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Summary 

Swine vascular smooth muscle cells were exposed to homologous low-density 
or high<lensity lipoprotein fractions for 24 h. Total cell membranes were iso- 
lated from the post-nuclear supernatant of the cell homogenates, fractionated 
by sucrose density gradient centrifugation and characterized by enzyme assays. 
The membrane fraction with the lowest density was enriched in plasma mem- 
brane marker enzymes. Cholesterol analysis showed that cells exposed to low- 
density lipoprotein had higher cholesterol-to-protein ratios in total cells, total 
cell membranes and individual membrane fractions than had the cells exposed 
to high~iensity lipoproteins. Cholesterol-to-phospholipid ratios of the plasma 
membrane-enriched fraction from cells exposed to low~lensity lipoprotein were 
higher than the same membrane fraction of cells exposed to high-density lipo- 
protein. Studies with iodinated lipoproteins showed that these compositional 
changes could not be due to lipoprotein contamination. Membrane micro- 
viscosity was determined by fluorescence depolarization with diphenylhexa- 
triene and the microviscosity of the plasma membrane-enriched fraction was 
different in the cells exposed to the two different lipoprotein fractions. This 
difference in membrane microviscosity was significant only when the medium 

* Present address: Departments  o f  Pediatrlcs and Physiology, University of Virginia School o f  Medicines  
Charlottesville, Virginia 22908. 

** T o  w h o m  correspondence  should be addressed.  
*** Present address: The  Inst i tute  o f  Life Sc iences ,  Hebrew Univers i ty ,  Jerusalem, Isreal. 
Abbreviat ions:  HDL0 high-density lipoprotein; LDL, Iow-denslty lipoprotein; apoprotein E0 the ar~nlne- 
rich apoprote in  o f  very low density and high-density lipoproteins of molecular weight approx. 37 000. 



690 

cholesterol content  was 40 gg per ml or greater; cells exposed to low-density 
l ipoprotein gave membranes with higher microviscosity. 

These results demonstrate  that  the properties of  vascular smooth  muscle 
cell membranes are influenced by  exposure of  the cells to homologous lipo- 
protein fractions. 

Introduction 

In recent years it has become apparent that  cell membranes are more than 
passive permeabili ty barriers around and within the cell. This realization has 
for tunately coincided with the development  of  new techniques and hypotheses 
which can be applied to  understanding membrane structure and function. Our 
views of  membrane structure have gradually progressed in increasing degrees 
of  complexi ty  from the early bilayer model to the fluid mosaic model.  It is 
implicit in this latter model  that  the membrane be in a fluid state and that 
constraints on fluidity of  cell membranes are necessary for optimal cell func- 
tion. Membrane fluidity can be estimated by  a number  of techniques and may 
be a useful moni tor  o f  membrane structure. 

Studies with lipid vesicles [1] and red cell membranes [2] have shown corre- 
lations between microviscosity and lipid composit ion,  particularly the choles- 
terol: phospholipid ratio. Borochov et al. [3] have shown that alterations in 
membrane fluidity, as moni tored by  changes in the fluorescence depolarization 
of  diphenylhexatriene,  cause changes in the amount  of  exposure of  membrane 
proteins t o  the aqueous environment.  Such changes in protein orientation 
could modulate  enzymic properties of  the membrane of  the cell. Cooper [4] 
has postulated that  alterations in membrane fluidity are associated with, and 
may possibly cause, the cell dysfunct ions seen in disease states. 

Numerous  studies with cultured vascular smooth  muscle cells have shown 
that  plasma lipoproteins modulate  cell lipid composit ion and cell lipid syn- 
thesis [5--7] bu t  no detailed analysis has been made of  the effect  of  lipopro- 
reins on the composi t ion of  subcellular membranes of  the vascular smooth 
muscle cell. Some lipoproteins are known to be taken up through a process of  
binding to high-affinity receptor  sites on the cell surface; internalization and 
degradation of  these particles leads to inhibition of  hydroxymethylglutaryl  
CoA reductase activity, decreased synthesis of  receptor  sites, activation of  
cholesterol esterification, and an increased content  of  free cholesterol and 
cholesterol ester per cell. It is unclear whether  this free cholesterol is present in 
the form of  an increased pool  of  membranes,  or in a pool  of  membranes of  
altered composi t ion or in some non-membraneous pool. It is attractive to sug- 
gest t h a t  plasma lipoproteins could alter membrane composi t ion o f  vascular 
smooth muscle cells in situ to bring abou t  changes in membrane fluidity which 
could alter cellular metabolism [8].  

In this report  we have demonstrated that  a plasma membrane-enriched frac- 
tion can be isolated from swine vascular smooth  muscle cells, and that both  
composi t ion and microviscosity are determined by  the lipoprotein species in 
which the cells have been incubated. 



691 

Methods 

Cell Culture. Vascular smooth  muscle cells were isolated by  enzymatic dis- 
persal of  the  aortic media of  30--40-kg white pigs according to the methods  of  
Chamley~ampbe l l  et al. [9].  Cells were inoculated at initial densities of  50 • 
103 cells per cm 2 in M 199 medium {Grand Island Biological Co.) containing 
10% fetal calf serum and were incubated at 37°C in an atmosphere of  95% air 
and 5% CO2. Upon reaching confluency the cells were treated with trypsin and 
subcultured.  The swine vascular smooth  muscle cells used in these experiments 
were passaged once. 

Plasma lipoprotein preparation. Lipoproteins were isolated from swine 
plasma by  isopycnic centrifugation according to the method of  Havel et al. 
[10].  The fractions were desalted and purified by  gel filtration on agarose 5 M 
(Biorad Inc.) in 5 mM sodium phosphate,  0.15 M NaC1 containing 1 mg EDTA 
per ml {pH 7.4 at 4°C). The lipoprotein-free serum was desalted on Sephadex 
G-25 in this same buffer. When necessary, serum fractions were concentrated 
by  ultrafiltration with a UM 10 membrane (Amicon Corp.}. 

Membrane preparation. Cells were incubated 48 h in Dulbecco's  modified 
Eagle's medium (Grand Island Biological Co.) containing lipoprotein-free serum 
at a concentrat ion of  2.5 mg protein per ml. After removal of  the medium, cells 
were incubated in Dulbecco's  modified Eagle's medium containing low-density 
l ipoprotein (LDL) or high-density l ipoprotein {HDL), and lipoprotein-free 
serum at a concentrat ion of  2.5 mg protein per ml. After a further 24 h the 
medium was replaced with Dulbecco's  modified Eagle's medium for 1 h and the 
cells were then washed three times with Dulbecco's  modified Eagle's medium 
containing 2 mg per ml of  bovine serum albumin and once with Dulbecco's  
modified Eagle's medium alone. The cells were collected by  scraping, washed, 
and resuspended in 1 mM triethanolamine hydrochloride,  0.15 M NaC1 and dis- 
rupted by  nitrogen cavitation at 800 lb/inch 2 for 20 min (Kontes Mini Bomb}. 
The nuclei were removed by  centrifugation at 1000 × g for 5 min and the post- 
nuclear supernatant  was centrifuged at 205 000 × g for 1 h with the membranes 
pelleting onto  a 0.1 ml layer of  55% sucrose in 1 mM triethanolamine hydro- 
chloride/0.1 mM EDTA, pH 8.0. The membrane band was removed,  dispersed 
in the same buffer  wi thout  sucrose, and layered on a discontinuous sucrose 
gradient [11].  After  centrifugation at 41 000 rev./min in an SW 41 rotor  for 
1 6 h  the gradient was pumped  off  from the b o t t o m  to yield 25 to 30 fractions 
which were assayed for protein content  with fluorescamine [12].  

Enzyme and chemical assays. Ouabain-sensitive (Na ÷ +K÷)-ATPase was 
assayed by  the fluorimetric method  of  Takashi and Putnam [13] where the 
fractions were pre-incubated with 2.5 mM ouabain at room temperature  for 
5 min. 5'-Nucleotidase was assayed by  using the radioactive procedure of  
Avruch and Wallach [14].  NADPH- and succinate- cy tochrome c reductases 
were assayed spectrophotometr ical ly  according to the method of  Sottocasa et 
al. [15] using an Aminco DW2 in the  dual-wavelength mode.  Lysosomal hexos- 
aminidase was assayed with 4-methylumbelliferyl-N-acetyl-~-D-giucosaminide 
[16]. 

Free cholesterol content and fatty acid composition were determined by gas- 
liquid chromatography as described previously [17]. Total cholesterol was 
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determined after hydrolysis with 10% methanolic KOH. From the free choles- 
terol and fa t ty  acid contents  of  the membrane fractions the cholesterol-to- 
phospholipid ratio was calculated by  assuming that  two fa t ty  acid residues are 
equivalent to one phospholipid molecule. The validity of  such an assumption 
has been confirmed in similar membrane systems [17].  Membrane microvis- 
cosity was determined according to the m e t h o d  of  Shinitzky and Barenholz 
[18] ,  utilizing the lipid~soluble fluorescent probe,  1,6<liphenyl-l,3,5-hexa- 
triene. All measurements were taken at 37°C in a Hitachi Perkin Elmer Spectro- 
f luorimeter Model  MPF-44A. Microviscosity values (7) are calculated from the 
Perrin equation: 

ro/r = 1 + C(r) TT/W 

where r0 = limiting anisotropy of  the probe,  taken as 0.362; r = measured aniso- 
t ropy,  defined as ( I ~ / I ± -  1)/(I~/I± + 2). I~ and I± are the experimentally 
determined fluorescence intensities parallel and perpendicular, respectively, to 
the direction of  polarization of  the excitation beam. C(r), a funct ion of  the 
molecular shape of  the probe,  is taken as 8.6 • l 0  s P • deg-1; T = absolute tem- 
perature; r = excited state lifetime, taken as 6 ns at 37°C, from studies with 
lecithin l iposomes [18].  This latter parameter is assumed to remain constant  
with variations in membrane composi t ion,  and has in fact been shown to 
remain essentially constant  in l ipoprotein systems, where lipid: protein propor- 
tions vary widely [19].  Light scattering was less than 3% and fluorescence 
values were corrected accordingly. The phospholipid : diphenylhexatriene ratio 
was always maintained at greater than 200 : 1 (mol/mol)  in order to minimize 
probe-probe interactions and/or  perturbations of  the membrane bilayer. 

Results 

Separation o f  membrane  fractions ~ 
Discontinuous sucrose density gradient centrifugation of  the membranes 

isolated from the post-nuclear supernatant of  disrupted vascular smooth  muscle 
cells gave the pattern shown in Fig. 1. The position of  the peaks and the 
relative proport ions of  protein in the peaks are highly reproducible and are 
similar, as shown for experiments with several levels of  either LDL or HDL. 
Peak fractions were pooled as shown and designated as fraction 1, 2 and 3. 
From these separations of  swine vascular smooth  muscle membranes 65 to 98% 
of  the applied protein was recovered in these three membrane fractions. A very 
similar pat tern was seen with rat vascular smooth  muscle cells. From previous 
studies [11] these fractions should be enriched in mitochondria,  microsomes 
and plasma membrane,  respectively. This designation was essentially confirmed 
by  enzyme marker assays shown in Table I. Compared to  fraction 3; fraction 1 
i s  enriched in succinate cy tochrome c reductase, a mitochondrial  marker, but  
has activities of  5'-nucleotidase and NADPH-cytochrome c reductase suggesting 
fraction 1 contains some aggregated total  membranes.  Compared to fraction 3, 
fraction 2 is enriched in NADPH-cytochrome c reductase, a marker for endo- 
plasmic reticulum, but  has some succinate-cytochrome c reductase and 5'-nu- 
cleotidase. Fraction 3 is enriched in 5'-nucleotidase and ouabain-sensitive 
(Na*+ K÷)-ATPase, is free of  succinate-cytochrome c reductase, and is mini- 



I~1 IOC 

I,U 

20 

i, A ioo 

9. ~ 6C 

[ I I t I I 
5 I0 15 20 25 30 

FRACTION NUMBER 

B 

i ! i 
i i i 

~ ' ~ 1  ~ ~  .o.~.~.c, .O.,o..o.o.¢* .¢l.. a 

5 I0 15 20 25 30 

FRACTION NUMBER 

Fig. 1. R e s o l u t i o n  of  the  t o t a l  m e m b r a n e  f r ac t i on  of  vascu la r  s m o o t h  musc le  cell  h o m o g e n a t e s .  The  t o t a l  
m e m b r a n e  f r a c t i o n  was  s u b j e c t e d  t o  suc rose  dens i t y  g rad i en t  c e n t r i f u g a t i o n  as desc r ibed  in  M e t h o d s  a n d  
each  f r ac t i on  was  a s sayed  for  p r o t e i n  by  t he  f l uo re scamine  assay.  The  re la t ive  f luorescence  by  th i s  assay is 
s h o w n  for  cel ls  e x p o s e d  to  L D L  (A)  and  HDL (B) a t  m e d i u m  cho le s t e ro l  c o n c e n t r a t i o n s  of  I 0  (e e) ,  
50 (~ A), I 0 0  (~, ~.) and  200  (o o) #g  cho le s t e ro l  pe r  ml .  F r ac t i ons  were  p o o l e d  and  
des igna ted  as fo l lows:  1--5 ( f r ac t ion  1),  7 - -14  ( f r ac t ion  2) and  17 - -25  ( f rac t ion  3). The  t o t a l  r ecove ry  of  
m e m b r a n e  p ro t e in  f rom the  g rad ien t  i n t h e s e  e x p e r i m e n t s  was  76.8 -+ 10.7%. 

mally contaminated with NADP-cytochrome c reductase. Fraction 3 can be 
considered to be plasma membrane-enriched. 

Effect  o f  lipoproteins on cell and membrane cholesterol con ten t  
When the effect of  homologous lipoproteins on vascular smooth muscle cells 

was examined, it was found that LDL produced higher total cholesterol-to-pro- 
tein ratios in both intact cells and isolated membranes (Table II). Analysis of  
the free cholesterol content of  the three membrane fractions were made (Table 
II). Under all conditions, fraction 3 has the highest cholesterol-to-protein ratio 
supporting our contention that this fraction is predominantly plasma mem- 
brane. The cholesterol content of  fraction 3 is significantly higher when cells 
have been incubated with LDL than with HDL. However, all membrane frac- 
tions were similarly affected. The increments in cholesterol content of  fractions 
1, 2 and 3 were 34, 41, and 37%, respectively. 

T A B L E  I 

M E M B R A N E  M A R K E R  E N Z Y M E S  IN M E M B R A N E  F R A C T I O N S  R E S O L V E D  BY S U C R O S E  
D E N S I T Y  G R A D I E N T  C E N T R I F U G A T I O N  

The  p o o l e d  m e m b r a n e  f r ac t ions  i so l a t ed  b y  sucrose  dens i t y  g rad i en t  c e n t r i f u g a t i o n  as desc r ibed  in  
M e t h o d s  were  a s sayed  for  t he  m e m b r a n e  m a r k e r  e n z y m e s  as desc r ibed  in  Methods .  The d a t a  s h o w n  are  
t he  m e a n s  (±S.D.)  of  four  d e t e r m i n a t i o n s  and  are exp re s sed  as the  speci f ic  ac t i v i t y  re la t ive  t o  the  
m e m b r a n e  h o m o g e n a t e .  

Sucrose  S u e c l n a t e - c y t o c h r o m e  N A D P H - c y t o c h r o m e  5 ' -Nue leo t idase  O u a b a i n l e n s i t i v e  
g rad i en t  c r e d u c t a s e  c r e d u e t a s e  ATPase  
f r a c t i o n  

8 0 . 1 7  + 0 . 0 3  0 . 4 6  ± 0 . 0 9  1 . 2 1  ± 0 . 0 6  2 1 . 2 5  ± 2 . 8 6  
2 0 . 5 5  ± 0 . 0 8  0 . 6 2  ± 0 . 0 4  0 . 6 7  ± 0 . 0 6  6 . 7 8  ± 4 . 2 9  
1 0 . 9 2  ± 0 . 8 3  0 . 8 5  ± 0 . 1 1  0 . 3 4  + 0 . 0 4  0 . 7 1  ± 0 . 5 4  
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T A B L E  II  

E F F E C T  OF L I P O P R O T E I N S  ON T H E  C H O L E S T E R O L  C O N T E N T  OF SWINE VSM C E L L S  A N D  
M E M B R A N E S  

Swine vascu la r  s m o o t h  musc l e  ceLls were  e xpos e d  fo r  24 h to  h o m o l o g o u s  H p o p r o t e i n  an d  t h e  cells we re  
ha rves t ed  as desc r ibed  in Methods .  Choles te ro l  c o n t e n t  of  ceLls an d  m e m b r a n e s  was  d e t e r m i n e d  as 
desc r ibed  in Methods .  F o r  cells a n d  to t a l  m e m b r a n e s  the  da t a  s h o w n  are  the  to ta l  ( f ree  plus  es ter i f ied)  
cho les te ro l .  Fo r  t he  f r ac t ions  t he  d a t a  are  for  f ree cho les te ro l ,  es ter i f ied  cho les te ro l  c o n t e n t  was less t h a n  
5% of  these  values.  Fo r  e x p e r i m e n t s  whe re  cells a n d  to t a l  m e m b r a n e s  were  assayed  t h e  l i p o p ro t e in  con-  
c e n t r a t i o n s  were  100  #g cho les te ro l  pe r  ml ,  in o t h e r  e x p e r i m e n t s  da t a  are  c o m b i n e d  f r o m  e x p e r i m e n t s  
whe re  t he  cho les t e ro l  c o n c e n t r a t i o n s  were  e i the r  100  o r  200/~g  pe r  ml .  To ta l  m e m b r a n e s  were  isola ted 
f r o m  t h e  pos t -nuc lea r  s u p e r n a t a n t  of  t he  cell  h o m o g e n e a t e .  F rac t ions  1 to  3 were  o b t a i n e d  b y  sucrose  
density grad ien t  c e n t r i f u g a t i o n  as desc r ibed  in Methods .  

L i p o p r o t e i n  Choles te ro l  c o n c e n t r a t i o n  ( p g / m g  p r o t e i n )  

CeLls To t a l  F rac t i on  F rac t ion  F r a c t i o n  
m e m b r a n e s  1 2 3 

H D L  18.3 ± 2.1 36 .6  ± 2 . 2  19 .0  ± 0.1 15 .5  ± 1.1 47 .4  ± 0 .4  
L D L  25.6  ± 1.1 45 .7  ± 1.8 23.9 ± 1.6 21 .5  ± 0.1 66 .6  ± 1.3 

Effect of lipoprotein on microviscosity and composition of fraction 3 (plasma 
membrane enriched) 

Two experiments are reported in Table III which gave qualitatively similar 
results but  differ somewhat  in quantitative analysis. The data in experiment  A 
show that  cells exposed to LDL have higher membrane microviscosity, choles- 
terol-to-protein ratios and cholesterol-to-phospholipid ratios, compared to HDL 
exposed cells. There is no significant difference in the phospholipid-to-protein 
ratio or in the double bond index-saturated fa t ty  acid ratio. There was the 
expected correlation between mean membrane microviscosity and mean choles- 
terol-to-phospholipid ratio, but  no concentrat ion-dependence was seen with 
medium cholesterol content .  In experiment  B, where more data for microvis- 
cosity were obtained, a correlation between membrane microviscosity and 
medium cholesterol concentrat ion was seen. The difference in microviscosity of  
membrane fraction 3 for LDL-exposed compared to HDL-exposed cells is not  
significant at low concentrations of  cholesterol but  increases in significance as 
the cholesterol concentrat ion increases. Similarly, the cholesterol-to-phos- 
pholipid ratios are identical, in experiment  B (Table III), at low incubating 
cholesterol concentrations but  appear to diverge at medium concentrations of  
80 and 190 ~g cholesterol per ml. It is of  interest that  the data in Table IIIB 
suggest that  the effect  of  increasing lipoprotein concentrat ion is to produce a 
lowering of  cholesterol-to-phospholipid ratio and microviscosity brought about 
by HDL rather than increase in these parameters by LDL. 

Plasma lipoproteins 
The lipoproteins used in these studies were obtained from normal chow-fed 

animals. Microviscosities were obtained for the two species of lipoprotein as 
follows (in P at 37°C) LDL, 2.30 and HDL, 2.24. These may  be compared to 
values obtained for human LDL and HDL of  3.16 and 2.69 P, respectively 
[19]. Polyacrylamide gel electrophoresis [20] of the lipoproteins showed no 
cross contamination between the LDL and the HDL fractions. 
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T A B L E  I I I  

E F F E C T  OF L I P O P R O T E I N S  ON T H E  P R O P E R T I E S  OF M E M B R A N E  F R A C T I O N  3 O F  SWINE 
V A S C U L A R  S M O O T H  M U S C L E  

M e m b r a n e  f r ac t i on  3, o b t a i n e d  b y  sucrose  dens i ty  gzadient  c e n t r i f u g a t i o n  o f  t h e  vascu la r  s m o o t h  musc l e  
cell m e m b r a n e s ,  was  a n a l y z e d  fo r  p h o s p h o l t p i d  c o n t e n t  (PL)  an d  f ree  cho les te ro l  c o n t e n t  ( C H O L ) .  The  
m e m b r a n e  miezov iJcos i ty  (~) was  d e t e r m i n e d  wi th  d t p h e n y l h e x a t r i e n e  as desc r ibed  in Methods .  Th e  
d o u b l e  b o n d  i ndex - sa t u r a t e d  f a t t y  ac id  ra t io  (DBI)  was  ca lcu la ted  f r o m  the  f a t t y  acid analysts  d a t a  an d  is 
equa l  to  t h e  n u m b e r  o f  mo le s  of  doub le  b o n d s  d iv ided  b y  the  n u m b e r  o f  mo le s  o f  s a t u r a t e d  f a t t y  acid 
residues.  Stat is t ical  s ignif icance of  the  d i f f e rence  b e t w e e n  t h e  m e a n  values  fo r  H D L - e x p o s e d  cells vs. 
L D L - e x p o s e d  ceils ( S t u d e n t s  t- test) ,  n .d .  no t  d e t e r m i n e d :  P ro te in  c o n t e n t  of  these  m e m b r a n e s  was  n o t  
d e t e r m i n e d  b u t  cho les te ro l  a nd  p h o s p h o l i p i d  were  d e t e r m i n e d  on the  s a m e  sample  h en ce  t h e  C H O L / P L  
ra t ios  are  valid.  

Exp t .  L i p o p r o t e i n  ~ C o n t e n t  C H O L / P L  DBI 
(Choles tero l ,  (P) 

~zg/ml) PL  C H O L  
(/~ m o l / m g  p r o t e i n )  

(A) 

(B) 

H D L  10 0 . 2 5  0 .11  0 . 4 4  0 .72  
40  0 .30  0 .12  0 .40  0 .91  
80  0 .28  0 .12  0 .43  0 ,94  

200  0 .25  0 .12  0 .48  0 .59  
Mean  + S.D. 1 .44  + 0 .11  0 .27  0 .12  0 .44  0 .79  

+ 0 .02  ± 0 .01  + 0 .03  + 0 . 1 4  

L D L  10 
40  
80 

200  
Mean + S.D. 

H D L  8 
40 
80 

190  

L D L  8 
40  
80 

190  

0.28 0.I 5 0.54 0.61 

0.30 0.16 0.53 0.55 

0.33 0.18 0.55 0.86 

0.29 0 .17  0 .59  0 .50  
1 .60  + 0 .12  0 .30  0 .17  0 .55  0 .63  

+ 0.02 + 0.01 ± 0.02 + 0.14 

P = 0 .001  P n o t  P < 0 . 0 2  P < 0 . 0 5  P n o t  
s ignif icant  s ignif icant  

2 .15  ± 0 . 1 5  a n .d.  n .d .  0 . 4 6  1 .47  
2 .13  ± 0 .07  b n .d .  n .d .  0 . 5 5  1 .28  
2.07 ± 0 .09  c n .d .  n .d .  0 .30  1 .30  
1.91 + 0 .13  d n .d .  n .d .  0 .30  1 .34  

2 .19  ± 0 . 1 0  a n .d .  n .d .  0 .47  0 .71  
2 .29  ± 0 .10  b n . d .  n .d .  0 .56  0 .94  
2 .22  + 0 .07  c n .d .  n .d .  0 .45  1 .64  
2 .14  + 0 .09  d n .d .  n .d .  0 .50  1 .13  

The  s tat is t ical  s ignif icance b e t w e e n  the  H D L - e x p o s e d  vs. the  L D L - e x p o s e d  cells fo r  m e m b r a n e  f rac t ions  
hav ing  the  s ame  supersc r ip t  (a---d) b y  S t u d e n t ' s  t - test  were :  a P > 0 . 6 ,  b P < 0 . 0 0 2 ,  c P < 0 . 0 0 2  a n d  
d p <~ 0.001."  

Contamination of  cell membranes~ 
Contamination of membranes, particularly plasma membrane, by absorbed 

lipoprotein might be predicted to alter membrane microviscosity and mem- 
brane lipid composition.. The data presented previously provide some indirect 
evidence that this is not occurring. In Table III, experiment B, the decrease in 
microviscosity and cholesterol-to-phospholipid ratio as the HDL concentration 
is raised could not be due to an increase in the adherent HDL as this could not 
lower the microviscosity (membrane 2.15 to 1.91; HDL 2.24) and cholesterol- 
to-phospholipid ratio. In addition we directly evaluated the possibility of con- 
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T A B L E  IV 

E S T I M A T I O N  OF C O N T A M I N A T I O N  OF C E L L  M E M B R A N E S  BY A D H E R E N T  L I P O P R O T E I N S  

Cells were  i n c u b a t e d  w i t h  12 $ I- labeled l ipopro te ins  ( L D L  an d  H D L  at  2.8 and  4 .8  c p m  per  ng  p ro te in ,  
r e spec t ive ly )  at  m e d i a  c h o l e s t e r o l  c o n c e n t r a t i o n s  of  1 0 - - 2 0 0  ~tg cho les te ro l  pe r  m L  The  cell m e m b r a n e s  
were  i so la ted  and  f r a c t i o n a t e d  as desc r ibed  in M e t h o d s  and t h e  m e m b r a n e - a s s o c i a t e d  r ad ioac t iv i ty  was 
d e t e r m i n e d .  The  s a m e  cell m e m b r a n e s  w e r e  as sayed  for  t o t a l  cho les te ro l  c o n t e n t  ( M e m b .  Chol.) .  I f  it is 
a s sumed  t h a t  the  1251 r ep resen t s  i n t a c t  L D L  or  H D L  the  assoc ia ted  p ro t e in  (LP  Pro te in )  and c h o l e s t e r o l  
(LP Chol .)  can  be  ca lcu la ted .  The  ra t io  o f  th e  l a t t e r  to  t h e  ac tua l  t o t a l  m e m b r a n e  cho les te ro l  (Memb.  
ChoL)  gives t h e  c o n t a m i n a t i o n .  The  d a t a  s h o w n  axe f r o m  in cu b a t i o n s  a t  a cho les te ro l  c o n c e n t r a t i o n  of  
190/~g  pe r  ml  o f  i n c u b a t i o n  m e d i u m .  

Rad ioac t iv i t y  LP Pro te in  LP Chol.  M e m b .  Chol.  % c o n t a m i n a t i o n  
( c p m  X 10 -3 )  (/~g) (/~g) (/~g) (based on  Chol .)  

L D L  To ta l  Mb. 12  4 .30  6.51 94 .5  6.9 
f rac t ion  3 2 .78  0 .99  1 .50  25 .5  5.9 
f rac t ion  2 1.03 0 .37  0 .55  4.6 12 .0  
f r ac t ion  1 1 .08  0 .39  0 .58  19 .0  3.1 

H D L  To ta l  Mb. 24  5 .04  2.67 70 .0  3.8 
f rac t ion  3 5.51 1 .16  0 .61  23 .4  2.6 
f rac t ion  2 2 .66  0 .56  0 .30  6.8 4.4 
f rac t ion  1 4 .62  0 .97  0 .51  10.7 4.8 

tamination as follows: '25I-labeled lipoproteins were incubated with swine vas- 
cular smooth  muscle cells under the normal conditions and the amount  of  12sI 
associated with each cell fraction was estimated. The results are shown in Table 
IV. Of the intracellular 12sI less than 20% sediments with the membrane frac- 
tion with either LDL or HDL. The remaining 80% of  the radioactivity remains 
in the post-membrane supernatant.  All the cholesteryl ester in these cells was 
also in the supernatant  fraction. Of the radioactivity which is associated with 
the membrane fraction, there is no specificity of  the distribution when the 
membranes are subsequently fractionated by  sucrose density gradient centrifu- 
gation (Table IV). Likewise, there is no l ipoprotein specificity. The radioactiv- 
i ty f rom either LDL or HDL is distributed throughout  the gradient in propor- 
tion to the membrane protein. If it is assumed that radioactivity in each mem- 
brane fraction represents native lipoprotein then the amount  of  cholesterol 
associated with this quant i ty  of  l ipoprotein can be calculated. Knowing the 
actual cholesterol content  of  the individual fractions when the concentrat ion of  
the cholesterol in the medium was 190 lzg per ml (the maximum used) the max- 
imum possible contamination of  fraction 3 with cholesterol from absorbed 
LDL and HDL would be 5.9 and 2.6%, respectively. This is clearly less than the 
differences seen in fraction 3 cholesterol between cells exposed to LDL com- 
pared to those exposed to HDL. 

Estimation of lysosomal contamination of plasma membranes 
The possibility that  alterations in the cholesterol content  o f  the membrane 

fractions might be due to lysosomaUy contained cholesterol was also examined 
by  considering the known distribution of  the lysosomal enzyme, hexosamini- 
dase. Of  the activity of  this enzyme present in the original cell homogenate  
86% (84--88%) remained in the supernatant when total  cell membranes were 
isolated. Of  the membrane-associated hexosaminidase, 6% or less was associated 
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with fraction 3. Thus, intact lysosomes are not  significant contaminants of  this 
membrane fraction. 

Discussion 

The data presented indicate that  the cholesterol contents  of  vascular smooth  
muscle cells and a vascular smooth  muscle plasma membrane-enriched fraction 
are influenced by  exposure of  the cells to homologous  lipoproteins. Several 
workers have previously demonstra ted an increase in total  cholesterol or 
cholesteryl ester content  of  cells and a stimulation of  cholesterol esterification 
by  cells upon their exposure to LDL or apoprotein E-containing HDL. [5--7].  
It has not  previously been determined how, if at all, this increase in cell 
cholesterol content  affects the composi t ion or properties of  subcellular mem- 
brane fractions. To answer this question it was necessary to isolate and char- 
acterize the membranes of  vascular smooth  muscle cells. 

Methods for isolation of  specific cell membranes from vascular smooth  mus- 
cle cells have no t  been extensively described. One recent procedure [21] using 
borate to stabilize the plasma membrane would  be, we felt, unsuitable for our 
studies as the membrane fluidity might be severely altered by  this procedure.  
We chose to use the procedure developed by  Kent et al. [11] for isolation of  
membranes f rom chick muscle cells in culture. This discontinuous gradient 
reproducibly gave three protein fractions when total  membranes from the post- 
nuclear supernatant were applied. In contrast  to the results of  Fowler  et al. 
[22], we found the equilibrium positions of  these three membrane fractions 
were uninfluenced by  the nature or concentrat ion of  the lipoprotein to which 
the cells were exposed.  Chick muscle cell membranes when subjected to this 
procedure yield fractions which are enriched in mitochondria,  endoplasmic 
reticulum and plasma membrane.  Based on enzyme markers for these mem- 
branes we found the same general separation although only one fraction was 
appreciably enriched in marker enzymes. The fraction with the lowest  density, 
fraction 3, was enriched in plasma membrane marker enzymes and has been 
most  extensively studied in this report .  

In a cultured cell system such as that  described in the present repor t  it is 
difficult to choose a control  culture medium to  which other  culture conditions 
may be compared.  We chose instead to compare the effects produced by  LDL 
to those produced b y  (HDL). These two lipoproteins would be expected to,  
respectively, increase (LDL) and either decrease or not  change HDL cholesterol 
compared to incubation of  cells in lipoprotein-free serum. In an effort  to mea- 
sure a general membrane proper ty  we moni tored membrane microviscosity as 
reported by  the fluorescent probe,  diphenylhexatriene. Fluorescence depolari- 
zation has been previously utilized to assess the fluidity of  biological mem- 
branes in terms of  a microviscosity (7) which can be calculated from the Perrin 
equation. However,  the results obtained with this probe should be evaluated 
with certain qtmlifications. Initially, it must  be considered that  microviscosity 
parameters so obtained do not  represent absolute values, since this will in gen- 
eral depend on the choice of  reference standard. Although natural membranes 
are inherently anisotropic, the Perrin equation assumes that  the  probe is sub- 
ject  to rotational diffusion in an isotropic medium. Thus, microviscosity cannot  
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be considered an exact analogue of  bulk viscosity. The recent publication of  
Lakowicz et al. [23],  although critical of  the use of  fluorescence techniques to 
measure microviscosity, did demonstrate  that  the relative microviscosities of  
two model  membrane systems was relatively independent  of  the molecular 
process used in the determinations. The absolute microviscosity of  any one 
membrane could, however,  vary by  100-fold depending on the method  used. 

Our data demonstrate ,  for the first time, that  membrane cholesterol-to-pro- 
tein and cholesterol-to-phospholipid ratios are elevated in cells exposed to 
LDL relative to those exposed to HDL. Following membrane fractionation by  
sucrose density gradient centrifugation the fraction with the lowest  density, 
fraction 3, had the highest cholesterol-to-protein ratio. This ratio in this frac- 
tion was greatly influenced by  LDL compared to HDL. The high cholesterol-to- 
phospholipid ratio seen in fraction 3 also indicates that  this fraction is enriched 
in plasma membrane.  When membrane microviscosity was determined upon 
fraction 3 there was a correlation between cholesterol-to-phospholipid ratio 
and microviscosity. No significant difference was found,  in fraction 3 from 
LDL- compared to HDL-exposed cells, in phospholipid-to-protein ratio or 
double bond index-saturated fa t ty  acid ratio. Previous studies with lipid vesicles 
[1] and red cell membranes [2] ,  have shown a correlation of  cholesterol-to- 
phospholipid ratio with microviscosity. On the other  hand, studies with liver 
endoplasmic reticulum from estrogenized roosters [17 ] show a clear correlation 
between double  bond index-saturated fa t ty  acid ratio and microviscosity. We 
do not  think the double bond index-saturated fa t ty  acid ratio is wi thout  
influence in this system. The experiment which showed a concentrat ion depen- 
dence upon lipoprotein cholesterol of  microviscosity and cholesterol-to-phos- 
pholipid ratio (Table III, expt.  B) demonstrates that  changes in these param- 
eters (LDL compared to  HDL) are seen at 40--80/~g cholesterol per ml. In simi- 
lar experiments to those reported here, we have investigated the modulat ion of  
microviscosity of  rat vascular smooth  muscle cells by  homologous rat lipopro- 
teins. In contrast  to the results with swine cells and lipoproteins, no increase in 
microviscosity is seen in the rat cells unless very high concentrations of  LDL 
cholesterol are included in the incubating medium (350 pg cholesterol/ml),  
despite the fact that  lower concentrations of  l ipoprotein do increase the cho- 
lesterol-to-protein ratio of  the plasma membrane of  the rat cells, as these lower 
concentrations do in the experiments with swine. A striking difference between 
the swine and rat cells is the high double bond index-saturated fa t ty  acid ratio 
of  the rat plasma membrane fraction, approx.  4-fold more unsaturated than the 
corresponding value for the swine cells. This may permit incorporation of  cho- 
lesterol wi thout  a rise in microviscosity and may have relevance to the differ- 
ence in the propensi ty  of  these two species to develop atherosclerosis. 

Our data also suggest the differences seen between the effect  of  LDL and 
HDL are due to a lowering of  both  microviscosity and cholesterol-to-phos- 
pholipid ratio with incubation in increasing concentrations of  HDL. Glomset 's  
[24] hypothesis that  HDL functions to scavenge cholesterol from cells would 
suggest that  cells lose cholesterol from the plasma membrane to HDL. Choles- 
terol exchange to HDL apoproteins complexed to phospholipids has been 
demonstra ted by  Stein et al. [25].  Our data directly demonstrate  a concentra- 
t ion<iependent  effect  of  HDL on plasma membrane microviscosity and cho- 
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lesterol4o-phospholipid ratio. This may reflect loss of  plasma membrane to 
HDL in the medium rather than any intracellular effect  of  HDL. However,  loss 
of  cholesterol f rom all subcellular membranes must also occur, perhaps via 
exchange to  the plasma membrane.  

In reporting these changes in composi t ion and microviscosity following 
exposure of  vascular smooth  muscle ceils to l ipoprotein s it is necessary to 
establish that  the changes seen are in the membrane and are not  due to con- 
taminating l ipoprotein particles. The plasma membrane in particular could be 
contaminated with adherent l ipoprotein particles. Several lines of  evidence sug- 
gest such contaminat ion does not  occur. First, plasma membrane microviscosity 
does not  directly parallel l ipoprotein microviscosity. In experiments parallel to 
those reported here, plasma membranes from rat cells have a microviscosity 
very close to that  of  LDL (1.25 P) when exposed to low levels of  LDL but  their 
microviscosity is much higher at  higher concentrations of  LDL. Similarly, in 
unpublished experiments,  we fould that  very low<lensity l ipoprotein which has 
the lowest microviscosity (0.8 P) does not  produce membranes with the lowest 
microviscosity. More direct approaches to estimation of  l ipoprotein contamina- 
tion made use of  12SI-labeled lipoproteins. Under our normal incubation con- 
ditions, the amount  of  12SI-labeled lipoproteins present in fraction 3 was deter- 
mined. From a knowledge of  the cholesterol-to-protein ratio of  the original 
l ipoprotein the maximum amount  of  lipoprotein-cholesterol contamination was 
calculated. In all cases the  amount  of  cholesterol which could be accounted for 
in this manner was an insignificant percentage of  the cholesterol content  of  
fraction 3 determined chemically. 

One other  possible source o f  contamination,  that  of  intact lipid-rich lyso- 
somes, was also examined. Upon examination of  the  distribution of  the lyso- 
somal enzyme hexosaminidase, we found that  86% of  this lysosomal marker 
does not  sediment with our total  membrane pellet. The co-occurence of  12sI 
label, cholesteryl ester and hexosaminidase in the supernatant suggests either 
that  these are associated perhaps as light lysosomes or as contents  of  ruptured 
lysosomes. 

The changes in membrane cholesterol content  and membrane microviscosity 
we have repor ted are small but  consistently observable. Based upon early 
studies with bacterial  cells, it was postulated that  alterations in membrane 
fluidity of  animal cells would alter transport  processes associated with these 
membranes.  Studies of  Baldassare and Silbert [26] have shown cells with altered 
cholesterol contents  (but  with unchanged membrane fluidity) have altered rates 
of  sugar transport;  an increase in membrane cholesterol content  of  30% (in the 
same range as we report  for the  difference between HDL and LDL exposure) 
produces a doubling in the rate of  sugar transport.  The publications of  Ama- 
t ruda and Finch [27] and Luly and Shinitzky [28] demonstrate  that  insulin 
modulates  both  membrane fluidity and sugar transport.  The latter paper 
showed that  insulin binding to liver membranes in vitro produced small (10-- 
20%) increases in membrane microviscosity and alterations in exposure of  
membrane proteins. 

This repor t  of  changes in the properties of  vascular smooth  muscle mem- 
branes suggests that  such changes could occur in vivo and reinforces the sug- 
gestion of  Jackson and Got to  [8] that  changes in vascular smooth  muscle mem- 
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brane microviscosity may be pathogenetic in the development of  atheroscle- 
rosis. The fact that our data show similar changes in cholesterol-to-protein 
ratios in all cell membranes would suggest that many membrane-bound 
enzymes in the cell may be influenced by exposure of the cell to various plasma 
lipoproteins. 
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