat brains 

also possessed some of the "myelin-like" material but not as much. 

Compositional characteristics of the myelin-like fraction were interme

diate between plasma cell membrane and mature myelin. The fraction 

showed enzymatic activity similar to myelin, but lacked basic protein 

and was deficient in cerebroside. They state that the recovery of my

elin protein from young animals was only 70% but was 100% for the adult. 

It is interesting to note that the myelin-like fraction was the material 

recovered from the supernatant after centrifugation of an osmotically 

shocked crude myelin preparation; the pure myelin was in the pellet. 

Also, no precursor-product relationship could be established between 

this myelin-like fraction and pure myelin. Their results can be ex

plained if, in the young brains where compact lamellae are not yet 

formed, certain myelin components, e.g., cerebroside and basic protein, 

are more labile and are released when the membrane is in a hypotonic 

situation. Coupled with this is the problem of increased contamination 

encountered in trying to isolate myelin from young brains where its 
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concentration is low (Norton, 1971). Morell et al. (1972) suggested 

that the "lower layer" observed on purification of myelin on CsCl gra

dients may be equivalent to this myelin-like material. Norton and 

Poduslo (1973a) endeavored to attenuate some of these problems by main

taining a constant amount of myelin rather than tissue in each step of 

the purification procedure. Unfortunately, this does not avoid the con

sideration: What is "immature" myelin? 

Aside from the difficult task of defining a membrane in transi

tion, there is the problem of having a system where the myelination 

process is uniform throughout the tissue. Many researchers in this 

area (Sammeck, Martenson, and Brady, 1971; Benjamins et al., 1973; Brady 

and Quarles, 1973; Norton and Poduslo, 1973b; Smith, 1973) recognize that 

heterogeneous tissues such as whole brain may not provide a meaningful 

system in which to study the process of myelin formation. Sammeck et 

al. (1971) stated, "Since the CNS is highly heterogeneous, metabolic 

studies...represents the average of many, possibly different, temporal 

and spacial patterns of myelin metabolism" (p. 241). 

Smith (1973) attempted to respond to this critism by investigat

ing myelin development in sub-regions of the brain--spinal cord, brain 

stem, cerebellum, thalamus, and cerebral cortex. Her findings concur 

with Jacobson's (1963) anatomical observations of a "progression" of my

elination with development from the brain stem to the forebrain. How

ever, these sub-regions also contain structures within them which are in 

differing stages of myelination and represent a "micro-heterogeneity" 

compared to whole brain. 
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A Homogeneously Myelinating System. The optic nerve of the rat 

originates during embryonic development as a diverticulum projecting 

from the lateral aspect of the diencephalon. At birth, the rat optic 

nerve consists of fibrous astrocytes, glial stem cells, intrafasicular 

oligodendroglia, and unmyelinated axons of the ganglion cells of the 

retina. The oligodendroglial cells proliferate during post-natal devel

opment and as in all areas of the CNS are responsible for myelin forma

tion in this tissue. 

There are approximately 100,000 axons in the rat optic nerve 

(Forrester and Peters, 1967). At 9 days post partum few axons are my

elinated and the myelin lamellae are loosely wound membranes which rep- • 

resent an early stage in myelin formation (Peters and Vaughn, 1967). 

Although Peters (1964) was able to find a few myelinated axons in the 

rat optic nerve as early as 7 days after birth, he noted that compact 

myelin had not yet started to form. Rawlins (1973) estimated that at 10 

days of age, 95% of the rat optic nerve axons are still unmyelinated and 

Hirose and Bass (1973) stated that optic nerves from rats 10 days old 

were in the process of myelination. By 21 days of age approximately 

70% of the axons manifest the multi-lamellar structure of mature myelin 

(Rawlins, 1973) and in the adult all axons are myelinated (Peters, 

1964). 

The axons originate from the ganglion cells in the retina, ex

tend to the optic chiasma where approximately 85% of the fibers decus

sate, and continue as the optic tract until synaptic connections are 

made in the lateral geniculate body. It is generally accepted that axo-

nal diameter decreases with increasing distance from the cell body. 
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Because sheath thickness is related to axonal caliber (Friede, 1972), 

one would expect a decrease in myelin content in the regions more distal 

to the cell body which is in the retina. However, in the rat optic 

nerve there is evidence of increased myelin concentration in the distal 

chiasma portion (Matheson, 1971; Treff, Meyer-KOnig, and Schlote, 1972). 

Using various staining procedures, Banik, Blunt, and Davison (1968) con

cluded that in the cat, myelination progressed from the chiasma toward 

the orbit. However, these data could merely reflect a concentration 

gradient rather than a maturation gradient. Such an interpretation is 

supported by Friede, Miyaghishi, and Hu (1971) and Matheson (1971) who 

could find no difference in the rate of myelination throughout the ex

tent of the cat or rat optic nerve respectively. 

Analyses of myelin isolated from bovine optic nerve showed 

slightly more sphingomyelin, phosphatidyl serine and cerebroside sulfate 

than in white matter myelin (MacBrinn and O'Brien, 1969). In a study of 

Wallerian degeneration in rat optic nerve, Bignami and Eng (1973) ob

served that the lipid and protein composition of myelin from control rat 

optic nerves was similar to white matter myelin. Mehl and Wolfgram 

(1969) reported a higher basic to proteolipid protein ratio for bovine 

optic nerve myelin than for other regions of the brain of the same spe

cies. The phospholipid:cholesterol:galactolipid ratio for optic nerve 

myelin is 1:1.43:0.7 for cat (Banik et al., 1968), 1:1.22:0.66 for bo

vine (MacBrinn and O'Brien, 1969), and 1:1:0.6 for rat (Bignami and Eng, 

1973). 

Isolating the myelin from developing optic nerve has the advan

tage over other tissues in at least two respects: it is 1) extensively 
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and 2) homogeneously myelinated. However, trying to isolate the myelin 

would negate these advantages because, as noted above, there is no reli

able criterion for the evolving myelin membrane. 

Banik et al. (1968) analyzed the lipid content of cat optic 

nerves during development and assessed that cerebroside concentration is 

low throughout development relative to the increases in phospholipid and 

cholesterol. 

Hirose and Bass (1973) correlated histological observations with 

biochemical parameters in optic nerves of developing rats. They reported 

51 of the dry weight of the optic nerve at 5 days is cerebroside, but 

since their analysis consisted of galactose estimation only, this value 

could include significant sulfatide concentration. Their method of pre

paring "proteolipid" leaves the exact nature of this fraction in ques

tion and it would be unwise to attribute the increases observed in this 

fraction with age, solely to the myelin specific proteolipid fraction. 

Although Wood (1973) observed no differences between control and 

undernourished rat optic nerve proteins during development, the results 

of his investigation did show that the smaller of the myelin basic pro

tein was present at 7 days of age and the larger basic protein was ob

served at day 14. The proteolipid protein was not detectable under the 

conditions of horizontal polyacrylamide electrophoresis used in his 

study but the Wolfgram protein was present at least as early as 5 days 

postnatally. 
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The Approach Used in the Present Work 

It is apparent that in order to successfully investigate the 

initial deposition of myelin components at least three provisions are 

necessary: 1) a system where the myelination process is homogeneous 

throughout, 2) a method for distinguishing between myelin membranes and 

other membranes, and 3) procedures for determining changes in intrinsic 

myelin components during the period of initial myelin membrane forma

tion. 

Elucidating the sequence of initial deposition of myelin compo

nents can be achieved in the whole rat optic nerve by observing concen

tration changes in intrinsic myelin components during formation of the 

myelin membrane. The manifestation of the myelin membrane can be de

tected by monitoring the principal feature of myelin, its relative 

density. 



MATERIALS AND METHODS 

Materials 

All reagents were reagent grade unless otherwise specified. 

Homogenization Procedures 

The micro ground glass homogenizer, 9 mm O.D. x 70 mm, volume 

1.6 ml, was purchased from Van Waters and Rogers Scientific (San Fran

cisco). Nylon cloth (154 y openings), "NYFAB," was obtained from Wire 

Cloth Enterprises, Inc. (Pittsburgh). CsCl was of "Sequanal Grade" from 

Pierce Chemical Co. (Rockford, Illinois). 

Lipid Analyses 

Florisil from Floridin Co. (Tallahassee), was washed as de

scribed by Wells and Dittmer (1965). Galactose, analytical grade, and 

sulfatides (bovine), were obtained from Supelco, Inc. (Bellefonte, Pa.). 

Cholesterol was purchased from Calbiochem (La Jolla, Calif.), and re-

crystallized from ether:ethanol. Azure A was from Allied Chemical Corp. 

(New York). Cerebroside (beef brain) was kindly supplied by Dr. D. J. 

Hanahan. 

Protein Analyses 

Bovine serum albumin (fraction V) was obtained from Pentex Bio-

chemicals (Kankakee, Illinois). Phenol Reagent was purchased from 

Fisher Scientific Co. (Fairlawn, New Jersey). 
% 
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Disc Gel Electrophoresis 

Acrylamide; bisacrylamide; N,N,N',N'-tetramethylethylenediamine 

(TEMED); mercaptoethanol; and Pyronin Y were purchased from Eastman Kodak 

Co. (Rochester). Acrylamide was recrystallized from chloroform and bis 

acrylamide was recrystallized from acetone. Ammonium persulfate was 

from Allied Chemicals (Morristown, New Jersey). Sodium dodecyl sulfate 

and Coomassie Brilliant Blue (Brilliant Blue R) were obtained from Sigma 

Chemical Co. (St. Louis). 

Enzymatic Assays 

Sodium deoxycholate was obtained from Mann Research Labora

tories, Inc. (New York). Adenosine 2',3'-cyclic monophosphoric acid-

sodium salt was purchased from Sigma Chemical Co. (St. Louis) and 

bacterial alkaline phosphatase from Worthington Biochemical Corporation 

(Freehold, New Jersey). 

Methods 

Animals 

Albino Sprague-Dawley rats were acquired from the University of 

Arizona's animal resources facility which maintains its own breeding 

colony. At birth the normal litter size of 14-16 rats was reduced to 

10-12 animals and pups were weaned at 21 days postpartum. 

Rats were killed by decapitation. The cartilagenous calvaria 

was excised by peripheral scissor cuts. The exposed brain was elevated 

and reflected caudally by carefully lifting beneath the frontal lobes 

with fine forceps. The underlying optic nerves were divided distal to 
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the optic chiasma and proximal to the orbit. With practice, the exci

sion of a rat optic nerve can be accomplished in less than one minute. 

Autolysis during this brief period is probably not significant. The 

nerves were immediately frozen or prepared for analysis as described be

low. 

Wet Weight of Optic Nerves 

Wet weight of nerves was determined after excising the nerves 

and blotting the excess moisture with filter paper. 

Analytical Centrifugation 

For the analytical centrifugation experiments, the excised 

nerves were transferred to a chilled micro ground glass homogenizer con

taining 0.1 ml of 10 mM Tris-HCl, pH 7.4, 5 mM CaCl^, 0.926 M CsCl. The 

nerves were disrupted by hand homogenization for several minutes at 4°. 

Additional cold medium was added to give a final volume of one ml. 

Large tissue fragments remaining were removed by forcing the homogenate 

through nylon cloth with 154 y openings. The absorbance of the homoge

nate at 280 nm was then adjusted to 0.2 with the homogenization solu

tion. Samples of white or gray matter tissue from freshly excised whole 

rat brain were also prepared in this manner for analysis by analytical 

centrifugation. 

Analytical ultracentrifugation was carried out in a Spinco Model 

E equipped with electronic speed control and a photoelectric scanner 

with multiplexor accessory. The 0.4 ml samples were placed in double 

sector cells with sapphire windows. Three samples were run simulta

neously in the AN-F rotor. The samples were spun at 52,000 rpm at 4°C 
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for 18 hours. Several traces of the absorbance at 280 nm were then 

taken. The density gradient was calculated by the procedures of Traut-

man (1960), and Schumaker and Wagnild (1965). These calculations appear 

in Appendix A. 

Preparative Methods 

Optic Nerve Myelin Fraction Preparation. Optic nerves from 

weanling (21 days old) rats were used for the preparative procedure be

cause they were heavily myelinated and rats of this age were easy to 

handle. Preparative isolation of myelin from 21 day old rat optic 

nerves was carried out as follows. A homogenate containing one pair of 

nerves was prepared in 10 mM Tris-HCl, pH 7.4, 5 mM CaC^, 1.39 M CsCl. 

The nerves were disrupted by hand homogenization for several minutes at 

4° using a chilled micro ground glass hoinogenizer. The large tissue 

fragments remaining were eliminated by forcing the homogenate through a 

nylon cloth with 154 u openings. Five ml of the resulting homogenate 

were placed in each of the three centrifuge tubes of the SW-65 rotor and 

overlayed with 0.2 ml of 10 mM Tris-HCl, pH 7.4, 5 mM Cad^. These 

tubes were spun at 4°C for one hour at 50,000 rpm in the L2-65B centri

fuge. The floating interfacial material was removed. The combined 

material from 30 pairs of nerves was re-homogenized in 15 ml of 10 mM 

Tris-HCl, pH 7.4, 5 mM Cad^, 0.926 M CsCl and distributed into three 

centrifuge tubes. The samples were spun in the SW-65 rotor at 4°C for 

20 hours at 50,000 rpm. After centrifugation there was one band of ma

terial approximately two-thirds of the way down the tube. This material 

was collected, dialyzed against distilled water, and lyophilized. Two 
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bands of material were present in the final equilibrium gradient if the 

re-homogenization before the equilibrium centrifugation was not thorough 

or if more than 30 optic nerves were present in the final 15 ml of the 

equilibrium run. The density gradient in the preparative run was deter

mined by collecting the gradient dropwise from the top to the bottom and 

measuring the refractive index. 

Whole Brain Myelin. Myelin was isolated and purified from whole 

rat brain according to Suzuki et al. (1967). All lyophilized samples 

were stored at -20°C. 

Lipid Extraction 

Lipids were extracted from whole nerves by the method of Bligh 

and Dyer (1959). In order to recover an equivalent amount of lipid, the 

following procedure was used with 20 optic nerves from rats 9, 10, 11, 

or 12 days of age; 10 nerves from rats 15 or 18 days of age; and 5 

nerves from rats 21 days of age or older. The nerves were homogenized 

in 1.5 ml CrM1 (1:2) with a micro ground glass homogenizer. This mate

rial was carefully transferred to a screw capped tube and 0.5 ml each of 

chloroform and Ho0 were added. The tube was capped and mixed on a Vor-

tex mixer for several seconds and then centrifuged at 300 x g for 10 

minutes. The chloroform layer was removed with a Pasteur pipette and 

the upper phase re-extracted with 0.5 ml of chloroform. Chloroform 

layers were combined and washed 2 times with 1 ml of C:M 0.1 N KC1 

(1:10:10). The chloroform phase was taken to dryness and resuspended in 

1 ml of C:M (2:1) for subsequent analysis. The low lipid concentration 

1. Chloroform:methanol. 
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in young rat optic nerves made it difficult to resuspend these samples 

once they were taken to dryness. Successful solubilization frequently 

required prolonged stirring and mixing on a Vortex mixer. 

The myelin fraction isolated from the CsCl preparative gradient, 

fraction M, or myelin isolated by the sucrose gradient method was ex

tracted essentially by the method of Folch, Lees, and Sloane-Stanley 

(1957). To approximately 10 mg of lyophilized material, 3 ml of 

(60:30:4.5) was added and then 0.5 ml of 0.1 N ICCl was added and the 

solution mixed on a Vortex mixer for several seconds. After centrifuga-

tion at 300 x g for 10 minutes, the upper phase was drawn off and dis

carded and the lower phase washed 3 times with 1 ml C:M:0.1 N KC1 

(1:10:10). The lower phase was taken to dryness and resuspended in 10 

ml of C:M (2:1). This preparation was used for lipid analyses. 

Chromatography 

Thin Layer Chromatography. Thin layer chromatography of the 

lipid extracts of the nerves and myelin samples was accomplished on 

Silica Gel G coated glass plates developed in CiM^O (95:35:6, v:v:v). 

Lipids were visualized by spraying with a saturated potassium di-

chromate solution and heating the plate at 120°C for 1 hour. 

Florisil Chromatography. Florisil chromatography was performed 

to remove phospholipids which caused interference in some assays. A 

sample of lipid extract containing approximately 1 ymole of phosphorus 

was taken to dryness and resuspended in chloroform. This sample was ap

plied to a 0.5 g Florisil column (5 mm x 100 mm) which had been made up 

in chloroform. The column was eluted with 10 ml of chloroform and 10 ml 
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ml per hour. The chloroform fraction was taken to dryness, resuspended 

in the appropriate volume of chloroform and samples taken for choles

terol determination. The C:M (2:1) eluate was taken to dryness, resus

pended in C:M (2:1) and samples taken for galactolipid analyses. 

The sloitf elution on the Florisil chromatography was necessary 

in order to ensure removal of material interfering in the galactose and 

sulfatide assays. If faster flow rates were allowed, samples analyzed 

for galactose appeared brownish in color after reaction with the 

orcinol-sulphuric acid reagent. The usual color of this reaction is 

light-medium yellow. Sulfatide values deviated from linearity at high 

concentrations if chromatography on Florisil was not performed prior to 

analysis. Cholesterol values for individual samples were the same be

fore and after treatment with Florisil, indicating no interference in 

this assay by phospholipids or other compounds removed by Florisil. 

Lipid Analyses 

Aliquots of the lipid extract were taken for micro-phosphorus 

determination according to Dittmer and Wells (1969). The samples were 

first taken to dryness and then digested by refluxing in 0.4 ml of per

chloric acid for 30 minutes. 

Plasmalogen. Plasmalogen was determined by the mild alkaline, 

mild acid hydrolysis procedure of Wells and Dittmer (1966). Accurate 

analysis of the low phosphate content recovered in this assay required 

removal of the excess phosphate from glassware before the phosphate 

analysis. Tubes were acid washed in 1 N HC1 and rinsed several times 
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with distilled H^O. Samples containing approximately 100 nmoles of lip

id phosphorus were taken to dryness in 9 mm x 100 mm screw capped tubes. 

The material was resuspended in 0.5 ml of C:M (1:4). Then 0.05 ml of 

1.2 N NaOH (1:1) was added and the mixture incubated at 37°C for 10 min

utes. . The mixture was neutralized by the addition of 0.075 ml of 1 N 

acetic acid and 1 ml C:M (9:1), 0.5 ml of isobutyl alcohol, and 1 ml of 

I-^O were added. The mixture was mixed and centrifuged for 10 minutes at 

300 x g. The upper phase was discarded and the lower phase re-extracted 

2 x with 0.5 ml M^O (1:2). The lower phase was taken to dryness under 

a stream of ̂  and the mild alkaline hydrolysis repeated as before ex

cept the incubation time was increased to 15 minutes. This time the re

sulting lower phase was taken to dryness and resuspended in 0.8 ml C:M 

(5:11) and 0.2 ml 25 mM HgC^ in 0.05 N HC1 was added. This mixture was 

incubated at 37°C for 15 minutes and then 0.75 ml of chloroform and 0.8 

ml of H^O were added. After centrifugation at 300 x g for 10 minutes, 

the upper phase was re-extracted with 0.5 ml of (1:1) and the up

per phase added to the acid washed tube. A small glass bead was added 

to each tube to prevent bumping. The combined upper phase was taken to 

dryness in a radiant wall oven. After cooling, 0.2 ml of 70% perchloric 

acid was added to each tube and the sample digested by refluxing for 30 

minutes. Due to the small volume, care was taken to avoid loss of per

chloric acid during this step. The blank of perchloric acid alone and a 

50 nmole sample of a standard I^HPO^ solution were treated similarly. 

After digestion and cooling, 1.2 ml of molybdate solution (Bartlett, 

1959) was added to each tube. After thorough mixing, this solution was 

completely transferred to acid washed 9 mm x 10 mm screw capped tubes 
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. and 1.2 ml of reducing solution (Bartlett, 1959) added. In those tubes 

containing the samples from the hydrolysis procedure, a precipitate 

formed. The blanks, standards, and samples, were heated on a steam bath 

for 15 minutes. After cooling, the samples containing precipitate were 

centrifuged at 300 x g for ten minutes and the supernatant recovered. 

The absorbance of the standard and supernatant samples were read at 830 

nm. 

The precipitate which formed in the samples after addition of 

the reducing reagent did not appear to interfere with the assay. A sam

ple of whole rat brain myelin isolated by the method of Suzuki et al. 

(1967) was taken for analysis by this method and at several concentra

tions gave a value of 30% for the percentage of lipid phosphorus in the 

plasmalogen form. Equivalent values were obtained using the iodine up

take method of Williams, Anderson, and Jasik (1962). 

Cholesterol. Cholesterol content was determined by the method 

of Bowman and Wolf (1962). Samples containing approximately 15 nmoles 

of cholesterol were taken to dryness and 0.5 ml of aboslute ethanol was 

added. Then 0.5 ml of the FeCl^ reagent was added and immediately thor

oughly mixed on a Vortex mixer. After 25 minutes the absorbance was 

read at 550 nm. 

Galactose. Galactose was measured by the method of Hess and 

Lewin (1965). Samples containing approximately 10 nmoles of galactose 

were taken to dryness in 15 mm x 50 mm tubes and 0.4 ml of orcinol-

sulphuric acid reagent was added to each tube. The tubes were capped 

snugly with aluminum foil and a small section of Tygon tubing. The 
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samples were heated at 105°C for 25 minutes, cooled in an ice bath, and 

absorbance read in 0.5 ml, 1 cm quartz cells at 425 nm. 

Sulfatide. Sulfatide was assayed by the method of Kean (1968). 

Samples containing approximately 10 nmoles of sulfatide were taken to 

dryness in screw capped tubes. Then 2.5 ml of C:M (1:1), 2.5 ml of 0.05 

N F^SO^, and 1 ml of Azure A dye solution (40 mg in 100 ml of 0.005 N 

P^SO^), were added and the tubes capped and thoroughly mixed on a Vortex 

mixer. The solution was centrifuged at 300 x g for 10 minutes and the 

absorbance of the lower phase read at 645 nm. 

Protein Analyses 

Concentration. All estimates of protein concentration were made 

by using the Leggett-Bailey (1967) modification of the Lowry method 

(Lowry et al., 1951) of protein determination with bovine serum albumin 

as the standard. Nerves, lyophilized fraction M, or whole brain myelin 

samples were solubilized either with 2% sodium dodecyl sulfate (SDS), by 

stirring several hours in 0.5 N NaOH at room temperature, or homogeniz

ing in 0.1% sodium deoxycholate and sonicated. The appropriate modifi

cations were made in the blanks and standards. 

Disc Gel Electrophoresis. The method followed for disc gel 

electrophoresis was that of Greenfield et al. (1971) with slight modifi

cations. Freshly excised or frozen whole nerves were delipidated by 

homogenizing in ether:ethanol (3:3) using a micro ground glass homoge-

nizer. The volume of ether:ethanol was 0.5 ml per nerve. The resulting 

homogenate was transferred to a screw capped tube and centrifuged at 300 

x g for 10 minutes. The supernatant was discarded and the pellet 
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resuspended in the initial volume of ether:ethanol. This extraction 

procedure was repeated five times and the final pellet dried under ni

trogen. A 2% solution of SDS was added in the amount of 50-100 yl/nerve 

and this suspension was stirred for 1 hour at 4°. An aliquot was taken 

for protein determination and the remaining sample was made 0.05 M in 

Tris-HCl, pH 6.8, 1% in SDS and 1% in mercaptoethanol. This mixture was 

then heated on a steam bath for 1 minute. After cooling, the solution 

was made 10% in sucrose and 5 yl of a concentrated solution of Pyronin 

Y was added as a tracking dye. The sample was then applied to poly-

acrylamide gels which were made in the following manner: 

Acrylamide Solution 

15 gm acrylamide 
0.4 gm bisacrylamide in 50 ml ̂ 0 

Stacking Gel 

1 ml acrylamide solution 
1.25 ml 0.5 M Tris-HCl, pH 6.8 
0.1 ml 10% SDS 
5 yl TEMED 
7.55 ml H20 

This was mixed well and then 0.1 ml of 10% ammonium persulfate was added 

and mixed. 

Separating Gel 

12.5 ml acrylamide solution 
3.25 ml 1.5 M Tris-HCl, pH 6.8 
0.25 ml 10% SDS 
6.25 yl TEMED 
8.85 ml H20 

While this solution was being mixed it was de-aerated for 15 minutes. 

Then 0.15 ml of 10% ammonium persulfate was added with stirring. 
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Approximately 2 ml of the separating gel were placed in grommet 

supported 10 cm tubes (8 mm O.D., 6 mm I.D.). The gel surface was over

laid with water and allowed to polymerize for 45 minutes. The water 

was drained off and 0.2 ml of the stacking gel was added to each tube, 

overlaid with water, and polymerized for 30 minutes. The water was 

drained off and the tubes removed from their grommets and placed in the 

electrophoresis apparatus. The electrode buffer used in both the top 

and bottom reservoirs contained 0.6% Tris base, 2.88% glycine, and 0.5% 

SDS. Protein samples containing 300 yg of protein in 100 yl or less 

were routinely applied to the gels. Electrophoresis was at 45 volts for 

approximately 6 hours. 

After completion of the electrohporesis, gels were removed from 

the tubes and stained in a 0.051 solution of Coomassie Blue in isopro-

panol:acetic acidrF^O (25:10:65) (Fairbanks, Steck, and Wallach, 1971). 

Staining was by diffusion for 10 hours at room temperature or for 5 

hours at 37°C. The gels were destained by diffusion for 12 hours at 

37°C in isopropanol:acetic acid^O (10:10:80). The gels were then 

placed in a quartz holder and scanned at 600 mu using the linear trans

port attachment of the Gilford spectrophotometer. 

Total myelin proteins were prepared from fraction M or whole 

brain myelin by the same method used for whole nerve protein. 

Two myelin specific proteins, the basic and proteolipidj were 

purified to use as reference proteins by the method of Gonzalez-Sastre 

(1970) as modified by Greenfield et al. (1971). Eight ml of C:M (2:1) 

were added to 25 mg of purified myelin. After stirring for 30 minutes 

at room temperature, the solution was centrifuged at 38,000 x g for 1 
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hour. The supernatant was recovered and 5?s by volume 0.1 N KC1 was 

added. The resulting solution was stirred at 4° for 1 hour and an equal 

volume of methanol was added. This mixture was centrifuged for 10 min

utes at 18,000 x g and the supernatant removed for isolation of the pro-

teolipid protein. The pellet, which contained the basic protein, was 

dried under nitrogen and resuspended in 2% SDS for protein concentration 

determination and electrophoresis purposes. The supernatant was ad

justed to have a C:M ratio of 2:1 and 0.2 volumes of I^O was added. Af

ter centrifugation, the upper phase was discarded and the lower phase 

taken to dryness with nitrogen while constantly enriching the remaining 

solution in chloroform. Chloroform must replace all of the H^O before 

taking to complete dryness or the proteolipid protein will not resuspend 

in 2% SDS. After taking to total dryness the protein is delipidated and 

resuspended in 2% SDS in the same manner as that used for whole nerves. 

Disc Gel Electrophoresis. Protein samples showed broadening of 

the bands on disc gel electrophoresis if the samples had been stored 

(frozen) at any point during the work up for electrophoresis. 1% 

phenylmethylsulfonyl fluoride (PMSF) was added to some samples to inhib

it possible proteinase activity but the presence of this compound inter

fered with subsequent detection of the proteolipid band. As a 

consequence, all protein samples for electrophoresis were prepared with

out PMSF and run the same day that they were prepared. 

Nuclei Preparation. The method used for preparation of nuclei 

from freshly excised rat brain was that of Blobel and Potter (1966) as 

modified by Thut and Lindell (1974). Eight rat brains were mixed 1:1 

(weight."volume) with 0.25 M sucrose in TKM buffer (0.01 M Tris, 0»025 



M KC1, and 0.005 M MgC^, pH 7.5). Then the brains were homogenized 

with 10 strokes of a motor driven teflon pestle. An equal volume of 2.3 

M sucrose in TI<M buffer was added to the homogenate and 10 ml of the 

mixture was placed in each of three centrifuge tubes for the SW 25.1 ro

tor. This material was underlaid with 10 ml 1.9 M sucrose in TKM buf

fer with the aid of a large bore syringe. Each tube was then filled by 

the careful addition of 0.25 M sucrose in TKM buffer. The samples were 

centrifuged at 25,000 rpm for 25 minutes. The pellets were combined and 

2% SDS was added. The viscous solution which resulted was placed in 

three tubes of the SW 65 and centrifuged for 20 minutes at 50,000 rpm. 

The supematants were combined and an aliquot taken for protein deter

mination. The remaining sample was prepared for electrophoresis as de

scribed for whole nerve proteins but without delipidation. Protein 

determination on this sample required precipitating the protein in 10% 

trichloroacetic acid, removing the supernatant, washing the pellet, and 

solubilizing the precipitate by stirring with 0.5 N NaOH for 1 hour. 

The resulting sample was analyzed for protein. 

Enzymatic Assays 

2',3'-Cyclic Nucleotide 3'-Phosphohydrolase. Freshly excised 

nerves or fraction M samples were homogenized in a micro ground glass 

homogenizer in a solution containing 50 yl 0.1 M Tris-HCl, pH 7.5, 0.1 

ml 1% Na deoxycholate and 1^0 to make 1 ml. This solution was sonicated 

for 5-10 seconds. All of these steps were carried out at 4°C. Aliquots 

of this preparation were taken for protein estimation. For rats 9-12 

days of age 10 optic nerves were required and 20 yl (>20 yg) taken for 
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protein estimation and 5-10 yg taken for enzyme assay. For rats 15-23 

days of age comparable concentrations required 5 optic nerves. Assay 

conditions were adjusted to accomodate the greater activity of the frac

tion M. 

Enzymatic activity was measured using the 2-step method of Kuri-

hara and Takahashi (1973). The reaction mixture contained 0.1 ml of 0.2 

M imidazole buffer, pH 6.2, enzyme solution (5-50 yg protein), 0.02 ml 

of 2',3'-cyclic AMP (50 mM), and sufficient H^O to make the volume to 

0.4 ml. This mixture was incubated at 37°C for 15 minutes, and the re

action was terminated by the addition of 0.2 ml of 0.2 M Na2COg. This 

addition caused a pH shift which abolishes enzyme activity. Then to 0.3 

ml of this solution, 0.05 ml of E. coli alkaline phosphatase (1 mg/ml = 

36 U/ml) and 0.05 ml of 1^0 were added. This reaction mixture was in

cubated at 37° for 1 hour and the reaction terminated by the addition of 

1 ml of 7% trichloroacetic acid. This solution was centrifuged and 0.3 

ml of the supernatant was taken for phosphate determination by the as

corbic acid method of Ames (1966). To this sample 0.7 ml of a solution 

of 1 part 101 ascorbic acid and 6 parts 0.42% ammonium molybdate in 1 N 

was added to the 0.3 ml samples and the mixture heated for 1 hour 

at 37°C. The absorbances were read at 820 mu. In the reaction blank 

the enzyme solution was not added until the second incubation. A stan

dard consisted of 0.1 ml of 1 mM K^HPO^ present in the initial reaction 

mixture in place of the substrate and enzyme solution and water in place 

of the alkaline phosphatase. The standard blank contained water in 

place of the J^HPO^. 
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ATPase. Determination of Na+, K+-ATPase activity was kindly 

performed by Dr. Madan Luthra of the Department of Biochemistry, Uni

versity of Arizona (Tucson) using the method of Brewer et al. (1968). 

Microscopy 

Light. Optic nerves were fixed in formalin, sectioned, prepared 

for light microscopy by standard methods, and stained with Luxol Fast 

Blue. 

Electron. For electron microscopy the material recovered from 

the preparative gradient was diluted directly with 10 volumes of 3% glu-

taraldehyde buffered at pH 7.3 with 0.1 M sodium phosphate. The suspen

sion was centrifuged at 4°C for 1-1/2 hours at 1500 x g. The soft 

pellet was then centrifuged at 4°C for an additional 15 minutes in a 

Brinkman Centrifuge 3200. The compact pellet was rinsed with 10% su

crose in phosphate buffer, and finally fixed in 1% OsO^ in phosphate 

buffer for 1-1/2 hours. The sample was dehydrated in a series of graded 

ethanols cind embedded in Spurr's (Spurr, 1969) low viscosity epoxy. 

Thin sections were stained with uranyl acetate (5% in absolute ethanol) 

and lead citrate (Venable and Coggeshall, 1965). These were observed in 

a Philips EM-300 Electron Microscope at original magnification of 4,600-

42,000.2 

2. Dr. E. Carlson (Department of Anatomy, University of Arizona 
Medical Center) suggested the method for preparing the samples for elec
tron microscopy and Dr. Claire Payne (Department of Pathology, Universi
ty of Arizona Medical Center) kindly performed the necessary procedures 
after the material had been fixed in 1% OsO^. 



RESULTS 

Detection of Myelin in the Rat Optic Nerve 

Preliminary 

Light Microscopic Evidence. Optic nerves were excised from rats 

day 8, 13, 16, 20, 24, and 26 postpartum. Longitudinal sections of the 

nerves were observed with the light microscope. In the optic nerve sam

ples frcm the 8 day old rats there was no evidence of myelin. However, 

in the samples frcm rats 13 days of age and older, many oligodendroglial 

cell nuclei could be seen in rows parallel to the axon. This arrange

ment is indicative of myelinating tissue (Bunge, 1968). In addition, 

myelinated axons became more obvious during this same time period. The 

entire length of the nerve appeared homogeneous in this respect. 

Wet Weight and Protein Values. Analysis of the wet weight of 

the optic nerves and determination of protein concentration per nerve 

from young rats did not reveal any dramatic changes during the period 

of initial myelin synthesis (Table I). The difficulty of recovering the 

small amount of material from the initial homogenization of the nerves 

accounts for the large standard deviation in the protein determinations. 

Analytical Equilibrium Sedimentation 
Centrifugation 

A method of sedimentation equilibrium centrifugation was devel

oped to detect myelin in the homogenates of optic nerves from rats 

during the initial period of myelination. An initial concentration of 

56 
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Table I. Wet weight and protein concentration of rat optic nerves dur
ing development. 

Age in Days mg Wet Ifeight/Nerve yg Protein/Nerve 

9 68 + 15 
* 

(7) 

10 84 + 21 (5)" 

11 1 (2) 90 + 13 (4) 

12 105 + 20 (5) 

15 1.4 ± .1 (2) 159 + 24 (3) 

18 1.8 ± .3 (2) 177 + 35 (2) 

21 2.1 ± .2 (2) 201 + 33 (2) 

23 2.8 CD 197 + 9 C2) 

A 
Numbers in ( ) indicate the number of separate determinations. For 
each weight determination, 10-30 pooled nerves were used. For each 
protein determination, 5-20 pooled nerves were used. 



0.926 M CsCl in 10 mM Tris, pH 7.4, and 5 mM Ca++, creates a gradient at 

equilibrium in which the optic nerve homogenate from 18 day old rats 

bands near the middle of the gradient (1*120-1.130 gm/ml). A diagram 

of the gradient at equilibrium is shown in Figure 1. The density range 

of the gradient at equilibrium is 1.081 -> 1.156 gm/ml. The banding 

material was presumed to represent a myelin containing fraction because 

of its low density in the CsCl gradient. 

Experimental Parameters. The experimental parameters of the 

analytical method were adjusted to give a sharp banding profile of the 

homogenized optic nerve material. Unless stated otherwise, the initial 

absorbance at 280 mu of the optic nerve homogenate was adjusted to 0.2. 

This concentration gave the best resolution of the peak under these 

conditions of centrifugation. The absorbance of the homogenate is due 

to light scattering since it demonstrates an inverse 4th order depen

dence on wavelength. 

In some analyses the total amount of tissue from the pair of 

optic nerves from the same animal was contained in the 0.4 ml used for 

centrifugation. In these cases the absorbance was not adjusted to 0.2, 

but' the amount of protein that this represents can be derived from Table 

1. 

The banding profiles did not change after 18 hours at 4°C and 

52,000 rpm. A stable banding pattern was not observed if the centrifu

gation was carried out at 25°C. The density of the peak became progres

sively greater at this temperature. 

The presence of divalent cations was necessary in order to ob-

serve a sharp band. Figure 2 shows the effect of increasing Ca 



59 

1.1600 

.1500 

.1400 

£ 1.1300 
o> 

1.1200 
.25 

.20 

00 

.0900 .05 9 
o 

.00 1.0800 
r —>» 
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Figure 1. Diagram of the analytical gradient at equilibrium. 

Banding sample shown in profile is a homogenate of optic nerve from an 
18 day old rat. Mr" refers to the distance from the center of rotation. 
In this and subsequent profiles the meniscus of the gradient is to the 
left and the bottom of the gradient is to the right. Three density 
points at 1.120, 1.125, and 1.130 gm/ml are included for reference. 
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Figure 2. The effect of Ca++ on the banding profile of individual optic 
nerve homogenates. 

Each sample was a homogenate of an optic nerve from rats 15 days old. 
See legend to Figure 1 for additional explanation of the figure. 
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concentration on the shape of the banding profile. The optic nerves 

used in this experiment were from rats 15 days of age. At comparable 

++ ++ 
concentrations Mg was not as efficient as Ca in this application. 

The addition of EDTA caused pronounced broadening of the band. 

Characterization of the Banding Material. In order to determine 

the composition of the material banding at 1.120-1.130 gm/ml, it was 

necessary to design a preparative scheme which would reproduce the ana

lytical procedure as closely as possible. This procedure is described 

in the Methods section. The preparative gradient at equilibrium was 

determined and is graphically represented in Figure 3. The material 

isolated from 21 day old rat optic nerves banded over a density region 

of 1.124-1.132 gm/ml. There was also a small pellet of material in the 

bottom of the tube which was discarded. 

The material recovered from the preparative gradient, fraction 

M, was immediately analyzed in the analytical gradient. Under these 

conditions the fraction banded sharply at 1.125 gm/ml as shown in Figure 

4. Quantitation of the banding profile of freshly isolated fraction M 

is given in Table II. The values for the amounts of fraction M were ex

trapolated from recovery values for the lyophilized material. Lyophi-

lized fraction M could not be resuspended in the centrifugation 

solution. The recovery of lyophilized fraction M was 10% of the start

ing weight of tissue. 

Electron micrographs of fraction M, prepared from 21 day old rat 

optic nerves, demonstrated that this material contains numerous myelin 

like fragments and minimal amounts of identifiable subcellular organ

elles. Figure 5A is a representative field from a low power electron 
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Figure 3. Diagram of preparative gradient at equilibrium. 

Hatched area represents the banding area of the fraction M from 21 day 
old rat optic nerves prepared as described in Methods. 
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Table II. Quantitation of analytical method. 

Initial O.D. 
at 280 mu 

A 
ug 

Fraction M 

B 
Area of Peak 

(inm^) B/A 
Peak 
Density 

.345 8.4 144 17.1 1.126 

.330 (A)+ 9.2 150 16.3 »? 

.230 5.6 96 17.1 11 

.210 (B) 6.0 108 18.0 II 

.172 4.0 60 15.0 M 

.160 (C) 4.4 70 16.0 ft 

* Areas of the peaks were calculated by triangulation. 

+ 
For banding profiles of samples followed by letters in ( ) see corres
ponding sections of Figure 4. 



65 

3 t-c! 

Figure 5. Low power electron micrographs of fraction M. 

A. Low power electron micrograph showing vesicular profiles in fraction 
M, prepared from 21 day old rat optic nerves. X 6,100. 

B. Higher power electron micrograph of several membranous vesicular 
structures similar to those seen in A. X 29,000. 
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micrograph of this preparation. A typical multi-lamellar myelin mem

brane from this fraction is shown in Figure 5B. Several mature myelin 

membranes were observed which resemble the intact myelin sheath (Figure 

6A). Repeating dense lines are indicated by the arrows in Figure 6B. 

Alternating light and dense lines are similarly denoted in Figure 6C. 

Solubility of the lyophilized fraction M in chlorofoim:methanol 

was 85% by weight. Qualitative lipid analysis of fraction M by thin 

layer chromatography gave results similar to those obtained from rat. 

whole brain myelin prepared by published procedures. Quantitative lipid 

analyses revealed a phospholipid:cholesterol:plasmalogen:galactolipid: 

sulfatide ratio of 100:100:22:48:15. 

Fraction M contained 22-24% protein by weight. This value is 

comparable to most reported for myelin. The disc gel electrophoresis 

pattern of a sample prepared from fraction M is compared to samples of 

protein standards prepared from purified myelin in Figure 7. This pat

tern is similar to that reported by Morell et al. (1972) for adult mouse 

brain myelin. The protein pattern of myelin purified from whole rat 

brain by the procedure of Suzuki et al. (1967) is given in Figure 8. The 

major difference between these two protein patterns appears to be in the 

high molecular weight protein fraction. This protein fraction may be in 

more dense myelin fragments which are discarded by most methods employ

ing sucrose for purification (Greenfield et al., 1971). 

The 2',3'-cyclic nucleotide 3'-phosphohydrolase activity of 

fraction M was 13.5 ± 1.5 yM/min/mg protein. This value is close to the 

value of 16 yM/min/mg protein reported by Zanetta et al. (1972) for rat 

brain myelin activity for this enzyme. No activity was detected for 
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Figure 6. High power electron micrographs of fraction M. 

A. Electron micrograph of multilayered membranous structure in fraction 
M. X 50,000. 

B. High resolution electron micrograph showing 20 to 22 electron dense 
layers in membranous material taken from fraction M similar to that 
seen in A. Distances between electron dense layers measure approxi
mately 47 angstroms. X 190,000. 

C. In this specimen the layers appear as alternating light and dark 
bands which are approximately 59 angstroms apart. X 230,000. 
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Proteolipid Protein (60 jug) 

o Optic Nerve Fraction M Protein (160 ug) 
Q. 

Basic Protein (70 jug) PLP 

+ 

Figure 7. Densitometry tracings of optic nerve fraction M and myelin 
standard proteins. 

Protein samples were prepared as described in Methods. Proteolipid 
(PLP) and basic proteins (B, and B9) were prepared from whole brain my
elin. 1 z 
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Figure 8. Densitometry tracings of whole brain myelin and myelin stan
dard proteins. 

Protein samples were prepared as described in Methods. Proteolipid 
(PLP) and basic proteins (B, and B9) were prepared from whole brain my
elin. z 
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•4* 4* 
Na , K -ATPase, suggesting little or no contamination by the axolemma 

in this preparation. 

Developmental Profiles 

Each of the following experiments was conducted several times 

and the profiles that are shown are considered representative. Three 

samples were centrifuged at one time and, where possible, comparisons 

were always made between analyses from the same centrifugation run. 

Since each profile usually consisted of the optic nerves from one ani

mal, individual variation was expected. 

Day 9, 12, and 16 Postpartum Rat Optic Nerve Homogenate Pro

files. Morphological data indicated that the period of initial myelin 

synthesis in the rat optic nerve is between 8 and 13 days postpartum. 

The first experiment tested the ability of the analytical equilibrium 

sedimentation centrifugation method to detect the presence of myelin by 

analyzing optic nerves taken from rats day 9, 12, or 16 postpartum. The 

results of this experiment are shown in Figure 11. To achieve an initial 

absorbance of 0.2, the final volume per one pair of nerves was as fol

lows: 9 days, 1 ml; 12 days, 3 ml; 16 days, 10 ml. This corresponds to 

a total protein level in the 0.4 ml sample used for centrifugation of 

approximately 30 pg for the 9 day sample, 12 yg for the 12 day sample, 

and 7 yg for the 16 day sample. There is a marked increased in material 

banding in the density region of 1.120-1.130 gm/ml as the age of the rat 

increases. Although the absorbance is actually a measure of light scat

tering, the relative increase in the banding material can be judged from 

the extent of dilution used in preparing the samples. 
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Figure 9. Banding profiles of individual optic nerve homogenates from rats day 9, day 12, or day 16 
postpartum. 

Conditions of this experiment are described in the text. See legend to Figure 1 for further details 
of the figure. 
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Day 9, 10, 11, and 12 Postpartum Rat Optic Nerve Homogenate Pro

files. In order to determine when the banding material could first be 

detected, another series of experiments was conducted in which optic 

nerves from rats day 9, 10, 11, or 12 postpartum were taken for analy

sis. The banding profiles for these samples are shown in Figure 10. It 

is apparent that the material banding at a density of 1.120-1.130 gm/ml 

can first be detected between 10 and 11 days postpartum in the optic 

nerve of the rat. Additional experiments were carried out to verify 

this observation and determine if the appearance of the banding profile 

is related to the body weight or primarily correlates with the age of 

the animal. 

Day 10 and 11 Postpartum Rat Optic Nerve Homogenate Profiles 

from Rats of the Same Weight. Two 11 day old rats and one 10 day old 

rat were selected from different litters. All three rats were female 

and each weighed 24 gm. The optic nerves from these rats were analyzed 

and the results are given in Figure 11. This finding would tend to sug

gest a direct relationship between the age of the rat and the appearance 

of the banding profile. However, it is also possible that rats from 

different litters are influenced by other factors which would mask the 

optimum difference in the banding pattern of the optic nerve homogenates 

from these two ages of rats. 

Day 10 and 11 Postpartum Rat Optic Nerve Homogenate Profiles 

from Rats from the Same Litter. In order to eliminate the consideration 

of inter-litter variability in size and other factors, the following ex

periment was performed. Three 10 day old rats were randomly chosen from 

a litter and each pair of optic nerves was analyzed. The next day an 
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Figure 10. Banding profiles of individual optic nerve homogenates from 
rats day 9, day 10, day 11, or day 12 postpartum. 

Conditions of this experiment are described in the text. See legend to 
Figure 1 for further details of this figure. 
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Figure 11. Banding profiles of individual optic nerve homogenates from rats which weighed the same 
day 10 or day 11 postpartum. 

A and B represent samples from two individual 11 day old rats. The two 11 day old animals and the 
10 day animal each weighed 24 gm. See legend to Figure 1 for further explanation of the figure. 
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additional three rats were taken from the same litter and their optic 

nerves analyzed. In this experiment the pair of optic nerves was con

tained in the 0.4 ml volume used for centrifugation. The absorbance was 

not determined but would be approximately three times the initial ab

sorbance of the samples in the previous experiment. The result of this 

experiment is shown in Figure 12. Although the banding profiles in the 

day 11 samples show a distinct peak at lower density values than nor

mally observed there is a dramatic increase in the amount of banding ma

terial between 10 and 11 days. Because all other conditions were 

constant, this experiment emphasizes the importance of age in determin

ing the appearance of the banding profile. 

Orbit and Chiasma Halves of the Optic Nerve. In order to deter

mine if the whole nerve was homogeneous with respect to appearance of 

the banding profile, it was necessary to observe the banding behavior of 

the proximal and distal portions of the nerve. The orbit and optic chi

asma halves of the left optic nerve from rats day 10 or day 11 postpar

tum were analyzed and compared to the whole nerve profile of the right 

optic nerve taken from the same animal. This comparison is shown in 

Figure 13. The profile from the chiasma half of the nerve appears simi

lar to the orbit half and to the whole nerve profile from the same rat. 

External Influence on the Banding Profile 

Sucrose. It was of interest to observe, with this sensitive 

technique, if the support routinely employed in the isolation of myelin, 

sucrose, would have an effect on the appearance of the banding profile. 

Optic nerves from rats 11 or 12 days of age from the same litter were 
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Figure 12. Banding profiles of individual optic nerve homogenates from 
rats from the same litter day 10 or day 11 postpartum. 

Details of this experiment are given in the text. 
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Figure 13. Banding profiles of chiasma, orbit, and whole nerve homoge
nates from rats day 10 or day 11 postpartum. 

The three profiles for each age were derived from the homogenates of the 
different optic nerve regions from one pair of optic nerves. See text 
for further details of this experiment and legend to Figure 1 for fur
ther explanation of the figure. 
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initially homogenized in CsCl containing 5 mM Ca++ (standard condi-

+ + 
tions), 0.25 M sucrose, or 0.25 M sucrose + 5 mM Ca . The homogeniza-

tion was performed in the minimal amount of solution and the 

++ 
centrifugation carried out in CsCl + 5 mM Ca as usual. The influence 

of sucrose.can be observed in Figure 14. The banding fraction appears 

to be greatly reduced after exposure to this compound. This experiment 

was repeated and the results were similar with the exception that the 

day 11 sample homogenized in CsCl + 5 mM Ca gave a peak band at 1.125 

gm/ml in this second experiment. Another interesting thing to note in 

Figure 14 is the effect' of Ca on the banding profile of the sample 

++ 
homogenized in sucrose. The presence of Ca dramatically increases the 

sharpness of the band in this media also. In another experiment, 16 day 

•H" 
old rat optic nerves were initially homogenized in CsCl + 5 mM Ca or 

+ + 
in sucrose + 5 mM Ca . Additional solution was added to make the final 

sample 95% CsCl and 5% sucrose. With these optic nerve homogenates from 

more mature rats. Banding profiles obtained in both cases had a peak 

density of 1.125 gm/ml. Sucrose did not appear to affect the more sta

ble myelin from older rats. 

Other. Analysis of 16 day old rat optic nerve sample which had 

been frozen after homogenization showed an increased band density. Son-

ication of the whole nerve homogenate prior to centrifugation resulted 

in a broadening of the peak. 

White vs. Gray Matter. It is possible that the banding profile 

that is observed under these conditions is characteristic only of the 

optic nerve since the conditions were adjusted to give optimal banding 

using this tissue. To test the hypothesis that this method is 
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Figure 14. The effect of sucrose on banding profile of individual optic 
nerve homogenates. 

The notation in the middle of each pair of profiles refers to the condi
tions of the original homogenization. All samples were centrifuged un
der the standard conditions given in the text. Additional information 
pertaining to this experiment is found in the text. Details of the 
orientation of the figure are given in the legend to Figure 1. 
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applicable to the detection of a myelin fraction in other brain regions, 

samples of tissue were taken from the white (spinal cord) and gray (cere

bellum) matter regions of a 19 day old rat. The analyses of these sam

ples are shown in Figure 15. These profiles show that this banding 

characteristic of the optic nerve homogenates is held in common with 

other white matter tissues. 

Light Reared vs. Dark Reared Rats. In order to determine if ex

posure to light has an effect on the amount or time of appearance of the 

banding profile, the following experiment was performed. A pregnant rat 

was kept in a photographic dark room with the safety light off for three 

days prior to parturition and thereafter. Care and feeding of the ani

mals was always performed in the dark. At 11 days postpartum two rats 

were taken from this litter and one rat from a litter of the same age 

raised in the usual laboratory setting. The scans of the banding pro

files, from the optic nerve homogenates from all three animals appeared 

to be identical. The profile of the light reared and one dark reared 

animal are given in Figure 16. In this experiment the pair of nerves 

was contained in the 0.4 ml used for centrifugation and the peak at 

lower density is again observed. This may reflect the capacity of the 

gradient and will be discussed in a later section. 

Quantitation 

The large amount of non-banding material in the optic nerve 

homogenates from young rats made it impractical to attempt to correlate 

the profile area with the initial absorbance. In an effort to overcome 

this problem, some experiments were carried out in which a 10 yl 
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Figure 15. Banding profiles of white and gray matter homogenates. 

Each sample was from a 19 day old rat brain and had an initial O.D. of 
0.3. See legend to Figure 1 for further information on the figure. 
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Figure 16. Banding profiles of individual optic nerve homogenates from 
rats reared in the light or in the dark until day 11 post
partum. 

Details of this experiment are given in the text. The meniscus of the 
gradient is to the left and the bottom of the gradient is to the right. 
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fluorocarbon pad was placed on the bottom of the analytical cell and the 

homogenate carefully overlaid on this. Although this did succeed in 

raising the dense material off the bottom of the cell it completely de

stroyed the banding pattern. 

Optic nerve homogenates from rats 16 days of age or older 

usually show sharp banding profiles and a correlation can be made be

tween the initial absorbance and peak area. Examples from a dilution 

2 
series is given in Figure 17. The peak A has an area of 270 mm and had 

2 
an initial O.D. of .82. The peak shown in B has an area of 144 mm and 

an initial O.D. of .42. This quantitative relationship held for the 

numerous samples examined. 

Composition of the Optic Nerve 

Evidence has been presented which indicates that the banding ma

terial from optic nerve homogenates, which is first observed under these 

conditions in samples from rats 10 days of age, probably represents a 

myelin fraction. A correlation between the appearance of this banding 

fraction and changes in myelin components in the optic nerve may eluci

date some of the early stages of myelin assembly in this tissue. 

Lipid Composition 

Lipid extracts from whole nerves were analyzed by thin layer 

chromatography. The whole nerve samples and a sample of fraction M are 

shown in the photograph of the thin layer plate in Figure 18. An obvious 

increase in the cerebrosides can be seen in this chromatograph beginning 

with the 12 day sample. A similar increase is observed in sulfatide 
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Figure 17. Quantitation of banding profiles from optic nerve homoge-
nates. 

These two samples were from a dilution series of a homogenate prepared 
from several optic nerves from 16 day old rats. Sample A had an initial 
O.D. of .82 and has a peak area of approximately 270 mm^. Sample B had 
an initial O.D. of .42 and has a peak area of approximately 1442. 
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Figure 18. Photograph of thin layer chromatography of lipid extracts 
from whole optic nerves. 

Lipid extracts of whole rat optic nerves from rats of ages listed below 
the lane and fraction M each contained 300 nmoles of lipid phosphorus. 
Standards are; S (100 nmoles of sulfatide), and C (150 nmoles of cere-
broside). The plate was developed in chloroform -.methanol :H20 (95:35:6), 
sprayed with saturated dichromate solution, and heated for 1 hour at 

120°C. 
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while lecithin appears to be decreasing with increasing age of the 

nerve. 

Quantitative analyses of the optic nerve of selected myelin lip

ids are given in Table III. These results are expressed as molar ratios 

relative to lipid phosphorus in Table IV. It is clear that all lipids 

are increasing relative to the phospholipid fraction during this period. 

A graphical representation of the data from Table III is presented in 

Figure 19. Sulfatide is the predominate galactolipid at early ages in 

this nerve as it is in whole brain (Wells and Dittmer, 1967). Between 

12 and 15 days, however-, the galactolipid level increases four fold and 

sulfatide represents only half of this increase. This indicates that 

the cerebrosides increase in concentration from bearly detectable levels 

to levels comparable to those of sulfatides. The cerebroside to sulfa

tide ratio in the 21 day sample is 1.7:1. Cholesterol and plasmalogen 

values increase throughout this period. 

Protein Composition 

Disc gel electrophoresis results on the optic nerve proteins 

from rats of various ages are shown in Figure 20. The 23 day protein 

profile is similar to that observed by Greenfield et al. (1971) and 

Morell et al. (1972) for normal adult mouse brain myelin. Proteins from 

optic nerve which migrate in the same region of the polyaerylamide gel 

as the myelin basic proteins are first observed in the 10 day sample. 

In the same manner, the protein from optic nerve which migrates in the 

same region as the myelin proteolipid protein is first apparent in the 

12 day sample. In Figure 21 the protein pattern from the 9 day sample 



Table III. Rat optic nerve lipid composition per nerve. 

nmoles/nerve 

Age in Days Phospholipid Cholesterol Plasmalogen Galactolipid Sulfatide Gal/Sulf. 

9 22 + 3 
s 

(5) 12 (1) 3.1 CD 2 + .3 C2) 4 CD 

10 24 + 2 (5) 16 + 1.0 (2) 3.5 ± 1.5 (2) 3.3 + .3 (2) 2.6 CD 1.3 

11 32 + 5 (5) 24 + 1.0 (2) 2.3 (1) 4 + .5 C2) 3.3 CD 1.2 

12 40 + 13 (5) 28 + 1.0 (2) 5.5 ± 1.5 (2) 5.7 + .2 (2) 5.4 + .5 C2) 1.1 

15 92 + 13 (5) 58 + 1.0 (2) 10 CD 19 + 1.0 C2) 11 + 1.5 C2) 1.9 

18 115 + 8 (5) 84 + 12 (2) 14 CD 30 + 4.0 (2) 14 + 2.0 (2) 2.2 

21 160 + 13 (5) 158 + 9 (2) 31.5 ± 1.5 (2) 75 ' + 5.0 C2) 29 + 1.0 C2) 2.7 

Numbers in ( ) indicate the number of separate experiments. Each experiment used 5-50 pooled optic 
nerves. 



Table IV. Rat optic nerve lipid composition in molar ratios. 

molar ratios 

Age in Days Phospholipid Cholesterol Plasmalogen Galactolipid Sulfatide 

9 100 57 12 8 

10 100 59 12 12 
A 
8 

11 100 63 10 10 
* 
6 

12 100 64 12 13 12 

15 100 77 13 26 13 

18 100 80 16 29 14 

21 100 100 20 48 18 

These values are based on a single determination and were not carried out on the same sample on 
which the galactose assay was also performed. 

00 
00 
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Figure 19. Changes in the composition of the major lipids of the rat 
optic nerve with increasing age of the animal. 

This figure is based on data given in Table IV. The components repre
sented are; Phospholipid (@—©), cholesterol (®- ®), galactolipid 
(O O), plasmalogen (A—-A), and sulfatide (& A). 



90 

OPTIC NERVE PROTEINS (300 jug) 

23 days 

18 days 

15 days 

O 
o 
<0 

12 days 

a> a 
3 
a 
O 11 days 

10 days 

9 days 

Myelin Protein (80 jug) 

PLP B2BI 

- + 

Figure 20. Densitometry tracings of rat optic nerve proteins and whole 
brain myelin proteins resolved by the method of discontinu
ous SDS polyacrylamide disc gel electrophoresis. 

Protein samples were prepared and resolved as described in Methods. The 
number of days refers to the age of the rat from which the optic nerve 
proteins were obtained. 
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Figure 21. Densitometry tracings of 9 day old rat optic nerve proteins. 

Samples were prepared as described in the text. The top graph is the 
tracing of a sample of 9 day old rat optic nerve proteins and the lower 
graph shows an aliquot of the 9 day sample with 10 yg of + B2 and PLP 
added prior to applying the sample to the gel. 
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is given in the top trace and in the bottom trace an aliquot of this 

sample is added to 10 yg each of myelin proteolipid and basic proteins 

prior to applying the sample to the polyacrylamide gel. It is difficult 

to tell whether either one of the basic proteins is present at this 

early age. The single peak in this region prevents a distinction be

tween the two basic proteins. The proteolipid is clearly absent from 

protein pattern at 9 days. Evidence is presented in Figure"22 which in

dicates that in the protein sample from 12 day old rat optic nerves 

there is a protein which co-electrophoreses with the proteolipid from 

purified myelin. 

In order to determine if histones could possibly be contributing 

to the profile of the basic protein, nuclei were isolated from 9 day old 

rat brains and prepared for electrophoresis as described in Methods. 

The results of this experiment are shown in Figure 23. The disc gel 

pattern from the nuclei sample is similar to that reported by Martenson 

et al. (1969) at acid pH. There does not appear to be any direct cor

respondence between the nuclei proteins and the basic proteins of my

elin. 

Enzymatic Activity 

Analysis for 2',3'-cyclic nucleotide 31-phosphohydrolase activi

ty in the developing rat optic nerve gave the results shown in Table V. 

The value for the 21 day sample is slightly higher than values reported 

by Prohaska, Clark, and Wells (1973) for whole adult rat brain (3.5 uM/ 

min/mg protein). The increase in activity for this enzyme between 10 

and 11 days is significant at the 95% confidence level according to 
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Figure 22. Densitometry tracing of 12 day old rat optic nerve proteins. 

Samples of optic nerve proteins from 12 day old rats were prepared as 
described in the text. The control pattern of the proteins in the 12 
day old rat optic nerve is shown in the top graph and an aliquot of the 
same sample with 10 yg of PLP added is shown in the lower tracing. 
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Figure 23. Photograph of discontinuous SDS polyacrylamide gels. 

Protein samples were from: (a) 21 day old rat optic nerve (130 yg), 
(b) rat brain nuclei (200 yg), and (c) myelin basic proteins B-^ and B 

(35 pg total). 



Table V. Optic nerve 2',3'-cyclic nucleotide 31-phosphohydrolase 
activity. 

Age in Days yM/min/mg Protein 

9 1.13 ± .26 (3)* 

10 1.35 ± .22 (3) 

11 1.90 ± .14 (3) 

12 2.17 ± .37 (3) 

15 3.32 ± .21 (3) 

18 4.73 ± .06 (2) 

21 5.49 ± .16 (2) 

A 
Numbers in ( ) indicate the number of separate experiments. Each ex
periment used 5-50 pooled optic nerves. 



Duncan's (1955) multiple range test which determines if two groups of 

samples at adjacent age points differ significantly. The correlation 

between this significant increase in enzyme activity and the detection 

of myelin by density criterion is intriguing and further implicates this 

enzyme in the process of myelination. 



DISCUSSION 

Detection of Myelin Formation 

Method of Detection 

The analytical method developed in this study offers a sensi

tive technique for the detection of myelin on the basis of its density. 

The density of a membrane, under the proper conditions, reflects its 

composition; therefore, this method also provides a tool for investi

gating the chemical assembly of this membrane. 

Tissue System. In order to derive meaningful information on 

myelin formation using this technique, the tissue chosen for analysis 

must demonstrate uniformity of the myelination process. Several experi

ments performed using this method to analyze the orbit and chiasma 

halves of the same optic nerve indicated that there was no detectable 

density difference between the two halves. This supports the light 

microscopic evidence from this study and the report of Matheson (1971) 

that myelination is homogeneous throughout this tissue. 

Peters (1968) and Peters and Vaughn (1967) have presented elec

tron microscopic evidence for the presence of myelin in the rat optic 

nerve as early as 7-9 days postpartum. It appears that much of the my

elin in these young rat optic nerves is made up of a single lamella 

(Peters and Vaughn, 1967). By day 15 multi-lamellar myelin is present. 

Such morphological evidence has, up to now, provided most of what is 

known about the very early stages of myelin formation. 

97 
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Validity of the Method. Using the analytical ultracentrifuga-

tion method, the presence of a myelin containing fraction is detected 

in the rat optic nerve beginning at approximately 10 days postpartum. 

The assumption that this fraction does represent the presence of myelin 

in the nerve is supported by several lines of evidence. The density of 

the banding material is approximately 1.125 gm/ml. All other cytoplas

mic organelles band in CsCl-sucrose gradients at densities greater than 

1.130 gm/ml. Plasma membranes band between 1.15 and 1.17 gm/ml (Geison 

et al., 1972). 

The ratio for phospholipid:cholesterolrgalactolipid for this 

fraction is 1:1:0.6, which is identical to that reported by Bignami and 

Eng (.1973) for rat optic nerve myelin prepared by sucrose density gra

dient methods. The low protein concentration of 22-24% in this fraction 

is also very characteristic of myelin. If significant amounts of other 

membranes were present one would expect this value to be considerably 

higher. 

Electron micrographs of this material show multi-lamellar myelin 

fragments with alternating light and dark bands. If the assumption is 

correct that these bands represent the major and intraperiod lines, the 

calculated interperiod distance would agree with Karlsson's (1966) value 

O 
of 106 A for the lamellar repeat distance in intact central nervous sys

tem myelin. 

This myelin containing fraction is not detected at the early 

ages reported by Peters and Vaughn (1967). The reason it cannot be de

tected by this method may simply be the very small amount of myelin pres

ent. Alternatively, the single myelin lamella present without 



compaction in these young animals may have a composition sufficiently 

different from the multi-lamellar myelin, that they would form a band 

that is distinct from the band detected in this study. 

Features of the Detection Method 

Concentration of the Homogenate. In some of the banding pro

files there are shoulders on the main banding peak. This occurs more 

frequently in samples from younger animals. This may represent two 

populations of particles similar to that seen in the preparative gra

dient when the concentration of the homogenate is too great or disrup

tion of the nerves is not thorough. This behavior is reminiscent of 

previous reports (D'Monte et al., 1971; Singh et al., 1971; Morell et 

al., 1972) of two banding fractions on preparative CsCl gradients sub

sequent to initial purification in sucrose. The wide range of these 

other gradients (0.3 M-1.3 M CsCl) would permit the banding of other 

membranous organelles. The narrow range of the analytical and prepara

tive gradients used in this study (1.081-1.156 gm/ml) would allow mini

mal banding of distinct particles and the observation of the shoulders 

is probably due to debris trapped within the vesicular myelin struc

tures. This may be true to a slight extent as seen in the electron 

micrographs showing some vesicular structures with inclusions. 

Ca++. The requirement for divalent cations in order to observe 

a sharp banding profile is not unexpected in view of several previous 

reports. Ca has been observed to stabilize myelin membranes by pre

venting loss of myelin membrane material into the water in which it is 

immersed by forming "water in oil" type micelles (Wiener, 1965; Wolman 
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and Wiener, 1963). In addition there is the well known ability of Ca 

to form stable complexes with anionic lipids (Braun and Radin, 1969) and 

to prevent swelling of the peripheral myelin membrane (Schmitt and Pal-

mer, 1940; Worthington and Blaurock, 1969). The effect of Ca on su

crose banding profiles of optic nerve homogenates in this study may 

reflect the observation of DeRobertis reported by Seminario, Hren, and 

Gomez (1969), that the addition of CaC^ to sucrose solutions permits 

better preservation of subcellular structures. 

Applications of the Method 

Fractionation Techniques. Requiring only a small amount of ma

terial, this method could provide preliminary evidence applicable to 

developing preparative isolation schemes for specific subcellular par

ticles or membranes available in limited quantities. 

The brief exposure of the optic nerve homogenate to sucrose 

makes it difficult to evaluate the effect of this compound on optic 

nerve homogenates. However, this technique could be used to investigate 

the influence of support media on the density during isolation proce

dures for various subcellular particles. 

External Influences on Myelin Formation. Optic nerves from mice 

reared in darkness have approximately 10% fewer myelinated fibers than 

those from animals reared in the light and the decrease is primarily in 

fibers with a diameter greater than 1 micron (Gyllensten and Malmfors, 

1963). However, there is no evidence of altered myelin under these con

ditions. The experiment performed here on optic nerves from rats 11 
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days old raised in. light or darkness would indicate that an alteration, 

if it does occur, would be difficult to detect by this method. 

Diagnostic. From the few examples given in this study it would 

appear that this technique could have beneficial application as a diag

nostic tool. It could provide information in addition to the morpholog

ical evidence on which many diagnostic procedures dealing with a small 

amount of pathological tissue are forced to rely. 

Membrane Assembly. A productive application of this method 

could be in the investigation of other systems involving membrane bio

synthesis. Developmental processes involving fusion of membranes may 

prove amenable to this approach. One example of this application would 

be the study of egg membranes before and after fertilization. 

Compositional Changes in the Rat 
Optic Nerve During Development 

The analytical centrifugation method allows the detection of my

elin in a single optic nerve by measurement of one specific criterion--

density. Compositional analyses reveal changes in the optic nerve 

components of which the myelin specific changes are only a part. Al

though the optic nerve eventually becomes extensively myelinated as 

shown in this study, at early ages there is probably a short lag between 

the deposition of the myelin components and their detection in the whole 

nerve. This consideration should be kept in mind when comparing the 

time of detection of myelin on the basis of its density and the time of 

detection of certain myelin components. 
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Wolfgram Proteolipid Fraction and 
Other High Molecular Weight Proteins 

These proteins are present in the youngest animals studied. 

These proteins could be part of the oligodendroglial cell membrane. Un

fortunately, no one has reported on the protein composition of the glial 

cell fractions and the high molecular weight proteins of myelin have not 

been well characterized, with the exception of the Wolfgram protein 

(Wiggins et al., 1974). The disc gel electrophoresis patterns of optic 

nerves from rats 9 days of age show high molecular weight bands similar 

to those reported by Greenfield et al. (1971) and Morell et al. (1972) 

for normal mouse brain myelin. In addition to the apparent correspon

dence bewteen the findings in this study and the observations of Green

field and Morell regarding the high molecular weight protein present in 

the highest concentration, the Wolfgram fraction, there is also a simi

larity in the banding pattern for 4 proteins present in lower concentra

tions which migrate between the Wolfgram and proteolipid protein on 

these SDS polyacrylamide gels. Perhaps these proteins are also myelin 

specific. This possibility should encourage further investigation of 

these proteins. 

Sulfatide 

Sulfatide is the predominant galactolipid present in the optic 

nerve from 9-12 day old rats. Sulfatide has been reported in glial cell 

membranes (Poduslo and Norton, 1973). Turnover data suggest that this 

is a very stable compound in myelin of young animals (Jungalwala and 

Dawson, 1971). Although representing a decreasing proportion of the 

galactolipid fraction, sulfatide levels continue to increase with 
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development. McKhann and Ho (1967) found increased sulfatide synthesis 

concomitant with myelination. 

Basic Protein 

Myelin basic protein is detectable in the rat optic nerve by the 

10th day postpartum. This would correlate with the first detection of 

myelin by analytical centrifugation methods. 

There is a possibility that the protein from optic nerve which 

co-electrophoreses with the myelin basic protein might contain histones. 

There are several reasons why this is probably not the case in this sys

tem. Histones would be very difficult to extract from the nucleoprotein 

complex under the conditions used in this study (Bonner et al. 1968). 

Histones can be solubilized in SDS only after initial extraction from 

nuclei at low pH (Hayashi, Matsutera, and Ohba, 1974). If histones are 

extracted under the present conditions they probably would contaminate 

only the smaller of the two basic proteins (Sammeck et al., 1971; Waeh-

neldt and Mandel, 1972). Since the protein profiles from whole optic 

nerve show the presence and increase in both basic proteins and the nu

clei protein profiles contain no band corresponding to the basic pro

tein under the same electrophoretic conditions, it is unlikely that 

there is histone present in these samples from whole optic nerve. Also, 

no metachromasia of staining is observed with Coomassie Blue which has 

been reported to indicate the presence of histone (Wood, 1973). 

Phospholipids 

During the period of 9-21 days, the phospholipid increase per 

nerve is a reflection of the total growth process but these lipids are 
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actually decreasing relative to other lipids. The concentration of in

dividual phospholipids vary dramatically; lecithin decreases, phospha

tidyl ethanolamine appears to remain constant, and the plasmalogen level 

doubles. These results are in general agreement with those reported by 

Norton and Poduslo (1973b) for changes in whole rat brain lipid compo

sition during development. 

Cerebroside 

Thin layer chromatography and galactolipid analysis show that 

there is a detectable level of cerebroside in the rat optic nerve at 

day 12. Brenkert and Radin (1972) have shown that mouse brain has the 

capacity to synthesize cerebroside as early as 4 days postpartum but 

that cerebroside was not deposited until the 8th day. They suggest that 

the lack of availability of certain myelin proteins may restrict deposi

tion prior to this time. Galactolipid levels in the optic nerve in

crease four fold between the ages of 12 and 15 days and the majority of 

this increase appears to be in the cerebroside fraction. Norton and 

Poduslo (1973b) consider the increasing galactolipid:lecithin ratio a 

sensitive indicator of myelination. 

Cholesterol 

Cuzner and Davison (1968) observed a two phase deposition of 

cholesterol in rat brain. At early ages the cholesterol accumulation in 

the brain is related to general brain growth and at later ages can be 

correlated with myelin formation. In the present study no distinction 

could be made between the two phases and a general increase in this 
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component of the optic nerve is observed with increasing age of the rat 

and weight of the optic nerve. 

Proteolipid Protein 

The proteolipid protein is detected in the optic nerve from rats 

12 days of age, two days later than observation of the presence of the 

basic protein. Morell et al. (1972) isolated myelin from 9 day old 

mouse brain and observed a small amount of proteolipid present in addi

tion to a substantial concentration of the basic protein. They suggest 

that the very low levels of the proteolipid protein in comparison to the 

basic protein at these early ages indicates a more important role for 

basic protein in the initial stages of myelination and that significant 

amounts of proteolipid protein added later may have a separate role in 

the further differentiation of the myelin membrane. 

There is a possibility of preferential dye binding by myelin 

basic protein which would account for its being detected prior to the 

proteolipid protein. Morell et al. (1972) calculated a 50% greater dye 

binding by the basic protein than proteolipid protein with Fast Green. 

This is not surprising considering the acidic nature of this dye (Gorov-

sky, Carlson, and Rosenbaum, 1970). Coomassie Blue stain used in this 

study is more sensitive than either Amido Schwartz or Fast Green and has 

been applied to staining various proteins differing widely from each, 

other with regard to net charge and size (Chrambach et al., 1967). Al

though no attempt was made to quantitate the amount of dye bound by 

these two proteins, profiles of myelin standard proteins would seem to 

indicate comparable binding. The apparent decrease in basic protein to 
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proteolipid protein ratio with development is in agreement with find

ings by Morell et al. (1972) and Druse and Hogan (1973). 

Enzymatic Activity 

The significant increase in activity for 2',3'-cyclic nucleotide 

3'-phosphohydrolase accompanies the first detection of myelin in the 

optic nerve by the density gradient method. Although the lack of a 

known physiological substrate for this enzyme precludes critical evalua

tion of this finding, it lends additional support for the hypothesis of 

an important role for this enzyme in myelination. 

Sequence of Events 

The extensive nature of myelination in the optic nerve permits 

a correlation to be made between the changes in myelin specific compo

nents in the optic nerve and the events occurring in the myelin sheath 

of this tissue. The data obtained in this study are compatible with a 

sequential pattern of deposition of myelin components. The three major 

myelin proteins appear to have distinct times of appearance as do sev

eral of the myelin lipids. 

Sulfatide and Wolfgram protein are present in the rat optic 

nerve at the earliest ages analyzed. On the 10th day postpartum the 

basic protein can be detected in this tissue, the myelin specific enzyme 

shows a significant increase in activity, and myelin can be detected by 

density criterion. By the 12th day, cerebrosides are present and the 

proteolipid protein can be detected. Cholesterol levels increase sub

stantially from the 12th day. These events can be classified into spe

cific stages as shown below. 



Prior to Myelination Onset of Myelination 
0-9 days 10-12 days 
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ment 
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Increased Myelination 
12 days and after 

Cerebroside detected 
Proteolipid protein 
detected 

Cholesterol increases 

Hypothesis for the Sequence of 
Myelin Membrane Assembly 

The evidence presented in this study and the data reported by 

others on various aspects of the myelination process prompt the follow

ing proposal for the sequence of deposition of the major myelin compo

nents . 

The Wolfgram and other high molecular weight proteins found in 

myelin appear to be present before many of the other myelin components. 

One might speculate that this protein fraction is already present in the 

glial cell membrane, perhaps on the external surface of the membrane 

(Bear, 1971). Prior to myelination the predominant galactolipid in the 

brain is sulfatide. In the membrane it may interact with other lipids 

such as lecithin or sphingomyelin or proteins through ionic bonds 

(Abramson and Katzman, 1968) or cross-link to lipid phosphate groups 

through divalent cation binding (Braun and Radin, 1969). 

Sulfatide has a strong affinity for myelin basic protein (London 

et al., 1973). In addition, the basic protein can displace Ca from 

its interaction with sulfatide (Demel et al., 1973). It is proposed 

that after being synthesized, the basic protein displaces some of the 

various lipids and proteins formerly associated with sulfatide. The 
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displacement of lecithin in this manner would explain the decrease in 

the concentration of this lipid with development of the sheath. Evi

dence suggesting that the sulfatide--basic protein interaction is neces

sary for myelination to occur is provided by the work of Fry, Lehrer, 

and Bornstein (1972). These investigators exposed mouse embryo spinal 

cord cultures to EAE serum, which contains antibodies to the myelin ba-

35 
sic protein. This treatment prevented uptake of S into sulfatides and 

inhibited myelin formation. After 14 days of such treatment these same 

35 
cultures were "disinhibited" by removing the EAE serum. S showed max

imal incorporation into sulfatides within 24 hours and myelin was visi

ble in the cultures 4 days later. 

The basic protein synthesized in the cytoplasm may bind to the 

sulfatide on the cytoplasmic side of the membrane. A proposed model 

with the Wolfgram acidic protein on the external surface of the membrane 

and the basic protein located inside may provide the molecular asymmetry 

3 
suggested by London et al. (1973) as the necessary basis for the ini

tial "wrapping" of the myelin membrane. Another possibility for the 

initiation of the wrapping process is the attraction between a precursor 

3. In their proposal on the induction of the wrapping process, 
London et al. (1973) put forth several misleading arguments. They as
sume that the basic protein is on the external side of the membrane from 
the work of Dickinson et al. (1970). Several rigorous investigations 
(Herndon et al., 1973; Poduslo and Braun, 1973; Braun et al., 1974) have 
demonstrated that the basic protein is located on the internal, cyto- • 
plasmic side of the membrane. London et al. (1973) further state that 
the basic protein located on the external surface participates in 
"swelling" of the external surface which causes an asymmetry of the mem
brane. This would initiate the wrapping phenomenon. However they do 
not point out that "swelling" is primarily a response of peripheral ner
vous system myelin not CNS myelin and the morphological difference in 
these two systems warns against interchange of such an observation (Fi-
nean and Bunge, 1963; Bear, 1971). 
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of the basic protein and the axonal membrane as proposed by Brady and 

Quarles (1973). Other evidence suggestive of the possible role of the 

highly antigenic basic protein in recognition of the axonal surface is 

the ability of this protein to act as an acceptor for N-acyl galaptos-

amine catalyzed by amino sugar transferases from brain (Ko and Raghu-

pathy, 1972). Proteins involved in cell surface recognition frequently 

participate in carbohydrate transfer. 

As suggested by several workers (Eng et al., 1968; Morell et 

al., 1972; Wood, 1973), it would appear that the elaboration of the ba

sic protein is a "committed" step in myelin formation. The addition of 

this protein to the existing membrane components would form a loose mem

brane matrix. 

The short chain poly-unsaturated fatty acids present in the 

phospholipids of the incipient myelin membrane (O'Brien and Sampson, 

1965) would provide the flexibility of the matrix required for the 

wrapping process. The eventual addition of cerebrosides with their long 

chain (£22^2^ saturate^ fatty acids would tend to stabilize the more 

mature membrane structure (O'Brien and Sampson, 1965). 

Cholesterol, too, would stabilize the membrane by addition of 

its extensive hydrocarbon region and by binding to polar head groups of 

the phospholipids through its hydroxyl group (Guarnieri, Syed, and Mc-

Khann, 1973). The proteolipid could also serve to stabilize the mem

brane. Due to its basic nature (pi = 7.4-9.6) the proteolipid protein 

could neutralize the negative charge of the Wolfgram protein and join 

with the basic protein in binding the acidic phospholipids, preventing 

electrostatic repulsion between the membrane surfaces. It might also 



contribute to the binding of osmic acid, a characteristic of the darkly 

staining major dense line. By binding to cholesterol (London et al., 

1974) it would form extensive hydrophobic regions. The addition of the 

proteolipid protein would be involved in the stabilization and compac

tion of the myelin lamellae. This theory is supported by Greenfield et 

al. (1971) who found that the myelin proteolipid protein was decreased 

in quaking mice in comparison to control animals and that the myelin 

from these mutant mice demonstrated uncompacted lamellae on electron 

microscopic examination. The end result of the stabilization and com

paction process would be that the cerebrosides, cholesterol, and proteo

lipid would create hydrophobic regions at each turn of the spiraling 

lamellae. 

In young animals where membranes are not juxtaposed or do not 

possess sufficient hydrophobicity, charge transfer is possible. In 

this case the conduction velocity is slower (Bunge, 1968) than in the 

mature myelin membrane where the compact hydrophobic surfaces prevent 

charge transfer. This creates the observed low capacitance and high re

sistance of the mature sheath. An increased conduction velocity is pre

dicted, substantiating this membrane's proposed functional role. 

Perhaps as some suggest, this membrane should not be considered 

as a model for membranes generally, for it does possess unique charac

teristics which make conclusions based on this membrane not necessarily 

applicable to other membranes. Rather, what should be learned from this 

system is that the combined information from diverse approaches can pro

vide an understanding of how a membrane is synthesized and utilized. 



APPENDIX A 

EQUATIONS FOR CALCULATION OF THE EQUILIBRIUM 
SEDIMENTATION DENSITY GRADIENT FOR CsCl AT 4°C 

Weight % of CsCl in ̂ 0 

Density of solvent = 1 

Density of CsCl solution 

Mean buoyant density of the sample 

Angular velocity 

Isoconcentration point 

Distance of sample from center of rotation 

Concentration 

1-100(p-po)/(P/p) 

po 

. . d$ 
$ + 

B298 

d ln[P/(100-P)] 

T(i-vp)298 (3p/ac)298 

298Cl-vp)T (8p/3c)t 

w^r 
p + (rs-re) 
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Table A-l. Parameters used to calculate CsCl density gradient. 

P-PQ 
p P* pP pP $ V 

8 1.06551 8.52408 .007685 .2315 .2342 

10 1.08316 10.83160 .007677 .2323 .2359 

12 1.10135 13.21620 .007669 .2331 .2377 

14 1.12009 15.68126 .007658 .2342 .2398 

16 1.13942 18.23072 .007647 .2353 .2423 

18 1.15936 .20.86848 .007636 .2364 .2464 

From the International Critical Tables 
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