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Summary 

The order parameter of spin-labeled phosphatidylcholine vesicles has been 
shown to increase upon incorporation of cholesterol, cannabinol, chlorprom- 
azine and pentobarbital. Cannabinol was as effective on a mole basis as choles- 
terol in increasing the order parameter of 5-doxyl stearic acid in phosphatidyl- 
choline: 4% phosphatidic acid bilayers at low concentrations. The average 
increase in order parameter with chlorpromazine and pentobarbital was two 
to three times less than that of cholesterol. Relative to cholesterol these com- 
pounds were less effective at ordering 1-acyl-2[8(4,4-dimethyloxazolidine-N- 
oxyl)] palmitoyl phosphatidylcholine. 

The ordering effect with any given membrane perturber became smaller 
when increasing amounts of  cholesterol were incorporated in the phospholipid 
bilayers until a disordering effect was finally observed, The cholesterol compo- 
sition at which this cross-over from ordering to disordering occurred varied 
with the perturber, being 26 mole % for chlorpromazine, 23 mole % for canna- 
binol and 14 mole % for pentobarbital. The ability of cholesterol itself to 
increase the order parameter of  the bilayer was decreased in the presence of 
these perturbers. 

These compounds may exert their ordering effect on the interfacial region of 
phospholipid bilayers in an analogous manner to cholesterol. However, at 
higher cholesterol contents their additional ordering effect is more than coun- 
terbalanced by a weakening of the cholesterol-acyl interaction and a net dis- 
ordering effect results. 

In biological membranes a similar role for cholesterol in modulating the 
effect of perturbers was observed. Cannabinol decreased the order of erythro- 
cyte membranes but increased that of mitochondrial membranes, while octanol 
disordered both of these biological membranes. 

Abbreviations: PC (7,6), 1-acyl-2[8(4,4-dimethyloxazolidine-N-oxyl)] palmitoyl phosphatidylcholine;  
PC (10,3), loacyl-2[5(4,4-dimethyloxazoHdine-N-oxyl)] palmitoyl  phosphatidylchoHne. 



Introduction 

Cholesterol is a major component in mammalian membranes and yet its con- 
tent varies from one membrane to another; it ranges, for example, from 40 
mole % in myelin to 6 mole % in mitochondria [1]. The exact function of cho- 
lesterol in the membrane is still unknown, but biophysical studies on model 
membranes show that one role of cholesterol in membranes is to regulate the 
degree of order and mobility of the acyl chains of lipids, i.e., above the transi- 
tion temperature of the phospholipid, cholesterol reduces the mobility of the 
acyl chain while below the transition temperature, it has the opposite effect. 
Cholesterol thus acts as a modulator of the packing of the acyl chains of phos- 
pholipids. 

On the other hand many studies [2--4] have shown that small lipophilic 
molecules fluidize membranes. Many of these compounds are pharmacological 
agents such as general and local anesthetics and their ability to fluidize mem- 
branes has been related to their pharmacological potency. However, more 
recently a few studies have shown that lipophilic molecules may also exert a 
condensing effect on lipid bilayers. Thus, cannabinol increases the order param- 
eter of dipalmitoyl phosphatidylcholine-cholesterol bilayers [5], and local 
anesthetics have a similar effect on decholesterolized ox-brain lipids [6]. In a 
preliminary communication [7] we have shown that pentobarbital and some 
other anesthetics may exert either a condensing or a disordering effect on phos- 
phatidylcholine bilayers depending on their cholesterol content. Thus, under 
some circumstances these compounds mimic the effect of cholesterol in reduc- 
ing the mobility of the acyl chains in phospholipid bilayers. In this study we 
compare the ability of a number of compounds to order phospholipid bilayers 
and we examine in detail the role of the cholesterol content of bilayers in 
modulating their ability to be either ordered or disordered. We also show that 
our conclusions are applicable to biological membranes. 

Materials and Methods 

The effect of the lipid-soluble compounds on membrane structure was gen- 
erally monitored from the electron spin resonance (ESR) spectra of 5-doxyl 
stearic acid (Synva, Calif.) and 1-acyl-2[8(4,4-dimethyloxazolidine-N-oxyl)] 
palmitoyl phosphatidylcholine (PC (7,6)) label which was synthesized in this 
laboratory by Dr. M. Pringle according to the method of Hubbell and McConnell 
[8]. Egg yolk phosphatidylcholine and phosphatidic acid were from Lipid 
Products, Surrey, U.K. and used without further purification. Cholesterol 
(Sigma) was recrystallized in methanol. Chlorpromazine hydrochloride and 
pentobarbital were from Sigma. Octanol was purchased from Applied Science, 
State College, Pa. One sample of cannabinol was a gift from the National Insti- 
tute on Drug Abuse, and was 98% pure. Another was purchased from Poly Sci- 
ence, Warrington, Pa at 95% purity and further purified by thin layer chroma- 
tography [9]. 

Stock solutions (36 mg/ml) of phosphatidylcholine: 4% phosphatidic acid 
containing various mole percentages of cholesterol were made up in chloro- 
form/methanol (9 : 1, v/v) to avoid variation between experiments. 0.5 ml of 



stock solution was mixed with the spin label in methanol and with drugs in 
chloroform/methanol or ethanol and dried down in a rotatory evaporator. 
Residual solvent was removed by pumping on a vacuum line for at least 2 h. 
Tris buffer (0.01 M, pH 7) in 0.15 M KC1 was added and liposomes were 
formed by vigorous vortexing for 1 min. The final concentration of lipid was 
15--25 mg/ml, with spin label constituting about 1 mole % of the lipid. Drugs 
were equilibrated with liposomes for up to 24 h at 25°C before being sealed in 
1 mm glass capillaries. All the drugs in the study are highly lipophilic, for 
example, the partition coefficient of octanol is 152 in erythrocytes [10] and 
670 in dipalmitoyl phosphatidylcholine [11] and, thus, are expected to be 
mainly concentrated in the lipid phase. Spectra were recorded on either a 
Varian E-9 or E-109 electron spin resonance spectrometer operating at 9.5 GHz 
with the variable temperature control unit set at 23°C or 25°C. Order param- 
eters, S, were calculated from the spectra according to the method of Hubbell 
and McConnell and the T± value was corrected by the method of Gaffney 
[8,12]. 

Mitochondria from rat liver were prepared using the method of Parsons and 
Williams [13]. Erythrocyte ghosts were prepared from out-dated human blood 
according to the procedures of Dodge et al. [14]. The protein concentration of 
membranes was determined by the method of Lowry [15]. To label the mem- 
branes, 1 ml of a membrane solution was added to a test tube containing an 
appropriate amount of 5-doxyl stearic acid label previously deposited in a thin 
film, and was incubated overnight at 4°C. The spin-labeled membrane solutions 
were spun down (9750 × g for 10 min for mitochondria; 20 000 X g for 30 min 
for erythrocyte ghosts) and resuspended in Tris buffer. Aliquots of labeled 
mitochondrial membranes were incubated for 1 h at 23°C with the desired 
amount of cannabinol or octanol, which were previously deposited on test 
tubes. For erythrocyte ghosts, the incubation with drugs was usually carried 
out at 4°C overnight. ESR spectra were obtained at 23°C. 

Results 

The order parameter, S, in phosphatidylcholine" 4% phosphatidic acid 
bilayers increases when either cholesterol, cannabinol, chlorpromazine or 
pentobarbital are added (Fig. 1, A and B). Similar results have been reported 
for cholesterol in phosphatidylcholine bilayers [ 16--21] and for pentobarbital 
and chlorpromazine in decholesterolized ox-brain lipids [6]. None of the other 
compounds produced such a large absolute ordering as cholesterol. Cannabinol 
was the strongest orderer of the other three. It ordered 5-doxyl stearic acid as 
strongly as cholesterol on a mole basis, but the effect appeared to saturate 
above 17 mole %. No such saturation was observed up to 34 mole % by PC 
(7,6), possibly reflecting different interactions at the interface and the interior 
of the bilayer. There is also a suggestion, particularly with 5-doxyl stearic acid, 
of curvature in some of the other data, but the effect is not large compared to 
our errors and because of the difficulties of solubilizing these compounds we 
did not pursue it in more detail. Nor did we find any consistent and reproduci- 
ble non-linearities in other experiments even at high concentrations (e.g. Figs. 2 
and 5). With these reservations we have assumed linearity in our analysis. 
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Fig. I .  A. Change  in  o rde r  p a r a m e t e r  ( ~ S )  of  sp in  l abe led  5 -doxy l  s tear ic  ac id  in  p h o s p h a t i d y l c h o l i n e :  4% 
p h o s p h a t i d i c  acid vesicles  c o n t a i n i n g  var ious  m o l e  f r ac t ions  o f  cho les te ro l ,  c annab ino l ,  chlol1~romazine 
and  p e n t o b a r b i t a l .  The  s lopes  (~,S/X2) were  as fo l lows:  cho les te ro l ,  0 .27  -+ 0 .01  (S.D.), ca rmab ino l ,  
0 ,23  +- 0 .03 ;  ch lo rP romaz ine ,  0 .09  +- 0 .01 ;  p e n t o b a r b i t a l ,  0 .12  + 0 .01.  E r ro r  bars  are s t a n d a r d  dev ia t ions ,  
o the r  p o i n t s  r ep re sen t  s ingle e x p e r i m e n t s ,  and  the  regress ions  were  w e i g h t e d  b y  the  n u m b e r  of  po in t s .  
This  p r o c e d u r e  is fo l l owed  in  a l l  s u b s e q u e n t  f igures,  B. The  c o r r e s p o n d i n g  resu l t s  w i t h  PC (7,6)  were :  
cho les te ro l ,  0 .37  + 0 .02 ;  cannab ino l ,  0 .22  +- 0 .01 ;  c h l o r p r o m a z i n e ,  0 .10  +- 0 .01.  The  m e a n  order  param-  
e te r  for  c o n t r o l  vesicles  w i t h  5 -doxy l  s tear ic  ac id  was  0 .599  -+ 0 .009 ;  w i t h  PC (7.6)  was  0 .499  -+ 0 .005 .  

Cholesterol increases the order of  5-doxyl stearic acid less than that of  PC 
(7,6) (Fig. 1, A and B), as has been found by  previous workers [17,22].  How- 
ever, recent deuterium magnetic resonance studies show that cholesterol causes 
a uniform ordering of  the acyl chains in this region [21,23,24].  A similar dis- 
crepancy is found between the two methods when the fluidity gradient is con- 
sidered [21].  An additional uncertainty in our experiments is the location of  
5-doxyl stearic acid compared to PC (7,6). We a t tempted to  use 1-acyl-2[5(4,4- 
dimethyloxazolidine-N-oxyl)] palmitoyl phosphatidylcholine (PC (10,3)) 
instead bu t  it gave such a high order parameter in the phospholipid bilayers 
that  additional ordering was difficult to detect.  Thus, comparisons between the 
absolute effects of  :perturbers on our two labels should be made with caution. 
On the other  hand, these considerations are unlikely to invalidate our results 
when relative ordering effects are considered on a given label. 

Relative to cholesterol none of  these compounds  ordered PC (7,6} as much 
as they did 5-doxyl stearic acid. Therefore, their relative ordering effects are 
probably strongest near the bilayer surface. Unfor tunately  12-doxyl stearic acid 
yields too  fluid a spectrum for order parameters to be measured. However,  in 
one experiment 24 mole % of pentobarbital  gave a spectrum identical to the 
control,  tending t o  confirm the impression that the ordering effect  gets weaker 
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Fig. 2. The  e f f e c t  o f  c h l o r p r o m a z i n e  o n  t h e  c h a n g e  in  o r d e r  p a r a m e t e r  (AS)  in  p h o s p h a t i d y l c h o l i n e :  4% 
p h o s p h a t i d i c  ac id  c o n t a i n i n g  v a r i o u s  m o l e  % o f  cho l e s t e ro l .  X c p  z is c h l o r p r o m a z i n e / e h l o r p r o m a z i n e  + 
p h o s p h o l i p i d .  P e r c e n t  c h o l e s t e r o l  is 1 0 0  ( c h o l e s t e r o l / c h o l e s t e r o l  + p h o s p h o l i p i d ) °  

Fig.  3. T h e  e f f e c t  o f  c h o l e s t e r o l  o n  t h e  c h a n g e  in  o r d e r  p a r a m e t e r  p e r  m o l e  o f  m e m b r a n e  p e r t u r b e r s  in 
p h o s p h a t i d y l c h o H n e :  4% p h o s p h a t i d i c  ac id  vesicles.  T h e  m o l e  percentage  o f  cho l e s t ero l  at  t he  c ros s -ove r  
p o i n t ,  (AS  = 0) w e r e  as fo l lows :  c a n n a b i n o l ,  2 3  -+ 1 .0 ;  c h l o r p r o m a z i n e ,  26  +- 1 .2 ;  p e n t o b a r b i t a l ,  14  + 1 .8 ,  
X c h o l  is c h o l e s t e r o l / c h o l e s t e r o l  + p h o s p h o l i p i d .  

further from the interface. The remainder of  our work was carried out  with 
5<loxyl stearic acid because it gives the largest effects. 

When one of  the membrane perturbers was added to bilayers containing 
cholesterol the magnitude and sign of  the change in order parameter was depen- 
dent  on the cholesterol content.  Thus, Fig. 2 shows that chlorpromazine orders 
bilayers with cholesterol content  up to 20 mole %, bu t  disorders those with 
greater than 25 mole % cholesterol. Similar results (not  shown) were obtained 
with cannabinol and pentobarbital.  If the change in order parameter per unit 
concentrat ion of  perturber in the bilayer {i.e., the slope in Fig. 2) is plotted 
versus the mole % of cholesterol in the lipid, the cholesterol content  at which 
AS is zero may be defined. In Fig. 3 this cross-over composit ion of  cholesterol 
is seen to be 26 mole % for chlorpromazine, 23 mole % for cannabinol and 14 
mole % for pentobarbital.  

In biological membranes a similar role for cholesterol in modulating the 
effects o f  perturbers was observed (Fig. 4). Cannabinol decreased the order of  
erythrocyte  ghost membranes which have about  40 mole % cholesterol [1],  but  
increased that of  mitochondrial  membranes which have an average lipid compo- 
sition of  6 mole % cholesterol [1]. Previously we have shown [7] that octanol 
disorders phosphatidylcholine: 4% phosphatidic acid bilayers regardless of  cho- 
lesterol content.  Fig. 4, A and B, show that it also disorders both the biological 
membranes examined. 
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Fig. 4. E f fec t  o f  increas ing  t o t a l  c o n c e n t r a t i o n s  of  c a n n a b i n o l  (m) and  o e t a n o l  ( t )  on  the  change  in  o rde r  
p a r a m e t e r  (AS) of  5 -doxy l  s tear ic  ac id  in  A:  e r y t h r o c y t e  m e m b r a n e s ,  p r o t e i n  c o n c e n t r a t i o n s  1--4 rng/ml.  
The  m e a n  o rde r  p a r a m e t e r  of t he  c o n t r o l  was  0 . 7 1 4  -+ 0 .033 .  B: m i t o c h o n d r i a l  m e m b r a n e s ,  p r o t e i n  con-  
cen txa t ions  23 rag/m1. The  m e a n  order parameter  o f  the c o n t r o l  was  0 .598  + 0 .012 .  

Discussion 

The change in order produced by cholesterol probably reflects the orienta- 
tion of the rigid steroid nucleus parallel to the phospholipid acyl chains, with 
the 3 ~-hydroxyl group located in the interfacial region [21,24--26]. All the 
compounds which order phospholipid bilayers [4--7] also contain chemical 
ring structures, so they may act in a manner analogous to cholesterol. However, 
one might expect that they would produce a less extensive ordering than cho- 
lesterol because of their less favorable geometry. Thus, both chlorpromazine 
and cannabinol have three fused rings, but those of the former are folded about 
the N-S axis at 139.4 ° [27], and the presence of a charge may also limit its 
penetration into the bilayer. On the other hand, the rings of cannabinol should 
not deviate seriously from coplanarity, but the proximity of the hydroxyl and 
pentyl substituent groups should mitigate against orientation of the long axis 
of the fused ring structure parallel to the acyl chains. These considerations are 
consistent with our finding that these perturbers are less effective orderers at 
the eighth than at the fifth carbon. Similarly the deuterium magnetic resonance 
data show that the ordering effect of cholesterol declines beyong the I2 carbon 
[21], and it is possible with the other perturbers examined here that their abil- 
ity to order might fall off even more rapidly. Preliminary studies of fluores- 
cence depolarization with 1,6~iiphenyl hexatriene in this laboratory show a 
decrease in microviscosity in pentobarbital-phosphatidylcholine liposomes. This 
result lends support to the suggestion that it is possible that our perturbers 
simultaneously order the ester terminal of the acyl chains whilst disordering the 
methyl terminal. Deuterium magnetic resonance studies could confirm this 
prediction. 

Interactions in the system containing phospholipid-cholesterol-perturber are 



more complex. Thus, the ordering effects of cholesterol and perturber are 
clearly not additive (Figs. 2 and 3). The favorable stereochemistry, which allows 
a strong van der Waals interaction between cholesterol and the acyl chains 
[21,24--26], will tend to be disrupted by the presence of the perturber in the 
same region of the bilayer. The net effect of the perturber on the packing of 
phospholipid-cholesterol bilayers will reflect the balance between its own 
ordering effect on the acyl chain and its disruptive effect on the acyl-choles- 
terol interaction. As the cholesterol content of the bilayer is increased, choles- 
terol-perturber interactions become more frequent. Eventually the resultant 
disruption of acyl-cholesterol interactions outweigh the ordering effect of the 
perturber and a cross-over to a net disordering effect is observed (Fig. 2). This 
apparently may occur at any cholesterol composition, depending only on the 
balance of these effects and not on any discrete phospholipid to cholesterol 
ratio. Pentobarbital, the weakest orderer, crosses over at the lowest cholesterol 
content (Fig. 3). In phospholipid bilayers, where only the perturber's ordering 
effect is important, larger changes in order parameter occur than in high choles- 
terol membranes where the changes result from a balance between two oppos- 
ing effects (Fig. 2). Chlorpromazine and cannabinol cross-over from ordering to 
disordering at similar cholesterol contents even though chlorpromazine, like 
pentobarbital, is a less effective orderer of phospholipid bilayers. This results 
from the less steep slope exhibited by chlorpromazine in Fig. 3 and may reflect 
the additional role of chlorpromazine's positive charge which would limit its 
ability to penetrate fully into the region where cholesterol exerts its ordering 
effect. 
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This ability of perturbers to reduce the effectiveness of cholesterol to order 
bilayers is clearly illustrated in Fig. 5. Here cholesterol orders a phospholipid 
bilayer containing 17 mole % of cannabinol 1.7 times less effectively than in 
the unadulterated bilayer. 

Thus, we may conclude that, in addition to its well known property of regu- 
lating membrane fluidity, cholesterol also modulates the effect of membrane 
perturbers in both lipid bilayers and biological membranes. If more extensive 
studies confirm this there are a number of interesting corollaries. Thus, many 
authors [ 28--31] have emphasized the possible relationship between the action 
of anesthetics and their ability to fluidize membranes. Our work here on bio- 
membranes, together with previous work on general anesthetics in lipid bilayers 
[7], suggests that for this hypothesis to be correct the model must be restricted 
to biomembranes containing a high proportion of cholesterol. This would be 
consistent with the known composition of most neural membranes [32]. 

Changes in fluidity related to cholesterol content have been noted upon ma- 
lignant transformation of normal lymphocytes [33], the fusion of muscle cells 
[34] and the complement lysis of antibody-sensitized cells with normal rabbit 
serum [35]. If there is a causal relationship between these phenomena and 
membrane fluidity, then the ability to selectively modify biomembrane fluidity 
by pharmacological agents may not be without application. 
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