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ABSTRACT: Statins are potent inhibitors of HMG-CoA reductase, the key rate-limiting enzyme in cholesterol
biosynthesis, and are some of the best selling drugs globally.We have explored the effect of chronic cholesterol
depletion induced by mevastatin on the function of human serotonin1A receptors expressed in CHO cells.
An advantage with statins is that cholesterol depletion is chronic which mimics physiological conditions. Our
results show a significant reduction in the level of specific ligand binding and G-protein coupling to serotonin1A
receptors upon chronic cholesterol depletion, although the membrane receptor level is not reduced at all.
Interestingly, replenishment of mevastatin-treated cells with cholesterol resulted in the recovery of specific
ligand binding and G-protein coupling. Treatment of cells expressing serotonin1A receptors with mevastatin
led to a decrease in the diffusion coefficient and an increase in the mobile fraction of the receptor, as deter-
mined by fluorescence recovery after photobleaching measurements. To the best of our knowledge, these
results constitute the first report describing the effect of chronic cholesterol depletion on the organization and
function of a G-protein-coupled neuronal receptor. Our results assume significance in view of recent reports
highlighting the symptoms of anxiety and depression in humans upon statin administration, and the role of
serotonin1A receptors in anxiety and depression.

Cholesterol is an essential and representative lipid in higher
eukaryotic cellular membranes and is crucial in membrane orga-
nization, dynamics, function, and sorting (1, 2). It is often found
distributed nonrandomly in domains in biological and model
membranes (3, 4). Many of these domains (sometimes termed
“lipid rafts”) are believed to be important for the maintenance of
membrane structure and function. The idea of such specialized
membrane domains assumes significance in cellular physiology
since important functions such asmembrane sorting and traffick-
ing (5), signal transduction processes (6), and the entry of patho-
gens (7, 8) have been attributed to these domains. Importantly,

cholesterol plays a vital role in the function and organization of
membrane proteins and receptors (9-11).

Cholesterol is the end product of a long and multistep sterol
biosynthetic pathway that parallels sterol evolution (12). Statins
are competitive inhibitors of HMG-CoA reductase,1 the key
enzyme in cholesterol biosynthesis that catalyzes the rate-limiting
step in the biosynthetic pathway. This specific step involves the
conversion ofHMG-CoA intomevalonate, the precursor of choles-
terol and other isoprenoids. Statins represent some of the best
selling drugs globally and in clinical history. They are extensively
used as oral cholesterol lowering drugs to treat hypercholestero-
lemia and dyslipidemia (13, 14).

The G-protein-coupled receptor (GPCR) superfamily is the
largest and most diverse protein family in mammals, involved in
signal transduction across membranes (15, 16). The serotonin1A
(5-HT1A) receptor is an important member of the GPCR super-
family and is the most extensively studied of the serotonin
receptors for a variety of reasons (17). The serotonin1A receptor
agonists and antagonists have been shown to possess potential
therapeutic effects in anxiety or stress-related disorders (17). As a
result, the serotonin1A receptor serves as an important target in
the development of therapeutic agents for neuropsychiatric dis-
orders such as anxiety and depression. Interestingly, mutant
(knockout) mice lacking the serotonin1A receptor exhibit enhan-
ced anxiety-related behavior and represent an important animal
model for genetic vulnerability to complex traits such as anxiety
disorders and aggression in higher animals (18).With the pharmaco-
logical relevance of the serotonin1A receptor in mind, the inter-
action of this transmembrane protein with the lipid environment
assumes greater significance in its function in healthy and diseased
states.
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We previously demonstrated the requirement of membrane
cholesterol in the function of the serotonin1A receptor (10, 19).
This was achieved by physical depletion of cholesterol from
membranes using MβCD followed by monitoring receptor func-
tion (19, 20). However, membrane cholesterol depletion using
MβCD suffers from a number of limitations (21). A major limi-
tation is that such cholesterol depletion using MβCD is an acute
process due to the relatively short timeof treatment. Toovercome
such limitations, we chose to reduce cellular membrane choles-
terol using statins. Such cholesterol depletion takes place over a
longer period of time and represents a chronic treatment, thereby
mimicking physiological situations. In this work, we have explo-
red the effect of chronic cholesterol depletion usingmevastatin on
the function of the human serotonin1A receptor, stably expressed
in Chinese hamster ovary (termed as CHO-5-HT1AR) cells (22).
Our results show a significant reduction in the level of specific
agonist and antagonist binding to the serotonin1A receptor upon
chronic cholesterol depletion. Interestingly, we showhere that the
effect of chronic cholesterol depletion on the ligand binding of
serotonin1A receptors is reversible. In addition, fluorescence
recovery after photobleaching (FRAP) measurements reveal
novel changes in receptor dynamics upon chronic cholesterol
depletion. These novel results could have significant implica-
tions for our understanding of the influence of cholesterol
lowering agents such as statin on the organization and function
of the serotonin1A receptor, an important neurotransmitter
receptor.

EXPERIMENTAL PROCEDURES

Materials. Cholesterol, CaCl2, DMPC, DPH, EDTA, genta-
mycin sulfate, MβCD, (()-mevalonolactone, MgCl2, MnCl2,
oleic acid albumin, penicillin, polyethylenimine, p-MPPI, PMSF,
serotonin, sodium bicarbonate, streptomycin, and Tris were obta-
ined from Sigma Chemical Co. (St. Louis, MO). D-MEM/F-12
[Dulbecco’s modified Eagle’s medium/nutrient mixture F-12
(Ham) (1:1)], fetal calf serum, and Geneticin (G 418) were from
Invitrogen Life Technologies (Carlsbad, CA). GTP-γ-S and
Nutridoma-SP were from Roche Applied Science (Mannheim,
Germany). BCA reagent for protein estimation was from Pierce
(Rockford, IL). Mevastatin was obtained from Calbiochem
(San Diego, CA). [3H]-8-OH-DPAT (specific activity of 135.0 Ci/
mmol) and [3H]-p-MPPF (specific activity of 70.5 Ci/mmol) were
purchased from DuPont New England Nuclear (Boston, MA).
GF/B glass microfiber filters were from Whatman International
(Kent, U.K.). All other chemicals and solvents used were of the
highest available purity. Water was purified through a Millipore
(Bedford, MA) Milli-Q system and used throughout.
Cell Culture andMevastatin Treatment. CHO cells stably

expressing the human serotonin1A receptor (termed CHO-5-
HT1AR) and CHO cells stably expressing the human serotonin1A
receptor tagged to enhanced yellow fluorescent protein (termed
CHO-5-HT1AR-EYFP) were maintained in D-MEM/F-12 (1:1)
supplemented with 2.4 g/L sodium bicarbonate, 10% fetal calf
serum, 60 μg/mL penicillin, 50 μg/mL streptomycin, 50 μg/mL
gentamycin sulfate, and 200 μg/mL (300 μg/mL in the case of
CHO-5-HT1AR-EYFP cells) Geneticin (D-MEM/F-12 complete
medium) in a humidified atmosphere with 5% CO2 at 37 �C.
Nutridoma-BO (lipid deficient medium) was prepared using 1%
Nutridoma-SP, 0.33 mg/mL oleic acid albumin, 0.1% fetal calf
serum, 12μg/mLpenicillin, 10μg/mL streptomycin, and 10 μg/mL
gentamycin sulfate. The stock solution ofmevastatinwas prepared

as described previously (23). The final concentrations of mevas-
tatin and mevalonolactone were 50 and 200 μM, respectively.
In the case of mevastatin treatment, cells were grown for
56 h in D-MEM/F-12 medium and then shifted to Nutridoma-
BO medium containing mevastatin and mevalonolactone for
16 h, in a humidified atmosphere with 5% CO2 at 37 �C. Con-
trol cells were grown for 56 h inD-MEM/F-12 complete medium
and then changed to Nutridoma-BO (lipid deficient) medium for
16 h.
Cell Membrane Preparation. Cell membranes were pre-

pared as described previously (22). The total protein concentra-
tion in the isolated membranes was determined using the BCA
assay (24).
Estimation of Membrane Cholesterol and Phospholipid

Contents. The cholesterol content in cell membranes was
estimated using the Amplex Red cholesterol assay kit (25). The
phospholipid content in these membranes was determined after
total digestion with perchloric acid as described previously (26)
using Na2HPO4 as a standard.
Radioligand Binding Assays. Receptor binding assays were

conducted as described previously (22) with ∼40 μg of total
protein. Final concentrations of the radiolabeled agonist [3H]-8-
OH-DPAT and antagonist [3H]-p-MPPF in each assay tube were
0.29 and 0.5 nM, respectively.
Saturation Radioligand Binding Assays. Saturation bind-

ing assays were conducted with increasing concentrations (0.1-
7.5 nM) of the radiolabeled agonist [3H]-8-OH-DPAT as des-
cribed previously (22). The dissociation constant (Kd) and the
number of maximum binding sites (Bmax) were calculated by
nonlinear regression analysis of binding data using Graphpad
(San Diego, CA) Prism version 4.00. Data obtained after reg-
ression analysis were used to plot graphs with GRAFIT version
3.09b (Erithacus Software, Surrey, U.K.).
GTP-γ-S Sensitivity Assay. To estimate the efficiency of

G-protein coupling, we conducted GTP-γ-S sensitivity assays as
described previously (22). The concentrations of GTP-γ-S lead-
ing to 50% inhibition of specific agonist binding (IC50) were
calculated by nonlinear regression fitting of the data to a four-
parameter logistic function (27):

B ¼ a=½1 þ ðx=IÞs� þ b ð1Þ
whereB is the specific binding of the agonist normalized to agonist
binding at the lowest concentration of GTP-γ-S, x denotes the
concentration of GTP-γ-S, a is the range (ymax - ymin) of the
fitted curve on the ordinate (y-axis), I is the IC50 concentration,
b is the background of the fitted curve (ymin), and s is the slope
factor.
FluorescenceAnisotropyMeasurements.Fluorescence aniso-

tropy experiments were conducted using the membrane probe
DPH with membranes prepared from cells (treated with mevas-
tatin and cholesterol-replenished) containing 50 nmol of total
phospholipids suspended in 1.5mLof 50mMTris buffer (pH7.4),
as described previously (28). Steady state fluorescence was mea-
sured in a Hitachi F-4010 spectrofluorometer using 1 cm path
length quartz cuvettes at room temperature (∼23 �C). Excita-
tion and emission wavelengths were set at 358 and 430 nm, res-
pectively. Excitation and emission slits with nominal band passes
of 1.5 and 20 nm, respectively, were used. The optical den-
sity of the samples measured at 358 nm was always less than 0.1.
Fluorescence anisotropy measurements were performed using a
Hitachi polarization accessory.Anisotropy (r) valueswere calculated
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from the following equation (29):

r ¼ IVV - GIVH

IVV þ 2GIVH
ð2Þ

where IVV and IVH are the measured fluorescence intensities (after
appropriate background subtraction) with the excitation polarizer
vertically oriented and the emission polarizer vertically and hori-
zontally oriented, respectively. G is the grating correction factor
that corrects for wavelength-dependent distortion of the polarizers
and is the ratio of the efficiencies of the detection system for verti-
cally and horizontally polarized light, equal to IHV/IHH. All experi-
ments were conducted withmultiple sets of samples, and average
values of fluorescence anisotropy are shown in Figure 5.
Cholesterol Replenishment with the Cholesterol-MβCD

Complex. Following treatment with mevastatin, cells were
incubated with the cholesterol-MβCD complex for 5 min in a
humidified atmosphere with 5% CO2 at 37 �C. The complex was
prepared by dissolving the required amounts of cholesterol and
MβCD in a ratio of 1:10 (molar ratio) in water by constant vor-
texing at room temperature (∼23 �C). Stock solutions (typically
2 mM cholesterol and 20 mM MβCD) of this complex were
freshly prepared andwere added to 2�DMEM/F-12 (1:1)medium
without fetal calf serum, yielding final concentrations of 1 mM
cholesterol and 10 mM MβCD.
Western Blot Analysis.Cell membranes were prepared from

CHO-5-HT1AR-EYFP (control), mevastatin-treated, and cho-
lesterol-replenished cells as previously described (22), with an
addition of a 1:20 dilution of freshly prepared protease inhibitor
cocktail (Roche Applied Science, Mannheim, Germany). Total
protein (60 μg) from each sample was mixed with electrophoresis
sample buffer and incubated for 30 min at 37 �C. Sample mix-
tures were loaded and separated via 10% SDS-PAGE. After
electrophoresis, proteins were electrophoretically transferred to a
nitrocellulose membrane (Hybond ECL, Amersham Pharmacia
Biotech, Little Chalfont, U.K.) using a semidry transfer appara-
tus (Amersham Pharmacia Biotech). The nonspecific binding
sites were blocked with 10% fat-free dry milk in PBS with Tween
20 (pH7.4) for 1 h at room temperature (∼23 �C). Tomonitor the
expression of 5-HT1AR-EYFP, blots were probed with anti-
bodies raised against GFP (Abcam, Cambridge, U.K.; 1:1500
dilution in PBSwith Tween 20) and incubated for 90min at room
temperature (∼23 �C). To monitor the levels of β-actin, which acts
as a loading control, membranes were probed with antibodies
raised against β-actin (Chemicon International, Temecula, CA;
diluted 1:3000 in PBS with Tween 20) and incubated for
90 min at room temperature (∼23 �C). Membranes were washed
with PBS and Tween 20 (washing buffer) for 15 min, and the
washing buffer was changed every 5 min. Membranes were then
incubated with a 1:4000 dilution of respective secondary anti-
bodies (horseradish peroxidase-conjugated anti-rabbit antibody
for 5-HT1AR-EYFP and horseradish peroxidase-conjugated
anti-mouse antibody for β-actin) in PBS and Tween 20 for 45 min
at room temperature (∼23 �C). Membranes were then washed
and developed using the enhanced chemiluminescence detec-
tion reagents (Amersham Biosciences, Buckinghamshire, U.K.).
5-HT1AR-EYFP and β-actin were detected using the chemilumi-
nescence detection system (Chemi-Smart 5000, Vilber Lourmat).
5-HT1AR-EYFP and β-actin levels were quantitated using Bio-
Profile (Bio-1Dþ, version 11.9).
FluorescenceRecovery afterPhotobleaching (FRAP)Mea-

surements and Analysis. FRAP experiments were conducted

with cells that were grown in medium for 72 h [56 h in D-MEM/
F-12 complete medium followed by change of medium to
Nutridoma-BO for 16 h (lipid deficient medium)] on Lab-Tek
chambered coverglass (Nunc). In the case of mevastatin treat-
ment, cells were grown in Nutridoma-BO medium containing
mevastatin and mevalonolactone for 16 h. After this treatment,
cells were washed with buffer A [PBS containing 1 mM CaCl2
and 0.5 mM MgCl2 (pH 7.4)]. Fluorescence images were acqui-
red at room temperature (∼23 �C), on an inverted Zeiss (Jena,
Germany) LSM 510 Meta confocal microscope, with a 63�, 1.2
NAwater immersion objective using the 514 nm line of an argon
laser, and a 535-590 nm filter for the collection of EYFP fluore-
scence. Images were recorded with a pinhole of 225 μm, giving an
optimal z-slice thickness of 1.7 μm. The distinct membrane
fluorescence of the cell periphery was targeted for bleaching
and monitoring of fluorescence recovery (20, 30). Analysis with a
control region of interest (ROI) drawn a certain distance from the
bleach ROI indicated no significant bleach while fluorescence
recoverywasmonitored (see Figure 8). Data representing themean
fluorescence intensity of the bleachedROI (∼1.4 μm radius) were
background subtracted using a ROI placed outside the cell.
Fluorescence recovery plots with fluorescence intensities normal-
ized to prebleach intensities were analyzed according to the
uniform disk illumination condition (31):

FðtÞ ¼ ½Fð¥Þ - Fð0Þ�fexpð- 2τd=tÞ½I0ð2τd=tÞ
þ I1ð2τd=tÞ�g þ Fð0Þ ð3Þ

where F(t) is the mean background-corrected and normalized
fluorescence intensity at time t in the bleached ROI, F(¥) is the
recovered fluorescence at time ¥, F(0) is the bleached fluore-
scence intensity set at time zero, and τd is the characteristic diffu-
sion time. I0 and I1 are modified Bessel functions. The diffusion
coefficient (D) is determined from the equation

D ¼ ω2=4τd ð4Þ
whereω is the actual radius of the bleached ROI.Mobile fraction
(R) estimates of the fluorescence recoverywere obtained from the
equation

R ¼ ½Fð¥Þ - Fð0Þ�=½1 - Fð0Þ� ð5Þ
where themean background-corrected and normalized prebleach
fluorescence intensity is equal to unity. Normalized intensities
of each data set were fitted individually to eq 3, and parameters
derived were used in eqs 4 and 5. Statistical analysis was
performed on the entire set of derived parameters for all given
conditions.
Nonlinear Curve Fitting and Statistical Analysis. Signifi-

cance levels were estimated using a Student’s two-tailed unpaired
t test using Graphpad Prism version 4.00. Nonlinear curve fitting
of the fluorescence recovery data to eq 3 was conducted using
Graphpad Prism version 4.00. Origin version 5.0 (OriginLab
Corp., Northampton, MA) was used for the frequency distribu-
tion plot and analysis.

RESULTS

Chronic Cholesterol Depletion upon Statin Treatment.
CHO-5-HT1AR cells stably expressing the human serotonin1A
receptor were treated with mevastatin to achieve chronic deple-
tion of cholesterol. Statins are powerful inhibitors of HMG-CoA
reductase, the key enzyme in cholesterol biosynthesis that catalyzes
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the rate-limiting step in the biosynthetic pathway (13). Figure 1
shows that ∼30% of the cholesterol is depleted in CHO-5-
HT1AR cells treated with mevastatin. Upon treatment with the
cholesterol-MβCDcomplex, the cholesterol content is increased
to ∼134% of the control. The cholesterol contents shown in
Figure 1 are in good agreement with literature values (32, 33).
Importantly, the membrane phospholipid content of cells either
treated with mevastatin or replenished with cholesterol remains
unaltered (data not shown), indicating that these treatments are
specific to cholesterol.
The Level of Ligand Binding of the Human Serotonin1A

Receptor Is Reduced upon Chronic Cholesterol Depletion.
We explored the ligand binding function of the human sero-
tonin1A receptor upon statin treatment. For this, we measured the
binding of the selective serotonin1A receptor agonist [3H]-8-OH-
DPAT and antagonist [3H]-p-MPPF tomembranes isolated from
CHO-5-HT1AR cells treated with mevastatin and replenished
with cholesterol. Figure 2A shows that chronic cholesterol
depletion with statin reduced the level of specific agonist [3H]-
8-OH-DPAT binding to serotonin1A receptors to ∼54% of the
original value [due to ∼30% cholesterol depletion (see above)].
The corresponding value for specific antagonist [3H]-p-MPPF
binding following statin treatmentwas∼59%(Figure 2B). To the
best of our knowledge, these results represent the first report of
inhibition of specific ligand binding to serotonin1A receptors due
to chronic cholesterol depletion using statin. Importantly, the
reduction in the level of ligand binding is not due to a decrease in
the expression level of the human serotonin1A receptor (see later,
Figure 7).

To check the reversibility of the effect of chronic cholesterol
depletion on ligand binding of the serotonin1A receptor, choles-
terol replenishment of mevastatin-treated cells was conducted via
treatment with the cholesterol-MβCD complex as described in
Experimental Procedures. As shown in Figure 1, this procedure
was able to load back cholesterol to the cells as shown by the
cholesterol content of the replenished cell membranes. The
corresponding recovery in ligand binding is shown in Figure 2.
This shows that the loss of ligand binding was indeed due to
membrane cholesterol depletion.

The saturation binding analysis of the specific agonist [3H]-8-
OH-DPATbinding to serotonin1A receptors is shown in Figure 3
and Table 1. The results of saturation binding analysis, conducted

with membranes prepared from control and statin-treated cells,
revealed that the reduction in the level of ligand binding can
primarily be attributed to a reduction in the number of total
binding sites with a marginal reduction in the affinity of ligand
binding. There is a significant reduction (∼35%, p<0.05) in
the maximum number of binding sites (Bmax) when the CHO-
5-HT1AR cells were treated with statin. The binding affinity of
[3H]-8-OH-DPAT in statin-treated cell membranes in the pre-
sence of 1 nM GTP-γ-S is given in the Supporting Information
(see Table S1).

FIGURE 1: Cholesterol content of membranes isolated from CHO-5-
HT1AR cells. Cholesterol content was estimated in membranes iso-
lated from CHO-5-HT1AR cells treated with mevastatin and replen-
ishedwith cholesterol.Values are expressedas nanomoles of cholesterol
permilligram of protein.Data representmeans( the standard error
from four independent measurements. See Experimental Proce-
dures for other details.

FIGURE 2: Inhibition of ligand binding of the human serotonin1A
receptor upon chronic cholesterol depletion. Specific binding of the
agonist [3H]-8-OH-DPAT (A) and the antagonist [3H]-p-MPPF (B),
to the human serotonin1A receptor in membranes isolated from
CHO-5-HT1AR cells treated with mevastatin and replenished with
cholesterol, is shown. Values are expressed as percentages of specific
ligand binding obtained in control cell membranes. Data shown are
means( the standard error from at least four independent measure-
ments. See Experimental Procedures for other details.

FIGURE 3: Saturation binding analysis of specific [3H]-8-OH-DPAT
binding to serotonin1A receptors in membranes isolated from control
and statin-treatedCHO-5-HT1ARcells.Representativeplots are shown
for specific [3H]-8-OH-DPAT binding with increasing concentrations
of [3H]-8-OH-DPAT under control (O) and statin-treated (b) condi-
tions. See Experimental Procedures and Table 1 for other details.
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G-Protein Coupling Efficiency of the Human Sero-
tonin1A Receptor Is Reduced upon Statin Treatment. Most
of the seven transmembrane domain receptors are coupled to
G-proteins, and therefore, guanine nucleotides are known tomodu-
late ligand binding. The serotonin1A receptor agonists such as
8-OH-DPAT are known to specifically activate theGi/Go class of
G-proteins in CHO cells (34). Agonist binding to such receptors
therefore displays sensitivity to agents such as GTP-γ-S, a non-
hydrolyzable analogue of GTP, that uncouple the normal cycle
of guanine nucleotide exchange at the GR subunit caused by
receptor activation. We have previously shown that in the
presence of GTP-γ-S, serotonin1A receptors undergo an affinity
transition, from a high-affinity G-protein-coupled state to a low-
affinity G-protein-uncoupled state (35). In agreement with these
results, Figure 4 shows a characteristic reduction in the level of
binding of the agonist [3H]-8-OH-DPAT in the presence of
increasing concentrations of GTP-γ-S with an estimated half-
maximal inhibition concentration (IC50) of 2.77 nM for control
cells (see Table 2). The inhibition curve in the case of cells treated
with mevastatin displays a significant (p<0.05) shift toward
higher concentrations ofGTP-γ-Swith an increased IC50 value of
4.85 nM. This implies that the agonist binding to the serotonin1A
receptor in mevastatin-treated cells is less sensitive to GTP-γ-S,
indicating that the G-protein coupling efficiency is reduced
under these conditions. This suggests a possible perturbation of

receptor-G-protein interaction under chronic cholesterol-depleted
conditions. Interestingly, Table 2 shows that the IC50 value is
restored (2.97 nM) upon subsequent cholesterol replenishment.
Reduction in the Function of the Human Serotonin1A

Receptor due to Statin Treatment Is Independent of the
Overall Membrane Order. To explore any possible change in
overall membrane order upon mevastatin treatment, we mea-
sured the fluorescence anisotropy of the membrane probe DPH.
Fluorescence anisotropy measured using probes such as DPH is
correlated to the rotational diffusion of membrane-embedded
probes (29), which is sensitive to the packing of lipid fatty acyl
chains. This is due to the fact that fluorescence anisotropy depends
on the degree to which the probe is able to reorient after exci-
tation, and probe reorientation is a function of local lipid pack-
ing. DPH, which is a rodlike hydrophobic molecule, partitions
into the interior (fatty acyl chain region) of the bilayer. Figure 5
shows the effect of chronic cholesterol depletion and cholesterol
replenishment on fluorescence anisotropy of the membrane
probe DPH incorporated into CHO-5-HT1AR cell membranes.
Fluorescence anisotropy of DPH appears to be predominantly
invariant in membranes isolated from control, mevastatin-treated,
and cholesterol-replenished cells. These results therefore suggest
that the overall membrane order, as reported by DPH aniso-
tropy, is not significantly altered under mevastatin-treated and
cholesterol-replenished conditions. It should be noted here that

Table 1: Effect of Statin Treatment on Specific [3H]-8-OH-DPAT Binding

Parametersa

experimental condition Kd (nM) Bmax (pmol/mg of protein)

control 1.03( 0.09 0.89( 0.07

mevastatin 0.87( 0.02 0.58( 0.08

aBinding parameters were calculated by analyzing saturation binding
isotherms with a range of [3H]-8-OH-DPAT concentrations using Graph-
pad Prism. Data represent means ( the standard error of duplicate points
from at least three independent measurements. See Experimental Proce-
dures for other details.

FIGURE 4: Reduced level of G-protein coupling of the human sero-
tonin1A receptor upon treatmentwithmevastatin. TheG-protein coup-
ling efficiency of the serotonin1A receptor was monitored by the
sensitivity of [3H]-8-OH-DPATbinding in the presence ofGTP-γ-S.
The figure shows the effect of increasing concentrations of GTP-γ-S
on the specific binding of the agonist [3H]-8-OH-DPAT to seroto-
nin1A receptors in membranes isolated from control (O), mevastatin-
treated (b), and cholesterol-replenished (0) cells. Values are expressed
as percentages of specific binding obtained at the lowest concentra-
tion of GTP-γ-S. The curves are nonlinear regression fits to the
experimental data using eq 1. Data points represent means ( the
standard error of duplicate points from at least four independent
experiments. See Experimental Procedures for other details.

Table 2: Effect of Chronic Cholesterol Depletion on the Efficiency of

G-Protein Couplinga

experimental condition IC50 (nM)

control 2.77( 0.43

mevastatin 4.85( 0.12

mevastatin with the cholesterol-MβCD complex 2.97( 0.54

aThe sensitivity of specific [3H]-8-OH-DPAT binding in the presence of
GTP-γ-S in the assay wasmeasured by calculating the IC50 for inhibition of
[3H]-8-OH-DPAT binding in the presence of a range of concentrations
of GTP-γ-S. Inhibition curves were analyzed using the four-parameter logistic
function. Data represent means ( the standard error of four independent
experiments. See Experimental Procedures for other details.

FIGURE 5: Overall membrane order is unaltered upon chronic choles-
terol depletion. Overall (average) membrane order was estimated in
membranes isolated from cells treated with mevastatin and replen-
ished with cholesterol, using the fluorescence anisotropy of the
membrane probe DPH. Fluorescence anisotropy measurements
were taken with membranes containing 50 nmol of phospholipid
at a probe:phospholipid molar ratio of 1:100 at room temperature
(∼23 �C). Data represent means ( the standard error from at least
four independent experiments. See Experimental Procedures for
other details.
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membrane dynamics reported by anisotropy reflects relatively
fast time scale (nanoseconds) and short-range (local) events. The
corresponding changes in long-range lateral dynamics over slower
time scales are discussed later (Table 3 and Figure 9).
The CellularMorphology and Overall Fluorescence Dis-

tribution of EYFP-Tagged Serotonin1A Receptors Remain
Unaltered upon Mevastatin Treatment. We have previously
shown that fusion of EYFP to the serotonin1A receptor does not
affect the ligand binding property, G-protein coupling, or signa-
ling function of the receptor (36). CHO cells stably expressing
5-HT1AR-EYFP therefore represent a reliable system for explor-
ing the membrane organization and dynamics of the serotonin1A
receptor. In addition, the EYFP variant is particularly suitable
since it is relatively photostable and has a high quantum yield
(36, 37). The fluorescence distribution of 5-HT1AR-EYFP in
CHO-5-HT1AR-EYFP cells was recorded in control cells and
cells treated with mevastatin (shown in Figure 6). Analyses of
several independent images acquired with control andmevastatin-
treated cells do not indicate a significant redistribution of fluore-
scence of 5-HT1AR-EYFP.
TheMembraneExpressionLevel of the Serotonin1ARecep-

tor Is Not Reduced under Chronic Cholesterol-Depleted
Condition. The impaired ligand binding andG-protein coupling
of the serotonin1A receptor observed upon mevastatin treatment
could be due to reduced expression levels of serotonin1A recep-
tors. To examine this possibility, we performed Western blot
analysis of 5-HT1AR-EYFP in cell membranes prepared from
control, mevastatin-treated, and cholesterol-replenished CHO-5-
HT1AR-EYFP cells (see Figure 7). For these experiments, we
chose to use the receptor tagged with EYFP (5-HT1AR-EYFP)
since no monoclonal antibodies for the serotonin1A receptor are
available yet, and the polyclonal antibodies have been reported to

give variable results on Western blots (38). As mentioned earlier,
we have shown that fusion of EYFP to the serotonin1A receptor
does not affect ligand binding, G-protein coupling, or signaling
of the receptor (36). Figure 7 shows that the levels of the sero-
tonin1A receptor in membranes are not reduced upon mevastatin
treatment and cholesterol replenishment.
LateralDynamicsof theSerotonin1AReceptoruponChronic

Cholesterol Depletion. Fluorescence recovery after photo-
bleaching involves generation of a concentration gradient of fluo-
rescent molecules by irreversible photobleaching of a fraction of
fluorophores in the sample region. The dissipation of this gradient
with time because of diffusion of fluorophores into the bleached
region from the unbleached regions in the membrane is an indi-
cator of the mobility of the fluorophores in the membrane. Repre-
sentative images showing the recovery of fluorescence intensity
after photobleaching are shown in Figure 8A-D.A typical fluore-
scence recovery plot with regression fits to the data is shown in
Figure 8E. A large data set was collected keeping in mind the
inherent statistical variation in biological membranes. Figure 9

Table 3: Diffusion Coefficients and Mobile Fractions of 5-HT1AR-EYFP upon Mevastatin Treatmenta

control (N = 38) mevastatin (N = 42) p value (for mean) p value (for F test)

diffusion coefficient (μm2/s) 0.27 ( 0.03 0.17 ( 0.02 <0.05 <0.05

mobile fraction (%) 63.9( 1.54 68.3( 1.54 <0.05 -
aN represents the number of independent measurements, and data shown are means ( the standard error. A two-tailed, unpaired Student’s t test was

performed on diffusion coefficient andmobile fraction estimates, and the corresponding p values are given. In both cases, differences in values were found to be
significant. To estimate differences in population variance, an F test was performed. The population variance with respect to diffusion coefficient was found to
be significantly different between control and mevastatin-treated cells (p<0.05; see the text for details). See Experimental Procedures for other details.

FIGURE 6: Cellularmorphology and overall distribution of 5-HT1AR-
EYFP that remain unaltered in control and mevastatin-treated cells.
Panels A and B show typical fluorescence distributions of 5-HT1AR-
EYFP in CHO cells in control and mevastatin-treated cells, respec-
tively. Fluorescence images of cells grown on a Lab-Tek chambered
coverglass system were acquired at room temperature (∼23 �C) in the
presence of buffer A. The images represent midplane confocal sections
of the cells under conditions described in Experimental Procedures.
The scale bar represents 10 μm. See Experimental Procedures for other
details.

FIGURE 7: Expression level of the human serotonin1A receptor which
is not altered inmembranesupon chronic cholesterol depletion.Western
blot analysis of 5-HT1AR-EYFP in membranes prepared from
control, mevastatin-treated, and cholesterol-replenished CHO-5-
HT1AR-EYFP cells. Panel A shows the human serotonin1A receptor
tagged with EYFP with corresponding β-actin probed with anti-
bodies directed against GFP and β-actin. Panel B shows the quan-
titation of 5-HT1AR-EYFP and β-actin levels using densitometry.
5-HT1AR-EYFP levels were normalized to β-actin of the corres-
ponding sample. Data are shown as the fold change in 5-HT1AR-
EYFP over control and represent means ( the standard error of at
least four independent experiments. See Experimental Procedures
for other details.
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shows the frequency distribution histograms of diffusion coeffi-
cients (panels A and B) and mobile fractions (panels C and D) of
5-HT1AR-EYFP in control and mevastatin-treated cells, and a
summary of FRAP data is given in Table 3. The diffusion co-
efficient of 5-HT1AR-EYFP shows a significant (∼37%, p<0.05)
reduction uponmevastatin treatment (Table 3 and Figure 9A,B).
It should be noted that the distribution of diffusion coefficients in
the case of control cells (Figure 9A) exhibits a higher variance
(see Table 3), indicating the dynamic heterogeneity of the FRAP
time scale (approximately seconds) in the cell membrane. Inter-
estingly, the distribution of diffusion coefficients becomes pre-
dominantly homogeneous upon chronic cholesterol depletion.
This is consistent with earlier observations that cholesterol
depletion leads to a reduction in cholesterol-induced hetero-
geneity and results in a relatively homogeneous membrane (39).
The mobile fraction of 5-HT1AR-EYFP, on the other hand,
shows a small yet significant (∼7%, p<0.05) increase in its mean

value upon mevastatin treatment (Table 3 and Figures 9C,D).
Interestingly, a similar reduction in the diffusion coefficient and
an increase in the mobile fraction have previously been reported
upon cholesterol depletion (40, 41).

DISCUSSION

Lipid-protein interactions play an important role in main-
taining the structure and function of integral membrane proteins
and receptors (42-44). Specific lipid requirements for the func-
tion of membrane proteins have made the choice of a suitable
host system for heterologous expression of membrane proteins
more challenging (45). A possible role of lipids in a variety of
neurological disorders is well-documented (46). For example,
several epidemiological studies indicate a possible role of lipids in
a variety of neurological disorders that have been shown to
involve deregulated lipid metabolism (47). A large portion of any
given transmembrane receptor remains in contact with the
membrane lipid environment. This raises the obvious possibility
that the membrane could be an important modulator of receptor
structure and function. Monitoring such lipid-receptor inter-
actions is of particular importance since cells have the ability to
vary their membrane lipid composition in response to a variety of
stress and stimuli, thereby changing the environment and activity
of receptors. Considering the diverse array of lipids in natural
membranes, it is believed that physiologically relevant processes
occurring in membranes involve an intense coordination of multi-
ple lipid-protein interactions. Cholesterol is an important lipid
in this context since it is known to regulate the function of mem-
brane receptors (9), in particular neuronal receptors (10, 11),
thereby affecting neurotransmission and possibly giving rise to
mood and anxiety disorders (48).

The effect of cholesterol on the structure and function of
integral membrane proteins and receptors has been a subject of
intense investigation (9, 10, 49). It has been proposed that choles-
terol can modulate the function of GPCRs either (i) through a
direct (specific) interaction with GPCRs, which could induce a
conformational change in the receptor, (ii) through an indirect
way by altering the membrane physical properties in which the
receptor is embedded, or (iii) through a combination of both.We
have recently proposed that cholesterolmay occupy “nonannular”
binding sites around the serotonin1A receptor (50). Nonannular
sites are characterized by lack of accessibility to the annular
lipids; i.e., these sites cannot be displaced by competition with
annular lipids. The locations of the nonannular sites are believed
to be either inter- or intramolecular protein interfaces, characte-
rized as deep clefts (or cavities) on the protein surface. Interest-
ingly, the crystal structure of the β2-adrenergic receptor has
recently been reported to have specific cholesterol binding site-
(s) (51). The observed reduction in the level of ligand binding
upon statin treatment could therefore be due to a lack of choles-
terol in the putative binding sites of the serotonin1A receptor, a
reduction in the level of G-protein coupling (Figure 4), or a
combination of both.

The reduction in the diffusion coefficient of the receptor upon
statin treatment merits comment. The role of membrane choles-
terol in the regulation of molecular mobility on the plasma
membrane is an active area of research in membrane biology.
Nonetheless, a consensus about the dependence of themobility of
membrane-bound molecules on cholesterol levels of the plasma
membrane is still lacking. Although cholesterol depletion has
been shown to suppress mobility in cellular membranes in some
cases (40, 41, 52, 53), it was found to be dependent on the length

FIGURE 8: Recovery of fluorescence intensity after photobleaching
of 5-HT1AR-EYFP. The cellular periphery with clear plasma mem-
brane localizationof 5-HT1AR-EYFPwas targeted forFRAPexperi-
ments. Typical images corresponding to prebleach (A), bleach (B),
immediate postbleach (C). and complete recovery (D) are shown.
Panel E shows a representative set of normalized fluorescence inten-
sity values of 5-HT1AR-EYFP (b) corresponding to ROI 1 and
normalized background intensity (2) corresponding to ROI 2. The
normalized fluorescence intensity in the control ROI 3 (0) was
monitored for the same time period and indicates no significant
photobleaching due to repeated scanning of the region. The dimen-
sions of ROIs shown are merely representative. The solid line tracing
the recovery is the fit of the data to eq 3.The scale bar represents 10μm.
See Experimental Procedures for details.
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scales probed (20). On the other hand, it has been observed that
cholesterol depletion could lead to an increase inmolecularmobi-
lity (53-55). In addition, it has been reported that cholesterol
depletion could induce alterations in the submembrane actin cyto-
skeleton via a phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2]-
dependent mechanism (56). It is possible that the observed in-
crease in themobile fraction of the receptor ismediated by altered
anchorageof this transmembraneprotein to the submembraneactin
cytoskeleton (ref 57 and unpublished observations of S. Ganguly
and A. Chattopadhyay).

The cellular cholesterol content is stringently regulated, and
cells that divide retain all the enzymes necessary for biosynthesis
of cholesterol. In humans, ∼70% of the total cholesterol comes
from de novo biosynthesis (58). The microsomal enzyme HMG-
CoA reductase is the major rate-limiting enzyme in cholesterol
biosynthesis. This fact makes this enzyme a popular target for
pharmacological regulation of cholesterol synthesis. We have
used mevastatin, a fungal metabolite isolated and purified from
Penicillium citrinum (59) that acts as a potent and specific inhi-
bitor ofHMG-CoA reductase. In thiswork, we have explored the
effect of chronic cholesterol depletion using mevastatin on the
function of the human serotonin1A receptor heterologously
expressed in CHO cells. An advantage of using statins to lower
the cellular cholesterol level is the fact that cholesterol depletion is
chronic which mimics physiological conditions, in contrast to
agents such as MβCD that induce acute cholesterol depletion.
Our results show a decrease in the cholesterol content of CHO-
5-HT1AR cells upon treatment with mevastatin, which leads to a

significant reduction in the level of specific ligand binding and
G-protein coupling to the serotonin1A receptor, although the
membrane receptor level does not exhibit any reduction. Inter-
estingly, replenishment of CHO-5-HT1AR cells with cholesterol
resulted in the recovery of specific ligand binding and G-protein
coupling. Treatment of CHO cells expressing the serotonin1A
receptor tagged with EYFP with mevastatin led to a significant
decrease in diffusion coefficient and an increase in the mobile
fraction of the receptor, as determined by FRAP measurements.
Since statin treatment is associated with neurological dis-
orders (60), exploring the function of neuronal receptors and their
membrane lipid interactions under these conditions is significant.

Interestingly, a strong asymmetry exists even in the manner in
which cholesterol is distributed among various organs in the body
of higher eukaryotes. For example, the central nervous system,
which accounts for only 2%of the bodymass, contains∼25% of
free cholesterol present in the whole body (46). Although the
brain is highly enriched in cholesterol and important neuronal
processes such as synaptogenesis require cholesterol (61), the
organization and dynamics of brain cholesterol are still poorly
understood. Brain cholesterol is synthesized in situ and is deve-
lopmentally regulated. The organization, traffic, and dynamics of
brain cholesterol are stringently controlled since the input of
cholesterol into the central nervous system is almost exclusively
from in situ synthesis as there is no evidence of the transfer of
cholesterol from blood plasma to brain (62). As a result, a num-
ber of neurological diseases share a common etiology of defective
cholesterol metabolism in the brain (47). The recent increase in

FIGURE 9: Frequency distribution histograms of the diffusion coefficient and mobile fraction of 5-HT1AR-EYFP determined by FRAP. The
frequency distribution histograms are obtained by fitting the normalized recovery data of individual experiments to eq 3. PanelsA andB show the
distribution of the diffusion coefficient, while panelsC andD show the distribution of themobile fraction for control andmevastatin-treated cells,
respectively. Means and standard errors are shown in all cases.N denotes the number of independent measurements performed in each case. The
distributions of diffusion coefficient and mobile fraction were assumed to be unimodal for F test analysis. Note that the distribution of diffusion
coefficients in the case of mevastatin-treated cells appears to be significantly tighter compared to the corresponding distribution in control cells.
See Table 3 and Experimental Procedures for other details.
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the number of studies in understanding themechanisms by which
cholesterol metabolism in the brain is regulated could be attri-
buted to the fact that defects in cholesterol homeostasis in the
brain have been linked to the development of several neurological
disorders such as Alzheimer’s disease, Niemann-Pick type C
disease, and Smith-Lemli-Opitz syndrome (SLOS) (63). For
example, the marked abnormalities in brain development and
function leading to serious neurological and mental dysfunctions
in SLOS have their origin in the fact that the major input of brain
cholesterol comes from the in situ synthesis and such synthesis is
defective in this syndrome (64). Interestingly, we have recently
shown that the function of the serotonin1A receptor is impaired
under conditions mimicking SLOS (28). In view of the impor-
tance of cholesterol in relation to membrane domains (3, 4), the
effect of an alteration in the cholesterol content of neuronal
membranes on membrane dynamics and receptor function could
represent an important determinant in the analysis of neuro-
genesis and neuropathology. Although we have used CHO cells
in this study, a potential implication of our results is that the
interaction between cholesterol and neurotransmitter receptors
such as the serotonin1A receptor could be crucial in the brain.

Our results could have significant implications for our under-
standing of the influence of cholesterol lowering agents such as
statin on the function and dynamics of the serotonin1A receptor,
in particular, and other G-protein-coupled receptors, in general.
These results assume broader significance in the context of pre-
vious observations that symptomsof anxiety andmajor depression
areapparent inhumansupon long-termstatin administration (48)
and cortical cholesterol content is found to be lower in mood dis-
orders (65). This is relevant since some statins have been reported
to cross the blood-brain barrier (66) and statin use has been
associated with a reduced risk of Alzheimer’s disease (67).
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Effect of statin treatment on specific [3H]-8-OH-DPAT bind-
ing parameters calculated by analyzing saturation binding
isotherms with a range of radiolabeled [3H]-8-OH-DPAT concen-
trations in the presence of 1 nMGTP-γ-S usingGraphpad Prism.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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