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Abstract G protein-coupled receptors (GPCRs) are the largest class of molecules

involved in signal transduction across membranes and represent major targets in the

development of novel drug candidates in all clinical areas. Recent advances in

understanding of the nonrandom distribution of GPCRs, G proteins, and effector

molecules have given rise to new challenges and complexities in cellular signaling

by GPCRs. In this article, we provide specific examples on the application of

quantitative fluorescence microscopic approaches to monitor organization and

dynamics of the serotonin1A receptor (a GPCR) in live cells. This assumes broader

relevance due to the emerging theme that GPCR function depends on its organi-

zation and dynamics. We envisage that with progress in understanding of receptor

organization and dynamics, our knowledge of GPCR function would improve

considerably, thereby enabling to design better therapeutic strategies to combat

diseases related to malfunctioning of GPCRs.
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Abbreviations

Bodipy-FL PC 2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-
pentanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine

CD Cytochalasin D

DRM Detergent-resistant membrane

EYFP Enhanced yellow fluorescent protein

F-actin Filamentous actin

FCS Fluorescence correlation spectroscopy

FPR N-formyl peptide receptor

FRET Fluorescence resonance energy transfer

G-actin Globular actin

GFP Green fluorescent protein

GPCR G protein-coupled receptor

Jas Jasplakinolide

LatA Latrunculin A

MbCD Methyl-b-cyclodextrin
p-MPPI 4-(20-Methoxy)-phenyl-1-[20-(N-200-pyridinyl)-p-

iodobenzamido]ethyl-piperazine

zFCS Z-Scanning FCS

1 Introduction

G protein-coupled receptors (GPCRs) represent the largest and most diverse protein

family in mammals, involved in signal transduction across membranes [69, 80].

GPCRs are seven transmembrane domain proteins and include >800 members

which are encoded by ~5 % of human genes [98]. In terms of evolution, they

constitute the most versatile group of proteins in the human genome [68]. GPCRs

dictate physiological responses to a diverse array of stimuli from biogenic amines,

peptides, glycoproteins, lipids, and nucleotides to even photons. As a consequence,

these receptors mediate multiple physiological processes such as neurotransmission,

cellular metabolism, secretion, cellular differentiation, growth, and inflammatory and

immune responses. GPCRs therefore have emerged as major targets for the develop-

ment of novel drug candidates in all clinical areas [29]. It is estimated that ~50 % of

clinically prescribed drugs act as either agonists or antagonists of GPCRs, and several

ligands of GPCRs are listed among the top 100 globally selling drugs, which points

out their immense therapeutic potential [84]. Importantly, GPCRs have been shown

to be hijacked by pathogenic organisms for their entry and infection [5, 25].
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The common structural features of G protein-coupled receptors include seven

transmembrane domains with an extracellular N-terminus and a cytoplasmic

C-terminus. Cellular signaling by GPCRs involves their activation by ligands

present in the extracellular environment and the subsequent transduction of signals

to the interior of the cell through concerted changes in their transmembrane domain

structure [18]. The major paradigm in GPCR signaling is that ligand-mediated

stimulation of these receptors leads to the activation of heterotrimeric GTP-binding

proteins (G proteins) [62]. The multiple components of GPCR signal transduction

such as different types of receptors and G protein subunits provide cells with the

versatility to customize their responses to a diverse array of signals and stimuli.

The classical view of uniform distribution of GPCRs, G proteins, and effectors

and their free diffusion on the cell surface is inadequate in explaining the specific

and rapid signaling responses characteristic of GPCRs [61, 63]. This suggests that

receptor-G protein interactions may be dependent on their spatiotemporal organi-

zation in the membrane. The organization and restricted mobility of signaling

components such as receptors, G proteins, and effectors in the membrane, in

addition to their specificity of interaction, are now believed to be important in

spatiotemporal regulation of GPCR signaling [14, 33, 36, 63, 83]. In this overall

scenario, the observation that GPCRs are not uniformly present on the plasma

membrane but are concentrated in specific membrane domains enriched in choles-

terol assumes relevance [63]. Understanding the role of cholesterol and cytoskeletal

components (believed to be crucial in the organization of membrane domains)

in GPCR function therefore represents a challenging aspect of GPCR signaling

[49, 59].

Fluorescence-based approaches enjoy certain advantages over other approaches

in monitoring GPCR functions such as receptor-receptor and receptor-ligand

interactions, real-time assessment of signal transduction, receptor dynamics in the

plasma membrane, and intracellular trafficking of receptors [46, 56, 74, 83]. This is

due to their enhanced sensitivity, minimal perturbation, multiplicity of measurable

parameters, and suitable time scales that allow the analysis of several biologically

relevant molecular processes. In this review, we provide representative examples of

the application of contemporary fluorescence-based microscopic approaches to

explore receptor organization and dynamics in live cells using the serotonin1A
receptor as a typical member of the GPCR family.

2 The Serotonin1A Receptor

The serotonin1A (5-HT1A) receptor is an important neurotransmitter receptor and

belongs to the GPCR superfamily. It is the most extensively studied among seroto-

nin receptors for a variety of reasons [44, 75]. The serotonin1A receptor plays a key

role in the generation and modulation of various cognitive, behavioral, and devel-

opmental functions such as sleep, mood, addiction, depression, anxiety, aggression,

and learning [60]. The serotonin1A receptor serves as an important target in the
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development of therapeutic agents for neuropsychiatric disorders. Agonists [4] and

antagonists [21] of the serotonin1A receptor represent major classes of molecules

with potential therapeutic effects in anxiety- or stress-related disorders. Mutant

(knockout) mice lacking the serotonin1A receptor exhibit enhanced anxiety-related

behavior and represent an important animal model for the analysis of complex traits

such as anxiety disorders and aggression in higher animals [17]. Work from

our laboratory has comprehensively shown that membrane cholesterol [64, 67,

70, 71, 87] and sphingolipids [38, 65, 90] are necessary for the function of the

serotonin1A receptor. In addition, the organization and dynamics of the receptor

have been shown to depend on membrane cholesterol [72], sphingolipids [13], and

the actin cytoskeleton [14].

3 A Novel Approach to Monitor Detergent Insolubility

of GPCRs

The contemporary model of biological membranes involves the concept of lateral

heterogeneities in the membrane, collectively termed as membrane domains.

Although the concept of membrane domains is not new [47], understanding of

the organization of such domains has considerably improved in the last two decades

due to huge advancements in fluorescence spectroscopy and microscopy. In

particular, the use of green fluorescent proteins (GFP) and its variants as reporter

molecules in the cellular milieu has allowed direct visualization of signaling and

real-time trafficking in live cells [19, 22, 23, 74, 93]. Such domains (sometimes

termed as “lipid rafts” [54]) are believed to be important for the maintenance of

membrane structure and function, although characterizing the spatiotemporal reso-

lution of these domains has proven to be challenging [11, 37]. These specialized

regions contribute to variable patchiness of the membrane and are enriched in

specific lipids and proteins. They are believed to facilitate cellular trafficking and

sorting [89], signal transduction [88], and pathogen entry [73, 79]. It is therefore

crucial to appreciate the dynamic organization of membrane-bound components to

understand cellular signaling [14, 37, 88].

Insolubility of membrane components in nonionic detergents such as Triton

X-100 at low temperature has been widely used as a biochemical criterion to

identify, isolate, and characterize membrane domains [6, 8, 31]. The tight acyl

chain packing in cholesterol-sphingolipid-rich membrane regions is believed to

provide detergent resistance to these regions (referred as detergent-resistant

membranes (DRMs)) enriched in these lipids and to the proteins which reside in

them [85]. Interestingly, resistance to detergent extraction continues to be a major

tool to monitor membrane domains in spite of concerns of membrane perturbation

due to the use of detergents [28].

Proteins in DRMs are generally detected either by immunoblotting or ligand

binding. Unfortunately, these approaches are found to be not suitable when ligand
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binding of the protein is compromised in presence of detergent [2] or is limited by

availability of antibodies with high specificity [99]. The use of GFP technology

offers an alternative approach that can overcome these limitations. Using GFP

fluorescence, detergent insolubility of the serotonin1A receptor has been directly

determined [42, 43]. This approach relies on quantitation of integrated fluorescence

intensity of membrane proteins in live cells (using the linear range, avoiding

saturation of the detection system (photomultiplier tube)) before and after detergent

treatment (see Fig. 1). Utilizing this GFP-based approach, it was found that ~26 %

of serotonin1A-EYFP receptors were localized in DRMs [42]. These results imply

that the domain organization of serotonin1A receptors is heterogeneous and only a

small (~26 %) population of receptors resides in DRMs. The validation of this

approach came from later studies utilizingWestern blot and copatching [78, 82] and

a detergent-free approach [45].

Importantly, this method can be used in exploring membrane localization of any

membrane protein, suitably tagged with GFP or its variants. Interestingly, this

method has the potential to be used in large-scale screening of detergent insolubility

of membrane proteins and receptors by monitoring insolubility of the fluorescently

tagged protein by automated fluorescence imaging system capable of handling

multiple samples.

4 Z-Scanning FCS: Exploring Confined Receptor Dynamics

Fluorescence correlation spectroscopy (FCS) represents a powerful and sensitive

technique for measuring molecular diffusion [26]. In this approach, the small

spontaneous fluctuations in fluorescence intensity due to diffusion of fluorophores

into and out of an open confocal volume are monitored. The resultant autocorrela-

tion function contains information on diffusion coefficient and number of particles

Fig. 1 Detergent insolubility of the serotonin1A receptor tagged to EYFP in CHO cells. Cells

stably expressing serotonin1A receptors tagged to EYFP are shown (a) before and (b) after

treatment with cold Triton X-100 (0.05 %, w/v). The images represent combined midplane

confocal sections of the same group of cells before and after detergent extraction. The scale bar

represents 10 mm. Reproduced from [42]. See [42] for details
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in the sampling volume. However, single point FCS measurements could result in

inaccurate estimation of diffusion parameters in case of membrane-bound

molecules. This is due to the fact that the dimension of the membrane bilayer

(~5 nm thick) is about three orders of magnitude smaller than that of the diffraction-

limited spot size along the optic axis (~1 mm), which is typical axial length in FCS

measurements [30]. This problem can be avoided in a variation of the FCS

measurement, termed as z-scanning FCS (zFCS). In zFCS, the uncertainty in the

positioning of the focused beam is avoided by a scan along the z-axis (z-scan) in

which the diffusion times are determined in steps as the z-axis is scanned in small

increments ([3, 11, 27, 35]; see left panel, Fig. 2a). Since the time taken to diffuse

through a circular area (beam spot) scales 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 mem-

brane (see right panel, Fig. 2a). A plot of diffusion time versus transverse area of the

confocal volume yields the “FCS diffusion laws” that give information on the

organization at submicron level (such as confinement and/or partitioning) of

the diffusing species ([51, 95]; see Fig. 2b). According to FCS diffusion laws, the

linear fit of data when extrapolated to zero spot width provides information on the

nature of confinement experienced by the diffusing molecule. In case of free

diffusion, the intercept is close to zero. In cases where the diffusing species

experiences confinement, a negative intercept is obtained (Fig. 2b).

In a recent work, we combined the principle of zFCS and FCS diffusion laws to

address the organization and confined dynamics of the serotonin1A receptor in live

cell membranes [11]. Our results showed that a fluorescently labeled phospholipid

(Bodipy-FL PC) exhibited free, Brownian diffusion in the membrane, as evident

from zero intercept (left panel, Fig. 2b). In contrast, the serotonin1A receptor

displayed confined diffusion, as apparent from the negative intercept of the plot

of tD versus Dz2 for control cells (right panel, Fig. 2b). The typical dependence of
diffusion time for the serotonin1A receptor on the position of the focus on the z-axis

under conditions of increasing actin destabilization is shown in Fig. 3a and c. Based

on our previous work in which we observed an increase in receptor mobile fraction

upon actin destabilization [14], the apparent confinement exhibited by the

serotonin1A receptor in zFCS measurements could be due to the actin cytoskeleton

network. This was confirmed when the receptor confinement was found to be

progressively reduced (evident from a reduction in negative intercept, see Fig. 3b

and d) upon treatment with increasing concentrations of cytochalasin D, which acts

as a potent inhibitor of actin polymerization. We envisage that combined applica-

tion of zFCS and the FCS diffusion laws could be a powerful tool to explore

membrane heterogeneity at the submicron level.
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5 Quantitation of Actin Reorganization

The actin cytoskeleton is involved in a multitude of cellular responses besides

providing structural support. We have previously reported that the mobility and

oligomerization of serotonin1A receptors are regulated by the integrity of actin

a

b
Bodipy-FL PC
(free diffusion)

Serotonin
1A

receptor

(restricted diffusion)

Fig. 2 Principle of z-scanning FCS (zFCS) and the application of FCS diffusion laws.

(a) A schematic representation of the illumination profile in zFCS and the dependence of lateral

diffusion time on the z position of the focus. The z-axis depicted in the figure (blue dotted arrow) is
the optic axis (perpendicular to the image plane). The focus of the diffraction-limited illumination

profile of the laser spot is moved in incremental steps (marked by arbitrary z positions) along the

z-axis resulting in a parabolic scaling of the projected area. A region of interest can therefore be

probed at increasing length scales. This allows probing the plasma membrane conveniently when

fluorescence is predominantly originating from this region. 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 (shown in panel on right). (b) Representative plots of
lateral diffusion time versus Dz2 (FCS diffusion laws) for a freely diffusing phospholipid (Bodipy-

FL PC) and the serotonin1A receptor with restricted diffusion in the plasma membrane are shown.

The 95 % confidence interval (green dashed line) and 95 % prediction band (blue dotted line) for
the fitted data are also shown. Note that Bodipy-FL PC exhibits free, Brownian diffusion in the

membrane, as apparent from zero intercept (left panel). On the other hand, the serotonin1A receptor

displays confined diffusion, evident from the negative intercept of the plot (right panel). Adapted
and modified from [11]. See text and [11] for more details
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cytoskeleton meshwork [11, 12, 14, 16]. Our results showed an enhanced signaling

efficiency of the serotonin1A receptor upon actin cytoskeleton destabilization. In

addition, the mobility of the serotonin1A receptor in the plasma membrane was

found to be strongly correlated with its signaling efficiency, thereby implying that

the actin cytoskeleton could play a regulatory role in receptor signaling [14].

Interestingly, while the role of the actin cytoskeleton in cellular processes such as

trafficking and motility has been studied [40], the reorganization of the actin

cytoskeleton upon GPCR signaling has been rarely addressed. It is therefore

important to develop approaches to estimate cellular actin and its modulation

upon signaling.
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Fig. 3 Monitoring the role of actin cytoskeleton on the dynamics of serotonin1A-EYFP receptors

using zFCS. The actin cytoskeleton is destabilized utilizing cytochalasin D. Panels (a) and

(c) show the dependence of lateral diffusion time for serotonin1A-EYFP receptors on the z position

of the focus, upon treatment with 5 and 10 mM cytochalasin D, respectively. Panels (b) and

(d) show the 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. The green dashed line shows 95 % confidence interval, and the blue dotted

line shows 95 % prediction band for the fitted data. Reproduced from [11]. See text and [11] for

more details
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Actin is one of the most abundant cytosolic proteins in eukaryotic cells and exists

in both monomeric (globular or G-actin) and polymeric (filamentous or F-actin)

forms. F-actin is maintained in cells in dynamic equilibrium with soluble G-actin.

The extent of actin polymerization and depolymerization (actin reorganization) is

orchestrated by a number of actin-binding proteins in response to a variety of

stimuli [9]. Such reorganization offers a mechanism in which dynamic changes

in the actin cytoskeleton could act as a transducer in communicating signaling

transients. However, study of actin reorganization in cells is limited due to lack

of methods to monitor reorganization in a quantitative fashion. Toward this

effect, we recently developed an advanced microscopy-based image reconstruction

technique to quantitatively monitor changes in the actin cytoskeletal network.

This technique is based on high-magnification imaging, followed by image recon-

struction [15]. Multiple sections (z-scans) of images acquired at high (63x) magnifi-

cation were selected from the base of the cells, and an iso-surface (i.e., a contour

made upon joining voxels of equal fluorescence intensity) of selected sections is

generated. The best estimate of total volume enclosed by the iso-surface was obtained

by normalizing it to the projected area of the cells in the given field. The major

advantage of this approach using high-magnification imaging, over other methods

using low-magnification imaging, is its dynamic range and overall reproducibility.

We utilized this technique in order to quantitatively estimate actin reorganiza-

tion. To validate this approach, the reorganization of actin in cells treated with

various actin-reorganizing agents such as cytochalasin D, latrunculin A, and

jasplakinolide was quantitated (see Fig. 4). Alexa Fluor 546-phalloidin was used

to stain the actin cytoskeleton. To obtain a quantitative measure of actin reorga-

nization, iso-surfaces of the same selection of sections were generated and

the corresponding iso-surface images are shown in Fig. 5a–d. Figure 5e shows

the total volume enclosed by the iso-surface, normalized to the projected area of the

cells, which provides the best estimate of changes in F-actin content under different

treatment conditions. As evident from the figure, latrunculin A and cytochalasin D,

known to induce F-actin depolymerization, show reduction in the normalized

volume of F-actin over control levels. Jasplakinolide, on the other hand, known

to induce F-actin formation, shows an increase in F-actin over control [15]. These

results confirm the reliability of this method for quantitation of actin reorganization.

As mentioned earlier, we have previously reported that upon actin cytoskeleton

destabilization, the signaling efficiency of the serotonin1A receptor is enhanced

along with a correlated increase in its lateral mobility (i.e., mobile fraction) [14].

Interestingly, we also observed an increase in receptor mobility upon increasing

cellular cAMP levels by directly activating adenylyl cyclase, implying a possible

reorganization of the actin cytoskeleton with changes in cAMP level. In addition,

cAMP/PKA signaling is known to induce significant changes in cellular architec-

ture [32]. However, the role of cAMP/PKA-mediated reorganization of the actin

cytoskeleton upon GPCR signaling has not been explored. To address such possi-

bility of cytoskeletal reorganization upon GPCR signaling, we monitored the effect

of serotonin1A receptor signaling on the actin cytoskeleton organization [15]. The

serotonin1A receptor signals via Gai-mediated inhibition of adenylyl cyclase,
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resulting in the lowering of cAMP level and consequent downstream signaling

[75, 77]. Our results showed that upon treatment of cells with forskolin, a direct

activator of adenylyl cyclase resulted in elevated levels of cAMP, which in turn led

to a reduction of F-actin. Interestingly, treatment with H-89, an inhibitor of PKA,

rescued F-actin depolymerization to a large extent. These observations suggested

that elevated cAMP levels result in actin depolymerization, mediated by activation

of PKA. Our results further showed that stimulation of cells with serotonin led to an

increase in F-actin compared to control cells. Importantly, the reduction of F-actin

brought about by stimulation of cells with forskolin was recovered upon treatment

of cells with forskolin in the presence of serotonin. Overall, our results showed that

the serotonin1A receptor signaling led to increase in F-actin content (actin reorga-

nization) via PKA-mediated pathway. Importantly, these results highlight the

possibility of a vice versa control mechanism of receptor signaling and actin

reorganization upon each other. Our approach could be utilized to quantitate actin

reorganization upon signaling by other membrane receptors, which could give

better insight into involvement of these receptors in several cellular processes in

which actin reorganization has been predicted and/or reported.

Fig. 4 Visualization of the organization of actin cytoskeleton upon treatment with actin-

reorganizing agents in CHO cells. Alexa Fluor 546-phalloidin was used to stain the actin

cytoskeleton, and a projection of 10–12 sections from the base (~3 mm from the coverslip into

the cell) is shown. Projected images for cells treated with (a) DMSO, (b) cytochalasin D,

(c) latrunculin A, and (d) jasplakinolide are shown. The scale bar represents 20 mm. Reproduced

from [15]. See [15] for more details
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Fig. 5 Quantitation of F-actin from the iso-surfaces generated using the IsoSurface tool in Imaris.

Iso-surfaces of the same selection of sections as shown in Fig. 4 were generated. The volume formed

by the generated iso-surface to the projected area of cells in the field is then normalized using software

provided with LSM 510 Meta confocal microscope. The iso-surface images of cells treated with

(a) DMSO, (b) cytochalasin D, (c) latrunculin A, and (d) jasplakinolide are shown. Panel (e) shows the

quantitation of F-actin. Reproduced from [15]. See [15] for more details
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6 GPCR Oligomerization

GPCR oligomerization is an interesting and exciting aspect of contemporary recep-

tor biology since it is believed to be an important determinant for cellular signaling

[58, 86]. Such oligomerization is implicated in proper folding of receptors, thereby

providing the framework for efficient and controlled signal transduction. The

potential implications of such oligomerization are far reaching, specially keeping

in mind the role of GPCRs as major drug targets [20]. Evidence of GPCR dimers or

higher-order oligomers has been recently reported [1, 12, 48, 66, 96] and implicated

in receptor trafficking, signaling, and pharmacology. Interestingly, oligomerization

of certain GPCRs has been shown to be constitutive [12, 24].

Oligomerization of GPCRs in live cell membranes has been studied mostly by

utilizing fluorescence-based resonance energy transfer methods such as hetero-

FRET (FRET between two different fluorophores) and bioluminescence resonance

energy transfer [55]. The major inherent complications of hetero-FRET mea-

surements arise from the use of receptors conjugated to two different probes and

a lack of control in their relative expression levels [39, 57]. Homo-FRET (FRET

between two identical fluorophores) is a simpler variant of energy transfer because

it takes place between like fluorophores and therefore requires only a single type of

fluorophore. Fluorophores with a relatively small Stokes’ shift will have a greater

probability of undergoing homo-FRET. In addition, homo-FRET measurements

can provide an estimate of higher-order oligomerization [81, 97], which is a serious

limitation with hetero-FRET measurements. This becomes crucial particularly in

the microheterogeneous membrane environment where multiple types of oligo-

meric clusters can coexist. Importantly, homo-FRET is manifested by a reduction in

fluorescence anisotropy, a parameter that is largely independent of the concentra-

tion of fluorophores [92]. Homo-FRET leads to depolarization of the emission

because of the lack of correlation between the orientation of the initially

photoselected donor and the secondarily excited molecules [52].

6.1 Monitoring Receptor Oligomerization Utilizing Homo-FRET

In view of the advantages of homo-FRET, we utilized this approach to explore the

oligomerization state of the serotonin1A receptor [12]. Homo-FRET was monitored

by the increase in fluorescence anisotropy upon progressive photobleaching of the

receptor, in which fluorescence depolarization due to energy transfer is prevented

by photobleaching of FRET acceptors [94]. Our results showed that the initial

anisotropy of serotonin1A-EYFP receptors in control cells is significantly low

(~0.22) compared to the fundamental anisotropy (ro) of EYFP (0.38) (see

Fig. 6a). The observed depolarization of emission has been attributed to energy
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transfer (homo-FRET) between oligomers of the receptor molecules. Figure 6a

shows that there is a steady increase in fluorescence anisotropy of serotonin1A-

EYFP receptors with progressive photobleaching, which is expected for a system

undergoing homo-FRET.

Fig. 6 Exploring receptor oligomerization utilizing homo-FRET. (a) Receptor oligomerization is

monitored by increase in fluorescence anisotropy upon photobleaching of serotonin1A-EYFP

receptors under various conditions. Anisotropies corrected for microscopic aperture-induced

depolarization upon photobleaching are shown for untreated cells ( , black) and cells treated

with the agonist serotonin (~, red), the antagonist p-MPPI (▾, cyan), cytochalasin D ( , blue),
and MbCD ( , green). Membrane cholesterol was depleted using methyl-b-cyclodextrin (MbCD)
and actin cytoskeleton destabilization is achieved by cytochalasin D treatment. (b) Simulation of

the enhancement in fluorescence anisotropy upon progressive photobleaching for a population of

homogeneous oligomers containing N subunits. N-values correspond to 1 (monomer, red _______),

2 (dimer, light green ‐‐‐‐‐‐), 3 (trimer, blue –– - - ––), and 4 (tetramer, deep green –– - ––). The

extrapolated anisotropies derived from initial points corresponding to fractional bleaching (<0.3)

in the case of trimer and tetramer are also shown (. . .) (c) Difference between the extrapolated

anisotropy (extrapolated to complete photobleaching) and the predicted anisotropy of serotonin1A-

EYFP receptors under various treatment conditions. The extrapolated anisotropy is estimated from

a linear fit of the photobleaching data shown in panel (a). The magnitude of deviation provides a

measure of the extent of oligomerization. Reproduced from [12]. See text and [12] for more details

Organization and Dynamics of the Serotonin1A Receptor 429



We utilized a previously developed theoretical formalism for deducing the type

of oligomers from such anisotropy enhancement upon photobleaching data [97].

This formalism relies on the difference between the extrapolated and predicted

(0.38) anisotropy values at 100 % photobleaching limit for predicting oligomeric

state, with the larger the difference, the greater the fraction of higher-order

oligomers. In other words, with increasing oligomerization, the extrapolated anisot-

ropy shows higher deviation from the predicted anisotropy. The predicted variation

of fluorescence anisotropy with increased photobleaching for a homogeneous

distribution of monomers, dimers, trimers, and tetramers (assuming an anisotropy

of 0.38 for monomers) is shown in Fig. 6b. Due to experimental limitation of

achieving very high degree of fractional bleaching, we compared the linearly

extrapolated anisotropy with the predicted anisotropy to infer the presence of

higher-order oligomers (see Fig. 6b). Therefore, the oligomeric state and inherent

mobility of the serotonin1A-EYFP receptors in principle can be obtained by fitting

the anisotropy bleaching data to the theoretical formalism. On the basis of the

observed increase in fluorescence anisotropy upon progressive photobleaching

(Fig. 6a), and the analysis of data based on the difference between the extrapolated

anisotropy and the predicted anisotropy (Fig. 6c), we proposed the presence of

constitutive oligomers of the serotonin1A receptor [12].

Utilizing the same method, we further monitored the effect of membrane

cholesterol, actin cytoskeleton, and ligand stimulation on the oligomerization

state of the serotonin1A receptor. Our results showed that agonist (serotonin)

stimulation and actin cytoskeletal destabilization led to reduction in the initial

anisotropy and increase in the difference between the extrapolated anisotropy and

the predicted anisotropy compared to control conditions (Fig. 6c). This suggested

increased contribution from higher-order oligomers under these conditions. In

contrast, antagonist (p-MPPI) treatment and cholesterol depletion led to an increase

in initial anisotropy and reduction in the difference between the extrapolated

anisotropy and the predicted anisotropy than in control conditions (Fig. 6c).

These results indicate that antagonist treatment and cholesterol depletion effec-

tively reduced the population of higher-order oligomers.

Taken together, our results show the presence of constitutive oligomers of the

serotonin1A receptor and reorganization of higher-order oligomers in response to

ligand activation, membrane cholesterol depletion, and actin cytoskeleton destabi-

lization. This method could be applied to other membrane receptors to determine

their oligomeric state in native and in various conditions. Such knowledge of

receptor oligomerization state and reorganization under various pathophysiological

conditions assume greater significance in the pharmacology of GPCRs since oligo-

merization gives rise to pharmacological diversity [91], opening new avenues for

therapeutics.
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6.2 Quantitation of GPCR Oligomerization: Kinetics
and Equilibrium

In spite of significant enhancement of our understanding of receptor organization

and signaling, our present knowledge of cellular signal transduction events is

mostly qualitative in nature. Our lack of ability to predict time-dependent changes

in concentrations of important signaling molecules (such as receptors and effectors)

could be attributed to a lack of approaches for quantitative evaluation of such

parameters. A comprehensive understanding of signal transduction could be

accomplished by development of approaches for quantitation of time-dependent

number densities (concentrations) of key molecules involved in such processes.

Toward this effect, a recent work by Kasai et al. [48] addresses the issue of clear

differentiation and quantitation of monomer and dimer population of receptors in

living cells. In this study, the monomer and dimer receptor densities and the

dynamic equilibrium between receptor monomers and dimers were monitored in

case of a chemoattractant GPCR, the N-formyl peptide receptor (FPR). This was

achieved by use of a single fluorescent molecule imaging method taking care of the

fraction of molecules that actually fluoresce (labeling efficiency). In addition,

molecular level interactions of the receptors were detected by employing bimolec-

ular fluorescence complementation [23] at single-molecule level. Such robust

analysis allows determination of the actual number of monomers and dimers at

the plasma membrane of live cells and therefore the two-dimensional equilibrium

dissociation constant (2D-KD) for the dimers dissociating to monomers and the rate

constant for monomer association (ka) and the rate constant for dimer dissociation

(kd) (see Fig. 7). The analysis revealed that at physiological levels of receptor

expression, ~41 % of FPRs exist as dynamic (transient) dimers, and the remaining

Dynamic monomers Dynamic dimer

Off rate (k
d 

) 11.0 s-1

Two-dimensional equilibrium constant (2D-K
D 

)
3.6 copies/ µm2

On rate (k
a 

)
3.1 [copies/ µm2]-1s-1 

Fig. 7 Kinetics of GPCR oligomerization: dynamic monomer-dimer equilibrium of N-formyl

peptide receptor (FPR) along with kinetic parameters for two-dimensional equilibrium dissocia-

tion constant for the dimer (2D-KD), the rate constant for monomer association (ka), and the rate

constant for dimer dissociation (kd). Adapted and modified from [48]
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~59 % as dynamic monomers. The transience (lifetime) of these populations were

estimated to be ~91 and 150 ms for dimers and monomers, respectively. Interest-

ingly, the dynamic monomer-dimer equilibrium was found to be independent of

ligand stimulation.

The knowledge of receptor number density in various oligomeric states and the

parameters of receptor monomer-dimer dynamic equilibrium would help in better

and quantitative understanding of receptor organization at the plasma membrane.

This method, in principle, could be applied to other cell surface receptors to

determine the monomer and dimer concentrations and kinetic and equilibrium

parameters.

7 Conclusions and Future Perspectives

As mentioned earlier, GPCRs have emerged as major targets for the development of

novel drug candidates in all clinical areas [29, 84]. Interestingly, although GPCRs

represent ~50 % of present drug targets, only a small fraction of all GPCRs are

presently targeted by drugs [53]. This points out the exciting possibility that GPCRs

that are not recognized yet could be potential drug targets for diseases that are

difficult to treat by currently available drugs. Importantly, GPCR function and

signaling has been shown to depend on receptor organization [50, 63] and dynamics

[7, 14, 34, 41, 76]. In this scenario, it is crucial to understand the organization and

dynamics of GPCRs with respect to their signaling function. With progress in

knowledge on receptor organization and dynamics at increasing spatiotemporal

resolution [10], our overall understanding of GPCR function would improve signif-

icantly. This would enhance our ability to design better therapeutic strategies to

combat diseases related to malfunctioning of GPCRs.
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Okawa Y, Callodo LF, Milligan G, Gingrich JA, Filizola M, Meana JJ, Sealfon SC (2008)

Identification of a serotonin/glutamate receptor complex implicated in psychosis. Nature

452:93–97

21. Griebel G (1999) 5-HT1A receptor blockers as potential drug candidates for the treatment of

anxiety disorders. Drug News Perspect 12:484–490

22. Haldar S, Chattopadhyay A (2009) The green journey. J Fluoresc 19:1–2

23. Haldar S, Chattopadhyay A (2009) Green fluorescent protein: a molecular lantern that

illuminates the cellular interior. J Biosci 34:169–172

24. Harding PJ, Attrill H, Boehringer J, Ross S, Wadhams GH, Smith E, Armitage JP, Watts A

(2009) Constitutive dimerization of the G-protein coupled receptor, neurotensin receptor 1,

reconstituted into phospholipid bilayers. Biophys J 96:964–973

Organization and Dynamics of the Serotonin1A Receptor 433



25. Harrison T, Samuel BU, Akompong T, Hamm H, Mohandas N, Lomasney JW, Haldar K

(2003) Erythrocyte G protein-coupled receptor signaling in malarial infection. Science

301:1734–1736

26. Haustein E, Schwille P (2007) Fluorescence correlation spectroscopy: novel variations of an

established technique. Annu Rev Biophys Biomol Struct 36:151–169

27. He H-T, Marguet D (2011) Detecting nanodomains in living cell membrane by fluorescence

correlation spectroscopy. Annu Rev Phys Chem 62:417–436

28. Heerklotz H (2002) Triton promotes domain formation in lipid raft mixtures. Biophys J

83:2693–2701

29. Heilker R, Wolff M, Tautermann CS, Bieler M (2009) G-protein coupled receptor-focused

drug discovery using a target class platform approach. Drug Discov Today 14:231–240

30. Hess ST, Huang S, Heikal AA, Webb WW (2002) Biological and chemical applications of

fluorescence correlation spectroscopy: a review. Biochemistry 41:697–705

31. Hooper NM (1999) Detergent-insoluble glycosphingolipid/cholesterol-rich membrane

domains, lipid rafts and caveolae. Mol Membr Biol 16:145–156

32. Howe AK (2004) Regulation of actin-based cell migration by cAMP/PKA. Biochim Biophys

Acta 1692:159–174

33. Huang C, Hepler JR, Chen LT, Gilman AG, Anderson RG, Mumby SM (1997) Organization of

G proteins and adenylyl cyclase at the plasma membrane. Mol Biol Cell 8:2365–2378

34. Hui KL, Wang C, Grooman B, Wayt J, Upadhyaya A (2012) Membrane dynamics correlate

with formation of signaling clusters during cell spreading. Biophys J 102:1524–1533
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