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ABSTRACT. Multidrug resistance P-glycoprotein (Pgp) has been reported to localize in low-density,
cholesterol-enriched membranes. However, effects of low-density membrane domains on function of Pgp
remain unexplored in whole cell systems. In cells that express modest levels of the protein endogenously
or through drug selection, Pgp predominantly localized to low-density membranes following separation
on a sucrose gradient. When highly overexpressed in NIH 3T3 cells, a prominent amount of Pgp also was
detected in high-density membranes. Removing cholesterol from cellswiththylcyclodextrin (CD),

a sterol acceptor molecule, shifted fractions that contained Pgp from low toward high density, and this
effect was reversed to a similar extent by restoring sterols with either cholesterol or enantiomeric cholesterol.
However, function of humaMDR1 Pgp as probed with Tc-Sestamibi, a transport substrate for Pgp, was
not dependent on localization of Pgp in cholesterol-enriched membranes. Specific inhibiNDRIE

Pgp with GF120918 or LY335979 also was independent of cholesterol. Cell-type-specific effects of
cholesterol content on function of human Pgp were detected by use of daunomycin, another substrate for
Pgp, although efficacy of inhibitors remained independent of cholesterol. Conversely, both function and
inhibition of hamster Pgp as measured with Tc-Sestamibi and daunomycin were in part dependent on
normal cell content of cholesterol. These data show that Pgp preferentially localizes to low-density,
cholesterol-enriched membrane domains, but acute depletion of cholesterol impacts Pgp-mediated drug
transport in a substrate- and cell-type-specific manner.

MDR1P-glycoprotein (Pgp)is an approximately 170 kDa  from within the lipid bilayer 6), or a regulator of electro-
protein that is a member of the ABC superfamily of chemical potentialX).

membrane proteins. When expressed in tumor ceIBR1 MDR1Pgp is present normally in many different tissues,
Pgp and other class | Pgpsidrl andmdr3in mice, pgpl including liver, kidney, adrenal, epithelia of the choroid
andpgp2in hamsters) confer resistance to structurally and plexus and intestine, and capillary endothelial cells at the
functionally diverse chemotherapeutic drugs by decreasingblood-brain barrier 7, 8). In polarized cells, Pgp is localized
intracellular concentrations of these compounds (for recentto apical membranes, domains that are enriched in sphin-
reviews, see (refs—3). However, the molecular mechanisms golipids and cholesterol compared with basolateral surfaces
of MDR1Pgp remain under investigatiod)( Pgp has been (9, 10). MDR1Pgp has been proposed to function in several
proposed to function as a flippase for lipids and drugs (  different aspects of normal physiolog§)(including protec-
a “vacuum cleaner” for extracting hydrophobic compounds tion from xenobiotics 11), resistance to apoptosisg 13),
migration of dendritic cells into lymphatic vesselsl), and
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essential to prevent inactivation of Pgp during purification cholesterol or ent-cholesterol. However, cell-type- and
(21), and function of Pgp in reconstituted systems is altered substrate-specific effects on the function of class | Pgp were
by lipid composition. By use of Pgp in proteoliposomes, observed.

photoaffinity labeling with azidopine is stimulated optimally

by 20% cholesterol in the lipid mixture, while binding MATERIALS AND METHODS

decreases with greater concentrations of cholest2?pl The . . .
S - : Materials. Stock solutions of GF120918 (gift of Glaxo-
yeast sterol ergosterol inhibits photoaffinity labeling of Pgp Wellcome) and LY335979 (gift of Eli Lilly and Co.) were

in proteoliposomes and inactivates the protein in a heter- : : : .
. . repared in dimethyl sulfoxide (DMSO). Synthesis of
ologous expression system, demonstrating that ergostero%ﬂ,&x,gﬁ'1ODL'130L’1 48170, 208-cholest-5-en-3-ol, the enan-

cannot substitute effectively for cholesterol in these assays.. ' of cholesterol. was performed as described previously
of Pgp @2, 23). ATPase activity of Pgp in proteoliposomes (29). p-Methylcyclodextrin (CD) and fatty-acid deficient

also is affected by phospholipids. Under basal conditions, . ; . 9
ATPase activity differs in proteoliposomes formed from bovine serum albumin (BSA) were from S|g_mé."[|'c]- .
Sestamibi was prepared with a one-step kit formulation

sheep brain, bovine liver, &scherichia coliipids; stimula- . (Cardiolite, Du Pont Medical Products Divisior). [H]-

tion of ATP hydrolysis in response to drugs is not observe . . .
when lipids from Escherichia coliare used 24). Using Daunomycin (1.9 Ci/mmol) was thalned from DuPont NEN.
All other reagents were from Sigma.

hamster Pgp, Romsicki and Sharob)(show that stimula- )
tion and inhibiton of ATPase activity in response to Cell Culture and BuffersNIH 3T3 fibroblasts were grown

verapamil differed in liposomes composed of egg phosphati- N PMEM, 10% heat-inactivated calf serum, and 0.1%
dylcholine, dimyristoylphosphatidylcholine, or dipalmi- pemcﬂlm/streptomycm. NIH 3T;3 cells stably transfected with
toylphosphatidylcholine. However, ATPase activity in re- humanMDR1(obtained from Michael Gottesman, NIH) were
sponse to vinblastine or daunorubicin is not affected by Maintained in 60 ng/mL colchicine. Human HepG2 and KB
changes in lipid composition. Although these reports dem- 3-1 Céll lines were cultured in DMEM, 10% heat-inactivated
onstrate that class | Pgp is affected significantly by lipids, fetél bovine serum, 1%.-glutamine, and 0.1% penicillin/

few studies have used intact cells to analyze effects of lipids Stréptomycin. The derivative KB 8-5 cell line was maintained

on the reduced accumulation of drugs mediated by Pgp. N 10 ng/mL colchicine. Chinese hamster ovary (CHO) K1

Recent studies have shown that a significant proportion €€!!S were gr?wn in F-12 dWitho 5% h_ecf;ll;[_-ir/\activated calf
of class | Pgp is present in low-density membranes separate€Um: 1%.-9 utanlwlne, an” 0'1(/; ;:]enlgl n sttr)t_aptom);cm. q
on sucrose gradient&§, 27). Such localization is consistent {uman 8226 myeloma cells and the doxorubicin-selecte

with expression of Pgp on the apical surface of polarized derivative Dox6 cell line (gift of William Dalton, Moffitt
cells, because both apical membranes and Iow-densityca,ncer CenFer) WEre grown in suspension cultyre as de-
membrane fractions are relatively enriched in sphingolipids SCribed previously3l). All cells were maintained in a 5%
and cholesterolq( 28). Using drug-selected CI€5 cells, ~ CO2 incubator at 37°C. Control buffer for assays of
Demeule et al.Z7) also demonstrated that the proportion of radmtracc_ar accumulation was a modified E_arle S palanced
Pgp fractionating with low-density membranes increases salt squt|o.n (MEBSS) contalTng the fclllowmg rrHIhmoIar
when cells are cultured in the presence of substrates for Pgpconcentrations: 145 Na5.4 K*, 1.2 C&", 0.8 Mg’", 152

; ; Cl~, 0.8 PO, ~, 0.8 SQ?7, 5.6 dextrose, 4.0 HEPES, and
compared with cells that are grown in the absence of drug. . ! O ’ ’
However, effects of Pgp localization to low-density, cho- 0-1% fatty-acid deficient BSA (w/v), pH 7.4. Sucrose

lesterol-enriched membranes on transport function have notdradients were prepared in MES-buffered saline (25 mM
been investigated. MES, pH 6.5, 150 mM NaCl, and 2 mM EDTABD).

To analyze the effect of cholesterol on localization and ~ Synthesis of SterelCD ComplexesComplexes of cho-
function of Pgp in membrane domains, we used adetergent-'eSFem' or ent.—cholesterol with CD were prepared as de-
free extraction procedure to identify Pgp in fractions from Scribed by Klein et al. 3).
sucrose gradients. Cells with endogenous Pgp were compared Treatment of Cells with CD and SteroCD Complexes.
with cell lines that expresMIDR1 Pgp by drug selection or  All incubations and washes were performed with serum-free
transfection. Depletion of cellular cholesterol with the sterol medium. Cells were washed with the appropriate medium
acceptopB-methylcyclodextrin (CD) was analyzed by shifts and then incubated with 15 mM CD for 30 min to deplete
in density of membrane fractions in which Pgp was detected. cholesterol. For experiments evaluating repletion of cellular
We then quantified effects of cholesterol depletion on cholesterol following treatment with CD, cells were washed
function of Pgp as probed with two different transport and then incubated for 60 min in medium containing 0.2
substrates and specific modulators of the protein. In addition, MM stero-CD complex. To load cells with cholesterol or
we determined the relative effects of restoring cellular sterols ent-cholesterol without prior CD treatment, cells were washed
with either cholesterol or the synthetic enantiomer of and incubated for 60 min in medium with 0.2 mM sterol
cholesterol [(&,8a,95,100.,13a,145,170,209-cholest-5-en- CD complex. Control cells were incubated in medium alone.
3-ol] (ent-cholesterol) on fractionation and function of class All incubations with CD and sterelCD complexes were
| Pgp. Results showed that Pgp localized primarily to low- performed at 37C in a 5% CQ incubator.
density membrane domains in cells that express physiologic Fractionation of Cells on Sucrose Gradientells were
amounts of the protein, while Pgp also was identified in high- plated at a density of (33.5) x 1 cells/10-cm dish and
density fractions from cells that overexpress the protein. cultured in normal medium for 3 days. Following treatment
Depletion of cellular cholesterol shifted the fractions that with CD and/or steretCD complex as described, cells were
contained Pgp to higher density on sucrose gradients, anwashed three times in PBS. Cells from three (NIH 3T3
effect that was reversed to a similar extent with either MDRJ), four (KB 8-5, CHO), or five (HepG2) 10-cm dishes
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were pooled for detergent-free fractionation of low-density  Data AnalysisData are reported as mean valdeSEM,
membrane domains on discontinuous sucrose gradients (5%with the number of replicates for each point as described in
35%, and 40% steps) as described by Pike and Mi8&Y. ( figure captions. Pairs were compared by Studerigst @7).
Because HepG2 cells express low amounts of Pgp, membraneValues ofp < 0.05 were considered significant.

associated proteins in each fraction were concentrated WithRESULTS

minor modifications of the method described by Roy et al.
(34). Briefly, 0.8 mL from each sucrose fraction was diluted Localization of Pgp in Membrane FractioriBo determine
the distribution of Pgp in membrane fractions, total cell

to a final volume of 15 mL with MES-buffered saline and
centrifuged at 1000@Pfor 1 h in a70Ti rotor (Beckman). lysates were separated on a discontinuous sucrose gradient.
We used a detergent-free metho82)( for lysing and

Pellets were then resuspended in 1250f MES-buffered
fractionating cells to exclude the possibility that membrane-

saline for analysis.

Immunofluorescence MicroscapyepG2 cells were grown  bound Pgp is redistributed in the presence of deterg@t (
on glass cover slips as described above and processed foB9). Localization of Pgp in different fractions was determined
immunofluorescence microscopy with mAb C219 (Signet) by Western blotting with mAb C219 in cells that express
as previously described by our laboratory, except that Pgp endogenously, through drug selection, or by transfection.
propidium iodide was not used in the mounting medi@®n ( Fraction 1 represents the top of the gradient, the interface
Similarly, KB 8-5 and CHO cells were grown and processed of the 5% and 35% sucrose layers is collected in fraction 4,
for immunofluorescence microscopy with the following and the bottom of the gradient is in fraction 10. As previously
minor modifications to the protocol: (1) PBS with 5% horse described for this procedure, low-density membranes are
serum and 1% BSA was used for blocking and dilution of expected to be present at or near the interface of the 5% and
antibodies; (2) blocking was performedrfd h before 35% solutions of sucrose¥?). In HepG2 cells that endog-
application of mAb C219; and (3) PBS with 1% BSA was enously express low levels of Pgp, the protein localized
used for washing cover slips before incubation with the predominantly to fraction 4, and a smaller amount of Pgp
secondary antibody. was detected in fraction 5 (Figure 1A). Preliminary experi-

Western BlotsAliquots (100uL) of each fraction from ments with HepG2 cells showed that Pgp could not be
sucrose gradients or HepG2 pellets were separated on a 7%letected in fractions-13 above the interface of 5% and 35%
gel by SDS-PAGE. Pgp was detected by Western blotting sucrose layers, so only fractions from this interface and below
with mAb C219 as described previousi$5). it in the gradient were analyzed routinely. Similar localization

Cellular Accumulation of P"Tc]Sestamibi or jH]Dauno- of Pgp was observed in CHO cells, which express class |
mycin Cells were grown on cover slips as described above, Pgp endogenously, and KB 8-5 cells, which express a modest
except for 8226 cell lines that were maintained in suspensionamount ofMMDR1due to selection in colchicine (Figure 1B).
culture. After the appropriate treatment with CD and/or Conversely, NIH 3T3 cells that have been transfected with
stero-CD complex, assays of transport function and inhibi- MDR1 express very high levels of Pgp. Western blotting of

tion of class | Pgp with P"Tc]Sestamibi (1.5:Ci/mL) or
[®H]daunomycin (0.2:Ci/mL) were performed as described
previously by our laboratory3Q, 36). Control experiments
showed that background radioactivity in all assays did not
differ among treatments with medium, CD, or ster@ID
complexes. Cell contents are reported as femtomoles of Tc-
Sestamibi (milligram of protein} (nMy)~* or picomoles of
daunomycin (milligram of protein} (uM,)~%, where (nM)~*
and #M,)~* represent total concentration of tracer in the
extracellular buffer.

Lipid Analysis Following treatment of cells with CD and/

fractions from these cells revealed large amounts of Pgp in
fractions 3 and 10, although the protein was identified
throughout the gradient in fractions-30 and the insoluble
pellet (Figure 1B). These data suggest that Pgp is found
predominantly in low-density membrane domains in cells
that express physiologic amounts of the protein and that Pgp
localizes to membrane fractions with higher density only
when greatly overexpressed. These data are consistent with
results reported previously for fractionation of Pgp on sucrose
gradients 26, 27).

Low-density membrane domains are enriched in glycosph-

or stero-CD complexes as described above, cells were ingolipids, gangliosides, sphingomyelin, and cholesterol
washed with PBS and lipids were extracted with hexane/2- (reviewed in ref® and28). The structure of these domains
propanol (3:2 v/v) for 1 h. Cells were then solubilized in 10 can be disrupted by removal of cholested®,(41), shifting

mM sodium borate and 1% SDS for determination of total resident proteins to higher density fractions on sucrose
protein by BCA analysis (Pierce), with BSA as a standard. gradients 82, 42). To determine effects of cholesterol
Content of cholesterol and ent-cholesterol was determineddepletion on fractionation of Pgp, we treated cells with CD,
with a colorimetric assay based on oxidation of cholesterol an agent that removes cholesterol from intact cdl 44).

with cholesterol oxidase (Cholesterol Cll assay kit, Wako). Cellular cholesterol was reduced to approximately 80%
Experiments with cholesterol standards showed that the colorof control in all cell types after incubation with 15 mM CD
reaction reached a plateau after 5 min af@7%and remained  for 30 min (Table 1), and content of cholesterol in these
stable through 60 min at this temperature. Absorbance fromcell lines was not reduced further by incubation up to 60
an equal amount of ent-cholesterol after 5 and 60 min at 37 min with CD (data not shown). Furthermore, no significant
°C was 15% and 76%, respectively, of that produced from or consistent differences were observed in baseline content
cholesterol. The difference in time course of color develop- of cholesterol or extent of depletion between Pgp-expressing
ment was used to determine the amounts of cholesterol andor nonexpressing cells. After treatment with 15 mM CD for
ent-cholesterol in cells. Data for content of cholesterol and 30 min, cells were lysed and separated on sucrose gradients.
ent-cholesterol were normalized to milligrams of protein and For all cell lines, the fractions in which Pgp was detected
expressed as percent control. shifted to higher density following depletion of cholesterol.
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Ficure 1: Localization of Pgp in membrane fractions in response
to cholesterol depletion and repletion. HepG2 (A, top panel), CHO,
KB 8-5, and NIH 3T3 MDR1 (B, bottom panel) cell lines were
cultured as described under Materials and Methods. Cells were
incubated in medium in the absence or presence of 15 mM
cyclodextrin (CD) for 30 min at 37C in a 5% CQ incubator.

NIH 3T3 MDR1

NIH 3T3 MDRL, CD

Luker et al.

Table 1: Cholesterol Content in Cells Treated with®CD

15 mM CD (30 min)

cell type (% control+ SEM)
HepG2 47+ 6
CHO 43+ 3
KB 3-1 57+5
KB 8-5 57+ 13
8226 46+ 3
Dox6 454+ 2
NIH 3T3 52+ 3
NIH 3T3 MDR1 a4+ 7

a Cells were plated as described under Materials and Methods and
incubated in the appropriate serum-free medium without or with 15
mM CD for 30 min. Cells were washed in serum-free medium and
extracted for lipids and protein as detailed under Materials and Methods.
Data are expressed as percent conttoBEM (n = 4 for all points
except KB 3-1, for whictn = 3). Baseline values for untreated cells
(ug of cholesterol/mg of protein): HepG2, 14420.9; CHO, 12.1+
1.2; KB 3-1, 16.5+ 0.8; KB 8-5, 17.44+ 1.1, 8226, 1.0t 0.03; Dox6,
0.8+ 0.02; NIH 3T3, 17.0+ 0.3; and NIH 3T3 MDR1, 27.9 0.8.

physiologic pattern in vivo. Cells were treated with CD for
30 min to deplete cholesterol and then repleted with sterol
by incubating for 60 min with 0.2 mM cholesterol or ent-
cholesterol complexed with CD. As quantified by a colori-
metric assay based on cholesterol oxidase, repletion with
either sterol was equally effective in restoring total cellular
content of cholesterol to baseline levels, reaching 108%
8% and 113%+t 16% of control for cholesterol and ent-
cholesterol, respectively (Table 2). Following treatment with
cholesterol, fractions that contained Pgp separated at low
density on sucrose gradients in a distribution that was
comparable to control cells (Figure 1A). Results with ent-

HepG2 cells were further incubated in the presence or absence ofcholesterol were similar to effects of cholesterol on frac-

0.2 mM CD-cholesterol complex or CBent-cholesterol complex

for 60 min at 37°C. After being washed in PBS, cells were lysed
and fractionated by a detergent-free method with discontinuous
sucrose gradients (5%, 35%, and 40% steps). Fractie® 11.2

mL) were collected from the top of the gradient, and P represents
the small resuspended pellet. For HepG2 cells, 0.8 mL of fractions
4—10 and the pellet were diluted and centrifuged to pellet

tionation of Pgp, although slightly more Pgp was detected
in high-density membranes after treatment with ent-
cholesterol. Overall, these data show that fractionation of
Pgp on sucrose gradients is highly dependent on cholesterol
and that the low density of the membrane compartment in
which Pgp localizes is restored to a similar extent by either

membranes as described under Materials and Methods. Aliquotschglesterol or ent-cholesterol.

(100uL) of each fraction were separated by SEFSAGE, and Pgp
was detected by Western blotting with mAb c219. Data are
representative of at least two independent experiments.

In HepG2 cells, Pgp was distributed across the gradient, with
relatively more protein localized to fraction 9 (Figure 1A).
Pgp was detected in both fractions 9 and 10 in CHO and

Localization of Pgp and Cholesterol by Fluorescence
Microscopy.To determine if acute changes in membrane
content of cholesterol affect cellular localization of Pgp,
intact cells were analyzed by immunofluorescence micros-
copy. Under baseline conditions, Pgp in HepG2 cells was
detected at bile canaliculi (Figure 2A¥7Y). Following

KB 8-5 cells, although relatively less Pgp from KB 8-5 cells treatment with CD, Pgp retained an apical distribution,
was present in high-density fractions (Figure 1B). Increased although a small amount of dispersion away from bile
amounts of Pgp also were detected at the bottom of thecanaliculi was observed in some cells (Figure 2B). In
gradient and in the insoluble pellet when NIH 3WBDR1 nonpolar KB 8-5 (Figure 2C) and CHO cells (data not
cells were treated with CD (Figure 1B). However, the first shown), Pgp localized to the plasma membrane, and this
fraction in which Pgp was detected (fraction 3 for NIH 3T3 distribution was not affected by treatment with CD for 30
MDR1 cells) did not change after depletion of cholesterol. min (Figure 2D and data not shown). We also evaluated
These data demonstrate that CD effectively removes cho-effects of depleting and restoring cholesterol on morphology
lesterol from membrane compartments in which Pgp local- of intact cells. Consistent with results of fractionation
izes, as evidenced by increased density of fractions thatexperiments, HepG2 cells treated with CD followed by-€D
contain the protein on sucrose gradients. cholesterol or CB-ent-cholesterol appeared normal and

To further characterize the relationship of cholesterol to indistinguishable by light microscopy as well as by fluores-
fractionation of Pgp, CD complexes containing cholesterol cence microscopy with filipin, a cholesterol-binding antibiotic
or ent-cholesterol were used to restore sterols following (48) (data not shown). Overall, while treatment with CD
depletion of cholesterol with CD pretreatmedb(46). For shifted the fraction in which Pgp was detected on sucrose
these experiments, we focused on HepG2 cells, a polarizedgradients, there was no evidence of significant relocalization
cell line in which apical expression of Pgp reflects the of the protein within intact cells.
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Table 2: Sterol Content in Cells Treated with CD Complexed with Cholesterol or Ent-cholésterol
15mM CD (30 min), 0.2 mM 15 mM CD (30 min), 0.2 mM

0.2 mM CD—cholesterol 0.2 mM CD-ent-cholesterol CD—cholesterol CD—ent-cholesterol
celltype (60 min) (% controt- SEM) (60 min) (% controk: SEM) (60 min) (% control- SEM) (60 min) (% control- SEM)
HepG2 122+ 5 1384+ 3 108+ 8 113416
CHO NDP ND 109+ 12 117+ 9
KB 8-5 14244 152420 111+ 11 104+ 9

a Cells were plated as described under Materials and Methods. For de novo loading with sterols, cells were incubated in appropriate serum-free
medium containing 0.2 mM CBsterol complexes for 60 min. For sequential depletion of cholesterol and replacement with sterol, cells were
incubated with CD for 30 min, washed with medium, and then incubated with 0.2 mM CD-sterol for 60 min. Lipids and protein were extracted and
quantified as detailed under Materials and Methods. Data are expressed as percentic&iMI(n = 4). ® Not determined.

three independent experiments). Cell content of Tc-Sestamibi
is inverse to expression of Pg@Q), thus accounting for
differences in absolute accumulation of radiotracer between
KB 3-1 and 8-5 cell lines. However, content of radiotracer
in both cell lines increased by approximately 2.5-fold after
depletion of cholesterol with CD. To confirm that these
results were not unique to KB cells, we also measured cell-
associated Tc-Sestamibi in 8226 and Dox6 myeloma cells,
which express nonimmunodetectable and modest levels of
Pgp, respectively1@). Net accumulation of Tc-Sestamibi

in 8226 cells was 133 2 fmol (mg of protein)* (NMo)~*
under baseline conditions and increased to 242 fmol

(mg of protein)y?! (nM,) ! following treatment with CD 1f

= 4). Content of radiotracer in Dox6 cells was 2t60.4

and 6.1+ 0.8 fmol (mg of protein)* (nM,)~* (n = 4) without

and with depletion of cholesterol. These values correspond
to 1.8- and 2.3-fold increases in cell content of Tc-Sestamibi
after treatment with CD in 8226 and Dox6 cells, respectively.
Although x-fold increases in Tc-Sestamibi were slightly
higher in Dox6 cells, this small difference is not proportional
to the large difference in functionMDR1 Pgp between the

FiGURe 2: Localization of Pgp in HepG2 (A, B) and KB 8-5 (C, m){elortr_la gell “n?gF?Zogig]panson?f. m.CLrJ]t.)s.?on fWI;[h al
D) cells in response to cholesterol depletion. Cells were plated on salurating dose o » & SpPeciiic Inhibitor of class

glass cover slips and cultured for 3 days in serum-containing Pgp ©0), increased cell content of Tc-Sestamibi by ap-
medium. Cells were washed and then incubated for 30 min in proximately 65- and 50-fold in KB 8-5 and Dox6 cells,
DMEM without (A, C) or with (B, D) 15 mM CD. Cells were  respectively. Accumulation of radiotracer in Pgp-negative

processed for immunofluorescence microscopy as described unde _
Materials and Methods, with mAb C219 and a fluorescein- KB 3-1 and 8226 cells was not affected by GF120918.

conjugated secondary antibody. In HepG2 cells, fluorescence We also quantified accumulation of Tc-Sestamibi in
corresponds to bile canaliculi formed between adjacent cells, while parental NIH 3T3 cells and 3T3 cells transfected WitbR 1

fluorescence in KB 8-5 cells is predominantly localized to plasma pgp_These cells express low and high levels of class | Pgp,

membranes. Panels are representative of several fields from tWOreSpectiver (Figure 118). Accumulation of radiotracer in

independent experiments. S a1 1
parental 3T3 cells was 46 7 fmol (mg of protein)! (nM,)

Effects of Cholesterol on Function of Class | Pgp As (n = 4) but was only 1.3+ 0.4 fmol (mg of protein)*
Probed with Tc-SestamibTo determine if acute changesin  ("Mo)™* (n = 4) in fibroblasts transfected withIDR1 As
membrane content of cholesterol affect function of class | shown in Figure 1, most Pgp in the transfected fibroblasts
Pgp, we disrupted low-density membrane domains by is not confined to low-density membranes. However, over-
depleting cellular cholesterol with CD as above and per- €xpression oMDR1Pgp still decreased accumulation of Tc-
formed tracer assays. Cells were treated with 15 mM CD Sestamibi by approximately 35-fold compared with the
for 30 min and then incubated for an additional 30 min with Parental cell line, suggesting that Pgp retains function when
Tc-Sestamibi, a transport substrate for class | RE). As present in membranes with high density. Cell-associated
described above, this protocol reduced cellular cholesterolradiotracer increased by 1.2- and 1.8-fatd< 4) in parental
to 40-60% of control in all cell lines tested. In KB 3-1 cells, 3T3 cells andVIDR1 transfectants, respectively, following
which do not expressMDR1 Pgp by Western blot or  depletion of cholesterol with CD. Similar to the myeloma
functional analysis35), cell contents of Tc-Sestamibi were  Cell lines, these small differences in accumulation of ra-
122+ 7 and 315+ 10 fmol (mg of protein)! ("M,) % before diotracer are disproportionate to the large effects on ac-
and after exposure to CD, respectivety= 4, representative ~ cumulation of Tc-Sestamibi mediated by class | Pgp.
of three independent experiments). By comparison, treatment In the absence of class | Pgp, Tc-Sestamibi concentrates
of Pgp-expressing KB 8-5 cells with CD increased ac- within cells in response to plasma and mitochondrial
cumulation of Tc-Sestamibi from 1.& 0.3 to 4.5+ 0.2 membrane potential${). Depolarizing mitochondria with
fmol (mg of proteiny! (nMo,)~* (n = 4, representative of  carbonyl cyaniden-chlorophenylhydrazone (@M) reduced
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cell content of Tc-Sestamibi to nearly background levels A 120
independent of treatment with CD (data not shown), showing 12
that CD was not causing nonspecific binding of radiotracer 100
to cells. Thus, the reproducible, small increases in cell content
of Tc-Sestamibi following depletion of cholesterol are much
less than seen with specific inhibitors MDR1 Pgp (L8)
and may be due to effects on membrane potential or
permeability of membranes to Tc-Sestamibi. Yet, the same
treatment with CD significantly changes fractionation of Pgp
on sucrose gradients. Given that the effects of CD are
nonspecific and small compared with specific inhibition of 20
class | Pgp, the data indicate that short-term depletion of g’

I T
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cholesterol in murine and human cell lines does not 0
significantly affect function of class | Pgp as probed with 0 10 100 1000 10000
Tc-Sestamibi. [GF] nM

Because changes in the lipid environment do not uniformly B
alter interactions of drugs with PgR%), we analyzed effects
of specific inhibitors oMMDR1 Pgp on accumulation of Tc- 1804
Sestamibi, without or with depletion of cholesterol. HepG2 1601
cells were incubated in medium alone or in medium
containingl5 mM CD for 30 min before treatment with
increasing concentrations of GF120918 (Figure 3A). In the
absence of GF120918, treatment with CD increased cell
content of Tc-Sestamibi by 1.6-fold. Accumulation of Tc-
Sestamibi increased with increasing concentrations of
GF120918, reaching a plateau at 100 or 300 nM in the
absence or presence of CD, respectively. We previously have
observed maximal inhibition of Pgp within this range of
concentrations in other cell3%, 52. At concentrations
greater than 300 nM GF120918, content of radiotracer o= ‘ ' ' '

. . : . 0 1 10 100 1000

decreased slightly in cells not treated with CD, possibly due
to toxicity. Throughout the concentration curve, absolute (Ly]nM
content of To Sestamiwasgreter i HopG?2 el hat were L, 3, e o el o % el dpion i
treated with CD. However, when data Wgre normah;ed to HepG2 cells. HepG2 cells Wé)l’e cultured as describgd under
account for the effect of CD alone, fold increases in Tc- paterials and Methods. Cells were incubated in medium in the
Sestamibi at concentrations up to 100 nM GF120918 were absenceM) or presencel) of 15 mM CD as described in Figure
independent of cholesterol content of cells. Only at higher 1. After being washed with MEBSS, cells were incubated with

concentrations of GF120918 werefold increases in ra- [#9Tc]Sestamibi in MEBSS containing various concentrations of

. . . . GF120918 (GF) (A, top panel) or LY335979 (LY) (B, bottom pane)
QIotracer greater in pells treated with CD, t?“,t,th's was due for 30 min at 37°C. Net cell content of Tc-Sestamibi was quantified
in part to decreases in content of Tc-Sestamibi in cells treatedas described under Materials and Methods. The inset to both panels

only with GF120918. showsx-fold increases in Tc-Sestamibi at various concentrations

. . . ... of modulator in the absence or presence of CD, normalized for the
We also deter_mln_ed effects of dlsrgpt!ng_ low-density effect of CD alone. Each data Boint represents the mean of three
membrane domains in HepG2 cells on inhibitionMDR1 determinations, and bars represefSEM when larger than the
Pgp by LY335979, another high-potency modulatss)( symbol. Data are representative of two (A) or one (B) independent
After depletion of cholesterol with CD, cells were incubated experiment(s).
with Tc-Sestamibi in the absence or presence of increasing To extend these observations, we evaluated effects of
concentrations of LY335979 (Figure 3B). Independent of cholesterol depletion and specific inhibitors of class | Pgp
CD, the cell content of radiotracer reached steady state aton accumulation of Tc-Sestamibi in other cell lines. In Pgp-
100 nM LY335979 and did not decrease significantly at negative KB 3-1 cells, content of radiotracer was not affected
higher concentrations of drug. Accumulation of Tc-Sestamibi, by concentrations of GF120918 or LY335979 up taM,
measured as femtomoles (milligram of proteinjnM,)~2, independent of treatment with CD (data not shown). How-
was greater in HepG2 cells treated with CD than control ever, cell-associated Tc-Sestamibi increased by approxi-
cells. Similar to data with GF120918, increased content of mately 20-fold in KB 8-5 cells after incubation with 300
Tc-Sestamibi was due to additive effects of CD and nM GF120918, a dose at which maximal inhibitiondDR1
LY335979 on accumulation of radiotracer. When data were Pgp occurs in this cell line (Figure 4AB%). The x-fold
normalized for the effect of CD alone, inhibition MDR1 increase due to GF120918 alone was not significantly
Pgp by LY335979 was independent of cholesterol content different in cells depleted of cholesterol. Treatment with the
of cells. Control experiments showed that localization of Pgp combination of CD and GF120918 increased cell-associated
in low-density membranes on sucrose gradients was notTc-Sestamibi by approximately 23-fold over the increase
affected by 30-min incubations with 300 nM of either mediated by CD alone. Thus, data from KB 8-5 cells are
LY335979 or GF120918 alone (data not shown). similar to those from HepG2 cells, since sequential treatment
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g 100 FIGURE5: Effects of GF120918 orf{"Tc]Sestamibi accumulation
& 5l in response to cholesterol depletion and repletion in HepG2 cells.
HepG2 cells were cultured as described under Materials and
oA | | Methods. The cells were incubated in the absence (solid bars) or
presence (open bars) of 15 mM CD as described in the caption to
veh GF LY Figure 1. Cells were then washed with medium and incubated in

the absence~) or presence of 0.2 mM CBcholesterol complex
(CD-chol) (A, top panel) or CBent-cholesterol complex (CD-
ent) (B, bottom panel) for 60 min at 3T. This was followed by
a 30-min incubation in MEBSS containin®fTc]Sestamibi and

FiIGURE 4: Effects of specific inhibitors of class | Pgp o¥¥Tc]-
Sestamibi accumulation in response to cholesterol depletion in KB
8-5 and CHO cells. KB 8-5 (A, top panel) and CHO (B, bottom

anel) cell lines were cultured as described under Materials and
IF\)/Iethgds. Cells were incubated in the absence (solid bars) or 300 "M GF120918 (GF). Each column represents the mean of four

presence (open bars) of 15 mM CD as described in the legend todete_rmlnatlons; bars representSEM. Data are representative of
Figure 1. Cells were washed with MEBSS and incubated for 30 WO independent experiments.

min at 37°C with [*®™Tc]Sestamibi in MEBSS containing vehicle i i i

(veh), 300 nM GF120918 (GF), or 300 nM LY335979 (LY). The fractionation of Pgp on sucrose gradients was not altered by
inset to both panels shows-fold increases in Tc-Sestamibi  incubation of CHO cells with 300 nM of either GF120918

accumulation with GF120918 or LY335979 in the absence or or | Y335979 for 30 min (data not shown). In summary, these
presence of CD, normalized to the effect of CD alone. Each column yat4 show that interactions of specific inhibitors, cholesterol,
represents the mean of four determinations; bars repre<eBM. ;
Data from each cell line are representative of at least two @nd class | Pgp are dependent on cell type. At least in CHO
independent experiments. cells, these drugs are significantly less effective inhibitors
of class | Pgp after use of CD to remove cholesterol and
with CD and GF120918 produced no additive effects on disrupt low-density membrane domains.
x-fold accumulation of radiotracer. To determine if CD was disrupting enantiospecific interac-
To characterize interactions of specific inhibitors and tions between cholesteroMDR1 Pgp, and a specific
cholesterol in a hamster cell line with endogenous expressioninhibitor, we used different combinations of CD and repletion
of class | Pgp, we quantified accumulation of Tc-Sestamibi of cellular cholesterol with either cholesterol or ent-
in CHO cells. Content of Tc-Sestamibi in these cells cholesterol before incubation with GF120918 in HepG2 cells.
increased by approximately 10-fold after treatment with CD As a baseline, cell content of Tc-Sestamibi following
(Figure 4B), which was significantly greater than the other incubation with 300 nM GF120918 increased by 4.4-fold
cell lines; the mechanisms underlying this difference are relative to vehicle control (Figure 5A). In the absence of
uncertain. Cells treated sequentially with CD and a saturating cholesterol depletion, cells loaded with 0.2 mM cholesterol
dose of either GF120918 or LY335979 had a greater contentcomplexed with CD fo 1 h increased total cholesterol to
of radiotracer than cells incubated with only one of the 122% 4+ 5% of control (Table 2), but this treatment only
specific modulators. Unlike human HepG2 or KB 8-5 cells, minimally enhanced accumulation of radiotracer above that
effects of either GF120918 or LY335979 on class | Pgp in seen with GF120918 alone. Sequential incubations with CD
CHO cells were dependent on cholesterol content. Incubationand GF120918 produced the expected additive increase in
with either specific inhibitor alone increased accumulation cell content of Tc-Sestamibi, and the effect of CD on
of Tc-Sestamibi by approximately 36-fold over cells treated accumulation of Tc-Sestamibi was nearly completely re-
with vehicle. Following depletion of cholesterol with CD, versed by using 0.2 mM cholesterol complexed with CD.
treatment of CHO cells with GF120918 or LY335979 Parallel experiments with ent-cholesterol showed effects that
enhanced cell-associated radiotracer by ont@8old above were essentially the same as those observed with cholesterol,
that observed with CD alone. Similar to HepG2 cells, althoughx-fold increases in accumulation of Tc-Sestamibi
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differed between experiments (Figure 5B). Use of 0.2 mM 600

ent-cholesteretCD increased total cellular cholesterol (cho- s

lesterol and ent-cholesterol) to 138%3% of control (Table g 300

2). As observed in cells loaded with cholesterol, sequential S 400

treatment with ent-cholesterol and GF120918 resulted in £

slightly greater accumulation of Tc-Sestamibi than in cells g 300

incubated only with the specific inhibitor diDR1 Pgp. g 200

Similarly, use of ent-cholesterol to restore cell sterol after z

incubation with CD returned cell-associated radiotracer to g 100

levels equivalent to those of cells treated with GF120918 < 0 i

alone. Interchangeable effects of cholesterol and ent-
cholesterol on cell content of Tc-Sestamibi also were seen veh GF LY
in nonpolar KB 8-5 cells (data not shown). Overall, these

data show that function and inhibition ¢fiIDR1 Pgp as > 600
probed with Tc-Sestamibi do not depend on enantiospecific Z 500
interactions with cholesterol. g
Effects of Cholesterol on Function of Class | Pgp As 2 400
Probed with DaunomycinTo further analyze effects of E 300
cholesterol on class | Pgp, we also used daunomycin as a &
probe for transport activity mediated by Pgp. Although both § 200
Tc-Sestamibi and daunomycin are hydrophobic, cationic g
substrates for Pgp, the latter drug also has a titratable proton, 5 100
which has been postulated to induce accumulation within R ||

acidic compartments in cell§4). Paired cell lines that differ
in expression oMDR1Pgp were depleted of cholesterol with e
CD aF; described aboveggnd then iﬁcubated with daunomycingIGURE 6: Effects of specific inhibitors of class | Pgp oftfl-

A . . aunomycin accumulation in response to cholesterol depletion in
for 30 min. In KB 3-1 cells, treatment with CD did not HepG2 and CHO cells. HepG2 (A, top panel) and CHO (B, bottom
significantly affect accumulation of daunomycin. Cell content panel) cell lines were cultured as described under Materials and
of daunomycin was 74& 54 and 707+ 23 pmol (mg of ~ Methods. Cells t\)fvere ipigbrﬁtﬁdcglat:fjezgﬁﬁggﬁn(gqlid bilr% ﬁr

H — H H H __ resence (open pars) o .
protein) * (‘uMO.) * without gnd with CD, reSpeptlveIW(_ \F/)vere wask(le?j with M)EBSS followed by a 30-min inculg;trign Witﬁ >
4, representative of two independent experiments). Con- [*H]daunomycin in MEBSS containing vehicle (veh), 300 nM
versely, depletion of cholesterol increased net cell content GF120918 (GF), or 300 nM LY335979 (LY). Each column
of daunomycin in KB 8-5 cells by approximately 1.5-fold, represents the mean of three determinations; bars repressam.
from 161+ 21 to 248+ 11 umol (mg of protein)t (Mo)~2 Data are representative of two (A) or one (B) independent
(n = 4, representative of two independent experimers) ( SXPerment(s).
< 0.05). In 8226 myeloma cells, depletion of cholesterol
with CD increased accumulation of daunomycin from 15.5
+ 1.1 to 21.2+ 1.9 pmol (mg of protein)! («M,) %, which
represents a 1.6-fold change= 6). A 1.6-fold increase in

veh GF LY

increases in accumulation of daunomycin were 2.8-, 2.3-,
and 2.8-fold above control after treatment with CD, GF120918,
or LY335979, respectively (Figure 6B). Unlike HepG2 cells,

net content of daunomycin also was observed in Pgp- cell-associated daunomycin in CHO cells was significantly

expressing Dox6 cells; cell-associated daunomycin was 7 5greater following sequential treatme_nt with CD and either
+ B 8 andglz 2+ 2.2 pmol (mg protein)t («M )){ in the GF120918 or LY335979 compared with CD alone. Increases
. . . o,

absence and presence of CD, respectivelsy:(6). Overall in daunomycin after cholesterol depletion and incubation with

these data show that disruption of low-density membrane & SPecific inhibitor were 3.3- and 4.3-fold for GF120918 (
domains through depletion of cholesterol has cell-type- ~ 0:09) and LY335979¢( < 0.005), respectively.
specific effects on accumulation of daunomycin and does We then used either cholesterol or ent-cholesterol to
not consistently target cells that expréd®R1 Pgp. replace sterols in cells after treatment with CD. HepG2 cells
To further characterize interactions of cholesterol and were incubated with CD and then with 0.2 mM €D
specific inhibitors of class | Pgp, we measured net content cholesterol complex to restore total cholesterol to baseline
of daunomycin in cells treated with differing combinations levels as described above. Under these conditions, accumula-
of CD and inhibitors. Again, we focused on cell types that tion of daunomycin was the same as in control cells (Figure
endogenously express class | Pgp. In HepG2 cells, CD 7A). However, content of daunomycin in HepG2 cells was
treatment before incubation with daunomycin was more significantly less than control when cellular sterols were
effective at enhancing cell content of radiotracer than replaced with ent-cholesterg & 0.005). Similar differences
saturating doses of either GF120918 or LY335979 (Figure between cholesterol and ent-cholesterol also were observed
6A). Increases in accumulation of daunomycin were 1.6-, in CHO cells (Figure 7B). Following treatment with CD,
1.3-, and 1.1-fold for CD, GF120918, and LY335979, restoring cellular sterols with cholesterol partially reversed
respectively. Combined treatment of HepG2 cells with CD the effect of CD on accumulation of daunomycin, returning
and either inhibitor did not increase accumulation of dauno- content of radiotracer to 1.5-fold above control. By com-
mycin more than CD alone. To determine if these effects of parison, CHO cells incubated with ent-cholesterol had less
cholesterol depletion were unique to HepG2 cells, we cell-associated daunomycin than control cefls<{ 0.05).
repeated this experiment in CHO cells. In this cell line, Thus, these data show that accumulation of daunomycin is
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400 Effects of these chemosensitizers putatively were mediated
; 350 1 through increases in membrane permeability to cytotoxic
:;* 300 drugs. Further support for dissociating functionMDR1
& - Pgp (as probed with Tc-Sestamibi) from membrane content
g 20 JT of cholesterol is data obtained with NIH 3T8DR1 cells.
g 200 Although most Pgp in these cells is detected in high-density
Z 150 fractions on sucrose gradients, accumulation of radiotracer
2 100 is very low compared with parental 3T3 cells. These data
g s show thatMDR1 Pgp confers multidrug resistance transport
3 activity even when it fractionates outside of low-density,
0 cholesterol-rich membranes. Specific inhibitors of human
sterol - — CD-chol CD-ent MDR1Pgp also were not significantly affected by decreases
900 in cholesterol and did not affect fractionation of Pgp on
~ sucrose gradients. Moreover, effects of CD were reversed
5 800 1 equally by either cholesterol or ent-cholesterol, demonstrating
g 700 that drug transport function and inhibition MDR1 Pgp as
o 600 assayed with Tc-Sestamibi are not affected by enantiospecific
= 500 interactions with cholesterol.
E 400 In contrast, use of daunomycin as a probe showed that
£ 300 cell-type-specific differences exist in effects of cholesterol
£ 200 depletion on function oMDR1 Pgp, although inhibition of
Z 100 the protein with GF120918 or LY335979 was not affected
A by removal of cholesterol. Differences also were observed
) when cholesterol was depleted with CD and then restored
sterol - — CD-chol CD-ent

_ o with either cholesterol or ent-cholesterol before incubation
Ficure 7: Accumulation of fH]daunomycin in HepG2 and CHO ' \yith daunomycin. Although total content of sterol (choles-
cells in response to cholesterol depletion and repletion. HepG2 (A, | hol l and hol | dtob i
top panel) and CHO (B, bottom panel) cells were cultured as terol or c (_)eStero an ent'_c OESte_ro)_rewme to _ase Ine,
described under Materials and Methods. Cells were incubated in@ccumulation of daunomycin was significantly less in cells
the absence (solid bars) or presence (open bars) of 15 mM CD ascontaining ent-cholesterol as compared with cells repleted

dgscribed in Figure 1,f I)ogow'adetg a|60-mir|1 inCUbat(;OH ir‘]bthde with cholesterol. We cannot exclude the possibility that
apsence or presence or0.2m €rol compiexes as aescripe _
in Figure 4. After being washed in MEBSS, cells were incubated effects of cholesterol and ent-cholesterol on transport of

for 30 min with PH]daunomycin in MEBSS. Each column da_unjomycin by Pgp are caused by alte_rations in membrane
represents the mean of three determinations; bars repre<EM. fluidity. Compounds that nonspecifically increase membrane
Data are representative of two (A) or one (B) independent fluidity previously have been shown to inhibit Pgph9j.
experiment(s). However, enantiospecific effects on function of class | Pgp
as measured with daunomycin suggest a specific interaction
between cholesterol and the localized binding site for
daunomycin on Pgp.
DISCUSSION Depletion of cholesterol affected both function and inhibi-
By use of a detergent-free protocol for fractionating cells, tion of class | Pgp differently in CHO cells than in any of
the data presented here demonstrate that Pgp is present ithe cells expressing humafDR1Pgp or endogenous murine
low-density membrane domains. The density of fractions that class | Pgp. Following treatment with CR+fold increases
contain Pgp is partially dependent on cholesterol, and effectsin accumulation of Tc-Sestamibi were comparatively greater
of cholesterol depletion are reversed to a similar extent by in CHO cells than other cell lines, and specific inhibitors of
either cholesterol or ent-cholesterol. These data complementclass | Pgp were much less potent. Similar differences
recent work by Lavie et al26) and Demeule et al2{) on between HepG2 and CHO cells also were observed with
localization of Pgp in low-density membranes. Changes in daunomycin. In the former cell line, inhibition MDR1Pgp
position of Pgp on sucrose gradients in response to CD andwas not altered following treatment with CD. Conversely,
CD-sterol complexes demonstrate that cholesterol can beeffects of both GF120918 and LY335979 in CHO cells were
removed and restored from membrane compartments thatgreater after depletion of cholesterol. These results suggest
contain Pgp, allowing us to quantify effects of cholesterol that isoform-specific differences exist between interactions
on function and inhibition of class | Pgp in intact cells. of cholesterol with hamster or human Pgp, although the
Depletion of cholesterol with CD showed cell-type- and influence of other features specific to CHO cells cannot be
substrate-dependent effects on the transport activity of classexcluded. Variations in drug resistance profiles and response
| Pgp. As probed with Tc-Sestamibi, functionddDR1Pgp to inhibitors have been reported previously among human
was not affected by depletion of cholesterol. Treatment with MDR1 and mousendrl and mdr3 (56). By demonstrating
CD caused small (2-fold) increases in cell content of Tc- that cholesterol has cell-type-specific effects on class | Pgp,
Sestamibi in human and murine cell lines, independent of our data extend prior work by Romsicki and ShardB)(
class | Pgp. These data are consistent with previous workwho determined that cholesterol affects interactions only of
showing that the chemosensitizers verapamil and reserpinehamster Pgp with selected drugs.
potentiated cytotoxicity of drugs in the multidrug-resistance  The current study was designed to analyze acute effects
phenotype in cells that did not express class | P§p).( of cholesterol depletion on localization and function of Pgp

affected by enantioselective interactions with cholesterol.
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under short-term steady-state conditions. Previous investiga-
tions have used agents that lower cholesterol content or bind
cholesterol to determine effects of low-density membrane
domains on receptor83, 49, signaling molecules3@), and
signal transduction pathway57). However, this approach
does not address the function of sphingolipaholesterol
rafts in trafficking of proteins within cells. Sorting of
transmembrane proteins to apical surfaces of polarized cells
or apical cognate routes of nonpolar cells preferentially uses
sphingolipid-cholesterol raftsq), although association with
rafts is not required for trafficking of all apical membrane
proteins 68, 59. By immunofluorescence microscopy, Pgp
localized to bile canaliculi in polarized HepG2 cells and
retained an apical distribution following incubation with CD.
Likewise, Pgp remained associated with the plasma mem-
brane of nonpolar cells after depletion of cholesterol. In some
HepG2 cells, the protein appeared to localize both in and
adjacent to bile canaliculi, suggesting that trafficking of Pgp
may be affected by depletion of cholesterol. Similar results
were reported recently by Ostermeyer et al., who studied
effects of CD on trafficking of a glycosylphosphatidylinosi-
tol-linked protein. Although initial delivery of the protein
to the cell surface was not affected by CD, these authors
suggested that rates of protein internalization and/or recycling
from the cell membrane may be dependent on membrane
rafts 69). Currently, it is unknown if Pgp requires interac-
tions with lipid rafts for proper targeting to apical membranes
in polarized cells or the equivalent membrane domains in
cells without polarity. If rafts are necessary for normal
trafficking of Pgp, then long-term disruption of these lipid
domains could result in retention of the protein in intracellular
organelles or improper targeting to basolateral membranes.
Under these circumstances, long-term depletion of cholesterol
potentially may have a significant effect on function of Pgp.
Fractionation of Pgp with low-density membranes also
raises the possibility that the protein may localize to caveolae,
which represent a subclass of low-density membraées (
62). In drug-resistant CRC5 cells and brain capillaries, Pgp
has been shown to coimmunoprecipitate with cavedif), (

(63). Further investigation will be required to determine if
Pgp localizes within morphologically defined caveolae and
any functional consequences of such localization.

In summary, physiologic levels of Pgp fractionate in low-
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