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INTRODUCTION

G protein-coupled receptors (GPCRs) are the largest and most diverse membrane protein family in eukaryotes. They are involved in a gamut of signal transduction processes across the plasma membrane [START_REF] Katritch | Structure-function of the G protein-coupled receptor superfamily[END_REF][START_REF] Chattopadhyay | GPCRs: lipid-dependent membrane receptors that act as drug targets[END_REF][START_REF] Sakmar | Introduction: G-protein coupled receptors[END_REF]. A common mechanism of signal transduction by GPCRs requires their activation by extracellular ligands followed by relay of signals to the cellular interior through coordinated structural changes in their transmembrane (or extramembranous) regions [START_REF] Weis | The molecular basis of G protein-coupled receptor activation[END_REF][START_REF] Erlandson | Structural basis for G proteincoupled receptor signaling[END_REF]. GPCRs regulate several crucial physiological processes that include cellular metabolism, neurotransmission, growth, immune responses and cellular differentiation. As a result, GPCRs have emerged as major drug targets [START_REF] Jacobson | New paradigms in GPCR drug discovery[END_REF][START_REF] Sriram | G protein-coupled receptors as targets for approved drugs: how many targets and how many drugs?[END_REF] and account for ~40% of current drug targets across all clinical areas [START_REF] Chan | New binding sites, new opportunities for GPCR drug discovery[END_REF]. However, only a small fraction (~15%) of all GPCRs are current drug targets [START_REF] Insel | GPCRomics:an approach to discover GPCR drug targets[END_REF]. This opens up novel avenues for future drug development for diseases that are currently not treatable by available drugs. The serotonin1A receptor is an important neurotransmitter GPCR and is extensively studied among the sixteen serotonin receptors and mediates a multitude of neurological, behavioral and cognitive functions [START_REF] Pucadyil | The serotonin1A receptor: a representative member of the serotonin receptor family[END_REF][START_REF] Kalipatnapu | Membrane organization and function of the serotonin1A receptor[END_REF][START_REF] Müller | Serotonin and psychostimulant addiction: focus on 5-HT1A-receptors[END_REF][START_REF] Gordon | The serotonergic system and anxiety[END_REF][START_REF] Glikmann-Johnston | Hippocampal 5-HT1A receptor and spatial learning and memory[END_REF]. The serotonin1A receptor plays a crucial role in human physiology and has emerged as an important drug target in developing therapeutics against neuropsychiatric disorders such as anxiety and depression, and even cancer [START_REF] Lacivita | 5-HT1A receptor, an old target for new therapeutic agents[END_REF][START_REF] Fiorino | 5-HT1A receptor: an old target as a new attractive tool in drug discovery from central nervous system to cancer[END_REF].

Membrane proteins carry out the majority of functions in biological membranes.

Although ~40% of genes present in humans code for membrane proteins [START_REF] Ahram | Estimation of membrane proteins in the human proteome[END_REF][START_REF] Almén | Mapping the human membrane proteome: a majority of the human membrane proteins can be classified according to function and evolutionary origin[END_REF], the progress in structural biology of membrane proteins in general [START_REF] Lacapère | Determining membrane protein structures: still a challenge! Trends[END_REF], and GPCRs in particular [START_REF] Hanson | Discovery of new GPCR biology: one receptor structure at a time[END_REF][START_REF] Venkatakrishnan | Structure and activation mechanism of GPCRs[END_REF] has been rather slow. In addition, it is becoming increasingly clear that we need to appreciate and understand characteristic dynamics and conformational plasticity of membrane proteins for deciphering their function [START_REF] Latorraca | GPCR dynamics: structures in motion[END_REF][START_REF] Alhadeff | Exploring the freeenergy landscape of GPCR activation[END_REF]. Since membrane proteins are embedded in membrane lipids, knowledge of membrane lipid and protein dynamics is crucial for understanding cellular function. It is in this overall context, measurement of live cell membrane dynamics, with a goal of correlating it with receptor function, assumes relevance in contemporary membrane biology. Consequently, receptor dynamics (lateral diffusion) in membranes determines the overall efficacy of the signal transduction process [START_REF] Jans | Vasopressin V2-receptor mobile fraction and ligand-dependent adenylate cyclase activity are directly correlated in LLC-PK1 renal epithelial cells[END_REF][START_REF] Calvert | Membrane protein diffusion sets the speed of rod phototransduction[END_REF][START_REF] Ganguly | Actin cytoskeletondependent dynamics of the human serotonin1A receptor correlates with receptor signaling[END_REF].

Lateral diffusion in the plasma membrane constitutes a fundamental biophysical process that dictates the dynamics of lipid-protein and protein-protein interactions [START_REF] Edidin | Getting there is only half the fun[END_REF].

Confined lateral diffusion of lipids and proteins is often associated with compositional heterogeneity (domain) in cell membranes over various spatiotemporal scales [START_REF] Jacobson | Lipid rafts: at a crossroad between cell biology and physics[END_REF]. A major source of confined lateral diffusion in membranes is the presence of an intricate network of actin cytoskeleton below the membrane [START_REF] Kwik | Membrane cholesterol, lateral mobility, and the phosphatidylinositol 4,5bisphosphate-dependent organization of cell actin[END_REF][START_REF] Kusumi | Dynamic organizing principles of the plasma membrane that regulate signal transduction: commemorating the fortieth anniversary of Singer and Nicolson's fluid-mosaic model[END_REF][START_REF] Kusumi | Paradigm shift of the plasma membrane concept from the two-dimensional continuum fluid to the partitioned fluid: high-speed singlemolecule tracking of membrane molecules[END_REF]. Actin is one of the most ubiquitous cytosolic proteins in eukaryotic cells and is maintained in a dynamic equilibrium between polymeric (filamentous or F-actin) and monomeric (globular or G-actin) forms [START_REF] Davidson | Unravelling the actin cytoskeleton: a new competitive edge?[END_REF]. The dynamic equilibrium between actin polymerization and depolymerization is coordinated by various actin binding proteins implicated in a wide range of physiological processes [START_REF] Dos Remedios | Actin binding proteins: regulation of cytoskeletal microfilaments[END_REF][START_REF] Pollard | Actin and actin-binding proteins[END_REF].

Such tunable equilibrium between F-and G-actin serves as a common mechanism for various signal transduction processes [START_REF] Ganguly | Reorganization of the actin cytoskeleton upon G-protein coupled receptor signaling[END_REF]. While evidence of direct interaction of actin cytoskeleton with GPCRs is lacking [START_REF] Vázquez-Victorio | GPCRs and actin-cytoskeleton dynamics[END_REF], lateral dynamics of membrane proteins and lipids is shown to be affected by the actin cytoskeleton [START_REF] Ganguly | Actin cytoskeletondependent dynamics of the human serotonin1A receptor correlates with receptor signaling[END_REF][START_REF] Kusumi | Paradigm shift of the plasma membrane concept from the two-dimensional continuum fluid to the partitioned fluid: high-speed singlemolecule tracking of membrane molecules[END_REF][START_REF] Fujiwara | Phospholipids undergo hop diffusion in compartmentalized cell membrane[END_REF][START_REF] Calebiro | Single-molecule analysis of fluorescently labeled Gprotein-coupled receptors reveals complexes with distinct dynamics and organization[END_REF]. The destabilization of the actin cytoskeleton could therefore provide a useful handle to explore the cytoskeleton-dependent lateral diffusion of membrane components.

Measurement of membrane dynamics could be challenging due to inherent noise in cellular systems. Nonetheless, significant progress has been made in recent years toward the measurement of membrane dynamics that allows the detection, identification and tracking of individual membrane-bound molecules with high spatiotemporal resolution under physiological conditions [START_REF] Lagerholm | Detecting microdomains in intact cell membranes[END_REF][START_REF] Kasai | Single-molecule imaging revealed dynamic GPCR dimerization[END_REF][START_REF] Yu | Single-molecule studies in live cells[END_REF][START_REF] Marguet | Lateral diffusion in heterogeneous cell membranes[END_REF]. A major advantage of imaging single-molecule diffusion is that it circumvents ensemble averaging from multiple molecules. As a result, singlemolecule based approaches enable observation of heterogeneous behavior (and transient phenomena) within subpopulations of molecules [START_REF] Destainville | What do diffusion measurements tell us about membrane compartmentalisation? Emergence of the role of interprotein interactions[END_REF]. Single-molecule techniques such as single particle tracking (SPT) has emerged as a powerful approach to explore the organization and lateral diffusion of membrane-bound molecules [START_REF] Kusumi | Paradigm shift of the plasma membrane concept from the two-dimensional continuum fluid to the partitioned fluid: high-speed singlemolecule tracking of membrane molecules[END_REF][START_REF] Marguet | Lateral diffusion in heterogeneous cell membranes[END_REF][START_REF] Shen | Single particle tracking: from theory to biophysical applications[END_REF][START_REF] Haanappel | G-protein-coupled receptors: membrane diffusion and organization matter[END_REF]. Although single particle tracking has been used to probe dynamics of membrane-bound molecules [START_REF] Lagerholm | Detecting microdomains in intact cell membranes[END_REF][START_REF] Wieser | Tracking single molecules in the live cell plasma membrane-do's and don't's[END_REF], the application of SPT to GPCRs is relatively rare [START_REF] Daumas | Confined diffusion without fences of a G-protein-coupled receptor as revealed by single particle tracking[END_REF][START_REF] Veya | Single molecule imaging deciphers the relation between mobility and signaling of a prototypical G protein-coupled receptor in living cells[END_REF]. In this paper, we explored the organization and dynamics of the serotonin1A receptor in live cells utilizing single particle tracking approach under conditions of actin cytoskeleton destabilization. By analysis of diffusion modes, we further demonstrated how actin cytoskeleton could influence diffusion behavior of the serotonin1A receptor. Importantly, our results show that such actin cytoskeleton dependent dynamics could play a major role in GPCR function and regulate downstream signaling. 

MATERIALS AND METHODS

Materials

Cells and cell culture

HEK-293 cells stably expressing the N-terminal myc-tagged serotonin1A receptor were generated as described previously [START_REF] Kumar | Exploring endocytosis and intracellular trafficking of the human serotonin1A receptor[END_REF]. Cells were maintained in DMEM/F-12 (1:1) supplemented with 10% FCS, 60 μg/ml penicillin, 50 μg/ml streptomycin, 50 μg/ml gentamycin sulfate and 250 μg/ml hygromycin B (complete DMEM/F-12) in a humidified incubator with 5% CO2 at 37 ºC. The cell culture medium was supplemented with 1 μg/ml doxycycline 24 h before experiments for inducing receptor expression.

CD treatment of cells

Actin cytoskeleton destabilization in HEK-293 cells expressing the myc-tagged serotonin1A receptor was performed utilizing CD as described earlier [START_REF] Ganguly | Actin cytoskeletondependent dynamics of the human serotonin1A receptor correlates with receptor signaling[END_REF][START_REF] Ganguly | Cholesterol depletion mimics the effect of cytoskeletal destabilization on membrane dynamics of the serotonin1A receptor: a zFCS study[END_REF][START_REF] Roy | Integrity of the actin cytoskeleton of host macrophages is essential for Leishmania donovani infection[END_REF] with few modifications. Briefly, 2 mM CD stock solution was prepared in DMSO and working stock was made upon diluting this stock in serum-free DMEM/F-12 medium. Cells were grown in complete DMEM/F-12 media for 3 days and subsequently incubated in serum-free DMEM/F-12 media for 3 h. Actin cytoskeleton was destabilized by treatment of HEK-293 cells with 5 μM CD in serum-free DMEM/F-12 medium for 30 min at 37 °C. After CD treatment, the media was discarded and cells were gently washed using PBS to remove excess CD.

MTT viability assay

Viability of HEK-293 cells under actin destabilization condition was assessed utilizing MTT assay as described earlier [START_REF] Roy | Integrity of the actin cytoskeleton of host macrophages is essential for Leishmania donovani infection[END_REF].

F-actin labeling of cells

F-actin labeling in cells was performed as described previously [START_REF] Ganguly | Reorganization of the actin cytoskeleton upon G-protein coupled receptor signaling[END_REF]. Briefly, HEK-293 cells expressing the myc-tagged serotonin1A receptor were plated at a density of ~10 4 cells on 22 mm glass coverslips and grown in complete DMEM/F-12 medium for 3 days and subsequently incubated in serum-free DMEM/F-12 medium for 3 h. Following this, cells were treated with 5 μM CD as described above. After CD treatment, cells were washed with buffer A (PBS containing 0.5 mM MgCl2 and 1 mM CaCl2) and fixed with 3.5% (v/v) formaldehyde for 10 min. The fixed cells were permeabilized in buffer A containing 0.5% Triton X-100 (v/v) for 6 min. Cells were washed with buffer A, stained with Alexa Fluor 546 phalloidin for 60 min at room temperature, and subsequently mounted on glass slides.

Fluorescence microscopy and F-actin quantitation

F-actin was imaged on an inverted Zeiss LSM 510 Meta confocal microscope (Jena, Germany). Imaging of F-actin cytoskeleton was carried out by exciting Alexa Fluor 546 phalloidin using a 561 nm DPSS laser and emission was collected using a bandpass filter of 575-630 nm. The level of F-actin was estimated using a quantitative high-resolution confocal microscopic technique previously developed by us [START_REF] Ganguly | Reorganization of the actin cytoskeleton upon G-protein coupled receptor signaling[END_REF]. Briefly, z-section images were acquired using a 63×/1.4 NA oil immersion objective with a fixed z step size of 0.32 μm under 1 airy condition. Maximum intensity projections of 11 z-sections (corresponding to ~3.5 μm from the base into the cell) were obtained, and area of the projected images was calculated using the analysis software provided with the microscope. Iso-surfaces (defined as voxel contours of equal fluorescence intensity) were generated from the z-sections using Imaris 6.0.0 (Bitplane AG, Zurich, Switzerland) after thresholding the fluorescence intensity of z-sections followed by application of a Gaussian filter. The estimated volumes of actin cytoskeleton enclosed by iso-surfaces were normalized to the projected total area of cells for a given field.

Confocal microscopic imaging of receptor localization

To obtain representative confocal microscopic images for localization of the receptor, HEK-293 cells expressing the myc-tagged serotonin1A receptor were plated at a density of ~10 4 cells on 22 mm glass coverslips and grown in complete DMEM/F-12 medium for 3 days. Cells were washed with PBS, fixed with 3.5% (v/v) formaldehyde for 10 min and subsequently permeabilized with 0.5% Triton X-100 (v/v) for 6 min. Cells expressing the serotonin1A receptor with a myc-tag were then stained with anti-myc antibody Alexa Fluor 488 conjugate (1:100 dilution) in PBS for 1 h, washed with PBS and mounted using Vectashield® antifade mounting medium containing DAPI. Imaging was carried out on an inverted Zeiss LSM 880 confocal microscope (Jena, Germany). Serotonin1A receptors with a N-terminal myc-tag were imaged by exciting anti-myc antibody Alexa Fluor 488 conjugate using the 488 nm line of an argon laser and the emission was collected from 500-560 nm.

DAPI was excited at 405 nm and emission was collected from 410-460 nm. Mid-plane images of cells were acquired with a 63×/1.4 NA oil immersion objective under 1 airy condition.

Flow cytometric analysis of receptor expression level

HEK-293 cells expressing the serotonin1A receptor were collected in cold PBS on ice.

Cells were fixed with 3.5% (v/v) formaldehyde for 30 min on ice and centrifuged at 800×g for 3 min at 4 °C. Cells were washed with PBS and the plasma membrane associated myctagged serotonin1A receptors were stained with anti-myc antibody Alexa Fluor 488 conjugate (1:100 dilution) in PBS containing 2% FCS for 1 h on ice. Subsequently, cells were washed in cold PBS and then resuspended in PBS containing 2% FCS. The receptor population associated with membranes was quantified using a MoFlo flow cytometer (Dako Cytomation, Fort Collins, CO), and data were acquired and analyzed using Summit 5.4 analysis software (Beckman Coulter, Fullerton, CA). Alexa Fluor 488 was excited at 488 nm and emission was collected using a 525/40 bandpass filter. Mode count values were obtained by flow cytometric analysis of 10,000 cells for each condition.

Radioligand binding assay in live cells

HEK-293 cells expressing the serotonin1A receptor were grown for 72 h in complete DMEM/F-12 media and were detached from culture flasks in PBS containing 0.25 mM EDTA. Cells were spun at 500×g for 5 min and resuspended in serum-free DMEM/F-12 medium for counting using a hemocytometer. Cells (~10 6 ) in serum-free DMEM/F-12 medium were incubated at ~25 °C for 15 min in presence of 1 nM [ 3 H]8-OH-DPAT (specific agonist) or 1 nM [ 3 H]p-MPPF (specific antagonist). Non-specific binding was obtained by performing the assay in presence of 10 μM unlabeled serotonin (for [ 3 H]8-OH-DPAT) or 10 μM unlabeled p-MPPF (for [ 3 H]p-MPPF). Ligand binding was terminated by rapid filtration under vacuum through Millipore multiport filtration apparatus using Whatman GF/B glass microfiber filters (1 μm pore size) that were presoaked in 0.3% (w/v) polyethylenimine for 3 h (52). After washing the filters for three times with 5 ml of cold water (~4 °C) and subsequent drying, the remaining radioactivity was measured using ~5 ml scintillation fluid in a Packard Tri-Carb 2900 liquid scintillation counter.

Saturation binding assay

Saturation binding assays were carried out to estimate binding parameters in control and actin cytoskeleton destabilized cells. Assays were carried out with increasing concentrations of the radiolabeled agonist [ 3 H]8-OH-DPAT (0.1-7.5 nM) in intact cells.

Nonspecific binding was determined by performing the assay in presence of 10 µM unlabeled serotonin. Ligand binding assays were carried out at ~25 °C with ~10 6 cells for each ligand concentration. The concentration of bound ligand (RLbound) was determined from ( 49):

RLbound = B/(V × SA × 2220) × 10 -9 M ( 1 
)
where B is the bound radioactivity in disintegrations per minute (dpm), V is the assay volume in ml, and SA is the specific activity of the radioligand. The saturation binding data could be fitted best to a one-site ligand binding equation. The binding parameters, the dissociation constant (Kd) and the number of maximum binding sites (Bmax), were calculated by nonlinear regression analysis of the binding data using GraphPad Prism software, version 4.0 (San Diego, CA).

Cellular signaling assay

HEK-293 cells stably expressing serotonin1A receptors were plated at a density of ~10 5 cells in poly-L-lysine coated 6-well plates and grown in complete medium in a humidified incubator with 5% CO2 at 37 °C for 48 h. After treatment with CD, cells were treated with 50 µM IBMX (basal), 50 µM IBMX/10 µM forskolin (forskolin-stimulated), 50

µM IBMX/ 10 µM forskolin/10 µM serotonin (agonist treatment) and incubated for 30 min at 37 °C. After discarding media, cells were washed once with PBS. Cells were lifted using a cell scraper and counted using a hemocytometer and added at 6000 cells/well to a lowvolume HTRF® 96-well plate (CisBio Bioassays, Codolet, France). The ability of the serotonin1A receptor to inhibit the forskolin-stimulated increase in cAMP levels was assessed using the FRET-based HTRF® cAMP-Gi assay kit (CisBio Bioassays, Codolet, France).

Fluorescence was measured at 620 nm (cAMP-cryptate donor emission) and 655 nm (anti-cAMP-d2 acceptor emission) upon excitation of the donor at 320 nm using an EnSpire Multimode Plate Reader (Perkin Elmer, Waltham, MA). cAMP levels were calculated as a ratio of the acceptor and donor emission. Values for serotonin-induced cAMP reduction were normalized and expressed as a percentage to the values obtained for only IBMX treated cells. 

Single particle tracking experiments
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where n is the number of time intervals, δt is the time interval between two successive frames (40 ms), N is the total number of frames (in our case, N ≤ 2000 frames), x(t) and y(t) are the QD coordinates at time t. For obtaining accurate and precise values of the diffusion coefficient, short-term diffusion coefficient (D1-2) was estimated from the first two MSD(nδt) points D1-2 = [MSD(2δt) -MSD(δt)]/(4δt) independent of the diffusion mode of the particles [START_REF] Michalet | Mean square displacement analysis of single-particle trajectories with localization error: Brownian motion in an isotropic medium[END_REF][START_REF] Mascalchi | Probing the influence of the particle in single particle tracking measurements of lipid diffusion[END_REF]. To identify transient or continuous confinement events, a confinement index Λ(t), as established by Meilhac et al. [START_REF] Meilhac | Detection of confinement and jumps in single-molecule membrane trajectories[END_REF] was calculated on sliding intervals using the equation:
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where ∆r² is the variance of the trajectory segment of duration ∆t under study. A value of Λ(t) > 4 for a period longer than ∆t is characteristic of confined diffusion. The size of the domains and the diffusion coefficient inside the confined trajectory segments were determined by fitting MSD(t) with its theoretical expression for confined diffusion [START_REF] Meilhac | Detection of confinement and jumps in single-molecule membrane trajectories[END_REF]. The unconfined trajectories, partial or total, were analyzed using standard procedures [START_REF] Saxton | Single-particle tracking: applications to membrane dynamics[END_REF] and classified as having either random or directed diffusion.

RESULTS

We utilized HEK-293 cells stably expressing serotonin1A receptors (generated by transfection with a construct encoding the receptor with a N-terminal myc-tag; see Fig. 1a) for measuring receptor dynamics, ligand binding and cellular signaling. This stable cell line allows us to fluorescently label the serotonin1A receptor with streptavidin-conjugated Quantum Dots (QD) pre-coupled to a biotinylated anti-c-myc antibody and track the trajectory of the receptor by single particle tracking (SPT). Confocal microscopic imaging at a mid-plane section of HEK-293 cells showed a characteristic plasma membrane localization of the serotonin1A receptor (Fig. 1b). Importantly, we recently showed that the serotonin1A receptor expressed in HEK-293 cells with N-terminal myc-tag retains all characteristics of the native receptor in terms of ligand binding, G-protein coupling and receptor trafficking [START_REF] Kumar | Exploring endocytosis and intracellular trafficking of the human serotonin1A receptor[END_REF].

Treatment with cytochalasin D leads to loss of F-actin in HEK-293 cells

Cytochalasin D (CD), a potent inhibitor of actin polymerization, is commonly used to destabilize F-actin in live cells [START_REF] Ganguly | Actin cytoskeletondependent dynamics of the human serotonin1A receptor correlates with receptor signaling[END_REF][START_REF] Ganguly | Cholesterol depletion mimics the effect of cytoskeletal destabilization on membrane dynamics of the serotonin1A receptor: a zFCS study[END_REF]. In vitro studies have showed that CD shifts the equilibrium toward F-actin depolymerization upon binding to the barbed (fast growing) end of F-actin filaments [START_REF] Sampath | Effects of cytochalasin, phalloidin, and pH on the elongation of actin filaments[END_REF]. In vivo action of CD has been attributed to the above effect that is observed in vitro and a secondary cellular response [START_REF] Schliwa | Action of cytochalasin D on cytoskeleton networks[END_REF]. In order to analyze lateral diffusion of the receptor as a consequence of reorganization of the actin cytoskeleton, it is crucial to quantitatively measure the amount of F-actin in any given condition. Unfortunately, intensity-based analysis for quantitating the reorganization of actin cytoskeleton is often complicated by the fact that CD treatment leads to fragmentation of F-actin into smaller aggregates, that appear brighter under a fluorescence microscope. In order to circumvent this problem, we previously developed a quantitative high-resolution microscopy-based approach to measure F-actin content using an image reconstruction method [START_REF] Ganguly | Reorganization of the actin cytoskeleton upon G-protein coupled receptor signaling[END_REF]. In order to quantitatively estimate the extent of F-actin depolymerization, cells were treated with 5 µM CD, and F-actin was labeled with Alexa Fluor 546 phalloidin. As shown in Fig. 2, treatment of HEK-293 cells with CD resulted in considerable fragmentation of F-actin (Fig. 2b). The figure shows confocal images of maximum intensity projections of the actin cytoskeleton (stained with Alexa Fluor 546 phalloidin) of HEK-293 cells treated with CD. We found that treatment with higher concentrations of CD in HEK-293 cells changes the overall cellular morphology within few minutes of incubation. We therefore chose an optimal concentration (5 µM) and time period (30 min) of CD treatment to retain the cellular morphology during subsequent experiments. In order to assess the effect of actin destabilization on viability of HEK-293 cells, we measured cell viability using MTT viability assay following 5 µM CD treatment. Cell viability was not affected at 5 µM CD that was used during subsequent experiments (see Fig. S1(a)). Importantly, actin destabilized cells remain viable for at least 30 min, even after removal of CD from the culture medium (Fig. S1(a)) and retained healthy morphology after actin destabilization (Fig. S1(b)). This ensures the reliability of SPT data from actin cytoskeleton destabilized cells. Importantly, the cells Fig. 2 (panels (c) and (d)) shows iso-surface images (by joining voxels of equal intensity) corresponding to projected images shown in Fig. 2 (panels (a) and (b)). In order to obtain a quantitative estimate of F-actin levels, the volume enclosed by the iso-surfaces were normalized to the respective projected area of cells in all cases. The F-actin content upon actin destabilization quantitated using this approach is shown in Fig. 2e. As shown in the figure, CD treatment resulted in ~15% reduction in cellular F-actin level. We further explored the modulation of receptor dynamics (lateral diffusion) as a consequence of actin destabilization.

Modulation of receptor diffusion upon actin destabilization monitored by SPT

Prior to systematic acquisition of video sequences, the experimental conditions were optimized to ensure reliability of results. We first checked the specificity of the QDs for labeling the serotonin1A receptor. When cells were incubated with streptavidin-conjugated QDs coupled to biotinylated anti-c-myc antibody, we observed ~20 QDs per cell, that remained bound even after washing the cells several times. In case of QDs alone (without prior coupling to biotinylated anti-c-myc antibody), we observed only 2 to 3 QDs on each cell. We recorded a series of 80 s sequences for each cell to compute the short-term diffusion coefficient (D1-2) for varying antibody/QD ratios. In agreement with previous literature (55), we chose the antibody/QD ratio of 1:10 which gives maximal D1-2, as this was used for optimal functionalization of the QDs with minimal perturbation of receptor diffusion.

Although we found a reasonable density of QDs at the surface of the cells, we could obtain analyzable tracks only from those QDs that were present on top of the cells. We carried out data acquisition in control condition and after treating the cells with 5 µM CD. As a first step, we performed a global analysis of all trajectories collected for each condition. The distributions of the short-term diffusion coefficient D1-2 observed for each condition are shown in Fig. 3. We observed a small shift in the distribution of D1-2 toward higher values for 5 µM CD treated cells. The average D1-2 values for control cells was 4.2 ± 2.1 x 10 -2 µm 2 s -1 , and for cells treated with 5 µM CD was 5.3 ± 3.1 x 10 -2 µm 2 s -1 . Destabilization of the actin cytoskeleton, therefore, has negligible averaged effects on diffusion coefficient.

A unique feature of SPT is that it is possible to analyze individual trajectories and determine their distribution among distinct diffusion modes. We identified four types of diffusion by analysis of trajectories: random, confined, transiently confined and directed diffusion (Fig. 4). Interestingly, after actin destabilization following CD treatment, the fraction of receptors characterized by random diffusion mode increases while those of the confined and directed diffusion modes exhibit a reduction. On the other hand, the fraction of receptors with transiently confined diffusion mode remains invariant (see Fig. 4a). This observation is consistent with the proposition that the actin cytoskeleton compartmentalizes the plasma membrane [START_REF] Jacobson | The lateral organization and mobility of plasma membrane components[END_REF] and is implicated in the internalization of receptors [START_REF] Wolfe | Clathrin-dependent mechanisms of G proteincoupled receptor endocytosis[END_REF].

Destabilization of the actin cytoskeleton appears to release dynamic constraints which could promote random diffusion, along with a small increase in D1-2 for each diffusion mode (Fig. 4b). The effect of release of dynamic constraints upon actin destabilization gets further manifested on the serotonin1A receptor diffusion, as evident from the overall flattening of the distribution of the radius of confinement (R) and an overall shift toward larger values of the confinement radius (see Table 1 and Fig. 5). For control cells, in case of receptors undergoing confined diffusion, the average radius of confinement was ~212 nm (Table 1).

The corresponding value upon actin destabilization using 5 µM CD resulted in a significant increase (~25%) in the average radius of confinement, thereby suggesting release of dynamic constraints of receptors from cytoskeleton-induced domains.

Ligand binding to the serotonin1A receptor upon actin cytoskeleton destabilization

Ligand binding to GPCRs is the first step toward initiation of signaling in response to an extracellular stimulus. In order to monitor changes in ligand binding to the serotonin1A receptor upon cytoskeletal destabilization, we carried out whole cell ligand binding of the serotonin1A receptor upon CD treatment in cells. Previous work from our laboratory has established that the agonist preferentially binds to receptors that are exclusively coupled to G-proteins, whereas the antagonist binding is insensitive to G-protein coupling state of the receptor [START_REF] Harikumar | Differential discrimination of Gprotein-coupling of serotonin1A receptors from bovine hippocampus by an agonist and antagonist[END_REF][START_REF] Javadekar-Subhedar | Temperature-dependent interaction of the bovine hippocampal serotonin1A receptor with G-proteins[END_REF]. Fig. 6a shows the increase in specific agonist ([ 3 H]8-OH-DPAT) binding to the serotonin1A receptor upon destabilization of actin cytoskeleton. The figure shows that the specific agonist binding in CD-treated cells increases by ~57% relative to control cells. The increase in specific agonist binding upon actin destabilization could possibly be due to an increase in the population of G-protein-coupled pool of serotonin1A receptors, since agonist binding requires G-protein coupling. Actin destabilization therefore appears to result in increased probability of interaction of GPCRs with G-proteins. Another possibility could be that there is an increase in agonist binding affinity of the serotonin1A receptor due to subtle conformational changes upon actin destabilization.

In order to gain further insight on the increase in agonist binding upon actin destabilization, we performed saturation binding assays and representative binding plots are shown in Fig. 6b. Our analysis of saturation binding of the specific agonist [ 3 H]8-OH-DPAT in control and CD-treated condition showed that there was no significant difference in the agonist binding affinity (Kd), as apparent from Table 2. Instead, we observed a significant increase in the number of binding sites (Bmax) upon destabilization of actin cytoskeleton, as shown in Table 2. These results indicate that the increase in specific agonist binding upon CD treatment is possibly due to an increase in G-protein-coupled state of the serotonin1A receptor. These results are supported by the observation that specific antagonist ([ 3 H]p-MPPF) binding to the serotonin1A receptor remained invariant upon actin destabilization (Fig. 6c). Taken together, these results indicate that the total cell surface receptor numbers do not change during actin destabilization. This conclusion is further reinforced by using a quantitative flow cytometric assay (Fig. 6d), in which we measured cell surface population of the serotonin1A receptor by exclusively labeling the membrane-associated population of receptors with anti-myc antibody Alexa Fluor 488 conjugate. Figure 6d 

Actin cytoskeleton dependent signaling by the serotonin1A receptor

As a downstream effect of agonist stimulation, the serotonin1A receptor was shown to activate the Gi/Go class of G-proteins in HEK-293 cells [START_REF] Malmberg | Site-directed mutations in the third intracellular loop of the serotonin 5-HT1A receptor alter G protein coupling from Gi to Gs in a ligand-dependent manner[END_REF][START_REF] Giulietti | How much do we know about the coupling of G-proteins to serotonin receptors?[END_REF]. This results in the inhibition of adenylyl cyclase activity that leads to reduction in cellular cAMP levels (66). To assess the effect of receptor dynamics (upon actin destabilization) on its signaling efficacy, we monitored serotonin (agonist)-stimulated reduction of cAMP levels by the serotonin1A receptor under these conditions. Since the basal levels of cAMP are low (difficult to measure), the cellular level of cAMP first needs to be increased using agents such as forskolin to assess Gi-mediated reduction in cAMP levels. We utilized a FRET-based assay [START_REF] Tardieu | Selecting a cyclic AMP kit for assaying GPCR target activation[END_REF][START_REF] Ward | Spatial intensity distribution analysis quantifies the extent and regulation of homodimerization of the secretin receptor[END_REF] that measures serotonin-induced reduction in forskolin-stimulated cAMP levels. We previously showed that forskolin-stimulated increase in intracellular levels of cAMP could induce significant actin cytoskeleton reorganization and lead to differential mobility of the serotonin1A receptor [START_REF] Ganguly | Actin cytoskeletondependent dynamics of the human serotonin1A receptor correlates with receptor signaling[END_REF]. Fortunately, we found that pre-treatment of cells with CD considerably reduces the effect of forskolin treatment on the organization of actin cytoskeleton and could be used for cAMP measurements [START_REF] Ganguly | Actin cytoskeletondependent dynamics of the human serotonin1A receptor correlates with receptor signaling[END_REF]. The relative cAMP level, normalized to that found in basal condition (in presence of only IBMX, the phosphodiesterase inhibitor), is shown in Fig. 7. As shown in Fig. 7, forskolin-stimulation resulted in ~100% increase in cellular cAMP levels. Importantly, we observed that treatment with serotonin suppressed the forskolin-stimulated enhancement of cAMP levels in control as well as CDtreated cells (albeit to different extents). The relative reduction in cAMP levels mediated by the serotonin1A receptor upon treatment with serotonin, normalized to that found upon forskolin stimulation alone, is shown in Fig. 7b. The figure shows that actin destabilization leads to further reduction in serotonin-stimulated cAMP levels relative to control cells. Interestingly, we observed that even at a 10-fold lower ligand concertation (1 μM), actin destabilization led to further reduction in serotonin-stimulated cAMP levels relative to control cells, as observed in case of 10 μM serotonin (Fig. S2). However, such effect on cAMP levels were absent when cells were treated with 100 nM serotonin (Fig. S2). Taken together, these results suggest that the signaling efficiency of the serotonin1A receptor is enhanced upon actin destabilization. Importantly, we ruled out the possibility that actin destabilization alone could regulate the activity of adenylyl cyclase by measuring the level of basal and forskolin-stimulated cAMP levels in cells pre-treated with CD (see Fig. S3). No significant difference was observed in the basal as well as forskolin-stimulated cAMP levels in control and CD-treated cells, thereby suggesting that CD treatment alone does not stimulate or inhibit adenylyl cyclase activity. These results therefore suggest that the release of constraints by actin destabilization favors signaling through enhanced dynamic interaction between the receptor and G-protein. In other words, the actin cytoskeleton induced spatial confinement plays an important role in regulation of signal transduction by GPCRs.

DISCUSSION

In this work, we explored the role of the actin cytoskeleton on the dynamics, ligand binding and signaling of the serotonin1A receptor, stably expressed in HEK-293 cells, using SPT, which can provide information on relative distribution of receptors among diffusion modes. Our results show that the short-term diffusion coefficient of the serotonin1A receptor exhibits an increase upon actin destabilization due to release of dynamic constraints.

Analysis of individual trajectories revealed that the population of receptors undergoing random diffusion increases while those of the confined and directed diffusion modes decrease. The fraction of transiently confined receptors remains invariant. Analysis of the radius of confinement of the receptor revealed that there was an overall shift toward larger values of the confinement radius upon actin destabilization using 5 µM CD, which corresponds to ~15% reduction in F-actin level. The functional implication of such actin destabilization was apparent from the increase in specific agonist binding and cAMP signaling.

The short-term diffusion coefficient of the serotonin1A receptor by SPT was found to be ~0.05 µm 2 s -1 and is similar to the diffusion coefficient of other class A GPCRs such as the µ-opioid receptor (47) and neurokinin-1 receptor (48), obtained using SPT. To the best of our knowledge, our previous results [START_REF] Ganguly | Actin cytoskeletondependent dynamics of the human serotonin1A receptor correlates with receptor signaling[END_REF][START_REF] Ganguly | Cholesterol depletion mimics the effect of cytoskeletal destabilization on membrane dynamics of the serotonin1A receptor: a zFCS study[END_REF][START_REF] Pucadyil | Cholesterol depletion induces dynamic confinement of the G-protein coupled serotonin1A receptor in the plasma membrane of living cells[END_REF], along with present results, represent the first report of lateral diffusion coefficient of a functional GPCR (the serotonin1A receptor) monitored utilizing three independent approaches differing in spatiotemporal resolutions.

However, the diffusion coefficient obtained by SPT for the serotonin1A receptor appears to be lower than that probed by FRAP (~0.14 µm 2 s -1 ) [START_REF] Ganguly | Actin cytoskeletondependent dynamics of the human serotonin1A receptor correlates with receptor signaling[END_REF][START_REF] Pucadyil | Cholesterol depletion induces dynamic confinement of the G-protein coupled serotonin1A receptor in the plasma membrane of living cells[END_REF]. A possible reason for this discrepancy could be the temperature at which FRAP measurements were performed previously (~37 °C) ( 69) is significantly higher than temperature at which measurements were carried out in our current work (~22 °C). Interestingly, the diffusion coefficient values obtained from our SPT measurements are much lower than the corresponding value obtained using zFCS (~4 µm 2 s -1 ) [START_REF] Ganguly | Cholesterol depletion mimics the effect of cytoskeletal destabilization on membrane dynamics of the serotonin1A receptor: a zFCS study[END_REF]. The difference in the magnitude of diffusion coefficients of the serotonin1A receptor obtained by these techniques could be attributed to the varying spatiotemporal resolutions associated with these approaches [START_REF] Marguet | Lateral diffusion in heterogeneous cell membranes[END_REF][START_REF] Baker | Functional membrane diffusion of G-protein coupled receptors[END_REF][START_REF] Sarkar | Exploring membrane organization at varying spatiotemporal resolutions: implications in membrane biology[END_REF]. SPT and FCS represent two different approaches for observing diffusion behavior. Single molecule technique such as SPT tracks single-fluorescent molecules at low concentrations and connects single localizations into trajectories. On the other hand, FCS is an ensemble method and is based on the calculation of autocorrelation functions from intensity fluctuations due to diffusing particles through an observation volume defined by a focused laser. SPT provides specific information on single particles and is best suited for the examination of heterogeneous systems, whereas FCS yields averaged information and spatial information.

The characteristic time scales that govern the length scales that are probed by the techniques merit discussion. SPT is limited to a time resolution of about 10 ms relative to the time scale of FCS (which could be tens of µs). It is possible that at such short times, the environment is less crowded and this leads to larger values of the diffusion coefficient. There are other interesting differences between these two approaches. For example, FCS (but not SPT) can provide precise concentration of the fluorophore and FCS is also more sensitive of the two methods. The big advantage with SPT lies in the fact that it allows to distinguish subpopulations undergoing various modes of diffusion, very useful in a micro-heterogeneous environment such as biological membranes.

The plasma membrane acts as the first portal where the cellular response to various extracellular stimuli gets initiated. Since molecules in the plasma membrane are dynamic, functional association between them would depend on the probability of their interaction with signaling partners (downstream effectors). When viewed from this perspective, signaling mediated by membrane proteins could be proposed to be a consequence of differential mobility of various interacting molecules [START_REF] Cuatrecasas | Membrane receptors[END_REF][START_REF] Kahn | Membrane receptors for hormones and neurotransmitters[END_REF][START_REF] Peters | Lateral mobility of proteins and lipids in the red cell membrane and the activation of adenylate cyclase by β-adrenergic receptors[END_REF]. This constitutes the basis of the 'mobile receptor' hypothesis that proposes that receptor-effector interactions at the plasma membrane are determined by lateral diffusion of the interacting components. Lateral diffusion of membrane components is modulated by the actin cytoskeleton. For example, the actin cytoskeleton was shown to be an important regulator of the lateral mobility of GPCRs such as the metabotropic glutamate receptor 5 [START_REF] Sergé | Receptor activation and Homer differentially control the lateral mobility of metabotropic glutamate receptor 5 in the neuronal membrane[END_REF][START_REF] Sergé | Active surface transport of metabotropic glutamate receptors through binding to microtubules and actin flow[END_REF]. Previous SPT measurements have reinforced the proposal of actin cytoskeleton dependent dynamics of membrane molecules [START_REF] Fujiwara | Phospholipids undergo hop diffusion in compartmentalized cell membrane[END_REF]. Actin destabilization could therefore offer a convenient handle to modulate the lateral diffusion of membrane proteins and receptors. As our present results show that this could lead to enhanced downstream signaling.

Interestingly, we previously showed using FRAP, that activation of the serotonin1A receptor with ligands or activators of G-proteins leads to an increase in diffusion [START_REF] Pucadyil | G-protein-dependent cell surface dynamics of the human serotonin1A receptor tagged to yellow fluorescent protein[END_REF]. In a complimentary fashion, our present results using SPT show that release of dynamic constraints by actin destabilization results in increased signaling. We conclude that measurements of receptor dynamics could provide novel insight toward developing a conceptual framework for cellular signaling. )) for cells treated with CD relative to control). The number of trajectories analyzed in each condition is given in Table 1. See text for more details. 

  BSA, CaCl2, cytochalasin D (CD), DMSO, doxycycline, D-glucose, EDTA, forskolin, gentamycin sulfate, IBMX, MgCl2, MnCl2, NaHCO3, penicillin, (4-(2'-methoxy)-phenyl-1-[2'-(N-2''-pyridinyl)-p-fluorobenzamido]ethyl-piperazine (p-MPPF), serotonin, streptomycin, Triton X-100 and Tris were purchased from Sigma (St. Louis, MO). MTT was obtained from Calbiochem (San Diego, CA). Alexa Fluor 546 phalloidin and Qdot TM 655 streptavidin conjugate were from Molecular Probes (Eugene, OR). Anti-myc tag antibody C-terminal (Biotin) was purchased from Abcam (Cambridge, U.K.). Anti-myc antibody Alexa Fluor 488 conjugate was purchased from Millipore (Bedford, MA). DMEM/F-12 (Dulbecco's modified Eagle medium: nutrient mixture F-12 (Ham) (1:1)), fetal calf serum (FCS), and hygromycin B were obtained from Invitrogen Life Technologies (Carlsbad, CA). [ 3 H]8-OH-DPAT (8hydroxy-2(di-N-propylamino)tetralin, specific activity 141 Ci/mmol) and [ 3 H]p-MPPF, specific activity 74.2 Ci/mmol) were obtained from MP Biomedicals (Santa Ana, CA). GF/B glass microfiber filters were from Whatman International (Kent, UK). HTRF® cAMP-Gi assay kit was purchased from CisBio Bioassays (Codolet, France). Purified water through a Millipore (Bedford, MA) Milli-Q system was used for all experiments.

  HEK-293 cells expressing the N-terminal myc-tagged serotonin1A receptor were plated on coverslips 72 h before the experiments. Streptavidin-conjugated Quantum Dots (QDs) were pre-coupled to a biotinylated anti-c-myc antibody (at a molar ratio of 10:1, respectively) by incubating for 15 min in PBS with 1% BSA (w/v) and 2% D-glucose (w/v) (buffer B). Prior to microscopic observations, the coverslips were mounted in a chamber (25 mm inner diameter) and myc-tagged serotonin1A receptors were labeled with 0.03 nM antibody conjugated QD in 100 µl buffer B at room temperature (~22 °C) for 30 min. Subsequently, cells were washed three times with 3 ml buffer B to remove any unbound QDs.Trajectories of QDs at the cell surface were tracked with a Cascade II 512 EM-CCD camera (Roper Scientific, Tucson, AZ) operating at 25 Hz acquisition frequency on a Zeiss Axioobserver A1 microscope (Jena, Germany) at room temperature (~22 °C). QDs were illuminated with a X-CITE 120 light source with a metal halide vapor short arc lamp and observed through a Fluar 100×/1.3 NA oil immersion UV objective associated to a 1.6× multiplier tube lens connected to the camera. The duration of the recordings was set to 80 sec.The trajectories of all QDs in a video sequence were analyzed using the Multiple Target Tracing program developed by Sergé et al.[START_REF] Sergé | Dynamic multiple-target tracing to probe spatiotemporal cartography of cell membranes[END_REF]. Trajectories of more than 20 s were further analyzed with a home-made program written in Visual Basic (VBA Excel, Microsoft) computing the mean square displacement as a function of time interval, MSD(nδt), using the equation:

  shows a representative flow cytometric histogram with overlapping histogram of fluorescence intensity, indicating invariance of total serotonin1A receptor population (irrespective of Gprotein coupling) on the cell surface upon actin cytoskeleton destabilization.

FIGURE 1 (

 1 FIGURE 1 (a) A schematic representation of topological features of the human serotonin1A receptor with a myc-tag (maroon) at its N-terminal stably expressed in HEK-293 cells. The boundaries of the membrane are shown as blue horizontal bars. (b) Representative confocal microscopic image of HEK-293 cells showing the distribution of the myc-tagged serotonin1A receptor labeled with anti-myc antibody conjugated to Alexa Fluor 488 (green). The nucleus is labeled with DAPI (blue). The scale bar represents 10 μm.

FIGURE 2

 2 FIGURE 2 Reorganization of actin cytoskeleton in HEK-293 cells expressing the serotonin1A receptor. The actin cytoskeleton of HEK-293 cells was stained with Alexa Fluor 546 phalloidin. Imaging of F-actin cytoskeleton was carried out by exciting Alexa Fluor 546 phalloidin using a 561 nm DPSS laser and emission was collected using a bandpass filter of 575-630 nm. The level of F-actin was estimated using a quantitative high-resolution confocal microscopic technique previously developed by us (35). z-section images were acquired using a 63×/1.4 NA oil immersion objective with a fixed z step size of 0.32 μm under 1 airy condition. Panels (a) and (b) show maximum intensity projections of 11 sections from the base of the cover slip (~3.5 μm from the base into the cell) of the actin cytoskeleton in control and 5 μM CD treated cells, respectively. Loss of F-actin filaments and formation of F-actin aggregates can be observed upon treatment with 5 μM of CD. The scale bars represent 10 μm. Iso-surfaces (defined as voxel contours of equal fluorescence intensity) were generated from the z-sections using Imaris 6.0.0 (Bitplane AG, Zurich, Switzerland) after thresholding the fluorescence intensity of z-sections followed by application of a Gaussian filter and are shown in panels (c) and (d). In order to quantitate F-actin, the volume enclosed by isosurfaces were normalized to the projected area of cells obtained using the software provided with LSM 510 Meta confocal microscope. Values obtained upon quantitation of F-actin in control and CD-treated cells are shown in panel (e). Data represent means ± SE of at least 11 independent measurements from three independent experiments (*** corresponds to

FIGURE 3

 3 FIGURE 3 Distribution of log D1-2 calculated from the trajectories of serotonin1A receptors obtained by SPT on HEK-293 cells in the absence (control, blue circle, n = 133) and in the presence (red triangle, n = 117) of 5 μM CD. Trajectories of QDs at the cell surface were tracked with a Cascade II 512 EM-CCD camera (Roper Scientific, Tucson, AZ) operating at 25 Hz acquisition frequency on a Zeiss Axio-observer A1 microscope (Jena, Germany) at room temperature (~22 °C). The duration of the recordings was set to 80 sec. The trajectories of all QDs in a video sequence were analyzed using the Multiple Target Tracing program developed by Sergé et al. (53). Trajectories of more than 20 s were further analyzed with a home-made program written in Visual Basic (VBA Excel, Microsoft). The black vertical lines correspond to the mean of the distribution of log D1-2. See text for more details.

FIGURE 4 (

 4 FIGURE 4 (a) The relative distribution of SPT trajectories of serotonin1A receptors in HEK-293 cells among the four diffusion modes observed in the absence (blue bars, n= 133) and presence (red hatched bars, n= 117) of 5 μM CD. (b) Average short-term diffusion coefficient (D1-2 (μm 2 s -1 )) of the serotonin1A receptor measured by SPT on HEK-293 cells for each diffusion mode in the absence (blue bars) and presence (red hatched bars) of 5 μM CD. Data represent means ± SE of at least four independent experiments with at least 8 cells for each experiment (*, ** corresponds to significant (p < 0.05), (p < 0.01) difference in short-term diffusion coefficient (D1-2 (μm 2 s -1 )) for cells treated with CD relative to control). The number

FIGURE 5 A

 5 FIGURE 5 A histogram distribution of domain radii of confinement in the confined trajectories measured by SPT for serotonin1A receptors (a) in the absence (blue bars, n = 64) and (b) presence (red bars, n = 55) of 5 μM CD. To identify transient or continuous confinement events, a confinement index Λ(t), as established by Meilhac et al. (56) was calculated and a value of Λ(t) > 4 for a period longer than ∆t is characteristic of confined

FIGURE 6 (

 6 FIGURE 6 (a) Specific binding of the agonist [ 3 H]8-OH-DPAT to serotonin1A receptors in intact HEK-293 cells for control and 5 μM CD treatment. Cells (~10 6 ) in serum-free DMEM/F-12 medium were incubated at ~25 °C for 15 min in presence of 1 nM [ 3 H]8-OH-DPAT (specific agonist). Non-specific binding was obtained by performing the assay in presence of 10 μM unlabeled serotonin). Data represent means ± SE from at least three independent experiments (** corresponds to significant (p < 0.001) difference in specific [ 3 H]8-OH-DPAT binding in cells treated with CD relative to control). (b) Saturation binding analysis of specific [ 3 H]8-OH-DPAT binding to the serotonin1A receptor in intact cells. The concentration of [ 3 H]8-OH-DPAT ranged from 0.1 to 7.5 nM. Nonspecific binding was determined by performing the assay in presence of 10 µM unlabeled serotonin. Ligand binding assays were carried out at ~25 °C with ~10 6 cells for each ligand concentration. The saturation binding data could be fitted best to a one-site ligand binding equation. Representative binding plots are shown for control (•) and 5 μM CD-treated (▲) cells. The curves are nonlinear regression fits to the experimental data. See Table 2 for more details. (c) Specific binding of the antagonist [ 3 H]p-MPPF to serotonin1A receptors in intact HEK-293 cells for control and 5 μM CD treatment. Cells (~10 6 ) in serum-free DMEM/F-12 medium were incubated at ~25 °C for 15 min in presence of 1 nM [ 3 H]p-MPPF (specific antagonist). Non-specific binding was obtained by performing the assay in presence of 10 μM unlabeled p-MPPF. Values are expressed as percentages of specific radioligand binding in control cells. Data represent means ± SE from at least three independent experiments (d) An overlay of representative flow cytometric histograms indicating the population of serotonin1A receptors on the cell surface corresponding to control (blue) and CD-treated cells (red). The plasma membrane associated receptor population was labeled with anti-myc antibody Alexa Fluor 488 conjugate. Alexa Fluor 488 was excited at 488 nm and emission was collected using a 525/40 bandpass filter. Mode count values were obtained by flow

FIGURE 7

 7 FIGURE 7 Estimation of cellular cAMP levels in HEK-293 cells stably expressing serotonin1A receptors. (a) The ability of the serotonin1A receptor to inhibit forskolinstimulated increase in cAMP levels upon treatment with 10 μM serotonin was assessed under control and CD-treated conditions. After treatment with CD, cells were treated with 50 µM IBMX (basal), 50 µM IBMX/10 µM forskolin (forskolin-stimulated), 50 µM IBMX/ 10 µM forskolin/10 µM serotonin (agonist treatment) and incubated for 30 min at 37 °C. The phosphodiesterase inhibitor IBMX (50 μM) was present during all treatments to prevent breakdown of cAMP. The ability of the serotonin1A receptor to inhibit the forskolinstimulated increase in cAMP levels was assessed using the FRET-based HTRF® cAMP-Gi assay kit (CisBio Bioassays, Codolet, France). Fluorescence was measured at 620 nm (cAMP-cryptate donor emission) and 655 nm (anti-cAMP-d2 acceptor emission) upon excitation of the donor at 320 nm. cAMP levels were calculated as a ratio of the acceptor and donor emission. Data are normalized to cAMP levels in the presence of IBMX for each condition. Data represent means ± SE of at least three independent experiments (** corresponds to significant (p < 0.001) difference in cAMP content under serotonin-treated condition for cells treated with CD relative to control). (b) The relative reduction in forskolin-stimulated levels of cAMP in HEK-293 expressing the serotonin1A receptor upon activation by 10 μM serotonin. Data are normalized to cAMP levels in the presence of 50 µM IBMX/10 µM forskolin (forskolin-stimulated) for each condition. Data represent means ± SE of at least three independent experiments (** corresponds to significant (p < 0.001) difference in cAMP content under serotonin-treated condition for cells treated with CD relative to control). See Materials and Methods for other details.

Table 1 Diffusion parameters of the serotonin1A receptor for different diffusion modes

 1 

	__________________________________________________________________________
				Diffusion modes		
		_________________________________________________________
		Random	Confined	Directed	Transiently Confined
					_____________________
					Random	Confined
	__________________________________________________________________________
	(a) Control					
	D1-2 (10 -2 µm 2 /s)	4.8 ± 0.3	2.6 ± 0.4	6.0 ± 0.8	3.9 ± 0.2	3.2 ± 0.3
	# of trajectories	47	12	10	64	
	R (nm)		212 ± 40			218 ± 27
	(b) Cytochalasin D treated a				
	D1-2 (10 -2 µm 2 /s)	5.5 ± 0.3	3.7 ± 1.4	7.6 ± 1.8	5.2 ± 0.4	4.4 ± 0.5
	# of trajectories	50	7	5	55	
	R (nm)		264 ± 54			288 ± 22
	_________________________________________________________________________________________
	a The concentration of cytochalasin D was 5 µM.			

Table 2 Binding parameters b of the agonist [ 3 H]8-OH-DPAT binding to serotonin1A receptor expressed in HEK-293 cells

 2 

	______________________________________________________________________
	Parameters	Control	Cytochalasin D treated
	______________________________________________________________________
	Kd	1.1 ± 0.1 nM	1.0 ± 0.1 nM
	Bmax	49 ± 3 fmol/10 6 cells	76 ± 3 fmol/10 6 cells
	______________________________________________________________________

b The binding parameters shown represent means ± SE from three independent experiments, while saturation binding data shown in Fig.6bis from a representative experiment. The concentration of cytochalasin D was 5 µM.
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