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Abstract
Insolubility in non-ionic detergents such as Triton X-100 at low temperature is a widely used biochemical criterion for
characterization of membrane domains. In view of the emerging role of membrane organization in the function of G-protein
coupled receptors, we have examined detergent insolubility of the 5-HT1A receptor in CHO cells using a novel GFP
fluorescence approach developed by us. Using this approach, we have explored the membrane organization of the
serotonin1A receptor tagged to enhanced yellow fluorescent protein (5-HT1AR-EYFP) stably expressed in CHO-K1 cells
under conditions of varying detergent concentration, reduced membrane cholesterol and agonist stimulation. Our results
show that a small yet significant fraction of the 5-HT1A receptor exhibits detergent insolubility, which increases upon
depletion of membrane cholesterol. Stimulation of 5-HT1AR-EYFP by its endogenous ligand, serotonin, did not cause a
significant change in the detergent insolubility of the receptor. Taken together, our results on detergent insolubility of 5-
HT1AR-EYFP provide new insights into the membrane organization of the 5-HT1A receptor and could be relevant in the
analysis of membrane organization of other G-protein coupled receptors.
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Introduction

The G-protein coupled receptor (GPCR) super-

family comprises the largest class of molecules

involved in signal transduction across the plasma

membrane, providing a mechanism of communica-

tion between the exterior and the interior of the cell

[1]. These receptors can be activated by ligands as

chemically diverse as biogenic amines, peptides,

glycoproteins, lipids, nucleotides and even photons,

thereby mediating diverse physiological processes

such as neurotransmission, cellular metabolism,

secretion, cellular differentiation, growth, and in-

flammatory and immune responses. GPCRs which

represent �/1% of the mammalian genome are

major targets for the development of novel drug

candidates in all clinical areas [1]. It is estimated that

up to 50% of clinically prescribed drugs act as either

agonists or antagonists at GPCRs which points out

their immense therapeutic potential [2]. Several

ligands of GPCRs are found among the top 100

globally selling drugs.

Since a significant portion of integral membrane

proteins such as GPCRs remains in contact with the

membrane lipid environment [3] and important sites

for protein function often lie in the transmembrane

regions, the organization and function of membrane

proteins could depend on the surrounding mem-

brane lipid environment. Lipid�/protein interaction

in membranes has attracted a lot of attention in

relation to its role in assembly, stability and function

of membrane proteins [3,4]. In this context, the

crucial role of organization of lipids and proteins in

membranes and its relevance in membrane function

assumes significance [3�/6]. There is growing evi-

dence for the concept of membranes being organized

into domains with defined lipid and protein compo-

sitions. These domains, sometimes referred to as
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‘rafts’, are believed to serve as platforms for signaling

by concentrating certain lipids (such as cholesterol

and sphingolipids) and proteins while excluding

others [5�/7]. Work from several laboratories has

suggested that organization of membranes into

domains could play a key role in a number of

processes such as membrane trafficking, sorting,

signal transduction, and pathogen entry [7�/9].

The role of membrane domains in GPCR function-

ing represents a challenging aspect of GPCR re-

search. Receptor�/G-protein interactions may be

dependent on their organization in membranes and

not solely on the binding sites present on the

interacting proteins [10]. The restricted mobility of

receptor, G-protein, and effector on the cell surface

in addition to the selectivity of receptor�/G-protein

interaction, is now believed to be an important

determinant of spatiotemporal regulation of GPCR

signaling [10,11]. In this context, we have recently

shown that dynamics of G-protein coupled receptors

could be modulated by G-protein activation [12].

The heterogenous distribution of GPCRs into do-

mains has given rise to new challenges and complex-

ities in receptor signaling, since signaling in such a

case has to be understood in the context of the three

dimensional organization of various signaling com-

ponents which include receptors and G-proteins

[11].

The serotonin1A (5-HT1A) receptor binds the

neurotransmitter serotonin (5-HT) and is an im-

portant representative of the G-protein coupled

receptor superfamily. This receptor is one of the

best studied among the serotonin receptor subtypes

and is involved in a variety of cognitive, behavioral,

and developmental functions [13]. The 5-HT1A

receptor serves as an important target in the devel-

opment of therapeutic agents for neuropsychiatric

disorders such as anxiety and depression. Although

pharmacological features and behavioral aspects

related to the 5-HT1A receptor have been well

reported, membrane organization and dynamics of

the 5-HT1A receptor are relatively unexplored. We

have addressed this issue using the biochemical tool

of detergent insolubility in this paper. Resistance to

solubilization by mild non-ionic detergents such as

Triton X-100 at low temperature represents an

extensively used biochemical criterion to identify,

isolate and characterize certain types of membrane

domains [14,15]. Detergent insolubility has been

increasingly used as a hallmark of the presence of

‘rafts’, a class of membrane domains enriched in

sphingolipids and cholesterol [6]. Several glycosyl-

phosphoinositol-anchored (GPI-anchored) proteins,

few transmembrane proteins and certain classes of

G-proteins have been found to reside in detergent

resistant membrane domains, popularly referred to

as detergent resistant membranes [15]. Early work

which demonstrated the phenomenon of insolubility

of membrane components in cold non-ionic deter-

gents such as Triton X-100 [14] has later been

explained on the basis of phase separation in

membranes [5]. This is reinforced by results from

model membrane studies which show that enrich-

ment with lipids such as sphingolipids (with high

melting temperature) and cholesterol serves as an

important determinant for the phenomenon of

detergent resistance [16]. The tight acyl chain

packing in cholesterol-sphingolipid rich membrane

regions is thought to confer detergent resistance to

membrane regions enriched in these lipids and to the

proteins which reside in them.

In order to monitor membrane organization of the

5-HT1A receptor, we have previously developed a

novel green fluorescent protein-based approach to

directly determine detergent insolubility of mem-

brane proteins [17]. This method is based on

quantitating fluorescence of the membrane protein

before and after detergent treatment and is free from

possible artifacts induced by antibodies in immuno-

blotting experiments. Using this approach, we have

explored the membrane organization of the seroto-

nin1A receptor tagged to enhanced yellow fluores-

cent protein (5-HT1AR-EYFP) stably expressed in

CHO-K1 cells under conditions of reduced mem-

brane cholesterol and agonist stimulation. In addi-

tion, we have addressed the relevance of detergent

concentrations in detergent insolubility experiments.

Materials and methods

Materials

Gentamycin sulfate, MbCD, penicillin, serotonin,

sodium bicarbonate and streptomycin were obtained

from Sigma Chemical Co. (St. Louis, MO, USA).

D-MEM/F-12 (Dulbecco’s Modified Eagle Med-

ium: nutrient mixture F-12 (Ham) (1:1)), fetal calf

serum, and geneticin (G 418) were from Invitrogen

Life Technologies (Grand Island, NY, USA). Am-

plex Red cholesterol assay kit was from Molecular

Probes (Eugene, OR, USA). BCA reagent kit for

protein estimation was obtained from Pierce (Rock-

ford, IL, USA). All other chemicals used were of the

highest purity available. Water was purified through

a Millipore (Bedford, MA, USA) Milli-Q system and

used throughout. Photoetched grid coverslips were

purchased from Bellco (Vineland, NJ, USA).

Construction of the vector for EYFP-tagged 5-HT1A

receptor and isolation of stable transfectants

The vector coding for the human 5-HT1A receptor

tagged at the C-terminal end to EYFP was used to
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transfect CHO-K1 (Chinese hamster ovary) cells.

The construction of the vector, transfection of

CHO-K1 cells and isolation of transfectants stably

expressing the fusion protein were carried out as

described earlier [12].

Cells and cell culture

CHO-K1 cells or CHO-K1 cells stably expressing

the serotonin1A receptor tagged to enhanced yellow

fluorescent protein (referred to as CHO-5-HT1AR-

EYFP) were used. 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 penicil-

lin, 50 mg/ml streptomycin, 50 mg/ml gentamycin

sulfate in a humidified atmosphere with 5% CO2

at 378C. CHO-5-HT1AR-EYFP cells were main-

tained in the above-mentioned conditions with

300 mg/ml geneticin. These cells, when used for

detergent extraction and fluorescence microscopy

experiments, were grown in glass bottom dishes

made by replacing the bottoms of 35 mm plastic

tissue culture dishes with photoetched grid cover-

slips as described earlier [17].

Extraction with Triton X-100

CHO-5-HT1AR-EYFP cells were plated in glass

bottom dishes and grown in DMEM/F-12 medium

for 2 days. In order to deplete cells of cholesterol,

cells were incubated with 5 mM MbCD in HEPES-

Hanks buffer for 30 min. In the case of agonist

stimulation experiments, cells were incubated with

10 mM serotonin in HEPES-Hanks buffer for

30 min. Cells were then washed and imaged in

HEPES-Hanks buffer to record the fluorescence

intensity before detergent extraction. Cells were

then incubated with 0.05% (w/v) cold Triton X-

100 for 10 min on ice. The detergent solution was

removed and cells were carefully washed in cold

HEPES-Hanks buffer before imaging the same

group of cells whose fluorescence intensity was

recorded before detergent extraction. Control ex-

periments where cells were processed through all

steps of the extraction procedure using cold HEPES-

Hanks buffer without any detergent were carried out

in parallel.

Fluorescence microscopy and image analysis

CHO-5-HT1AR-EYFP cells were imaged using a

Meridian Ultima 570 confocal laser scanning micro-

scope system attached to an inverted Olympus

fluorescence microscope. The same group of cells

was imaged before and after detergent extraction.

Optical sections of the cells were recorded using a

60�/, 1.4 NA oil-immersion objective using the

514 nm line of an Ar laser at a z-slice thickness of

0.5 mm. Fluorescence emission was collected using

the 505�/535 nm bandpass filter. Image analysis was

carried out using the Meridian DASY Master

Program v4.19. Sections of the cells largely repre-

senting the cell plasma membrane were selected and

projected together resulting in a single combined

image of the chosen sections. Outlines of each cell

(or a small group of cells) were drawn out and

integrated fluorescence intensities were determined

using the Meridian DASY Master program. Inte-

grated fluorescence intensities of each cell or a group

of cells before and after detergent extraction were

monitored. Detergent insolubility of the receptor

was estimated by determining the residual fluores-

cence of cells upon detergent treatment.

Estimation of cholesterol and inorganic phosphate of cell

membranes

Cell membranes were prepared and the total protein

content was determined using the BCA assay kit as

described earlier [12]. Cholesterol content of the

membranes isolated from CHO-5-HT1AR-EYFP

cells was estimated using the Amplex Red choles-

terol assay kit as described earlier [18]. Concentra-

tion of lipid phosphate of membranes was

determined subsequent to total digestion by per-

chloric acid using Na2HPO4 as standard [18].

DMPC was used as an internal standard to assess

lipid digestion. Samples without perchloric acid

digestion produced negligible readings.

Statistical analysis of data

Frequency distribution analysis was performed using

Microcal Origin software version 5.0 (OriginLab

Corp., Northampton, MA, USA). Data obtained

were used to plot graphs (shown in Figures 1 and 3)

with GRAFIT program version 3.09b (Erithacus

Software, Surrey, UK). Significance levels were

estimated by one-way ANOVA using Microcal

Origin software version 5.0 (OriginLab Corp.,

Northampton, MA, USA).

Results

Monitoring detergent insolubility of the 5-HT1A receptor

using a GFP fluorescence-based approach

CHO-K1 cells stably expressing the 5-HT1A recep-

tor tagged to EYFP (enhanced yellow fluorescent

protein; previously known as GFP-10C), a red-

shifted emission variant of GFP, were used to assess

detergent insolubility of the 5-HT1A receptor. These

cells display typical plasma membrane localization of

5-HT1AR-EYFP characterized by greater fluores-

Membrane organization of serotonin1A receptors 541



cence intensity at the cell periphery (see Figure 1A).

We have earlier shown that EYFP fusion to the

5-HT1A receptor does not affect the ligand binding

properties, G-protein coupling and signaling func-

tions of the receptor [12]. CHO-K1 cells stably

expressing the 5-HT1AR-EYFP therefore represent a

reliable system to explore the membrane organiza-

tion of the 5-HT1A receptor. In a typical experiment,

a group of cells were imaged before and after

treatment with the non-ionic detergent Triton X-

100 at 48C (see Figure 1A). Fluorescence intensity

of the same group of cells before and after detergent

treatment was quantitated and detergent insolubility

of the 5-HT1A receptor was assessed by determining

the residual fluorescence as described in Materials

and methods. This analysis showed that �/26% of

5-HT1AR-EYFP fluorescence is retained upon

extraction with 0.05% (w/v) Triton X-100. This

represents the fraction of the 5-HT1A receptor that is

resistant to detergent treatment under these condi-

tions.

In order to validate this fluorescence microscopic

approach toward determination of detergent insolu-

bility of membrane components, we previously

utilized specific lipid (phase-sensitive dialkylindocar-

bocyanine (DiI) probes) and protein markers (trans-

ferrin receptor) whose organization in membranes

and ability to be extracted by cold non-ionic

detergents have been well documented [19]. Results

obtained from these experiments showed that this

method is capable of distinguishing ordered domains

labeled by DiIC16 from the fluid regions of the

membrane characterized by FAST DiI labeling [17].

These results, along with the observation of low

detergent insolubility of transferrin receptor, vali-

dated the novel observation of detergent insolubility

of the 5-HT1A receptor in particular and GFP

fluorescence-based approach in general [17].

Since solubilization of membrane components is

dependent on detergent/protein or detergent/lipid

ratios [20,21], it is possible that the fraction of any

receptor insoluble in a given detergent could be

dependent on the concentration or amounts of the

detergent used. This aspect, which could mislead

investigators on the detergent insolubility status of

any membrane protein, adds to concerns on employ-

ing detergent insolubility to characterize membrane

domains [22]. Therefore, in the case of experiments

involving detergent treatment to assess insolubility of

membrane components, it is prudent to consider the

relative proportions of detergent and protein used

while estimating detergent insolubility [18,22]. This

is particularly important in the case of microscopy-

based detergent extraction experiments where the

ability to visualize effects of detergent treatment may

necessitate one to use a lower concentration of

detergent. Keeping this in mind, we used different

concentrations of Triton X-100 to assess detergent

insolubility of the 5-HT1AR-EYFP. We extracted

cells with varying concentrations of Triton X-100

and imaged them to quantitate the residual fluores-

cence to determine the fraction of detergent

Before After detergent
treatment

Normal
cells

Cholesterol-
depleted cells

10      20      30      40      50

0

10

20

30

40

0

10

20

30

RESIDUAL FLUORESCENCE (%)

Normal

Cholesterol-
depleted

BA

F
R

E
Q

U
E

N
C

Y
 (

%
)

Figure 1. Effect of cholesterol depletion on detergent insolubility of 5-HT1AR-EYFP. (A) CHO-5-HT1AR-EYFP cells under normal and

cholesterol depleted conditions are shown before and after treatment with 0.05% (w/v) cold Triton X-100 respectively (reproduced from

[17]). Cholesterol depletion was performed by treating the cells with 5 mM MbCD. Images represent combined mid-plane confocal

sections of the same group of cells before and after detergent extraction. Fluorescence intensity of the same group of cells before and after

detergent treatment was quantitated using the Meridian DASY Master program, and detergent insolubility of the 5-HT1A receptor was

assessed by determining the residual fluorescence. Scale bar represents 10 mm. See Materials and methods for other details. (B) Frequency

distribution profiles of detergent insolubility of 5-HT1AR-EYFP determined under normal and cholesterol-depleted conditions. Detergent

insolubility of 5-HT1AR-EYFP was estimated by measuring the residual fluorescence following detergent extraction as described in

Materials and methods. The plots shown represent 28 different data points of residual fluorescence measurements each for the normal and

cholesterol-depleted conditions. The frequency of occurrence of various values has been normalized to the total number of measurements.

See Materials and methods for other details.
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insoluble 5-HT1A receptor under these conditions

(see Table I). These results suggest a reduction in

the insoluble fraction of the 5-HT1AR-EYFP from

�/26% to �/14%, upon increasing the detergent

concentration from 0.05 to 0.075% (w/v). However,

upon further increase to 0.1% Triton X-100, there is

no significant change in this fraction. Thus, we

observed �/14 and �/13% of residual fluorescence

when cells were treated with 0.075 and 0.1% (w/v)

Triton X-100 respectively (Table I). These results

demonstrate that the fraction of insoluble receptor

would depend on the ratio of detergent to protein

used in a given experiment as is known from

membrane protein solubilization experiments. It is

important to note here that we observed qualitatively

similar effects whether lower concentrations such as

0.05 [17] or higher concentrations such as 0.1%

(data not shown) Triton X-100 were used to assess

detergent insolubility of DiI probes. In other words,

differential solubilization of DiIC16 and FAST DiI

was observed both at low and high concentrations of

detergent used which further confirms and validates

the present method for estimating detergent insolu-

bility of 5-HT1AR-EYFP. Based on these observa-

tions, we conclude that a small fraction of 5-HT1AR-

EYFP is insoluble in cold Triton X-100 in the

concentration range of Triton X-100 used here.

Effect of cholesterol depletion on detergent insolubility of

5-HT1AR-EYFP

Cholesterol is often found enriched in detergent-

insoluble fractions isolated from many natural

sources [14]. It is considered an essential constituent

of such fractions and studies carried out in model

membrane systems have addressed the specific

molecular requirements for sterols in detergent

resistance [16,23]. To explore the role of cholesterol

in detergent insolubility of 5-HT1AR-EYFP, choles-

terol depletion was carried out using methyl-b-

cyclodextrin (MbCD), and detergent insolubility

was tested. CHO-5-HT1AR-EYFP cells were treated

with 5 mM MbCD, which selectively extracts

cholesterol from membranes by including it in a

central nonpolar cavity. As shown in Figure 2, this

treatment resulted in �/30% reduction in membrane

cholesterol without any significant change in the

total phospholipid content. No significant change

in membrane distribution of 5-HT1AR-EYFP was

observed upon depletion of membrane cholesterol

(see Figure 1A). CHO-5-HT1AR-EYFP cells thus

depleted of cholesterol were extracted with cold

Triton X-100, and the fluorescence from the same

group of cells was monitored before and after

treatment with 0.05% (w/v) Triton X-100 (Figure

1A). Analysis of residual EYFP fluorescence showed

that, on an average, �/34% of 5-HT1AR-EYFP

fluorescence is retained upon detergent extraction

of cholesterol-depleted CHO-5-HT1AR-EYFP cells.

Independent sets of data obtained from these

experiments were analyzed as a histogram. Fre-

quency distribution profiles for various measure-

ments of residual fluorescence for normal and

cholesterol-depleted cells are shown in Figure 1B.

The frequency distribution profile for detergent

insolubility in the case of cholesterol-depleted cells

appears to be broader and characterized by the

presence of data points with higher residual fluores-

cence values compared to the distribution observed

for normal cells. As a result, there is a small but

significant (pB/0.05) increase in the mean residual

fluorescence in the case of cells depleted of choles-

terol. Thus, while normal cells display �/26%,

cholesterol-depleted cells exhibit �/34% of residual

fluorescence upon detergent extraction.

As a control, we performed experiments in which

either normal or cholesterol-depleted cells were

carried through the incubation and washing steps

using cold HEPES-Hanks buffer without any deter-
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Figure 2. Effect of treatment of CHO-5-HT1AR-EYFP cells in

culture with 5 mM MbCD on the lipid composition of mem-

branes. Cholesterol (light gray bars) and phospholipid (dark gray

bars) contents were assayed as described in Materials and

methods. The lipid composition of control membranes isolated

from CHO-5-HT1AR-EYFP cells, which have not been treated

with MbCD, is shown for comparison. Values have been normal-

ized with respect to the total protein content. Data represent the

means9/SE of at least three independent experiments. See

Materials and methods for other details.

Table I. Detergent insolubility of 5-HT1AR-EYFP at various

concentrations of Triton X-100a.

Concentration of Triton

X-100 % (w/v)

Residual fluorescence

(%)

0.05 26.09/1.0

0.075 13.89/0.6

0.1 12.89/3.4

aThe data shown represent means9/SE of at least 5 measure-

ments. Values are expressed as a percentage of the integrated

fluorescence measured before detergent treatment in each case.

See Materials and methods for other details.
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gent. No significant change in fluorescence intensity

was observed upon quantitation of fluorescence

intensity in these control cells (data not shown).

Detergent insolubility of 5-HT1AR-EYFP upon

stimulation by serotonin

Agonist-induced translocation of receptors into or

out of membrane domains has been described as a

mode of modulating receptor�/G-protein-effector

interaction, and thereby membrane signaling, of

several G-protein coupled receptors [24]. Changes

in the membrane organization of the receptor under

conditions of stimulation have often been examined

by the biochemical phenomenon of detergent in-

solubility. We monitored detergent insolubility of

5-HT1AR-EYFP upon stimulating the CHO-

5-HT1AR-EYFP cells with the endogenous ligand

serotonin (5-HT). Figure 3A shows images of cells

stimulated with 10 mM serotonin before and after

treatment with Triton X-100. The fluorescence of

the same group of cells was monitored before and

after detergent extraction, and the data were ana-

lyzed as described above. Frequency distribution

profiles for detergent insolubility of 5-HT1AR-EYFP

under conditions of serotonin-stimulation are shown

in Figure 3B along with the corresponding distribu-

tion profile for normal (unstimulated) cells

for comparison. CHO-5-HT1AR-EYFP cells display

�/27% of residual fluorescence in the presence of

5-HT. Statistical analysis indicates that there is no

significant difference in the detergent insolubility of

5-HT1AR-EYFP when cells were stimulated with

5-HT (pB/0.05). These results suggest that there is

no significant alteration in the membrane organiza-

tion of 5-HT1AR-EYFP as apparent from the lack of

any appreciable difference in the extent of detergent

insolubility of 5-HT1AR-EYFP upon stimulation by

serotonin.

Discussion

The concept of organization of membranes into

domains is being increasingly appreciated due to its

possible implications on cellular functions [6�/8].

Insolubility of membrane components in non-ionic

detergents such as Triton X-100 has been a widely

utilized biochemical tool to identify and characterize

membrane domains [14,15]. This is primarily due to

the experimental ease and convenience of the

method over other approaches involving advanced

microscopic and imaging techniques or sensitive

fluorescence-based approaches. However, the

phenomenon of detergent insolubility is often

complicated by concerns over the use of a mem-

brane-perturbing agent such as Triton X-100 to

understand membrane organization [22,25]. Never-

theless, detergent insolubility continues to be an

important and useful tool to study membrane

domains. Information obtained from this extensively

used biochemical approach can often form the basis

for a more detailed analysis of membrane domains.

We have earlier shown using a GFP fluorescence-

based method that a small fraction of the 5-HT1A
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Figure 3. Detergent insolubility of 5-HT1AR-EYFP upon stimulation by 10 mM serotonin. (A) CHO-5-HT1AR-EYFP cells were incubated

with the endogenous ligand 5-HT, followed by treatment with 0.05% (w/v) cold Triton X-100. Cells were imaged as described in Materials

and methods. The images represent combined mid-plane confocal sections of the same group of cells before and after detergent extraction.

Scale bar represents 10 mm. See Materials and methods for other details. (B) Frequency distribution profiles of detergent insolubility of 5-

HT1AR-EYFP under normal and ligand stimulation (�/5-HT) conditions are shown. Detergent insolubility of 5-HT1AR-EYFP was

estimated by measuring the residual fluorescence following detergent extraction as described in Materials and methods. The plots shown

represent 14 data points of residual fluorescence measurements in the case of serotonin stimulation, and 28 data points in the case of

unstimulated (normal) cells. The frequency of occurrence of various values has been normalized to the total number of measurements

made. See Materials and methods for other details.
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receptor tagged to EYFP is insoluble in Triton X-

100 [17]. In order to gain further insight into the

membrane organization of the 5-HT1A receptor and

its possible functional consequences, we have mon-

itored detergent insolubility of 5-HT1AR-EYFP at

different concentrations of Triton X-100, and under

conditions of reduced membrane cholesterol levels

and agonist stimulation. Our results demonstrate

that the fraction of insoluble receptor would depend

on the ratio of detergent to protein used in a given

condition. Based on control experiments involving

DiI probes, we conclude that a small fraction of the

receptor is insoluble irrespective of the concentration

of the detergent used.

Cholesterol is an important component of eukar-

yotic cell membranes and is often found distributed

nonrandomly in biological and model membranes

[23,26,27]. The tight packing of membrane regions

enriched in lipids such as cholesterol and sphingo-

lipids (with high melting temperature) is thought to

confer detergent resistance of these regions and to

the proteins which reside in them [7,16,23]. Accord-

ing to this model, depletion of cholesterol is believed

to cause disruption of such domains resulting in an

increased extraction of proteins residing in the

domain [28]. Several examples are indeed known

where decreased detergent insolubility of membrane

proteins has been observed upon depletion of

membrane cholesterol [29,30]. In addition, the

lateral mobility of certain proteins generally found

in detergent resistant membrane domains has been

reported to be increased upon lowering membrane

cholesterol content [31,32], further supporting this

model. Interestingly, in contrast to these observa-

tions, there are reports indicating a decrease in

lateral mobility of membrane components upon

lowering membrane cholesterol levels [33,34]. This

is consistent with the observation that cholesterol

depletion from lipid vesicles originally present in a

uniform liquid phase leads to separation of phases as

monitored by the distribution of fluorescent lipid

probes [35]. More importantly, similar observations

were reported by Hao et al. in several mammalian

cell types [33]. These authors showed that while the

cell surface was uniformly labeled under normal

conditions by lipid probes with preferential phase

partitioning properties, reduction in membrane

cholesterol content induced formation of visible

micrometer-scale domains on the cell surface [33].

These results, along with evidence from model

membrane studies [35], have given rise to the

proposal that cholesterol, while maintaining domain

organization in membranes, could also be involved

in reducing immiscibility of domains. Hence, reduc-

tion in cholesterol levels may induce domain segre-

gation [7].

Our results indicate a small but significant in-

crease in the detergent insolubility of 5-HT1AR-

EYFP upon depletion of membrane cholesterol

(Figure 1B). We interpret these results on the basis

of the above model of formation of large sized

ordered domains upon cholesterol depletion. In

such a scenario, cholesterol depletion could lead to

segregation of ordered domains on the cell surface,

into which a slightly greater fraction of 5-HT1AR-

EYFP may be included, resulting in an increase

in the relative detergent insoluble fraction of the

5-HT1AR-EYFP. Figure 4 shows a schematic repre-

sentation of such a possibility. It should be men-

tioned here that the requirement of cholesterol for

detergent insolubility of membrane components

has recently been critically assessed suggesting that

the presence of long chain saturated lipids (lipids

that pack into ordered domains) and not cholesterol,

contributes to detergent insolubility [18]. In addi-

tion, there have been reports indicating that deter-

gent insolubility is unaltered upon cholesterol

depletion [36,37], and diffusion properties of mem-

brane components are not correlated with their

DRM localization [38]. Thus, it is possible that

cholesterol depletion leads to differential effects on

A B

Figure 4. Schematic representation of possible membrane reor-

ganization (shown as top view) induced by cholesterol depletion

and its implications on detergent insolubility of 5-HT1AR-EYFP

in membranes. Membrane organization under normal (A) and

cholesterol-depleted (B) conditions is shown. The EYFP-tagged

serotonin1A receptor (5-HT1AR-EYFP) is shown as filled squares.

Current understanding of membrane organization involves het-

erogeneities (domains/rafts) on the cell surface (shown as circles),

with boundaries depicted as being discontinuous due to the

tendency of cholesterol to form intermixed domains [7] (shown

in panel A). As a result of this, while the presence of such domains

could be inferred through the phenomenon of detergent resis-

tance, they may not be detected as separate entities through light

microscopy. Due to the role of cholesterol in domain miscibility,

lowering its levels from membranes could lead to segregation and

coalescence of microdomains into large micrometer-scale ordered

domains [33] (shown in panel B). The eventual distribution of 5-

HT1AR-EYFP in such domains could determine the fraction of

detergent insoluble receptor. Since our results suggest a small

increase in detergent insoluble receptor upon cholesterol deple-

tion, it could be speculated that a greater number of receptors may

be included into the large micrometer-scale ordered domains

(shown in panel B).
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detergent insolubility of membrane components

[33].

It has been proposed that G-protein coupled

receptors are not uniformly present on the plasma

membrane but are concentrated in specific mem-

brane microdomains, some of which are presumably

enriched in cholesterol [10]. For example, coupling

efficacy of b1 and b2-adrenergic receptors (b1AR and

b2AR) and prostaglandin E2 receptors to adenylate

cyclase (AC6) correlates with their colocalization or

lack of it with AC6 in caveolae [39]. Upon exposure

to agonist, b2AR, but not b1AR, is found to

translocate out of caveolin-rich fractions [24]. Such

an agonist-dependent spatial segregation of the

receptor and effector on the cell surface could

explain lower efficacy of b2AR coupling to its

effector AC6 compared to b1AR [39]. Similar

agonist dependent association of receptors and

cognate G-proteins has been shown in the case of

bradykinin receptors [40]. In the context of the role

of membrane organization in the function of

GPCRs, we examined membrane organization of

the 5-HT1A receptor upon agonist stimulation. Our

results on the detergent insolubility of 5-HT1AR-

EYFP in the presence of its endogenous ligand,

serotonin (5-HT), do not point to any specific

change in the membrane organization of the

5-HT1A receptor as detected by the phenomenon

of detergent insolubility (Figure 3B). In addition,

stimulation by 5-HT has not been found to result in

any significant difference in the fluorescence dis-

tribution of 5-HT1AR-EYFP [12]. We have pre-

viously shown using fluorescence recovery after

photobleaching (FRAP) that the lateral mobility of

5-HT1AR-EYFP shows a significant increase in

the presence of serotonin [12]. Based on all these

results, it appears that while the membrane dy-

namics (diffusion) of the 5-HT1A receptor could be

modulated in the presence of serotonin, fluorescence

distribution and detergent insolubility measure-

ments do not indicate any apparent cell surface

reorganization of 5-HT1AR-EYFP when stimulated

by serotonin.

In summary, we report here the detergent insolu-

bility of the 5-HT1A receptor at various concentra-

tions of detergent, and under conditions of

cholesterol depletion and ligand stimulation. Our

results provide new insights into the membrane

organization of the 5-HT1A receptor and are relevant

in the analysis of membrane organization of other G-

protein coupled receptors.
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