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Arsenazo I11 was further used to ex- 
amine possible changes in the voltage- 
dependent calcium conductance or  in 
cellular calcium regulation during cyclic 
AMP injections. Figure 2C (left) shows 
the characteristic increase and subse- 
quent recovery of the signal a t  660 nm 
during and after a voltage step to f 2 0  
mV for 1 second. During the following 
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Independent Pathways for Secretion of Cholesterol 

and Apolipoprotein E by Macrophages 

Abstract. Cholesterol-loaded macrophages secrete cholesterol and apolipoprotein 
E. The current studies show that this secretion occurs by two independent pathways. 
In the absence of serum, the cells secrete apolipoprotein E,  but not cholesterol. In 
the presence of monensin (an inhibitor of protein secretion), the cells secrete 
cholesterol, but little apolipoprotein E. After secretion, apolipoprotein E and 
cholesterol associate with high-density lipoprotein to form a particle that can deliver 
cholesterol to the liver by receptor-mediated endocytosis. We conclude that apolipo- 
protein E does not function to remove cholesterol from macrophages but rather to 
participate in "reverse cholesterol transport." 

In humans or  animals with hypercho- 
lesterolemia, cholesteryl esters accumu- 
late as  cytoplasmic lipid droplets in mac- 
rophages (1). Possible mechanisms for 
such accumulation have been disclosed 
by studies of macrophages in vitro. 
These studies have shown that mouse 
and human macrophages have surface 
receptors that allow them to take up and 
degrade large amounts of plasma lipo- 
proteins that have been chemically al- 
tered. For  example, when the low-densi- 
ty lipoprotein (LDL) of human plasma is 
modified by acetylation or  treatment 
with malondialdehyde, the modified lipo- 
protein binds to receptors on cultured 
macrophages and is taken up by endocy- 
tosis and delivered to lysosomes (2). 
Within the lysosome the cholesteryl es- 
ters of acetyl-LDL are hydrolyzed, and 
the liberated cholesterol is transferred to 
the cytoplasm where it is reesterified and 
stored in cholesteryl ester droplets (3). 

Under appropriate conditions, macro- 
phages can rapidly secrete the large 
amounts of cholesterol that they have 

stored in the cytoplasm. Secretion re- 
quires the presence in the culture medi- 
um of an agent, such as  high-density 
lipoprotein (HDL), that is capable of 
binding cholesterol (4). In the absence of 
a cholesterol-binding substance, the cy- 
toplasmic cholesteryl esters are continu- 
ously hydrolyzed and reesterified in a 
sequence termed the cholesteryl ester 
cycle (4). When H D L  is present, the 
hydrolysis of the stored cholesteryl es- 
ters continues, but reesterification no 
longer occurs and the liberated choles- 
terol is secreted from the cell. Macro- 
phages can secrete huge amounts of cho- 
lesterol in this fashion-up to 200 pg per 
milligram of cell protein per day (4). 

At the same time that macrophages 
secrete cholesterol, they also synthesize 
and secrete large amounts of apolipopro- 
tein E (apo E), a normal protein compo- 
nent of plasma lipoproteins (5). First 
detected in mouse macrophages, the se- 
cretion of apo E has also been shown to 
take place in macrophages derived from 
circulating human monocytes (5). The 
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a p o  E emerges f rom macrophages in es ter  a s  a result of incubation with ace- 
association with phospholipid in the  ty l -LDL (5). 

whether  it serves some  other  purpose.  
T h e  current studies were  designed to  

form of bilayer discs (5). In mouse mac- T h e  simultaneous secretion of choles- 
rophages the  secretion of a p o  E is stimu- terol and  a p o  E raised the question of 
lated up  t o  tenfold when the cells have whether  a p o  E plays a direct role in 
been induced t o  accumulate cholesteryl mediating cholesterol secretion, o r  

Table 1. Dissociation of secretion of cholesterol and apo E in mouse macrophages. Monolayers 
of unstimulated macrophages were prepared as described in Fig. 1. On day 1 ,  cells received 1 ml 
of medium A, containing [35S]methionine (50 yCilml), fetal calf serum (FCS) (10 percent), and 
acetyl-LDL (30 ygiml). On day 2 (zero time), all monolayers were washed. Three dishes were 
combined and processed for measurement of cholesterol content and [35S]methionine incorpo- 
ration into cellular protein (group 1). Other sets of three monolayers received 1 ml of medium A 
containing [35S]methionine (50 yCilml) in the absence of FCS (group 2), in the presence of 10 
percent FCS (group 31, or in the presence of 10 percent FCS plus 1 pM monensin (group 4). 
After incubation for 24 hours, on day 3 the media from three replicate dishes were combined, 
dialyzed against 25 mM ammonium bicarbonate (5), and analyzed for 35S-labeled apo E by 
immunoprecipitation as described in Fig. 1. The specific radioactivity of cellular protein was 
determined by dividing the amount of radioactivity in total cell protein by the mass of total cell 
protein (5). The amount of 35S-labeled apo E secreted into the medium was calculated by 
dividing the immunoprecipitable radioactivity in the medium by the specific radioactivity of the 
total cellular protein. The amount of total cholesterol lost from the cells (free plus esterified) 
was determined by subtracting the value in group 2, 3, or 4 from that in group I .  The cellular 
content of free and esterified cholesterol was measured by gas-liquid chromatography (3, 4). 

Group Incubation 

Cellular 
cholesterol 

content 
(yg sterollmg 

protein) 

Free Ester- 
ified 

Total 
cholesterol 

secreted 
from 

cell (kg 
sterollmg 
protein) 

35s- 

Labeled 
apo E 

secreted 
from cell 
(kg/mg 
prote~n) 

[35S]Methi- 
onine incor- 
porated into 

cellular 
protein 
(lo-' x 
dpmimg 
protein) 

1 Zero time 63 196 4.0 
After 24 hours 7 1 203 0 189 5.4 

2 Without serum 
3 With serum 55 64 140 163 5.3 
4 With serum 60 99 100 15 4.1 

and 1 yM 
monensin 

explore this question through the  use of a 
quantitative immunoprecipitation assay 
for  35S-labeled a p o  E secreted by macro- 

Fig. 1. Immunoprecipitation of 
35S-apo E secreted by choles- 50 

terol-loaded mouse macro- ,; 

phages. 
A rabbit was  immunized with a p o  E 

that had been isolated by preparative 
sodium dodecyl sulfate (SDS)-gel elec- 
trophoresis from delipidated mouse very 
low density lipoproteins (VLDL)  (6). 
This antibody gave a single line of  identi- 

phages. Macrophages were $, 40 - Anti-apo E .- a 
isolated from the peritoneal 2 2 - 1 8  8 z 
cavity of unstimulated mice < k 2 

c .E 
and placed in culture on day 0 30 - .- 

1 'z 
as described (3, 4 ) .  On day 1, E'R - 1 2 9 5  
each monolayer (6 x lo6 ad- p 20 - / $% herent cells per 35-mm dish) - 

0 5 8 received 1 ml of Dulbecco's 5 - 6  :w 

modified Eagle medium I 
Nonimmune 

I 
(DMEM) containing acetyl- m m 
D L  1 0 0  g m  On day 2, 0 ' 
cells were washed and 0 30 60 90 120 225 
switched to DMEM containing y -Globulin ( ~ ~ g l t u b e )  
human albumin (1 mglml). On 
day 3, each monolayer received 0.6 ml of medium A (methionine-free DMEM supplemented 
with 40 pM unlabeled methionine) containing [35S]methionine (200 pCilml). On day 4, the media 
from 12 dishes were combined and dialyzed against 25 mM ammonium bicarbonate (5). Portions 
(2 x 10' dpm) of the dialyzed media were incubated in 300 p1 of solution containing 20 mM tris- 
Cl (pH 7 . 9 ,  0.5 percent Triton X-100, 0.25 percent sodium deoxycholate, 0.3 percent sodium 
dodecyl sulfate (SDS), 0.3M NaCI, 0.2 mM phenylmethylsulfonyl fluoride, and the indicated 
amount of one of the following: M, none; @, nonimmune rabbit serum (y-globulin fraction); and 
0, rabbit antiserum to apo E (y-globulin fraction) (6). After incubation at 37'C for 2 hours, each 
tube received 30 yl of a 10 percent (weight to volume) suspension of Pansorbin (Calbiochem) 
and incubations were continued at 24°C for 15 minutes. After centrifugation, the pellet was 
washed three times with buffer B (10 mM sodium phosphate, pH 7.4,0.5 percent Zwittergent 3- 
14, 0.5M NaC1, 0.1 percent SDS, 10 mM dithiothreitol, 2 mM methionine. and 5 mg of bovine 
albumin per milliliter) and once with buffer C (10 mM sodium phosphate, pH 7.0, and 0.5 
percent Triton X-100). The immunoprecipitates were resuspended in 200 yl of buffer 0 ( 3 ,  
heated at 90°C for 3 minutes, and centrifuged. Portions of the supernatants were processed for 
scintillation counting (5) or subjected to electrophoresis on 10 percent SDS-polyacrylamide gels 
and then fluorography for 72 hours (inset); (lane A) nonimmune serum; (lane B) immune serum. 
Molecular weight (MW) standards are indicated. 

- - O - < I o  

ty when tested on Ouchterlony immuno- 
diffusion plates against mouse  V L D L ,  
mouse H D L ,  and purified mouse a p o  E. 

- 2 4 z  
m 

4- .- 

Moreover,  when mouse serum was sub- 
jected to  electrophoresis, transferred t o  
nitrocellulose paper,  and incubated with 
the antibody [immunoblotting technique 
(771, the antibody stained only a 35,000- 
dalton protein consistent with a p o  E (8). 
There was  n o  staining of proteins corre- 
sponding to the o ther  plasma apopro- 
teins (A-I, A-11, B, o r  C). 

The  antibody was  used to  quantify the  
amount  of [35S]methionine-labeled a p o  E 
secreted by macrophages.  F o r  this pur- 
pose mouse macrophages were  loaded 
with cholesteryl esters by  incubation for 
24 hours with acetyl-LDL. They were  
then incubated for  a further 24 hours  in 
the  absence of lipoproteins s o  that the 
cellular cholesteryl ester cycle would 
reach equilibrium. The cells were  then 
incubated for  a further 24 hours in the  
presence of [35~]meth ion ine .  Portions of 
the medium were  incubated with increas- 
ing amounts of anti-apo E and then with 
Stnphylococcus aureus coated with Pro- 
tein A (Pansorbin). The  immunoprecipi- 
tated proteins were  eluted f rom the  Pan- 
sorbin, and a portion was  subjected to  
scintillation counting. The remainder 
was  subjected to  SDS-polyacrylamide 
gel electrophoresis and then examined 
by autoradiography. Figure 1 shows that 
increasing amounts of anti-apo E precip- 
itated a maximum of about  24 percent of 
the total 35S-labeled proteins secreted by 
the cholesterol-loaded macrophages.  
This amount  was  more than 25-fold 
greater than the  amount  precipitated by  
nonimmune serum. Electrophoresis of 
the  immunoprecipitate showed a single 
band a t  a molecular weight of 35,000 
consistent with apo  E (Fig. 1 inset,  lane 
B). 

In  a total of 23 experiments,  w e  found 
that immunoprecipitable 35S-labeled a p o  
E averaged 12 percent of the total pro- 
tein secreted by  cholesteryl ester-loaded 
macrophages.  When the  cholesterol 
loading s tep  was  omitted (six experi- 
ments), immunoprecipitable 3 5 ~ - a p o  E 
constituted an  average of 0.7 percent of 
the  total  protein secreted. 
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To determine whether the secretion of 
apo E was coupled to the secretion of 
cholesterol, we performed two maneu- 
vers to  dissociate these two events. 
First, we incubated cholesterol-loaded 
macrophages in the absence and pres- 
ence of fetal calf serum. In previous 
studies, we showed that macrophages do 
not secrete large amounts of cholesterol 
in the absence of serum, which contains 
HDL and other cholesterol-binding mol- 
ecules (4). Second, we incubated the 
cholesterol-loaded cells in the presence 
of fetal calf serum plus the carboxylic 
ionophore monensin. This drug is known 
to block the movement of secretory pro- 
teins from the Golgi apparatus to the 
plasma membrane (9) and hence it would 
be expected to  block the secretion of apo 
E. To  estimate the absolute amount of 
apo E secreted, we included [35S]methio- 
nine in the medium for 24 hours prior to 
the addition of serum and monensin. 
During this time the specific radioactiv- 
ity of cellular proteins reached a steady- 
state value. During the secretory period, 
[35S]methionine was maintained in the 
culture medium at the same specific ac- 
tivity. To  calculate the mass of immuno- 
precipitable 35S-apo E, we assumed that 
the specific activity of the [35S]methio- 
nine in apo E was the same as the steady- 
state specific activity of [35S]methionine 
in total cell proteins. To  estimate the 
mass of cholesterol secreted, we mea- 
sured the decline in cell cholesterol con- 
tent by gas-liquid chromatography (3,4) .  

Table 1 shows that serum and monen- 
sin produced a dissociation between the 
secretion of apo E and of cholesterol. In 
the presence of serum, the cells secreted 
almost equal amounts of cholesterol (140 
pg per milligram of protein) and 35S-apo 
E (163 pg per milligram of protein). In 
the absence of serum, there was no net 
secretion of cholesterol, yet the cells 
continued to secrete 189 pg of apo E per 
milligram of cell protein. The converse 
result was obtained with monensin. At a 
concentration of 1 p+M, this agent re- 
duced the secretion of apo E by more 
than 90 percent without significantly in- 
hibiting cellular protein synthesis. De- 
spite this reduction in apo E secretion, 
the cells secreted nearly as much choles- 
terol in the presence of monensin as they 
did in its absence. Figure 2 shows the 
effects of varying monensin concentra- 
tions on the secretion of cholesterol and 
3'S-apo E into the medium. At concen- 
trations as low as 0.1 pM, monensin 
inhibited apo E secretion by 70 percent 
yet it had no effect on cholesterol secre- 
tion. 

These experiments show that choles- 
terol-loaded macrophages can secrete 

0 - d o  
0 0.2 0.4 1.0 

Monensin (UM) 

Fig. 2. Dissociation of secretion of cholesterol 
and apo E in mouse macrophages by monen- 
sin. This experimental design was the same as 
that described in the legend to Table 1 except 
that the concentration of monensin was varied 
as indicated. 

cholesterol at near-normal rates even 
when secretion of apo E is inhibited by 
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a cholesterol-accepting substance, secre- 
tion of apo E continues normally, but a 
net loss of cellular cholesterol does not 

Cholesterol secreted 
r' 

0- *-A* 

\ - 
O,, ,Ape E secreted - 

occur. Thus, although cholesterol and 
apo E secretion are both stimulated 
when the cells have accumulated choles- 
teryl ester,  the two substances appear to 
leave the cells by different mechanisms. 
Cholesterol is likely to leave the macro- 
phage by transferring from the macro- 
phage plasma membrane to H D L  in the 
medium (4, 10). In contrast, apo E is 
likely to be secreted through the Golgi 
apparatus; hence its sensitivity to mon- 
ensin. 

Since the secretion of apo E is not 
required for cholesterol secretion, its 
function q u s t  iie elsewhere. We have 
performed two experiments which sug- 
gest that macrophage-produced apo E 
can form stable complexes with plasma 
HDL. (i) When the 35S-labeled lipopro- 
tein fraction produced by cholesterol- 
loaded macrophages was incubated with 
HDL3 (density, 1.125 to 1.215 glml) and 
then subjected to agarose electrophore- 
sis, all of the 35S-radioactivity of apo E 
comigrated with HDL (3.0 cm from ori- 
gin); in the absence of HDL3,  all of the 
35S-apo E migrated more rapidly (4.5 cm 
from origin). (ii) When incubated in the 
presence of HDL3, the macrophage-se- 
creted 3SS-apo E was susceptible to pre- 
cipitation by an antibody to H D L  that 
does not recognize apo E; in the absence 
of incubation with HDL3, 35S-apo E was 
not immunoprecipitated by the antibody. 

High-density lipoprotein that contains 
apo E [so-called HDL, ( I I ) ]  binds to 
hepatic L D L  receptors with high affinity 
(12). We therefore postulate that the apo 
E and cholesterol secreted by macro- 
phages bind to H D L  and are assembled 
into HDL, in the extracellular fluid. This 
mechanism may serve to transport to the 

liver the cholesterol that is released from 
the breakdown of lipoproteins and other 
cholesterol-containing materials in mac- 
rophages. Such "reverse cholesterol 
transport" (13) may play an important 
role in normal and disease states. 
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