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ruses( 7). On the other hand. filtration 
studies showed that HA conil)onent of rdcno- 
virus 1)assed moro rtwlily t hrou,gh Stbiti! I ) ; I ( ~ s  

than ('1; antigen. 11;iiiy factor.; might uwtcbr- 
line this discrcpancy, c.g., the difi'erence in  
electrical charge on the particles or concen- 
tration of the different components. 

HL4 activity was found earlier than CF an- 
tigen in fluids of M K  cells infected with 
adenoviruses while the opposite usiially ob- 
tains with viruses(8). This difference may 
reflect sensitivity of the tests or formation oi 
each component at different times. 

The increase in iiurnbers of the adenovirus 
family has necessitated a search for a simple 
serologic test for identification. The value of 
('F test is rather limited. since it measures 
only a common soluble antigen. although 
niodifications of this test by Pereira( 5 )  and 
hy Binn, et d ( 6 )  have increased its iiseful- 
ness. The specificity of the HI test with 
AD\:-3, 4, and 7 Type 3 definitely indicates 
its value in diagnostic work. The HI test 
can be completed in less than 3 hours, thus 
it is relatively simpler than the CF test. Fur- 
ther. the reagents used in the H1 are more 
stable than those used in the ('1; test. 

Sunrm,rzry. Hernagglutinins of adenovirus 
' I ' J ~ I W  3 .  4 and 7 were found to he separable 
froiii so1ttI)le ( * I ;  antigen and infectious virus. 
Iiihihition oi  HA activity with rabbit serum 
antil~odies appeared to be type specific. The 
H A  component was relatively stable to heat, 
formalin and storage at 4OC. I t  was mme 
readily filterable than CF antigen and was 
~mducet i  earlier than the C1F in infected M K  
cells. 
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Lipid Metabolism in Cultured Cells. I.  Factors Affecting Cholesterol 
XJptake." (26524) 

The contribution of serum lipids to the nu- 
trition of mammalian cells in culture has been 
described by Bailey et aZ.( 1). Tt was shown 
that cells utilize triplycerides most rapidly. 
but also take up ccnsiderable quantities of 
cholesterol. 

Rutstein et al. ( 2 )  reported that explants 
of human Lorta accumulate cholesterol from 
a serum growth medium. I t  was claimed that 
cholested uptake was inhibited by addition 
of polyunsaturated 5 t t y  acids. A number of 
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(*ell strains synthesize cholesterol do n o w  
from simpler constituents in the medium ( 3 ) .  
With an adequate supply of serum lipids, 
however. most of the cell cholesterol is de- 
rived from the serum( 1). In  view of the im- 
jdication of cholesterol desposition in the eti- 
ology of atherosclerosis, , i t  was of interest to 
determine the factors affecting cellular cho - 
lesterol uptake in an in vitro system. 

Materials and methods. Preparation o f  
growth media and propagation of the MB 111 
strain of cells of  mouse lymphoblasts has been 
described( 1 ) . Growth medium used for 
j)ropagation of  stock cultures was human 
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placental cord serum diluted with one part of 
Gey’s balanced salt solution (BSS) . Adult 
human serum was prepared from the blood 
of normal individuals drawn after 12 hours of 
fasting. Rabbit serum was prepared from 
normal rabbit blood obtained by heart punc- 
ture from 12-hour fasted animals. In com- 
parative studies on cholesterol uptake all sera 
were ‘deactivated’ by heating a t  58’ for 30 
minutes to destroy a toxic factor found in 
most freshly prepared samples of human and 
rabbit serum. The heating did not change 
the cholesterol content of cells grown on the 
serum. Crystalline bovine albumin was ob- 
tained from Nutritional Biochemicals Inc., 
and highly purified samples of linoleic acid 
and stearic acid were supplied by the Califor- 
nia Foundation for Biochemical Research. 
Cholesterol-4-CI4 was obtained from Nuclear 
Chicago Inc. Radioactive samples were as- 
sayed using a halogen-quenched end-window 
Geiger-Muller tube in conjunction with the 
usual amplifier and scaler. Cholesterol was 
determined by the method of Pearson et al. 
(4) or where necessary by the more sensitive 
method of Zlatkis et al. (5). Determinations 
of cell population were made by counting sus- 
pensions in 0.2 X 0.625 Spiers-Levy hemocy- 
tometer chambers, and measurements of the 
dry weight of the cells were made by the col- 
orimetric method of Bailey and Nejad(6). 
Free and esterified Cholesterol were separated 
on small silicic acid columns as described by 
Wykoff (7).  

Cholesterol emulsions for addition to tissue 
cultures were prepared by 2 methods as fol- 
lows: (1) An alcoholic solution of cholesterol 
was dispensed rapidly with stirring into a 
sterile solution of distilled water containing 
50 me% Tween 80 (Atlas Powder Co.). 
Sterile balanced salt solution of double con- 
centration was then added in equal volume. 
In this way stable emulsions of cholesterol 
microcrystals were obtained having particle 
sizes of from 0.S to 1.5 p when examined by 
dark-field microscopy. Clumping of the mi- 
crocrystals resulted if the suspensions were 
autoclaved, or if the alcoholic solution was 
run directly into a Tween 80 solution in sa- 
line. Unstable emulsions also were obtained 

if cholesterol concentration exceeded 100 
mg% in the final solution. ( 2 )  Finely pow- 
dered cholesterol was shaken overnight in a 
sterile solution of crystalline albumin ( 2 % ) 
in isotonic saline. Excess cholesterol was then 
removed by high speed centrifugation. Use 
of these solutions was not practicable in those 
experiments involving alterations in serum 
protein: cholesterol ratios. 

For studies on cholesterol uptake, cells 
from 3- or 4-day-old stack cultures were har- 
vested by centrifugation, washed in balanced 
saline solution and resuspended in saline. 
Portions of the suspensions containing ap- 
proximately one million cells were dispensed 
into roller tube cultures and the test medium 
was added in a final volume of 1 ml. After 4 
days growth, cells were harvested by centri- 
fugation and washed with 1 ml of saline to re- 
move traces of medium. Cholesterol was ex- 
tracted by heating a t  45’ for 1 hour with 3 
ml of 1 : 1 ethanol-ether mixture. Extracted 
cells were centrifuged off, the extract was de- 
canted and cells were air dried for 1 hour in 
an oven at 110’. Dry weight was determined 
colorimetrically as described previously. The 
ethanol-ether extract was evaporated to dry- 
ness and the residue was extracted twice with 
boiling petroleum ether. Where necessary, 
an aliquot of the petroleum ether was used 
for measurement of radioactivity, and the re- 
mainder was then evaporated to dryness for 
determination of cholesterol. Cholesterol 
content of serum samples used in the growth 
medium was determined by using a similar 
double solvent extraction method. 

Variation of serum type in me- 
dium. MB I11 cells were grown on adult hu- 
man serum (11 samples), human placental 
cord serum (8 samples) and adult rabbit se- 
rum (6 samples). Each serum was used a t  
a concentration of 5070 in the medium and 
was diluted with an equal volume of balanced 
saline. Cells were harvested after 4 days. 
Growth was more rapid in cord serum (mean 
population increase 5.7 fold) than in adult 
serum (mean increase 3.5 fold). Cells grown 
on placental cord serum had a mean choles- 
terol content of only 2.25% and mean serum 
cholesterol was 97 mg% (Table I). Cells 

Rewlts. 
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grown on human adult serum had a higher 
cholesterol content of 3.74o/c. and mean se- 
run1 cholesterol was 2 19 mg?. ('ells grown 
on rabbit serum had the highest cholesterol 
content. mean 7.876 although rabbit serurn 
itself had the lowest cholesterol leve! (mean 
86 mg!r"/c). 

Variation of coriccntrution of SCYUWI in I I I P -  

dizlm. Concentration of cord serum in the 
medium was varied from 20% to 100%. The 
cholesterol level was thus varied between 16 
and 80 mgC/cl without altering the ratio of 
cholesterol to other serum components. ('ells 
grew more slowly at  the lower serum concen- 
trations. There was no significant change i n  
cholesterol content of cells despite the 5-fold 
range of cholesterol concentrations in which 
they were grown ('Table TI). 

.-I dditiou of frrc cholcstcrol to  ntcdiunr. 
The medium. consisting of 5OV human pla- 
ten tal cord serum and balanced salt solution, 
was supplemented with relatively small 
amounts of free cholesterol in the form of an 
emulsion with Tween 80. The medium con- 
tained initially 40 mg"/;, cholesterol provided 
by the serum, and the emulsion was added to 
the cell cultures in the concentrations 
shown (Fig. 1). The highest concentration 

TI\RI,R 11. V;iriatioii i t 1  (!c*II (Iliolcstc~rol h , ~  VijrYv- 
iiig Srrriiii ( ' I i o l ~ ~ s t c ~ r o l  i l l  t l i ( 1  ~ l w l i i i l i t .  

SerllnI c~llolcstel*ol I(i 2'1 32' 40 (i0 XI, 

Cell cholesterol 5.8 2.3 3.5 2.:; 2.2 l . !J 
( m g % )  

(%)  

Cells were grow11 i n  a nietliiiiii cwiisistitig o f  Imi 
nneed salincl supplemeiited with l i i 1 t i i : i i i  l i l : i ( - ( ~ l l t : i l  
cord serum having 80 m g  yc c*holestcrol. l'er(*oiii 
age of scriiiii :icIded was varied to give cliolcstcrol 
corieeritrations sliowi. 

- -  ~- _ -  

( 5 6  mg"/o ) represented an additional 16 mg 
',A over that normally provided by the serum 
( Fig. 1 ) . At the end of experiment cells were 
harvested by low speed centrifugation to pre- 
vent sedimentation or flotation of cholesterol. 
Sedimented cells were resuspended twice in 
balanced saline and recentrifuged to remove 
any particulate matter adhering to the exter- 
ior of the cell membrane. Microscopic exam- 
ination of the cells using phase optics, and 
also staining with Sudan black, confirmed the 
presence of small cholesterol microcrystals 
within the cell. The cells were analyzed for 
cholesterol in the usual manner. Addition 
of relatively small amounts of excess choles- 
terol to the medium brought about a striking 
increase in cholesterol content of cells (Fig. 
1 ) .  The stability of the single microcrystals 
in the emulsion was good up to levels of 10 
mg'O/c, but above this level, clumping of the 
microcrystals was brought about following a 
few hours incubation in the serum medium. 
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I t  seemed reasonable to assume from the 
results in Fig. 1 that the added cholesterol 
was taken up preferentially. To test this, 
uclls were grown in a medium of similar com- 
I)osition, but with an added emulsion of cho- 
lesterol 44.". By measuring the specific ac- 
tivity of the cellular cholesterol it was pos- 
siMe to calculate the percentage derived from 
the serum cholesterol and the percentage de- 
rived from the added cholesterol. It was 
found (Table 111) that the added cholesterol 
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TABLE 111. Distribution of Serum Cholesterol and Cho le~ te ro l -C~~  in Cells. 

Total cliolesterol Ckll elrolestrrol ( vu) 
CI4 eliolesterol in ind ium Additional 
added (mg % ) (nig % ) Total IJrilabelled unlabelled 

3.0 0 
1.7 -.R 

0 70 2.0 0 
2.5 72.5 2.0 ..I 

5.0 75 4.3 1.3 3.0 I .(J 
10.0 86 4.6 1.9 2.8 .8 
15.0 85 5.9 2.8 3.1 1.1 

Q 

Cord serum medium was supplemented with increasing amounts of cholesterol-C14 emulsion 
giving final Concentrations shown. Specific activity of cholesterol i n  the harvested cells was 
measured. In  this way the fraction derived from the serum cholesterol (4th and  5th columns) 
was determined. ' ' Additional unlabelled cholesterol is calculated as the difference between 
cholesterol content of cells grown on serum cholesterol alone (2.0%) and t,he contribution of the 
serum cholesterol in  cells grown on a medium supplemented with labelled C" cholesterol. Addi- 
tion of unbound CL4 cholesterol to medium resulted in increased uptake of unlabelled serum cho- 
lesterol. 

was taken up preferentially compared with its 
relative Concentration in the medium. This, 
however, did not account completely for the 
increase in the cells as is shown by the last 
column in Table 111. Addition of free choles- 
terol also resulted in an increase in uptake of 
serum cholesterol as compared to uptake from 
this fraction in control cultures. 

Because of the preferential uptake of un- 
bound cholesterol, it was of interest to deter- 
mine the pattern of uptake when Cholesterol 
was added in a protein-bound form. Cells 
were grown in 50% cord serum medium at a 
total cholesterol concentration of 86 mg%. 
70 mg% of this was provided by the serum 
and 16 mg% by adding an equal volume of a 
solution of cholesterol C1* in 2% crystalline 
bovine albumin (see Methods section). After 
4 days growth the cells contained 1.3% cho- 
lesterol, of which only 14% was derived from 
labelled albumin-bound cholesterol. Since 
the albumin-bound fraction provided 18% of 
the cholesterol in the medium, it was con- 
cluded that cholesterol added in combination 
with protein (in contrast to unbound choles- 
terol) was taken up at  approximately the 
same rate as serum cholesterol. 

Variation of albumin content of medium. 
Four samples of serum from normal human 
adults having low serum cholesterol levels, 
and 4 samples of serum from atherosclerotic 
patients were pooled. Cells were grown in 
both samples of pooled serum at  a level of 
50% in the medium and cultures were s u p  
plemented with increasing concentrations of 
crystalline bovine albumin (Table TV) . Mean 

cholesterol content of cells grown on the nor- 
mal serum was 3.2% compared with 4.1% 
for cells grown on the atherosclerotic serum. 
No significant change was produced in the 
values over the range of albumin concentra- 
tions studied (Table IV) . 

Addition of fatty acids. Three groups of 
cultures were set up in 50% human placental 
cord serum. Cholesterol emulsion was added, 
giving concentrations in the final medium of 
0, 1, 2, 3, 4, 5 and 6 mg% of added choles- 
terol. One group of cultures was retained as 
controls, and the other 2 groups were supple- 
mented with linoleic acid or stearic acid emul- 
sion (0.5 mg%). The cells were harvested 
after 4 days of growth. There was no sig- 
nificant difference in cholesterol content of 
the 3 groups (Control 5.4%; linoleic acid 
supplemented 4.7% and stearic acid supple- 
mented 5.1%). A 3-fold increase in fatty 
acid concentrations (1.5 mg%) with a dif- 
ferent sample of serum ga~7e a similar result 

TABLE TV. Effect on Cell Cholesterol of Increas- 
ing Concentrations of Albumin in  the Medium. 

Albumin added (mg "/o) 0 100 300 1000 2000 
Cell cholesterol (yo) 

Poolednormalserum 3.2 3.1 3.0 3.0 2.7 
" athero. " 4.1 4.2 4.0 4.5 4.5 

~~ ~ 

Four samples of norniul human adult serum hav- 
ing low cholesterol levels were pooled. Mean serum 
cholesterol was 146 mg Yo. Four seruni samples 
f rom atherosclerotic patients having a mean serum 
cholesterol of 233 mg yo were also pooled. Cells 
were grown in samples of both pooled sera diluted 
with one part of balanced saline solution and sup- 
plemented with crystallint? bovine dhumin a t  eon- 
cent ra ti on s sl I own. 



(Control 4.2% ; limleic acid supplemented 
3.976 and stearic acid supplemented 4.37; 1. 
Higher concentrations of free fatty acids that] 
those used here were toxic to the cells. 

Relative importance of free and esterified 
cho2esteroZ. About two-thirds of the choles- 
terol in serum is normally present in the es- 

. terified form. Experiments were performed 
to determine the relative contributions of 
these 2 fractions to the cell cholesterol. It 
was found that the cell cholesterol was almost 
exclusively (95- 100% ) in the unesterifiecl 
form, but that, paradoxically, most of the de- 
crease in the medium occurred in the ester 
fraction. Supplementing the medium with 
free cholesterol-C”, however, showed that 
about half of the cell cholesterol was derived 
from the free cholesterol of serum. Following 
incubation for the 4-day growth period. about 
20% of the label in the medium was in the 
ester fraction. The labelled ester cholesterol 
found in the niediuni results from esterifica- 
tion exchange catalyzed by the serum. I t  
seems probable also that the cells contain a 
cholesterol esterase which breaks down the 
esters to free cholesterol following absorption. 

Discussion. I t  has been shown that uptake 
of serum cholesterol by cells in culture is re- 
lated to cell type( 1 ). In a series of cells 
grown in human placental cord serum. choles- 
terol content varied from a high of 2.8% for 
the FL strain of human amnion to as low as 
0.6% for a strain of rat adrenal cells. The 
experiments reported here demonstrate that 
with a given cell type, cell cholesterol is also 
dependent upon the type of serum used in the 
growth medium. I t  is also apparent that cell 
cholesterol is determined by factors other 
than (or in additicn to) serum cholesterol 
level as is seen by comparing cholesterol con- 
tent of cells grown on rabbit serum with that 
of cells grown on human placental cord serum 
(‘I’able 1 ) .  Cholesterol level in rabbit serum 
was less than in cord serum. Cells grown on 
rabbit serum, however, had over 3 times the 
cholesterol content of those grown on cord 
serum. 

The results (Table TI) indicate that the 
important parameter in determining cell cho- 
lesterol levels is the ratio of cholesterol to 

other components of the serum. This was con- 
firmed in experiments (Fig. 1 )  where un- 
I)ounti cholesterol was added to the medium 
i i i  the iorm of an emulsion. Relatively small 
increments in unbound cholesterol brought 
about large increases in cell cholesterol. 
When the same concentrations of cholesterol 
were added in the form of a protein complex 
with crystalline albumin, however, there was 
no corresponding effect on cell levels. This 
suggests that one determining factor may be 
the relative ratio of protein-bound to un- 
bound cholesterol in serum. That this is not 
the only factor, however, is shown by the 
fact that increasing the albumin content of 
the medium up to 80% above normal levels 
did not alter cholesterol content of the har- 
vested cells (Table IV) .  Since most of the 
cholesterol in serum is bound to an alpha- 
globulin fraction,+ it is possible that choles- 
terol binding by proteins other than albumin 
is more important. It would be expected that 
both qualitative as well as quantitative para- 
meters should be considered in evaluating the 
importance of protein-bound cholesterol. 
Thus for example, when serum is shaken with 
free cholesterol-P, most of the bound radio- 
activity appears in the alpha-globulinst and 
relatively little in the albumin fractions. 
11-hen albumin is shaken alone with choles- 
terol-CI4, however, it binds considerable 
amounts of radioactivity. 

The variation in uptake of cholesterol from 
different serum samples was not due to dif- 
ferences in free fatty acid content of the se- 
rum. Concentration of cellular cholesterol 
was not affected by addition of linoleic acid 
or stearic acid to the medium in concentra- 
tions of up to 1.5 m g p .  We have thus failed 
to observe in this cell system the effects on 
cholesterol uptake which were noted by Rus- 
tein et d ( 2 )  in explants of aorta tissue when 
similar concentrations of free fatty acids were 
used. 

The question of the relative contribution of 
free cholesterol and cholesterol esters to the 
cellular cholesterol is not clear from the re- 

t As determined by chromatography on DEAE 
ion-exchange cellulose columns. (J. M. Bailey and 
Kdward Walsh, iinpublished data). 

- - _ _  
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sults. In serum medium alone, only choles- 
terol esters are depleted, whereas i t  is appar- 
ent from the experiment using labelled choles- 
terol that both free and ester are taken up. 
The most probable explanation of the results 
is that both free and ester cholesterol are 
taken up by cells. Cholesterol esters are 
then hydrolyzed by the cells and are depos- 
ited as free cholesterol. Any excess is then 
excreted back into the medium as free choles- 
terol. We have observed the functioning of 
this excretion process by using cells grown 
on  CI4 labelled cholesterol and later trans- 
ferred to unlabelled medium(8). The role 
of the serum proteins in this excretion process 
is being investigated. 

1 .  Some of the factors influ- 
encing uptake of cholesterol by a strain of 
mammalian cells growing in vitro have been 
examined. 2. Cholesterol uptake by cells is 
dependent upon the type of serum used in 
the medium. Cells grown on rabbit serum 
had a higher cholesterol content than cells 
grown on human adult serum or human pla- 
cental cord serum. Rabbit serum, however, 
had the lowest serum cholesterol level. 3. 
Cholesterol content of cells was not influenced 
by concentration of serum cholesterol in the 
growth medium provided the relative propor- 
tions of cholesterol and serum protein were 
not changed. 4. When emulsions of free (non- 
protein bound) cholesterol were added to se- 
rum medium, relatively small increases in 
cholesterol content of the medium re- 

Summary. 

sulted in large increases in cholesterol con- 
tent of the cells. 5. By use of C14 la- 
belled chdesterol, i t  was shown that un- 
bound cholesterol was taken up preferen- 
tially as compared with cholesterol in the pro- 
tein-bound form. 6. Cholesterol content of 
cells was not influenced by addition of stearic 
acid or linoleic acid to the growth medium. 
7. Cells utilized both free and esterified se- 
rum cholesterol. The ester was apparently 
hydrolyzed intracellularly since the cell cho- 
lesterol was almost entirely in the unesterified 
form. 8. It is concluded that the main factor 
controlling cellular cholesterol uptake may 
be the relationship between serum cholesterol 
and the binding power of the serum proteins, 
rather than the cholesterol level itself. 
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