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Statin-induced increase in actin polymerization
modulates GPCR dynamics
and compartmentalization
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ABSTRACT The function of the actin cytoskeleton in cellular motility and trafficking has been widely studied. However, reor-
ganization of the actin cytoskeleton upon modulation of membrane cholesterol and its consequences on membrane dynamics
are addressed only rarely. In a recent work, we reported that chronic cholesterol depletion using statins leads to significant poly-
merization of the actin cytoskeleton. In this work, we explore the effect of reorganization of the actin cytoskeleton on membrane
dynamics under cholesterol-depleted condition. Specifically, we explore the role of actin cytoskeleton in regulating the dynamics
of the serotonin1A receptor, a crucial neurotransmitter G protein-coupled receptor (GPCR) that plays a major role in the gener-
ation andmodulation of cognitive and behavioral functions. For this, we analyzed the lateral dynamics of the serotonin1A receptor
in cholesterol-depleted cells (using statins) by fluorescence recovery after photobleaching (FRAP) and fluorescence loss in pho-
tobleaching (FLIP) measurements. Our results indicate that lateral diffusion parameters of serotonin1A receptors in normal cells
are consistent with models describing the diffusion of molecules in a homogeneous membrane. Interestingly, these parameters
are altered in cholesterol-depleted cells and the receptor exhibits dynamic confinement. Notably, our results show that statin-
induced dynamic confinement could be reversed by destabilization of the actin cytoskeleton. On a broader perspective, these
results assume significance in understanding the modulatory role of the membrane environment on the organization and dy-
namics of GPCRs in diseases caused by altered cholesterol biosynthesis.
SIGNIFICANCE Although the role of the actin cytoskeleton is well documented in endocytosis, cell division, and motility,
its contribution in modulating membrane dynamics is less explored. In this work, we show an interdependence between
actin polymerization and cholesterol depletion using statins. We measured lateral diffusion of serotonin1A receptor, an
important G protein-coupled receptor, and report that actin plays a crucial role in modulating receptor diffusion in
cholesterol-depleted cells. We further show that receptor diffusion is confined to actin-induced domains upon cholesterol
depletion. On a broader perspective, dynamic reorganization of the actin cytoskeleton in response to chronic cholesterol
depletion could be a vital determinant in membrane protein function in diseases caused by defects in lipid biosynthetic
pathways such as the Smith-Lemli-Opitz syndrome.
INTRODUCTION

Biological membranes are complex, highly organized, non-
covalent, quasi two-dimensional assemblies of a wide variety
of lipids and proteins that allow confinement of cellular con-
tents in selective compartments. The plasma membrane pro-
vides an identity to individual cells, besides offering an
appropriate microenvironment for physiological functioning
of membrane proteins. Contrary to textbook descriptions (1),
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cell membranes are often crowded, and current understand-
ing on the organization of biological membranes involves
the concept of lateral heterogeneities in the membrane,
collectively termed domains (2–7). These specialized regions
in membranes are believed to be enriched in specific lipids
(such as cholesterol and sphingolipids) and proteins that carry
out processes such as trafficking, sorting, and signal transduc-
tion over a range of spatiotemporal scales (8–11). Themodel,
which has emerged from evidence collected over years of
elegant research from different groups, reflects that the
plasma membrane is not a random sea of lipids. A structure
exists in this sea of lipids, held together by lipid-lipid, lipid-
protein, and membrane-cytoskeletal interactions, which in
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Membrane dynamics upon statin treatment
turn imposes various spatiotemporal restrictions on the orga-
nization and dynamics of membrane components (12–16).
The actin cytoskeletal network underlying the plasma mem-
brane was initially not considered a constituent of the mem-
brane (17). However, in recent years, several observations
made using sophisticatedmicroscopic techniques have estab-
lished the concept of actin-cytoskeleton-dependent dynamics
of molecules in cell membranes (18–29), and led to the emer-
gence of the anchored protein picket model of membranes
(30–32). This implies that the membrane components must
interact with each other in order to provide the much-needed
functionality to membranes (33–37). The actin cytoskeletal
network has been suggested to be involved in the restriction
of protein mobility thereby creating transient confinement
zones in the plasma membrane (38,39). Although evidence
of direct interaction of membranes with the actin cytoskel-
eton is rare, several cytoskeleton-associated proteins have
been reported to act as bridges by simultaneously interacting
with membrane phosphoinositides and the cytoskeleton
(40,41).

Although the function of the actin cytoskeleton in cellular
processes such as trafficking and motility has been widely
studied (42,43), reorganization of actin cytoskeleton upon
modulation of membrane lipids and its consequences on
membrane dynamics is a relatively unexplored area. Impor-
tantly, lateral diffusion of membrane lipids and proteins is
known to be influenced by a cytoskeletal network that sup-
ports the plasma membrane, and cellular signaling mediated
by membrane receptors has been hypothesized to be a conse-
quence of differential lateral diffusion of the various interact-
ing components.This forms thebasis of the ‘‘mobile receptor’’
hypothesis, which suggests that receptor-effector interactions
in the membrane are controlled by lateral diffusion (mobility
in the two-dimensional plane of the membrane) of the inter-
acting molecules (44–46). In this context, we previously
showed that the signaling by the serotonin1A receptor, a
crucial neurotransmitter G protein-coupled receptor (GPCR)
of the serotonin receptor family (47–50), is correlated with
its mobility (22). In addition, using single-particle tracking
(SPT), we previously showed that the release of dynamic con-
straints by destabilization of the actin cytoskeleton could
result in increased receptor signaling (25).

We recently reported that the actin cytoskeleton undergoes
extensive polymerization upon chronic cholesterol depletion
(51). Utilizing inhibitors targeting the cholesterol biosyn-
thetic pathway at different steps, we showed that reorganiza-
tion of the actin cytoskeleton could occur due to the
synergistic effect of multiple pathways, including prenylated
Rho GTPases and availability of membrane phosphatidylino-
sitol 4,5-bisphosphate (PI(4,5)P2). Keeping in mind the close
association of actin cytoskeleton network with the plasma
membrane, in thiswork,we focused on the effect of actin reor-
ganization upon membrane cholesterol depletion on lateral
diffusion of the serotonin1A receptor. For this, we carried
out chronic cholesterol depletion using lovastatin, a potent in-
hibitor of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase (the rate limiting enzyme in cholesterol
biosynthesis (52)), and measured lateral diffusion in mem-
branes using quantitative fluorescence microscopy-based ap-
proaches. We analyzed the influence of polymerized actin
meshwork due to chronic cholesterol depletion on the dy-
namics of the serotonin1A receptor by fluorescence recovery
after photobleaching (FRAP) and fluorescence loss in photo-
bleaching (FLIP)measurements.We show here that the diffu-
sion parameters of serotonin1A receptors in normal cells are
consistent with a model describing diffusion of molecules in
a homogeneousmembrane. Notably, the diffusion parameters
are altered in cholesterol-depleted cells and the receptor ex-
hibited dynamic confinement in the membrane. Our results
further show that cholesterol depletion induced dynamic
confinement could be reversed by destabilization of the actin
cytoskeleton. Taken together, the take-home message from
our work is that the dynamic reorganization of the actin cyto-
skeleton represents an important determinant in membrane
diffusion that could regulate downstream signaling.
MATERIALS AND METHODS

Materials

CaCl2, cytochalasinD (CD), EDTA, fluorescein diacetate (FDA), gentamycin

sulfate,MgCl2, Na2HPO4, penicillin, phenylmethylsulfonyl fluoride (PMSF),

poly-L-lysine, sodiumbicarbonate, streptomycin, TritonX-100 and Triswere

obtained from Sigma (St. Louis, MO). DMEM/F-12 (Dulbecco’s modified

Eagle’s medium/nutrient mixture F-12 (Ham) (1:1)) and fetal calf serum

(FCS) were from Gibco/Life Technologies (Grand Island, NY). Alexa Fluor

546 phalloidin, Amplex Red cholesterol assay kit, jasplakinolide (jas), and

1,10-dioctadecyl-3,3,30,30-tetramethylindocarbocyanine (DiIC18(3)) were

purchased from Molecular Probes/Invitrogen (Eugene, OR). Bicinchoninic

acid (BCA) reagent for protein estimation was from Pierce (Rockford, IL).

Lovastatin was obtained from Calbiochem (San Diego, CA). All other chem-

icals used were of the highest available purity. Water was purified through a

Millipore (Bedford, MA) Milli-Q system and used throughout.
Cell culture and treatments

Chinese hamster ovary (CHO-K1) cells expressing the human serotonin1A
receptor tagged to enhanced yellow fluorescent protein (EYFP) at the C ter-

minus (termed serotonin1A-EYFP) were maintained in DMEM/F-12 (1:1)

with 10% (v/v) FCS, 60 mg/mL penicillin, 50 mg/mL streptomycin,

50 mg/mL gentamycin sulfate, and 2.4 g/L sodium bicarbonate supple-

mented with 300 mg/mL G418 (complete DMEM/F-12) in a humidified at-

mosphere with 5%CO2 at 37
�C as described previously (53). CHO-K1 cells

without serotonin1A receptors were cultured in complete DMEM/F-12

without G418. The stock solution of lovastatin was prepared as described

previously (54), added to cells grown for 24 h (final concentration

10 mM), and incubated in complete DMEM/F-12 for 48 h in a humidified

atmosphere with 5% CO2 at 37
�C. For photobleaching experiments, cells

were grown in poly-L-lysine-coated two-well Lab-Tek chamber slides

(Nunc, Denmark) in a humidified atmosphere with 5% CO2 at 37
�C. For

CD treatment, a stock solution of 2 mM CD was made in DMSO, and

further concentrations were prepared upon dilution of the stock in PBS con-

taining 1 mM CaCl2 and 0.5 mMMgCl2 (buffer A). After 48 h of treatment

with lovastatin, cells were gently washed with PBS and treated with CD for

10 min in a humidified atmosphere with 5% CO2 at 37
�C. Stock solution of
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jas was made in DMSO and further concentration for treatment (0.1 mM)

was prepared upon dilution of the stock in buffer A. Jas treatment was car-

ried out for 30 min in a humidified atmosphere with 5% CO2 at 37
�C.
Replenishment of membrane cholesterol

Metabolic replenishment of cholesterol was carried out by incubating cells

in lovastatin-free culture medium. For this, after treatment with lovastatin

for 48 h, cells were washed with PBS and grown in complete DMEM/F-

12 medium for 24 h in a humidified atmosphere with 5% CO2 at 37
�C.
Estimation of cellular cholesterol content

Cholesterol was estimated from cell lysates using the Amplex Red choles-

terol assay kit (55). Cholesterol values were normalized to total protein

levels estimated using the bicinchoninic acid (BCA) assay reagent (56).
F-actin labeling of CHO-K1 cells

F-actin labeling and quantitation in cells were carried out as described previ-

ously (51,57–60). Briefly, cells were plated at a density of �104 on poly-L-

lysine-coated 22-mm glass coverslips, and cholesterol depletion was carried

out as described above. Cells were subsequently washed with buffer A and

fixedwith�3.5% (w/v) formaldehyde in buffer A for 10min at room temper-

ature (�23�C).Permeabilization of cellswas carried out inbufferAwith 0.5%

TritonX-100 (v/v) for 5min at room temperature (�23�C). Stock solutions of
Alexa Fluor 546 conjugated phalloidinwere prepared inmethanol. Cells were

washed and labeledwithAlexaFluor 546conjugated phalloidin (final concen-

tration 0.3 mM) in buffer A for 1 h at room temperature (�23�C) in the dark.
Since jas has previously been shown to competitively inhibit binding of phal-

loidin to F-actin (61), cells (after permeabilization) were washed three times

with buffer A after jas treatment, prior to labeling with Alexa Fluor 546 con-

jugated phalloidin. After labeling, the coverslips were washed with PBS and

mounted usingVectashield antifademountingmedium. The edges of the cov-

erslips were sealed with nail enamel and used for imaging.
Fluorescence microscopy and F-actin
quantitation

All images were acquired on an inverted Zeiss LSM 880 confocal micro-

scope (Jena, Germany). F-actin was imaged by exciting Alexa Fluor 546

phalloidin at 543 nm and collecting emission from 550 to 650 nm.

F-actin quantitation was carried out using a technique previously developed

by us (51,57). Briefly, images of z sections were acquired with a 63�/1.4

NA oil immersion objective under 1 airy condition, with a fixed step size

of 0.32 mm. Projections of 15 sections (�4.8 mm from the base of the cover-

slip into the cell) were generated, and the area of the projected images was

determined manually using the software provided with a Zeiss LSM 880

confocal microscope. Iso-surfaces (defined as contours made upon joining

voxels of equal fluorescence intensity) were generated from z sections cor-

responding to each projected image using Imaris 8.4.0 software (Bitplane

AG, Zurich, Switzerland). Iso-surfaces were obtained upon fluorescence in-

tensity thresholding of z sections followed by applying a Gaussian filter.

The estimated volumes enclosed by iso-surfaces were normalized to the

projected area of cells for a given field.
Fluorescence recovery after photobleaching
measurements

Confocal imaging was carried out on an inverted Zeiss LSM 880 confocal

microscope (Jena, Germany) with a 63�/1.4 NA oil immersion objective

using the 514-nm line of the Argon laser (for exciting EYFP). Fluores-
1940 Biophysical Journal 122, 1938–1955, June 6, 2023
cence emission from EYFP was collected between 520 and 600 nm

with the pinhole set at 1 airy unit. FRAP measurements were carried

out in buffer A at room temperature (�23�C). The fluorescent basal sur-

face of cells that represents the plasma membrane was selected for bleach-

ing and monitoring recovery of fluorescence. To achieve improved

temporal resolution, only the bleached region was scanned for estimating

diffusion coefficient (D) and mobile fraction (Mf). Photobleaching was

performed on a circular bleach spot of radius 1 mm (unless specified).

The dimensions of the bleach spot were varied by performing FRAP ex-

periments with circular regions of interest (ROIs) of different radii.

Bleaching was performed at 100% laser power with 10 iterations after

10 initial scans which resulted in �25%–30% post-bleach fluorescence in-

tensity value in the ROI. For acquiring post-bleach intensities during re-

covery, images were taken every 0.07 s with 3% laser power. Data

representing the mean fluorescence intensity in the membrane region (ob-

tained using the Zeiss LSM 880 ZEN software, version 2.3) within the

bleached spot were analyzed (62,63). For a two-dimensional diffusion

model, FRAP data were fitted to determine the characteristic diffusion

time (td):

FðtÞ ¼ ½FðIÞ � Fð0Þ �½expð � 2td=tÞðI0ð2td=tÞ
þ I1ð2td=tÞ Þ � þ Fð0Þ (1)

where F(t) is the mean background-corrected and normalized fluorescence

intensity at time t in the membrane region within the bleached spot, F(I) is

the recovered fluorescence at time t/N, and F(0) is the bleached fluores-

cence intensity at time t/0. I0 and I1 are modified Bessel functions. The

effective two-dimensional diffusion coefficient (D2D) was determined

from the equation:

D2D ¼ u2
�
4td (2)

where u is the radius of the bleached spot. Mobile fraction (Mf) was calcu-

lated according to the equation:

Mf ¼ ½FðIÞ � Fð0Þ�=½FðpÞ � Fð0Þ� (3)

where F(p) is the mean pre-bleach fluorescence intensity. Non-linear curve

fitting of fluorescence recovery data to Eq. 1 was carried out using the

GraphPad Prism version 4.0 (San Diego, CA). For representation purposes,

post-bleach fluorescence intensities in FRAP recovery plots were normal-

ized with respect to pre-bleach intensity.
FLIP measurements

Confocal imaging was carried out on an inverted Zeiss LSM 880 confocal

microscope (Jena, Germany) with a 63�/1.4 NA oil immersion objective

using the 514-nm line of the Argon laser (for exciting EYFP). Fluorescence

emission from EYFP was collected between 520 and 600 nm with the

confocal pinhole set at 1 airy unit. The area of a cell was measured (using

the Zeiss LSM 880 ZEN software, version 2.3) by drawing an ROI around

the cell periphery. A small square region of the cell membrane (representing

�10% of the total cellular area) was repeatedly photobleached using high

laser power (100% power of 514-nm line of the Argon laser). Between

each photobleaching event, the entire field of view was imaged with low-in-

tensity laser (ensuring no bleaching during image acquisition) to assess the

extent of fluorescence loss outside the square region as a consequence of

photobleaching within the square region. In addition, a delay between the

bleaching events ensured fluorescence recovery in the square bleach region,

which further photobleaches during the next bleaching cycle. Bleaching

was performed for�2 s, followed by a 5-s delay for the next scanning event

with low-intensity laser power. This resulted in a time difference between

successive photobleaching steps of �7.5 s. Membrane-associated
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fluorescence intensity was monitored using the time series function of the

Zeiss LSM 880 confocal system for 15 min under this experimental setup.

Loss of fluorescence intensity across different circular regions of radii 1 mm

was measured at a distance of 1 mm and 10 mm from the square bleach spot

on the cell surface using the Zeiss LSM 880 ZEN software, version 2.3.

Fluorescence intensity values in these regions over the entire duration of

the experiment were normalized with respect to pre-bleach intensities.

For FLIP measurements in fixed cells, cells were treated with �3.5% (w/

v) formaldehyde for 10 min prior to imaging. For DiIC18(3) labeling, cells

were incubated with 10 mM DiIC18(3) for 5 min in buffer A. DiIC18(3) was

excited at 543 nm and fluorescence emission was collected between 550

and 610 nm. The stock solution of DiIC18(3) was prepared in ethanol and

the concentration of stock solution was measured from its molar extinction

coefficient of 148,000 M�1cm�1 at 549 nm (64).
Cellular volume measurement

CHO-K1 cells were plated at a low density in two-well Lab-Tek chambers

(500 cells/well) to obtain single separated cells for volume analysis.

Following lovastatin treatment for 48 h, cells were labeled with 50 mg/mL

FDA in serum-free medium for 1 h in a humidified atmosphere with 5%

CO2 at 37
�C.Cells werewashedwith PBS and fluorescence imagingwas car-

ried out in serum-freemedium.All imageswere acquired on an inverted Zeiss

LSM 880 confocal microscope (Jena, Germany). Fluorescein was imaged by

exciting at 488 nm and collecting emission between 500 and 600 nm. Images

of z sections of the entire cell were acquiredwith a 63�/1.4NAoil immersion

objective under 1 airy condition, with a fixed step size of 0.5 mm. Iso-surfaces

(defined as contoursmadeupon joiningvoxels of equal fluorescence intensity)

were generated from z sections using Imaris 8.4.0 (Bitplane AG, Zurich,

Switzerland). Iso-surfaces were obtained upon fluorescence intensity thresh-

olding (above background, determined empirically for each image) of z sec-

tions followed by applying a Gaussian filter. The estimated volumes enclosed

by iso-surfaces were individuallymeasured for each cell in a given field using

Imaris 8.4.0 (Bitplane AG, Zurich, Switzerland).
Statistical analysis

Significance levels were estimated using Student’s two-tailed unpaired

t-test using GraphPad Prism software version 4.0 (San Diego, CA). Plots

were generated using Microcal Origin version 9.9 (OriginLab Corporation,

Northampton, MA).
FIGURE 1 Cellular distribution of the serotonin1A receptor remains un-

affected upon chronic cholesterol depletion. (a) Confocal mid-plane micro-

graphs of CHO-K1 cells expressing the serotonin1A-EYFP receptor

acquired under control (left) and cholesterol-depleted conditions (right).

The concentration of lovastatin was 10 mM. The scale bars represent

10 mm. (b) The fluorescence intensity profile (control in blue and choles-

terol depleted in red) across the line drawn in two panels in (a) are shown.

The peaks represent the plasma membrane-associated receptor population.

To see this figure in color, go online.
RESULTS

Chronic cholesterol depletion does not change
the cellular localization of the serotonin1A

receptor

Cellular organization, trafficking and lateral dynamics of
GPCRs in live cells are often challenging to monitor without
a suitable fluorescent tag for optical tracking. For this reason,
we previously generated a stable CHO-K1 cell line heterol-
ogously expressing the human serotonin1A receptor geneti-
cally tagged to EYFP (53). In addition, we showed that
tagging the serotonin1A receptor with EYFP at the C termi-
nus could be used to faithfully mimic the native receptor
in terms of its pharmacological characteristics (53). Fortu-
nately, the diffusion coefficient in membranes depends
weakly (logarithmic) on the size of the diffusing membrane
protein due to the two-dimensional nature of biomembranes
(as opposed to diffusion in three-dimensional bulk solvents)
(65,66). This acts as a boon for FRAPmeasurements of GFP-
tagged GPCRs since the size of the GFP tag (�26 kDa) itself
is substantial compared with the typical size (molecular
weight) of GPCRs (�50 kDa).

Modulation of membrane cholesterol content has previ-
ously been shown to affect cellular distribution (67), sorting
(68), trafficking (69), and endocytosis (70–72) of membrane
proteins. We therefore analyzed whether the cellular distri-
bution of serotonin1A receptors is affected upon chronic
cholesterol depletion. We utilized the serotonin1A-EYFP re-
ceptor to monitor the cellular distribution of the receptor
(Fig. 1 a). Upon chronic cholesterol depletion using
10 mM lovastatin, we observed no significant change (re-dis-
tribution) in the cellular distribution of the serotonin1A re-
ceptor (as apparent from the line profiles across the cell),
and the EYFP fluorescence predominantly originated from
the plasma membrane (marked by two peaks in Fig. 1 b).
This ensures that the receptor distribution is not affected
by chronic cholesterol depletion.
Membrane organization of the serotonin1A

receptor monitored using FRAP

FRAP is one of themostwidespread approaches used to quan-
titatively analyze the lateral diffusion of membrane proteins
Biophysical Journal 122, 1938–1955, June 6, 2023 1941
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and receptors (16,73–78). FRAP is a photoperturbation tech-
nique in which a concentration gradient of fluorescent mole-
cules is generated by irreversibly photobleaching (i.e., a
photo-induced covalent modification of fluorophores extin-
guishing its fluorescence) a fraction of fluorophores in a small
region of the membrane. Photobleaching alters the steady-
state fluorescence intensity in a region of the cell without
disrupting or generating any protein gradients by creating a
fraction of fluorescent molecules invisible (non-fluorescent).
The temporal dissipation of this fluorescence gradient occurs
as the surrounding unbleached fluorescent molecules re-
equilibrate in the bleached region due to lateral diffusion.
The extent and rate at which the fluorescence recovery occurs
can be quantified to calculate the diffusion parameters. The
fluorescence recovery profiles are analyzed to obtain two
key parameters: an apparent diffusion coefficient (D) andmo-
bile fraction (Mf). D is extracted from the rate of fluorescence
recovery of an ensemble of diffusing molecules, whereas Mf

is estimated from the extent of fluorescence recovery within
the bleach spot in the time scale of a FRAP measurement.

We performed FRAP measurements in live CHO-K1 cells
expressing the human serotonin1A-EYFP receptor under
control and chronic cholesterol-depleted conditions. Fig. 2
a represents average traces of the fluorescence recovery ki-
netics in control and cholesterol-depleted cells from multi-
ple FRAP experiments. The slow rate of fluorescence
1942 Biophysical Journal 122, 1938–1955, June 6, 2023
recovery in 10 mM lovastatin-treated cells suggests that
the mobility (lateral diffusion) of the receptor in these cells
was significantly less relative to control condition. Fig. 2 b
shows a quantitative estimate of D from a large number of
experiments (to take into account statistical variation that
is inherent in studies of membrane dynamics) under these
conditions. As qualitatively seen in fluorescence recovery
traces (Fig. 2 a), Fig. 2 b additionally shows that D is signif-
icantly reduced upon chronic cholesterol depletion. Table 1
shows values of diffusion parameters (calculated using Eqs.
1, 2, and 3) under these conditions. The diffusion coefficient
of serotonin1A receptors shows a drastic reduction (�45%)
upon chronic cholesterol depletion (Table 1 and Fig. 2 b).
The mobile fraction, on the other hand, remains invariant
upon chronic cholesterol depletion (see Fig. 2 c and Table 1).
The distributions of D for control (blue bars) and choles-
terol-depleted (red bars) cells are shown in Fig. 2 d. Under
cholesterol-depleted condition, the distribution of D (red
bars) displays a shift toward lower values of diffusion coef-
ficient, suggesting an overall reduction in absolute value of
D. It is interesting to note that the distribution of D in the
case of control (untreated) cells exhibits a higher spread
(Fig. 2 d) and more variance (see Table 1), indicating dy-
namic heterogeneity in cell membranes due to presence of
more cholesterol. The distribution of diffusion coefficients
was more compact (less heterogeneity) upon chronic
FIGURE 2 Lateral diffusion of the serotonin1A
receptor upon chronic cholesterol depletion. (a)

Fluorescence recovery plots for the serotonin1A re-

ceptor with bleach spot of radius 1 mm are shown

for control (blue) and cholesterol-depleted (red)

cells. Data represent normalized means5 SE (rep-

resented as shaded regions below and above the

non-linear fit) of �35 independent measurements

from at least five independent experiments. The

traces shown are non-linear fit of the data using

Eq. 1. (b) Diffusion coefficient (D) and (c) mobile

fraction (Mf) of the serotonin1A receptor extracted

from the recovery traces using Eqs. 1, 2, and 3.

Data represent normalized means5 SE of �35 in-

dependent measurements from at least five inde-

pendent experiments (***p < 0.001 significant

difference in D in cholesterol-depleted cells rela-

tive to control cells). (d) Frequency distribution his-

togram of D of the serotonin1A receptor for control

(blue bars) and cholesterol-depleted (red bars)

cells. The dotted lines are provided merely as

viewing guides. Note that the distribution of diffu-

sion coefficients in the case of cholesterol-depleted

cells appears to be significantly tighter (less spread)

compared with the corresponding distribution in

control cells. To see this figure in color, go online.



TABLE 1 Diffusion coefficients (D) and mobile fractions (Mf) of the human serotonin1A receptor

Parameters Control Cholesterol-depleted (statin) Cholesterol-depleted þ CD-treated (statin þ CD) p-valueb

D (mm2s�1) 0.130 (50.010) 0.071 (50.004) 0.126 (50.005) control versus statin: p < 0.001

control versus statin þ CD: NSc

Mf (%) 75 (55) 75 (54) 76 (53) NS

na 36 34 36

an represents number of independent measurements.
bTwo-tailed Student’s t-test was performed on D and Mf and the corresponding p-value is shown.
cNS denotes not significant.

Membrane dynamics upon statin treatment
cholesterol depletion, consistent with our earlier observa-
tions that cholesterol depletion leads to a reduction in
cholesterol-induced membrane heterogeneity (79).
Cellular volume remains invariant upon chronic
cholesterol depletion

CHO-K1 cells undergo a drastic shape transition (fromawell-
spread fibroblast-like morphology to an elongated shape)
upon chronic cholesterol depletion ((51); see Fig. S1). As a
consequence, cellular volume could be affected, whichwould
alter the overall packing of plasmamembrane constituents. A
tighter packing due to molecular crowding as a result of
reduced cell volume could imply reduction in lateral diffusion
of membrane proteins under such conditions. To test whether
the reduction inDupon chronic cholesterol depletion could be
due to changes in cellular volume, we measured individual
cell volume in cholesterol-depleted cells and compared it
with control cells. For this, we labeled the cellular interior us-
ing fluorescein diacetate (FDA), which is non-fluorescent un-
til it gets hydrolyzed to fluorescent fluorescein in live cells.
The hydrolysis renders FDA impermeable to cell membranes
and the cellular interior is labeled non-specifically. Notably,
dead cells cannot accumulate or hydrolyze FDA, and conse-
quently we obtain information specific to live cells from
this assay. A representative snapshot of cellular interior
labeled with fluorescein is shown in Fig. S2 a. Individual
cellular volumes were measured for control and cholesterol-
depleted cells and are shown in Fig. S2b.We observed a broad
heterogeneity in individual cell volumes across different cells
(as apparent from the spread of data points in each condition
in Fig. S2 b). Importantly, the mean cellular volume was not
affected due to chronic cholesterol depletion. This ensures
that the reduction in D in cholesterol-depleted cells is not
due to any change in cellular volume.
Dynamic confinement of the serotonin1A receptor
upon chronic cholesterol depletion

Since the diffusion parameters obtained from FRAP mea-
surements contain information on the size of the bleach
spot (see Eq. 2), a comprehensive understanding of spatial
organization of membrane proteins could be achieved by
varying the bleach spot dimension (see Fig. 3) (63,80–82).
The presence of membrane domains is associated with the
lack of invariance in diffusion parameters obtained from
FRAP measurements performed with increasing bleach
spot dimensions (81,83–86). The theoretical framework of
beam-radius-dependent FRAP measurements is discussed
below, which was previously independently validated by nu-
merical simulations and FRAP measurements performed on
physically domainized model membranes (87).

For molecules undergoing lateral diffusion in a homoge-
neous membrane (without any domains), the value of D re-
mains invariant across all bleach spot radii (Fig. 3 b). In a
homogeneous membrane, photobleaching of fluorophores
using a small bleach spot radius (top panel in Fig. 3 a) re-
sults in faster fluorescence recovery, while the fluorescence
recovery is slower when a relatively larger area is bleached
(bottom panel in Fig. 3 a), effectively yielding a constant
value of D across all bleach spot sizes (Fig. 3 b). Addition-
ally, if a significantly smaller region of the membrane (rela-
tive to the total area of the membrane) is photobleached
across all bleach spots, the extent of fluorescence recovery
would be similar, resulting in a constant value of Mf across
all bleach spot sizes (Fig. 3 b). However, if lateral diffusion
of membrane-bound molecules is confined to static (in
FRAP time scale) closed domains of dimensions similar to
the area of the bleach spot, diffusion parameters would
depend on the dimension of the bleach spot. In such a
case, bleaching within a small area (top panel in Fig. 3 c)
will report diffusion characteristics of receptors present in
these domains, similar to that observed in a homogeneous
membrane. However, FRAP measurements in a large bleach
spot, exhibiting varying extent of overlap with different do-
mains (see the bottom panel in Fig. 3 c), would lead to un-
equal photobleaching across different domains since
bleaching would be complete for a few and partial for
others. Consequently, fluorescence recovery across various
bleach spots would no longer be proportional to the actual
bleach spot size. Since the calculation of diffusion coeffi-
cient involves the information of the dimension of the
bleach spot, the value of diffusion coefficient would show
an increase with increasing bleach spot size (Fig. 3 d). On
the other hand, a large bleach spot would reduce the value
of the mobile fraction since photobleaching in such a case
results in total loss of fluorescence within a closed domain
(Fig. 3 d).

The analysis of fluorescence recovery kinetics with vary-
ing-sized bleach spots of serotonin1A-EYFP receptor in
Biophysical Journal 122, 1938–1955, June 6, 2023 1943



FIGURE 3 A conceptual framework of the effect

of membrane heterogeneity on FRAP measure-

ments performed on (a, b) homogeneous and (c,

d) domainized membranes with increasing bleach

spot area. Homogeneous membranes are character-

ized by free lateral diffusion throughout the mem-

brane. Diffusion parameters (D and Mf) in a

homogeneous membrane (b) remain invariant

with increasing bleach spot, provided the dimen-

sion of the bleach spot (indicated by black open cir-

cle) is considerably smaller than the total area of

the membrane. In contrast, lateral diffusion in

non-homogeneous membranes is confined to

closed areas termed domains (represented as gray

meshwork in (c)). The dimensions of these do-

mains are comparable with that of the bleach spot

area and they are static in the time scale of FRAP

measurements. Analysis of fluorescence recovery

plots in domainized membranes yields diffusion

parameters that vary with the size of the bleach

spot. This results in an increase in diffusion coeffi-

cient and decrease in mobile fraction with

increasing bleach area (d). Reproduced with

permission from (16). See text for more details.

To see this figure in color, go online.
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control and cholesterol-depleted cells is shown in Fig. 4. For
control cells, photobleaching in a small area with 1 mm
radius resulted in faster fluorescence recovery, whereas the
fluorescence recovery was slower in a large bleach area of
3 mm radius (Fig. 4 a), effectively giving rise to similar
values of D and Mf across all bleach spot sizes (blue lines
1944 Biophysical Journal 122, 1938–1955, June 6, 2023
in Fig. 4 b and d). The invariance of D and Mf values over
a range of bleach spot sizes (radius of 1–3 mm) under control
conditions indicates that the serotonin1A receptor predomi-
nantly experiences a homogeneous membrane environment
(in the spatiotemporal resolution of FRAP measurements).
On the other hand, FRAP measurements with an identical
FIGURE 4 Diffusion parameters of the seroto-

nin1A-EYFP receptor with increasing bleach spot

area. Fluorescence recovery plots of serotonin1A re-

ceptors with bleach spots radius of 1 and 3 mm from

FRAP measurements are shown for (a) control and

(c) cholesterol-depleted cells. Data represent

normalized means5 SE (represented as shaded re-

gions below and above the non-linear fit) from at

least five independent experiments. The traces

shown are non-linear fit of the data using Eq. 1.

(b) Diffusion coefficients (D) and (d) mobile frac-

tions (Mf) of serotonin1A receptors obtained from

FRAP measurements with bleach spots of varying

sizes based on analysis of a two-dimensional diffu-

sion model are shown for control ( ) and choles-

terol-depleted ( ) cells. Data represent means 5

SE of at least five independent experiments for

each bleach spot size. The lines represent viewing

guides. To see this figure in color, go online.



Membrane dynamics upon statin treatment
range of bleach spot sizes carried out with cholesterol-
depleted cells showed a distinct pattern of dependence of
D and Mf on bleach spot dimensions (Fig. 4 c and red lines
in Fig. 4 b and d). For example, when the bleach spot area on
the cell membrane was small (radius of 1 mm), D in choles-
terol-depleted cells was �45% lower than that in control
cells (Fig. 4 b). Similarly, D in cholesterol-depleted cells
was �11% higher than that in control cells with the largest
bleach spot area (radius of 3 mm; Fig. 4 b). In contrast, Mf of
serotonin1A receptors in cholesterol-depleted cells showed a
progressive reduction upon increasing bleach spot dimen-
sion, with maximum reduction (�24% of its original value)
with 3 mm bleach ROI (see Fig. 4 d). As described earlier,
such dependence of D and Mf in cholesterol-depleted mem-
branes is characteristic of confined diffusion in a domai-
nized membrane. Our observations therefore suggest that
chronic cholesterol depletion in cells results in the confine-
ment of the serotonin1A receptor into membrane domains
that restrict receptors within their boundaries.
Actin cytoskeleton destabilization by
cytochalasin D restores diffusion characteristics
of serotonin1A receptor

What could be the origin of such domains in chronic choles-
terol-depleted cells? Although our results suggest dynamic
confinement of the receptor, we cannot ascribe the identity
of the underlying domain by FRAP measurements. Impor-
tantly, FRAP experiments performed with a large bleach
area would suggest the presence or absence of dynamic
confinement into domains, whereas experiments carried
out with a smaller bleach area would provide information
on the diffusion parameters of receptors on a relatively short
(local) scale either on a homogeneous (top panel in Fig. 3 a)
or domainized membrane (top panel in Fig. 3 c). The value
of D obtained with the smallest bleach area would therefore
represent the lower limit of the mobility experienced by re-
ceptors within domains. We observed that the diffusion co-
efficient of the serotonin1A receptor measured with a small
bleach spot in cholesterol-depleted cells was �45% lower
than that in control cells (Figs. 2 b and 4 b), thereby indi-
cating that, upon chronic cholesterol depletion, the receptor
experiences a more ordered membrane environment (char-
acterized by slow lateral diffusion). It should be noted
that, since we performed FRAP measurements on an arbi-
trary location on the cell membrane, the lower D of the se-
rotonin1A receptor would suggest that the ordered domains
cover a significant area of cell membrane in cholesterol-
depleted cells. Recent findings suggest that the actin cyto-
skeleton network underneath the plasma membrane plays
an important role in cell membrane dynamics (22,25). An
interesting facet of the actin cytoskeleton meshwork under-
lying the plasma membrane is that the cytoskeleton network
acts as a fence and causes physical hindrance that restricts
the lateral diffusion of surrounding membrane proteins
(19,22,30,31). It is interesting to speculate that chronic
cholesterol-depletion-induced increase in actin cytoskeleton
polymerization (as recently showed by us in (51)) would in-
fluence the diffusion characteristics of membrane receptors.
To test the role of actin cytoskeleton on the lateral diffusion
of serotonin1A receptors, we used CD, a potent inhibitor of
actin polymerization (88,89), to acutely destabilize actin
cytoskeleton in cholesterol-depleted cells. For this, we
treated cholesterol-depleted cells (treated with lovastatin
for 48 h) with 0.5 mM CD for 10 min, which restored the
F-actin levels in cholesterol-depleted cells similar to control
levels (Fig. 5 a and b)). Acute (short-term) treatment with
CD resulted in fragmentation of F-actin, and formation of
F-actin aggregates could be observed under this condition
(Fig. 5 a). Fig. 5 a shows representative maximum intensity
projections of F-actin in cells treated with 10 mM lovastatin
followed by a short incubation with increasing concentra-
tions of CD (0.5 and 1 mM). As reported recently by us
(51) and shown in Fig. 5 b, lovastatin treatment results in
an increase of F-actin content relative to normal cells. Under
conditions of statin-mediated chronic cholesterol depletion,
further treatment with 0.5 mM CD led to significant reduc-
tion of F-actin content (Fig. 5 b). The F-actin content in cells
treated with 10 mM lovastatin and 0.5 mMCD was similar to
untreated (control) cells. This concentration of CD (sub-
micromolar) offers us a useful handle to understand the
role of actin-cytoskeleton-mediated domainization in recep-
tor confinement upon chronic cholesterol depletion. It is
important to note that treatment with higher concentrations
of CD (such as 1 mM) in lovastatin-treated cells was avoided
since it resulted in extensive loss of F-actin and F-actin
levels were reduced beyond control levels observed in un-
treated cells (Fig. 5 a and b).

We subsequently explored the involvement of the actin
cytoskeleton in the lateral diffusion of the serotonin1A re-
ceptor under chronic cholesterol-depleted condition using
FRAP. For this, we treated CHO-K1 cells expressing the
human serotonin1A-EYFP receptor with 10 mM lovastatin
for 2 days prior to treatment with 0.5 mM CD for 10 min.
Fig. 5 c shows the effect of F-actin destabilization on fluo-
rescence recovery kinetics of the serotonin1A receptor. As
is apparent from the figure, treatment with CD led to
faster recovery (orange trace in Fig. 5 c) of fluorescence
intensity relative to cholesterol-depleted cells. Quantita-
tive estimates of D showed that CD treatment (orange
bars) led to a shift in the distribution of D toward higher
values that overlaps with control cells (blue bars) (see
Fig. 5 d). Table 1 summarizes the values of diffusion pa-
rameters under these conditions. Overall, our results show
that F-actin destabilization after cholesterol depletion re-
stores the diffusion coefficient of the serotonin1A receptor
to the value obtained in control levels (inset in Fig. 5 d).
These results suggest that cytoskeleton destabilization af-
fects the lateral mobility of membrane proteins in chronic
cholesterol-depleted cells.
Biophysical Journal 122, 1938–1955, June 6, 2023 1945



FIGURE 5 Destabilization of the actin cytoskel-

eton in lovastatin-treated cells leads to faster diffu-

sion. (a) Organization of F-actin in cells treated

with lovastatin and cytochalasin D (CD).

Maximum intensity projections (MIPs) of 15 z sec-

tions from the base of the coverslip (�4.8 mm from

the base into the cell) are shown in left panels for

various treatments. The actin cytoskeleton was

labeled with Alexa Fluor 546 phalloidin. Increase

of F-actin filaments could be observed upon treat-

ment with 10 mM lovastatin. The scale bars repre-

sent 10 mm. Treatment with CD resulted in loss

of F-actin filaments and subsequently F-actin ag-

gregates were observed. Panels on the right repre-

sent the iso-surfaces (defined as voxel contours of

equal fluorescence intensity) generated from the z

sections corresponding to MIPs shown in the

respective left panels. (b) F-actin quantification in

cells upon lovastatin and CD treatment. In order

to quantitate F-actin, the volume enclosed by the

iso-surface was normalized to the projected area

of cells obtained using the software provided with

LSM 880 confocal microscope. Data represent

means 5 SE of at least three independent experi-

ments (**p < 0.01 and ***p < 0.001 significant

difference in F-actin content in cells treated with

10 mM lovastatin þ1 mM CD or 10 mM lovastatin

alone relative to control cells, respectively; ###

p < 0.001 significant difference in F-actin content

in cells treated with 10 mM lovastatin þ 0.5 mM

CD relative to cells treated with 10 mM lovastatin).

(c) F-actin depolymerization reverses the slower

diffusion of the serotonin1A receptor in choles-

terol-depleted cells. Fluorescence recovery plots for the serotonin1A receptor with bleach spot of radius 1 mm are shown for control (blue), 10 mM lova-

statin-treated (red), and 10 mM lovastatin þ 0.5 mM CD-treated (orange) cells. Data represent normalized means 5 SE (represented as shaded regions

below and above the non-linear fit) of �35 independent measurements from at least five independent experiments. The traces shown represent non-linear

fits of the data using Eq. 1. (d) Frequency distribution histogram of diffusion coefficient (D) of the serotonin1A receptor for control (blue bars), 10 mM lova-

statin-treated (red bars), and 10 mM lovastatin þ 0.5 mM CD-treated (orange bars) cells. The dotted lines represent viewing guides. The arrow represents a

shift of the distribution of D to higher values. The inset shows D of the serotonin1A receptor extracted from the recovery traces using Eqs. 1 and 2. Data for

control and cholesterol-depleted cells are taken from Fig. 2 a, b, and d. To see this figure in color, go online.
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To assess the role of polymerized actin meshwork (as a
result of chronic cholesterol depletion) in regulating the
confinement of the serotonin1A receptor intomacroscopic do-
mains, we performed FRAP measurements with increasing
bleach spots in cells treated with 0.5 mM CD after 2 days of
incubation with 10 mM lovastatin. Fig. 6 a shows that, under
these conditions, fluorescence recovery profiles in a small
bleach area showed faster fluorescence recovery, whereas
the recoverywas slowerwhen photobleachingwas performed
on a large bleach area, effectively giving rise to similar values
ofD andMf across all bleach spot sizes (orange line in Fig. 6 b
and c). In otherwords, the diffusionparameters (DandMf) ex-
tracted from the fluorescence recovery profiles of serotonin1A
receptors remained invariantwith respect to increasing bleach
spot radius. The relatively constant values of D andMf over a
range of bleach spot size in cells that have similar F-actin
levels comparable with normal cells and reduced cholesterol
in their plasma membrane (relative to normal cells) indicate
that actin polymerization plays a critical role in receptor
confinement upon chronic cholesterol depletion. Overall,
1946 Biophysical Journal 122, 1938–1955, June 6, 2023
our results suggest that cholesterol-depletion-induced dy-
namic confinement on lateral diffusion of the serotonin1A re-
ceptor could be reversed by destabilizing the F-actin network.
Chronic cholesterol depletion leads to membrane
compartmentalization

We further analyzed the spatial connectivity in the plasma
membrane due to lateral diffusion of membrane components
by utilizing FLIP measurements. FLIP is conventionally
used to assess the movement of proteins across a particular
cell compartment (such as various parts of the Golgi appa-
ratus) or interactions that impede protein mobility (74,90–
92). FLIP is a complimentary technique to FRAP, in which
loss of fluorescence outside a bleached area is monitored. In
a typical FLIP experiment, a square region of the cell mem-
brane is repeatedly bleached and the entire membrane is
simultaneously imaged with a low-intensity laser to assess
the extent of loss of fluorescence outside the bleached
area as a consequence of photobleaching within the



FIGURE 6 Diffusion parameters of the seroto-

nin1A receptor across various bleach spot area

upon cytoskeleton destabilization. (a) Fluorescence

recovery plots of serotonin1A receptors with bleach

spots radius of 1 and 3 mm from quantitative FRAP

measurements are shown for 10 mM lovastatin þ
0.5 mM CD-treated cells. Data represent normal-

ized means 5 SE (represented as shaded regions

below and above the non-linear fit) from at least

five independent experiments. The traces shown

represent non-linear fits of the data using Eq. 1.

(b) Diffusion coefficients (D) and (c) mobile frac-

tions (Mf) of serotonin1A receptors obtained from

FRAP measurements with bleach spots of different

sizes analyzed based on a two-dimensional diffu-

sion model are shown for normal ( ), 10 mM

lovastatin-treated ( ), and 10 mM lovastatin þ
0.5 mM CD-treated ( ) cells. Data represent

means 5 SE of at least five independent experi-

ments for each bleach spot size. The lines represent

viewing guides. Value for control and lovastatin-

treated cells are taken from Fig. 4 b and d. The

curly arrows suggest that the dependence of D

and Mf on bleach spot radius is reversed (with-

drawal of confinement) upon depolymerization of

F-actin in cholesterol-depleted cells. To see this

figure in color, go online.

Membrane dynamics upon statin treatment
bleached area (see Fig. 7 a). Any region of the cell mem-
brane that is connected to the area being bleached will grad-
ually lose fluorescence due to lateral diffusion of
photobleached molecules into this area. In contrast, the fluo-
there was no significant photobleaching during imaging. The arrow indicates that

case of cholesterol-depleted cells. The lines are provided merely as viewing gu

cells is not due to unequal photobleaching. The fluorescence intensity of the squ

for control ( ) and cholesterol-depleted ( ) cells. The green arrows indicate a b

an image acquisition event with low-intensity laser. The inset shows a typical FL

online.
rescence intensity in spatially disconnected regions would
remain unaffected. Fig. 7 a shows representative snapshots
from an FLIP measurement. As shown in the figure, a square
region on the plasma membrane is bleached multiple times
FIGURE 7 Fluorescence loss in photobleaching

(FLIP) of serotonin1A-EYFP receptors. (a) A

square region spanning �10% area of the total

cell membrane was repetitively photobleached

with high-intensity laser. After each photobleach-

ing, an image of the entire field was scanned with

low-intensity laser to assess the extent of loss of

fluorescence outside the square region as a conse-

quence of photobleaching within this area. A few

representative snapshots from a FLIP measurement

are shown and the time duration from the first

bleaching cycle is indicated in each panel. (b)

Two circular ROIs at a distance of 1 and 10 mm

from the square bleach spot were selected for

analyzing loss of fluorescence intensity due to

lateral diffusion of bleached molecules. In addition,

fluorescence intensity is measured in an adjacent

cell that is spatially disconnected from the bleach

spot (top left corner) to rule out any photobleaching

during imaging. (c) The rate of loss of fluorescence

of the serotonin1A-EYFP receptor for control (blue)

and cholesterol-depleted (red) cells at two different

regions with respect to the bleach spot are shown.

Data represent means 5 SE of at least three inde-

pendent experiments. The normalized fluorescence

intensity in control spot ( ) suggests that

fluorescence intensity of the receptor is retained to a significant extent in the

ides. (d) Reduction in loss of fluorescence intensity in cholesterol-depleted

are bleached region is plotted over the entire duration of FLIP measurement

leaching event with high-intensity laser, whereas the yellow arrows indicate

IP measurement sequence used in this study. To see this figure in color, go
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and the loss in fluorescence is measured in an adjacent re-
gion (circular ROI marked as 1 mm) and a region far away
(circular ROI marked as 10 mm) from the bleach area. As
a control, we monitored fluorescence intensity from a
different cell (top left corner, Fig. 7 b) that remained bright
throughout the measurement.

Fig. 7 c shows the loss (reduction) of fluorescence intensity
associated with the serotonin1A receptor for control and
cholesterol-depleted cells in areas near (1 mm) and far
(10 mm) away from the bleach spot (square box in Fig. 7 b).
As expected, the region close to the bleach spot rapidly lost
fluorescence compared with the region further away from
the bleach spot (Fig. 7 c). For control cells,weobserved a com-
plete loss of fluorescence (comparable with background fluo-
rescence) in the ROI close to the bleach spot, since the
bleached population of serotonin1A receptors could freely
diffuse into this area. However, significantly higher fluores-
cence was retained in the ROI that was far away from the
bleach spot even after 15min of bleaching, implying that these
regions are not spatially continuous (connected). Importantly,
fluorescence from an adjacent cell (spatially disconnected
from the bleached cell) remained bright (marked as control
spot in Fig. 7 a) throughout the time course of FLIP measure-
ment suggesting that 1) the loss in fluorescence is only due to
lateral diffusion of bleached receptors into regions away from
the bleach spot, and 2) imaging in between bleaching results in
minimal photobleaching. Interestingly, cholesterol-depleted
cells showed a slower rate of loss of fluorescence at both
ROIs (red traces in Fig. 7 c). We ruled out the possibility of
greater loss in fluorescence for control cells due to unequal
photobleaching by plotting the fluorescence intensity of the
square bleach spot (see Fig. 7 d). The figure shows that the
extent of photobleaching was similar for both control and
cholesterol-depleted cells across the duration of FLIP mea-
surements (bleaching events are marked with green arrows;
see Fig. 7 d). This ensures that the final fluorescence intensity
value (after 15min of FLIPmeasurements) at areas other than
the bleach spot is not affected by differential photobleaching.
The final fluorescence intensity after 15 min of bleaching is
shown in Table 2. As shown in Table 2, cholesterol depletion
leads to an increase in the value of remaining fluorescence, ir-
respective of the position of the observation ROI from the
bleach area. Our results therefore indicate that the membrane
connectivity (as a result of lateral diffusion of membrane pro-
teins) is compromised upon chronic cholesterol depletion.

We further ruled out the possibility that regions on the edge
of the bleach area did not get progressively bleached by light
‘‘leakage’’ that could arise due to movement of the sample
TABLE 2 Fluorescence remaining after 15 min of repetitive bleach

Treatment ROI 1 mm from b

Control 6.5 5

Cholesterol-depleted 15.2 5

Cholesterol-depleted þ CD-treated 5.5 5
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stage or stage vibrations) during FLlP measurement. For
this, we performed FLlP on fixed cells expressing the seroto-
nin1A-EYFP receptor (Fig. S3 a). Fixation results in cross-
linking of cellular macromolecules that stabilize their spatial
distribution and stops lateral diffusion (93). Our analysis of
FLIP performed in fixed cells showed loss of fluorescence
only in the area that was selected for photobleaching (white
square region in the top panel of Fig. S3 a). The fluorescence
intensity in a region beside the bleach spot remained invariant
over the course of FLIPmeasurement (bottompanel in Fig. S3
a). This ensures that the loss in fluorescence in cases of live
cells is due to lateral diffusion of receptor molecules and
not due to light leakage. Since the experimental setup of
FLIP involves multiple high-intensity laser bleaching steps,
we ensured that the plasma membrane inside the bleached
area was not damaged due to exposure to intense light. For
this, we labeled the cell membrane using a lipophilic dye
(DiIC18(3); right panel in Fig. S3b) of the same cell (left panel
in Fig. S3b) after FLIPmeasurement.We could not detect any
defects in the plasmamembrane (as seen from the uniform la-
beling of DiIC18(3)) and the bleaching zone was intact (see
the top surface of DiIC18(3)-labeled cells in the right panel
in Fig. S3 b) during the FLIP experiment.
Actin-cytoskeleton-mediated membrane
compartmentalization

To explore the origin of loss in membrane connectivity upon
chronic cholesterol depletion, we performed FLIP measure-
ments in cholesterol-depleted cells that are further treated
with CD to induce actin depolymerization. As mentioned
above, treatment with 0.5 mM CD in cholesterol-depleted
cells led to loss of F-actin filaments, and the F-actin level
was found to be similar to F-actin level in normal (control)
cells (see Fig. 5 b). Interestingly, FLIP measurements re-
vealed that CD-treated cells displayed a fluorescence inten-
sity profile similar to normal cells (orange traces in Fig. 8 a).
The remaining fluorescence for the cholesterol-depleted and
cytoskeleton-destabilized cells is shown in Table 2. As
shown in Fig. 8 a, treatment with CD (subsequent to choles-
terol depletion) resulted in a reduction of fluorescence inten-
sity (relative to cholesterol-depleted cells), and the
fluorescence intensity values were found to be similar to
that of normal cells (Table 2). Taken together, our results
suggest that actin polymerization induced by chronic
cholesterol depletion could compartmentalize plasma mem-
brane into discontinuous (in FRAP timescale) domains and
impede lateral diffusion of membrane components.
ing

leach spot (%) ROI 10 mm from bleach spot (%)

0.4 40.0 5 0.5

2.2 52.3 5 1.3

0.4 41.8 5 0.9



FIGURE 8 Actin depolymerization restores

membrane connectivity. (a) The rate of loss of fluo-

rescence of the serotonin1A-EYFP receptor for con-

trol (blue), 10 mM lovastatin (red), and 10 mM

lovastatin þ 0.5 mM CD-treated (orange) cells at

two different regions (1 and 10 mm) with respect

to the bleach spot are shown. Data represent means

5 SE of at least three independent experiments.

The arrow indicates that the loss in fluorescence in-

tensity of the receptor in cholesterol-depleted cells

is reduced by treatment with CD. Data for control

and cholesterol-depleted cells are taken from

Fig. 7 c. The lines are provided as viewing guides.

(b) Organization of the actin cytoskeleton in CHO-

K1 cells expressing the serotonin1A-EYFP receptor

treated with jasplakinolide (jas). The actin cyto-

skeleton was labeled with Alexa Fluor

546-phalloidin and MIPs of 15 z sections from

the base (�4.8 mm from the coverslip into the

cell) are shown in top panels for control and cells

treated with 0.1 mM jas. The scale bars represent

10 mm. The zoomed image shows extensive actin

polymerization upon jas treatment. The bottom

panels represent the iso-surfaces (defined as voxel

contours of equal fluorescence intensity) generated

from the z sections corresponding to MIPs shown in the respective top panel. (c) The quantitative measure of F-actin. Data represent means 5 SE of three

independent experiments. (d) Actin polymerization leads to loss of membrane connectivity. The rate of loss of fluorescence of the serotonin1A-EYFP receptor

for control (blue), cholesterol-depleted (red), and jas-treated (green) cells at two different regions (1 and 10 mm) with respect to the bleach spot are shown.

Data represent means 5 SE of at least three independent experiments. Data for control and cholesterol-depleted cells are taken from Fig. 7 c. The lines are

provided merely as viewing guides. To see this figure in color, go online.
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Interestingly, these domains were resolved when choles-
terol-depleted cells were treated with cytochalasin D, sug-
gesting that actin cytoskeleton could play a major role in
partitioning membranes in micro-scale domains upon
chronic cholesterol depletion.

Since the polymerization of the actin cytoskeleton upon
chronic cholesterol depletion resulted in loss of membrane
connectivity, we tested whether this effect can be observed
using agents that directly interfere with the actin cytoskel-
eton. For this, we induced polymerization of the actin cyto-
skeleton in normal cells using jasplakinolide (jas), without
involving treatment with statin, and monitored membrane
organization under these conditions. Jas is known to induce
F-actin formation and stabilize actin filaments (61,94,95).
As shown in Fig. 8 b, treatment of CHO-K1 cells with jas
resulted in polymerization of actin cytoskeleton and subse-
quent increase in the F-actin content (Fig. 8 c). To explore
membrane connectivity in response to actin polymerization,
we performed FLIP measurements in jas-treated cells. Fig. 8
d shows fluorescence intensity profiles in jas-treated cells
with respect to control and cholesterol-depleted cells. As
shown in the figure, treatment with jas produced comparable
effects on loss of fluorescence intensity with those observed
in cholesterol-depleted cells. Our results therefore reinforce
that the loss in membrane connectivity in cholesterol-
depleted cells is predominantly due to actin polymerizaton.
The relatively large error bars observed in the case of jas
treatment could possibly indicate large heterogeneity in
size of membrane domains due to different degrees of actin
polymerization in these cells. Taken together, the reduction
in loss of fluorescence of the serotonin1A receptor upon actin
reorganization by an independent mechanism (Fig. 8 d) re-
inforces the fact that membrane connectivity is regulated by
the actin cytoskeleton.
Dynamic confinement and loss of membrane
connectivity is reversible in nature

We further explored the nature of altered lateral diffusion of
the serotonin1A receptor upon chronic cholesterol depletion
by checking its reversibility. For this, we metabolically re-
plenished cholesterol in lovastatin-treated cells by washing
off the statin-containingmedium and incubating cells in com-
plete DMEM/F-12 medium for 24 h. Incubation of choles-
terol-depleted cells in fresh medium replenishes cholesterol
to normal levels (see Fig. S4 a). Importantly, cholesterol-re-
plenished cells have F-actin content similar to normal cells
(see Fig. S4 b). We then monitored the lateral diffusion of
the serotonin1A receptor upon replenishment of cholesterol.
As shown inFig. 9a, uponmetabolic replenishment of choles-
terol, lateral diffusionof the serotonin1A receptor significantly
increases relative to cholesterol-depleted cells. Cholesterol-
replenished cells showed a trend of fluorescence recovery
similar to normal (control) cells (Fig. 9 a). We further probed
the reversibility of dynamic confinement experienced by the
Biophysical Journal 122, 1938–1955, June 6, 2023 1949



FIGURE 9 Diffusion characteristics of the sero-

tonin1A receptor upon cholesterol replenishment

subsequent to chronic cholesterol depletion. (a)

Fluorescence recovery plots for the serotonin1A-

EYFP receptor with bleach spot of radius 1 mm

are shown for control (dotted blue line), choles-

terol-depleted (red), and cholesterol-replenished

(green) cells. Data represent normalized means 5

SE (represented as shaded regions below and above

the non-linear fit) of �35 independent measure-

ments from at least five independent experiments.

The traces shown represent non-linear fits of the

data using Eq. 1. Data for control and cholesterol-

depleted cells are taken from Fig. 2 a. (b) Fluores-

cence recovery kinetics of serotonin1A-EYFP re-

ceptors with bleach spot radius of 1 and 3 mm

from quantitative FRAP measurements are shown

for cholesterol-replenished cells. Data represent

means5 SE (represented as shaded regions below

and above the non-linear fit) from at least five inde-

pendent experiments. The traces shown represent

non-linear fits of the data using Eq. 1. (c) The diffu-

sion coefficients (D) and (d) mobile fractions (Mf)

of serotonin1A-EYFP receptors obtained from

FRAP measurements with bleach spots of different

sizes analyzed based on a two-dimensional diffu-

sion model are shown for control ( ), choles-

terol-depleted ( ), and cholesterol-replenished

( ) cells. Data represent means 5 SE of at least

five independent experiments for each bleach spot

size. Data for control and cholesterol-depleted cells

are taken from Fig. 4 b and d. The lines represent

viewing guides. (e) The loss of fluorescence pro-

files of serotonin1A-EYFP receptors for control

(blue), cholesterol-depleted (red), and cholesterol-

replenished (green) cells at two different regions

(1 and 10 mm) with respect to the bleach spot are

shown. Data represent means5 SE of at least three

independent experiments. Data for control and

cholesterol-depleted cells are taken from Fig. 7 c.

The lines are provided as viewing guides. To see

this figure in color, go online.
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seroronin1A receptor in cholesterol-replenished condition.
Fig. 9 b shows that, upon cholesterol replenishment, photo-
bleaching in a small bleach spot of radius 1 mm resulted in
faster fluorescence recovery,whereas the recoverywas slower
when photobleaching was carried out in a large bleach area.
This effectively gives rise to similar values of D andMf across
all bleach spot sizes (green lines in Fig. 9 c and d). In other
words, cholesterol-replenished cells show a dependence of
diffusion parameters over bleach spot area similar to that
observed in case of control cells (compare blue and green
lines in Fig. 9 c and d). These results suggest that the seroto-
nin1A receptor in cholesterol-replenished cells experiences a
predominantly homogeneous membrane environment. Next,
we explored the reversibility of the effect of chronic choles-
terol depletion on membrane connectivity. As shown in
Fig. 9e, cholesterol replenishment was able to restore mem-
brane connectivity in cells as apparent from overlapping
FLIP traces in control and cholesterol-replenished cells. In
1950 Biophysical Journal 122, 1938–1955, June 6, 2023
addition, the fluorescence remaining after 15 min in choles-
terol-replenished cells was similar to control cells, suggesting
the reversible nature of membrane connectivity upon chronic
cholesterol depletion.
DISCUSSION

Lateral diffusion in membranes constitutes a fundamental
biophysical process that regulates protein oligomerization,
lipid-protein interactions, and protein-protein interactions
(16,46,66,73). Confined lateral diffusion of membrane com-
ponents is often correlated with presence of domains in cell
membranes over various spatiotemporal scales (5). A major
source of confined lateral diffusion in membranes is the
presence of a network of actin cytoskeleton in close prox-
imity to the membrane (31,96,97). Actin is one of the
most ubiquitous proteins in eukaryotic cells and exists in a



FIGURE 10 Chronic cholesterol depletion using statins alters the lateral

diffusion of GPCRs. A schematic representation showing free diffusion of

GPCRs under normal cholesterol levels and confined diffusion upon choles-

terol depletion. Chronic cholesterol depletion using statins leads to exten-

sive polymerization of the actin cytoskeleton (shown as orange rod-like

structures) and leads to compartmentalization of membranes. As a result,

receptor lateral diffusion becomes confined within these actin-induced do-

mains. To see this figure in color, go online.
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dynamic equilibrium between filamentous (F-actin) and
globular (G-actin) forms (98). The equilibrium between
actin polymerization (conversion of G-actin to F-actin)
and depolymerization (conversion of F-actin to G-actin) is
concerted by a gamut of actin-binding proteins implicated
in a wide range of physiological processes (99,100). Such
tunable equilibrium between polymeric and monomeric
form of actin serves as a common mechanism for various
signal transduction processes (57,101–103). Although evi-
dence of direct interaction of actin cytoskeleton with
GPCRs is lacking (104), diffusion of membrane proteins
and lipids is known to be affected by the actin cytoskeleton
(18,22,25,30,105).

Cholesterol-lowering drugs such as statins are extensively
used for lowering low-density lipoprotein (LDL) levels to
treat hypercholesterolemia and represent some of the best-
selling drugs globally and in clinical history (106–110).
However, cholesterol depletion using statin is often compli-
cated by the fact that the effects could be pleiotropic in na-
ture beyond cholesterol lowering (51,111–114). In this
overall context, we carried out a detailed analysis of cell sur-
face dynamics of the serotonin1A receptor under conditions
of chronic cholesterol depletion using statins. We show here
that cholesterol depletion leads to reduction of diffusion co-
efficient and the heterogeneity associated with it (Fig. 2 b
and d). A possible reason for this heterogeneity in normal
cells could be the presence of cholesterol (and sphingoli-
pids) rich domains that act as a modulator of receptor dy-
namics, which could be disrupted upon cholesterol
depletion (79,115–117). In addition, we analyzed the contri-
bution of the increase in F-actin on the dynamics of the se-
rotonin1A receptor by bleach spot radius-dependent FRAP
measurements and showed that the diffusion parameters
(diffusion coefficient and mobile fraction) of human seroto-
nin1A receptors in normal cells are consistent with models
describing diffusion of proteins in a non-domainized mem-
brane. Interestingly, diffusion coefficient and mobile frac-
tion are altered in chronic cholesterol-depleted cells and
the serotonin1A receptor exhibits dynamic confinement. To
address the possible mechanism underlying the confined
diffusion of the receptor, we carried out cytochalasin
D-mediated destabilization of the actin cytoskeleton in
cholesterol-depleted cells and observed that the confinement
on lateral diffusion is released under such conditions. We
probed the spatial connectivity in the plasma membrane us-
ing FLIP measurements and we observed that membrane
connections are broken in cases of chronic cholesterol
depletion, which is consistent with a model describing
increased F-actin meshwork impeding diffusion of mem-
brane components. Interestingly, membrane connectivity
was re-established upon destabilization of actin cytoskel-
eton in cholesterol-depleted cells. Conformational stability
of GPCRs in general (118–120) and the serotonin1A receptor
in particular (121–123) is known to be dependent on mem-
brane cholesterol. In addition to polymerization of the actin
cytoskeleton, chronic cholesterol depletion could alter inter-
actions of GPCRs with other membrane and membrane-
proximal components due to conformational changes in
the receptor. Changes in the diffusion characteristics of
the serotonin1A receptors in cholesterol-depleted conditions
could therefore be due to a combination of both these ef-
fects. Overall, our results indicate that lateral diffusion of
the serotonin1A receptor is confined by the actin-based
membrane skeleton meshwork in cholesterol-depleted cells
(see Fig. 10).

We previously showed using z-scan fluorescence corre-
lation spectroscopy (zFCS) that acute depletion of mem-
brane cholesterol appears to reduce receptor confinement
in a manner similar to that observed in the case of cyto-
skeletal destabilization, implying possible changes in the
actin cytoskeleton induced upon acute cholesterol deple-
tion (24). Notably, the consequences of acute and chronic
cholesterol depletion on actin polymerization could be
very different (51). Although acute cholesterol depletion
by methyl-b-cyclodextrin (MbCD) results in significantly
more reduction of membrane cholesterol relative to
chronic depletion, we did not observe any significant
change in F-actin level upon treatment with MbCD (51).
In cases of lovastatin treatment, we observed a significant
increase in F-actin under this condition. This observed
alteration in lateral diffusion upon acute cholesterol
depletion measured using zFCS (24) could be due to the
membrane reorganization (formation of membrane do-
mains with inherent regional micro-heterogeneity in the
Biophysical Journal 122, 1938–1955, June 6, 2023 1951
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plasma membrane), which could act as an obstacle for
molecule diffusion (124,125). It would be interesting to
measure diffusion characteristics and lipid order upon
lovastatin treatment using polarity-sensitive membrane
probes to explore this aspect. We must mention here
that direct comparison of FRAP and FCS measurements
is difficult since FRAP reports both average long-range
diffusion and the fraction of mobile molecules, while
FCS reports only the diffusion coefficient over relatively
short length scales (and also long length scales in zFCS).

These results could be crucial in understanding the function
of neurotransmitter GPCRs, such as the serotonin1A receptor,
which are predominantly expressed in the brain. Human brain
is highly enriched in cholesterol and the largest cholesterol
pool of the body exists in the brain (126). On an average, brain
has 5–10 times more cholesterol than any other organ of the
body (�35 g of cholesterol in an adult brain). Although the
central nervous system (CNS) accounts for �2% of the body
mass, it contains �25% of free cholesterol (127,128). Brain
cholesterol is present predominantly in an unesterified (free)
form and is required for insulating myelin and synaptogenesis
(129). Cholesterol does not cross the blood-brain barrier and is
synthesized in the brain in situ with minimum losses to circu-
lation (130,131). Interestingly, statins are reported to cross the
blood-brain barrier based on their lipophilicity (132–135). In
this context, it was found that symptoms of anxiety and major
depression are apparent in humans upon long-term statin
administration (136–138), and cortical cholesterol content
was shown to be lower in mood disorders (139). On a broader
perspective, our results assume significance in understanding
themodulatory role of themembrane environment on the orga-
nization and function of GPCRs. The dynamic reorganization
of the actin cytoskeleton could represent an important determi-
nant in membrane protein function in diseases that are due to
defects in lipid biosynthetic pathways, such as the Smith-
Lemli-Opitz syndrome (SLOS) and desmosterolosis (140).
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