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SUMMARY 

The incorporation of ox brain cerebroside into egg-lecithin model membranes  
(bilayers) typically increases the electrical resistance and breakdown voltage and 
decreases the a.c. capacitance. At I : I  mole ratio the capacitance measured at IOOO 
Hz is 0.24 i 0.02 /zF/cm z as compared with 0.38 ~ 0.02 #F/cm 2 for egg lecithin 
alone. By comparison with the effects of including sphingomyelin and dibehenoyl 
lecithin in bilayers, it is concluded that  the reduced capacitance is in part  due to 
a thicker hydrocarbon region resulting from the relatively longer hydrocarbon chains, 
of the cerebroside. Combined measurements of a.c. and d.c. capacitance indicate the 
presence of a low frequency dispersion from which it is inferred that  the remaining 
reduction in a.c. capacitance is due to a contribution from the polar groups. An 
analysis of the bilayer equivalent circuit shows that  such a contribution can be ex- 
pected only if the polar region has a low conductance and a low dielectric constant. 

Calorimetric studies demonstrate that  hydrated ox brain cerebroside has a 
gel-liquid crystalline phase transition at about 55 ° . The transition temperature of 
hydrated cerebroside-egg lecithin samples falls as the proportion of lecithin is in- 
creased, reaching 20 ° at about I : I mole ratio. There is circumstantial evidence that  
this is close to the maximum amount of cerebroside that  can be incorporated into the 
bilayer at this temperature. 

INTRODUCTION 

Sugar lipids have been identified as important  membrane components with a 
specific tissue distribution 1 and a frequently defined antigenic roleS; they have, 
however, been the subject of only a few biophysical studies. The particular function of 
the sugar group in membrane interactions is unknown, HOWARD AND BURTON a 

reported that  they were able to form black films from cerebroside in n-decane but 
only at elevated temperatures (35-45 °). Recently HOPFER et al. 4, found that  bilayers 
formed from diglucosyldiglyceride (extracted from Staphylococus aureus) in n-decane 
had a resistance of 1.1o8-2 • lO 9 Q . c m  2, a d.c. capacitance of 0.35-0.46 #F/cm ~, and 
a slight anionic selectivity. Other studies on crude brain extracts containing sugar  
lipids 5 have been made but the contribution of the various sugar lipids is not clear. 

In this paper we report the properties of mixed ox brain cerebroside-egg yolk 

* P resen t  address :  H a r v a r d  Medical  School,  25 S h a t t u c k  Street ,  Bos ton ,  Mass.  o2o3o, U.S.A.  
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lecithin-n-decane bilayers. For comparison a limited number of observations on 
synthetic dibehenoyl C22 lecithin and ox brain sphingomyelin in egg yolk lecithin-n- 
decane bilayers are included. 

Cerebroside has been established as predominantly I-galactosyl-2-acylsphin- 
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gosine ( i - O - f l - D - g a l a c t o - p y r a n o s y l - 2 S  : 3 R - 2 - t e t r a c o s a n o y l a m i d o - t r a n s - o c t a d e c e n e - L 3  - 
diol) 8 with a variable fa t ty  acid composition. In human brain 7 and ox brain 8 the fa t ty  
acids are mostly of the C24 type as is shown in Table I. A fl-linkage between the galac- 
tose anomeric carbon and the first carbon of the sphingosine base has been demonstrat-  
ed by several techniques 9, lo. 

MATERIALS AND METHODS 

Black film studies were performed with bulk ox brain cerebroside generously 
provided by Drs. W. E. Van Heyningen and J, Mellanby. Koch-Light  samples were 
used for the calorimetric work. Individual cerebroside fractions from human brain 
(nervone, cerasine, cerebrone, and sulfatide) were provided by Professor E. KLENK. 
The bulk ox brain cerebroside was chromatographed on Silica gel G (Merck) and 
developed in chloroform-methanol-  7 M aq. ammonia (23o:9o:15, v/v/v), Under 
iodine vapor the bulk fractions were clearly seen to be a mixture of individual com- 
ponents with the cerasine fraction in greatest aboundance. Egg yolk lecithin was 
prepared by the method of DAWSON n and was pure by  thin-layer chromatograpy. 
I t  was stored as a 1% solution in chloroform under nitrogen in sealed ampoules at 
- 2 0  °. n-Decane and ox brain sphingomyelin were obtained from Koch-Light .  
Synthetic dibehenoyl lecithin was a gift from Unilever. Tris (hydroxymethyl)methyl-  
amine was obtained from British Drug Houses. Distilled water and Analar grade 
KC1, CaC12 and sucrose were used for the preparation of the various solutions. 

Mixtures of egg yolk lecithin and ox-brain cerebroside were prepared in chloro- 
form-methanol  (I :I, v/v), evaporated to dryness under nitrogen, and redissolved in 
n-decane at 1% concentration. Usiag the brush technique, films of 1-2 mm diameter 
were formed on teflon supports in an apparatus similar to that  of MUELLER AND 
RUDIN 12. 

Resistance measurements were carried out by applying a d.c. voltage to the 
film and measuring the current with a Keighley 417 Picoammeter. A.c. capacitance 
measurements from 15 to 50000 Hz were carried out using an Advance A.E. Generator 
Type J Model 2, and a Wayne-Kerr  Universal Bridge B22I-Mk. I I I  with an external 
null indicator (Brookdeal 450 low noise amplifier). D.c. capacitance measurements 
were made using a circuit similar to the one described by HANAI, HAYDON AND 
TAYLOR 13 coupled with the bridge as shown in Fig. I so that  sequential d.c. and a.c. 
measurements could be made on each film. The d.c. capacitance was calculated in 

L 

ecorder 

Fig. I. Diagram of circuit for a.c. and d.c. capacitance measurements, Bilayer is represented by 
a res is tance  (Rf) and  a capac i tance  (C~) in parallel .  
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the following manner; z, the circuit time constant, was determined from a semi-log 
plot of the voltage rise across the resistor R 0 following the opening of the switch S. 
Rf, the film resistance was determined from the ratio of the applied voltage, V0, 
to the final steady voltage V across R o. 
Then 

r(Ro + Rr) 
Ca.c. (t) 

RoRr 

where 

and 

Ro ~ o.986"IO s 

V0--V 
Rf R0 

V 

For both a.c. and d.c. capacitance measurement the applied potentials were always 
less than 5o mV. 

The area of each film was determined by measuring the diameter with a travel- 
ling microscope. In the d.c. experiments the measurement of area was avoided by 
determining the ratio of the d.c. capacitance to the a.c. capacitance at IOOO Hz 
(Ca.e./Ca.e.) for each film. This method is advantageous because the area is the least 
accurate of the measurements. 

The bilayer thickness was determined optically using a modification of a pre- 
viously described arrangement 14. Reflectivity measurements were made from black 
films formed in aqueous solutions of Caele or sucrose in 50 mM Tris (pH 7.2) at various 
values of refractive index; these refractive indices were measured on an Abbb re- 
fractometer. A Hewlett Packard 91oo calculator was used to fit the experimental 
points to linear plots using the method of least squares. 

The films were illuminated at near-normal incidence by light from a helium- 
neon laser (4 - 6328 A) and, to avoid birefringence errors, the beam was polarized 
perpendicular to the plane of incidence. Reflectances were calibrated by substituting 
a quartz plate of known reflectivity in place of the membrane. To simplify the ex- 
perimental technique the reflectivity of the quartz plate reference was measured 
immediately after the bilayer in the same aqueous solution; a correction factor was 
then applied to account for the attenuation of the absolute reflectivity of the quartz 
plate with increasing refractive index of the aqueous phase. The absolute reflectivity 
of the film, Rm, is then given by 

Im 
Rm -- RQ 

Iq/G(n O) 

where RQ is the reflectivity of the quartz plate in distilled water (=  1.86. IO-3); Ira, 
the intensity reflected by the film; IQ, the intensity refected by the quartz plate and 
G(no) the attenuation factor for the quartz plate which is dependent upon the refrac- 
tive index n o of the aqueous phase. Although the optical rotation of the most con- 
centrated solution (55 %) of sucrose was large, the path length between the cuvette 
wall and the film was small so that the amount of beam rotation was small and pro- 
duced an insignificant error in the thickness calculations. 
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Thermal measurements were carried out using a polarizing microscope with a 
hot stage and a Perkin-Elmer differential scanning calorimeter Model Ib  (cf. LAD- 
BROOKE AND CHAPMAN 1~ review) using cold-welded aluminium pans. Samples were 
mixed in chloroform-methanol, dried thoroughly under nitrogen, and mixed with 
excess water  (lipid/water = I : I )  at 55 ° producing a homogeneous dispersion which 
gave a lipid and a water transition. I t  was found necessary to freeze the samples in 
liquid nitrogen for a day in order to get reproducible peaks. The samples, after ex- 
tensive cooling, were rapidly transferred to the machine and heating runs begun at  
--I00 °. 

RESULTS 

Membrane formation 
Stable films were formed from solutions of cerebroside-egg yolk lecithin (I % in 

n-decane) with mole fractions of cerebroside varying from o to 0.7. Stable bilayers 
could not be formed at greater cerebroside concentrations. With increasing amounts  
of cerebroside the films showed greater reluctance to thin and at the higher mole 
ratios it was found expedient to increase the thinning rate by application of a poten- 
tial. Cerebroside, dibehenoyl lecithin and sphingomyelin mixed with egg yolk lecithin 
all formed larger area films (on the same 2-ram aperture) with a less pronounced Gibbs 
ring than egg yolk lecithin alone. 

Electrical measurements 
Cerebroside-lecithin films made from various mole ratios characteristically 

lasted longer, had a higher breakdown resistance, a higher breakdown potential and 
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Fig. 2. Graph of bilayer capacitance (Q),  b reakdown voltage ([7~), and resistance (A) as a funct ion 
of the mole fraction of eerebroside in egg yolk lecithin (i % tota l  lipid in n-decane). Breakdown 
voltage and resis tance are  plot ted as the fraction of the lecithin control  value ; the control  lecithin 
was taken f rom the same batch  and the films made on the same teflon suppor t s  as the cerebroside-- 
lecithin mixtures.  Arrow: films did no t  form at this mole ratio. 
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a lower a.c. capacitance than the lecithin controls (Fig. 2.) For cerebroside-lecithin 
(I : I) the resistance was typically in the range lO T - lO 8/2. cm% the breakdown voltage 
approximately 200 mV, and the capacitance 0.24 # F / c m  2. 

A.c. capacitance measurements of lecithin-cerebroside (I : i )  films over the 
range 15 to 5" lO4 Hz showed only one dispersion which shifted to lower frequency 
when the salt concentration was decreased (Fig. 3). D.c. capacitance measurements 
gave time constants, z, between o.41 and 0.79 sec corresponding to a frequency 
range of 0.20-0.39 Hz. As shown inTable II the calculated d.c. capacitances were 13 % 
greater than the a.c. capacitances measured at approximately the same time at IOOO 
Hz. Lecithin alone showed no significant difference between a.c. and d.c. measurements. 
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a 2.c ~- 40 i 
(3 

1.C ± 20 

0 I 
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Fig. 3. A.c. capac i tance  (C~.e.) and c o n d u c t a n c e  (G) as a func t ion  of f r e q u e n c y  for t w o  c e r e b r o s i d e -  
egg  yolk  leci thin (1:I)  films; ioo m M  KCI: Ca.e. (Q)  and G (~]); o.oi m M  KCI: Ca.e. (~7)and  
G (z~). M e a s u r e m e n t s  m a d e  on films f o r m e d  across  a 2-ram d i a m e t e r  hole.  

T A B L E  I[  

(a) a.c. CAPACITANCE MEASUREMENTS (AT IOOO cycles /sec)  

Lipid mixture (I % in n-decane) Ca.c. (~F/cn#) 

(i) Egg yolk leci thin 0.38 -- 0.02 
(2) Egg  yolk  l ec i t h in -ce reb ros ide  (i : I) 0.24 i 0.02 
(3) Egg  yolk l e c i t h i n - s p h i n g o m y e l i n  (i : i) o.31 ± 0.02 
{4) Egg yolk l e c i t h i n - d i b e h e n o y l  lec i thin 

(i) 4 : I  o.3i ± 0 . 0 2  
(ii) 25:1 o.31 ± 0.02 

(b) d.c. CAPACITANCE MEASUREMENTS 

Lipid mixture (z % in n-decane) z (sec) Cd.c./Ca.c. (%) 

(I) Egg yolk  l ec i th in -ce rebcos ide  (i : i) o-41-o.79 113 Jz 5 
{2) Egg  yolk  leci thin 0-22-0.59 lO3 ~z 5 
(3) Egg yolk l e c i t h i n - s p h i n g o m y e l i n  (I : I) o .6o-o.74 lOZ ± 5 
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Over the range of applied potential (20-4o mY) used in the d.c. capacitance measure- 
ments, no variation of capacitance with potential was observed. 

Both sphingomyelin-egg yolk lecithin and dibehenoyl lecithin-egg yolk lecithin 
films were found to have an a.c. capacitance of o.31 ffF/cm 2 (Table II). The sphingomye- 
lin films showed only a single dispersion (at 2o kHz in o.I  M KC1) in the frequency range 
2. lO4-5  • lO 4 Hz. Dibehenoyl lecithin still yielded capacitances of o.31 ffF/cm ~ even 
when the mole ratio of dibehenoyl lecithin to egg yolk lecithin was decreased to 1:25. 

optical measurements 
Reflectivity measurements were made on lecithin-n-decane and lecithin- cere- 

broside-n-decane films and are plotted in Fig. 4a as the square root of the reflectivity 

10 

9 

8 

7 
R,.,J~. lO 3 

8 

7 

6 
Rm 1]2 x 103 

5 

4 

[a) 

~X 

~XX 

I I I I I I I ~ ,  I I J 
1.30 1,32 1,3.4 1.36 1.38 1.40 1.42 1.44 1.46 1.48 1.50 

Do 

10 

{b) 
9 

xX 

I I ] I I I I " X ' , I  I I 
130 t.32 134 12,6 138 1.40 1.42 1.44 1.46 1.48 1.50 

,%-A 

Fig. 4. a. Square roo t  of the  ref lect ivi ty p lo t t ed  against  the  refract ive index of the  aqueous  
solut ion (no). - - - - - - ,  egg yolk leci thin;  Q - - Q ,  egg yolk lecithin cerebroside (2: i). b. Square  
root  of the  reflectivi ty p lo t t ed  against  (n0--A). - - - - - - ,  egg yolk leci thin;  G - - ( ~ ,  egg yolk 
lec i th in-cerebros ide  (2 : i). 
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(Rm ½) against the refractive index of the aqueous phase (no). The thickness of the 
bilayer is calculated using equations previously derived~, ~6. 

nlRm ½ 
n l -  n0 + A (3) 

s in  fl 

where 
(n l  - -  nO) 2 

A - -  

and 
2~znld 

2 

n 1 is the mean refractive index in the plane of the bilayer, ~ is the wavelength of the 
incident light, and d is the total bilayer thickness. By extrapolation of the line to 
zero reflectivity an approximate value for the refractive index of the film is obtained. 
Using this value of n 1 the data is replotted a s  R m  ½ against n o --A (Fig. 4b). From 
this graph the thickness and the mean refractive index of the film are obtained. 

To eliminate any possibility of ion binding effects ~7 optical measurements were 
carried out in sucrose solutions in addition to calcium chloride. These measurements 
gave a thickness of 66 ± 3 A and a mean refractive index of 1.454 ± 0.002 for egg 
yolk lecithin which is in good agreement with previous determinations 14, ~s. Measure- 
ments on films from lecithin-cerehroside mixtures (2 : I, w/w) in sucrose solutions gave 
a thickness of 67 ~ 2 A and a mean refractive index of 1.45o ± o.ooi. A 2 : I  (instead 
of a i : i) mixture was used to increase the thinning rate and to keep the experiments 
from being prohibitively long. 

To check the prediction that the reflected light intensity goes to zero as the 
refractive index of the aqueous solution approaches the refractive index of the film, 
visual observations were made on films in a series of highly concentrated CaC12 
solutions. At n o = 1.43o the photo-multiplier could no longer distinguish the reflected 
beam from the background scatter. As n o was further increased the intensity of the re- 
flected beam continued to fall until at 1.45o (saturated CaC12 solution) the reflected 
beam was barely visible by eye. 

Calorimetry 
The change of hydrated cerebroside from the gel to the liquid crystal phase, 

observed visually and in the differential scanning colorimeter, occurred at approxi- 
mately 50-55 ° and gave a broad endothermic peak as is to be expected with mixed 
hydrocarbon chains TM. The relationship of transition temperature (Te) of hydrated 
mixtures of cerebroside and egg yolk lecithin (Te approx. - 1 5  °) to mole fraction of 
cerebroside is illustrated in Fig. 5- The liquid crystal-hydrated transitions were de- 
pendent on the mole fraction of the components, although it was difficult to assign 
precise transition temperatures because of the broadness of the peaks. 

DISCUSSION 

Film composition and calorimetry 
Attempts have been made previously to determine bilayer composition by 

interfacial tension measurements ~° and radioactive techniques~, 22. The present 
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Fig. 5" a. Transi t ion peaks of various wa te r - l i p id  mixtures  (1 : i, W/W) in the differential scanning 
color imeter  (range, 4; scan, 9 degrees/min). I, egg yolk lecithin lOO%; 2, egg yolk lec i th in-  
cerebroside, 61 : 39 % ; 3, egg yolk leci thin-cerebroside,  50:5 ° % ; 4, cerebroside ioo %. Dashed 
line indicates assumed base line. b. Graph of onset  t empera tu re  of t rans i t ion  peak versus mole 
fraction of cerebroside in egg yolk lecithin. Values f rom o to io ° were obscured by  the water  peak. 
Stra ight  line between pure  egg yolk lecithin and cerebroside t ransi t ions  indicates values expected 
in the event  of ideal mixing. 

capacitance data shows a point of inflection at approx. I :i cerebroside-lecithin in 
n-decane (bulk solution) (Fig. 2), suggesting that  there is a maximum amount of 
cerebroside which can be incorporated into the bilayer. Although the relationship 
between the composition of the film and the bulk solution is not clear, a plausible 
value for the cerebroside content of the film may be deduced from the available 
calorimetric data. 

There is good evidence that  black films, like myelin figures, only form when the 
transition temperature of the hydrated lipids is below the environmental temperature. 
Thus it was previously found for synthetic dipalmitoyl lecithin (Te, 42°) that  bilayers 
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would not form at room temperature23; cerebroside and sphingomyelin (Te about 4 o°) 
bilayers formed only after the surrounding bath was heated to a higher temperature 
(35-45°) 3. However, the relationship between black film formation and the Te of 
the lipids is complicated by the presence of n-decane in the films. With hydrated 
dipalmitoyl lecithin-n-decane mixtures we have observed a typical solvent effect 
on the thermal transition at 42° . This peak becomes broadened and is shifted by 
about IO ° to lower temperature when n-decane is present. 

I t  was found that  cerebroside-egg yolk lecithin mixtures containing between 
40 and 5o % cerebroside give a transition at about room temperature. This mole ratio 
is close to that  found at the inflexion point of the capacitance data. Thus there is 
circumstantial evidence that  the cerebroside-egg yolk lecithin ratio in the bilayer is 
similar to that  of the bulk solution. 

Electrical and optical measurements 
I t  has been shown that  optical measurements determine the total thickness of 

the film 16 while the capacitance measurements, at least in the case of egg yolk lecithin- 
n-decane, are determined only by the hydrocarbon thicknessl3, 24. The finding that  the 
thickness of lecithin and lecithin-cerebroside films are approximately the same by 
optical methods, although the capacitance of the latter is greatly diminished, suggests 
three possibilities : 

(I) The hydrocarbon thickness is the same and a change in dielectric constant 
produces the capacitance change. 

(2) The drop in capacitance is due to an increase in hydrocarbon thickness 
resulting from the longer cerebroside fa t ty  acid chains (Table I). In this case there 
must  be a compensating decrease in polar thickness. 

(3) The hydrocarbon thickness is the same in both cases and therefore a con- 
tribution from the polar region must account for the drop in capacitance. 

The first possibility is unlikely since the relevant long chain hydrocarbons have 
dielectric constants that  do not vary by more than ± 5 %. (In subsequent calculations 
we arbitrarily use the same hydrocarbon dielectric constant (2.05) as was previously 
deduced for egg yolk lecithin-n-decane films24.) 

Evidence relevant to the second possibility is obtained from the measurements 
with ox brain sphingomyelin and dibehenoyl lecithin. Since sphingomyelin has a 
sphingosine base and a large amount of C24 fa t ty  acid, it differs from cerebroside only 
in the polar head group. I ts  capacitance was found to be constant over all frequencies 
examined and hence can be related directly to the hydrocarbon thickness ~3. Using the 
formula for a parallel plate capacitor, 

~rtl~ F 
C-- 

4~di~ 

where Av is the area of the film, em the dielectric constant and dH the hydrocarbon 
thickness, we arrive at a value of 59 + 4 -~. The results with dibehenoyl lecithin where 
the capacitance directly relates to the hydrocarbon thickness, indicate that  even in 
low dilution in egg yolk lecithin the longest fa t ty  acid chains dominate the capacitance. 
Thus the incorporation of Ce2 and C24 chains does increase the hydrocarbon thickness 
and decrease the capacitance to o.3I #F/cm ~ but this alone is not sufficient to account 
for the full drop in capacitance observed with cerebroside. By analogy the drop in 
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cerebroside capacitance to o.31 #F/cm 2 would be due to a thicker hydrocarbon 
region, and the drop from 0.31 to 0.25 #F/cm I must then be accounted for by a 
contribution from the polar groups (i.e. possibility (3)). 

A contribution from the polar groups may arise either from their geometrical 
capacitance or from a charge double layer effect. Using a simplified model, EVZRITT 
AND HAYDON a5 derived an expression for the membrane capacitance (for low applied 
potentials relative to the surface potential ~0o): 

i 2 i 

Ctota l  - -  eoK (zey)o~ eml4nd 
- - -  C o s h  ~ 2 ~ !  
4 ~ 

(4) 

where K is the Debye-Hiickel reciprocal length parameter - 

eok T ] 

(c o = electrolyte concentration of valence z, e o = dielectric constant of bulk aqueous 
solution, and k = Boltzmann's constant). The first term is the expression for the 
contribution of the electrical double layer and the second the contribution of the geo- 
metrical capacitance of the membrane. Examination of the EVERITT--HAYDON graph of 
capacitance versus  electrolyte concentration for various ion surface densities suggests 
that  no drop of capacitance due to a double layer effect should be observed for any 
film in o. i M KC1, no matter how low the surface density of charged groups becomes. 
Therefore we are forced to account for the cerebroside-egg yolk lecithin results in 
terms of the geometrical capacitance. 

In order to discuss the effect of the polar groups on the membrane capacitance, 
we make use of the circuit model of HANAI et al. 13. The hydrocarbon region, the 
polar region and the aqueous phase are represented as three parallel combinations of 
capacitance and resistance in series (Fig. 6a). It  was shown that the equivalent com- 
plex capacitance C* is given by 

C1 -- Ci Ci --  Ch x 
C* - -  C s t r a y  = Ch "3C 2i- 2f_ ~ GI (5) 

I + ] w r ,  ~ 4- ]wrq mJ 

where 

GaGbGc 
G~ --  (o) 

D 

CaCbCe 
Ch -- (7) 

A 

C 1 
C a ( G b G c )  2 + Cb(GcC--a) 2 + C c ( G a G b )  2 

D2 (8) 

i [ i ] 
C] - -  C i  - -  - - -  E + F z p  + - -  C a C b C e  - -  rpZGaGbGe  (9) 
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Fig. 6. a. Equivalent  circuit of bilayer and aqueous phase. Ca,Ga and Cb,Gb and Ce,Ge are the 
capacitances and conductances of the polar  region, hydrocarbon region and aqueous phase respec- 
tively, b. Fo rm of dispersion curve for circuit shown in a. c. Solid line: theoretical dispersion 
curve calculated for the parameters  Ca = 55 nF, Cb = 7.2 nF, Cc -- i nF, Ga = 2.54" IO -e ~Q-1, 
G b -  2.54"1o-l°/2-1, Ge = 1 .25"Io-3Q -1. The values for Cc and Go correspond to measured 
values for o.i M KC1. O,  experimental  points  (a.c.) for lecithin-cerebroside bilayer of area 
2.54. lO -2 cm 2 in o,i M KC1. ~ ,  'd .c . '  capacitance (calculated f rom the Cd.e /Ca.e. ratio given in 
Table II).  (a and b are f rom HANAI et al.la.) 

Ci - -  Ch = [ ' ] _I . .E - -  F'rq - -  - -  CaCbCe + vq2GaGbGe 
D ( r p  - -  Tq) l"q 

A = CaCb + CbCe @ CaCc 

B = C,,(Gb + Gd + Cb(Go + G,) + C¢(G, + Gb) 

D = GaGb + GbGe + GeGa 
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E = CaCbGe ~ CbCeGa + CeCaGu (I4) 

F = CaGbG e + CbGeGa + CcGaGb ( I 5 )  

B + (B 2 -  4AD)I/2 
rp = (16) 

2D 

2A 
Zq = B + ( B 2 - -  4AD) 1/2 (17) 

and Ca, Ga and Cb, Gb and Cc, Gc are the capacitances and conductances of the polar 
region, the hydrocarbon region and the aqueous phase respectively. 

The above equations enable a dispersion curve to be calculated for any set of 
parameters for the membrane and the aqueous phase. In  general such a curve will 
show two dispersions corresponding to the relaxation times rv and rq (Fig. 6b) How- 
ever, the actual form of the dispersion curve depends on the relative values of Ga, Gb 
and Gc. Since the d.c. conductance of the circuit is considerably reduced when a 
membrane is present, we can be sure that  Gc is not the lowest of the three conduc- 
tances. Thus the cases to be considered are (a) Gb ~ Ge ~ Ga. (b) Ga ~ Gc ~ Gb 
(C) Ga, Gb ~ Gc. HANAI et al. la have demonstrated that  in case (a) only one dispersion 
is observable and that  at low frequency the capacitance is frequently independent and 
determined only by Cb. Case (b) is physically unreasonable since it is most unlikely 
that  the membrane hydrocarbon region would be the most conducting part  of the 
circuit. Thus we are left with case (c) to account for the present results with egg yolk 
lecithin-cerebroside bilayers, where a second dispersion is indicated by the finding 
that  the d.c. capacitance is 13 % higher than the a.c. value. 

As shown in the following analysis a second dispersion should be observed when 
Ga, Gb ~< Go. Under these conditions the equations given above simplify to give 

CaGb 2 + CbGa 2 
Cl = (18 

(Ga + Gb? 

__ _ _ I  ( e a C h -  C b G a ]  ")' 
Cl--Ci  Ca $ Cb \ G b Y ~  l (I9) 

Ca + Cb 
ZD - -  

Ga + Gb (2C) 

CaCb + CbCe + CaCe 
~" = Ge(Ca + Cb) (21) 

Further,  if Ga >~ Gb we obtain 

C1 = Cb (22) 

Cb 2 
Cj - -  Cl (23) 

Ca + Ch 

Estimates of the parameters which are consistent with the experimental data  
m a y  be made as follows. For simplicity we consider a membrane of unit area. Firstly, 
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suppose that  the low frequency dispersion lies between the frequency of the lowest 
a.c. measurement (5o Hz) and the equivalent frequency of the 'd.c.' measurement 
(o.3 Hz), then the 'd.c. '  capacitance is Cl and the a.c. capacitance is C1. Using the 
measured values adjusted to unit area of Cl = 0.25 #F and CI/CI 1.i 3 we calculate 
Cb -- O.29 /,F and Ca - 1.8 #F  from Eqns. 22 and 23. (The condition Ga >> G~ is 
likely to be satisfied since hydrocarbons have extremely low conductances relative to 
polar molecules.) Using these values of Ca and Cb, we deduce from Eqn. 20 that  5" Io--G 
< (Ga + Gb) < 5" lO-4 ~Q-1 in order t ha t fp  ( I/2~Tp) be less than 5 ° Hz. Since the 
measured d.c. conductance of the bilayer (determined mainly by G~) is Io -7 - ::o 4 
~2 -1 we may  conclude that  5" ~r°-6 < Ga < 5" Io-4 ~Q-1. 

Alternatively, fp may  be in the region of the 'd.c.' capacitance measurement. 
In this case Ga ~ 5" Io-G ~Q-1. Taking the sphingomyelin value of o.3 -J /~F/'cnl 2 for 
Cb (since in this case Cl/Ci is not known), Eqns. 18 and 19 yield values of Ca in the 
range I . I2 - I .32  #F  corresponding to the range of io-7-zo 4 ~-1 for Gb. (It is preferable 
to use Eqns. i8 and 19 in this case since Ga is now not completely negligible compared 
with Gb.) These calculations cover all possibilities since fp cannot lie at much lower 
frequency than 0.5 Hz without the d.c. and a.c. capacitances becoming identical. As 
an example, we have calculated a theoretical dispersion curve using a set of parameters 
consistent with the above arguments (Fig. 6c). 

The important  feature which emerges from the above calculations is that  the 
polar groups must form a region of low conductance and low dielectric constant. The 
value of Ca !.8/~F corresponds to a dielectric constant of 2.~ for a zo-A layer while 
the maxinmm conductance of 5" Io-4 ~Q-~ corresponds to a specific conductance of 
5" IO-n ,Q-i. cm-1. These are unexpectedly low values considering the polar nature 
of the lipid head groups. Even if the maximum experimental uncertainty is taken into 
account, the dielectric constant of the polar region cannot be much greater than 4, 
and the conclusion concerning Ga is unaltered. 

Model of the membraue 
Inspection of Fig. 7a shows that  C24 cerebroside has two fa t ty  acid chains which 

are effectively 24 and z 4 carbons long when all the polar groups on the ceramide base 
are placed at the hydrocarbon-polar  region interface. Therefore the maximum and 
minimum theoretical thicknesses of the hydrocarbon region (with fully extended 
chains) are 61 ~ and 51 A according to whether or not the chains interdigitate 
(Fig. 7b). These dimensions are also applicable to C24 sphingomyelin for which we 
have determined a hydrocarbon thickness of 59 i 4 A. We have also argued that  the 
hydrocarbon thickness of the cerebroside bilayer is likely to be similar to that  of 
sphingomyelin. Thus it appears that  for both cerebroside and sphingomyelin there 
is little interdigitation of the hydrocarbon chains in the bilayer. (Although the films 
contain substantial amounts of n-decane, it was shown previously that  the hydro- 
carbon solvent does not have an effect on the hydrocarbon thickness as deduced from 
the capacitanceS6.). 

Subtraction of the determined hydrocarbon thickness from the cerebroside- 
lecithin optical thickness gives a value which lies between zero and sixteen angstroms 
for the sum of the two polar regions. Since each polar region is less than 8 ,A, thick, we 
conclude that  the galactose and choline phosphate groups are not extended and the 
most probable thickness is consistent with the polar groups lying parallel to the' plane 
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Fig. 7. a. Cerebroside molecule  (with C~i f a t t y  acid), b. Schemat i c  d i a g r a m  ind ica t ing  m a x i m u m  
a n d  m i n i m u m  h y d r o c a r b o n  th ickness .  (i) In t e rd ig i t a t i on ;  (ii) no in te rd ig i ta t ion ,  c. Cerebros ide -  
leci thin b i layer  mode l  based  on opt ical  a n d  capac i t ive  th icknesses .  
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of the film. (The polar groups would occupy I o - I 2  ~ if fully extended.) In this state 
the surface potential should be zero. From the above considerations we conclude that  
the most probable organisation of the bilayer is that  shown schematically in Fig. 7 c. 

The conclusion that  the dielectric constant and the the conductance of the polar 
region are low leads us to believe that  water and ions are excluded from the polar 
region. If appreciable water were present then a high value of e would be expected 
(e~i2o - 8o). (A value of 36 for the Stern layer of long chain pyridinium iodides was 
measured by MUKERJEE ,aND RAY 27 using charge transfer techniques.) This conclusion 
is unexpected in view of the four hydroxyl groups on the galactose head group of 
cerebroside. However, if the galactose is parallel to the plane of the membrane, it is 
possible for the hydroxyl groups to orient at the outermost surface of the membrane. 
In this position they can hydrogen bond with the surrounding aqueous phase without 
any appreciable penetration of water into the polar region. 

Comparison with other physical technilues 
The hypothesis that  the lecitbin-cerebroside or lecithin-sphingomyelin bilayers 

have a thicker hydrocarbon region than lecithin is supported by X-ray data showing 
that  hydrated ox brain cerebroside and sphingomyelin bilayers in the liquid crystal 
state are 49 and 4 8 ~ thick, respectively, as opposed to 3 8 A for egg yolk lecithin 2~. 
However, these thickness calculations are based on a lipid density which does not 
take into account the true distribution of water in the lipid polar legion. Further, the 
e2~ect of n-decane on lipid thickness is not known, and therefore one must be careful 
about drawing a comparison between thicknesses measured by X-ray and capacitance. 

Monolayer 29-31 and X-ray ~ experiments indicate that  cerebroside and sphingo- 
myelin both have lower molecular areas than lecithin, which suggests that  bilayers 
formed from n-decane-lecithin-cerebroside or n-decane-lecithin-sphingomyelin nlay 
be more compact than lecithin-n-decane films. Taken with the f.nding that  the ef'ec- 
rive dielectric thickness is increased, these related observatiQns may account for the 
increased resistance and breakdown voltage of these mixed lipid ~lms relative to 
lecithin alone. 

Cerebrosidcs and myelin 
In older experiments and more recent detailed studies 1, cerebrosides have 

consistently been shown to be a major component of myelin 1. BRANTE 3~ found in 
general that  myelin was composed of cholesterol, cerebroside and phospholipids in the 
proportion 2 : I :2 .  For peripheral n e r v e  JOHNSON, el al. 33 suggested a proportion 
of I : i :2. We have shown that  cerebrosides in similar proportions increase the stability 
and resistance of artificial membranes. These properties may be of advantage in 
myelin whose principal function is that  of an electrical insulator. 

ACKNOWLEDGEMENTS 

We gratefully acknowledge the samples from Drs. Van Heyningen, Mellanby, 
Professor Klenk, and Unilever Ltd., and the loan of electrical equipment from Dr. D. 
Dunmur. We also thank the Science Research Council for financial support. 

Biochim. Biophys. Acta, 249 (1971) 3oi -317 



LECITHIN--CEREBROSIDE BILAYERS 317 

R E F E R E N C E S  

i E. G. LAPETINA, E. F. SOTO AND E. DE ROBERTIS, J. Neurochem., 15 (1968) 437- 
2 •. IV[. ]~APPORT AND L. GRAF, Prog. Allergy, 13 (1969) 273. 
3 R. E. HOWARD AND R. M. BURTON, J. Am. Oil Chemists' Soc., 45 (1968) 202. 
4 U. HOPPER, A. L. LEHNINGER AND W. J. LENNARZ, J. Membrane Biol., 2 (197 o) 41. 
5 F. P. WIRTH, H. E. MORGAN AND C. R. PARK, Fed. Proc., 24 (1965) Abstr .  2520, 588. 
6 I-L E. CARTER AND F. L. GREENWOOD, J. Biol. Chem., 199 (1952) 283. 
7 E. KLENK, Prog. Chem. Fats Lipids, io  (1969) 4o9 . 
8 J. s .  O'BRIEN AND G. ROUSER, J. Lipid Res., 5 (1964) 339. 
9 M. MARTIN-LOMAS AND D. CHAPMAN, J. Biol. Chem., to  be published. 

io Y. FUJINO AND T. NEGUISKI, Bull. Agric. Chem. Soc, Japan, 20 (1956) 183. 
i i  R. M. C. DAWSON, Biochem. J., 88 (1963) 414 . 
12 P. MUELLER AND D. O. RUDIN, in I-{. PASSOW AND R. STAMpFLI, Laboratory Techniques in 

Membrane Biophysics, Springer-Verlag, Berlin, 1969, p. 141. 
13 T. HANAI, D. A. I-IAYDON AND J. TAYLOR, J. Theor. Biol., 9 (1965) 278. 
14 R. J. CHERRY AND D. CHAPMAN, J. Mol. Biol., 4 ° (1969) 19. 
15 B. D. LADBROOKE AND D. CHAPMAN, Chem. Phys. Lipids, 3 (1969) 3o4. 
16 R. J. CHERRY AND D. CHAPMAN, J. Theor. Biol., (1969) 137. 
17 R. J. CHERRY, D. E. GRAHAM AND O. CHAPMAN, Chem. Phys. Lipids, 6 (1971) 125. 
18 C. LUSSAN, A. I-Iou AND P. BOTHEREL, C. R. Acad. Sci. Paris, 269 (1969) 639. 
19 M. C. PHILLIPS, B. D. LADBROOKE AND D. CHAPMAN, Biochim. Biophys. Acta, 196 (197 o) 35- 
20 G. M. W. COOK, W. R. REDWOOD, A. R. TAYLOR AND D. A. HAYDON, Kolloid-Z. Z. Polym., 227 

(1968) 28. 
21 F. A. HENN AND T. E. THOMPSON, J. Mol. Biol., 31 (1968) 227. 
22 D. M. ANDREWS AND D. A. HAYDON, J .  Mol. Biol., 32 (1968) 149. 
23 C. HUANG, L. WHEELDON AND T. E. THOMPSON, J. Mol. Biol., 8 (1964) 148. 
24 T. HANAI, D. A. HAYDON AND J. TAYLOR, Proc. R. Soc. London, Ser. A, 281 (1964) 377. 
25 C. T. EVERITT AND D. A. HAYDON, J. Theor. Biol., 18 (1968) 371. 
26 J. TAYLOR AND D. A. IqAYDON, Disc. Faraday Soc., 42 (1966) 51. 
27 P. MUKERJEE AND A. RAY, J. Phys. Chem., 7 ° (1966) 2144. 
28 F. REISS-I-IoSSON, J. Mol. Biol., 25 (1967) 363. 
29 H. HAUSER AND R, M. C. DAWSON, Eur. J. Biochem., i (1967) 61. 
3 ° D. O. SHAH AND J. H. SCHULMAN, Lipids, 2 (1967) 21. 
31 J. H. RAPER, D. B. GAMMACH AND G. H. SLOANE-STANLEY, Biochem. J., 98 (1965) 2ip.  
32 G. BRANTE, Acta Physiol. Scand., 18 (1949) Suppl. 63. 
33 A. C. JOHNSON, A. R. McNABB AND R. J. ROSSITER, Biochem. J., 43 (1948) 578. 
34 W. S. SINGLETON, M. S. GRAY, M. L. BROWN AND J. L, WHITE, J. Am. Oil Chemists' Soc., 42 

(1963) 53. 

Biochim. Biophys, Acta, 249 (1971) 3Ol-317 


