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The oligomerization of G protein-coupled receptors (GPCRs) represents an important

process in GPCR function and drug discovery. We have addressed cholesterol-

dependent oligomerization state of the serotonin1A receptor, a representative GPCR

and an important drug target, utilizing photobleaching image correlation

spectroscopy (pbICS). pbICS allows determination of oligomeric state of membrane

receptors since change in cluster density upon photobleaching is dependent on the

oligomeric state. Our results show that oligomeric state of the serotonin1A receptor is

modulated by cell membrane cholesterol and a trimeric population of the receptor

prevails in control (normal) cholesterol conditions. Interestingly, upon lowering

membrane cholesterol, the predominant oligomeric population of the receptor

changes to dimers. This is associated with an increase in specific ligand binding

activity of the receptor, thereby implying a crucial role of receptor dimers in

ligand binding activity. Upon cholesterol replenishment, the distribution of

receptor oligomers is further changed such that the trimers become the major

population, with a concomitant restoration of ligand binding activity to the

control level. These results demonstrate the utility of pbICS in monitoring

oligomeric states of membrane receptors in general, and the cholesterol-dependent

oligomeric state of the serotonin1A receptor in particular. We envision that

functional correlates of oligomeric states of GPCRs could provide better

understanding of GPCR function in health and disease, and help design better

therapeutic strategies.
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Introduction

G protein-coupled receptors (GPCRs) are a family of seven transmembrane
domain proteins that act as signaling hubs and transfer information from outside
the cell to the cellular interior.1–3 GPCRs facilitate a large number of physiological
responses to a variety of stimuli, thereby mediating multiple cellular processes
which include neurotransmission, cellular metabolism, inammatory and
immune responses, secretion, cellular differentiation and growth. As a result,
GPCRs serve as major (�50%) drug targets in all clinical areas.4,5 Work from
a number of laboratories has shown that membrane lipids, particularly choles-
terol and sphingolipids, have a crucial role in the function of GPCRs.6–11 An active
and exciting area in GPCR biology is the oligomerization of GPCRs and its role in
receptor function.12–16 GPCR oligomerization is believed to increase the cross-talk
between receptors and their downstream signaling, which results in efficient and
controlled signal transduction.17–19 Interestingly, membrane lipids have been
shown to modulate oligomerization of GPCRs.20–27

GPCR oligomerization has been studied using a variety of approaches. Yet,
monitoring receptor oligomerization under varying conditions has proved to be
challenging.19,28–30 Due to the challenges involved in monitoring GPCR oligomers in
complex and dynamic cell membranes, a number of biochemical, biophysical and
simulation-based approaches have been used.30,31 Image correlation spectroscopy
(ICS) provides a useful approach for exploring the oligomerization state ofmembrane
receptors.32–36 ICS offers an advantage over conventional uorescence correlation
spectroscopy (FCS) as it measures spatial correlation instead of temporal correlation,
which is measured in FCS. Due to the slow diffusion of membrane proteins, FCS is
not suitable for analyzing receptor distribution in cell membranes.37 ICS measures
the uctuation of uorescence intensity in space and the spatial autocorrelation
function provides the cluster density. The cluster density changes upon photo-
bleaching of the uorophore. In photobleaching ICS (pbICS), the cluster density is
measured as a function of remaining uorescence and the relation between cluster
density and remaining uorescence depends on the oligomeric state of the protein.35

The average cluster density is directly proportional to remaining uorescence
(subsequent to photobleaching) formonomers, but is a nonlinear function for higher
order oligomers (dimers and above). pbICS has therefore proved to be a convenient
approach for determining aggregation states of membrane receptors in intact cells.35

The serotonin1A receptor is an important neurotransmitter receptor and
belongs to the GPCR family. It is implicated in behavior, learning, development
and cognition,38,39 and serves as a crucial drug target for neuropsychiatric disor-
ders and cancer.40,41 We have previously shown that membrane cholesterol and
sphingolipids play an important role in the function6,7,9,10 and oligomerization20–23

of the serotonin1A receptor. In this work, we have explored the cholesterol-
dependent oligomerization state of the serotonin1A receptor by performing
pbICS measurements on Chinese Hamster Ovary (CHO) cells stably expressing
the enhanced yellow uorescent protein (EYFP)-tagged serotonin1A receptor (5-
HT1AR-EYFP). Our results show that serotonin1A receptors exhibit a heteroge-
neous distribution of monomers, dimers and trimers in control cells. Upon
depletion of membrane cholesterol, the distribution is changed such that the
population of receptor dimers is increased. Further correlation of ligand binding
410 | Faraday Discuss., 2018, 207, 409–421 This journal is © The Royal Society of Chemistry 2018
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activity with the oligomeric state of the receptor reveals that the dimeric receptor
could be most active in terms of ligand binding.

Experimental
Materials

MgCl2, CaCl2, cholesterol, penicillin, streptomycin, gentamicin sulfate, serotonin
and methyl-b-cyclodextrin (MbCD) were obtained from Sigma Chemical Co. (St.
Louis, MO). [3H]8-OH-DPAT (specic activity 141.4 Ci mmol�1) was purchased
from MP Biomedicals (Santa Ana, CA). Dulbecco’s modied Eagle’s medium
(DMEM)/F-12 (nutrient mixture F-12, Ham; 1 : 1), fetal calf serum, and geneticin
(G418) were obtained from Invitrogen Life Technologies (Carlsbad, CA). Bicin-
choninic acid (BCA) assay reagent was purchased from Pierce (Rockford, IL). GF/B
glass microber lters were from Whatman International (Kent, UK). All other
chemicals used were of highest purity. Water was puried through a Millipore
(Bedford, MA) Milli-Q system and used throughout.

Cells and cell culture

CHO-K1 cells stably expressing the serotonin1A receptor tagged to EYFP (�105

receptors per cell; abbreviated as CHO-5-HT1AR-EYFP) were used.42 Cells were
grown in DMEM/F-12 (1 : 1) supplemented with 2.4 g l�1 of sodium bicarbonate,
10% fetal calf serum, 60 mg ml�1 penicillin, 50 mg ml�1 streptomycin, and 50 mg
ml�1 gentamicin sulfate in a humidied atmosphere with 5% CO2 at 37 �C. CHO-
5-HT1AR-EYFP cells were maintained in presence of 300 mg ml�1 geneticin.

Treatment of cells

Cells plated at a density of 2� 104 on cover slips or 5� 105 in 100 mm Petri dishes
were grown for 3 days followed by incubation in serum-free D-MEM/F-12 (1 : 1)
medium for 3 h. Cholesterol depletion was carried out by treating cells with
10 mM MbCD in serum-free medium at 37 �C for 30 min. For replenishment of
cellular cholesterol, cholesterol-depleted cells were incubated with 1 mM
cholesterol as a pre-formed MbCD-cholesterol (10 : 1, mol/mol) complex
(prepared as described earlier43) at 37 �C for 10 min. Cells were then washed with
PBS (containing 1 mM CaCl2 and 0.5 mM MgCl2) and xed using 4% (v/v) form-
aldehyde solution and used for microscopy. For measuring agonist binding
activity of the serotonin1A receptor, cell membranes were prepared as described
earlier.44 Protein concentration in isolated membranes was assayed using BCA
reagent.45 All experiments were performed at room temperature (�23 �C).

Estimation of cholesterol

Cholesterol content in cell membranes was estimated using Amplex Red
cholesterol assay kit.46

Radioligand binding assay

Receptor binding assays with the radiolabeled agonist 8-hydroxy-2(di-N-propyla-
mino)tetralin ([3H]8-OH-DPAT), at a nal concentration of 1 nM, were carried out
as described previously.44
This journal is © The Royal Society of Chemistry 2018 Faraday Discuss., 2018, 207, 409–421 | 411
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pbICS experiments

pbICS measurements of control and cholesterol-modulated CHO-5-HT1AR-EYFP
cells were carried out with an inverted Zeiss LSM 510 Meta confocal laser scan-
ning microsope (Jena, Germany) with a 63�, 1.4 NA oil-immersion objective using
the 514 nm line of an argon laser as the excitation source. Fluorescence emission
was collected using a Zeiss LSM Meta detector over an emission range of 520–
555 nm. Typically, 128 � 128 pixel regions of interest (ROIs) on the upper cell
surfaces were selected for ICS analysis. ROIs were auto-correlated using the
Fourier Transformed Math option in ImageJ (National Institutes of Health,
Bethesda), normalized by the number of pixels and average intensity squared, and
corrected for background intensity. Data were tted to a Gaussian-plus-offset
function.36
Results
Analysis of pbICS results in terms of receptor oligomeric state

The amplitude of the autocorrelation function g(0) and the full width at half
maximum (r) are related to the cluster density (CD, number of clusters per square
micron) by the equation:36

CD ¼ 1/[g(0)pr2] (1)

The above method was used to calculate autocorrelation parameters in frames
in a stack that was collected as a function of photobleaching. For each image in
the acquired bleaching time series, the fractional remaining uorescence aer
bleaching (p(t)) was computed as

p(t) ¼ [I(t) � Ib(t)]/[I(t ¼ 0) � Ib(t ¼ 0)] (2)

where I and Ib are intensities of the ROI and background, respectively. The plot of
cluster density as a function of fractional remaining uorescence (p) can be tted
for homogenous distribution of monomers, dimers, trimers and j-mers. The
expression of CD as a function of p is given by:35

Monomer: CD(p) ¼ c1p (3)

Dimer : CDðpÞ ¼ c2�
1

2p

�
þ
�
1

2

� (4)

Trimer : CDðpÞ ¼ c3�
1

3p

�
þ
�
2

3

� (5)

j-mer ¼ cj�
1

jp

�
þ
�
j � 1

j

� (6)

where cj is the mean concentration of the jth species. However, the plot of
experimentally determined cluster density as a function of fractional remaining
uorescence does not t to any homogeneous model. We therefore analyzed all
412 | Faraday Discuss., 2018, 207, 409–421 This journal is © The Royal Society of Chemistry 2018



Paper Faraday Discussions
data in a monomer–dimer–trimer model, where we varied the fractional abun-
dance (ai) of monomer, dimer and trimer using the following equation:

gð0; pÞ ¼ a1

CDðpÞmonomer

þ a2

CDðpÞdimer

þ a3

CDðpÞtrimer

(7)

where g(0,p) is the autocorrelation function at zero lag as a function of photo-
bleaching and a1 + a2 + a3 ¼ 1. The fractional components are proportional to the
square of the intensity contributions, e.g., (a1 ¼ hi1i2/hiTi2), where hi1i is the
average intensity from monomer population and hiTi is the sum of the intensity
contributions from monomer, dimer and trimer. The tting of the plot of cluster
density as a function of fractional remaining uorescence in a monomer–dimer–
trimer model yielded the fractional components of monomer, dimer and trimer
population of receptors in the cell membrane.
Oligomerization state of the serotonin1A receptor by pbICS

We previously showed that the heterologously expressed EYFP-tagged serotonin1A

receptor in CHO cells is functionally similar to the native receptor.42 Knowledge of
the oligomerization status of the receptor is important since receptor function
and signaling could depend on its oligomeric state.20,47 In this work, our objective
was to exploit the dependence of cluster density on photobleaching in ICS to
explore the oligomeric status of the serotonin1A receptor and its modulation with
membrane cholesterol.

ICS measures cluster density of aggregates in a given region32,33 and cluster
density is inversely proportional to the amplitude of the spatial correlation
function. The cluster density reduces upon photobleaching (increases with
remaining uorescence) and the correlation between cluster density and
remaining uorescence intensity depends on the oligomeric state of the
uorophore-tagged receptor. A representative confocal microscopic image of
serotonin1A-EYFP receptors on the top membrane surface of CHO cells showing
predominantly membrane localization of the receptor is shown in Fig. 1a. We
selected a 128 � 128 pixel by pixel region of interest (ROI) from the confocal
image and subjected it to image correlation analysis (see Fig. 1b). The spatial
autocorrelation of the ROI was calculated using ImageJ soware and Fig. 1c shows
a representative spatial autocorrelation function. The cluster density was calcu-
lated from the intercept on the ordinate (y-axis) of the spatial autocorrelation
function. Similarly, the cluster density was calculated for stacks of images that
were collected upon progressive photobleaching. The cluster density was plotted
as a function of fractional remaining uorescence (Fig. 2a) and the plot was
analyzed using eqn (7) to estimate the fraction of various oligomeric states.

A schematic representation of photobleaching probabilities of uorescing
populations of various oligomeric states is shown in Fig. 2b. The dependence of
apparent cluster density on remaining uorescence is shown in Fig. 2c. For
monomeric receptors, the amount of uorescence remaining would be propor-
tional to the number of uorescent monomers (the remaining fraction being
photobleached and thereby not contributing to the observed uorescence). The
apparent cluster density in this case would be a linear function of the fractional
remaining uorescence (see Fig. 2c). For higher order oligomers, a greater
number of monomer units of the oligomer need to be photobleached to obtain
This journal is © The Royal Society of Chemistry 2018 Faraday Discuss., 2018, 207, 409–421 | 413



Fig. 1 (a) A representative confocal microscopic image of serotonin1A-EYFP receptors on
the top membrane surface of CHO cells. (b) A 128 � 128 region of interest (ROI, shown as
a box in (a)) was cropped from the image (a) and was subjected to pbICS analysis. (c)
Representative spatial autocorrelation for image (b).
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complete photobleaching (Fig. 2b). The apparent cluster density, therefore, would
exhibit a nonlinear dependence on remaining uorescence for higher order
oligomers (Fig. 2c). The extent of nonlinearity would increase with the increase in
size of the oligomeric state.

The cluster density of serotonin1A receptors measured as a function of frac-
tional remaining uorescence upon photobleaching is shown in Fig. 3a. Data was
tted to eqn (7) to obtain the fraction of various oligomeric states of the receptor.
This analysis showed that the serotonin1A receptor exists predominantly as
trimers (�60%) with equal contributions from monomeric (�20%) and dimeric
(�20%) receptors in control conditions (see Fig. 3b).
Cholesterol-dependent oligomerization state of the serotonin1A receptor

We have previously shown that membrane cholesterol plays a crucial role in the
function and organization of the serotonin1A receptor.43,48–51 Specic agonist
binding to the serotonin1A receptor, measured using [3H]8-OH-DPAT, upon
modulation of membrane cholesterol, is shown in Fig. 4a. The gure shows that
the specic [3H]8-OH-DPAT binding exhibits an increase of�57% upon depletion
of membrane cholesterol using MbCD. MbCD is a water-soluble polymer of
methylated-glucose, and has been extensively used to selectively and efficiently
414 | Faraday Discuss., 2018, 207, 409–421 This journal is © The Royal Society of Chemistry 2018



Fig. 2 (a) A representative cluster density plot as a function of remaining fluorescence
upon photobleaching of serotonin1A-EYFP receptors in CHO cells. Data shown are means
� S.E. of at least six independent measurements. (b) A schematic model illustrating various
possibilities of photobleaching of oligomeric states. The arrows indicate photobleaching.
(c) Theoretical plots of cluster density as a function of fraction of remaining fluorescence
for monomer (blue), dimer (maroon) and trimer (green) states generated using eqn (3)–(5).

Paper Faraday Discussions
extract cholesterol from membranes by incorporating it in a central nonpolar
cavity.52 Interestingly, upon replenishment of membrane cholesterol using
MbCD-cholesterol complex, the specic [3H]8-OH-DPAT binding was restored to
control level (see Fig. 4a). With an overall goal to address any change in oligo-
merization pattern accompanying the change in receptor activity due to choles-
terol modulation, we carried out pbICS analysis under these conditions (see
Fig. 4b).

As mentioned above (Fig. 3b), the serotonin1A receptor exists predominantly as
trimers (�60%) with �20% contribution from both monomeric and dimeric
populations under control (normal) membrane cholesterol. The oligomeric
distribution of receptors displayed a marked shi upon depletion of membrane
cholesterol (see Fig. 4b). Fitting of pbICS data obtained under these conditions to
eqn (7) yielded the fraction of various oligomeric states of the receptor. These
This journal is © The Royal Society of Chemistry 2018 Faraday Discuss., 2018, 207, 409–421 | 415



Fig. 3 (a) Cluster density as a function of remaining fractional fluorescence upon pho-
tobleaching for serotonin1A-EYFP receptors in CHO cells. Data shown are means � S.E. of
at least six independent measurements. Experimental points were fitted to a monomer–
dimer–trimer distribution of cluster sizes using eqn (7). A dashed linear line corresponding
to the fit to a monomeric distribution of cluster size is shown for comparison. See the
Experimental section for more details. (b) Fraction of monomer, dimer and trimer
components obtained by fitting the data to a monomer–dimer–trimer distribution model.
Data shown are means � S.E. of at least six independent measurements.
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results show that the serotonin1A receptor exists predominantly in the dimeric
state (�95%) under cholesterol-depleted conditions. The population of the
momomeric receptor in this condition is �5% while the contribution from the
trimeric population is negligible (<0.5%). The increase in dimeric receptor pop-
ulation upon cholesterol depletion is in overall agreement with our previous
results on receptor oligomerization using photobleaching homo-FRET20 and
coarse-grain molecular dynamics simulations.23 Upon comparison of Fig. 4a and
b, it appears that the dimeric form of the serotonin1A receptor contributes most to
ligand binding activity, relative to the monomeric and trimeric forms.

Fig. 4a shows that upon replenishment of membrane cholesterol in
cholesterol-depleted cells using MbCD-cholesterol complex, the specic [3H]8-
OH-DPAT binding could be restored to control level. To monitor whether the
recovery of ligand binding activity was due to change in distribution of oligomeric
states of the receptor, we carried out pbICS analysis under this condition. Fig. 4b
shows that there is a change in oligomeric distribution of receptors upon
416 | Faraday Discuss., 2018, 207, 409–421 This journal is © The Royal Society of Chemistry 2018



Fig. 4 (a) Specific agonist ([3H]8-OH-DPAT) binding to serotonin1A-EYFP receptors in
membranes isolated from control, cholesterol-depleted and cholesterol-replenished
cells. The results shown are means � S.E. of at least four independent measurements. (b)
Variations of monomer, dimer and trimer components of the serotonin1A receptor under
conditions of varying membrane cholesterol content. The fraction of oligomeric
components of the receptor in control (:), cholesterol-depleted (C) and cholesterol-
replenished (-) cells is shown. The fractions of different oligomeric states were estimated
by fitting cluster density as a function of fractional remaining fluorescence using eqn (7).
The results shown are means � S.E. of at least six independent measurements. Lines
joining data points are provided as viewing guides. The inset shows the same data as a bar
plot (same color coding: blue: control, green: cholesterol-depleted, red: cholesterol-
replenished). See the Experimental section for more details.
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cholesterol replenishment. The gure shows that the predominant oligomeric
state of the receptor under cholesterol-replenished conditions is trimeric (�99%).
The contribution from the other oligomeric states (monomer and dimer) is
negligible. The restoration of ligand binding activity to control levels upon
replenishment of membrane cholesterol could therefore be attributed to the
change in oligomeric state of the receptor. It should be mentioned here that our
results show that replenishment of cholesterol using MbCD-cholesterol complex
resulted in a cholesterol level which was somewhat higher relative to the control
level. We found it experimentally difficult to manipulate conditions in such a way
so as to bring back the cholesterol level exactly to control levels (prior to deple-
tion). This could be a possible reason for not obtaining the same proportion of
various oligomers in control and cholesterol-replenished conditions, although
there is an overall agreement (increase in trimer population).
This journal is © The Royal Society of Chemistry 2018 Faraday Discuss., 2018, 207, 409–421 | 417
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Discussion

Taken together, we show here that pbICS represents a convenient approach to
monitor the oligomeric state of membrane receptors. Our results show that the
oligomeric state of the serotonin1A receptor is controlled by cell membrane
cholesterol (see Fig. 5). In control conditions, the majority of the receptor pop-
ulation exists as trimers, with equal contributions from monomeric and dimeric
receptor populations. The distribution of receptors in various oligomeric states
appears to change signicantly upon cholesterol depletion. In cholesterol-
depleted conditions, the receptor appears to exist predominantly as dimers
with minor contributions from the other oligomeric forms. These results, along
with the observation that the specic ligand binding activity of the serotonin1A

receptor exhibits a considerable increase, suggest that the dimeric population of
the receptor could contribute toward ligand binding activity in a major way. These
results are supported upon replenishment of cell membrane cholesterol, which
results in restoration of ligand binding activity to the control level and a change in
the distribution of oligomeric states leading to an increase in trimeric population
and a concominant reduction in the dimeric population of receptors.

GPCR oligomerization assumes greater relevance in designing better thera-
peutic strategies. Importantly, earlier reports have demonstrated the increased
specicity of multivalent drugs,53 as well as ligand sensitivity of the various GPCR
oligomer interfaces.47 We have recently shown that GPCR dimer organization is
controlled by membrane cholesterol, and this could have potential implications
in cellular physiology and drug discovery.22,23 Since cellular cholesterol is devel-
opmentally regulated and increases with aging,54,55 oligomeric states of GPCRs
could be age-dependent. Correlation of receptor activity with oligomeric states of
Fig. 5 A schematic model of the oligomeric status of serotonin1A receptors with varying
cholesterol content. The model shows an initial heterogeneous oligomeric state of the
serotonin1A receptor in control cells. Depletion of membrane cholesterol appears to favor
the dimeric state of the serotonin1A receptors and the specific agonist binding to the
receptors is higher under these conditions. Upon cholesterol replenishment, the oligo-
meric state of the receptor changes in such a way that the dimers disappear giving rise
predominantly to a trimer population (it is to be noted here that the exact distribution of
oligomers is different in control and upon cholesterol replenishment (Fig. 4b); this figure is
a schematic and mainly shows the increase in trimer population upon replenishment).
These results imply that the receptor dimer is primarily responsible for enhanced agonist
binding.

418 | Faraday Discuss., 2018, 207, 409–421 This journal is © The Royal Society of Chemistry 2018
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the receptor could therefore lead to a better understanding of GPCR function in
health and disease.
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