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Abstract Nicotinic acetylcholine receptor (AChR) func-

tion and distribution are quite sensitive to cholesterol

(Chol) levels in the plasma membrane (reviewed by Bar-

rantes in J Neurochem 103 (suppl 1):72–80, 2007). Here

we combined confocal fluorescence recovery after photo-

bleaching (FRAP) and confocal fluorescence correlation

spectroscopy (FCS) to examine the mobility of the AChR

and its dependence on Chol content at the cell surface of a

mammalian cell line. Plasma membrane AChR exhibited

limited mobility and only *55% of the fluorescence was

recovered within 10 min after photobleaching. Depletion

of membrane Chol by methyl-b-cyclodextrin strongly

affected the mobility of the AChR at the plasma mem-

brane; the fraction of mobile AChR fell from 55 to 20% in

Chol-depleted cells, whereas Chol enrichment by methyl-

b-cyclodextrin-Chol treatment did not reduce receptor

mobility at the cell surface. Actin depolymerization caused

by latrunculin A partially restored receptor mobility in

Chol-depleted cells. In agreement with the FRAP data,

scanning FCS experiments showed that the diffusion

coefficient of the AChR was about 30% lower upon Chol

depletion. Taken together, these results suggest that

membrane Chol modulates AChR mobility at the plasma

membrane through a Chol-dependent mechanism sensitive

to cortical actin.
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Abbreviations

aBTX aBungarotoxin

AChR Nicotinic acetylcholine receptor

BODIPY-

FL-C5-SM

N-(4,4-difluoro-5, 7-dimethyl-4- bora-3a,

4a-diazo-s-indacene-3-pentanoyl)sphingosyl

phosphocholine

CDx Methyl-b-cyclodextrin

Chol Cholesterol

CDx–Chol Methyl-b-cyclodextrin–cholesterol

FCS Fluorescence correlation spectroscopy

FRAP Fluorescence recovery after photobleaching

Introduction

At the cholinergic synapse, the nicotinic acetylcholine

receptor (AChR) converts the chemical signal of the neu-

rotransmitter acetylcholine into a rapid electrical signal.

The AChR is the prototype of the family of cys-loop

receptors within the superfamily of rapid ligand-gated ion

channels. In adult myotubes, this protein is highly con-

centrated in a small area juxtaposed to the nervous termi-

nal, patched at the extraordinary density of 10,000–20,000

particles/lm2, whereas in the rest of the plasma membrane

its concentration is \10 particles/lm2 (Barrantes 1979;

Kummer et al. 2006).
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Several studies have demonstrated that the AChR is

quite sensitive to the membrane lipid environment

(reviewed in Barrantes 1993, 2004). Cholesterol (Chol) is

an abundant component of the postsynaptic membrane

(Barrantes 1989), and it has been demonstrated that this

lipid affects the functional properties and distribution of the

AChR (Barrantes 2003, 2004). Marsh and Barrantes (1978)

demonstrated the lateral heterogeneity of lipids in the

postsynaptic membranes of the Torpedo electrocyte: pro-

tein-associated lipids are immobilized with regard to bulk

membrane lipid. Subsequent work has shown that Chol-

like molecules form part of this protein-immobilized pool

(Barrantes 2004; reviewed in 2007). The presence of Chol

is important for maintaining agonist-dependent functional

states of the AChR (Criado et al. 1982a). It has been pro-

posed that there are two Chol populations in AChR-rich

membranes from Torpedo: an easily extractable fraction

that influences the bulk fluidity of the membrane and a

tightly receptor-bound fraction (Leibel et al. 1987). Spe-

cific sites accessible to Chol have been identified in AChR

transmembrane segments aM1, aM4, and cM4 (Corbin

et al. 1998; Narayanaswami and McNamee 1993).

The lipid ‘‘raft’’ hypothesis proposes that specific lipid

species self-associate to form microdomains or platforms

that can intervene in protein partition (Simons and Ikonen

1997; Simons and van Meer 1988). There is some evidence

that AChRs interact with Chol-rich lipid domains in vitro

and in vivo (Bruses et al. 2001; Campagna and Fallon

2006; Marchand et al. 2002; Stetzkowski-Marden et al.

2006; Willmann et al. 2006; Zhu et al. 2006). In our lab-

oratory it has been demonstrated that Chol plays a key role

in the trafficking of the AChR along the secretory (Pedi-

coni et al. 2004) and endocytic (Borroni et al. 2007)

pathways and also affects AChR distribution in the plasma

membrane (Borroni et al. 2007; Kellner et al. 2007).

The plasma membrane is a compartmentalized mosaic,

the maintenance of which strongly depends on an active

cytoskeleton network (Edidin 2003; Maxfield 2002). The

pioneering study of Axelrod et al. (1976) using the fluo-

rescence recovery after photobleaching (FRAP) technique

demonstrated that in developing muscle cells the highly

clustered AChRs present in large (20–60 lm) patches are

practically immobile, with an effective lateral diffusion

coefficient (D) of \10-12 cm2 s-1 (10-4 lm2 s-1),

whereas more diffusely distributed AChRs in other regions

of the same plasma membrane exhibit distinct, albeit slow,

translational mobility (D *0.5 9 10-2 lm2 s-1). Receptor

mobility displays a strong dependence on cytoskeletal

integrity (Bloch et al. 1989; Dai et al. 2000; Pumplin 1989).

In this work, the 2D mobility of the AChR at the plasma

membrane and its dependence on membrane Chol levels

were first studied using the FRAP technique in the confocal

mode (Ellenberg et al. 1997; Nehls et al. 2000; Zaal et al.

1999). Briefly, in this ensemble method a defined 2D region

was selected from the confocal section of the cell membrane,

thus restricting the analysis to a few thousand fluorescence-

tagged AChRs. The region was photobleached by

transiently increasing the laser power of the confocal

microscope, and the diffusive exchange of bleached proteins

with nearby unbleached molecules was then followed using

low-intensity laser excitation. Recovery into the bleached

region can be described by two properties, an apparent

lateral diffusion coefficient, D, and a mobile fraction, Mf

(reviewed by Chen et al. 2006, Edidin 1994, and Guo et al.

2008). D provides a measure of the kinetics of translational

mobility whereas Mf is indicative of the fraction of

fluorescent molecules that are able to recover in the bleached

area over the time course of the assay (Kenworthy et al.

2004). FRAP has been used extensively to characterize

protein and lipid diffusional mobility and the domain struc-

ture of the plasma membrane, typically by monitoring

recoveries in small spots (approx. 1 lm2; Edidin 1994).

Here, as in Kenworthy et al. (2004), bleaching and moni-

toring of recovery kinetics were followed into an area of the

membrane much larger than the proposed size of lipid

microdomains (Jacobson et al. 2007; Rao and Mayor 2005).

Diffusional recovery would require either the diffusion of

entire domains or the diffusion of individual proteins outside

such domains.

CHO-K1/A5 is a clonal cell line developed in our labo-

ratory that stably expresses heterologous adult murine

muscle-type AChR (Roccamo et al. 1999). We have

recently shown that in these cells the AChR aggregates in

the form of very small, nanometer-sized clusters (Kellner

et al. 2007), although the cells lack rapsyn and other

receptor-anchoring proteins. This allows one to study the

inherent mobility/dynamics of AChR assemblies in the

absence of receptor-anchoring molecules and provides a

convenient minimalist approach to defining the crosstalk

between the AChR protein and the neutral lipid, cholesterol.

Here we study the dynamics of the AChR at the plasma

membrane of CHO-K1/A5 cells and show that the lateral

mobility of the AChR is affected by Chol depletion, this

effect being reversed when cells are treated with methyl-b-

cyclodextrin–Chol (CDx–Chol) complexes. We also show

the involvement of the cytoskeleton network in the Chol-

dependent dynamics of the receptor at the plasmalemma.

Materials and methods

Materials

Alexa-labeled a-bungarotoxins (alexa488-aBTX and

alexa647-aBTX), alexa488-labeled anti-rat antibody, and the

fluorescent sphingomyelin (SM) probe N-(4,4-difluoro-
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5,7-dimethyl-4-bora-3a,4a-diazo-s-indacene-3-pentanoyl)

sphingosyl-phosphocholine (BODIPY-FL-C5-SM) were

purchased from Molecular Probes (Eugene, OR, USA).

Latrunculin A, methyl-b-cyclodextrin (CDx), and mAb210

anti-AChR monoclonal antibody were obtained from

Sigma (St Louis, MO, USA). The ester of poly(ethylene

glycol)-derivatized cholesterol (fPEG-Chol) was kindly

provided by Professor Toshihide Kobayashi and Dr Satoshi

B. Sato of the Lipid Biology Laboratory, RIKEN Institute

of Physical and Chemical Research, Discovery Research

Institute, Saitama, Japan, and Department of Biophysics,

Kyoto University, Japan, respectively.

Cell culture

Before fluorescence microscopy experiments, CHO-K1/A5

cells were grown in Ham’s F12 medium supplemented with

10% bovine fetal serum (BFS) for 2–3 days at 37�C as in

Roccamo et al. (1999).

cDNA transfections

Plasmids for rapsyn-GFP (green fluorescent protein-labeled

rapsyn) were kindly provided by Dr Jonathan Cohen, Har-

vard University. CHO-K1/A5 cells were grown in Ham’s F-

12 medium supplemented with 10% BFS for 24 h and then

transfected with 1.5 lg DNA/35-mm dish of rapsyn-GFP

using the PolyFect transfection Reagent (Qiagen) for 24 h

according to the manufacturer’s recommendations.

Acute Chol depletion/enrichment of cultured cells

Acute Chol depletion prior to fluorescence labeling was

accomplished by treating CHO-K1/A5 cells with 10–

15 mM CDx in medium 1 (‘‘M1’’: 140 mM NaCl, 1 mM

CaCl2, 1 mM MgCl2, and 5 mM KCl in 20 mM HEPES

buffer, pH 7.4) essentially as in Borroni et al. (2007) except

that incubation proceeded for 20 min at 37�C. In order to

increase the Chol content of the cells, CDx–Chol com-

plexes were prepared as in Christian et al. (1997) and

CHO-K1/A5 cells were incubated with 3.5–10 mM Chol–

CDx complexes (CDx:Chol 6:1) at 37�C for 20 min. For

chronic Chol depletion, CHO-K1/A5 cells were treated

with 1 lM mevinolin for 24 h in nutridoma medium con-

taining 0.1% BFS, as in Pediconi et al. (2004).

Disruption of the cortical actin meshwork

with latrunculin A

In order to disrupt the cortical cytoskeletal meshwork,

CHO-K1/A5 cells were incubated with 20 lM latrunculin

A together with 10–15 mM CDx (control cells only with

the CDx vehicle, M1).

Labeling of cells with fluorescent probes

To label CHO-K1/A5 cells with the fluorescent Chol ana-

log they were treated with 10-15 mM CDx as described

above and then labeled with fPEG-Chol (0.25–1 lM) for

5–10 min at room temperature, washed with M1, and

mounted for microscopy. Similarly, labeling with the

fluorescent SM analog BODIPY-FL-C5-SM at a final

concentration of 0.3 lM was carried out on control and

Chol-depleted CHO-K1/A5 cells for 10 min at room

temperature. In order to label plasma membrane AChR,

CHO-K1/A5 cells were stained with alexa488-aBTX or

alexa647-aBTX at a final concentration of 1 lM for 1 h at

4�C in M1, washed, and mounted for microscopy.

Crosslinking of plasma membrane AChR in CHO-K1/

A5 cells was accomplished by labeling of cells with

mAb210 monoclonal antibody for 1 h at 4�C in M1,

washing, and labeling with alexa488-labeled anti-rat

antibody for 1 h at 4�C in M1, followed by washing and

final mounting for microscopy.

Live cell confocal fluorescence recovery after

photobleaching imaging

Fluorescence recovery after photobleaching (FRAP)

experiments were carried out using a Leica TCS SP2

microscope (Leica Microsystems, Heidelberg, Germany).

The fluorescent probes were excited according to their

excitation spectra: fPEG-cholesterol, BODIPY-FL-C5-SM,

and alexa488-aBTX using the 488 nm line of an argon laser,

alexa647-aBTX using the 633 nm line. A 639 1.4 NA

water-immersion objective was used for imaging with the

pinhole diameter set for 1 Airy unit. Time and laser power

for the photobleaching step (100%) were determined for

each fluorescent probe. The region of interest (ROI) used in

the analysis was *6 lm2. Pre and post-bleach images

were obtained at low laser power in order to minimize

photodamage of fluorescent dyes. The average fluorescent

intensity within the bleach ROI was normalized to the pre-

bleach intensity for each time point. Fluorescence recovery

kinetics were determined by exponential fitting of the

averaged data using Eq. 1:

f ðxÞ ¼
Xn

i¼1

Aið1� eð�t=siÞÞ ð1Þ

where Ai is the amplitude of each component, t is time, and

si is the time constant of each component. The mobile

fraction (Mf) was calculated using Eq. 2:

Mf ¼ ðF1 � F0Þ
ðFi � F0Þ

ð2Þ

where F? is the fluorescence intensity at the end of the

FRAP experiment, Fi is the initial fluorescence intensity
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prior to the photobleaching steps, and F0 is the fluorescence

intensity immediately after photobleaching. The diffusion

coefficient was calculated as in Ellenberg et al. (1997).

Analysis of FRAP data was carried out using Leica Con-

focal LCS Lite version 2.61 (Leica Microsystems) and the

Origin laboratory package (OriginLab, MA, USA).

Confocal fluorescence correlation spectroscopy

microscopy

Fluorescence correlation spectroscopy (FCS) experiments

were carried out using an Olympus Fluoview 1000 con-

focal microscope. The excitation source was a multi-line

Ar laser tuned at 488 nm (average power at the sample,

700 nW). The laser light was reflected by a dichroic

mirror (DM405/488) and focused through an Olympus

UPlanSApo 609 oil immersion objective (NA = 1.35) on

to the sample. The fluorescence was collected by the same

objective, passed through a 105 lm pinhole, reflected on

a diffraction grating, and passed through a slit set to

transmit in the range 500–600 nm. Fluorescence was

detected by a photomultiplier set in photon-counting

detection mode.

Transmission images of the cells were collected simul-

taneously with confocal imaging by using an external

photomultiplier detector that collects the light of the

excitation laser transmitted through the sample. We com-

pared these images with the corresponding confocal images

to facilitate detection of the plasma membrane area under

study in the living cells. Linear scanning confocal-FCS

experiments were done by scanning at a speed of 40 ls/

pixel. The frequency of the line scanning was varied

between 150 and 200 Hz.

Line-FCS data were analyzed using Globals for Images,

a program developed by E. Gratton at the Laboratory for

Fluorescence Dynamics (UCI, Irvine, CA, USA). Scan-

ning-FCS experiments were analyzed in a manner similar

to that described by Ruan et al. (2004) with some modifi-

cations. Briefly, the normalized autocorrelation function

was calculated for every pixel of the line as:

GiðsÞ ¼
IiðtÞ � Iiðt þ sÞh i � IiðtÞh i2

IiðtÞh i2
ð3Þ

where Ii(t) is the fluorescence intensity recorded at the

pixel i and s is a lag time. This function characterizes the

time-dependent decay of the fluorescence fluctuations to

their equilibrium value and thus provides information

regarding the process that produces the fluctuation.

We fitted the experimental autocorrelation data with

Eq. 4, which is obtained considering free diffusion of the

receptor and a 3D Gaussian beam profile (recently

reviewed by Muller et al. 2003):

GðsÞ ¼ Go

1

1þ 4Ds
-2

o

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4Ds

z2
o

� �r ð4Þ

where D is the diffusion coefficient of the molecule and xo

and zo are the radial and axial waists of the point spread

function, respectively. These latter parameters were

calibrated in an independent experiment by measuring the

autocorrelation function of a sample with known diffusion

coefficient. This calibration was done by measuring the

autocorrelation curve of the fluorescent probe fluorescein at

pH 8 (Dfluorescein = 300 lm2 s-1; Ruan et al. 2004). Go is

related to the average number of molecules in the

observation volume (N) according to:

Go ¼
c
N

ð5Þ

where c is a geometric parameter equal to 0.35 for a

Gaussian beam profile. The data are presented as aver-

age ± standard error, which are calculated from the stan-

dard deviation obtained from different line measurements.

Results

Dynamics of fluorescent lipid probes at the plasma

membrane of CHO-K1/A5 cells

We initially set out to study whether Chol depletion from the

plasma membrane affected the mobility of two different

fluorescent lipid probes. fPEG-Chol was tested first. This

fluorescent probe labels Chol-rich zones exclusively in the

outer plasma membrane of live cells (Ishitsuka et al. 2005;

Sato et al. 2004). In order to verify the efficacy of the Chol

depletion procedure, CHO-K1/A5 cells were treated with

10 mM CDx and then labeled with fPEG-Chol (0.25–1 lM)

for 5–10 min at room temperature. The fluorescence inten-

sity of plasma membrane fPEG-Chol (Fig. 1a) provided a

direct in situ assessment of Chol levels at the cell surface,

thus complementing chemical assays of Chol levels in whole

cells and isolated membranes (Borroni et al. 2007). fPEG-

Chol fluorescence decreased by up to 70% in Chol-depleted

cells compared with control cells (i.e. incubated with the

drug vehicle only), in agreement with the results of Sato

et al. (2004) and our own chemical determinations in whole

CHO-K1/A5 cells (Borroni et al. 2007), indicating that CDx

treatment effectively depleted the cell-surface Chol pool.

In the FRAP experiments, a small region of the plasma

membrane labeled with fPEG-Chol was bleached using the

488 nm laser line and the fluorescence recovery was moni-

tored as a function of time (Fig. 1b, c). As described in

‘‘Materials and methods’’, the fluorescence recovery within

the bleached region was normalized to the pre-bleach
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intensity and the resulting data were fitted to Eq. 1. The ratio

of observed recovery to the initial fluorescence yielded an

estimate of the mobile fraction (Mf) of labeled molecules

(Eq. 2). Following the photobleach, fPEG-Chol showed an

Mf of *85% (Fig. 1c; Table 1) during the 4 min of the

recovery period, and no differences were observed in this

parameter between control and Chol-depleted cells (see

Table 1). As shown in Supplementary Fig. 1, the fluores-

cence recovery kinetics of fPEG-Chol fitted better with a two-

exponential than with a single-exponential function (Fig. 1c).

Fig. 1 Confocal fluorescence recovery after photobleaching (FRAP)

of the Chol analog fPEG-Chol at the plasma membrane of CHO-K1/

A5 cells. a Relative fluorescence intensity of the fPEG-Chol in

control and Chol-depleted (CDx-treated) cells. b FRAP time series of

fPEG-Chol-labeled cells. The ROI delimited by the white box was

bleached and the fluorescence recovery was followed for a total of

4 min. The insets show higher magnifications of the bleached region.

c Averaged FRAP curves. Fluorescence at each point after photoble-

aching (bleach time, t = 0) was normalized to pre-bleaching inten-

sity. Dotted line two-exponential fit to experimental data (average of

three independent experiments, 10–15 cells analyzed in each case).

The double asterisk denotes a statistically significant difference,

P \ 0.01. Bar 10 lm
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The second fluorescence lipid probe tested, a derivative

of SM (BODIPY-FL-C5-SM), is reported to be a fluid

phase marker (Hao et al. 2001). Control and Chol-depleted

cells (10 mM CDx) were labeled with 0.3 lM BODIPY-

FL-C5-SM for 10 min at room temperature (Fig. 2a).

A small (*25%) but statistically significant increase in

fluorescence intensity of plasma membrane BODIPY-FL-

C5-SM was apparent in Chol-depleted cells compared with

untreated cells (Fig. 2a, b). This result is in agreement with

the diminution in generalized polarization of the fluores-

cent probe laurdan in CHO-K1/A5 plasma membranes

treated with CDx (Borroni et al. 2007): the behavior of

both probes indicates that the membrane becomes more

‘‘fluid’’ upon Chol depletion. As was the case with fPEG-

Chol, the fluorescence recovery kinetics of BODIPY-FL-

C5-SM fitted better with a two-exponential rather than a

single-exponential function (data not shown). BODIPY-

FL-C5-SM showed an Mf of *80% (Fig. 2c; Table 1)

during the 4-min recovery period following the photo-

bleach, and no differences were observed between the Mf

values of control and Chol-depleted cells (c.f. Table 1).

The lateral mobility of AChR at the plasma membrane

of CHO-K1/A5 cells is affected by changes in Chol

content

In the next series of FRAP experiments we studied the

lateral mobility of AChR at the plasma membrane of

CHO-K1/A5 cells labeled with alexa488-aBTX, a fluores-

cent quasi-irreversible antagonist which stably labels

plasma membrane receptors (Borroni et al. 2007), and

investigated whether receptor mobility was affected by

Chol content. In control cells, the fluorescence recovery

kinetics could be fitted using either one or two-exponential

curves, the single-exponential fit yielding a statistically

more significant result (Supplementary Fig. 1). As expec-

ted, the fluorescence recovery of the AChR (Fig. 3) was

one order of magnitude slower than that observed for the

fluorescent lipid probes (Figs. 1, 2). The t50 for fPEG-Chol,

BODIPY-FL-C5-SM, and fluorescent aBTX-AChR conju-

gates were about 20, 30, and 210 s, respectively. Following

the photobleach, fluorescent aBTX-AChR conjugates

showed a mobile fraction (Eq. 2) of roughly 50% during

the 10 min recovery period (Fig. 3; Table 1).

When the plasma membrane of CHO-K1/A5 cells is

depleted of Chol, the amount of AChR at the cell surface

decreases by about 50% (Fig. 3a) as a result of the dra-

matically enhanced endocytosis triggered by Chol deple-

tion (Borroni et al. 2007). Concomitantly, the fluorescence

recovery of the toxin-labeled receptor was clearly slower

than in control cells (Fig. 3b, c). The decrease in the AChR

mobile fraction (from *50% in control cells to only

*20% in CDx-treated cells) was statistically significant

(Fig. 3c; Table 1). Chronic Chol depletion of CHO-K1/A5

cells by the drug mevinolin (Pediconi et al. 2004) produced

similar effects on AChR mobility at the plasma membrane

(see Supplementary Fig. 2).

Next we analyzed the behavior of the AChR upon

treatment with CDx–Chol complexes, prepared as in

Christian et al. (1997). These authors demonstrated that by

using different CDx:Chol proportions it is possible to

modify the cellular Chol content. In previous work we

determined that Chol depletion caused gain-of-function,

whereas Chol enrichment had the opposite effect on single-

channel mean open time distribution as assayed by single-

channel patch-clamp recordings (Borroni et al. 2007). We

used a CDx:Chol ratio of 6:1, as in Borroni et al. (2007).

Cells were incubated with CDx–Chol at concentrations of

3.5–10 mM (Fig. 4). As shown in Fig. 4, no statistically

significant differences were observed between control cells

and cells treated with CDx–Chol complexes, in contrast

with the behavior of cells incubated with CDx alone

(Fig. 3). FRAP recovery kinetics of the AChR labeled with

fluorescent aBTX in CHO-K1/A5 cells incubated with

CDx–Chol complexes (Fig. 4b) differed noticeably from

those of Chol-depleted cells (compare the curves in

Figs. 3c and 4b). No statistically significant differences

were apparent between control and CDx–Chol treated cells

in the percentage of the mobile fraction (c.f. Table 1).

We analyzed the mobility of AChR in CHO-K1/A5 cells

transiently expressing rapsyn-GFP. As shown in

Table 1 Mobile fraction (Mf) and diffusion coefficient (D) values of

fluorescent lipid probes and aBTX-labeled AChR under control or

Chol-depletion conditions

Condition Mf D (lm2 s-1)

fPEG-cholesterol

Control cells 0.83 ± 0.02 8.3 ± 1.3 9 10-2

10 mM CDx 0.86 ± 0.03 5.9 ± 0.6 9 10-2*

BODIPY FL C5-SM

Control cells 0.82 ± 0.09 5.2 ± 0.4 9 10-2

10 mM CDx 0.82 ± 0.02 4.2 ± 1.1 9 10-2

aBTX-labeled AChR

Control cells 0.56 ± 0.09 0.46 ± 0.09 9 10-2

10 mM CDx 0.19 ± 0.12* 0.27 ± 0.08 9 10-2*

Control ? 20 lM

latrunculin A

0.44 ± 0.04 0.67 ± 0.18 9 10-2

10 mM CDx ? 20 lM

latrunculin A

0.28 ± 0.10 0.49 ± 0.21 9 10-2

3.5 mM CDx–Chol (6:1) 0.62 ± 0.08 0.63 ± 0.26 9 10-2

10 mM CDx–Chol (6:1) 0.54 ± 0.10 1.17 ± 0.44 9 10-2*

The averaged data correspond to three independent experiments (10–

15 cells analyzed in each case). Mf was calculated using Eq. 2 and D
values were obtained as in Ellenberg et al. (1997). Asterisks denote

statistically significant differences, P \ 0.05
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Supplementary Fig. 3A, cells that co-express AChR and

rapsyn-GFP showed a diffuse distribution of both proteins

at the plasma membrane. Crosslinking of AChR in living

cells via extracellular ligands changed the distribution of

intracellular rapsyn-GFP, from a diffuse to a patched

distribution; furthermore, rapsyn clusters colocalized with

AChR patches (Supplementary Fig. 3B), indicating that in

CHO-K1/A5 cells the AChR and rapsyn-GFP interact at

the plasma membrane. When AChR mobility was analyzed

by the FRAP technique in rapsyn-GFP-expressing cells,

Fig. 2 FRAP of the SM fluorescent probe BODIPY-FL-C5-SM at the

plasma membrane of CHO-K1/A5 cells. a Fluorescence intensity of

control and Chol-depleted (CDx-treated) CHO-K1/A5 cells. b FRAP

series in control and CDx-treated cells. The region delimited by the

white box was bleached and the fluorescence recovery followed

for 4 min. The insets show enlargements of the bleached region.

c Averaged FRAP curves. Fluorescence at each point after photoble-

aching (bleach time, t = 0) was normalized to pre-bleaching inten-

sity. Two-exponential fits to experimental data are shown as dotted
lines. The averaged data correspond to three independent experiments

(10–15 cells each). The asterisk denotes a statistically significant

difference, P \ 0.05. Bar 10 lm
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AChR diffusion at the plasma membrane was found to be

slower than that in cells that do not express rapsyn (Sup-

plementary Fig. 3C, compare with main Fig. 3c). These

results could reflect the association between AChR and

rapsyn-GFP in our system and show that association of

AChR with non-receptor proteins located at the cytosolic

surface of the plasma membrane slows down its lateral

mobility.

Fig. 3 FRAP of plasma membrane AChR is affected by Chol

depletion. a Plasma membrane fluorescence intensity of CHO-K1/A5

cells labeled with fluorescent aBTX, in control and CDx-treated cells.

b Images from a FRAP series in control and CDx-treated cells. The

region delimited by the white box was bleached and the fluorescence

recovery followed for 10 min. The insets show enlargement of the

bleached region. c Averaged FRAP curves for control and

CDx-treated cells. Fluorescence at each point after photobleaching

(bleach time, t = 0) was normalized to pre-bleaching intensity.

Single-exponential curves fitting the experimental data points are

shown as dotted lines. The averaged data correspond to three

independent experiments (10–15 cells analyzed in each case). The

asterisk denotes a statistically significant difference, P \ 0.05. Bar
10 lm
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The alteration in plasma membrane AChR mobility

by Chol depletion involves cytoskeletal integrity

Several reports have described the relationship between the

Chol content of biological membranes and the cytoskeleton

(reviewed by Maxfield 2002). We recently observed that

Chol depletion from the plasma membrane of CHO-K1/A5

cells results in an increase in the size of antibody-induced

AChR nano-clusters and changes in the long-range orga-

nization of the AChR (Kellner et al. 2007). We surmised

that the cytoskeleton could be involved in this phenome-

non. In order to experimentally test this hypothesis, cells

were treated with 20 lM latrunculin A, an agent that

strongly inhibits actin polymerization (Coue et al. 1987;

Spector et al. 1989), together with 10 mM CDx (control

cells were treated only with latrunculin A and the vehicle

of CDx, M1). In the presence of latrunculin A, the amount

of AChR at the plasma membrane decreased upon Chol

depletion (Fig. 5a), but no statistical differences were

observed between the fluorescence recovery kinetics of

fluorescent aBTX-labeled AChR in control and Chol-

depleted cells (Fig. 5b). Similarly, the mobile fraction of

control and latrunculin/CDx-treated cells showed no sta-

tistically significant differences (Table 1). These results

suggest that blockage of actin cytoskeletal dynamics by

latrunculin A partially inhibits the CDx-mediated effects of

Chol depletion on receptor lateral mobility.

AChR diffusion coefficient is sensitive to plasma

membrane Chol content

The diffusion coefficient, D, of the AChR at the plasma

membrane of CHO-K1/A5 cells, calculated as in Ellenberg

et al. (1997), is shown in Table 1. AChR mobility was

severely affected when plasma membrane Chol was

substantially reduced by CDx treatment: the diffusion

coefficient fell by about 40% upon Chol depletion

(0.27 9 10-2 lm2 s-1), as was clearly apparent from the

fluorescence recovery curves (Fig. 3c). These differences

in AChR diffusion coefficient between control and Chol-

depleted cells disappeared when cells were incubated with

CDx in the presence of latrunculin A (Table 1), suggesting

that in CHO-K1/A5 cells, as in other AChR-constitutive

expression models, the receptor is associated to the cyto-

skeleton (Bloch et al. 1989; Dai et al. 2000; Pumplin 1989).

This result reinforces the suggestion that the alteration of

the topological relationship between AChR clusters upon

Chol depletion could result, at least in part, from disruption

of AChR–cytoskeleton interactions (Kellner et al. 2007). In

Chol-enriched CHO-K1/A5 cells (i.e. cells treated with

CDx–Chol complexes) the diffusion coefficient of the

AChR macromolecule increased, as reported for the EGFR

(Orr et al. 2005).

Antibody-mediated AChR crosslinking abolishes

receptor mobility

In recent work, Sieber et al. (2007) determined that plasma

membrane clusters of syntaxin depend on weak homophilic

protein–protein interactions, and that syntaxin molecules in

these clusters are dynamically exchanged with freely dif-

fusing molecules. AChRs at the plasma membrane of CHO-

K1/A5 cells are present in the form of nano-clusters with an

average diameter of about 55 nm (Kellner et al. 2007). Cell-

surface AChRs in CHO-K1/A5 cells were crosslinked with

mAb210 monoclonal anti-AChR antibodies followed by

staining with alexa488-labeled secondary antibodies, and

AChR dynamics were investigated with FRAP on these live

specimens. As shown in Fig. 6, no fluorescence recovery

was observed during the course of the FRAP experiment

Fig. 4 Chol enrichment of CHO-K1/A5 cells with CDx–Chol

complex did not reduce AChR mobility. a Plasma membrane

fluorescence intensity of CHO-K1/A5 cells labeled with fluorescent

aBTX, in control and 3.5–10 mM CDx–Chol-treated cells. b Aver-

aged FRAP curves for control and CDx-treated cells. Fluorescence at

each point after photobleaching (bleach time, t = 0) was normalized

to pre-bleaching intensity. Single-exponential curves fitting the

experimental data points are shown as dotted lines. The averaged

data correspond to three independent experiments (10–15 cells

analyzed in each case)
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(10 min) or up to periods of 20 min (data not shown) under

these conditions. The lack of fluorescence recovery sug-

gests that crosslinking recruits and immobilizes the mobile

fraction of AChRs observed with fluorescent aBTX label-

ing, i.e. in the absence of antibody-induced crosslinking, in

agreement with AChR crosslinking studies in rat myotubes

in primary culture (Axelrod 1980).

Cholesterol-dependent mobility of AChR in small

membrane areas revealed by confocal-FCS experiments

We next studied the effect of CDx on the mobility of AChR

receptor by using scanning-FCS in the confocal

microscope. CHO-K1/A5 cells were labeled with alexa488-

aBTX and incubated in the absence or presence of CDx as

described in previous sections. In these experiments the

laser traces a line across the cell membrane in a repetitive

fashion, and the intensity at each pixel of the line is

recorded as a function of time. Figure 7 shows an example

of scanning-FCS data taken for a control CHO-K1/A5 cell.

The data are represented as a matrix in which the intensity

measured along the line is plotted as a function of the line

number. In this particular example, the intensity at the

positions included in the dotted red box is higher, showing

that in this region the laser crossed the membrane. We

calculated the autocorrelation function at each pixel of the

line and observed that whereas there is no correlation in the

cell cytoplasm or the extracellular milieu, there is a clear

autocorrelation at positions where the line scanning hits the

membrane (Fig. 7c). Because the line-acquisition fre-

quency is very low, fluctuations due to fast-moving mole-

cules (e.g. free alexa488-aBTX, if any) are averaged out and

thus are not detected in these experiments.

The autocorrelation function was calculated for every

pixel at membrane positions using Eq. 4. Table 2 shows

the average values of Go and D obtained from 60 different

line scans in 20 control and 20 CDx-treated CHO-K1/A5

cells. The diffusion coefficient of AChR in CDx-treated

cells was about 30% lower than in control cells, showing

that Chol depletion slows down the motion of the AChR

(P \ 0.001), a conclusion in agreement with the FRAP

experiments. Furthermore, Go values were *20% higher in

CDx-treated cells. Go is inversely related to the number of

molecules in the observation volume; thus, the average

number of receptor molecules is lower in CDx-treated cells

than in control cells (Student’s t test, P \ 0.005). The

result of this dynamic measurement is in full agreement

Fig. 5 Coincubation of latrunculin A with CDx partially abolishes

the changes in FRAP in Chol-depleted cells. a CHO-K1/A5 cells were

coincubated with 20 lM latrunculin A together with 10 mM CDx or

M1, respectively, and plasma membrane fluorescence intensity of

aBTX-labeled cells was measured. b Averaged FRAP curves for

control and CDx-treated cells. Fluorescence at each point after

photobleaching (bleach time, t = 0) was normalized to pre-bleaching

intensity. Single-exponential curves fitting the experimental data

points are shown as dotted lines. The averaged data correspond to

three independent experiments (10–15 cells analyzed in each case)

Fig. 6 Abolition of AChR mobility by antibody crosslinking. Aver-

age FRAP trace for AChR labeled with primary (mAb210) and

secondary fluorescent antibody. No recovery was observed over a

period of 10 min. Fluorescence at each point after photobleaching

(bleach time, t = 0) was normalized to pre-bleaching intensity. The

averaged data correspond to three independent experiments
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with the observed decrease in cell-surface AChRs upon

CDx treatment (Borroni et al. 2007).

Discussion

Nicotinic acetylcholine receptors are ligand-activated cat-

ion channels concentrated in the postsynaptic density

which mediate fast excitatory neurotransmission in the

peripheral and central nervous system. Concentration of

these macromolecules at a synapse is a consequence of the

dynamic equilibrium between synthesis, internalization,

recycling, and diffusion in/out of the synaptic area. Despite

the extensive series of studies undertaken on the AChR, the

spatio-temporal distribution of this macromolecule in the

membrane and its dependence on environmental lipids

remain relatively unexplored.

Lipid mobility was explored with a fluorescent analog of

each of two lipids characteristically associated with lipid

domains: fPEG-Chol and BODIPY-FL-C5-SM. A single-

exponential function did not fit well to the FRAP recovery

kinetics of fPEG-Chol, suggesting that the mobility of the

Chol analog is not a diffusion-limited process. The mobile

fraction amounted to roughly 85% (Fig. 1) and Chol

depletion did not modify this percentage. Using a

phospholipid probe (DPPE) Crane and Verkman (2008)

recently found a similar amount of the mobile fraction, also

not affected by Chol depletion (Chol removal lowered the

diffusion coefficient by a factor of approximately two).

D values of *8.3 and 5.2 9 10-2 lm2 s-1 were found

for fPEG-Chol and BODIPY-FL-C5-SM, respectively.

These values are in the range of the D values

(1–1 9 10-2lm2 s-1) determined by FRAP (Criado et al.

1982b; Johnson et al. 1996; Ladha et al. 1994; Pucadyil

et al. 2007; Pucadyil and Chattopadhyay 2006; Schoote-

meijer et al. 1994; Vaz et al. 1982). The D value for fPEG-

Chol decreased *30% upon Chol depletion. Similarly,

Pucadyil and Chattopadhyay (2006) found that DilC18, a

fluorescent lipid probe sensing ordered lipid domains, is

more sensitive to Chol levels than FAST DiI, a lipid probe

purported to partition favorably in more fluid domains.

As expected, the lateral diffusion of the fluorescent-

tagged AChR was found to be slower than that of the lipid

probes fPEG-Chol and BODIPY-FL-C5-SM (Figs. 1, 2, 3;

Fig. 7 FCS measurement of AChR diffusion at the plasma membrane

of CHO-K1/A5 cells. a Image of a cell labeled with alexa488-aBTX.

The line traced by the laser is shown in yellow. Bar 5 lm. b Intensity

matrix obtained for a representative line-FCS experiment. The

intensity is plotted in pseudocolor. c Temporal autocorrelation

functions determined in regions corresponding to the extracellular

space (top), the plasma membrane (middle), and the intracellular

compartment (bottom). The continuous line in the plasma membrane

trace corresponds to the fitting of the data with a model considering a

value of D of the AChR = 0.04 lm2 s-1

Table 2 Diffusion coefficients and Go values of AChR obtained from

scanning confocal-FCS

Condition D (lm2 s-1) Go

Control 5.3 ± 0.4 9 10-2 0.028 ± 0.001

10 mM CDx 3.7 ± 0.3 9 10-2** 0.035 ± 0.002*

Single and double asterisks denote statistically significant differences,

P \ 0.005 and P \ 0.001, respectively
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Table 1). Using FRAP, Axelrod et al. (1976) reported two

populations of plasma membrane AChRs in primary cul-

ture myotubes: an essentially immobile AChR fraction,

forming patches of *20–60 lm and with D values of

\10-4 lm2 s-1 (Axelrod et al. 1976; Stya and Axelrod

1984) and a mobile fraction consisting of diffusely dis-

tributed AChRs (as judged by wide-field fluorescence

microscopy) exhibiting distinct, albeit slow, translational

mobility (D *0.5 9 10-2 lm2 s-1). Here, D of aBTX-

labeled AChRs in CHO-K1/A5 cells was estimated to

be 0.46 9 10-2 lm2 s-1 (c.f. Table 1), indicating that

the lateral diffusion coefficient of the AChR at the cell

surface of these cells is very similar to that of the more

mobile AChR fraction in developing rat myotubes

(0.5 9 10-2 lm2 s-1; Axelrod et al. 1976) and that of

diffusely distributed AChR in adult rat muscle fibers in

cell culture (0.25 9 10-2 lm2 s-1; Stya and Axelrod

1983, 1984).

Nicotinic acetylcholine receptor diffusion was substan-

tially reduced when *50% plasma membrane Chol was

removed by CDx treatment. It should be stressed that Chol

depletion produces the accelerated internalization of

roughly half of the cell-surface AChRs (Borroni et al.

2007), an effect exactly opposite to that observed with

other membrane proteins (Kenworthy et al. 2004), and

recycling of AChRs is too slow to contribute to the cell-

surface pool within the experimentally observed period

(Kumari et al. 2008). Thus, FRAP recovery kinetics upon

Chol depletion reflect almost exclusively the behavior of

those receptors (*50%) remaining at the cell surface. Most

(*80%) of these AChRs were immobile, in contrast with

those in control cells (*50%) and the D of the mobile

receptors fell by *40% (Table 1). Loading of CHO-K1/

A5 cell with exogenous Chol via CDx–Chol complexes

increased the lateral mobility of AChR at the cell surface

without affecting Mf (Table 1). Mobility of membrane

proteins can vary widely in mammalian cells, from 0 to

85%, and Chol depletion slows down the mobility of both

‘‘raft’’ and ‘‘non-raft’’ proteins (c.f. Kenworthy et al. 2004).

The ensemble techniques employed in the current study,

FRAP and FCS, fall short of unambiguously detecting

motional heterogeneity in the AChRs total pool. The pos-

sibility remains therefore that Chol depletion leads to the

internalization of only the more mobile AChR pool, leav-

ing behind the less mobile pool reflected in the observed

lower AChR mobility after CDx treatment. Single-mole-

cule tracking experiments may prove useful to elucidate

this issue.

The influence of Chol content on AChR mobility at the

plasma membrane was also studied by confocal FCS. Chol

depletion was again found to slow down the diffusion of

the receptor: a 30% diminution in the diffusion coefficient

of the AChR in CDx-treated cells was observed compared

with controls (Table 2), in agreement with FRAP studies.

Higher apparent D values were obtained with FCS

(Tables 1, 2). Adkins et al. (2007) analyzed the plasma

membrane mobility of the dopamine transporter using

FRAP and FCS and found similar trends. These authors

speculate that the difference stems from the fact that the

two techniques sample different environments: FCS would

report on fast movements within confined domains whereas

FRAP would correspondingly report on long-range diffu-

sion between membrane domains (Adkins et al. 2007; Guo

et al. 2008). Additionally, standard FCS techniques do not

detect immobile molecules (Bates et al. 2006). Guo et al.

(2008) observe that the difference between FCS and FRAP

is possibly a result of the very different length scales

observed in these two experiments. FCS measures diffu-

sion on a diffraction-limited spot (\500 nm diameter)

whereas FRAP measures diffusion on areas a hundred

times larger (5–6 lm).

In FRAP experiments performed on cells treated with

mevinolin, a statin that inhibits Chol biosynthesis, we

found that AChR mobility was affected in a manner similar

to that reported here using CDx-mediated acute Chol

depletion. Kojro et al. (2001) did not observe changes on

plasma membrane fluidity after lovastatin (mevinolin)

treatment, at variance with their findings using CDx-med-

iated Chol depletion. On the basis of these observations, we

can conclude that plasma membrane fluidity is not the main

factor determining AChR mobility upon Chol depletion.

Several FRAP studies have shown that Chol depletion

affects the mobility of various proteins at the plasma

membrane although the nature, extent, and sign of the

changes remain a contentious subject. Some authors report

that the mobility of raft and non-raft resident proteins

decreases when Chol is removed from the plasma mem-

brane (Kenworthy et al. 2004; O’Connell and Tamkun

2005; Shvartsman et al. 2003). Restricted diffusion of

membrane proteins upon Chol depletion is believed to

result from the formation of solid-like clusters in the

membrane (Nishimura et al. 2006; Vrljic et al. 2005).

Using single-molecule tracking methods, Orr et al. (2005)

found that Chol depletion causes confinement of the epi-

dermal growth factor receptor (EGFR) and human epider-

mal growth factor receptor 2 (HER2) mobility whereas

Chol enrichment extended the boundaries of the mobility-

restricted areas. In contrast, other authors observed an

increase in the lateral mobility of the raft-resident proteins

CD44 and wild-type GFP-H-Ras after Chol depletion (Niv

et al. 2002; Oliferenko et al. 1999).

Cytoskeletal interactions have been shown to modulate

the diffusion and confinement of several membrane pro-

teins (Kusumi et al. 2005; Suzuki et al. 2005; Triller and

Choquet 2003). There is also evidence of interactions

between lipids, lipid domains, and the cytoskeleton (Lenne
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et al. 2006; Maxfield 2002; Niggli 2001). According to

Kwik et al. (2003) Chol depletion has general effects on the

architecture and function of the membrane, making the

sub-membrane cytoskeleton and, in particular, the cortical

actin network more stable; actin reorganization would be

associated with reduced receptor mobility. Sun et al. (2007)

postulate that Chol affects the mechanical properties of

plasma membrane through the underlying cytoskeleton. In

recent work we determined that Chol depletion affected the

long-range relationship of AChR nano-clusters of *55 nm

diameter, changing from a random to a non-random dis-

tribution (within a radius of 0.5–1.5 lm) upon Chol

depletion (Kellner et al. 2007). Interactions of these nano-

clusters with the cytoskeleton were invoked as a possible

explanation of these changes, because AChR mobility at

the plasma membrane seems to be sensitive to the integrity

of the cytoskeleton (Bloch et al. 1989; Dai et al. 2000;

Pumplin 1989; Stya and Axelrod 1983). Furthermore,

interaction between AChR molecules and the cytoskeleton

is of physiological and developmental importance: it is a

requisite step in the formation and stability of the neuro-

muscular junction (Hoch 1999). Although Chol depletion-

induced loss of AChR mobility was partially restored in

cells incubated with latrunculin A (Table 1), the percent-

age of mobile AChRs (Mf) in these cells did not reach

control levels. From this we can conclude that although the

cortical actin meshwork is likely to be involved in receptor

mobility at the cell surface in Chol-depleted cells, it need

not be the only factor mediating Chol effects on AChR

translational diffusion. Other cortical cytoskeletal proteins

and/or actin-binding proteins may be involved, and direct

interactions of Chol with the AChR may also be impli-

cated. Furthermore, inhibition of actin polymerization by

cytochalasin D, which binds to the barbed end of the actin

filament and blocks monomer addition, resulting in inhi-

bition of AChR internalization (Kumari et al. 2008).

However, direct effects of Chol on the AChR cannot be

discarded when considering the effect on the macromole-

cule’s cell surface mobility.

The AChR mobile fraction may correspond to the AChR

oligomeric forms observed in negatively stained electron

micrographs (Barrantes 1982), which are exchangeable

with relatively less mobile AChR aggregates in larger

nano-clusters (Kellner et al. 2007). In this hypothesis Chol

depletion would affect mostly the more rapidly diffusing

AChRs, because of enhanced AChR–AChR interactions,

which would reduce their residence time at the cell surface

(Barrantes 2007) and result in their internalization (Borroni

et al. 2007). Sieber et al. (2007) proposed a model for

syntaxin molecule self-organization at the plasma mem-

brane, whereby weak homophilic protein–protein interac-

tions would be responsible for syntaxin clustering. On the

basis of transmission electron microscopy experiments of

plasma membrane sheets, Lillemeier et al. (2006) proposed

a ‘‘protein island’’ model, in which proteins localize to

‘‘protein-philic’’ membrane compartments.

A series of recent publications emphasizes the impor-

tance of membrane Chol in the biogenesis and stability of

AChR clusters in vivo and in vitro. Chol was found to

affect the formation of micron-sized AChR clusters

induced by agrin (Campagna and Fallon 2006). Signaling

via the agrin/MuSK complex and interaction between

the receptor and rapsyn seems to involve lipid platforms

(Zhu et al. 2006). Using Laurdan two-photon fluorescence

microscopy Stetzkowski-Marden et al. (2006) concluded

that AChR clusters reside in ordered membrane domains, a

biophysical property characteristic of solid-like lipid

domains. Willmann et al. (2006) proposed that Chol-rich

lipid microdomains and Src-family kinases both contribute

to stabilizing the postsynaptic components. In our experi-

mental system there are no AChR-clustering proteins such

as rapsyn and tyrosine kinases, so homophilic protein–

protein interaction and links with the actin cytoskeleton are

more likely candidates for maintaining the AChR nano-

cluster assemblies.

Summarizing, these results show that the neutral lipid

Chol modulates cell-surface diffusion of the muscle-type

AChR in a mammalian cell. Chol could thus have an

important homeostatic function in the maintenance of

receptor levels and dynamics at the cholinergic synapse.
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