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Dr. Danielli asked me to introduce this conference on membranes
by reviewing the development of some of the current viewpoints about
membrane structure and in particular the development of the unit
membrane concept. I believe it was his intention that I review the
subject in a very general way and bring it up to date so that those
of you who have not been working actively in the special field of
membrane structure will know the way the current ideas have origi
nated. It is necessary that this be repetitious since most of the material
that I shall deal with has been published in one form or another
elsewhere. This paper is thus intended only to serve as a brief intro
ductory review providing background for the physicochemical topics
that are dealt with in this volume.

I shall not bother to document very much of what I shall have
to say with actual electron micrographs since adequate numbers of
micrographs to serve this function have been published in several
other places fairly recently and the following references may be con
sulted for those who wish more complete documentation [30-37]. I
shall utilize diagrams when illustrations are needed to express most
of the ideas involved.

Current thoughts about membrane structure had their earliest
origin in the work of Overton [29] about the turn of the century.
He noted that certain cell membranes were more easily penetrated
by compounds with a high lipid solubility than ones that were more
polar and soluble in water. This led him to postulate that there might
be a lipid component in the membranes which was concerned with
a particular feature of membrane permeability. It was already well
established from the previous century that electricity was in some
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way associated with cell membranes. Thus du Bois-Reymond in 1849
[17] noted that a voltage could be detected in nerves at rest. Later
on, Bernstein in 1868 [17] realized that in the resting state a nerve
or muscle fiber had an excess of positive ions on the outside and
negative ones on the inside. It is relevant to point out that Matteucci
in 1842 [17] demonstrated a reduction in the steady potential between
the cut end of a muscle and its intact surface during tetanic activity.
This is now understandable in terms of repetitive depolarization of
the fibers. Adrian in 1912 [17] established the all-or-nothing nature
of the action potential of a nerve fiber, and it was realized that this
was largely a membrane phenomenon. Thus in this early period a

FIG. 1. Lipid molecules are indicated by a bar and circle. The bar represents
the nonpolar carbon chains and the circle, the polar ends of the molecule.
A monomolecular film of lipid molecules is depicted on a water surface indicated
by gray stippling.

concept had grown up that there was a discrete membrane at the
surface of cells which is associated with an electrical potential gradient
and differential permeability to ions and other compounds. It was
also believed that there was a high content of lipid in the membrane.

In 1917, Langmuir [21] published his pioneering experiments on
monomolecular films and provided a firm basis for our current con
ceptions of membrane structure. He showed that lipid molecules could
be made to spread out on a water surface at an air water interface
with their polar ends pointing toward the water surface and their
nonpolar carbon chains standing on end next to the air interface.
He found that it was possible to compress these films in such a way
that the molecules came very close together with the carbon chains
closely packed as indicated in the diagram in Fig. 1. By the use
of force area curves such as in Fig. 2, he was able to show that
there was a definite pressure associated with the close packed mono
molecular film which, if exceeded, resulted in breakage of the film.
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The point of breakage is noted by the arrow in Fig. 2. Below this
point the molecules are as closely packed as they can be. The area
occupied by each polar group could be calculated from the chemical
evidence available about the structure of the molecules involved and
from knowledge of the exact number that had been placed upon the
surface.

The next step in the evolution of our ideas came in 1925 when
Gorter and Grendel [18] published their work on the structure of
human red blood cell membranes. They used the techniques evolved

Area

FIG. 2. A diagrammatic force area curve. Force is depicted as increasing on
the ordinant and area on the abcissa. As the force applied to the film increases,
the area decreases until there is a break in the curve as shown. This point
of discontinuity is the minimal area of the film and from it the area occupied
by the head of each of the lipid molecules can be calculated.

by Langmuir [21] and by Harkins et al. [19] for study of mono
molecular lipid films. They extracted the total lipid contained in a
certain number of human red blood cells and calculated the total
surface area of the cells used. They measured the total area occupied
by the extracted lipid by plotting a force area curve. They concluded
that there was just sufficient lipid in the red blood cell surface to
form a bimolecular leaflet of lipid; this is indicated in Fig. 3 which
is taken from their paper. Their results were subject to considerable
criticisms, and there were those who believed that their method of
calculating the surface area of the red cells was not accurate and
that the methods used to extract the lipid were not adequate for
total lipid extraction. There was another source of error in that they
did not take into account the definite degrees of solubility of some
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of the lipid components in water. Nevertheless, by a fortunate combi
nation of circumstances, their conclusions seem, in light of present
knowledge, to have been essentially correct.

During this period it is important to note the classical experiment
done by Mudd and Mudd in 1926 [27]. They set up an oil-water
interface under a cover slip on a microscope slide and studied the
behavior of human blood cells at this interface. They noted that red
blood cells selectively entered the oil phase while white blood cells
entered the aqueous phase. They interpreted their results as indicating
that the red blood cell surface is hydrophobic and the white blood
cell surface is hydrophilic. We shall refer to this experiment later

ffffffffff
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FIG. 3. Diagram taken from Gorter and Grendel showing their conception
of the lipid bilayer in a red blood cell membrane.

when considering our present concepts of the structure of the unit
membrane.

During the 1930's there were several significant steps made that
led up to the so-called pauci-molecular theory of cell membrane struc
ture that was advanced by Danielli and Davson [6]. First, Cole
demonstrated in 1932 [5] that the surface tension of sea urchin eggs
was less than 0.1 dyne per centimeter. In 1934, Harvey and Shipiro
[20] measured the surface tension of oil droplets inside marine eggs
by a very different technique. Cole had made his measurements by
noting the force required to compress an egg between two thin glass
surfaces. Harvey and Shipiro measured the surface tension of oil drop
lets by using a centrifuge microscope method in which the centrifugal
force required to break oil droplets into smaller ones was measured.
Here a figure of about 0.2 dyne per centimeter was obtained. It was
known that most of the oils that were present in the oil droplets
of sea urchin eggs as well as many other lipid compounds were in
the range of about 10 dynes per centimeter. These oil droplet surface
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tension figures were, therefore, difficult to account for in terms of
a model such as that proposed by Gorter and Grendel. Danielli and
Harvey [7] then, in 1935, performed some experiments involving the
surface tension properties of mackerel egg oil and proposed that the
low surface tension might be due to the presence of protein at the
oil-water interface. This led directly to the proposal in 1935 [6] of
the model shown in Fig. 4, which is the original Danielli-Davson
model. According to this model, the cell membrane was conceived
to have a lipid core with the polar ends of the lipid molecules pointing
outward and covered on each side by a monomolecular film of protein.
They did not specify the total number of lipid molecules present
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FIG. 4. The original Danielli-Davson pauci-molecular membrane model.

because there was nothing in their evidence that allowed them to
make such a specification. There was, however, some evidence in the
literature at that time bearing on the problem of thickness. The elec
trical capacity of some cell membranes was found to be about 1 ,uF
per square centimeter. It was also known that the electrical resistance
of the membrane was about 1,000 to 100,000 ohms per square centi
meter. In the case of some cell membranes, it was possible to say
from the measured capacity that the thickness of the membrane prob
ably did not exceed 100 .A. However, there were measurements of
electrical capacity of certain membranes, notably those of skeletal
muscle fibers, in which the values of the membrane capacity were
such as to suggest a much greater thickness.

In 1940, ~Taugh and Schmitt made some direct measurements of
the thickness of red blood cell membranes using an instrument called
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the "analytical leptoscope." This involved essentially a comparison
of the reflectivity of a glass surface upon which a membrane was
dried. They used the methods that had been evolved by Langmuir
and by Blodgett [3] for making step films of barium stearate. In
these films barium stearate is built up in steps on a glass slide with
each step involving the addition of only one monomolecular film.
The reflectivity of each step varied in a linear fashion, and the ana
lytical leptoscope was essentially an instrument which allowed a com
parison to be made between the reflectivity of dried red blood cell
ghosts on a glass slide and the reflectance of a Langmuir-Blodgett
step film. They concluded from their studies that the fresh washed
red cell ghost membrane measured about 220 A. in thickness and that
after lipid extraction it measured about 120 A.. The difficulty with
this method, of course, was the problem of removing all nonmembra
nous elements that remained attached to the membranes in the prepa
ration of the red cell ghosts. Their values were believed to be high
because of this difficulty. Earlier, Schmitt, Bear, and Ponder [41]
in 1936 had studied the optical properties of the red blood cell mem
brane in polarized light and had demonstrated that there was a de
tectable radially positive birefringence. Some years later, Mitehison
[25] studied the properties of red blood cells in polarized light more
extensively and concluded that the radial positivity was due to folded
protein chains arranged radially in a layer of the order of 0.1 to
1 p.p. in thickness. It now appears, however, that this is not so and
that the birefringence detected by Schmitt, Bear, and Ponder probably
was produced by the lipid molecules of the membrane. However, the
possibility still remains that there is a protein component attached
to the red cell membranes that has detectable radially positive bire
fringence that simply adds to that of the lipid.

I would like now to turn to another line of evidence relating to
the problem of cell membrane structure that at first was not quite
so direct in its relationship as we now know it to be. As a result
of the studies of W. J. Schmidt [38] and F. O. Schmitt and his col
laborators [39, 40, 42] in the late 1930's, it was established that
the optic axis of nerve myelin was radial and that there was intrinsic
positive radial birefringence. This positive radial birefringence was
found to reverse in sign upon treatment with lipid solvents (Chinn
and Schmitt [4]). From all these lines of evidence, W. J. Schmidt
[38] concluded in 1937 that the myelin sheath was constructed of
alternating layers of lipid and protein as indicated in the diagram
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in Fig. 5. In 1935 Schmitt, Bear, and Clark [40] obtained the first
small angle X-ray diffraction patterns from myelin. They found that
the radial repeat period in fresh frog myelin was 171 A and in mam
malian myelin was 186 A. It was known from various chemical studies
that myelin contained lipid and a protein called neurokeratin. Thus
in 1942, Schmitt, Bear, and Palmer were able to postulate that the
radial repeating unit in the myelin sheath must contain two bimolecu
lar leaflets of lipid with associated monolayers of protein of the gen-

L: lipid Pr: protein

FIG. 5. Diagram from W. J. Schmidt showing his conception of the organization
of lipid and protein in the myelin sheath based on polarized light studies.

era I type shown in their diagrams in Fig. 6. There were a number
of possibilities for the specific arrangement of the lipid and nonlipid
components; anyone of which would have satisfied the X-ray data
then available. More recent chemical studies of myelin have estab
lished more fully the nature of the lipid and nonlipid components
that are present. It is known that the lipids are mainly phospholipids,
cholesterol, galactolipids, and plasmalogens, and inositol phosphatides.
The principal phospholipids are phosphatidyl ethanolamine, phospha
tidyl choline, and phosphatidyl serine. Tables I and II show the lipid
composition of myelin as determined by two recent investigations
[1,28].

The protein component "neurokeratin" was shown by Felch-Pi
and LeBaron [13] to be a degradation product of a protein which
they were able to characterize more fully and show to be a component
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FIG. 6. Diagram from Schmitt, Bear, and Palmer [42] showing four possible ar
rangements of lipid and protein in the repeating unit of the myelin sheath.
The lipid non-polar chains are indicated by the tuning fork symbols.

TABLE 1. Chemical Composition of Purified "Light" and "Heavy" Myelin a

"Light" myelin "Heavy" myelin

Preparation number: 1 2 3 4 1 2 3 4

CHCI,:CH 30H insoluble residue,
% dry wt.

Proteolipid protein, % dry wt.
Total lipid, % dry wt.

Cholesterol, % of total lipid
Galactolipids, % of total lipid
Phospholipids, % of total lipid
Plasmalogens, % of total lipid

a Taken from Autilio et al, [1].

1.1 1.1 0.8
21. 2 21. 1 21. 6
77.7 77.8 77.6

25.9 26.8 28.3 25.8
28.2 29.8 29.7 31.9
42.3 43.0 43.6 42.6

12.5 13.4 15.5

3.6 5.6 4.7 5.8
22.2 21.3 23.9 23.7
74.2 73.1 71.4 70.5

24.4 25.9 28.2 25.1
29.4 29.3

41.4 42.3 44.1
13.6 1:{.8

of a class of lipoproteins referred to as proteolipids. Proteolipids are
operationally defined as a kind of lipoprotein which is extractable
from tissues by chloroform and methanol in a ratio of 2: 1. Most
lipoproteins are water soluble but this kind of lipoprotein was not,
and for this reason the term proteolipid was invented. The chemical
composition of proteolipids has been extensively studied. The lipid



TABLE II. Concentrations of Lipids in Gray Matter, White Matter, and Myelin of Human Brains"
"'l
::r:

10-month old 6-year old 9-year old 55-year old t"j

q

Gray White Gray 'Vhite Gray White Gray White
Z
::3

matter matter Myelin matter matter Myelin matter matter Myelin matter matter Myelin
~
:"J
~

Water 84.1 80.8 83.2 75.5 85.8 77.4 82.3 75.2 1:0
::cr

Total lipid 36.4 49.0 78.0 35.8 58.4 80.9 37.6 66.3 78.0 39.6 64.6 78.0 ;.-
Z

Nonlipid residue 63.6 51.0 22.0 64.2 41.6 19.1 62.4 33.7 22.0 60.4 35.4 22.0 t"j

Total glycerophosphatides! 20.3 20.3 31.7 22.5 20.4 24.6 21.2 25.9 31.9 21.1 21.5 24.8 ;.-

Total sphingolipide- 5.1 14.3 24.7 3.8 19.2 28.6 5.6 19.9 25.0 5.5 21.5 24.5 Z
I;:j

Unidentified 3.0 2.9 3.0 2.9 5.4 6.1 3.5 7.3 2.5 5.8 6.5 9.0 "'l
Cholesterol 7.9 11.5 18.6 6.6 13.4 21. 5 7.2 13.2 18.6 7.2 15.1 19.7 ::r:

t"l
Ethanolamine glycerophos- I;:j

phatides 6.8 9.4 14.2 10.6 8.6 11.3 9.6 12.0 14.2 9.2 9.1 11.2 ;.-
Z

Serine glycerophosphatides 2.8 2.4 5.5 3.6 3.5 4.2 2.7 5.1 5.5 2.9 4.2 5.3 t;j
Choline glycerophosphatides 10.8 8.6 12.1 8.3 8.3 9.1 9.0 8.8 12.2 9.0 8.2 8.3 r-

t'
Sphingomyelin 1.8 2.1 4.6 1.3 2.7 4.4 2.8 4.9 4.6 1.9 5.2 4.4 ""'I

I;:j
Cerebroside 1.8 8.5 13.7 1.0 12.8 19.2 1.9 1.05 14.0 2.3 12.5 16.0 ;.-

Cerebroside sulfate 0.7 2.5 5.1 0.6 2.7 3.9 0.4 3.9 5.1 0.8 3.0 3.4
<:
UJ

Ceramide 0.8 1.1 1.2 0.8 0.9 1.1 0.5 0.5 1.3 0.5 0.8 0.7
0
Z

~
" Taken from O'Brien and Sampson [28]. (AU values, except water, are expressed as a percentage of the dry weight.) 0

I;:j

b Sum of EGP, SGP, and CGP. ~
c Excluding gangliosides.
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component is very similar to that of myelin, and, indeed, in the most
pure myelin fractions almost 100% of the protein is contained in
the proteolipids. Recently, as a result of work by Matsumoto et al.
124] and of Tenenbaum [46], it has been possible to remove the

TABLE III. Amino Acid Composition of Proteolipid Protein»

Proteolipids Prepared by Emulsion
Centrifugation

Approx.
Proteo- integral

lipid Prep. Prep. Prep. Prep. molar
Amino Acids protein" 73c 77c 79c 80 c ratios

Aspartic acid 4.0 6.1 4.6 4.8 4.6 6
Serine 6.7 7.5 8.5 8.9 8.9 11
Glycine 10.8 11.9 9.0 7.9 9.2 11
Threonine 8.0 7.0 8.6 8.7 9.0 11
Glutamic acid 5.3 5.7 6.0 6.2 7
Alanine 17.1 10.3 12.1 12.1 12.5 15
Tyrosine 9.6 4.1 4.6 4.3 4.5 6
Valine 6.6 6.8 6.5 6.4 9
Phenyl alanine 6.6 8.5 7.0 6.9 11
Leucine, isoleucine 23.0 13.9 13.0 13.6 12.7 16
Lysine 4.4 5.4 6.4 6.5 7.3 8
Histidine 3.0
Arginine 2.4 2.4 2.5 2.8 2.2 3
Cystine 4.3 3.6 4.4 4.5 5.0 6
Methionine 3.4 0.95d 1.6 1.7 1.5 2
Proline 2.7 0.85d 2.4 2.3 2.3 3

Number of residues in smallest possible unit 125

a Taken from the work of Folch-Pi [12]. (All results expressed as % of total
a-amino acid N recovered from acid hydrolyzates).

b Computed from reference 1 in [12].
c Values obtained by quantitative two-dimensional paper chromatography.
d Possibly inaccurate results because of small size of sample.

lipid component from proteolipid leaving behind the protein in an
undenatured state in the sense that it is still chloroform-methanol
soluble. However, the protein is also apparently water soluble and
this opens up numerous kinds of physicochemical and biophysical
studies that are now just beginning. The amino acid composition of
a sample of such proteolipid protein is given in Table III. The proteo-
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lipid protein may well turn out to be a s tructural protein of signifi-
cance in all membranes. 

Recent X - r a y diffraction studies of nerve myelin have led to a 
refinement of the early models proposed by Schmitt, Bear, and Palmer, 
and a plot of the electron density distribution in the repeating unit 

Rat sciatic (180 X) 

(a) 

Rat sciatic ( I80Â) 

-Cholesterol 
wwwp?.^ C 3 0 
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^ Ρ www 

"Phospholipid 

FIG. 7a. Electron density plot for the repeating unit in rat sciatic myelin 
from Finean and Burge. The two deep troughs occur in the location of the 
two unit membranes. The origin "o" is at the center of the intraperiod line. 

FIG. 7b. Idealization of the electron density curves for the myelin layer 
of rat sciatic nerve in which the location of the lipid bilayers in the central 
portions of the two unit membranes are indicated very schematically. 

has been made to a resolution of about 30 Â. This was done indepen-
dently by Finean and Burge [11] and by Moody [26] . The electron 
density plot of the repeating unit given by Finean and Burge is shown 
in Fig. 7a. From the known density of the proteins and lipid compo-
nents present in the myelin sheath, it is now possible to say t ha t 
the general arrangement of the lipid and nonlipid components given 
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in Fig. 7b is essentially correct. This is the strongest evidence of 
the general correctness of this model. However, i t is interesting t h a t 
the essential elements of the model were proposed by Finean in the 
late 1950's before the present X - r a y diffraction evidence was available. 
He advanced the diagram in Fig. 8 in 1955 [10] . While this diagram 

FIG. 8. Diagram from Finean showing his conception of the arrangement 
of molecules in the radial repeating unit of myelin. 

is far too specific even for the present evidence, the essentials appear 
to be correct. I t resulted from consideration of the earlier X - r a y find-
ings of Schmitt et al., newer results of Finean and co-workers, as 
well as evidence which was derived exclusively from electron micros-
copy. In fact, it is probably fair to say tha t it was the electron 
microscopic evidence which first led to the general model, and tha t 
here we have one instance in which direct electron microscopic evi-



T H E UNIT MEMBRANE AND T H E DANIELLI-DAVSON MODEL 13 

dence has led to a molecular model which has been subsequently 
confirmed by X - r a y diffraction. This is not a unique situation, how-
ever, since the interplay of electron microscopic and X - r a y diffraction 
studies involved in the evolution of our current ideas of muscle struc-
ture provide another instance in which it is difficult to say which 
line of evidence was most important . 

I should like to make clear exactly what I mean when I say 
tha t the electron microscopic evidence was crucially impor tant in ar-
riving at the conclusion tha t the general molecular diagram presented 
in Finean's 1955 model was correct. The crux of the problem really 
lay not only in the spinal myelin concept but also in reaching a decision 
about the meaning of the light and dense bands observed in the myelin 
sheath by electron microscopy in terms of the underlying molecules. 
In the mid- and late 1950's, we carried out some studies of model 
systems which allowed us to a t tach definite meaning to the density 
differences observed in the repeating myelin lamellae. We already 
knew from electron microscopic observations of protein structures such 
as collagen or myofibrils t ha t densely packed protein molecules with 
no associated lipid component generally appeared in electron micro-
graphs as more or less uniformly dense structures in cross sections. 
I t was apparent t h a t the very regular al ternat ing dense and light 
bands in myelin probably were caused by the presence of smectic 
layers of lipid molecules. I t was also quite reasonable to assume 
tha t it was the light bands t h a t were primari ly representative of 
the lipids. Fur thermore , it was apparent from the thickness of the 
light bands t h a t there must be only one bilayer of lipid for each 
light band. I believe it was generally agreed a t t h a t t ime t h a t the 
light bands probably represented bilayers of lipid. This conclusion was 
based primarily on the fact t h a t purified lipids t ha t were fixed (with 
either 0 s 0 4 or K M n O . ) , embedded, and sectioned by the techniques 
used for studying tissues appeared as al ternat ing dense and light bands 
as in Fig. 9. Here the period is approximately equal to twice the 
length of one lipid molecule. However, a t this point, there were two 
alternative interpretations. The alternatives depended entirely on how 
one interpreted Fig. 9 in terms of the individual lipid molecules under-
lying the pat tern. Clearly, the dense bands as indicated in Fig. 10 
could equally well represent either the polar ends of the lipid molecules 
as in

 a
b " or their nonpolar ends as in " c . " I t was crucially important 

to decide between these two al ternative interpretations. If one simply 
took into consideration the chemical information about the reactions 
of OsOt with lipid, one might logically have expected t ha t the inter-
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FIG. 9. Specimen of egg cephalin fixed with Os04, embedded in Araldite, 
and sectioned. Magnification: X 1,040,000. 
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pretat ion i n Fig . 10 c woul d b e th e correc t one . Indeed , abou t thi s 
t ime Stoeckeniu s [44 ] i n s tudyin g lipi d mode l system s s tar te d wit h 
this assumptio n an d arrive d a t a n interpretatio n which , i f correct , 
would hav e change d th e interpretatio n o f th e uni t membran e pa t te r n 
radically. However , concurrently , w e wer e s tudyin g lipi d mode l sys -
tems an d arrive d a t th e interpretatio n give n i n Fig . 10b . Subsequen t 
studies b y Stoeckeniu s [45 ] i n associatio n wit h wor k b y Luzzat i an d 
Husson [23 ] hav e provide d confirmatio n o f ou r interpretation , an d 
Stoeckenius i s no w i n agreement . W e arrive d a t ou r interpretatio n 
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(α) (b) (c) 

FIG. 10. Lipid molecules shown as in Figs. 11 and 13. (b) and (c) respectively 
show the possible location of the dense strata in micrographs such as that in 
Fig. 9 in relation to the polar and nonpolar carbon chains. 

by ignoring momentari ly the chemical fact t h a t 0 s 0 4 would be ex-
pected to interact with the double bonds in the lipid nonpolar carbon 
chains, and simply looking a t the physical evidence. We knew t h a t 
a phospholipid in the smectic state as in Fig. 11a would separate 
into individual bilayers as indicated in Fig. l i b , with water going 
in along the polar surfaces of each bimolecular leaflet. This was shown 
by Schmitt, Bear, and Palmer in 1941 [42] by X - r a y diffraction 
studies. We found t h a t when we fixed a purified lipid such as egg 
cephalin in which the individual bilayers had been split off as in 
Fig l i b , we obtained for each bilayer a pair of dense s t ra ta separated 
by a light central zone with the over-all thickness of the structure 
being about 50-60 Â as indicated in Fig. 12. I t was perfectly clear 
from such an observation t h a t the dense s t ra ta represented the polar 
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ends of the lipid molecules, and the light central zones represented 
the nonpolar carbon chains. I t was then not too difficult to rationalize 
the findings with the chemical evidence by assuming tha t O s 0 4 prob-
ably also reacts with some of the components at the polar ends of 
a phospholipid molecule, and, furthermore, t ha t the interactions with 
the double bonds in the nonpolar carbon chains, while undoubtedly 
leading to deposition of some osmium locally, may not always go 
to completion and some O s 0 4 molecules may be converted into O s 0 8, 
OsCX, and metallic osmium. In the lower oxidation states, the ra ther 

FIG. 11. Diagram taken from Schmitt, Bear, and Palmer showing lipid mole-
cules arranged in bilayers in the smectic state. In (a) water is excluded and 
the bilayers are closely approximated, in (b) water has entered along the polar 
heads of the molecules splitting off individual bilayers and increasing the repeat 
period as detected by X-ray diffraction from 63.7 Â to 127 Â . 

nonpolar O s 0 4 molecules would be expected to become more polar 
and might then be expected to adsorb a t the polar ends of the lipid 
molecules. In any event, several rationalizations were possible. The 
fact seemed clear tha t the density of the polar ends of the lipid mole-
cules became very much greater after O s 0 4 or K M n 0 4 fixation than 
the nonpolar carbon chains. 

Taking the above facts into account, we were able to choose un-
ambiguously between models "a , " " b , " and " c " (Fig. 13) for the unit 
membrane. The X- r ay evidence at tha t time would not permit us 
to make this choice since either "a ," " b " or

 u
c " could equally well have 

satisfied the X- r ay diffraction evidence. Model " c " was never really 

(a) (b) 



FIG. 12. Specimen of egg cephalin fixed with K M n 0 4, embedded in Araldite 
and sectioned. Many individual bilayers are separated out and appear as pairs 
of dense strata. Magnification: χ280,000. 
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seriously considered because it was apparent tha t protein would give 
a density in electron micrographs, and this kind of structure should 
either give one or three dense s t rata separated by light bands. Model 
" b " was the difficult one to dispose of. If the interpretation in Fig. 
10c were correct, then the pat tern observed in the uni t membrane 
could be explained by " b " in Fig. 13. However, as soon as we had 
satisfied ourselves tha t the interpretation in Fig. 10b was the correct 
one, we felt quite confident in choosing model "a . " The recently pub-
lished X - r a y diffraction analyses [16, 26] based on considerations 
of expansion of the myelin structure by the introduction of water 
have provided convincing confirmation of this general conclusion. 

^75A (a) (b) (c) 

FIG. 13. The appearance of the unit membrane in electron micrographs is 
shown to the left with the approximate dimensions. Three possible molecular 
configurations are shown in a, b, and c. The zig-zag lines represent nonlipid 
monolayers; the circles represent lipid polar heads and the bars represent the 
nonpolar carbon chains of the lipid molecules. 

However, it should be clear tha t in this instance it really was the 
electron microscopic evidence tha t provided the first proof of the gen-
eral model. Nevertheless, the interplay of X - r a y diffraction, polariza-
tion optical, and electron microscopic evidence is difficult to 
disentangle. 

I should like to turn more specifically to the electron microscopy 
studies of nerve myelin and indicate how they are related to the 
selection of the model chosen by Finean for myelin and to the general 
problem of membrane structure. I t was assumed by Schmitt and his 
co-workers as well as by others working in the field tha t the problems 
of nerve myelin structure were relevant to those of the problem of 
cell membrane structure because myelin seemed to be related in some 
way to membrane phenomena. I t was clear, for instance, t ha t its 
presence had something to do with conduction velocity in peripheral 
myelinated fibers. However, the exact way in which it was related 
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could not be s tated explicitly until certain electron microscopy studies 
had been completed. 

Interestingly, the first step in understanding the morphological 
problems came, not from electron microscopy studies of myelin, but 
ra ther from studies of nonmyelinated nerve fibers carried out by Gas-
ser in the early 1950's. After a long and fruitful career in physiology, 
Gasser turned his hand to electron microscopy in about 1950 because 
he wanted to know something about the structure of " C " fibers. Up 
to t ha t t ime, it had been believed t h a t nonmyelinated peripheral 
nerve fibers, or " C " fibers in the physiological sense, consisted of bun-
dles of axons which were enclosed in syncytial Schwann cells. The 
Schwann cells were conceived to be very long tubes of syncytial cells. 
The axons were thought to be completely included in these syncytial 
cell masses. However, in 1952, a t the Cold Spring Harbor Symposium, 
Gasser [14] gave the first report of his findings and showed t h a t 
the axons were not isolated within the Schwann cells, but ra ther t h a t 
each axon was connected to the outer surface of the Schwann cell 
by a tenuous membranous structure which Gasser conceived of in 
gross anatomical terms as being a kind of mesentery, not unlike t h a t 
which connects the intestine with the body wall in vertebrates. He, 
therefore, invented the term "mesaxon" for this special structure. Sub-
sequent studies by Gasser [15] , with the assistance of Palade, resulted 
in the clear demonstration tha t the mesaxon consisted simply of the 
Schwann cell surface membrane invaginated and extended to enclose 
the axon completely. Later on it was shown from my work t ha t 
Schwann cell membranes appear in sections as a pai r of dense lines 
each about 20 Â thick separated by a light central zone about 35 Â 
across to which I have applied the special term "uni t membrane ." 
The relationships of the uni t membranes in nonmyelinated nerve fibers 
are shown in Fig. 14 in which I have summarized Gasser's results 
as well as the results of my own studies of nonmyelinated nerve 
fibers. As the diagram indicates, nonmyelinated nerve fibers consist 
of Schwann cells with which axons are related in the var ie ty of ways 
shown. Some of the axons simply lie in apposition with the Schwann 
cells, while others are pushed down into them in varying degrees. 
Around the ones lying deepest, the two enveloping sheaths of Schwann 
cytoplasm come together so tha t their membranes lie in close apposi-
tion to make the mesaxon. In adul t fibers there is a remarkable uni-
formity in the spacing between the two Schwann cell membranes in 
the mesaxon where they are separated by about 100 to 150 Â. This 
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separation is also seen between the Schwann cell membrane and the 
axon membrane. There is thus a direct pa thway between the surface 
of the axon and the outside by means of this inter-membrane gap. 
The gap is continuous with extracellular substance. There is a conden-
sation of extracellular material around the Schwann cell tha t is of 
variable thickness and variable density depending upon how the mate -
rial is treated. This is shown by the light stippling at " b " in Fig. 

.un i t un i t . 
αχοη-Sctrwânn memb. 

FIG. 14. Diagram of a vertebrate unmyelinated nerve fiber. See text for 
further explanation. 

14, which depicts the appearance of this so-called "basement 
membrane" or "basement lamina" as it sometimes appears. The draw-
ing was constructed mainly from observations of permanganate-fixed 
material and the basement lamina was accordingly somewhat deem-
phasized. I t is much more prominent in appearance after O s 0 4 fixation 
with lead staining, and there are now reasons to believe tha t this 
is a truer representation than the one given in Fig. 14. The basement 
lamina is evidently a condensation of extracellular substance with 
a high content of mucopolysaccharides. In my opinion, its substance 
grades off imperceptibly into the extracellular continuum and also 
into the gap in the mesaxon and the space between the axon and 
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Schwann cell membranes. Thus, I conceive of the gap substance as 
being related to the basement lamina substance and probably high 
in mucopolysaccharide content. Indeed, this whole complex extending 
from the outer dense s t ra tum of the unit membrane to the outer limits 
of the basement lamina is now being referred to by cytologists as 
the "glycocalyx." There is good evidence for assuming tha t the gap 
substance in the glycocalyx is about 90% hydrated as I shall indicate 
later. 

In 1954, Geren [16] began a study of the formation of nerve 
myelin in chick peripheral nerves. At early stages before the appear-
ance of myelin, she observed tha t there were numbers of nonmye-
linated nerve fibers having the general structure established by Gasser 
in which there was only one Schwann cell per axon. This led her 
to postulate tha t myelin might, in fact, simply be formed by spiral 
winding of a mesaxon around the axon with condensation into the 
compact myelin structure. While this was an interesting hypothesis, 
it was by no means proven. On the evidence available at tha t time, 
it was quite possible tha t nonmembranous components were laid down 
between membranes of the mesaxon loops even if the spiraling of 
the mesaxon was continued during development. Nevertheless, this 
hypothesis was eventually shown to be correct. The first step in es tab-
lishing it came with demonstration of an outer and inner mesaxon 
at tached to compact myelin in a lizard myelinated nerve fiber from 
my laboratory a few months after Geren's hypothesis was first ad-
vanced. The original micrograph is reproduced in Fig. 15. I was, of 
course, aware of Geren's hypothesis at the time and it was with great 
elation tha t I realized tha t the relationships shown proved tha t myelin 
was formed by a continuous elaboration of the spiral mesaxon seen 
in intermediate fibers. I believe tha t it is fair to say t ha t the findings 
also showed t ha t no extramembranous material was laid down in 
the cytoplasm between the mesaxon loops as the myelin sheath 
evolved. This was apparent from the fact tha t the major dense line 
measured only about 30 Â in thickness and was formed by the in-
t imate apposition of one of the Schwann cell membranes of the 
mesaxon with the compact myelin. I t was also impor tant tha t the 
outer mesaxon entered the myelin in a direction opposite to t h a t of 
the inner mesaxon. I t was not possible at tha t time, however, to state 
with certainty tha t the myelin was made only of Schwann cell mem-
brane material because the Schwann cell membranes were very fuzzy 
in appearance and of indefinite thickness. The exact details of their 
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junction to make the intraperiod line of the repeating myelin structure 
could not be made out with clarity, and the Schwann cell membrane 
a t the surface of the Schwann cell externally was very fuzzy and 
very indefinite in its appearance although it was apparent t h a t it 
measured less than 100 Â in thickness. The possibility thus remained 
tha t extramembranous material might be added between the outside 
surfaces of the mesaxon membranes as myelin evolved. 

FIG. 15. Reproduction of the first micrograph showing an outer and inner 
mesaxon in a myelinated nerve fiber. This was obtained by the author in 1954. 
Magnification : X 176,000. 

The complete solution of the problem awaited the development 
of permanganate fixation by Luft [22] who rediscovered it in 1956 
as a suitable fixing agent for membranous structures. I t had actually 
been described as a fixative for nerve in the last century by Bethe 
but had not been used in electron microscopy, and it seems tha t Luft 
rediscovered it quite independently. As soon as we began to use per-
manganate as the fixing agent, the uni t membrane pat tern appeared 
in our electron micrographs. Figure 16 is a micrograph of a human 
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FIG. 16. Unit membrane at the surface of a human red blood cell. Magnifica-
tion: X 280 ,000 . 
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red blood cell t ha t shows the unit membrane at its surface. Figure 
17 shows the two unit membranes of a mesaxon in a nonmyelinated 
nerve fiber, and Fig. 18 shows the relationship of the two unit mem-
branes to compact myelin in a myelinating mouse sciatic nerve fiber. 
Such micrographs as this, which I first published in 1957 [31, 32 ] , 
showed conclusively tha t the intraperiod line was formed by the inti-

FIG. 17. Portion of a nonmyelinated nerve fiber in mouse sciatic nerve showing 
the unit membrane of the axon and of the Schwann cell. A portion of a mesaxon 
appears in the lower center. Note the gap between the two unit membranes. 

mate apposition of the two outside dense s t ra ta of the unit membrane 
a t the surface of the Schwann cell and tha t the major dense line was 
formed by the int imate apposition of the two inside dense s t ra ta . 
These findings proved conclusively t h a t no extramembranous material 
was added during the formation of myelin. Indeed, if anything, there 
is a slight contraction of the unit membranes as they enter the com-
pact myelin. I t was apparent from these electron microscopic studies 
tha t the repeating unit in the myelin sheath was simply the mesaxon 
and nothing else. I t was further apparent on grounds of symmetry 
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FIG. 18. Young mouse sciatic nerve fiber showing developing myelin sheath. 
Note the relationships of the unit membranes of the mesaxon to the compact 
myelin. Magnification: X 160,000. 
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tha t this must correspond to the radial repeating unit detected in 
myelin by X - r a y diffraction studies. To be sure, the dimensions were 
reduced because of shrinkage during the preparatory procedures. The 
exact degree of shrinkage involved was studied by Finean [9] and 
later by Fernandez-Moran and Finean [8] by a combined X- r ay 
diffraction and electron microscopic study tha t was of value in sup-
porting the belief tha t the reduction in the radial repeat from about 
170 Â to 180 Â to about 100 Â to 120 Â was due to shrinkage during 
preparation.. Figure 19 summarizes the steps in the formation of nerve 

Schwann 

a b c 

FIG. 19. Diagram summarizing the steps in the formation of nerve myelin. 
The mesaxon is shown at "m." Note that the intraperiod line originates from 
apposition of the two outside surfaces of the unit membranes of the mesaxon 
and the intraperiod line by apposition of the cytoplasmic surfaces of the mesaxon 
loops. 

myelin and has been worked out mainly from studies of mouse sciatic 
nerve fibers during the first few days after birth. With all of these 
facts in hand, it was possible to take the molecular diagram for the 
radial repeating unit in myelin t ha t was postulated by Finean and 
shown in Fig. 8 and combine it with the electron microscope observa-
tions as indicated in Fig. 20, extrapolate out to the Schwann cell 
surface and say tha t the molecular pat tern responsible for the unit 
membrane image was tha t indicated in the diagram. This led directly 
to the postulate t h a t the underlying molecular configuration of the 
unit membrane structure was tha t shown in Fig. 21 . This diagram 
in many ways is similar to the one proposed by Danielli in the 1930's. 
I t should be noted, however, t ha t it resulted from a completely inde-
pendent line of work, drawing mainly on evidence derived from elec-
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FIG. 20. Diagram of the electron microscopic appearance of myelin at its 
junction with the mesaxon to the left. To the right the molecular diagram 
is superimposed, which is deduced partly by X - r a y diffraction and partly from 
the studies of model systems by electron microscopy. 

Illllllllllllllll 
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FIG. 21. Molecular diagram of the general pattern of organization of the 
unit membrane. The bars represent nonpolar carbon chains of lipid molecules 
with the circles representing their polar heads. The zig-zag lines represent mono-
layers on nonlipid of two different kinds. I t is not intended to exclude interpéné-
tration of the lipid carbon chains. This is not shown in the diagram, for simplicity. 
Indeed, some degree of interpénétration of the lipid carbon chains is very 
probable. 
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tron microscope studies. In a sense, it had its roots in common with 
the Daniel l i -Davson model in the work of Langmuir. Bu t it was ar-
rived at by a very different pa thway, and thus should be considered 
as an independent model. This is not to say tha t it does not provide 
confirmation of the general correctness of the Danielli model. I t does 
indeed do this, and, in addition, it provides certain new facts tha t 
take us a little further in understanding the molecular organization 
of membranes. Most important ly, i t sets a limit on the number of 
lipid molecules in the membrane to a single bilayer. Another impor-
tan t feature is tha t it introduces the notion of chemical asymmetry 
in the membrane. To be sure, chemical asymmetry could be implied 
from the early electro-physiological studies, even those dating back 
to Bernstein. However, we have from the more recent studies definite 
structural evidence of chemical asymmetry. This is established simply 
from the fact tha t the radial repeating unit detected by X- r ay diffrac-
tion must include two unit membranes instead of one. This means 
tha t the outside surfaces and the inside surfaces of the membrane 
must be significantly different in chemical terms. This difference is 
manifested in the electron micrographs of sections of myelin by the 
different appearance of the major dense line and the intraperiod line. 
This difference clearly results from a difference in the reactivity of 
these components of the inside and outside surfaces of the membrane 
with the fixing agents. The other important feature tha t was added 
is the limitation of the thickness of the nonlipid monolayer in the 
fundamental unit. If the Schwann cell membrane is to be taken as a 
general type of membrane, then the thickness of the nonlipid mono-
layers cannot exceed 20-30 Â since any layers thicker than this simply 
cannot be packed into the myelin sheath along with the lipids t ha t are 
known to be present. In the Danielli model, the nonlipid monolayers 
were thought to be globular proteins. This may be correct but they 
must be small molecules. I t is possible tha t they are in some kind of 
extended form such as a pleated sheet or they could be in the alpha 
helical state. To date, we still have no real evidence on this point. 
From the fact tha t the optic axis of the myelin sheath lies in the 
radial direction we can, however, say tha t the nonlipid myelin com-
ponents cannot have any preferred orientation in the sense of simple 
parallel alignment of protein molecules as in collagen. Bu t this is 
not to say that they cannot have order. For example, hexagonal sym-
metry is compatible with an optic axis in the radial direction. The 
radially positive intrinsic birefringence, however, strongly supports 
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the lamellar arrangement of the lipid and indeed the X - r a y diffraction 
evidence in its present state provides quite rigorous proof of this 
lamellar arrangement. 

I should like to point out tha t I have deliberately kept all of 
my molecular diagrams as schematic as possible. All t ha t I wish to 
imply with my unit membrane model is t h a t the lipid core is a con-
tinuous bilayer with the polar groups directed outward and associated 
with nonlipid monolayers. The details of molecular composition and 
arrangement of lipid components given in Finean 's diagram in Fig. 
8 remain highly speculative. We really have no definite evidence as 
yet tha t allows us to go further than the s tatement t ha t the lipid 
core of the membrane is arranged in a continuous bilayer with the 
polar heads directed outward. Any more than this a t present is pure 
speculation. 

Of course, it was necessary to establish tha t the uni t membrane 
pat tern observed in electron micrographs a t the surface of the 
Schwann cells in relation to myelin was not a peculiarity of the 
Schwann cell. We satisfied ourselves t ha t this was the case in the 
late 1950's by conducting extensive surveys of a number of different 
types of tissues from many different organs and from many different 
animals, even of different phyla [32] . The pa t te rn was demonstrated 
with both K M n 0 4 and O s 0 4 fixation, although the lat ter method re-
quired several years of evolution of the technique before the unit 
membrane pat tern began to appear consistently. The pa t te rn is now 
regularly seen after glutaraldehyde fixation followed by O s 0 4, and 
it has been demonstrated in all membranous cell organelles and shown 
to be regularly present not only in animal but in p lant cells. I t thus 
appears to be a universal biological constant. I should like to explain, 
however, tha t when I say this I do not mean to imply tha t the struc-
ture is a rigid one which never var ies; obviously, membranes have 
specificity. I t is known tha t the chemical composition of different 
membranes is quite different. The part icular molecular species t ha t 
make up any given membrane vary considerably. We do not yet know 
whether there is any arrangement of part icular molecular species 
which is common to all membranes. However, it does appear on the 
basis of the evidence tha t I have outlined tha t the general pa t te rn 
of organization of cell membranes embodied in the uni t membrane 
concept is constant and general. I t is possible t ha t local variat ions 
in the pat tern of organization may occur, such as phase changes in 
the lipid bilayer with rearrangements of the lipid molecules occurring 
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in certain regions of the kind postulated by Sjôstrand [43] on the 
basis of the work of Luzzati and Husson [23] and of Stoeckenius 
[45] . This is a topic on which much current activity is centered. 
However, at the present t ime, there is no positive evidence t ha t such 
phase transformations ever occur in lipoprotein systems either in vitro 
or in vivo. I t is quite certain t ha t such changes have not been demon-
strated in nerve myelin. Correlated biophysical studies by electron 
microscopy, polarization optics, and X - r a y diffraction have also been 
carried out on retinal rod outer segments in which stacks of unit 
membranes are found to make up the regular lamellae of the visual 
receptors. Here some question has been raised as to whether or not 
globular phase transformations may occur in the membrane lipids 
by Blaisie et al. [2 ] . However, our own studies do not support the 
presence of such transformations although we have seen evidence of 
lipid rearrangements of another kind occurring in retinal rods after 
prolonged exposure to the X - r a y beam which we at t r ibute to degrada-
tion i[35, 36] . I t would be beyond the scope of the present paper 
to proceed further into this topic, and I shall not undertake to do 
so because I have recently considered it a t some length in two other 
articles [35, 36] . Suffice it to say tha t a t the present t ime the general 
arrangement of the lipid and nonlipid components depicted in Fig. 
16 appears to be general for all living membranes. 
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