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ABSTRACT Analyzing the dynamics of membrane proteins in the context of cellular signaling represents a challenging problem
in contemporary cell biology. Lateral diffusion of lipids and proteins in the cell membrane is known to be influenced by the
cytoskeleton. In this work, we explored the role of the actin cytoskeleton on the mobility of the serotonin1A (5-HT1A) receptor, stably
expressed in CHO cells, and its implications in signaling. FRAP analysis of 5-HT1AR-EYFP shows that destabilization of the actin
cytoskeleton induced by either CD or elevation of cAMP levels mediated by forskolin results in an increase in the mobile fraction of
the receptor. The increase in the mobile fraction is accompanied by a corresponding increase in the signaling efficiency of the
receptor. Interestingly, with increasing concentrations of CD used, the increase in the mobile fraction exhibited a correlation of
;0.95 with the efficiency in ligand-mediated signaling of the receptor. Radioligand binding and G-protein coupling of the receptor
were found to be unaffected upon treatment with CD. Our results suggest that signaling by the serotonin1A receptor is correlated
with receptor mobility, implying thereby that the actin cytoskeleton could play a regulatory role in receptor signaling. These results
may have potential significance in the context of signaling by GPCRs in general and in the understanding of GPCR-cytoskeleton
interactions with respect to receptor signaling in particular.

INTRODUCTION

Biological membranes are complex two-dimensional non-

covalent assemblies of a diverse variety of lipids and pro-

teins. Current understanding of the organization of biological

membranes involves the concept of lateral heterogeneities in

the membrane, collectively termed ‘‘membrane domains’’.

These specialized regions are believed to be enriched in

specific lipids and proteins and facilitate processes such as

trafficking, sorting, and signal transduction over a range of

spatiotemporal scale (1–4). The eukaryotic plasma mem-

brane, therefore, displays a rather complex architecture in

terms of the organization of membrane components.

Seven transmembrane domain GPCRs constitute one of

the largest families of proteins in mammals and account for

;2% of the total proteins coded by the human genome (5).

Signal transduction events mediated by GPCRs are the pri-

mary means by which cells communicate with and respond to

their external environment (6). As a consequence, GPCRs

represent major targets for the development of novel drug

candidates in all clinical areas (7). The major paradigm in

GPCR signaling is that their stimulation leads to the recruit-

ment and activation of heterotrimeric G-proteins (8). The key

steps involved in this process are agonist-induced guanine

nucleotide exchange of GDP by GTP on the G-protein a

subunit. This is followed by conformational changes in the

GPCR and dissociation or rearrangement of the Ga from Gbg

subunits. The activated G-protein subunits subsequently elicit

separate downstream signaling events by interacting with

specific effectors like AC, phospholipases, or ion channels.

The G-protein-coupled serotonin1A (5-HT1A) receptor is the

most extensively studied among the serotonin receptors (9).

Serotonin1A receptors appear to play a key role in the gener-

ation and modulation of various cognitive, behavioral, and

developmental functions, such as sleep, mood, addiction, de-

pression, and anxiety (10). Mutant (knockout) mice lacking

the serotonin1A receptor exhibit enhanced anxiety-related be-

havior and provide an important animal model for the analysis

of complex traits such as anxiety disorders and aggression in

higher organisms (11). Interestingly, serotonin1A receptor-

mediated signaling has been implicated in various neuro-

developmental processes such as neurite growth and neuronal

survival (12). Upon binding serotonin, the serotonin1A re-

ceptor signals via Gai-mediated inhibition of AC, leading to

the lowering of cAMP levels and consequent downstream

signaling (9). We have previously characterized the heterolo-
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gously expressed serotonin1A receptor tagged to EYFP in

CHO cells pharmacologically and shown that the tagged re-

ceptors are essentially similar to the native receptor in hippo-

campal membranes (13).

The plasma membrane is the first platform where a cell

initiates its reaction to an extracellular stimulus. Since

membrane-bound molecules are dynamic, functional asso-

ciation between them depends on the probability of their

interaction with signaling partners. Cellular signaling medi-

ated by proteins has therefore been hypothesized to be a con-

sequence of differential mobility parameters of the various

interacting components (14–16). This forms the basis of the

‘‘mobile receptor’’ hypothesis, which proposes that receptor-

effector interactions at the plasma membrane are controlled

by lateral mobility of the interacting components. Lateral

diffusion of membrane lipids and proteins is known to be

influenced by cytoskeletal proteins. Early results from studies

performed on myoblast and erythrocyte membranes have

suggested that the cytoskeleton imposes constraints on the

lateral dynamics of membrane proteins (17,18). Recent ob-

servations using sophisticated microscopic techniques have

further supported the notion of an actin cytoskeleton-de-

pendent dynamics of molecules in cell membranes (19) and

have led to the ‘‘anchored protein picket fence model’’ of

membranes (20). An interesting corollary of this model is that

even proteins which do not interact specifically with the actin

cytoskeleton are expected to exhibit actin cytoskeleton-

dependent dynamics. The destabilization of the actin cyto-

skeleton may thus provide a handle to manipulate the lateral

dynamics of membrane proteins. In this work, we used this

strategy to address the mechanism of signaling of the sero-

tonin1A receptor expressed in CHO cells. We report here the

effect of actin cytoskeleton destabilization on the diffusion

properties of the functional serotonin1A receptor analyzed by

FRAP. In addition, we monitored the ability of the receptor to

signal under conditions of actin destabilization by estimating

its ability to lower cAMP levels upon activation by serotonin

in live cells. We interpret our results based on the current

understanding of actin-dependent lateral dynamics of mem-

brane proteins and receptor-effector interactions.

MATERIALS AND METHODS

Materials

MgCl2, p-MPPI, CaCl2, penicillin, streptomycin, gentamycin sulfate, sero-

tonin, polyethylenimine, and CD were obtained from Sigma (St. Louis, MO).

Rhodamine-conjugated phalloidin was from Molecular Probes (Eugene,

OR). D-MEM/F-12 (Dulbecco’s modified Eagle medium: nutrient mixture

F-12 (Ham) (1:1)), fetal calf serum, and geneticin (G 418) were from In-

vitrogen Life Technologies (Carlsbad, CA). GTP-g-S was from Roche Ap-

plied Science (Mannheim, Germany). BCA reagent was from Pierce

(Rockford, IL). Forskolin and IBMX were obtained from Calbiochem (San

Diego, CA). [3H]8-OH-DPAT (specific activity ¼ 135.0 Ci/mmol) and

[3H]p-MPPF (specific activity ¼ 70.5 Ci/mmol) were purchased from

DuPont New England Nuclear (Boston, MA). The cyclic [3H]AMP assay kit

was purchased from Amersham Biosciences (Buckinghamshire, UK). GF/B

glass microfiber filters were from Whatman International (Kent, UK). All

other chemicals used were of the highest available purity. Water was purified

through a Millipore (Bedford, MA) Milli-Q system and used throughout.

Cells and cell culture

CHO-K1 cells stably expressing the 5-HT1AR-EYFP (referred to as CHO-

5-HT1AR-EYFP) were used (;105 receptors/cell). Cells were grown in D-MEM/

F-12 (1:1) supplemented with 2.4 g/l of sodium bicarbonate, 10% fetal calf

serum, 60 mg/ml penicillin, 50 mg/ml streptomycin, 50 mg/ml gentamycin sulfate

in a humidified atmosphere with 5% CO2 at 37�C. CHO-5-HT1AR-EYFP cells

were maintained in the above-mentioned conditions with 300 mg/ml geneticin.

CD treatment of cells

A stock solution of 2 mM CD was made in DMSO, and further concentra-

tions were prepared upon dilution of the stock in buffer A (PBS containing

1 mM CaCl2 and 0.5 mM MgCl2). The amount of DMSO was always ,0.5%

(v/v). Treatment of control cells with similar amounts of DMSO did not show

any change in cellular morphology or receptor dynamics.

Cell membrane preparation

Cell membranes were prepared as described earlier (13) with a few modifi-

cations. Cells grown to confluence in 175 cm2 flasks were harvested with ice

cold buffer B (10 mM Tris, 5 mM EDTA, 0.1 mM PMSF, pH 7.4) at room

temperature. The harvest was homogenized with a Polytron (Duluth, GA)

homogenizer for 20 s at 4�C at maximum speed. The cell lysate was then

centrifuged at 500 g for 10 min at 4�C, and the resulting supernatant was

centrifuged at 40,000 g for 30 min at 4�C. The pellet thus obtained was

suspended in 50 mM Tris, pH 7.4, buffer and used for radioligand binding

assays. The total protein concentration of cell membranes was determined

using BCA assay (21).

Radioligand binding assay

Receptor binding assays were carried out as described earlier (13) with some

modifications. Briefly, tubes in duplicate with 40 mg of total protein in a

volume of 1 ml buffer C (50 mM Tris, 1 mM EDTA, 10 mM MgCl2, 5 mM

MnCl2, pH 7.4) for agonist binding or in 1 ml buffer D (50 mM Tris, 1 mM

EDTA, pH 7.4) for antagonist binding assays were used. Tubes were incu-

bated with the radiolabeled agonist [3H]8-OH-DPAT (final concentration in

the assay tube was 0.29 nM) or antagonist [3H]p-MPPF (final concentration

in the assay tube was 0.5 nM) for 1 h at 25�C. Nonspecific binding was

determined by performing the assay either in the presence of 10 mM sero-

tonin (for agonist binding) or in the presence of 10 mM p-MPPI (for an-

tagonist binding). The binding reaction was terminated by rapid filtration

under vacuum in a Brandel cell harvester (Gaithersburg, MD) through

Whatman GF/B 2.5 cm diameter glass microfiber filters (1.0 mm pore size),

which were presoaked in 0.15% (w/v) polyethylenimine for 1 h. The filters

were then washed three times with 3 ml of cold water (4�C) and dried, and the

retained radioactivity was measured in a Packard (Meriden, CT) Tri-Carb

1500 liquid scintillation counter using 5 ml of scintillation fluid.

GTP-g-S sensitivity assay

For experiments in which GTP-g-S was used, agonist binding assays were

performed on membranes prepared from cells treated with CD, in the pres-

ence of varying concentrations of GTP-g-S in buffer C containing 0.29 nM

[3H]8-OH-DPAT. Membranes prepared from cells without CD treatment

served as control. The concentration of GTP-g-S leading to 50% inhibition of

specific agonist binding (IC50) was calculated by nonlinear regression fitting

of the data to a four-parameter logistic function as described earlier (13):

B ¼ a=ð1 1 ðx=IÞsÞ1 b; (1a)
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where B is specific binding of the agonist normalized to binding in the

presence of very low concentration (10�12 M) of GTP-g-S, x denotes the

concentration of GTP-g-S, a is the range (ymax–ymin) of the fitted curve on the

ordinate (y axis), I is the IC50 concentration, b is the background of the fitted

curve (ymin), and s is the slope factor.

Estimation of cAMP levels in cells

The ability of the agonist to downregulate the forskolin-stimulated increase

in cAMP levels in cells was assessed as described previously (13), with a few

modifications. CHO cells stably expressing 5-HT1AR-EYFP were plated at a

density of 105 cells in 24-well plates and grown in D-MEM/F-12 medium for

48 h. After treatment with specified concentrations of CD for 30 min in buffer

A, cells were rinsed with PBS and incubated with 10 mM forskolin in the

presence of 5 nM serotonin (5-HT) (see Fig. 8 B) or a range of concentrations

of 5-HT (see Fig. 9 B) at 37�C for 30 min in serum-free medium. The

phosphodiesterase inhibitor IBMX (50 mM) was present during this treat-

ment. After this incubation, cells were lysed in 10 mM Tris and 5 mM EDTA,

pH 7.4 buffer. Cell lysates were boiled for 7–8 min and spun for 15 min in a

Sorvall (Newtown, CT) RC-5B centrifuge using a SS-34 rotor to remove

precipitated proteins. cAMP amounts in an aliquot of the supernatant were

estimated using the [3H]cAMP assay, which is based on the protein-binding

method described previously (22). The efficiency of the ligand-mediated

reduction in cAMP levels was calculated after normalization of the data to the

cAMP content in cells stimulated with forskolin. To determine the IC50 of

ligand-induced reduction in cAMP, data with a range of concentrations of

5-HT were fitted to the four-parameter logistic equation (Eq. 1), as mentioned

earlier, with a few parameters redefined as below:

C ¼ a=ð1 1 ðx=IÞsÞ1 b; (1b)

where C is the cAMP level normalized to the level of cAMP in cells

stimulated with 10 mM forskolin, x denotes the concentration of 5-HT, a is

the range (ymax–ymin) of the fitted curve on the ordinate (y axis), I is the IC50

concentration of 5-HT for half-maximal reduction of cAMP, b is the

background of the fitted curve (ymin), and s is the slope factor.

Phalloidin labeling of F-actin and
confocal microscopy

CHO cells stably expressing 5-HT1AR-EYFP were plated at a density of 104

cells on glass coverslips and were grown in D-MEM/F-12 medium for 48 h.

The coverslips were washed with buffer A, and cells were treated with

specified amounts of CD for 30 min at room temperature. In other cases,

treatment of cells with CD was followed by a 30-min treatment with 10 mM

forskolin. After treatment, cells were washed with buffer A and fixed with

3.5% (v/v) formaldehyde for 10 min. Subsequent permeabilization of cells

was carried out in the presence of 0.5% (v/v) Triton X-100 and 0.05% (v/v)

Tween-20 for 6 min. Cells were washed and stained with rhodamine-

phalloidin for 1 h before mounting. Images were acquired on an inverted

Zeiss LSM 510 Meta confocal microscope (Jena, Germany) with a 633, 1.4

numerical aperture oil immersion objective, 108 mm pinhole using the 543

nm line of an argon laser for excitation, and 560 nm long pass filter for the

collection of rhodamine fluorescence, giving a fixed z slice of 0.3 mm. The

images shown in Fig. 1 represent individual sections from the base (attached

to the coverslip) and about ;1 mm (three sections) away from the base into

the cell, and the projection of five sections from the base are shown in Fig. 7.

FRAP measurements and analysis

FRAP experiments were carried out on cells that were grown in D-MEM/

F-12 medium for 48 h on Lab-Tek chambered coverglass (Nunc, Denmark).

Cells were treated with different concentrations of CD in buffer A. In other

cases, treatment of cells with CD for 30 min was followed by a 30 min

treatment with 10 mM forskolin in buffer A. Experiments were carried out

within 20–30 min after addition of CD (and forskolin, wherever needed).

Images were acquired at room temperature (;23�C), on an inverted Zeiss

LSM 510 Meta confocal microscope, with a 633, 1.2 numerical aperture

water immersion objective using the 514 nm line of an argon laser and 535–

590 nm filter for the collection of EYFP fluorescence. Images were recorded

with a pinhole of 225 mm, giving a z slice of 1.7 mm. The distinct membrane

fluorescence of the cell periphery was targeted for bleaching and monitoring

of fluorescence recovery (23,24). Analysis with a control ROI drawn at a

certain distance away from the bleach ROI indicated no significant bleach

while fluorescence recovery was monitored. Data representing the mean

fluorescence intensity of the bleached ROI (;1.4 mm) were background

subtracted using a ROI placed outside the cell. Fluorescence recovery plots

with fluorescence intensities normalized to prebleach intensities were ana-

lyzed on the basis of a modified one-dimensional diffusion equation (25):

Ft ¼ ðFi � FoÞ3 ½1� erffd=ð2 3 ð2 3 ðD 3 tÞ0:5ÞÞg�1 Fo;

(2)

where Ft is the fluorescence at time t, Fi is the final intensity upon recovery

over the period of the experiment, Fo is the intensity immediately after

FIGURE 1 Organization of the actin cytoskeleton treated

with increasing concentrations of CD. CHO-5-HT1AR-

EYFP cells cultured in monolayers on coverslips were fixed,

and the actin cytoskeleton was stained with rhodamine-

phalloidin after treatment with CD in buffer A for 30 min.

(A) Representative sections at the base (attached to the

coverslip) for control (untreated) cells. (B and C) Cells

treated with 0.1 (B) and 5 (C) mM CD. (D–F) For the same

fields, sections ;1 mm away from the attached membrane

into the cell. Loss of F-actin filaments and formation of

F-actin aggregates can be observed (more pronounced in

D–F) with increasing concentrations of CD treatment. The

scale bar represents 10 mm. See Materials and Methods for

other details.
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bleach, erf is the error function, d is the length of the ROI selected for the

bleach, and D is the Dapp. The mobile fraction was estimated as

R ¼ ðFi � FoÞ=ð1� FoÞ: (3)

Normalized intensities of each data set were fitted individually to Eq. 2, and

parameters derived were used in Eq. 3. Statistical analysis was performed on

the entire set of derived parameters for all given conditions. Importantly,

analysis of fluorescence recovery kinetics based on a two-dimensional

diffusion model (26) exhibited a similar trend as that reported here using a

one-dimensional diffusion model.

Nonlinear curve fitting and statistical analysis

Nonlinear curve fitting of the fluorescence recovery data to Eq. 2 was carried

out using the Graphpad Prism software version 4.00 (San Diego, CA). The

correlation between reduction of cAMP levels and the mobile fraction of

receptors was plotted with the same software with traces for the 95% con-

fidence band of the regression line (see Fig. 10). Frequency distribution plot

and analysis was performed using Microcal Origin software, version 5.0

(OriginLab, Northampton, MA). Plots of data obtained for radioligand

binding and fits to Eqs. 1 and 19 were done with the GRAFIT program,

version 3.09b (Erithacus Software, Surrey, UK).

RESULTS

Increasing concentrations of CD lead to gradual
loss of F-actin in CHO-5-HT1AR-EYFP cells

Cytochalasins are potent inhibitors of actin polymerization in

cells. In vitro studies have suggested that CD severs poly-

merized actin by predominantly binding to the barbed (fast

growing) end of the actin filament, thereby shifting the

equilibrium toward depolymerization (27). The mechanism

of action in vivo, however, appears to be a combination of the

above effect of the drug and a secondary cellular response,

leading to intensive disruption of the actin cytoskeletal net-

work (28). To monitor the effect of increasing concentrations

of CD on the actin cytoskeleton organization in CHO-

5-HT1AR-EYFP cells, fluorescence images of the actin cyto-

skeleton stained with rhodamine-phalloidin were obtained by

confocal microscopy (Fig. 1). Since FRAP measurements

require a clear identification of the plasma membrane, we

chose to use an optimal concentration range of CD where the

cellular morphology would remain more or less intact. We

also optimized the period of treatment such that for the

maximal concentration of CD used (5 mM CD), the cellular

morphology is retained over the time of measurement.

With increasing CD concentration, a progressive disinte-

gration of actin filaments was observed along with the ap-

pearance of small F-actin aggregates. The changes observed

at the base (attached to the coverslip) are relatively less al-

though small F-actin aggregates begin to appear (Fig. 1, A–C).

Individual sections of the same field ;1 mm into the cells

exhibit more pronounced effects of CD treatment and are

shown in Fig. 1, D–F. As can be seen in Fig. 1, although

untreated cells do not show any F-actin disintegration,

treatment with 5 mM CD led to a drastic shortening of the

actin filaments accompanied by the formation of large focal

aggregates of F-actin (Fig. 1 F). Further quantitation of the

CD effect from these images is difficult due to the fact that the

images presented represent selected sections of a z stack of

the field (as mentioned in Materials and Methods). Moreover,

treatment with CD results in fragmentation of actin filaments

into smaller F-actin aggregates, which appear brighter under

a fluorescence microscope, rendering intensity-based analy-

sis unsuitable. It should be noted that the action of CD on

cells was fast, and changes in cellular morphology were

visible within minutes for higher concentrations of CD.

5-HT1AR-EYFP exhibits actin
cytoskeleton-dependent dynamics in the
plasma membrane

The lateral dynamics of 5-HT1AR-EYFP in plasma mem-

branes was studied using FRAP. Representative images

corresponding to the FRAP measurement are shown in Fig. 2.

The cellular periphery with clear plasma membrane local-

ization of 5-HT1AR-EYFP was targeted for FRAP experi-

ments (23,24). This particular selection of geometry not only

reduces the interference in recovery from intracellular

5-HT1AR-EYFP but also reduces the diffusion problem

predominantly to one dimension. An extensive data set was

collected to take into account statistical variation inherent in

the analysis of dynamics of molecules in membranes (Tables

1 and 2). Frequency distribution histograms of diffusion

coefficients and mobile fractions are shown in Figs. 3 and 4.

One-component Gaussian fit to the histograms gave a re-

duced x2 , 0.002 and , 0.0005 for the diffusion coefficient

and mobile fraction, under all conditions of treatment. This

indicates the presence of a predominantly single mobile

population in the spatiotemporal scale of the measurement.

The Dapp of 5-HT1AR-EYFP was in the range of 0.14–0.15

mm2s�1 and did not exhibit any significant change upon

cytoskeletal destabilization (Fig. 5 A). Importantly, we ob-

served a progressive increase in the mobile fraction of re-

ceptors with increasing concentration of CD. Upon treatment

with 5 mM CD, the mobile fraction showed an increase of

TABLE 1 Dapp and mobile fractions of 5-HT1AR-EYFP:

CD treatment

Experimental

condition

Dapp (mm2 s�1)

mean 6 SE

The mobile

fraction (%)

mean 6 SE

N p-value

(for mobile

fraction)

Control

(0 mM CD)

0.138 (6 0.004) 73.95 (6 0.78) 148 -

0.1 mM CD 0.141 (6 0.006) 75.17 (6 1.02) 84 NS

0.5 mM CD 0.152 (6 0.007) 77.19 (6 1.41) 41 NS

1 mM CD 0.135 (6 0.008) 78.68 (6 1.34) 50 ,0.01

2 mM CD 0.137 (6 0.005) 80.39 (6 1.26) 50 ,0.001

5 mM CD 0.15 (6 0.008) 84.11 (6 1.27) 50 ,0.0001

Two-tailed, unpaired Student’s t-test was performed on the mobile fraction

values, and the corresponding p-values are shown. Differences in Dapp were

found to be not significantly different. N represents the number of inde-

pendent measurements. NS denotes not significant. See Materials and

Methods for other details.
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;10% relative to control cells (Tables 1 and 2 and Fig. 5 B).

We found it difficult to perform FRAP measurements on cells

treated with higher concentrations of CD due to rapid loss of

cellular morphology under those conditions, which made se-

lecting plasma membranes for FRAP measurements difficult.

The increase in the mobile fraction suggests that F-actin

destabilization leads to an increase in the fraction of receptors,

which are freely mobile. This implies that an intact actin cy-

toskeleton is an essential regulator of the fraction of mobile

receptors. These numbers assume relevance in light of a recent

report on simulation of FRAP measurements for molecules

undergoing diffusion on a membrane with ‘‘rafts’’ and ‘‘actin-

fences’’, in which a maximal change of ;10% in the mobile

fraction was observed between conditions of the presence and

absence of actin-fences (29). More importantly, these authors

observed no significant change in diffusion coefficients under

such conditions, similar to our observations (Fig. 5 A). Al-

though our data does not permit us to comment on the presence

of membrane rafts, these results appear to be in excellent

agreement with the simulated results for the picket fence model

of membrane skeleton. To the best of our knowledge, this is the

first report implying a dependence of the mobility of the se-

rotonin1A receptor and the actin cytoskeleton.

Actin cytoskeleton reorganization induced by the
elevation of intracellular cAMP level affects the
dynamics of 5-HT1AR-EYFP

Since actin cytoskeleton destabilization upon CD treatment

increased the mobile fraction of the receptors, we tested

whether the effect on the mobility of the receptor can be

brought about by agents other than those that directly interfere

with the actin cytoskeleton. An increase in the intracellular

levels of cAMP has been known to induce significant changes

in the cellular architecture of fibroblasts and neuronal cells

(30,31). Increased cAMP levels in cells lead to dissolution of

stress fibers and the induction of stellate morphology in

neuronal cells. Elevation of cAMP levels has been suggested

to activate PKA, which results in inhibition of RhoA, a

GTPase actively involved in actin filament dynamics and

myosin phosphorylation (32). As shown in Fig. 7 D, treatment

of CHO-5-HT1AR-EYFP cells with 10 mM forskolin, which

elevates intracellular cAMP levels by activating AC, leads to a

significant reorganization of the actin cytoskeleton.

We observed shrinkage of cells and ruffle-like formations

along the cell periphery, with an overall reduction in F-actin

TABLE 2 Dapp and mobile fractions of 5-HT1AR-EYFP:

Forskolin and CD treatment

Experimental

condition

Dapp (mm2 s�1)

mean 6 SE

The mobile

fraction

mean 6 SE (%) N

p-value

(for mobile

fraction)

Fsk 0.127 (6 0.005) 78.16 (6 1.66) 30 ,0.05

Fsk 1 0.2 mM CD 0.155 (6 0.007) 74.52 (6 0.98) 32 NS

Fsk 1 0.5 mM CD 0.147 (6 0.007) 75.58 (6 1.52) 33 NS

Fsk 1 1 mM CD 0.155 (6 0.009) 77.11 (6 1.38) 36 NS

Fsk 1 2 mM CD 0.143 (6 0.006) 79.05 (6 1.78) 32 ,0.01

Fsk 1 5 mM CD 0.141 (6 0.006) 82.45 (6 1.18) 34 ,0.0001

Two-tailed, unpaired Student’s t-test was performed on the mobile fraction

values, and the corresponding p-values are shown. Differences in Dapp were

found to be not significantly different. N represents the number of indepen-

dent measurements. For forskolin (Fsk) treatment, the differences in the

mobile fraction were tested against values obtained with control (no treatment).

NS denotes not significant. See Materials and Methods for other details.

FIGURE 2 Analysis of the recovery of fluorescence intensity after

photobleaching of 5-HT1AREYFP. The cellular periphery with clear plasma

membrane localization of 5-HT1AR-EYFP was targeted for FRAP experi-

ments. Typical images corresponding to prebleach (A), bleach (B), imme-

diate postbleach (C), and complete (D) recovery. The plot in E shows a

representative set of normalized fluorescence intensity of 5-HT1AREYFP

(d) corresponding to region 1, and normalized background intensity (:),

corresponding to region 2. The normalized fluorescence intensity in control

region 3 (h) was monitored for the same time period and plotted in E,

showing no significant photobleaching of the region due to repeated

scanning. The dimensions of the regions are only representative. The bold

solid line tracing the recovery is the fit of the data to Eq. 2. The scale bar

represents 10 mm. See Materials and Methods for details.
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staining upon forskolin treatment. It must be noted that the

changes induced by forskolin treatment on the actin cyto-

skeleton were different from the changes observed upon CD

treatment. Almost no F-actin aggregates were observed with

forskolin treatment, as is generally observed for treatment

with CD (see Fig. 7, B–D). This may be due to the differences

in the mechanisms of the two treatments. As described ear-

lier, CD binding to actin filaments shifts the equilibrium to-

ward depolymerization, thereby predominantly affecting the

previously polymerized filaments. Elevation of intracellular

cAMP, on the other hand, affects the cytoskeleton by deac-

tivating proteins involved in actin dynamics whose effect

FIGURE 3 Frequency distribution histograms of the

Dapp of 5-HT1AR-EYFP determined by FRAP. Dapp was

derived by fitting the normalized recovery data to Eq. 2. (A)

Data for control (untreated) cells. (B–F) 0.1 (B), 0.5 (C),

1 (D), 2 (E), and 5 (F) mM CD. The means 6 SE are shown

in all cases. N represents the number of independent

experiments performed in each case. Note that the distri-

bution of Dapp remains unimodal in all cases, indicating the

existence of a single population of mobile receptors. See

Tables 1 and 2 and Materials and Methods for other details.

FIGURE 4 Frequency distribution histograms of the

mobile fraction of 5-HT1AR-EYFP determined by FRAP.

The mobile fraction was obtained from Eq. 3, utilizing the

fitted parameters from Eq. 2. (A) Data for control (un-

treated) cells. (B–F) 0.1 (B), 0.5 (C), 1 (D), 2 (E), and

5 (F) mM CD. The means 6 SE are shown in all cases.

N represents the number of independent experiments

performed in each case. Note that although the distribution

of the mobile fraction remains unimodal in all cases, there is

a significant shift toward higher values upon treatment with

increasing concentrations of CD. See text and Tables 1 and

2 for details.
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on the preformed filaments may be lower than that on the

formation of new filaments. Nevertheless, we observe an

increase in the mobile fraction of receptors upon treatment

with forskolin, consistent with the loss of the actin cyto-

skeleton (Fig. 6 A). The Dapp of the receptor remained more

or less invariant under this condition (Fig. 6 B). The increase

in the mobile fraction of the receptor upon actin reorgani-

zation by an independent mechanism reinforces the fact that

the mobility of the serotonin1A receptor is regulated by the

actin cytoskeleton.

Actin destabilization leads to increased signaling
mediated by 5-HT1AR-EYFP

Since the serotonin1A receptor is coupled to the Gai subunit, it

is expected to reduce intracellular cAMP levels upon ligand-

mediated activation. To assess the effect of altered dynamics

of the receptor due to actin destabilization on its signaling

efficiency, we estimated the extent to which the receptor

would reduce cAMP levels upon stimulation by serotonin. A

complication arises due to the fact that the basal levels of

cAMP are inappropriate to measure this signaling. The cel-

lular cAMP level, therefore, needs to be elevated (with agents

such as forskolin) for the estimation of Gai-mediated sig-

naling. As described earlier, an elevation of the intracellular

level of cAMP induces significant reorganization of the actin

cytoskeleton and also alters the mobility of the serotonin1A

receptor. Interestingly, pretreatment of cells with CD appears

to considerably reduce the effect of forskolin treatment on the

actin cytoskeleton. As shown in Fig. 7, initial treatment of

cells with as low as 0.1 mM CD followed by forskolin (10

mM) treatment does not exhibit the changes observed when

cells were treated with only forskolin (D and E). Although we

observed an overall reduction of F-actin staining in all cases

where forskolin was used, the presence of CD appears to

reduce this effect. Fig. 8 A shows the mobile fractions ob-

tained in the presence of forskolin for cells pretreated with

increasing CD concentrations. As can be observed, the mo-

bile fraction of the receptor showed a similar trend when only

CD was used in increasing concentrations. The Dapp in all

cases remained largely invariant (not shown).

The loss of the effect of forskolin upon pretreatment with

CD has been reported previously. This effect was explained

as a possible consequence of the drugs sharing a common

inhibitory mechanism of action (33). It has been further

suggested that a possible mechanism of the action of CD may

require a functional PKA (34). Considering the fact that PKA

is a necessary component of cAMP-mediated signaling, it is

likely that pretreatment with CD alters the available levels of

PKA, thereby modifying the effect of cAMP-dependent

changes in the actin cytoskeleton. Importantly, we observed

FIGURE 5 Lateral mobility of 5-HT1AR-EYFP. (A) Dapp of the receptor

upon treatment with increasing concentrations of CD; (B) Change in the

mobile fraction of the receptor under the same conditions as in (A). The data

points represent means 6 SE of N independent experiments corresponding

to Figs. 3 and 4. The lines drawn are mere guides to the eye. See Tables 1 and

2 and Results for details.

FIGURE 6 The effect of elevation of intracellular cAMP on 5-HT1AR-

EYFP mobility. The (A) the mobile fraction and (B) Dapp of 5-HT1AR-EYFP

in the absence (control) and presence of 10 mM forskolin. Data represent

means 6 SE for 30 independent measurements. See Tables 1 and 2 and

Results for details.
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that pretreatment with even a relatively small concentration

of CD (0.1 mM) is sufficient to reduce the effect of 10 mM

forskolin. For the estimation of signaling of the receptor,

forskolin was hence used in all cases as an agent that can

elevate the basal cellular cAMP levels. Subsequent reduction

in cAMP levels, upon stimulation with serotonin, was es-

timated as a measure of the efficiency of signaling by the

receptor. It is important to note here that the control for

signaling measurements were cells which were not treated

with CD, and so in these cases we observe the effect of

forskolin itself. The concentration of serotonin (5 nM) chosen

for the measurement of signaling efficiency was IC50 in

control cells (not treated with CD). For these experiments,

cells pretreated with different concentrations of CD were

incubated in the presence of forskolin (10 mM) and serotonin

(5 nM). The relative reduction in cAMP level, normalized to

that found upon forskolin stimulation alone (without addition

of serotonin), is shown in Fig. 8 B. As can be seen, the re-

duction in cAMP levels, mediated by the receptor, shows an

increase upon treatment with increasing concentrations of

CD. Significantly, the mobile fractions and the reduction

in cAMP level, exhibited very similar trends with increasing

CD treatment (evident upon comparison of Fig. 8, A and B;

see also Tables 1 and 2). To rule out the possibility that

CD treatment itself could lead to the regulation of AC, we

estimated the level of basal cAMP present in cells pretreated

with CD.

The amount of cAMP estimated under different conditions

is shown in Fig. 9 A. No significant difference was observed

in the basal cAMP levels between control and CD-treated

cells, indicating that CD treatment does not lead to the

stimulation or inhibition of AC. If the levels of cAMP are

brought down to different extents due to treatment with

varying CD concentrations (Fig. 8 B), IC50 of reduction by

serotonin, in principle, should also shift. To assess the change

in IC50 of signaling for a given concentration of CD, we

estimated the effective reduction in cAMP levels over a range

of serotonin concentrations. As shown in Fig. 9 B, the IC50 of

signaling for 0.2 mM CD-treated cells (42.8 nM) was about

an order of magnitude higher compared to the corresponding

value (5.8 nM) for control cells (not treated with CD but in

the presence of forskolin) and for cells treated with 5 mM CD

(6.2 nM). This implies that signaling is more efficient under

conditions of actin destabilization.

Increased mobility of 5-HT1AR-EYFP correlates
strongly to its efficiency in signaling

A plot of the mobile fractions of the receptor versus the ef-

ficiency in reduction of cAMP levels, generated by using data

from Fig. 8, A and B, is shown in Fig. 10. A linear regression

analysis between the mobile fraction and signaling produced

a positive correlation of ;0.95. The 95% confidence inter-

vals contained all the data points, implying a significant re-

lationship between the two parameters observed. Such a

correlation between the mobile fraction of the receptor and its

signaling implies a fundamental physical basis of signaling.

The fact that a strong correlation is observed despite the

natural variation of the system, both in terms of mobility and

signaling, reinforces the point.

Ligand binding of 5-HT1AR-EYFP remains
unaltered upon CD treatment

Since receptor stimulation in the case of GPCRs involves

multiple steps, the increased efficiency of signaling may be

due to the fact that the binding of the receptor toward its

agonist is altered upon cytoskeletal destabilization. To

monitor this, we performed radioligand binding assay of the

receptor in membranes prepared from CD-treated cells. Pre-

vious work from our laboratory has established that the ag-

onist preferentially binds to receptors which are coupled to

G-proteins, whereas the antagonist binds to both G-protein

coupled and uncoupled receptors (35). Fig. 11 shows

that both the agonist ([3H]8-OH-DPAT) and antagonist

FIGURE 7 Organization of the actin cytoskeleton of

CHO-5-HT1AR-EYFP cells, observed by staining with

rhodamine-phalloidin, subsequent to treatments as men-

tioned below: (A) control (untreated) cells; (B) treated with

0.1 mM CD for 30 min; (C) treated with 5 mM CD for 30

min; (D) treated with 10 mM forskolin for 30 min; (E)

treated with 10 mM forskolin for 30 min, subsequent to

treatment with 0.1 mM CD for 30 min; (F) treated with

10 mM forskolin for 30 min, subsequent to treatment with

5 mM CD for 30 min. The scale bar represents 10 mm. See

Materials and Methods for other details.
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([3H]p-MPPF) binding remained essentially invariant upon

CD treatment, irrespective of the concentration of CD used.

G-protein coupling of 5-HT1AR-EYFP remains
unaffected upon actin
cytoskeleton destabilization

The coupling of the receptor to G-proteins represents an

important aspect in signaling mediated GPCRs. Signaling

mediated by the receptor is dependent on its coupling to the

respective G-protein. To check whether the increased effi-

ciency in signaling upon cytoskeletal destabilization is due to

an increased coupling of the receptor to the G-protein, we

examined the sensitivity of agonist binding in the presence of

various concentrations of GTP-g-S, a nonhydrolyzable ana-

log of GTP. We have previously shown that agonist binding

to serotonin1A receptors displays sensitivity to agents such as

GTP-g-S that uncouple the normal cycle of guanine nucle-

otide exchange at the Ga subunit caused by receptor activa-

tion (35). The specific binding of the agonist to serotonin1A

receptors is thus sensitive to guanine nucleotides and is in-

hibited with increasing concentrations of GTP-g-S. In the

presence of GTP-g-S, serotonin1A receptors undergo an af-

finity transition, from a high affinity G-protein coupled to a

low affinity G-protein uncoupled state (35). In agreement

with these results, Fig. 12 shows a characteristic reduction in

binding of the agonist [3H]8-OH-DPAT in the presence of

increasing concentrations of GTP-g-S with an estimated IC50

of 0.97 nM (control). The corresponding value in the case of

CD-treated membranes is ;1.08 nM, irrespective of the CD

concentration used. This shows that there is no significant

change in G-protein coupling upon cytoskeletal destabilization.

FIGURE 8 The mobile fraction and signaling of 5-HT1AR-EYFP under

different conditions of actin destabilization. (A) The mobile fraction of

5-HT1AR-EYFP in the presence of 10 mM forskolin subsequent to treatment

with increasing concentrations of CD. Data represent means 6 SE for at

least 30 independent experiments. (B) The relative reduction in forskolin-

stimulated (forskolin concentration 10 mM) levels of cAMP in CHO-5-

HT1AR-EYFP cells upon activation by 5 nM serotonin, subsequent to

treatment with increasing concentrations of CD. Data represent means 6 SE

for at least three independent experiments (*, **, and *** correspond to

p-values , 0.05, 0.01, and 0.001, respectively; the differences in relative

reduction in cAMP were tested against the corresponding value obtained

with 0.2 mM CD 1 forskolin). See text and Tables 1 and 2 for other details.

FIGURE 9 Estimation of cAMP under conditions of actin destabilization.

(A) The basal level of cAMP in an aliquot of cell lysate upon treatment with

0.2 and 5 mM CD. The basal cAMP level in untreated cells is also shown.

The data points represent means 6 SE of at least three independent

experiments. (B) The effect of CD treatment on IC50 of relative reduction

in cAMP: control (untreated) cells (s, —), cells treated with 0.2 (d, – –),

and 5 (h,—) mM CD were stimulated with a range of concentrations of

serotonin (5-HT). The amount of cAMP measured was normalized to levels

of cAMP in cells treated with forskolin (in the absence of any added CD or

serotonin). The concentration of forskolin used was 10 mM. The curves are

nonlinear regression fits to Eq. 19. The data points represent means 6 SE of

three independent experiments. See Materials and Methods for other details.
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DISCUSSION

Understanding cellular signaling by membrane receptors in

terms of their lateral dynamics represents a challenging area

in biology. Considering the fact that about one half of all

genetically encoded proteins in the eukaryotic genome are

membrane-associated proteins, it is likely that ;50% of all

reactions occurring in a cell occur on membranes (36). Since

a majority of all membrane proteins are targeted to the plasma

membrane, a significant fraction of cellular reactions occur

on or close to the plasma membrane. The plasma membrane

accordingly not only acts as a selective barrier for the cell but

also serves as a platform for the initiation and regulation of

signaling pathways. It is therefore relevant to understand the

mechanism of processes involved in signaling on the mem-

brane for a proper understanding of cellular function. In this

work, we explored the relationship between the actin cyto-

skeleton-dependent lateral mobility of the G-protein-coupled

serotonin1A receptor and its signaling.

Although the theoretical framework for lateral diffusion in

membranes was described a number of years back (37),

models for lateral diffusion of membrane-bound molecules

continue to emerge (38). In normal Brownian diffusion, the

mean-square displacement of the molecule is linearly pro-

portional to time. However, the mean-square displacement of

molecules on membranes has been reported to be non-

Brownian in many cases, particularly when monitored at

varying timescales (39). Such diffusion behavior has been

termed ‘‘anomalous diffusion’’. Diffusion of molecules on

cellular membranes is likely to be hindered due to cytoskel-

eton and other interacting components, leading to anomalous

diffusion. Interestingly, it appears that the nature of diffusion

observed is related to the timescale of measurement (39). It

should be mentioned here that for FRAP measurements per-

formed on the characteristic timescale of the order of seconds

to minutes, it is difficult to resolve anomalous from normal

diffusion (40). Our results show that with increasing desta-

bilization of the actin cytoskeleton, there is a gradual increase

in the mobile fraction of the serotonin1A receptor, whereas the

Dapp does not exhibit any significant change. The values ob-

tained for the Dapp are in the range of 0.14–0.15 mm2 s�1,

similar to values reported for GPCRs from FRAP measure-

ments in CHO cells (24,41,42). The increase in the mobile

fraction with increasing cytoskeletal destabilization can, then,

be due to the gradual release of receptors, previously confined

by the actin network. An alternative explanation of the effect

of actin destabilization could be the alteration of membrane

lipid organization in membrane domains (‘‘rafts’’), leading to

the release of the receptors, as reported recently (43–45).

Cellular signaling by GPCRs involves their activation

upon binding to ligands present in the extracellular envi-

ronment and the subsequent transduction of signals to the

FIGURE 11 Specific binding of the agonist [3H]8-OH-DPAT (open bars)

and antagonist [3H]p-MPPF (solid bars) to membranes isolated from CHO-

5-HT1AR-EYFP cells treated with 0.2 or 5 mM CD for 30 min. Values are

expressed as percentages of specific radioligand binding obtained in mem-

branes isolated from untreated cells. Data represent means 6 SE of duplicate

points from at least six independent experiments. See Materials and Methods

for other details.

FIGURE 10 Correlation of 5-HT1AR-EYFP the mobile fraction and

serotonin-mediated relative reduction in cAMP. Data plotted are from Fig.

8, A and B. The concentration of serotonin used was 5 nM. Linear regression

analysis gave a correlation coefficient, r ;0.95. The 95% confidence band is

plotted as dashed lines to indicate the significance of the correlation.

FIGURE 12 Effect of increasing concentrations of GTP-g-S on specific

binding of [3H]8-OH-DPAT to 5-HT1AR-EYFP in membranes isolated from

untreated cells (s, —) and cells treated with 0.2 (d, – –), or 5 (h,—) mM

CD. Values are expressed as percentages of specific [3H]8-OH-DPAT

binding in the presence of 10�12 M GTP-g-S in each case. The curves

shown are nonlinear regression fits to the experimental data using Eq. 1.

Data represent means 6 SE of four independent experiments. See Materials

and Methods for other details.
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interior of the cell through concerted changes in their trans-

membrane domain structure (46). The major paradigm in this

signal transduction process is that stimulation of GPCRs

leads to the recruitment and activation of heterotrimeric

G-proteins (47). These initial events, fundamental to all types of

GPCR signaling, occur at the plasma membrane via protein-

protein interactions. An important consequence of this is that

the dynamics of the activated receptor on the cell sur-

face represents an important determinant in its encounter with

G-proteins and has significant impact on the overall effi-

ciency of the signal transduction process (16). Evidence for

this comes from a previous report in which the activation of

G-proteins by light-activated rhodopsin was determined by

diffusion rates of the receptor in the membrane (48).

In this context, the membrane organization and dynamics

of GPCRs and G-proteins participating in this signal trans-

duction process assume relevance. The classical view of re-

ceptor/G-protein function in cells proposes free diffusion of

molecules on the cell surface such that the probability of such

interaction would depend on random collisions (reviewed in

Neubig (49)). However, the specific and rapid signaling re-

sponses, characteristic of GPCR activation, cannot be ex-

plained solely based on a uniform distribution of receptors,

G-proteins, and effectors, one or more of which could even be

in low abundance, on the cell membrane (50,51). This leads to

the possibility that receptor/G-protein interactions may be de-

pendent on their organization in membranes. G-proteins have

earlier been shown as largely immobile, and it has been re-

ported that their mobility remains low even after cytoskeleton

destabilization (52). Various other studies have suggested a

highly organized and consequently restricted distribution of

G-proteins in the plasma membrane (49). Interestingly, ex-

perimental evidence on the distribution of AC suggests a

heterogeneous distribution, where GPCRs, G-proteins, and

AC were found in similar membrane fractions (50,53). Spa-

tiotemporal regulation of interactions between receptor,

G-proteins, and effectors on the cell membrane by the re-

striction imposed on their mobility (e.g., by the cytoskeleton)

is now believed to be an important determinant in GPCR sig-

naling (51,54,55).

An increase in the mobile fraction of the receptor can be

interpreted as an increase in the sampling space of the re-

ceptor. Actin destabilization may thus lead to increased

probability of interactions of the receptor with its signaling

partners in the context of the heterogeneous distribution of

the effectors (G-proteins and AC). This is supported by

the observation that the change in signaling mediated by the

receptor increases in a correlated manner with increase in the

mobile fraction (Fig. 10). Interestingly, a similar correlation

has previously been observed for the vasopressin V2-receptor

(56). These authors reported that the ability of the vasopressin

V2-receptor to activate AC via G-proteins was directly de-

pendent on the mobile fraction of these receptors on the cell

membrane. Jans et al. measured the mobile fraction of the

vasopressin V2-receptor as a function of temperature, and

attributed changes in the mobile fraction to temperature-

induced actin reorganization. In the case here, we depoly-

merized the actin cytoskeleton with CD or by elevating

intracellular cAMP level and observed a positive correlation

of ;0.95 between the mobile fraction and signaling effi-

ciency monitored by reduction in cAMP levels. Our results

are therefore in general agreement with the observations of

Jans et al. The vasopressin V2-receptor is a Gas-coupled GPCR

and activates AC, leading to elevation of cAMP levels in

cells. As mentioned earlier, the serotonin1A receptor is cou-

pled to Gai and downregulates AC, thereby lowering cAMP

levels. These two subtypes (Gai and Gas) of heterotrimeric G-

protein are believed to act differently upon activation, e.g.,

the Gai family of proteins has been reported to undergo

subunit rearrangement rather than dissociation upon activa-

tion, which is characteristic of the Gas subtype (57). More-

over, whereas Jans et al. monitored the mobility of

fluorescent ligand-bound vasopressin V2-receptors, our re-

sults were obtained using receptors with an EYFP tag. De-

spite these differences in their mode of activation, it is

interesting to note that the effect of increased mobility of the

receptor resulting in increased efficiency of signaling is ob-

served for both the receptors and appears to be independent

of the nature of the G-protein involved. Importantly, we

observe that the change in signaling efficiency (as measured

by IC50 values, Fig. 9 B) is different by about an order of

magnitude corresponding to a 10% change in mobile frac-

tion. Notably, the change in signaling is more pronounced

than the change in mobile fraction. This may be due to the

fact that signaling from a single receptor gets amplified

manyfold at the cAMP level. We further report that the

binding of the receptor to its agonist and its extent of

G-protein coupling remain unaltered upon actin destabilization.

The lack of significant alteration in ligand binding and

G-protein coupling upon CD treatment may be due to the fact

that these assays were performed on cell membranes upon

pretreatment of cells with CD. It is possible that the process

of membrane preparation eliminates any effect of actin cy-

toskeleton on the receptor. Interestingly, a recent report

suggests that membrane fractions isolated from cells are in-

terconnected with the actin cytoskeleton (58).

The possible reason for the observed increase in the mobile

fraction upon actin destabilization merits comment. It has

been recently reported that the actin-dependent mobility of

the cystic fibrosis transmembrane conductance regulator pro-

tein is regulated by its C-termini PDZ motif (59). These do-

mains are believed to help anchor transmembrane proteins to

the cytoskeleton and hold together signaling complexes. The

existence of such a binding motif has recently been reported

for a serotonin2-like receptor in Caenorhabditis elegans
(60). A possible region of the receptor that may interact with

PDZ proteins and/or actin is the long third intracellular loop

of the receptor, although this needs to be confirmed. This

region has previously been shown to bind calmodulin (61),

which is known to interact with PDZ proteins (60). However,
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to the best of our knowledge, there are no reports in the

literature implying the existence of PDZ domains in sero-

tonin1A receptors.

Our results are important in the overall context of the role

of actin cytoskeleton in signaling mediated by the serotonin1A

receptor in particular and GPCRs in general. In addition,

processes involved in neurite growth require extensive re-

structuring of the actin cytoskeleton. Interestingly, activation

of the serotonin1A receptor has been implicated in neurite

outgrowth and neuronal survival (12). These results assume

significance in light of a recent report that the protein mo-

bilities are different between navigating and nonnavigating

growth cones in neurons, possibly due to differences in the

organization of the actin cytoskeleton (62). Moreover, with

growing evidence in favor of cAMP transducing specific

responses by localized signaling (63), our results raise an

interesting possibility of a dynamic system involving the

actin cytoskeleton, cAMP, and the serotonin1A receptor. We

note that the above system, in the presence of extracellular

serotonin, could be driven by a local negative feedback loop

wherein an increase in local intracellular cAMP level can

reorganize the actin cytoskeleton, leading to increased mo-

bility and hence signaling by the serotonin1A receptor, which

in effect would reduce the cAMP levels. It is notable that

cAMP-dependent neurite outgrowth has been observed ear-

lier (64,65). In light of our results, it may be possible to link

serotonin-mediated responses with neurite outgrowth. In sum-

mary, our results show that destabilization of the actin cyto-

skeleton can lead to increased receptor signaling. Whether the

effect of increased mobility by serotonin1A receptors during

neural growth constitutes a signaling cue represents a fasci-

nating question.
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