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Differential Effect of Membrane Cholesterol Removal on
�- and �-Opioid Receptors
A PARALLEL COMPARISON OF ACUTE AND CHRONIC SIGNALING TO ADENYLYL CYCLASE*
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From the ‡Department of Pharmacology and §Substance Abuse Research Center, University of Michigan,
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According to the lipid raft theory, the plasma membrane con-
tains small domains enriched in cholesterol and sphingolipid,
which may serve as platforms to organize membrane proteins.
Using methyl-�-cyclodextrin (M�CD) to deplete membrane cho-
lesterol, many G protein-coupled receptors have been shown to
depend on putative lipid rafts for proper signaling. Here we exam-
inethehypothesis that treatmentofHEK293cells stablyexpressing
FLAG-tagged �-opioid receptors (HEK FLAG-�) or �-opioid
receptors (HEK FLAG-�) with M�CDwill reduce opioid receptor
signaling to adenylyl cyclase. The ability of the �-opioid agonist
[D-Ala2,N-Me-Phe4,Gly5-ol]enkephalin to acutely inhibit adenylyl
cyclase or to cause sensitization of adenylyl cyclase following
chronic treatment was attenuatedwithM�CD. These effects were
due to removal of cholesterol, because replenishment of choles-
terol restored [D-Ala2,N-Me-Phe4,Gly5-ol]enkephalin responses
back to control values, andwere confirmed inSH-SY5Ycells endo-
genously expressing�-opioid receptors.The effects ofM�CDmay
be due to uncoupling of the � receptor from G proteins but were
not because of decreases in receptor number and were not mim-
icked by cytoskeleton disruption. In contrast to the results inHEK
FLAG-�cells,M�CDtreatmentofHEKFLAG-�cellshadnoeffect
on acute inhibition or sensitization of adenylyl cyclase by �-opioid
agonists. The differential responses of �- and �-opioid agonists to
cholesterol depletion suggest that �-opioid receptors are more
dependent on cholesterol for efficient signaling than � receptors
and can be partly explained by localization of �- but not �-opi-
oid receptors in cholesterol- and caveolin-enriched membrane
domains.

Membrane cholesterol can alter the function of integral pro-
teins, such as G protein-coupled receptors, through cholesterol-
protein interactions and by changes inmembrane viscosity (1). In
addition, cholesterol interacts with other lipids found in the

bilayer, particularly sphingolipids (2), which allows for tight and
organizedpacking thatcanprecipitate the formationof specialized
domains within the plasma membrane (3). These domains have
become an area of intense research interest and have been termed
lipid ormembrane rafts (4). The study ofmembrane rafts in intact
cells is controversial, due in part to the limitations of the current
methodsused to study rafts (5, 6). Regardless, themembrane envi-
ronment formed in regions of high cholesterol and sphingolipids
maybe such that certainproteinshave anaffinity for these regions,
especially proteins with a propensity to interact with cholesterol.
Many G protein-coupled receptors and signaling proteins

have been found to prefer cholesterol-enriched domains lead-
ing to the hypothesis that these domains can organize signaling
molecules in the membrane to enhance or inhibit specific sig-
naling events (7). This includes �- (8, 9), �- (10, 11), and �-opi-
oid receptors (12). In addition, G�i (12–17), G�o (16), and ad-
enylyl cyclase isoforms 3 (18), 5/6 (9, 18, 19), and 8 (20) have
been found to associatewith cholesterol and/or the cholesterol-
binding protein caveolin. Activated opioid receptors couple to
G�i/o proteins and acutely inhibit the activity of adenylyl
cyclase. Longer term exposure to opioid agonists causes sensi-
tization of adenylyl cyclase and a rebound overshoot of cAMP
production upon withdrawal of the agonist (21). Consequently,
we sought to assess the role of cholesterol depletion on the
ability of �- and �-opioid receptor agonists to inhibit and cause
sensitization of adenylyl cyclase.
There are conflicting data for the effect of changes in mem-

brane cholesterol on opioid signaling. For example, an increase
in plasma membrane microviscosity by addition of cholesteryl
hemisuccinate to SH-SY5Y cell membranes increased�-opioid
receptor coupling to G proteins (22). Conversely, removal of
membrane cholesterol from Chinese hamster ovary cells has
been shown to either decrease (23) or increase (24) the coupling
of �-opioid receptors to G proteins, as measured by
[35S]GTP�S3 binding stimulated by the �-opioid agonist
DAMGO. Furthermore, the effect of cholesterol removal on
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�-opioid agonist-stimulated [35S]GTP�S binding varies by cell
type (10, 25). In these previous studies, the variety of cell types
utilized and the conflicting results make comparisons between
opioid receptor types difficult. The objective of this studywas to
directly compare the role of membrane cholesterol inmodulat-
ing acute and chronic�- and �-opioid signaling in the same cell
systems using identical methods, including the following: 1)
depletion of cholesterol by the cholesterol-sequestering agent
methyl-�-cyclodextrin (M�CD); 2) separation of cholesterol-
enriched membranes by sucrose gradient ultracentrifugation;
and 3) clustering of lipid raft patches in whole cells with cholera
toxin B subunit.
In initial experiments using human embryonic kidney (HEK)

cells heterologously expressing �- or �-opioid receptors, we
found that �-opioid receptors were located in caveolin-poor
fractions following 1% Triton X-100 homogenization and
sucrose gradient ultracentrifugation. This differs from studies
using a detergent-free method to identify lipid raft fractions
(10, 11). In contrast, we found that the �-opioid receptor was
found in both caveolin-poor and caveolin-rich fractions, in
accordance with previous literature (8, 9). This differential
localization of opioid receptors led us to test the hypothesis
that, in contrast to the�-opioid receptor, the �-opioid receptor
would not be dependent on cholesterol for signaling. The
results show that �- but not �-opioid receptors have a depend-
ence on cholesterol for signaling to adenylyl cyclase and that
this effect is much more pronounced following chronic expo-
sure to opioids.

EXPERIMENTAL PROCEDURES

Materials—SNC80 ((�)-4-[(�R)-�-((2S,5R)-4-allyl-2,5-di-
methyl-1-piperazinyl)-3-methoxybenzyl]-N,N-diethylbenz-
amide), DPDPE ([D-Pen2,5]-enkephalin), and naltrindole hy-
drochloride were obtained from the Narcotic Drug and Opioid
Peptide Basic Research Center at the University of Michigan
(Ann Arbor, MI). Lovastatin hydroxy acid was obtained from
Cayman Chemical (Ann Arbor, MI). [3H]Diprenorphine,
[3H]DAMGO ([D-Ala2,N-Me-Phe4,Gly5-ol]enkephalin), and
[35S]GTP�S were obtained from PerkinElmer Life Sciences.
Tissue culturemedia, geneticin, fetal bovine serum, and trypsin
were from Invitrogen. All other chemicals were obtained from
Sigma unless otherwise stated.
Cell Culture—Human embryonic kidney 293 cells stably trans-

fected with the N-terminal FLAG-tagged �- (HEK FLAG-�) or
�-opioid receptor (HEK FLAG-�) were grown in Dulbecco’s
modified Eagle’smedium (DMEM) containing 0.8mg/ml gene-
ticin and 10% fetal bovine serum at 37 °C in 5% CO2. Receptor
expression in HEK FLAG-� cells (8.4 � 1.5 pmol/mg protein;
n � 5) and HEK FLAG-� cells (9.7 � 1.3 pmol/mg protein; n �
5) was similar (p� 0.05). Receptor expression wasmeasured by
saturation binding of the opioid antagonist [3H]diprenorphine
as described previously (22). SH-SY5Y cells were grown as
above but without geneticin. SH-SY5Y cells were differentiated
by adding 10 �M retinoic acid (Calbiochem) 3–5 days prior to
assay.
Cholesterol Modulation—HEK FLAG-� or HEK FLAG-�

cells were grown to confluence in DMEM � 10% FBS. Media
were replaced with serum-free DMEM with or without 2% (15

mM) M�CD (Sigma) for 1 h at 37 °C. SH-SY5Y cells were
treated with 5 mM M�CD for 10 min. For cholesterol replen-
ishment, cells were incubated with or without a 2% M�CD-
cholesterol complex (M�CD-CH) in serum-free DMEM for 2 h
following cholesterol depletion. M�CD-cholesterol complexes
were formed in an 8:1 molar ratio as described previously (26).
Briefly, cholesterol was dissolved in a 1:1 ratio by volume of
chloroform/methanol in a glass tube. Following evaporation of
the solvent, the dried cholesterol was reconstituted with a suit-
able volume of serum-free DMEM containing 2% M�CD, vor-
texed, sonicated for 30 s, and incubated overnight at 37 °C with
shaking. For lovastatin experiments, cells were treated with
serum-free Opti-MEM containing 10 �M lovastatin hydroxy
acid or DMSO vehicle for 48 h. Cholesterol content from cell
lysates was determined using the Amplex Red cholesterol assay
kit (Invitrogen) following the manufacturer’s instructions.
Cholesterol content was normalized to protein content, as
determined by the method of Bradford (27).
Stimulation of [35S]GTP�S Binding—Membranes were pre-

pared fromHEK FLAG-� or FLAG-� cells following treatment
with or without 2% M�CD as described previously (28). Final
membrane pellets were resuspended in 50mMTris-HCl buffer,
aliquoted, and stored at �80 °C. Protein concentration was
measured using the Bradford assay (27).
Membranes (30 �g of protein) were incubated with 0.1 nM

[35S]GTP�S for 60 min at 25 °C with or without various con-
centrations of the �-opioid agonist SNC80 or the �-opioid ago-
nist DAMGO in [35S]GTP�S binding buffer (50 mM Tris-HCl,
pH 7.4, 5 mM MgCl2, 100 mM NaCl, 1 mM EDTA, 2 mM dithio-
threitol, and 30 �MGDP).Membranes with bound [35S]GTP�S
were collected on GF/C filters (Whatman) using a Brandel har-
vester (MLR-24, Gaithersburg, MD) and rinsed three times
with cold wash buffer (50 mM Tris-HCl, pH 7.4, 5 mM MgCl2,
100 mM NaCl). Dried filters were saturated with EcoLume
liquid scintillation mixture (MP Biomedicals, Solon, OH),
and radioactivity was counted in a Wallec 1450 MicroBeta
(PerkinElmer Life Sciences).
Cyclic AMP Accumulation Assays—Inhibition of adenylyl

cyclase activity wasmeasured in HEK FLAG-� or FLAG-� cells
grown to confluence in 24-well poly-D-lysine-coated plates.
Cells were washed with serum-free DMEM and incubated with
various concentrations of the �-opioid agonist SNC80 or the
�-opioid agonist DAMGO in the presence of 5 �M forskolin
and 1mM3-isobutyl-1-methylxanthine in serum-freemedia for
10 min at 37 °C. The assay was stopped by replacing the media
with 1ml of ice-cold 3% perchloric acid. After at least 30min at
4 °C, a 400-�l aliquot of sample was neutralized with 2.5 M

KHCO3 and centrifuged at 13,000 � g. Cyclic AMP was meas-
ured from the supernatant using a [3H]cAMP assay system (GE
Healthcare) following the manufacturer’s instructions. Inhibi-
tion of cAMP formation was calculated as a percent of forsko-
lin-stimulated cAMP accumulation in the absence of opioid
agonist.
For adenylyl cyclase sensitization experiments, HEK cells

were rinsed with serum-free DMEM and incubated in the pres-
ence or absence of SNC80, DPDPE, or DAMGO in serum-free
DMEM for 30 min at 37 °C. SH-SY5Y cells, plated in uncoated
24-well plates (5� 105 cells/well) and differentiatedwith 10�M
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retinoic acid for 3–5 days prior to sensitization experiments,
were incubated in the presence or absence of 1�MDAMGO for
60min at 37 °C.The drug-containingmediawere then removed
and replaced with serum-free media containing 5 �M forskolin,
1 mM 3-isobutyl-1-methylxanthine, and 10 �M of the opioid
antagonist naloxone for HEK FLAG-� cells and SH-SY5Y cells,
or 10 �M of the �-opioid antagonist naltrindole for HEK
FLAG-� cells, to precipitate cAMP overshoot. After 10 min at
37 °C, the assay was stopped with ice-cold 3% perchloric acid,
and cAMP accumulation was quantified as described above.
Overshoot was calculated as a percent of forskolin-stimulated
cAMP accumulation in the absence of opioid agonist.
Radioligand Binding Assays—In competition binding assays,

membranes (5–12 �g of protein) fromHEK FLAG-� or -� cells
treated with or without 2%M�CD were incubated for 1 h with
shaking at 25 °C with 0.2 nM [3H]diprenorphine and increasing
concentrations of unlabeled ligand (DAMGO or SNC80) in 50
mMTris-HCl, pH 7.4.Where indicated, a final concentration of
10 �M GTP�S and 100 mM NaCl was added to the incubation
buffer. For saturation binding assays,membranes (20�g of pro-
tein) from low expressing HEK FLAG-� cells (1.6 � 0.1
pmol/mg protein) were incubated with increasing concentra-
tions of [3H]diprenorphine (0.08–5 nM) or [3H]DAMGO
(0.06–12 nM) in 50 mM Tris buffer, pH 7.4, for 1 h with shaking
at 25 °C. For whole cell binding, HEK FLAG-� cells (1 � 105
cells/tube) were incubated for 1 h in a 37 °C shaking water bath
with 4 nM [3H]diprenorphine � 10 �M CTAP (D-Phe-Cys-Tyr-
D-Trp-Arg-Thr-Pen-Thr-NH2) in serum-free DMEM. Protein
content from a representative aliquot was determined by the
method of Bradford (27). For all binding assays, nonspecific
binding was determined using 10 �M naloxone. All assays were
stopped by rapid filtration throughGF/C filters using a Brandel
harvester (MLR-24, Gaithersburg, MD) and rinsed three times
with ice-cold 50 mM Tris-HCl wash buffer, pH 7.4. Bound
radioactivity was determined by liquid scintillation counting as
described above.
Separation of Detergent-resistant Membranes—HEK FLAG-

� or FLAG-� cells were grown to confluence in 10-cm2 dishes,
washed, and resuspended in ice-cold phosphate-buffered saline
(PBS). Cells were pelleted and homogenized with a Dounce
homogenizer in 100 �l of MES-buffered saline (MBS) contain-
ing 1% Triton X-100. The homogenate was placed on the bot-
tom of a 2.2-ml ultracentrifuge tube, adjusted to 40% by addi-
tion of 53.3% sucrose in MBS, and overlaid with 900 �l of
30% sucrose and 900 �l of 5% sucrose in MBS for a discon-
tinuous gradient. The samples were centrifuged at 200,000�
g in a Beckman-Coulter (Fullerton, CA) Optima Max-E
Ultracentrifuge using a swinging bucket rotor (TLS-55) for
16–24 h at 4 °C.
Equal volume (183 �l) fractions were collected from the top.

Equal volume aliquots were taken from each fraction, mixed
with sample buffer (63mMTris-HCl, pH 6.8, 2% SDS, 10% glyc-
erol, 0.008% bromphenol blue, 50mMdithiothreitol), separated
by SDS-PAGE on a 10% polyacrylamide gel, and transferred to
nitrocellulose membranes (Pierce) for Western blotting. Anti-
bodies used were monoclonal anti-FLAG M1 (1:2000; Sigma),
polyclonal anti-caveolin (1:2000; BD Transduction Laborato-
ries), andmonoclonal anti-human TfR (1:2000; Zymed Labora-

tories Inc.). Secondary antibodies used were goat anti-mouse
horseradish peroxidase or goat anti-rabbit horseradish peroxi-
dase (1:10,000; Santa Cruz Biotechnology, Santa Cruz, CA).
The above antibodies were diluted in 5% milk in Tris-buffered
saline, 0.05% Tween 20 (�1mMCaCl2 for FLAGM1 antibody).
SuperSignal West Pico chemiluminescent substrate (Pierce)
was used to detect immunoreactivity. For detection of adenylyl
cyclase (AC) 5/6, samples were separated on a 6% polyacrylam-
ide gel and transferred to an Immobilon-P polyvinylidene fluo-
ride membrane (Millipore, Billerica, MA). AC 5/6 was detected
by rabbit anti-AC 5/6 (Santa Cruz Biotechnology) diluted 1:200
in 1% bovine serum albumin in Tris-buffered saline, 0.05%
Tween 20.
Cholera Toxin B-induced Patching—HEK FLAG-� or HEK

FLAG-� cells were plated on poly-D-lysine-coated coverslips in
a 6-well plate (1 � 106 cells/well) 24 h prior to patching. Cells
were incubated with AlexaFluor 488-conjugated cholera toxin
B subunit (1 �g/�l in DMEM, 10% goat serum; Invitrogen) for
45 min at 4 °C to label endogenous ganglioside GM1. Lipid raft
aggregation, or patching, was induced as described by Fra et al.
(29) by incubating with goat anti-CTB antibody (1:250 in
DMEM, 10% goat serum; Calbiochem) for 30 min at 4 °C, fol-
lowed by 20 min at 37 °C. Cells were fixed with 4% paraformal-
dehyde for 20min and incubated inmonoclonal anti-FLAGM1
antibody (1:1000 in PBS, 5% milk; Sigma) for 1 h followed by
AlexaFluor 594-conjugated goat anti-mouse antibody (1:1000
in PBS, 5% milk; Invitrogen) to stain the FLAG-tagged �- or
�-opioid receptor. ForTfR and caveolin staining, cells were per-
meabilized with 0.1% Triton X-100 for 10 min and incubated
with monoclonal anti-TfR antibody (1:200 in PBS, 5% milk;
Zymed Laboratories Inc.) or polyclonal anti-caveolin antibody
(1:200 in PBS, 5%milk; BD Transduction Laboratories). Cover-
slips were mounted on slides using ProLong Gold (Invitrogen).
Fluorescent images of 0.5-�mZ planes were captured using an
Olympus FV-500 confocal microscope.
Quantification of colocalization was performed using the

RG2B colocalization plug-in to ImageJ (version rsb.info.nih.
gov). The minimum threshold pixel intensity was set to 50 for
both channels, and the minimum ratio for pixel intensity
between the channels was 50%. Colocalization pixels from indi-
vidual Z planes were displayed as a stack of Z projections with
maximum pixel intensity. Colocalization was reported as the
average pixel density of colocalized pixels per cell.
Statistical Analysis—All data were analyzed using GraphPad

Prism 4 software (San Diego, CA). All data points represent at
least three separate experiments in duplicate and are presented
as means � S.E., unless otherwise noted. The effect of treat-
ment on agonist responses at various concentrations was ana-
lyzed by two-wayANOVAwithBonferroni’s post hoc test. EC50
values were calculated from individual concentration-effect
curves using the fixed slope sigmoidal dose-response curve fit
analysis in GraphPad Prism. Ki and Bmax/Kd values were calcu-
lated from individual binding experiments using one- or two-
site competition or one-site hyperbola binding curve fit linear
regression analysis, respectively. EC50, Ki, Bmax, and Kd values
are expressed as mean � S.E. and compared for statistical sig-
nificance by unpaired, two-tailed Student’s t test. Cholesterol
repletion experiments were compared using one-way ANOVA
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with Bonferroni’s post hoc test. All other statistical compari-
sons were made with unpaired, two-tailed Student’s t test,
unless otherwise indicated. For all tests significance was set at
p � 0.05.

RESULTS

Effect of CholesterolDepletion onOpioidReceptorCoupling to
G Protein—HEK293 cells stably expressing either the FLAG-�
or FLAG-� opioid receptor were treated with the cholesterol-
sequestering agent M�CD (2%) for 1 h at 37 °C. This reduced
cholesterol to 40 � 5.6% of control, consistent with previously
published results of 35–55% reductions (12, 30, 31), and
induced a rounder cell morphology, although cells were still
viable by trypan blue exclusion. This treatment has been shown
to eliminate caveolae as determined by electron microscopy
(30), and it has been commonly used to disrupt lipid rafts to
study effects on opioid signaling (9–12). Therefore, we used
this pharmacological tool to directly compare the effects of
cholesterol depletion on �- and �-opioid receptor signaling.

Agonist-activated opioid receptors couple to G�i/o proteins
and induce the exchange of GTP for GDP, which can be meas-
ured by the increase in binding of the guanine nucleotide analog
[35S]GTP�S. Basal levels of [35S]GTP�S binding were similar in
membranes from untransfected HEK293 cells and HEK cells
expressing �-opioid receptors but were higher in membranes
from cells expressing �-opioid receptors (Fig. 1A), which are
thought to be tightly coupled to G proteins and show constitu-
tive activity (32). Treatment of either HEK FLAG-� cells or
untransfected HEK293 cells with 2% M�CD for 1 h reduced
basal [35S]GTP�S binding by 38� 5.5 or 39� 2.2%, respectively
(Fig. 1A), suggesting an opioid receptor-independent effect. In
contrast, treatment of HEK FLAG-� cells with M�CD reduced
basal levels of [35S]GTP�S binding by 61 � 1.7%. However, the
�-opioid inverse agonist RTI-5989-25 (33) was able to reduce
[35S]GTP�S binding by 18� 3.8% in control HEK FLAG-� cells
(data not shown). Therefore, in HEK FLAG-� cells approxi-
mately one-third of the decrease in basal [35S]GTP�S binding
caused by M�CD may be due to a loss of constitutively active
receptors. The remaining decrease, which is similar to the
decrease in HEK FLAG-� or untransfected HEK293 cells, is
likely because of a reduction in available, unoccupied G� pro-
teins themselves or a loss of constitutive activity of other G
protein-coupled receptors endogenous to HEK293 cells.
Because of this decrease in basal [35S]GTP�S binding, data

were graphed as femtomoles of agonist-stimulated [35S]GTP�S
bound/mg of protein rather than as percent change over basal,
as has been reported previously (10, 24, 25). Treatment of HEK
FLAG-� or FLAG-� cells with M�CD did not alter maximal
stimulation of [35S]GTP�S by the �-opioid agonist, SNC80 (p�
0.557), or the �-opioid agonist, DAMGO (p � 0.200), respec-
tively (Fig. 1, B and C). The potency of SNC80 to stimulate
[35S]GTP�S binding was also similar in control (EC50 � 4.9 �

FIGURE 1. �-Opioid but not �-opioid agonist-mediated G protein activa-
tion is altered following M�CD treatment. A, basal [35S]GTP�S binding in
membranes from HEK FLAG- �, HEK FLAG-�, or untransfected HEK293 cells
treated with (hatched bars) or without (open bars) 2% M�CD in serum-free
media for 1 h. **, p � 0.01; ***, p � 0.001 versus respective control by unpaired
two-tailed Student’s t test. B, stimulation of [35S]GTP�S binding by the �-ag-
onist SNC80 (1 nM to 10 �M) was unchanged in membranes from HEK FLAG-�
cells treated with M�CD. EC50 values are as follows: control � 4.9 � 2.4 nM;

M�CD � 5.2 � 0.8 nM (p � 0.898). C, stimulation of [35S]GTP�S binding by the
�-agonist DAMGO (1 nM to 10 �M) was shifted in membranes from HEK
FLAG-� cells treated with M�CD. EC50 values are as follows: control � 16.8 �
9.3 nM; M�CD � 73.0 � 26.5 nM (p � 0.116). Data are presented as mean � S.E.
from 3 to 4 separate experiments, in duplicate.
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2.4 nM) and M�CD-treated cells (EC50 � 5.2 � 0.8 nM) (p �
0.898; Fig. 1B). In contrast, M�CD treatment caused a signifi-
cant rightward shift in the ability of DAMGO to stimulate
[35S]GTP�S binding (Fig. 1C) (treatment, F(1,92) � 9.838, p �
0.002). This was reflected by a 4-fold increase in EC50 from
16.8 � 9.3 nM in control cells to 73.0 � 26.5 nM in M�CD-
treated cells, although variability precluded significance (p �
0.116). Even though this difference in G protein activation
between �- and �-opioid receptors in response to cholesterol
removal is small, it does disagree with previous reports using
heterologous systems that show an effect ofM�CDon �-opioid
agonist-stimulated [35S]GTP�S binding (10, 24, 25). This could
be due to cell types utilized or methods of data analysis because
the basal level of [35S]GTP�S binding does change. Regardless,
the trend shown here suggests that cholesterol aids in efficient
coupling of �-opioid receptors to G proteins, but it is not nec-
essary for efficient �-opioid receptor coupling.

The reduced ability of the�-opioid agonistDAMGOto stim-
ulate [35S]GTP�S binding may be due to a loss of receptor-G
protein coupling following cholesterol depletion. To test this
hypothesis, we used a ligand binding approach. Receptors were
labeled with the nonselective opioid antagonist [3H]diprenor-
phine and displaced by the �-opioid agonist SNC80 or the
�-opioid agonist DAMGO, as appropriate. The �-opioid ago-
nist SNC80 was best fit by a single, high affinity binding site
model (Ki � 0.78� 0.21 nM), although the slope of the displace-
ment curve was less than unity (�0.77 � 0.09) suggesting a
population of �-opioid receptors with slightly different agonist
affinities. Regardless, this high affinity binding was retained
even after removal of cholesterol from the plasmamembrane of
HEK FLAG-� cells with M�CD (Ki � 0.87 � 0.09 nM; slope �
�0.72 � 0.12) (Fig. 2A). Similarly, the �-opioid agonist
DAMGOdisplayed high affinity binding in control membranes
(Ki � 4.9 � 1.2 nM; slope � �0.76 � 0.03). In contrast,
DAMGO displacement (slope � �0.45 � 0.05) was best fit to
two affinity sites following removal of cholesterol from HEK
FLAG-� cells (Ki high � 1.9 � 0.3 nM; Ki low � 244 � 49 nM)
(Fig. 2B). ThisM�CD-induced low affinity site inHEKFLAG-�
cells had a similar affinity to the site induced by uncoupling the
receptor from G proteins with sodium ions and GTP�S (Ki �
768 � 82 nM). Moreover, the Ki value induced by sodium ions
and GTP�S was not significantly reduced further in mem-
branes from cells treated with M�CD (Ki � 1887 � 712 nM).
These results confirm the [35S]GTP�S experiments and indi-
cate that removal ofmembrane cholesterol byM�CDgenerates
two affinity states of the�-opioid receptor, likely due to uncou-
pling a proportion of the �-opioid receptors from G proteins,
thus resulting in a loss of stimulatory activity of agonist on G
proteins.
Effect of Cholesterol Depletion on Opioid Inhibition of Adeny-

lyl Cyclase—To examine if a decrease inG protein activation by
agonists translates to decreases in downstream responses
within the cell, inhibition of adenylyl cyclase by�- and �-opioid
agonists was measured following cholesterol removal. Treat-
ment of HEK FLAG-� cells with 2% M�CD did not alter the
ability of the �-opioid agonist SNC80 to inhibit adenylyl cyclase
(Fig. 3A) (EC50 of control � 1.05 � 0.32 nM; M�CD-treated �
1.51 � 0.07 nM; p � 0.229). In contrast, M�CD treatment of

HEK FLAG-� cells significantly affected acute inhibition of ad-
enylyl cyclase by the�-opioid agonist DAMGO (Fig. 3B) (treat-
ment, F(1,54) � 17.39, p � 0.0001) with a significant 4-fold
rightward shift in the potency of DAMGO from an EC50 of
2.49 � 1.01 nM in control cells to 9.24 � 1.15 nM in M�CD-
treated cells (p � 0.023). Together, these results are consistent
with [35S]GTP�S and binding results, indicating that choles-
terol or cholesterol-dependent membrane effects modulate
efficient�-opioid receptor signalingmore than �-opioid recep-
tor signaling.

FIGURE 2. Cholesterol removal by M�CD induces low affinity binding in
�- but not �-opioid receptor-expressing cells. Competition binding exper-
iments in membranes prepared from HEK FLAG-� (A) or HEK FLAG-� cells (B)
treated with (open circles) or without (filled circles) 2% M�CD for 1 h. Unlabeled
agonist (SNC80 or DAMGO) was added in increasing concentrations in com-
petition with 0.2 nM [3H]diprenorphine (DPN). Nonspecific binding was deter-
mined using 10 �M naloxone. A, Ki values for SNC80 using one-site competi-
tion linear regression are as follows: control � 0.78 � 0.21 nM; M�CD � 0.87 �
0.09 nM (p � 0.767). Slope of concentration displacement curve was
unchanged as follows: control � �0.77 � 0.09; M�CD � �0.72 � 0.12 (p �
0.788). B, 100 mM NaCl and 10 �M GTP�S was added in the Tris incubation
buffer as indicated to uncouple G proteins. Ki values for DAMGO are as fol-
lows: control � 4.9 � 1.2 nM, one-site model; M�CD � 1.9 � 0.3 nM (Ki high),
244 � 49 nM (Ki low), two-site model. Slope of concentration displacement
curve was reduced as follows: control � �0.76 � 0.03; M�CD � �0.45 � 0.05
(p � 0.0004). Ki values after NaCl and GTP�S addition are as follows: control �
768 � 82 nM; M�CD � 1887 � 712 nM. Data are presented as a percent of the
total specifically bound [3H]diprenorphine in the absence of competing ago-
nist and are from three separate experiments, in duplicate. Ki values and
slopes were compared using two-tailed, unpaired Student’s t tests.
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Tomeasure inhibition of adenylyl cyclase by opioid agonists,
the enzyme is stimulated directly with forskolin. Consistent
with previous reports (31, 34), the level of cAMP produced by
forskolin was enhanced 	2-fold by M�CD treatment in both
HEK FLAG-� (control � 0.83 � 0.07 pmol of cAMP/�g of
protein;M�CD-treated� 2.3� 0.35 pmol of cAMP/�g of pro-
tein, p � 0.0004) and FLAG-� cells (control � 1.3 � 0.06 pmol
of cAMP/�g of protein; M�CD-treated � 2.3 � 0.14 pmol/�g
of protein, p� 0.0001) (Fig. 3C). This could be due to decreased
inhibitory input on adenylyl cyclase by the lower basal G�i/o
protein activity that was observed in [35S]GTP�S binding
experiments. To investigate if this was due to decreased consti-
tutive activity of the opioid receptor, cells were treated with
pertussis toxin overnight to block receptor-G�i/o protein cou-
pling. Pertussis toxin treatment (100 ng/ml) did not lead to a
significant increase of basal or forskolin-stimulated adenylyl
cyclase activity in control orM�CD-treated HEK FLAG-� cells
(data not shown), suggesting that the decreased base-line activ-
ity of the G protein following M�CD treatment is either inde-
pendent of coupling to the receptor or is not responsible for the
increased forskolin response.
Effect of Cholesterol Depletion on Opioid-induced Adenylyl

Cyclase Sensitization—Chronic administration of opioid ago-
nists results in a dependent state in both animal and cell mod-
els, which is characterized by withdrawal following removal of
the agonist. In cells, the chronic inhibition of adenylyl cyclase
by agonists for G�i/o-coupled receptors causes a sensitization
of the enzyme.Uponwithdrawal of the agonist (usually by addi-
tion of a competitive antagonist) and subsequent stimulation of
adenylyl cyclase by forskolin, cAMP production is increased
over that of forskolin alone, termed cAMP overshoot (21).
Treatment of HEK FLAG-� cells with 2% M�CD for 1 h, prior
to chronic (30 min) exposure to varying concentrations of
either the nonpeptidic �-opioid agonist, SNC80 (1–100 nM), or
the peptidic �-opioid agonist, DPDPE (0.1–10 nM), did not alter
the degree of cAMP overshoot precipitated by the �-opioid
antagonist naltrindole at any of the agonist concentrations
tested (Fig. 4, A and B). However, similar treatment of HEK
FLAG-� cells with M�CD reduced the resultant cAMP over-
shoot induced by incubation with various concentrations (10–
1000 nM) of the�-opioid agonist, DAMGO (Fig. 4C) (treatment
F(1,32) � 16.39, p � 0.0003), consistent with results published
previously (9). These results suggest that cholesterol removal
by M�CD selectively blocks �, rather than �, agonist-induced
sensitization of adenylyl cyclase. Furthermore, this alteration in
chronic signaling ismuchmore robust than effects ofM�CDon
the acute signaling to G�i/o proteins and adenylyl cyclase.
To determine whether the effect of M�CD on �-opioid-in-

duced adenylyl cyclase sensitization was restricted to a heterol-
ogous expression system, we repeated the sensitization experi-
ments with SH-SY5Y neuroblastoma cells that endogenously
express �-opioid receptors. SH-SY5Y cells were differentiatedFIGURE 3. �- but not �-opioid agonist-mediated inhibition of adenylyl

cyclase is altered following M�CD treatment. A and B, concentration-re-
sponse curves for acute adenylyl cyclase inhibition by the �-agonist SNC80
(0.1 nM to 1 �M) or the �-agonist DAMGO (1 nM to 1 �M) in HEK FLAG-� (A) or
HEK FLAG-� (B) cells pretreated with (open circles) or without (filled circles) 2%
M�CD for 1 h. Data are presented as a percent of the forskolin-stimulated
cAMP accumulation in the absence of agonist (n � 3, in duplicate). A, EC50
values for SNC80 were not changed as follows: control � 1.05 � 0.32 nM;
M�CD � 1.51 � 0.07 nM (p � 0.229). B, M�CD caused a 4-fold rightward shift

in the potency of DAMGO as follows: control � 2.49 � 1.01 nM; M�CD �
9.24 � 1.15 nM (p � 0.023). C, cAMP production by 5 �M forskolin in HEK
FLAG-� or FLAG-� cells treated with (hatched bars) or without (open bars) 2%
M�CD for 1 h. ***, p � 0.001 compared with respective control by unpaired
two-tailed Student’s t test. Data presented as mean � S.E. from six separate
experiments, in duplicate.
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with retinoic acid prior to sensitization experiments to create a
more neuronalmodel (35, 36). SH-SY5Y cells were treated with
5 mMM�CD in serum-free DMEM for 10 min, which depleted
cholesterol by 30.6 � 4.4% (control � 43.3 � 2.2 �g/mg pro-
tein; M�CD � 29.9 � 2.0 �g/mg protein, p � 0.002, n � 5),
similar to a previous report (37). This treatment paradigm had
no effect on cAMP production by 5 �M forskolin (control �
1.27� 0.12 pmol of cAMP/�g of protein;M�CD� 1.27� 0.16
pmol of cAMP/�g of protein). However, adenylyl cyclase sen-
sitization by 1 �M DAMGO was significantly attenuated in
SH-SY5Y cells treated with M�CD (Fig. 4D, p � 0.01). There-
fore, the robust effect of M�CD on �-opioid agonist-mediated
adenylyl cyclase sensitization is not limited toHEK293 cells but
also occurs in this neuronal model expressing endogenous
receptors.
Alteration of �-Opioid Receptor Signaling by M�CD Is

Because of Removal of Cholesterol—Despite the common use of
M�CD for its cholesterol-sequestering properties, it may also
have other nonspecific effects on a cell due in part to changes in
cell morphology. To ensure that the effects on �-opioid signal-
ing observed following M�CD treatment were related to the
removal of cholesterol from the membrane, membrane choles-
terol was replenished using 2% M�CD pre-conjugated to cho-
lesterol (M�CD-CH) in an 8:1 M�CD/cholesterol molar ratio
(9, 12, 26). In these experiments, HEK FLAG-� cells were
treated first with 2% M�CD for 1 h to deplete membrane cho-
lesterol. Cholesterol was then reintroduced to some cells by
incubation with serum-free media containing 2% M�CD-CH
for 2 h, whereas other M�CD-treated cells were incubated for
2 hwith serum-freemedia alone. As expected, although choles-
terol levels in M�CD-treated cells remained low, cholesterol
levels in cells incubated with M�CD-CH returned to a level
similar to that of control cells (p � 0.05) (control � 21.1 � 3.3
�g of cholesterol/mg of protein; M�CD-treated� 7.8� 1.0 �g
of cholesterol/mg of protein; M�CD-CH-treated � 30.6 � 3.4
�g of cholesterol/mg of protein; n � 6).

The replenishment of cholesterol restored acute inhibition of
adenylyl cyclase by 10 nM DAMGO (Fig. 5A) and sensitization
of adenylyl cyclase by 100 nMDAMGO(Fig. 5B) to levels similar
to control cells. Restoration of membrane cholesterol by
M�CD-CH also allowed cell morphology to return to normal.
Incubation with serum-free media or M�CD-CH for 2 h pro-
duced similar levels of forskolin-stimulated cAMP as control
cells (control � 1.73 � 0.10 pmol of cAMP/�g of protein;
M�CD � 2.16 � 0.33; M�CD-CH � 1.53 � 0.20 pmol of
cAMP/�g of protein), indicating that effects of M�CD on the
forskolin response are transient.

FIGURE 4. M�CD treatment blocks �- but not �-opioid agonist-mediated
adenylyl cyclase sensitization. Adenylyl cyclase overshoot was precipitated
with antagonist (naltrindole (A and B) or naloxone (C)) in the presence of 5 �M

forskolin following chronic (30 min) treatment with the nonpeptidic �-ago-
nist SNC80 (A), the peptidic �-agonist DPDPE (B), or the �-agonist DAMGO (C)
in HEK FLAG-� (A and B) or HEK FLAG-� cells (C). Pretreatment with 2% M�CD
(hatched bars) for 1 h prior to agonist exposure prevented overshoot pro-
duced by the �-agonist DAMGO (*, p � 0.05 by two-way ANOVA with Bonfer-
roni’s post hoc test) but not by either �-agonist. D, retinoic acid-differentiated
SH-SY5Y cells were treated with 5 mM M�CD (hatched bar) for 10 min prior to
incubation with 1 �M DAMGO for 60 min. Overshoot was precipitated with
naloxone as above. *, p � 0.05 by unpaired two-tailed Student’s t test. Dashed
lines indicate cAMP production with forskolin alone. Data are presented as
mean � S.E. from three separate experiments, in duplicate.
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To further verify that the effect of M�CD on �-opioid-me-
diated overshoot was due to reduction in cellular cholesterol,
we used the cholesterol-lowering drug lovastatin, which inhib-
its the rate-limiting enzyme in cholesterol synthesis, 3-hy-
droxy-3-methylglutaryl-CoA reductase. HEK FLAG-� cells
were treated with the activated open ring form of lovastatin
(lovastatin hydroxy acid) for 48 h to lower cholesterol by 28.3�
0.07% (p � 0.02) as compared with vehicle-treated cells. Under
this treatment paradigm, lovastatin abolished the ability of the
�-opioid agonist DAMGO (100 nM) to elicit overshoot (Fig. 5C;
p � 0.001). To prevent cellular uptake of cholesterol from the
serum present in the normal growth media (DMEM with 10%
FBS), cells were grown in lovastatin or DMSO vehicle contain-
ing Opti-MEM for 48 h. Cells were 70–80% viable as assessed
by trypan blue exclusion after 48 h inOpti-MEM. Furthermore,
the overshoot elicited by the �-agonist DAMGOwas similar in
cells cultured in Opti-MEM or regular growth media (DMEM
with 10% FBS) (Fig. 5C). Additionally, there was no effect of
media type or lovastatin treatment on the forskolin response
(DMEM/FBS� 1.06� 0.03 pmol of cAMP/�g of protein;Opti-
MEM � DMSO � 1.30 � 0.04 pmol of cAMP/�g of protein;
Opti-MEM � lovastatin � 1.02 � 0.12 pmol of cAMP/�g of
protein).
Similarly, differentiated SH-SY5Y cells were treated with lo-

vastatin hydroxy acid for 48 h to measure the effect on over-
shoot mediated by endogenous �-opioid receptors. Lovastatin
treatment reduced cholesterol by 17 � 2.4% compared with
vehicle-treated controls, which was not as robust as the reduc-
tion observedwithM�CDorwith lovastatin inHEKcells.How-
ever, there was a significant reduction in the ability of the
�-opioid agonist DAMGO (1 �M, 1 h) to cause adenylyl cyclase
overshoot (Fig. 5D). Production of cAMP by 5�M forskolin was
similar in lovastatin and vehicle-treated SH-SY5Y cells (vehi-
cle � 0.93 � 0.07 pmol/�g protein; lovastatin � 0.89 � 0.10
pmol/�g protein). Together, the data obtained from replenish-
ment of cholesterol and reduction of cholesterol using the syn-

FIGURE 5. Effects of M�CD on �-opioid signaling are due to removal of
cholesterol from the membrane. A, acute adenylyl cyclase inhibition by 10
nM DAMGO in HEK FLAG-� cells following cholesterol depletion without

(M�CD � veh) or with cholesterol replenishment (M�CD � CH). B, adenylyl
cyclase overshoot following chronic (30 min) treatment with 100 nM DAMGO
in HEK FLAG-� cells following cholesterol depletion without (M�CD � veh) or
with replenishment (M�CD � CH). Dashed lines indicate cAMP production
with forskolin alone. *, p � 0.05; **, p � 0.01 compared with control (veh �
veh) following one-way ANOVA and Bonferroni’s post hoc test. Forskolin stim-
ulation was similar across all groups in each experiment (p � 0.05 by two-way
ANOVA and Bonferroni’s post-test: veh � veh � 1.75 � 0.13; M�CD � veh �
2.06 � 0.22; M�CD � CH � 1.53 � 0.11 pmol of cAMP/�g of protein). C and D,
HEK FLAG-� or SH-SY5Y cells, respectively, were grown in regular growth
media (DMEM/FBS), Opti-MEM containing DMSO vehicle (Opti � DMSO), or
Opti-MEM containing the cholesterol synthesis inhibitor lovastatin hydroxy
acid (10 �M) (Opti � Lova) for 48 h. Opti-MEM had no effect on overshoot
compared with normal growth media (DMEM/FBS). C, adenylyl cyclase over-
shoot following chronic (30 min) treatment with 100 nM DAMGO in HEK
FLAG-� cells grown in each of the above conditions. ***, p � 0.001 compared
with regular media (DMEM/FBS) or Opti-MEM � DMSO controls by one-way
ANOVA with Bonferroni’s post-test. Forskolin stimulation was similar among
groups (DMEM/FBS � 1.06 � 0.03; Opti � DMSO � 1.30 � 0.04; Opti � Lova �
1.02 � 0.12 pmol of cAMP/�g of protein). D, adenylyl cyclase overshoot fol-
lowing chronic (60 min) treatment with 1 �M DAMGO in differentiated
SH-SY5Y cells grown in each of the above conditions plus 10 �M retinoic acid.
***, p � 0.001 versus DMEM/FBS; ��, p � 0.01 versus Opti � DMSO by one-way
ANOVA and Bonferroni’s post-test. DMEM/FBS and Opti � DMSO were not
different (p � 0.05). Forskolin stimulation was not different in Opti � DMSO
(0.93 � 0.07 pmol/�g protein) and Opti � Lova (0.89 � 0.10 pmol/�g protein).
Dashed lines indicate cAMP production with forskolin alone. All data are pre-
sented as mean � S.E. (n � 3 or 4, in duplicate).
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thesis inhibitor lovastatin indicate that M�CD prevents �-opi-
oid agonist sensitization of adenylyl cyclase by a mechanism
dependent on lowered cholesterol.
Receptor Number Is Not Responsible for Alterations in�-Opi-

oid Receptor Signaling by M�CD—Both the HEK FLAG-� and
HEK FLAG-� cells used in this study express a high number of
opioid receptors (9.7 � 1.3 pmol/mg protein and 8.4 � 1.5
pmol/mg protein, respectively), so it is unlikely that the differ-
ence observed between �- and �-agonists is due to different
expression levels. Furthermore, HEK FLAG-� cells treated
with 2% M�CD for 1 h retained a similar level of cell surface
�-opioid receptors as vehicle-treated cells (92.2 � 3.1%; p �
0.107; n � 2, in triplicate) as determined by immunoassays
directed toward the extracellular FLAG epitope performed as
described previously (38). Of the total �-opioid receptors in
HEK FLAG-� cells, 51 � 4% of the receptors are on the cell
surface as determined by competition binding in whole cells
with the membrane-impermeable �-opioid antagonist CTAP
and the cell-permeable antagonist [3H]diprenorphine (Fig. 6A).
To further confirm that the high receptor number is not
responsible for the alteration in �-opioid signaling to adenylyl
cyclase, we repeated experiments using a HEK FLAG-� clone
that expressed six times less �-opioid receptors (1.6 � 0.1
pmol/mg protein). Similar to results in the high expressing

clone, treatment of this lower recep-
tor-expressing HEK FLAG-� clone
with 2% M�CD reduced the ability
of the �-opioid agonist DAMGO to
acutely inhibit adenylyl cyclase (Fig.
6B; p � 0.05) and greatly blocked its
ability to cause adenylyl cyclase sen-
sitization (Fig. 6C; p � 0.01). Fur-
thermore, treatment of these cells
with M�CD did not reduce total
receptor number as determined by
saturation binding of the opioid
antagonist [3H]diprenorphine (Bmax
of control � 1560 � 108 fmol/mg;
M�CD � 1580 � 64 fmol/mg; Fig.
6D). Similarly, treatment of SH-
SY5Y cells with 5 mM M�CD for 10
min did not alter maximal (4 nM)
[3H]diprenorphine binding (con-
trol � 879 � 51 fmol/mg protein;
M�CD � 858 � 43 fmol/mg pro-
tein; p � 0.05; n � 2, in triplicate).

The antagonist [3H]diprenorphine
can recognize all affinity states of the
�-opioid receptor, but as an agonist
[3H]DAMGO will only label high
affinity sites at the concentrations
used in saturation binding assays.
Therefore, inHEKFLAG-� cells the
maximum number of receptors
bound by [3H]DAMGO (944 � 85
fmol/mg protein; Fig. 6E) was
expectedly less than those bound
by [3H]diprenorphine. Furthermore,

treatment of these cells with M�CD significantly reduced the
Bmax of [3H]DAMGO to 205 � 24 (p � 0.002), indicating a loss
of �-opioid receptors in a high affinity state. This is consistent
with the increase in low affinity agonist binding observed in
competition binding assays following cholesterol depletion by
M�CD (Fig. 2B). These results support the previous observa-
tions from a high receptor-expressing model and suggest that
the effects of M�CD on decreasing �-opioid receptor-G pro-
tein coupling and downstream signaling to adenylyl cyclase is
not merely the result of a loss of receptors.
Effect of Cytoskeletal Disruption on �-Opioid-induced

Adenylyl Cyclase Sensitization—Disruption of either actin or
tubulin has been shown to perturb caveolae and raft microdo-
mains in rodent cardiac myocytes and S49 T-lymphoma cells
(39). To address the effects of caveolae and raft disruption using
cytoskeletal inhibitors, HEK FLAG-�-cells were treated with
demecolcine to prevent microtubule polymerization or
cytochalasin D to disrupt actin filament organization. Deme-
colcine is a close analog of colchicine, which has been shown to
disrupt rafts (39). Demecolcine (1�g/ml) for 16–20hproduced
rounding cell morphology similar to 1 h of M�CD treatment,
but it did not inhibit �-opioid agonist-induced sensitization of
adenylyl cyclase (Fig. 7A). In contrast, cytochalasin D (20 �M,
1.5 h), which has previously been shown to disrupt rafts (39),

FIGURE 6. Alterations in �-opioid signaling are not due to changes in receptor number. A, surface expres-
sion of �-opioid receptors was determined in whole cells (1 � 105 cells/tube) by displacement of 4 nM [3H]DPN
by the cell-impermeable antagonist CTAP (10 �M). Nonspecific binding was determined using the cell-perme-
able antagonist naloxone (10 �M). B and C, HEK FLAG-� cells expressing only 1.6 fmol/mg receptor were treated
with (hatched bars) or without (open bars) 2% M�CD for 1 h prior to acute cyclase inhibition (B) or adenylyl
cyclase overshoot (C) experiments with 10 nM DAMGO or 100 nM DAMGO, respectively. Data are graphed as
percent of forskolin-stimulated cAMP, represented by the hatched line (n � 3, in duplicate). *, p � 0.05; **, p �
0.01 by unpaired, two-tailed Student’s t test. D and E, saturation binding experiments with the opioid antago-
nist [3H]DPN (D) or the �-opioid agonist [3H]DAMGO (E) in membranes from low expressing HEK FLAG-� cells
treated with (closed circles) or without (open circles) 2% M�CD for 1 h. Control cells (open circles) in E were
incubated with vehicle for 3 h. Nonspecific binding was determined using 10 �M naloxone. Data are presented
as mean � S.E. (n � 3, in duplicate). D, [3H]diprenorphine binding was unchanged following cholesterol
depletion as follows: Bmax, control � 1560 � 108 fmol/mg; M�CD � 1580 � 64 fmol/mg; Kd, control � 0.20 �
0.07 nM; M�CD � 0.18 � 0.01 nM. E, [3H]DAMGO Bmax decreased (control � 944 � 85 fmol/mg; M�CD � 205 �
24 fmol/mg; p � 0.0019 by unpaired two-tailed Student’s t test) with no change in Kd (control � 0.86 � 0.33 nM;
M�CD � 0.60 � 0.24 nM).
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caused slimming of the cells and decreased the ability of
DAMGO to sensitize adenylyl cyclase (treatment, F(1,34) �
42.14, p � 0.0001). Cytochalasin D altered the efficacy of
DAMGO to produce sensitization at maximal concentrations
(p � 0.01 at 0.1 �M and p � 0.001 at 1 �M DAMGO), but it did
not shift the potency of DAMGO-mediated sensitization (EC50
afterDMSOvehicle� 13.4� 8.4 nM and after cytochalasinD�
17.8 � 5.7 nM, p � 0.676; Fig. 7B). Neither demecolcine nor
cytochalasinD treatment affected cAMPproduced by forskolin
alone (control � 1.14 � 0.09 pmol/�g versus demecolcine �
1.13 � 0.07 pmol/�g; DMSO � 1.06 � 0.05 pmol/�g versus
cytochalasin D � 1.08 � 0.08 pmol/�g). These data demon-
strate that although the effect ofM�CDonDAMGO-mediated
signaling was due to removal of cholesterol, it could not be
mimicked using a tubulin inhibitor, even though tubulin inhib-

itors have been shown to disrupt rafts (39). However, the actin
inhibitor cytochalasin D did attenuate �-opioid overshoot,
indicating a potential role for actin in adenylyl cyclase
sensitization.
Differential Membrane Localization of Opioid Receptors and

Adenylyl Cyclase—The disparate importance of cholesterol for
�- but not for �-opioid receptor signaling described above
could be explained by direct interaction of the receptor with
cholesterol or differing localization of receptors and signaling
proteins in putative cholesterol-enriched membrane rafts.
Membrane rafts are identified by their buoyancy and insolubil-
ity in non-ionic detergents, such as TritonX-100 (40). To assess
the localization of �- and �-opioid receptors in putative mem-
brane rafts in HEK293 cells, a detergent-based method was
employed similar to that described by Brady et al. (41). HEK
FLAG-� or HEK FLAG-� cells were homogenized in 1% Triton
X-100 and separated on a 5:30:40% discontinuous sucrose gra-
dient, after which 12 fractions were collected from the top.
Fractions 7–9 contained a cloudy band that floated at the inter-
face between the 5 and 30% sucrose layers, consistent with the
definition of membrane rafts. These fractions were also
enriched in the cholesterol-binding protein caveolin (Fig. 8).
Transferrin receptor, which is found in clathrin-coated pits and
is excluded from caveolin-enriched fractions (41, 42), was used
as a marker to identify the cholesterol-poor, detergent-soluble
membrane fractions. These solubilized membranes are found
in the dense 40% sucrose fractions located at the bottom of the
discontinuous gradient as evidenced by transferrin receptor
immunoreactivity found in fractions 11 and 12 (Fig. 8). The
separation between the caveolin-containing fractions and the
transferrin receptor-containing fractions indicates the quality
of the preparation and efficient separation of the putative raft
and non-raft membrane types. Under these conditions, the
�-opioid receptor was observed only in the transferrin recep-
tor-containing fractions (Fig. 8,A and E), whereas the �-opioid
receptor was found in both caveolin-containing and transferrin
receptor-containing fractions (Fig. 8, B and F). The �-opioid re-
ceptor was not observed in the caveolin-containing fractions
even after overexposure of the blot (data not shown). Although
this separation method is inherently nonquantitative for the
amount of protein in detergent-resistant fractions (43), analysis
of the signal in each fraction from multiple experiments illus-
trated the less exclusive distribution of �-opioid receptors in
both caveolin-enriched and nonenriched fractions compared
with �-opioid receptors (Fig. 8, E and F).
Many of the signaling proteins that �-opioid receptors acti-

vate have been identified in cholesterol-enriched membranes,
including G�i (12) and adenylyl cyclase isoforms 3 and 5/6 (18).
Consequently, we tested the hypothesis that �-opioid receptors
would move into cholesterol-enriched membranes and there-
fore associate with these signaling proteins upon agonist stim-
ulation. Suchmovement into rafts has been reported previously
for muscarinic (M2) and purinergic A1 receptors (7). However,
treatment of HEK FLAG-� cells with a 10 �M concentration of
the �-opioid agonist DPDPE for 5min did not change the local-
ization of the receptors (Fig. 8, C and E).
Because �-opioid receptor signaling to adenylyl cyclase is

unaffected by cholesterol depletion, this raises the question of

FIGURE 7. Effect of cytoskeleton inhibitors on �-opioid-mediated adeny-
lyl cyclase sensitization. HEK FLAG-� cells were treated with (filled circles) or
without (open circles) the tubulin inhibitor demecolcine (1 �g/ml, overnight)
(A) or the actin inhibitor cytochalasin D (20 �M, 1.5 h) (B) prior to induction of
adenylyl cyclase sensitization by the �-agonist DAMGO as described under
“Experimental Procedures.” Data are presented as mean � S.E. (n � 3, in
duplicate). *, p � 0.05; **, p � 0.01; ***, p � 0.001 by two-way ANOVA with
Bonferroni’s post hoc test. Forskolin stimulation was not affected by cytoskel-
eton disruption in either experiment (p � 0.05 by two-way ANOVA and Bon-
ferroni’s post hoc test): control � 1.14 � 0.09 pmol/�g versus demecolcine �
1.13 � 0.07 pmol/�g; DMSO � 1.06 � 0.05 pmol/�g versus cytochalasin D �
1.08 � 0.08 pmol/�g.
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which adenylyl cyclase isoform the �-opioid receptor is coupled
to, especially as adenylyl cyclase enzymes that are inhibited by
the �-opioid receptor have been found in rafts, including AC
5/6 (18).However, it is likely that the propensity for the adenylyl
cyclases to localize only to cholesterol-enriched domains is not
absolute and that cyclases are also present in other areas of the
plasma membrane. In HEK293 cells, endogenous AC 5/6 was
detected in transferrin receptor-containing fractions, in addi-
tion to the caveolin-containing fractions, following detergent
solubilization (Fig. 8D). Therefore, � receptors would not need
to reside in high cholesterol regions of the membrane to effec-
tively signal to adenylyl cyclase.

Cholera Toxin B-induced Patching—CTB-induced patching
wasused to furtherexamine themembrane localizationcharacter-
istics of �- and �-opioid receptors in intact cells using a method
that does not rely on cell disruption or detergent solubilization.
This method has been used previously to identify raft-associated
proteins (42). With an estimated size of 10–200 nm (4), putative
membranerafts are toosmall forobservationbyconventional light
microscopybut canbeclustered intopatchesbyCTB,whichbinds
with high affinity as a pentamer to the raft-associated ganglioside
GM1 (42). Further clustering with an anti-CTB antibody aggre-
gated the CTB-GM1 complexes into patches visible by confocal
microscopy (Fig. 9A).

FIGURE 8. Localization of �- but not �-opioid receptors in caveolin-enriched fractions, in addition to transferrin receptor-enriched fractions. Deter-
gent-resistant membranes were prepared from HEK FLAG-� cells (A, C, and D) or HEK FLAG-� cells (B) as described under “Experimental Procedures.” Equal
volume-loaded samples were assessed for localization of opioid receptor (using anti-FLAG M1 antibody), adenylyl cyclase 5/6 (AC 5/6), caveolin (a raft marker),
or transferrin receptor (TfR, a non-raft marker) as indicated. C, treatment of HEK FLAG-� cells with the �-agonist, DPDPE (10 �M, 5 min), prior to homogenization
did not change the localization of � receptors compared with untreated cells (A). E and F, the mean pixel density of the FLAG-� or FLAG-�-opioid receptor
(55-kDa band) in each fraction of a separation experiment was quantified and compared with the total mean pixel density in all lanes for an experiment. Note
that equal volume loading and presence of intracellular receptors in soluble fractions (11 and 12) precludes truly representative quantification. Results are
presented as a percent of the total pixel density in each fraction from 2 to 7 separate experiments.
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Staining of the FLAG epitope on the extracellular N ter-
minus of �-opioid receptors following patching showed that
�-opioid receptors on the cell surface were poorly colocal-
ized with CTB-clustered raft patches. In fact, upon quantifi-
cation of over 25 cells from at least three separate experi-
ments, �-opioid receptors colocalized with CTB to the same
degree as the non-raft marker protein transferrin receptor
(Fig. 9B). In contrast, �-opioid receptors colocalized with
many CTB patches, as indicated by arrows (Fig. 9A). Upon
quantification, �-opioid receptors were colocalized with
CTB to a higher degree than � receptors (� � 7.89 � 2.22
versus � � 2.00 � 0.56 pixel density/cell, p � 0.01) or trans-
ferrin receptors (1.93 � 0.46 pixel density/cell, p � 0.01) but
to a significantly lesser degree than caveolin (17.85 � 2.41
pixel density/cell, p � 0.005). Together, these localization
and cell signaling experiments indicate that in HEK293 cells
�-opioid receptors tend to depend on cholesterol and can
interact with cholesterol-rich domains of the cell membrane
more than �-opioid receptors.

DISCUSSION

In this study we have used FLAG-tagged �- and �-opioid
receptors expressed in HEK293 cells to ask questions concern-
ing the localization and signaling of these two highly homolo-
gous plasma membrane proteins. Two conclusions can be
drawn from this study. First,�-opioid receptor signaling is sen-
sitive to the cholesterol content of the cell membrane, with a
much greater effect on signaling following chronic agonist
exposure. This conclusion was reached by removal and replen-
ishment of plasma membrane cholesterol using the cholester-
ol-sequestering agentM�CD and by cholesterol synthesis inhi-
bition by lovastatin. Furthermore, the decrease in �-opioid
signaling appears to be due to an uncoupling of the �-opioid
receptor from its G protein and is not due to a decrease in
receptor number. The effect of M�CD on adenylyl cyclase sen-
sitization is also not a product of using a heterologous expres-
sion system or a high receptor number as shown by experi-
ments using SH-SY5Y cells and HEK cells expressing a lower

level of �-opioid receptors. Under
the same conditions, �-opioid
receptor signaling and G protein
coupling are not affected. Second,
using fractionation of the cell mem-
brane and CTB patching of whole
cells, we demonstrate the localiza-
tion of �-opioid receptors outside of
cholesterol-enriched domains, but
a less exclusive localization of
�-opioid receptors in both choles-
terol-enriched and cholesterol-poor
membrane regions. This differential
distribution pattern supports the
differential sensitivity of �- and
�-opioid signaling to cholesterol.

There are two hypotheses to
explain the differential depend-
ence of �- and �-opioid receptors
on membrane cholesterol. First,

the partial localization of �-opioid receptors in detergent-
insoluble domains may result from a higher propensity for
these receptors to bind to cholesterol or caveolin than the
�-opioid receptor. Although both �- and �-opioid receptors
contain one of the proposed caveolin-binding motifs
(
X
XXXX
; where 
 � Phe, Trp, or Tyr) (44) at the inter-
face of TM7 and the C-terminal tail, the �-opioid receptor
contains more aromatic and hydrophobic residues in the
area immediately distal to this region. This difference may be
especially important for interactions with cholesterol in the
membrane because it is in the same region of the receptor
that was shown to interact with cholesterol in the �2-adre-
nergic receptor crystal structure (45) and includes the con-
served palmitoylated cysteine. Even though the �-opioid
receptor contains a caveolin binding domain, this may not be
enough for the receptor to bind tightly to caveolin, because
the binding domain is a rather general sequence that could
be found on many proteins. For example, G�i2 contains a
caveolin binding domain (44) but has not always been shown
to associate with caveolin (8).
Alternatively, the �-opioid receptor may not need the extra

membrane rigidity provided by cholesterol to support signaling
because it is known to couple tightly to G proteins (32, 46). In
fact, Andre et al. (25) conclude that �-opioid receptors can form
a high affinity state that is stabilized by G proteins rather than
cholesterol. The � receptor, however, is less tightly coupled to
G proteins (47) and may depend on cholesterol to aid in this
coupling even in non-raft regions of the plasma membrane.
This is supported by evidence that cholesterol alone can stabi-
lize � receptors in a high affinity state (23), and increasing
membrane viscosity with a cholesterol analog has been shown
to improve the potency of the �-opioid receptor agonist
DAMGO to stimulate [35S]GTP�S binding (22).

The heterogeneous distribution of �-opioid receptors in
caveolin-enriched and caveolin-poor fractions may explain the
rather small effect of cholesterol depletion on acute �-opioid
signaling (either [35S]GTP�S binding or adenylyl cyclase inhi-
bition). However, this effect was greatly amplified when cells

FIGURE 9. ä-Opioid receptor is not colocalized with CTB subunit patches. A, HEK FLAG-� or FLAG-� cells
were plated on poly-D-lysine-coated coverslips 24 h prior to patching with cholera toxin B subunit conjugated
to AlexaFluor 488 at 4 °C to label endogenous ganglioside GM1, enriched in lipid rafts. Lipid raft clustering was
induced by incubating with goat anti-CTB for 30 min at 4 °C, followed by 20 min at 37 °C. Cells were fixed with
4% paraformaldehyde, and � or � receptors were stained using mouse anti-FLAG M1 antibody followed by
goat anti-mouse AlexaFluor 594. Fluorescent images of 0.5-�m Z planes were captured using confocal micros-
copy. Scale bar, 10 �m. B, quantification of colocalization with CTB from at least 25 cells from three separate
experiments is presented as mean pixel density of colocalization per cell � S.E. *, p � 0.05; ***, p � 0.001
compared with TfR or � by two-tailed unpaired Student’s t test; ‡, p � 0.005 compared with caveolin by
two-tailed unpaired Student’s t test.
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were treated chronically with a �-opioid agonist to induce ad-
enylyl cyclase sensitization. The complexity of adenylyl cyclase
sensitization (21) may explain the more dramatic effect of cho-
lesterol depletion (either by M�CD or lovastatin) on adenylyl
cyclase sensitization versus acute inhibition of adenylyl cyclase
by DAMGO. Besides the previously mentioned G proteins,
many of the other signaling pathways postulated to play a role
in adenylyl cyclase sensitization have also been shown to be
associated with cholesterol-enriched domains, such as Raf-1
(48), protein kinase C (49), and Src kinase (50). Recently, Src
kinase has been implicated as an important mediator of �-opioid
adenylyl cyclase sensitization in putative rafts (51). In addition,
many of the adenylyl cyclase isoforms that can be sensitized
(AC 5, 6, and 8 (21)) have also been found in cholesterol-
enriched domains (AC 5/6 (9, 18, 19) and 8 (20)). Exceptions to
this include AC 1, which can be sensitized by a variety of ago-
nists (52–54) but has not been found in rafts (18), and AC 3,
which is preferentially found in cholesterol-enriched mem-
branes (18) but is not sensitized by several agonists, including
the�-opioid agonistmorphine (52, 53). Additionally, sensitiza-
tion caused by chronic agonist treatment may require a redis-
tribution of the heterotrimericGprotein to detergent-insoluble
domains. In a study using Chinese hamster ovary-� cells,
chronic morphine treatment increased the amount of G�i and
G�1 in the cholate-insoluble cellular fraction (with a corre-
sponding decrease of G protein in the cholate-soluble fraction)
in a time-dependentmanner that was similar to the time course
of adenylyl cyclase sensitization (55). This redistribution of G�i
and G�1 was reversed following removal of morphine in a sim-
ilar time frame as the loss of sensitization. Therefore, choles-
terol depletion may prevent the development of sensitization
by preventing the shift of heterotrimeric G proteins to deter-
gent-insoluble microdomains.
Although a percentage of �-opioid receptors were found in

detergent-insoluble domains,mostwere found in putative non-
raft domains. Because the effect of cholesterol depletion by
M�CD or lovastatin on adenylyl cyclase sensitization was very
robust, thismay suggest a loss of cholesterol function on�-opi-
oid receptors, rather than, or in addition to, disruption of rafts.
The cytoskeleton, including both actin and tubulin, has also
been shown to be important for the formation of lipid rafts and
caveolae (39). Therefore, the lack of effect of the tubulin inhib-
itor demecolcine on �-agonist-mediated adenylyl cyclase over-
shoot would point away from a raft mechanism. Even so, with
the actin inhibitor cytochalasin D, we do see a decrease in the
ability of the �-opioid agonist DAMGO to cause overshoot.
However, differences between M�CD and cytochalasin D,
includingmorphology changes and the lack of effect of cytocha-
lasin D on forskolin-stimulated cAMP production, argue
against a contributing role of actin disruption in themechanism
of action of M�CD. Therefore, it appears most likely that cho-
lesterol and actin are both important independently for �-opi-
oid overshoot. To our knowledge this is the first report of a role
for actin in adenylyl cyclase sensitization, although there is evi-
dence of increased actin cycling following withdrawal from
chronic morphine treatment in rats (56).
The increase in forskolin-stimulated cAMP production

observed immediately following cholesterol removal byM�CD

has been observed by others (31, 34). However, this enhanced
forskolin effect is lost if a 2-h incubation in serum-free media is
included following cholesterol removal, even though choles-
terol levels remain depleted. Furthermore, chronic inhibition of
cholesterol synthesis using lovastatin for 48 h did not affect the
forskolin response. Therefore, the effect of cholesterol removal
on forskolin appears transient as the cell has to rapidly adapt to
the loss of cholesterol. In addition, basal and isoproterenol acti-
vation of adenylyl cyclase through G�s has been shown to
increase following cholesterol depletion by M�CD or choles-
terol oxidase (31, 34). Thus, the increased forskolin response
could be due to increased synergistic activation of adenylyl
cyclase with G�s. Results from experiments by us and others
(31) using pertussis toxin suggest that the increase in forskolin
or isoproterenol response does not involve receptor-activated
G�i/o proteins.
The results from the sucrose gradient membrane separation

experiments are consistent with reports of the localization of
�-opioid receptors in caveolin-enrichedmembrane fractions as
well as caveolin-poor fractions (9, 23). In contrast, we found
�-opioid receptors only in the same cellular fractions as trans-
ferrin receptor, a non-raft marker. This finding differs from
previously published reports of �-opioid receptor localization
in putative raft fractions (10, 11). These conflicting data may
relate to the method used for isolation of membrane microdo-
mains, aboutwhich there ismuch debate (6, 7). Previous studies
of �-opioid receptor localization used high molarity sodium
carbonate buffer, pH 11, for homogenization prior to sucrose
gradient ultracentrifugation to separate cholesterol-enriched
from cholesterol-deficient membranes. Although this method
has been commonly employed to study protein content in puta-
tive lipid rafts (7, 57), there are some problems intrinsic to this
method. The primary concernwith the nondetergentmethod is
a lack of specificity for isolating putative raft proteins, because
even non-plasma membrane proteins, such as mitochondrial
proteins, are found in the cholesterol-enriched fractions (15).
Using the sodium carbonate method, we have also identified
�-opioid receptors in more buoyant, caveolin-containing frac-
tions. However, these fractions also contained significant
amounts of the non-raft marker transferrin indicating a lack of
separation between putative raft and non-raftmembranes (data
not shown). Thus, we are not confident using this method to
identify raft proteins. Previous studies (10, 11) did not include a
negative control, such as transferrin receptor, for comparison.
The detergentmethod used in this study also has limitations,

but it is more stringent for identification of cholesterol-binding
proteins (15). Recently, �-opioid receptor localization has been
studied using the detergent Triton X-100 in various concentra-
tions (25). Although this study identified a small percentage
(	5%) of � receptors in raft-like fractions, the majority of �
receptors was found in the non-raft pellet, which generally
agrees with our findings. In addition, our identification of
�-opioid receptors in caveolin- and cholesterol-poor fractions
was supported by the lack of association of �-opioid receptors
with raft domains as labeled by CTB patching of intact cells.
Furthermore, these localization results are consistent with the
�-opioid signaling data in this study demonstrating that choles-

Cholesterol in �- and �-Opioid Receptor Signaling

22120 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 33 • AUGUST 14, 2009

 at U
niversity of M

ichigan on M
arch 25, 2015

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


terol depletion by M�CD did not affect agonist-mediated
�-opioid receptor signaling.

Although the evidence presented here suggests that �-opioid
receptors are excluded from cholesterol-enriched regions,
many signaling molecules, including G�i/o proteins (12–17),
known to be activated by the �-opioid receptor have been found
in cholesterol-enriched fractions or associated with caveolin.
One possible explanation we have excluded is that the �-opioid
receptor moves into cholesterol-enriched fractions upon ago-
nist treatment. A more likely possibility is that although many
signaling proteins are found in rafts, this relationship is not
exclusive, and these proteins are also functioning outside of raft
domains. For example, G�i proteins have also been found in
cholesterol-poor fractions in cardiomyocytes (8) and in these
HEK cells (data not shown) so that �-opioid receptors could
signal through these G�i proteins. In addition, adenylyl cyclase
isoforms 3 and 5/6 are primarily, but not exclusively, found in
caveolin-containing fractions (18). In our preparations, adeny-
lyl cyclase 5/6 is found in transferrin receptor-containing frac-
tions. Moreover, �-opioid receptors may also signal through
adenylyl cyclase 1, which has not been found in cholesterol-
enriched domains (18, 58), is readily sensitized (21), and is pres-
ent in HEK293 cells (59).
In conclusion, these studies demonstrate differences in sig-

naling and localization properties of �- and �-opioid receptors,
using identical methods in the same HEK cell system, and are
supported by studies in SH-SY5Y neuroblastoma cells that
endogenously express opioid receptors. �-Opioid receptors,
which were not found in cholesterol-enriched membranes,
were not as affected by changes in themicroenvironment of the
membrane. In contrast, �-opioid receptors, to which agonists
cause robust dependence clinically, are significantly altered by
cholesterol modulation, with a greater effect on chronic signal-
ing than acute signaling. Although these effects are due to cho-
lesterol removal, these studies cannot confirm that they are due
to lipid raft disruption andmay suggest a need for cholesterol to
provide efficient �-opioid receptor signaling in non-raft
regions of the plasma membrane. Regardless, these findings
have implications for cellular signaling in general, especially in
light of the recent, somewhat controversial (60, 61) lowering of
clinical cholesterol guidelines (62).
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