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Cholesterol Depletion Mimics the Effect of Cytoskeletal Destabilization
on Membrane Dynamics of the Serotonin1A Receptor: A zFCS Study
Sourav Ganguly and Amitabha Chattopadhyay*
Centre for Cellular and Molecular Biology, Council of Scientific and Industrial Research, Hyderabad, India
ABSTRACT Single-point fluorescence correlation spectroscopy (FCS) of membrane-bound molecules suffers from a number
of limitations leading to inaccurate estimation of diffusion parameters. To overcome such problems and with the overall goal of
addressing membrane heterogeneities, we performed z-scan FCS (zFCS) of the serotonin1A receptor. We analyzed the results
according to FCS diffusion laws that provide information on the organization of the diffusing species. Analysis of our results
shows that the diffusion coefficients of the receptor and a fluorescently labeled phospholipid are similar when probed at length
scales ~210 nm. We discuss the significance of the spatiotemporal evolution of dynamics of membrane-bound molecules in the
overall context of membrane domains and heterogeneity. Importantly, our results show that the serotonin1A receptor exhibits
confinement in cell membranes, possibly due to interaction with the actin cytoskeleton. Surprisingly, depletion of membrane
cholesterol appears to reduce receptor confinement in a manner similar to that observed in the case of cytoskeletal destabiliza-
tion, implying possible changes in the actin cytoskeleton induced upon cholesterol depletion. These results constitute the first
report on G-protein-coupled receptor dynamics utilizing a combination of zFCS and the FCS diffusion laws, and present a conve-
nient approach to explore cell membrane heterogeneity at the submicron level.
INTRODUCTION
Biological membranes are complex two-dimensional, non-
covalent anisotropic assemblies of a diverse variety of lipids
and proteins. They impart an identity to the cell and its
organelles and represent an ideal milieu for the proper func-
tion of a diverse set of membrane proteins. Current under-
standing of the organization of biological membranes
involves the concept of lateral heterogeneities in the mem-
brane, collectively termed membrane domains. Many of
these domains (sometimes termed as lipid rafts) are thought
to be important for the maintenance of membrane structure
and function, although characterizing the spatiotemporal
resolution of these domains has proven to be challenging
(1–4). These specialized regions are believed to be enriched
in specific lipids and proteins, and facilitate processes such
as trafficking, sorting, and signal transduction over a range
of spatiotemporal scale (2,4,5). Since ~50% of all geneti-
cally encoded proteins in the eukaryotic genome are
membrane-associated, it is likely that about one-half of all
cellular reactions take place on membranes (6). The plasma
membrane therefore not only acts as a selective barrier for
the cell, but more importantly, serves as a platform for the
initiation and regulation of signaling pathways. It is there-
fore important to understand the dynamic organization of
membrane-bound molecules in order to arrive at a compre-
hensive view of cellular signaling (4,7).

An interesting source of heterogeneity in cell membranes
is the confinement of diffusion of membrane components.
Cellular signaling mediated by proteins could be viewed
as a consequence of differential mobility of the various in-
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teracting partners (8). The confinement to molecular diffu-
sion is offered by the intricate network of the cortical
actin cytoskeleton that lies immediately below the plasma
membrane (9). The boundaries of confinement are defined
by transmembrane proteins anchored to the cytoskeleton,
thereby acting as pickets. This model of the plasma
membrane is called the membrane picket-fence model
(10). The relation between membrane heterogeneity and
differential mobility of membrane components, and their
role in regulating cellular signaling represent a challenging
problem in contemporary membrane biology. In this
context, the study of molecular mobility in membranes
can be utilized to probe the heterogeneity in membrane
organization. A comprehensive understanding of cellular
signaling would therefore require the mapping of membrane
heterogeneity at both spatial and temporal scales. Tempo-
rally sensitive microscopy-based techniques are generally
suitable for such measurements.

Fluorescence correlation spectroscopy (FCS) is a power-
ful and sensitive technique for measuring molecular
diffusion in cellular systems (11,12), in which the minute
spontaneous fluctuations of fluorescence intensity in an
open volume (defined by a focused laser beam and confocal
optics) are measured. These fluctuations arise due to diffu-
sion of fluorophores into and out of the open sampling
volume. The resultant autocorrelation function provides
information on molecular diffusion and number of particles
in the sampling volume. FCS offers a convenient approach
to monitor dynamics of membrane-bound molecules
(13,14). However, the commonly employed single-point
FCS of membrane proteins or lipids could lead to inaccurate
estimation of diffusion parameters. This is due to the fact
that the relative thickness of the membrane bilayer
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(~5 nm) is approximately three-orders-of-magnitude
smaller than that of the diffraction-limited spot size along
the optic axis (~1 mm), i.e., the typical axial length of the
FCS observation volume (15). In single-point FCS measure-
ments on membranes, the observation volume is positioned
based on the position of maximum fluorescence, where
maximum fluorescence is assumed to originate from the
membrane harboring the fluorescently tagged molecule of
interest. However, the plasma membrane position, when
judged this way, has often proved to be inaccurate and can
lead to erroneous estimation of diffusion parameters (16).

To avoid the problems associated with single-point FCS
measurements on cell membranes, we chose to combine
two recently developed approaches to monitor dynamics of
membrane-bound molecules. In one of these approaches
(termed as z-scanning FCS or zFCS), the uncertainty in the
positioning of the focused beam can be overcome by a z-scan
inwhich the diffusion times (tD) are determined in steps as the
z axis is scanned in small increments (16,17). A plot of diffu-
sion timeversus transverse area of the confocal volumegener-
ates the FCS diffusion laws that provide information on the
submicron level organization (such as confinement and/or
partitioning) of the diffusing species (18,19). In this work,
we have made use of this combined approach to address the
membrane dynamics of a fluorescent (4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene (BODIPY)-labeled) analog of
phosphatidylcholine (2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,
4a-diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-glyc-
ero-3-phosphocholine (BODIPY-FL PC)), and the seroto-
nin1A receptor tagged to enhanced yellow fluorescent
protein (EYFP) inChinese hamster ovary (CHO) cells. BOD-
IPY is a popular fluorescent probe and is characterized by
high extinction coefficient, quantumyield, and photostability
(20). The G-protein coupled receptor (GPCR) superfamily is
the largest and most diverse protein family in mammals that
is involved in signal transduction across membranes (21).
GPCRs represent 30–50% of current drug targets and have
emerged as major targets for the development of novel
drug candidates in all clinical areas (22). The serotonin1A
(5-HT1A) receptor is themost extensively studied of the sero-
tonin receptors for a number of reasons. The serotonin
receptor family represents one of the largest, evolutionarily
ancient, and highly conserved families of seven transmem-
brane GPCRs (23). Cellular signaling by the receptor plays
a key role in the generation and modulation of various cogni-
tive, behavioral, and developmental functions (24).

In this article, we have monitored membrane diffusion of
these molecules utilizing zFCS and analyzed the results
according to the FCS diffusion laws. We discuss the signif-
icance of the observed diffusion coefficients and comment
on the spatiotemporal evolution of their dynamics, as moni-
tored by zFCS. In addition, we report novel results of the
effect of actin cytoskeleton destabilization and membrane
cholesterol depletion on diffusion characteristics of the
serotonin1A receptor. Our results indicate that depletion of
Biophysical Journal 99(5) 1397–1407
plasma membrane cholesterol could lead to destabilization
of the cortical actin cytoskeleton, as apparent from the
confinement of serotonin1A receptor dynamics in the plasma
membrane under these conditions. To the best of our knowl-
edge, these results constitute the first report on GPCR
dynamics utilizing a combination of zFCS and the FCS
diffusion laws.
MATERIALS AND METHODS

See the Supporting Material.
RESULTS

zFCS: theoretical framework and application

The autocorrelation curve in a FCS measurement is gener-
ated due to fluctuations in fluorescence intensity as fluores-
cent molecules traverse the illuminated confocal volume.
Mathematically, the fluctuations can be quantified by
temporal autocorrelation of fluorescence intensity. The
normalized autocorrelation function G(t) can be presented
as (12)

GðtÞ ¼ hFðtÞFðt þ tÞi
hFðtÞi2 ¼ hdFðtÞdFðt þ tÞi

hFðtÞi2 þ 1;

where

hFðtÞi ¼ 1

T

ZT
0

FðtÞdt

is the average fluorescence intensity, F(t) is the fluorescence
intensity at any given time t, and dF(t) ¼ F(t) � hF(t)i.
Ideally, G(t) for free (unconfined) diffusion in three dimen-
sions for a single population of monodisperse fluorophores
can be defined as (25,26)
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where N ¼ hVeffiC is equal to the average number of parti-
cles in the focal volume hVeffi, which is defined by the illu-
mination profile of the diffraction-limited spot and C is the
bulk concentration of the fluorescent species. Equation 1
assumes that the illuminated volume is a three-dimensional
Gaussian intensity profile (26):h

Iðr; zÞ � e�ðr=r0Þ2e�ðz=z0Þ2
i
:

The decay of intensity by 1/e2 in the radial plane is given by
r0, and in the axial direction, by z0. The characteristic diffu-
sion time (tD) is the average time a molecule spends in the
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focal volume and is related to the diffusion coefficient D as
(11)

D ¼ r20
4tD

: (2)

For a system with multiple, noninteracting components, the
correlation function can be expressed as a sum of the contri-
bution of the each component weighted by their emission
characteristics,

GðtÞ ¼
Xn
i¼ 1

fiGðtÞi; (3)

where fi is the fractional contribution of the ith species to
total emission, and G(t)i is the correlation function corre-
sponding to the ith species.

For diffusion in two dimensions (such as in membranes,
i.e., z0 / N, (r0/z0) / 0), Eq. 1 is simplified to

GðtÞ ¼ 1

N
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Many fluorophores exhibit a transition to the first excited
triplet state upon excitation. This is termed blinking of the
fluorophore and is often observed as an additional shoulder
in the decay curve. Since this photophysical phenomenon
could occur while the fluorescent molecule is in the focused
volume, it introduces an additional feature in FCS data
analysis. This is usually accounted for by introducing
a factor (an additional exponential decay) characterizing
the triplet state kinetics in the theoretical fit of correlation
data. The triplet state factor is described as

GtripletðtÞ ¼ 1 þ T

1� T
e�t=ttriplet ; (5)

where T is the fraction of the population of fluorophores that
undergoes triplet state transition and ttriplet is the character-
istic triplet time, the average time spent by the excited mole-
cules in the triplet state. The autocorrelation decay could be
fitted well with a single decay component in the case of
BODIPY-FL PC, with triplet state kinetics as

GðtÞ ¼ 1
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For diffusion measurements of the serotonin1A receptor
tagged to EYFP (termed 5-HT1AR-EYFP) in CHO-K1 cells,
data was best fitted by considering two components for the
receptor population. It has been previously reported that
a fast decay component is observed for chimeric
(GFP-tagged) membrane proteins in cells. The faster compo-
nent has been attributed to the diffusion of the tagged protein
in the intracellular pool (19).We therefore analyzed the diffu-
sion of 5-HT1AR-EYFP using Eq. 4 without taking into
consideration the faster decay component (~200–400 ms).

For a Gaussian illumination profile and a planar distribu-
tion of fluorophores parallel with the focal plane of the
microscope, the characteristic diffusion time and the
average number of particles have a parabolic dependence
on the position of the focus (16,17) and can be described as

tD ¼ r20
4D

�
1 þ l20Dz

2

p2n2r40

�
(7)

and

N ¼ pCr20
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1 þ l20Dz

2

p2n2r40

�
; (8)

where r0 is the radius of the beam in the focal plane, D is the
lateral diffusion coefficient, C is the average concentration
of the fluorescent species in the illuminated area, n is the
refractive index of the medium, l0 is the wavelength of
the excitation light, and Dz is the distance between the
sample position (z) and the position of focus (z0) where
the beam diameter is minimum, i.e., corresponding to r0.
The vertex of the parabola is representative of the character-
istic diffusion time of the fluorescent molecule on the
membrane (see Fig. 1 A). Because the cellular milieu is
heterogeneous and exhibits inherent variation, we pooled
data from all measurements for a given condition and fitted
the data to a parabolic equation as

t ¼ t0 þ A
h
1 þ Bðz� z0Þ2

i
; (9)

where

A ¼ r20
4D

; B ¼ l20
p2n2r40

;

and t0 represents the intercept. The stage position (z) corre-
sponds to an arbitrary stage position of measurement and
(z0) is the stage position corresponding to the minimal diffu-
sion time. The minimal diffusion time corresponds to the
position of the stage when the plasma membrane is in focus.
Equation 9 can also be written as

t ¼ t0 þ A þ ABðz� z0Þ2;
or

t ¼ t0 þ r20
4Dshort

þ l20
4Dlongp2n2r20

Dz2: (10)

In this case, A can be utilized to determine the diffusion
coefficient corresponding to r0 (i.e., Dz ¼ 0). This diffusion
coefficient, operationally defined as Dshort, corresponds to
diffusion in the area probed by the waist of the confocal
spot when the membrane lies parallel on the focal plane.
Biophysical Journal 99(5) 1397–1407



FIGURE 1 Area of observation (the diffraction-

limited spot). (A) A schematic representation of

zFCS. The z axis shown here is the optic axis

(perpendicular to the image plane). The diffrac-

tion-limited illumination profile of the laser spot

is gradually moved along the z axis. Incremental

steps in focusing along the z axis results in a para-

bolic scaling of the projected area illuminated by

the diffraction-limited spot. This allows our

probing the membrane at increasing length scales,

when fluorescence originates predominantly from

the plasma membrane. Because the time taken to

diffuse through a circular area should scale with

the square of the radius, the characteristic diffusion

time (tD) for zFCS measurements is related to the

projected area illuminated by the diffraction-

limited spot on the plane of the plasma membrane

(marked by arbitrary z positions). Typical positions

of the diffraction-limited spot are highlighted (a, b,

and c) at different z positions. (B) Simulated FCS

diffusion laws for variousmembranemodels (adap-

ted with permission from (19)). The models for

which simulations were performed are: free diffu-

sion; impermeable obstacles (green circles);

dynamic partition into domains (green circles); or

diffusion confined by the actin cytoskeletal mesh-

work (regular lattice). (Side panel) Dependence

of the diffusion time on the area of observation.

The extrapolated intercept to the limit of zero spot

size provides a measure of the nature of diffusion

experienced by the fluorophore.
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Dshort therefore refers to the diffusion coefficient that would
be derived from a single-point FCS measurement, provided
the membrane is in focus (see Eq. 2). On the other hand,
Dlong (derived from the parameter AB), corresponds to an
average diffusion coefficient over the range of length scales
probed by the zFCS experiment. The long-range diffusion
behavior can therefore be estimated upon comparing the
slope associated with the linear fit to the plot of tD versus
Dz2. While, in a homogeneous environment, Dshort is likely
to be similar to Dlong, this is not necessarily true in a micro-
heterogeneous media such as the cellular plasma membrane.
Taken together, Dshort and Dlong can provide estimates of the
evolution of diffusion behavior of the molecule over
progressively increasing length scales. In the context of
the measurements reported by us, while Dshort could be reli-
ably estimated, attempts to deduce Dlong gave unreasonably
large diffusion coefficients for diffusion of molecules in the
plasma membrane. Importantly, this type of discrepancy has
been reported earlier (16), and could possibly be attributed
Biophysical Journal 99(5) 1397–1407
to the semiquantitative nature of Eqs. 9 and 10 (27). To
provide an overall estimate of long-range diffusion
behavior, the normalized diffusion coefficients (Dm) shown
in Table 1 were derived from the slope associated with the fit
of the data for each condition, relative to the slope obtained
in the case of BODIPY-FL PC.

As mentioned earlier, we monitored membrane dynamics
(diffusion) of BODIPY-FL PC and 5-HT1AR-EYFP in
CHO-K1 cells. We have previously pharmacologically char-
acterized 5-HT1AR-EYFP in these cells and have shown that
the EYFP-tagged receptors are essentially similar to the
native receptor (28). Diffusion parameters obtained by the
zFCS approach were further analyzed utilizing the FCS
diffusion laws. Fig. 1 B shows the interpretation of FCS
diffusion laws under various conditions (18,19). The linear
fit of data in FCS diffusion laws, when extrapolated to
zero spot-width, provides insight into the nature of confine-
ment experienced by the diffusing species. In the case of
free diffusion, the intercept is close to zero. In contrast, in



TABLE 1 Estimated intercept and diffusion coefficients:

comparison of lipid and protein diffusion

Intercept

tD (ms)*

Diffusion coefficient (mm2 s�1)

Dshort
y Dm (m 5 SE)z

BODIPY-FL PC 0 6.5 (5 0.4) 1.00 (0.68 5 0.17)

5-HT1AR-EYFP �21.0 5 1.0 4.0 (5 0.5) 0.07 (9.63 5 0.32)

*In the case of BODIPY-FL PC, the intercept value on the ordinate was as-

signed to zero while fitting. The origin of the plot estimated this way was

utilized to determine the intercept for 5-HT1AR-EYFP.
yDshort was derived from measured diffusion times corresponding to the

focus positioned on the plasma membrane (i.e., Dz ¼ 0). Values for Dshort

are shown as means 5 relative errors.
zDm was determined by normalizing the derived slope (m) with respect to

the slope obtained in the case of BODIPY-FL PC, from the plot of tD versus

Dz2. This allows a comparison of the average diffusion coefficient over the

range of length scales probed by zFCS measurement. Values for the slope

(m) are provided as means 5 SE, as derived from the fit. See text and

Supporting Material for further details.
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cases where the diffusing molecule experiences confine-
ment (as observed in the case of membrane-bound mole-
cules by the cytoskeletal network (9)), a negative intercept
is obtained. On the other hand, partitioning into preexisting
domains results in a positive intercept. It should be
mentioned here that the intercept value (t0) is merely a
derived parameter to estimate molecular confinement, and
as such has no direct physical relevance (e.g., a negative
value of t0 has no physical meaning; see (18) for further
discussion). We generated FCS diffusion laws by plotting
diffusion time tD as a function of Dz2.
FIGURE 2 (A) Dependence of lateral diffusion time on the z position of

the focus in the case of BODIPY-FL PC in CHO-K1 plasma membranes.

Experimental data points (>140) from multiple cells (N > 20) were pooled

together and fitted to Eq. 9 (fitted line shown as red solid line). (B) The cor-

responding plot of lateral diffusion time versusDz2 (FCS diffusion laws) for

data shown in panel A. Data points were fitted to a straight line (shown as

red solid line) and extrapolated to determine the origin (i.e., zero spot area)

position along the Dz2 axis (see text and Table 1). Also shown: 95% confi-

dence interval (green dashed line) and 95% prediction band (blue dotted

line) for the fitted data.
Calibrating zFCS for the application of FCS
diffusion laws: zFCS of BODIPY-FL PC

TheFCSdiffusion lawswerederivedby inserting adiaphragm
into the back aperture of the objective andmanually tuning the
spot-width of the diffraction spot (18,19). This approach has
been further substantiated using nanometric apertures (29).
The exact knowledge of the width of the spot size in these
measurements allows one to extrapolate to a condition of
zero spot-width, from which the intercept value of diffusion
time is derived. The knowledge of the diaphragm aperture
dimensions and the ability to alter it allows one to accurately
define the spot area (18). Suchmanipulations cannot be easily
performed in a commercially available FCS setup since inser-
tion of an adjustable diaphragm is not feasible. We therefore
chose to utilize the z-scan approach proposed by Humpolı́ck-
ová et al. (17) for our measurements.

We utilized the diffusion properties of BODIPY-FL PC
in CHO-K1 cells to determine the zero spot-width corre-
sponding to our setup. BODIPY-FL PC has been reported
to undergo free, Brownian diffusion in the plasma
membrane (19). The linear fit of tD versusDz2, when extrap-
olated, should therefore pass through the origin in the case
of BODIPY-FL PC (see Fig. 1 B). Fig. 2 A shows diffusion
time (tD) versus Dz for BODIPY-FL PC. The weak depen-
dence of diffusion time with Dz (Fig. 2 A) suggests
a primarily free diffusion in accordance with earlier reports
(19). The estimated diffusion coefficient (Dshort), corre-
sponding to the focus positioned on the plasma membrane
(i.e., Dz ¼ 0), was found to be 6.5 mm2 s�1 (see Table 1),
in agreement with previous literature value (17). The corre-
sponding plot of diffusion time versus Dz2 (FCS diffusion
laws) is shown in Fig. 2 B. Fig. 2 B shows the fit of the
Biophysical Journal 99(5) 1397–1407
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pooled data to a linear equation from which the origin (cor-
responding to zero spot-width) was derived (compare Figs.
1 B and 2 B). The estimated value of Dz2 (~�2.5, corre-
sponding to zero spot-width; see Fig. 2 B) from this plot
was utilized to determine the intercept value for diffusion
of 5-HT1AR-EYFP (see below).
FIGURE 3 (A) Dependence of lateral diffusion time on the z position of

the focus for 5-HT1AR-EYFP in cells. Experimental data points (>500)

from multiple cells (N > 50) were pooled together and fitted to Eq. 9 (fitted

line shown as red solid line). (B) The corresponding plot of lateral diffusion

time versus Dz2 for data shown in panel A. Data points were fitted to

a straight line (shown as red solid line) and extrapolated to determine the

intercept (see text and Table 1). Also shown: 95% confidence interval

(green dashed line) and 95% prediction band (blue dotted line) for the fitted

data.
zFCS of 5-HT1AR-EYFP

The results of the zFCS measurements for the G-protein
coupled 5-HT1AR-EYFP are shown in Fig. 3. The optical
parameters were similar to those used for zFCS measure-
ments of BODIPY-FL PC. This is important because it
allows for monitoring the receptor and the lipid analog
under the same optical settings. Diffusion time versus Dz
for 5-HT1AR-EYFP is shown in Fig. 3 A. The strong
dependence of diffusion time with Dz suggests relatively
constrained diffusion in the case of 5-HT1AR-EYFP. The
estimated diffusion coefficient (Dshort) for the receptor,
corresponding to the focus positioned on the plasma
membrane, was found to be 4.0 mm2 s�1 (see Tables 1
and 2). The corresponding plot of diffusion time versus
Dz2 (FCS diffusion laws) is shown in Fig. 3 B. The figure
shows the fit of the pooled data to a linear equation, utilizing
the origin derived for BODIPY-FL PC. The constraint in
5-HT1AR-EYFP diffusion is apparent from the intercept
value of ~�21 ms (see Fig. 1 B and Table 1). Interestingly,
the intercept value of ~�21 ms is similar to the intercept
value reported for membrane-bound proteins confined by
the actin cytoskeleton (19; see later). The possible confine-
ment of the receptor mobility by the actin cytoskeleton is
consistent with our earlier observation using fluorescence
recovery after photobleaching (FRAP), where we showed
that the extent of mobility of 5-HT1AR-EYFP (in terms of
its mobile fraction) is modulated by the actin cytoskeleton
(30,31). Interestingly, the diffusion coefficient (Dshort) of
5-HT1AR-EYFP derived in this work from zFCS measure-
ments (~4.0 mm2 s�1) appears to be higher by an order of
magnitude than the diffusion coefficient of the receptor in
the same cell type derived by FRAP (~0.14 mm2 s�1) (30).
We believe that this apparently high diffusion coefficient
(Dshort) obtained from zFCS measurements is due to the
higher spatiotemporal resolution associated with FCS
(e.g., see Dm values in Tables 1 and 2). Suzuki et al. (32)
has previously reported (based on single particle tracking
measurements of the G-protein coupled m-opioid receptor)
that, when probed at high spatiotemporal resolution, the
diffusion coefficient of GPCRs in the plasma membrane
could be in the range of 4.5–6 mm2 s�1.
5-HT1AR-EYFP dynamics upon activation
by serotonin

A major paradigm in GPCR signaling is that stimulation by
ligands leads to the recruitment and activation of heterotri-
Biophysical Journal 99(5) 1397–1407
meric GTP-binding proteins (G-proteins) (33,34). Ligand-
mediated stimulation of the serotonin1A receptor results in
the activation of Gai/o class of G-proteins, followed by
subsequent intracellular signaling (23). To explore changes
in receptor organization and dynamics mediated by ligand
stimulation, we measured the lateral dynamics of
5-HT1AR-EYFP in presence of serotonin, its natural ligand.
Upon activation of the receptor by serotonin, the intercept of
the plot of diffusion time versus Dz2 was found to
be ~�21 ms, similar to the intercept obtained for control



TABLE 2 Estimated intercepts and diffusion coefficients:

comparison of 5-HT1AR-EYFP diffusion

Condition

Intercept

tD (ms)*

Diffusion coefficient (mm2 s�1)

Dshort
y Dm (m 5 SE)z

Control �21.0 5 1.0 4.0 (5 0.5) 0.07 (9.63 5 0.32)

2 mM CD �18.0 5 2.6 2.5 (5 0.8) 0.08 (9.07 5 0.92)

5 mM CD �5.9 5 1.0 3.7 (5 0.4) 0.18 (3.60 5 0.31)

10 mM CD �1.2 5 1.0 2.4 (5 0.3) 0.29 (2.33 5 0.28)

5 mM MbCD �4.0 5 0.9 3.6 (5 0.4) 0.24 (2.86 5 0.27)

10 mM 5-HT �21.1 5 1.8 3.8 (5 0.8) 0.07 (9.72 5 0.61)

*In the case of BODIPY-FL PC, the intercept value on the ordinate was

assigned to zero while fitting. The origin of the plot estimated this way

was utilized to determine the intercept for 5-HT1AR-EYFP.
yDshort was derived from measured diffusion times corresponding to the

focus positioned on the plasma membrane (i.e., Dz ¼ 0). Values for Dshort

are shown as means 5 relative errors.
zDm was determined by normalizing the derived slope (m) with respect to

the slope obtained in the case of BODIPY-FL PC, from the plot of tD versus

Dz2. This allows a comparison of the average diffusion coefficient over the

range of length scales probed by zFCS measurement. Values for the slope

(m) are provided as means 5 SE, as derived from the fit. See text and

Supporting Material for further details.
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cells (Fig. 4 and Table 2). In addition, the diffusion coeffi-
cient of the receptor (both Dshort and Dm) remained unal-
tered under this condition (Table 2).
FIGURE 4 (A) Dependence of lateral diffusion time on the z position of

the focus for 5-HT1AR-EYFP in cells treated with 10 mM serotonin. Exper-

imental data points (~70) from multiple cells (N > 10) were pooled

together, and fitted to Eq. 9 (fitted line shown as red solid line). (B) The cor-

responding plot of lateral diffusion time versus Dz2 for data shown in

panel A. Data points were fitted to a straight line (shown as red solid

line) and extrapolated to determine the intercept (see text and Table 2).

Also shown: 95% confidence interval (green dashed line) and 95% predic-

tion band (blue dotted line) for the fitted data.
Actin cytoskeleton destabilization results
in release of 5-HT1AR-EYFP confinement

As mentioned above, the confinement experienced by
5-HT1AR-EYFP could arise from interaction of the trans-
membrane receptor with the actin cytoskeleton network
(see Fig. 1 B). To explore this possibility, we monitored
receptor dynamics by zFCS upon destabilizing the actin
cytoskeleton utilizing cytochalasin D (CD). Cytochalasins
are potent inhibitors of actin polymerization in cells, and
are known to depolymerize actin filaments by predomi-
nantly binding to the barbed (fast growing) end, thereby
shifting the equilibrium toward depolymerization in vitro
(35). Interestingly, we observe a dose-dependent increase
in the intercept of the plot of diffusion time versus Dz2 for
5-HT1AR-EYFP upon treatment of cells with increasing
concentrations of CD (see Fig. 5 and Table 2). The intercept
increases to ~�18 ms (from ~�21 ms for control cells)
when the treatment was carried out with 2 mM CD. Further
destabilization of the actin cytoskeleton using 5 mM CD
yielded an increased intercept of ~�6 ms, indicating release
of receptor confinement. This is reinforced by an intercept
close to zero (~�1 ms) when 10 mM CD was used. The
progressive release of receptor confinement upon increasing
actin destabilization is reminiscent of our previous results
using FRAP where the mobile fraction of the receptor
exhibited a similar increase upon actin cytoskeleton destabi-
lization (30). We must mention here that direct comparison
of FRAP and FCS measurements is difficult since FRAP
reports both on average long-range diffusion and the frac-
tion of mobile molecules, while FCS reports only the diffu-
sion coefficient over relatively short length scales (and also
long length scales in the case of zFCS). Therefore, it is not
possible to get an estimate of the fractional mobility of
molecules from FCS measurements. We have compared
FRAP and FCS results only in the context of the insight
that is provided by these measurements on membrane diffu-
sion of the serotonin1A receptor. Results from both measure-
ments appear to suggest a gradual release in confinement of
the receptor as the actin cytoskeleton is progressively
Biophysical Journal 99(5) 1397–1407



FIGURE 5 Dependence of lateral diffusion time

on the z position of the focus for 5-HT1AR-EYFP

in cells treated with 5 (A) and 10 (C) mM cytocha-

lasin D (CD). Experimental data points (~200; for

each concentration of CD) from multiple cells

(N > 20) were pooled together, and fitted to

Eq. 9 (fitted line shown as red solid line). (B and D)

Corresponding plots of lateral diffusion time versus

Dz2 for data shown in panels A and C. Data points

were fitted to a straight line (shown as red solid

line) and extrapolated to determine the intercept

(see text and Table 2). Also shown: 95% confidence

interval (green dashed line) and 95% prediction

band (blue dotted line) for the fitted data.
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destabilized. Significantly, while these changes in receptor
confinement are not accompanied by any appreciable
change in Dshort, the long-range diffusion coefficient Dm

increased progressively, implying that the long-range diffu-
sion of the receptor is gradually altered upon actin cytoskel-
eton destabilization.
Altered dynamics of 5-HT1AR-EYFP upon
membrane cholesterol depletion

The confinement experienced by 5-HT1AR-EYFP could also
arise from dynamic partitioning of the receptor into choles-
terol-enriched membrane domains (see Fig. 1 B). Choles-
terol-rich membrane domains have been proposed to exist
in eukaryotic plasma membranes, and have been implicated
in cellular signaling and trafficking (2,4). According to the
FCS diffusion laws, molecules exclusively exhibiting
partitioning into membrane domains would display a posi-
tive intercept. The intercept is expected to decrease upon
dissolution of such domains (19). Cyclodextrins such as
methyl-b-cyclodextrin (MbCD) are widely used for acute
depletion of membrane cholesterol in cells (36). We have
previously shown that membrane cholesterol is necessary
for the function of the serotonin1A receptor (37,38). We
also showed that membrane cholesterol depletion by
MbCD induces dynamic confinement of the receptor in
the plasma membrane, as monitored by FRAP measure-
ments using various bleach spot sizes (39). We therefore
investigated the possibility of partitioning of the receptor
into specialized domains in the plasma membrane utilizing
zFCS. To monitor the effect of cholesterol depletion on the
dynamics of 5-HT1AR-EYFP, we utilized MbCD to deplete
Biophysical Journal 99(5) 1397–1407
membrane cholesterol. Surprisingly, cells treated with
5 mM MbCD exhibit an increase in the intercept of the
plot of diffusion time versus Dz2 of the receptor (see Table 2
and Fig. 6). The intercept increases to ~�4 ms upon choles-
terol depletion from ~�21 ms for control cells. We should
have observed a decrease in the intercept upon cholesterol
depletion, if 5-HT1AR-EYFP partitioned into cholesterol-
rich domains in the plasma membrane (19). In contrast, our
results show an increase in the intercept upon cholesterol
depletion, similar to the increase in intercept observed for
actin cytoskeleton destabilization. This possibly indicates
that membrane cholesterol depletion could reduce receptor
confinement, due to possible alteration of the actin cytoskel-
eton network (see later). In addition, while Dshort of the
receptor did not exhibit any appreciable change upon choles-
terol depletion, Dm displayed an increase similar to that
observed upon actin cytoskeleton destabilization. These
results imply that partitioning of 5-HT1AR-EYFP in choles-
terol-rich membrane domains is probably ruled out, as moni-
tored by zFCS.
DISCUSSION

An interesting aspect of our results is the apparent similarity
of the diffusion coefficients of BODIPY-FL PC (a phospho-
lipid) and 5-HT1AR-EYFP (a representative member of the
GPCR superfamily), when probed over a relatively small
spatial scale of ~210 nm (Table 1). Figs. 2 A and 3 A
show that differential evolution of dynamics for the lipid
and protein emerges upon monitoring progressively
increasing length scales centered around the same initial
point. This is further supported upon comparison of the



FIGURE 6 (A) Dependence of lateral diffusion time on the z position of

the focus for 5-HT1AR-EYFP in cells treated with MbCD. The concentra-

tion of MbCD used was 5 mM. Experimental data points (~120) from

multiple cells (N > 15) were pooled together, and fitted to Eq. 9 (fitted

line shown as red solid line). (B) The corresponding plot of lateral diffusion

time versus Dz2 for data shown in panel A. Data points were fitted to

a straight line (shown as red solid line) and extrapolated to determine the

intercept (see text and Table 2). Also shown: 95% confidence interval

(green dashed line) and 95% prediction band (blue dotted line) for the fitted

data.
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normalized diffusion coefficients (Dm) of the lipid and the
protein. As shown in Table 1, while Dshort of the lipid and
the receptor are similar, the corresponding Dm diverges,
implying a slowing-down of the receptor by approximately
an order-of-magnitude relative to the lipid over larger length
scales. This apparent difference in the estimated values of
the diffusion coefficients suggests the existence of at least
two diffusion regimes of the receptor within the spatiotem-
poral window of our measurement. A possible explanation
for the divergence in the lateral dynamics of these two mole-
cules could be due to the relatively large number of interac-
tions experienced by the receptor (due to its bumpy topology
and size). It has been previously shown that the nature of
dynamics of membrane-bound molecules is sensitive to
the timescale of measurement (32,40). For mobile mem-
brane-bound molecules, it has been suggested that while
diffusion would be normal (Brownian) for low area fraction
of obstacles, an increase in the area fraction of the obstacles
would result in normal diffusion only for longer timescales
with diminishing diffusion coefficient (32,41). In the case of
cellular plasma membranes, the actin cytoskeleton (and
associated proteins) could represent a relatively higher
area fraction of obstacles for the transmembrane receptor
than for the lipid molecule due to the difference in their
shape and size. In agreement with this, a careful analysis
of the distribution of experimentally measured lateral diffu-
sion coefficients of membrane-bound molecules reveals that
diffusion coefficients obtained for lipids and proteins are
similar in model membranes, i.e., in the absence of confine-
ment and/or crowding. In contrast, diffusion coefficients of
lipids and proteins in cellular membranes differ up to ap-
proximately three orders of magnitude due to near-neighbor
involvement (actin cytoskeleton and/or interacting lipids
and proteins) (42,43). When viewed from this perspective,
our present results of diffusion coefficients (Dshort) from
zFCS measurements could correspond to restriction-free
(i.e., model membrane-like) diffusion due to the relatively
small length scale associated with our measurements. This
could account for similar values of Dshort for BODIPY-FL
PC and 5-HT1AR-EYFP.

Our results show that the serotonin1A receptor exhibits
characteristics of confinement in membrane mobility, as
evidenced by the negative intercept of the plot of tD versus
Dz2 for control cells (Fig. 3, Tables 1 and 2). We did not
observe any change in the intercept or the diffusion coeffi-
cient of the receptor upon activation with serotonin. Interest-
ingly, the receptor confinement was progressively reduced
upon treatment with increasing concentrations of CD,
thereby implying a role of the actin cytoskeleton meshwork
in the confinement of the receptor. A somewhat surprising
aspect of our results is the reduction in confinement of
receptor mobility observed upon depletion of membrane
cholesterol. The extent of reduction of the intercept upon
cholesterol depletion is comparable to the extent of reduc-
tion observed upon cytoskeletal destabilization. It is there-
fore likely that depletion of plasma membrane cholesterol
could lead to the destabilization of the cortical actin cyto-
skeleton, as reported previously (44,45). For example, it
has been reported that depletion of plasma membrane
cholesterol could induce changes in the underlying actin
cytoskeleton by sequestering phosphatidylinositol 4,5-bi-
sphosphate [PI(4,5)P2] molecules in the membrane (44).
Our present results provide novel information on the
possible relation between membrane cholesterol and the
cytoskeleton from the perspective of GPCR organization
Biophysical Journal 99(5) 1397–1407
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and dynamics. The relative invariance of Dshort and the
changes associated with Dm suggest that reorganization of
the actin cytoskeleton has a pronounced effect on the
long-range diffusion of the receptor. This implies a lower
limit of the spatial range in which diffusion of the receptor
is affected by the actin cytoskeleton. It should be noted here
that although cholesterol depletion utilizing MbCD is
a popular tool to alter membrane cholesterol levels (36),
MbCD has been shown to exert pleiotropic effects in
some cases (46–48). We therefore cannot rule out the possi-
bility that the change in receptor confinement upon MbCD
treatment could be due to such effects of MbCD, in addition
to reduction of membrane cholesterol.

The role of membrane cholesterol in the regulation of
molecular mobility on the plasma membrane is an active
area of research in membrane biology. Dynamics of mem-
brane-bound molecules could represent an important deter-
minant in cellular signaling in pathogenic conditions where
membrane cholesterol is limited due to defective biosyn-
thesis (e.g., in the Smith-Lemli-Opitz syndrome) (49).
While the role of membrane cholesterol in the regulation
of molecular mobility on the plasma membrane remains
an active area of research, a consensus on the dependence
of the mobility of membrane-bound molecules on choles-
terol levels of the plasma membrane is still lacking.
Although cholesterol depletion has been shown to suppress
mobility in cellular membranes in some cases (50–52), it
was found to be dependent on the length scales probed
(39). On the other hand, it has been observed that cholesterol
depletion could lead to an increase in molecular mobility
(52–54). In this overall context, our results of 5-HT1A

R-EYFP diffusion, obtained upon cholesterol depletion,
assume significance. While the diffusion coefficient (Dshort)
of the receptor did not exhibit any appreciable change upon
cholesterol depletion at length scales corresponding to
~210 nm, the long-range dynamics of the receptor (Dm) dis-
played considerable change (Table 2). Taken together, our
results suggest that observations on membrane cholesterol
depletion as a means to destabilize specialized membrane
domains (i.e., lipid rafts) must be carefully interpreted,
keeping in mind the changes associated with the actin cyto-
skeleton.

In summary, we show here that a judicious application of
zFCS to determine dynamics of membrane-bound mole-
cules, when combined with analysis using the FCS diffusion
laws, can be used as a powerful tool to probe membrane
heterogeneity at the submicron level. This assumes relevance
inview of the fact that although it is generally agreed that bio-
logical membranes are patchy, characterizing the spatiotem-
poral resolution of these domains is turning out to be
challenging (1–4). In view of the role of lateral mobility of
membrane receptors on receptor-mediated signaling
(30,55), our results highlight the significance of both the actin
cytoskeleton network and membrane cholesterol level in the
modulation of receptor dynamics and function.
Biophysical Journal 99(5) 1397–1407
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