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Abstract Epithelial cells contain two distinct membrane
surfaces, the apical and basolateral plasma membranes,
which have different lipid and protein compositions. In or-
der to assess the effect of the compositional differences of
the apical and basolateral membranes on their ability to un-
dergo cholesterol efflux, MDCK cells were radiolabeled
with [

 

3

 

H]cholesterol and grown as a polarized monolayer
on filter inserts, that separate the upper apical compart-
ment from the lower basolateral compartment. The rate of
cholesterol efflux from the basolateral membrane into me-
dia containing HDL in the basolateral compartment was
6.3%/h 

 

6 

 

0.7, whereas HDL-mediated efflux from the api-
cal membrane was approximately 3-fold slower (1.9%/h 

 

6

 

0.3). In contrast, Fu5AH cells, which do not form distinct
polarized membrane domains, had a similar rate of HDL-
mediated cholesterol efflux into the apical and basolateral
compartments. Similar to HDL, other cholesterol accep-
tors, namely LDL, bovine serum albumin, and a lipid emul-
sion, also showed a decreased rate of cholesterol efflux
from the apical membrane surface versus the basolateral
membrane. Compared to the basolateral membrane, the
apical membrane was also found to be more resistant to
cholesterol oxidase treatment, to bind less HDL, and to
take up less cholesterol from the medium.  In conclusion,
cholesterol efflux occurred less readily from the apical
membrane than from the basolateral membrane for all
types of acceptors tested. These results suggest that differ-
ences in the composition of the apical and basolateral mem-
brane lead to a relative decrease in cholesterol desorption
from the apical membrane and hence a reduced rate of cho-
lesterol efflux.—
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Epithelial cells contain two distinct plasma membrane
domains, the apical and basolateral membranes, which
face an external lumen and the underlying cell layer, re-
spectively (1). The two membrane domains are separated
by tight junctions that prevent the translocation of lipids
and proteins between the two membranes (2). Each

 

plasma membrane domain has a specialized function and
contains a different composition of lipids and proteins.
The basolateral membrane of epithelial cells is similar to
the plasma membrane of nonepithelial cells, in terms of
lipid and protein composition, as well as function (3, 4).
In contrast, the apical membrane of epithelial cells con-
sists of a unique composition of lipids and proteins, which
is consistent with their function of providing a protective
barrier (3, 4). The exofacial side of the lipid bilayer of api-
cal membranes is enriched in glycosphingolipids and cho-
lesterol and is relatively depleted of phospholipids (3–8).
The rigidity and impermeability of the apical membrane
of epithelial cells has been proposed to be due to the in-
termolecular H-bonding of glycosphingolipids (3).

Reverse cholesterol transport is the process whereby
cholesterol is removed from peripheral tissues and is de-
livered to the liver for subsequent excretion into bile (9–
11). High density lipoprotein (HDL) has been proposed
to play a protective role in preventing atherosclerosis by
being the principal acceptor of cholesterol that effluxes
from peripheral cells. HDL mediates cholesterol removal
by a process referred to as aqueous diffusion (11), which
involves the desorption of cholesterol from the plasma
membrane and its diffusion and binding onto extracellu-
lar acceptors, such as HDL. Different cell types differ in
their rate of cholesterol efflux to HDL (10). The mecha-
nism for the difference in the rate of cholesterol efflux be-
tween cells is not fully understood, but has been proposed
to be due to differences in the lipid composition of the
membrane (12–14). Sphingomyelin enrichment of mem-
branes, for example, has been shown to reduce the rate of
cholesterol efflux because of its ability to bind and retain
cholesterol in the plasma membrane (12, 13). An increase
in unsaturated fatty acids on phospholipids and an in-
crease in the cholesterol to phospholipid ratio has also
been shown to affect the rate of cholesterol efflux (11).

 

Abbreviations: HDL, high density lipoproteins; LDL, low density lip-
oproteins; MDCK cells, Madin-Darby canine kidney cells; PC, phos-
phatidylcholine; BSA, bovine serum albumin.
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MDCK cells are an interesting model to investigate the
process of cholesterol efflux, because they are epithelial
cells that grow in a polarized manner and form both an
apical and basolateral plasma membrane domain in vitro
(15). When grown as a cell monolayer on a membrane-
permeable support, which separates the upper apical
compartment from the lower basolateral compartment,
MDCK cells become morphologically and functionally po-
larized. MDCK cells, therefore, provide a way to examine
the mechanism of cholesterol efflux from different
plasma membrane domains of a single cell type. Further-
more, because some polarized cells, such as endothelial
cells, participate in reverse cholesterol transport, informa-
tion on the process of cholesterol efflux from the apical
and basolateral membranes should be relevant to a full
understanding of how reverse cholesterol transport oc-
curs in vivo. 

In this study, we examined the cholesterol efflux from
the apical and basolateral membranes of MDCK cells and
show that cholesterol efflux occurs less readily from the
apical membrane. The difference in the rate of choles-
terol efflux was not specific for the type of cholesterol ac-
ceptor and is, therefore, most likely due to a differential
rate of desorption of cholesterol from the two plasma
membrane domains.

METHODS

 

Cell culture

 

MDCK II cells (15) and Fu5AH cells (American Type Culture
Collection, Rockville, MD) were grown in 6-well plates with Ea-
gle’s minimum essential medium (GIBCO BRL, Gaithersburg,
MD), supplemented with 10% fetal calf serum, 2 m

 

m

 

 glutamine,
100 IU/ml of penicillin, and 100 

 

m

 

g/ml of streptomycin
(EMEM10), as previously described (16). Polarized cells were
grown as a monolayer on Anopore (Nunc, Napersville, IL) mem-
brane tissue culture inserts (0.02 

 

m

 

m pore), which contain a
membrane that supports the cell monolayer and separates the
upper apical compartment from the lower basolateral compart-
ment. The integrity and confluence of the cell monolayer were
assessed morphologically by light microscopy.

 

Cholesterol efflux assay

 

The cholesterol efflux assay was performed as previously de-
scribed (10, 17), except for the following modifications. Con-
fluent MDCK cells grown on tissue culture inserts were incu-
bated for the indicated time with EMEM10 containing 1 

 

m

 

Ci/
ml of [1,2- 

 

3

 

H]cholesterol (50 Ci/mmol)(DuPont; Wilmington,
DE) for 48 h. Typically, this labeling protocol resulted in ap-
proximately 100,000 CPM/well or 1000 CPM/

 

m

 

g protein. Cells
were washed three times with serum-free EMEM containing 1
mg/ml bovine serum albumin (EMEM/BSA), and efflux was as-
sessed with the indicated cholesterol acceptors prepared in
EMEM/BSA. After the efflux period, media were collected, cen-
trifuged (10,000 

 

g

 

 for 5 min) and an aliquot of the media was
counted for radioactivity by liquid scintillation counting. The
residual radioactivity in the cell fraction was determined after
an overnight extraction with isopropanol. The percent efflux
was calculated by dividing the radioactive counts in the efflux
media by the sum of the radioactive counts in the media plus
the cell fraction.

 

Lipoprotein and lipid emulsion preparation

 

LDL (d 1.019–1.063 g/ml) and total HDL (d 1.063–1.21 g/ml)
were isolated from human plasma by density gradient ultracen-
trifugation, as previously described (18). Lipid emulsion was pre-
pared by a 10-fold dilution of 20% Liposyn (Abbott, Abbot Park,
IL) with EMEM/BSA. Unless otherwise indicated, all lipoprotein
concentrations were determined as 

 

m

 

g of total protein per ml.
Phosphatidylcholine (PC) was determined enzymatically (Wako
Bioproducts, Richmond, VA).

 

HDL binding assay

 

HDL was iodinated with 

 

125

 

I by the iodide monochloride
method (19) to a specific activity of 2 

 

3

 

 10

 

6

 

 cpm/

 

m

 

g. Confluent
MDCK cells grown on tissue culture inserts were incubated with
the indicated concentration of iodinated HDL for 3 h at 37

 

8

 

C in
the presence and absence of a 50-fold excess of unlabeled HDL.
Cells were rapidly washed three times with EMEM/BSA at
4

 

8

 

C. After dissolving the cell fraction with 0.1 

 

m

 

 NaOH and 0.1%
SDS, radioactive counts bound to the cells were determined by
gamma counting.

 

Cholesterol oxidase treatment

 

MDCK cells were treated with cholesterol oxidase as previously
described (20), except for the following modifications. After a 2-
h pulse labeling with [

 

3

 

H]cholesterol in EMEM10, the cells were
washed and incubated with cholesterol oxidase in EMEM/BSA
for 15 min at 37

 

8

 

C. The cells were then washed and extracted
with isopropanol, and cholesterol and cholestenone were sepa-
rated by thin-layer chromatography (20) and quantitated by liq-
uid scintillation counting.

 

RESULTS

In order to investigate cholesterol efflux from the api-
cal and basolateral plasma membranes, MDCK cells were
grown as a cell monolayer on tissue culture inserts. The
bottom of the insert contains a semipermeable membrane
that supports the cell monolayer and the sides of the in-
sert form a container that separates the upper apical com-
partment from the lower basolateral compartment.
MDCK cells were grown for 3 days after reaching conflu-
ence on tissue culture inserts to allow for the formation of
tight junctions. After labeling both compartments for 48 h
with [

 

3

 

H]cholesterol followed by a wash, HDL was added
to either the apical (

 

Fig. 1

 

, panel A) or to the basolateral
compartment (Fig. 1, panel B) or to both (Fig. 1, panel
C). The side without HDL was incubated with EMEM/
BSA, which served as a control. As can be seen by compar-
ing panel A with B, less cholesterol efflux occurred when
the HDL was in the apical compartment compared to the
basolateral compartment. As expected, the side contain-
ing only EMEM/BSA media showed much reduced cho-
lesterol efflux compared to the opposite side containing
HDL (Fig. 1, panels A and B). By calculating the initial
rate of efflux within the first 4 h, the apical membrane ef-
fluxed cholesterol approximately 3 times slower than the
basolateral membrane. The initial rate of cholesterol ef-
flux from the apical membrane was 1.9 

 

6 

 

0.3%/h,
whereas the rate from the basolateral membranes was 6.3 

 

6

 

0.7/h. When HDL was added to both compartments si-
multaneously (Fig. 1, panel C), the rate of cholesterol ef-
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flux from the apical membrane was again observed to be
decreased relative to the basolateral membrane. As a con-
trol, Fu5AH cells, a nonpolarized cell line that does not
form distinct membrane domains in vitro, were also
grown on tissue culture inserts. In contrast to MDCK cells,
there was no significant difference in cholesterol efflux
between the apical and basolateral compartment for
Fu5AH cells (Fig. 1, panel D).

The impermeability of the MDCK and Fu5AH cell
monolayer to HDL was evaluated in 

 

Fig. 2

 

. Radiolabeled
HDL was added to either the apical (Fig. 2, panels A and
C) or to the basolateral compartment (panels B and D)
and the transfer of HDL to the other compartment was as-
sessed over time. MDCK cells (panels A and B) almost
completely prevented the transfer of HDL to the opposite
compartment over a 24-h time period, which confirms the
integrity of the cell monolayer and its formation of tight
junctions separating the apical and basolateral compart-
ments. This finding validates the experimental approach
of selectively measuring cholesterol efflux from just one
compartment at a time by adding HDL to only that com-
partment. In contrast to MDCK cells, Fu5AH cells (panels
C and D) transferred appreciable amounts of HDL to the
other compartment over time, which is consistent with the
fact that Fu5AH cells do not form tight junctions between
cells, thereby allowing for the diffusion of HDL across the
cell monolayer. The transfer of HDL in Fu5AH cells, how-
ever, was negligible within the first 4 h. During this time
frame any difference in cholesterol efflux from the apical
and basolateral compartments should have been appar-
ent. As can be seen in Fig. 1 (panel D), there was no signif-

icant difference in cholesterol efflux during the first 4 h
for Fu5AH cells, which excludes the possibility that the
similar initial rate of cholesterol efflux from the apical
and basolateral compartments in Fu5AH cells was the re-
sult of diffusion of HDL across the cell monolayer.

A difference in the dose–response relationship between
the HDL concentration and cholesterol efflux was exam-
ined (

 

Fig. 3

 

) to determine whether it accounted for the
difference in the rate of cholesterol efflux from the apical
and basolateral membranes. Both the apical and basolat-
eral membranes showed similar shaped curves that began
to saturate at about 200 

 

m

 

g/ml. At all HDL concentrations
tested, however, there was approximately a 3.0-fold in-
crease in cholesterol efflux from the basolateral mem-
brane compared to the apical membrane, which suggests
that a difference in the dose–response curves does not ac-
count for the differential rate of cholesterol efflux from
the two plasma membrane domains.

In Figs. 1 and 3, the MDCK cells were labeled simulta-
neously in both compartments for 48 h in order to uni-
formly label both plasma membrane domains. Because
the percent efflux is calculated by dividing the radioac-
tive counts that appear in the media by the total radioactive
counts, which includes the radioactive counts in the me-
dia plus the residual radioactive counts in the cells (see
methods), a difference in the incorporation of the cho-
lesterol into the apical versus the basolateral membranes
could potentially account for an apparent difference in
the percent efflux. Cholesterol efflux from MDCK cells
was reassessed in 

 

Fig. 4

 

. by selectively labeling only one
membrane surface at a time, to account for any possible

Fig. 1. Cholesterol efflux from apical and basolateral
membranes. MDCK cells (panels A, B, and C) or Fu5AH
cells (panel D) were labeled with [3H]cholesterol for 24
h, followed by cholesterol efflux with 50 mg/ml of HDL
or EMEM/BSA for up to 48 h. The following acceptors
were added to either the apical (r) or basolateral (j)
compartment: (panel A) apical-HDL, basolateral-
EMEM/BSA, (panel B) apical-EMEM/BSA, basolateral-
HDL, (panel C) apical-HDL, basolateral-HDL, (panel
D) apical-HDL, basolateral-HDL. The results represent
the mean of triplicates 6 1 SD.
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differences in the incorporation of radiolabeled choles-
terol. This was performed by pulse labeling the cells for a
short time, which has been successfully used before to se-
lectively label only the plasma membrane of cells (20). In
panel A, the apical surface was pulse labeled for 2 h and
then HDL was added to both compartments. In panel B,
the basolateral surface was labeled and HDL was added to
both compartments. In panel C, both compartments were
labeled simultaneously and HDL was added to both sides.
Although we overall observed greater cholesterol efflux
from the short term labeling protocol (Fig. 4) compared
to uniformly labeling the cells (Fig. 1), there was a similar
pattern of reduced cholesterol efflux from the apical
membrane compared to the basolateral membrane. The
selective labeling of the apical and basolateral surface was
confirmed by cholesterol oxidase treatment (

 

Fig. 5

 

). Af-
ter labeling either the apical or basolateral compartment
with radiolabeled cholesterol, cholesterol oxidase was
added to either the same compartment that was labeled
or the opposite compartment. When the basolateral com-
partment was labeled and cholesterol oxidase was added
to that compartment, over 60% of the cholesterol was
converted to cholestenone by cholesterol oxidase (Fig. 5,
BB). In contrast, when the basolateral compartment was
labeled and cholesterol oxidase was added to the apical
compartment, only trace amounts of the cholesterol were

modified by cholesterol oxidase (Fig. 5, BA). This result
indicates that the pulse incubation of the basolateral
compartment successfully labeled only the basolateral
membrane and not the apical membrane. The converse
experiment of labeling the apical compartment was also
performed with similar results, except for two differ-
ences. First, there was approximately a 50% reduction in
the incorporation of the radiolabeled cholesterol into the
apical membrane compared to the basolateral mem-
brane. Second, although the results of the cholesterol ox-
idase treatment are consistent with the selective labeling
of the apical surface, cholesterol oxidase less efficiently
modified cholesterol that was incorporated into the api-
cal surface compared to the basolateral membrane (Fig.
5, AA).

Several cells have been shown to have high affinity bind-
ing sites for HDL, and the direct binding of HDL to cells
has been proposed to play a role in facilitating reverse
cholesterol transport (17). In 

 

Fig. 6

 

, the binding of HDL
to the apical and basolateral membranes of MDCK cells
was examined. Compared to apical membranes, the baso-
lateral membrane bound approximately 3 times the
amount of HDL. Excess unlabeled HDL competed for the
binding of radiolabeled HDL from both the apical and ba-
solateral membranes, but greater competition was ob-
served from basolateral membranes, which also suggests a

Fig. 2. Percent transfer of HDL between apical and basolateral compartment. Radioiodinated HDL was
added to either the apical (panels A and C) or the basolateral compartment (panels B and D) of MDCK
(panels A and B) or Fu5AH cells (panels C and D). TCA-precipitable radioactive counts in the apical (r) and
basolateral (j) compartment were determined at the indicated time points. The results represent the mean
of triplicates 6 1 SD.  by guest, on June 14, 2012
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greater number of high affinity binding sites for HDL on
basolateral membranes. 

In order to determine whether the increased binding of
HDL to the basolateral membrane accounted for the in-
creased efflux from the basolateral surface, several non-
specific acceptors, namely LDL, lipid emulsion, and BSA,
were also tested for their ability to efflux cholesterol from
the apical and basolateral membrane. These acceptors re-
move cholesterol by an aqueous diffusion mechanism and
do not require a direct interaction with cells (11, 21). As
shown in 

 

Fig. 7

 

, although there were some differences in
the overall ability of the various acceptors to efflux choles-
terol, all of the acceptors tested removed a greater
amount of cholesterol from the basolateral membrane
than the apical membrane, which suggests that the in-
creased efflux from the basolateral membrane ocurred by
an aqueous diffusion mechanism. 

DISCUSSION

The ability of cells to participate in reverse cholesterol
transport by donating cholesterol to HDL has been pro-
posed to be critical in establishing the proper distribution
of cholesterol in peripheral cells. Patients with reduced
levels of HDL have been postulated to have an increased
risk for developing atherosclerosis because of a decrease
in HDL-mediated cholesterol efflux from peripheral tis-
sues. Besides the level of HDL, cellular factors may also be
important in modulating the effectiveness of the reverse
cholesterol transport pathway. Different cell types are
known to differ in their ability to efflux cholesterol, but
the mechanism for the difference is not known (10, 14).

In this study, two different plasma membrane domains
from a single cell are shown to differ in their ability to ef-
flux cholesterol.

Whether MDCK cells were labeled to equilibrium (Fig.
1) or selectively labeled one membrane domain at a time
(Fig. 2), it was observed that the apical membrane ef-
fluxed cholesterol significantly slower than the basolateral
membrane. In contrast, Fu5AH cells, which do not form
separate polarized membrane domains, did not show a
difference in cholesterol efflux from the apical versus the
basolateral compartment. The difference in cholesterol
efflux could not be explained by a change in the dose–
response relationship between the HDL concentration
and efflux for the apical and basolateral membranes (Fig.

Fig. 3. Dose–response curve for efflux of cholesterol from apical
and basolateral membranes. MDCK were labeled for 48 h with
[3H]cholesterol, followed by cholesterol efflux for 24 h with the
indicated concentration of HDL in both the apical (r) and baso-
lateral (j) compartment. The results represent the mean of tripli-
cates 6 1 SD.

Fig. 4. Cholesterol efflux from apical and basolateral mem-
branes. MDCK cells were pulse labeled with [3H]cholesterol for 2 h
in either the apical (panel A) or basolateral (panel B) compart-
ment or both (panel C), followed by cholesterol efflux with 50 mg/
ml of HDL in both the apical (r) and basolateral (j) compartment
for up to 24 h. The results represent the mean of triplicates 6 1 SD.
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3). Interestingly, cholesterol oxidase treatment (Fig. 5),
which was used to show the selective labeling of one mem-
brane domain at a time, also showed a difference in the
susceptibility of the apical and basolateral membranes to
the cholesterol oxidase. Cholesterol on the basolateral
membranes was more readily oxidized by cholesterol oxi-
dase than was cholesterol on the apical side. In addition, it
was observed that greater incorporation of cholesterol oc-
curred into the basolateral side than the apical side. Both
of these results, as well as the difference in cholesterol ef-
flux, are likely a consequence of differences in the struc-
ture and composition of the two membrane domains (1,
3, 4).

The basolateral membranes also showed increased
binding of HDL compared to the apical membrane (Fig.
6). Two different mechanisms have been proposed for
HDL-mediated cholesterol efflux from cells (9). Choles-
terol can desorb from cells into the aqueous compartment
and then bind to HDL or to other acceptors in a process
referred to as aqueous diffusion (11). Numerous experi-
mental studies with model membranes, as well as cells,
have shown that this process does occur and accounts for
the majority of cholesterol efflux from cells. In addition,
however, it has been shown that cells contain high affinity
binding sites for HDL (17). The binding of HDL to cells
has been shown to stimulate various second messengers,
which have been proposed to facilitate cholesterol efflux

by mobilization of intracellular pools of cholesterol (20).
In Fig. 7, the mechanism for cholesterol efflux was evalu-
ated by assessing the ability of different cholesterol accep-
tors, besides HDL, to efflux cholesterol from the apical
and basolateral membranes. These non-HDL acceptors
are believed to remove cholesterol by the aqueous diffu-
sion process and do not depend on a direct interaction
with cells for cholesterol efflux (11, 21). Although there
were some differences in the overall efflux of the various

Fig. 5. Cholesterol oxidase treatment of apical and basolateral
membranes. Either the apical or the basolateral membranes of
MDCK cells were pulse labeled with [3H]cholesterol for 2 h and
then treated with cholesterol oxidase for 15 min at 378C in EMEM/
BSA in either the apical or basolateral compartment, according to
the following protocol: basolateral–pulse labeled and apical–choles-
terol oxidase-treated (BA); basolateral–pulse labeled and basolat-
eral–cholesterol oxidase-treated (BB); apical–pulse labeled and ba-
solateral–cholesterol oxidase-treated (AB); apical–pulse labeled
and apical–cholesterol oxidase-treated (AA). Solid rectangles indi-
cate the percent of cholesterol converted to cholestenone and
open rectangles indicate the percent of radioactive counts as cho-
lesterol. Results are normalized as the percent of the total radioac-
tive counts obtained for the BB protocol. The results represent the
mean of triplicates 6 1 SD.

Fig. 6. Binding of HDL to the apical and basolateral membranes
of MDCK cells. Radioiodinated HDL (5 mg/ml) was added to either
the apical (A) or the basolateral compartment (B) and cell bound
radioactive counts were determined after 3 h at 378C. Bound radio-
active counts were determined in the presence (open rectangles)
and in the absence (solid rectangles) of 50-fold excess unlabeled
HDL. The results represent the mean of triplicates 6 1 SD.

Fig. 7. Efflux of cholesterol from MDCK cells with various accep-
tors. MDCK cells were labeled with [3H]cholesterol for 48 h, fol-
lowed by cholesterol efflux from the apical (j) and the basolateral
(h) compartment for 24 h with the following acceptors: HDL (50 mg
total protein/ml; 100 mg PC/ml), LDL (50 mg total protein/ml; 133
mg PC/ml), lipid emulsion (10% (V/V), 1.2 mg PC/ml), BSA(50
mg/ml). The results represent the mean of triplicates 6 1 SD.
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acceptors at the doses tested, all of the acceptors showed
reduced cholesterol efflux from the apical membrane
compared to the basolateral membrane. This result is con-
sistent with a differential rate of cholesterol desorption
from the apical and basolateral membranes as being the
mechanism for the difference in cholesterol efflux. Be-
cause the rate-limiting step in aqueous diffusion is the de-
sorption of cholesterol from the membrane (11), a re-
duced rate of desorption of cholesterol from the apical
membrane would account for the relative decrease in cho-
lesterol efflux from the apical membrane. 

The apical and basolateral membranes of epithelial
cells are composed of different lipids, which is believed to
contribute to the different physical and functional proper-
ties of the two membrane surfaces (3, 4). The basolateral
membrane of epithelial cells is similar in its lipid composi-
tion to the plasma membrane of nonpolarized cells but
the apical membrane has a relatively unique lipid compo-
sition. There is an enrichment of glycolipids and a relative
depletion of phospholipids in the apical membrane of ep-
ithelial cells (3), including MDCK cells (3–8). This results
in an increase in the cholesterol to phospholipid ratio and
an increase in the sphingomyelin to phospholipid ratio
for the apical membrane, which has been previously
shown from model membrane systems, as well as from tis-
sue culture studies, to increase and decrease, respectively,
the rate of cholesterol efflux from membranes (11). In ad-
dition to the differences in the overall lipid composition
of the apical and the basolateral membrane, the two sides
of the apical membrane bilayer differ in their lipid com-
position. Glycosphingolipids are almost exclusively lo-
cated on the exofacial side of the bilayer (3, 4). Based on
the lipid composition of the apical membrane, the exofa-
cial side has been proposed to be relatively depleted in
phospholipids, except for sphingomyelin, and to consist
primarily of glycosphingolipids and cholesterol (3, 4).
The molar ratio of glycosphingolipids, cholesterol and
phospholipids has been proposed to be 1:1:1 in the exofa-
cial side of the apical membrane (3, 4). Glycosphingolip-
ids readily form intermolecular H-bonds and increase the
lateral packing density of a lipid bilayer, which results in
decreased fluidity and permeability of the apical mem-
brane (3, 4) and may also result in decreased cholesterol
efflux (11). Reducing membrane fluidity by increasing
the content of unsaturated fatty acids in phospholipids
has been shown to decrease cholesterol efflux from mem-
branes (11). The relative enrichment of sphingomyelin
on the exofacial side of the apical membrane would also
be predicted to reduce cholesterol efflux because of its
interaction with cholesterol and its ability to decrease
the desorption of cholesterol from membranes (12, 13).
Similarly, a potential interaction of cholesterol with gly-
cosphingolipids could also contribute to a reduced rate of
cholesterol efflux.

In addition to the lipid composition, the protein com-
ponents on cell membranes may also play a role in modu-
lating the rate of cholesterol efflux. Although changes in
the lipid composition of cell membranes can affect the
rate of cholesterol efflux, the change in efflux is not as

large as what is observed with model membranes, which
do not contain proteins (12, 13). In addition, lipid vesicles
produced from lipid extracts from cells with different
rates of cholesterol efflux do not show significant differ-
ences in the rate of cholesterol efflux (14). These studies
suggest that the protein composition and/or the effect of
membrane proteins on the lipid organization of the cell
membrane can also affect the rate of cholesterol efflux.
Apical and basolateral membranes have numerous differ-
ences in their protein composition, most notably the en-
richment of GPI-linked proteins on the apical surface (1),
and differences in protein composition may also be a fac-
tor for the difference in cholesterol efflux. Finally, gly-
cosaminoglycans on the surface of the apical side could
also potentially limit the rate of cholesterol efflux by in-
creasing the unstirred water layer and therefore increase
the diffusion barrier for cholesterol desorption (11).

In summary, the apical membrane showed a relative de-
crease in cholesterol efflux compared to basolateral mem-
brane for all acceptors tested and is most likely mediated
by a decreased rate of cholesterol desorption due to dif-
ferences in the composition and structure of the two
membrane surfaces. Future studies aimed at further ex-
amining the mechanism for the difference in cholesterol
efflux between the two plasma membrane domains of epi-
thelial cells should potentially lead to interesting new in-
sights into the cellular factors that can affect reverse cho-
lesterol transport.

 

Manuscript received 22 October 1997 and in revised form 6 February 1998. 
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