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ETABOLIC CHOLESTEROL DEPLETION HINDERS CELL-SURFACE
RAFFICKING OF THE NICOTINIC ACETYLCHOLINE RECEPTOR
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ANTOS AND F. J. BARRANTES*

nstituto de Investigaciones Bioquı́micas de Bahı́a Blanca and
NESCO Chair of Biophysics and Molecular Neurobiology, C.C. 857,
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bstract —The effects of metabolic inhibition of cholesterol
iosynthesis on the trafficking of the nicotinic acetylcholine
eceptor (AChR) to the cell membrane were studied in living
HO-K1/A5, a Chinese hamster ovary clonal line that heter-
logously expresses adult �2��� mouse AChR. To this end,
e submitted CHO-K1/A5 cells to long-term cholesterol de-
rivation, elicited by Mevinolin, a potent inhibitor of 3-hy-
roxy-3-methyl-glutaryl-CoA reductase and applied a combi-
ation of biochemical, pharmacological and fluorescence mi-
roscopy techniques to follow the fate of the AChR. When
HO-K1/A5 cells were grown for 48 h in lipid-deficient me-
ium supplemented with 0.5 �M Mevinolin, total cholesterol
as significantly reduced (40%). Concomitantly, the maxi-
um number of binding sites (Bmax) of the cell-surface AChR

or the competitive antagonist �-bungarotoxin was reduced
rom 647�30 to 352�34 fmol/mg protein, i.e. by 46%. The
pparent dissociation constant (Kdapp) for �-bungarotoxin of
he AChRs remaining at the cell surface was not modified by
holesterol depletion. Similarly, the half-concentration inhib-
ting the specific binding of the radioligand (IC50) for another
ompetitive antagonist, d-tubocurarine, did not differ from
hat in control cells. The decrease in cell-surface AChR was
aralleled by an increase in intracellular AChR levels, which
ose from 44�2.1% in control cells to 74�3.3% in Mevinolin-
reated cells. When analyzed by wide-field fluorescence mi-
roscopy, the fluorescence signal arising from �-bungaro-
oxin labeled cell-surface AChRs was reduced by approxi-
ately 70% in Mevinolin-treated cells. The distribution of

ntracellular AChR also changed: Alexa594-�-bungarotoxin-
abeled AChR exhibited a highly compartmentalized pattern,
oncentrating at the perinuclear and Golgi-like regions. Tem-
erature-arrest of protein trafficking magnified this effect,
mphasizing the Golgi localization of the AChR. Colocaliza-
ion studies using the transiently expressed fluorescent
rans-Golgi/trans-Golgi network marker pEYFP/human �1,4-
alactosyltransferase and the trans-Golgi network marker
yntaxin 6 provided additional support for the Golgi localiza-
ion of intracellular AChRs. The low AChR cell-surface ex-
ression and the increase in intracellular AChR pools in
holesterol-depleted cells raise the possibility that choles-

Corresponding author. Tel: �54-291-486-1201; fax: �54-291-486-1200.
-mail address: rtfjb1@criba.edu.ar (F. J. Barrantes).
bbreviations: AChR, nicotinic acetylcholine receptor; BFA, Brefeldin
; Bmax, maximum number of binding sites; �-BTX, �-bungarotoxin;
HO-K1/A5, Chinese hamster ovary cells expressing nicotinic acetyl-
holine receptor; Chol, cholesterol; d-TC, d-tubocurarine; ER, endo-
lasmic reticulum; HMG-CoA reductase, hydroxymethyl-glutaryl CoA
eductase; Kdapp, apparent dissociation constant; Mev, Mevinolin;
EYFP-Golgi, pEYFP-Gal-T, enhanced yellow fluorescent protein/hu-
an �1,4-galactosyltransferase; SM, sphingomyelin; TGN, trans-
lolgi network.
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erol participates in the trafficking of the receptor protein to
he plasmalemma and its stability at this surface location.

2004 IBRO. Published by Elsevier Ltd. All rights reserved.

ey words: cholinergic receptor, receptor–lipid interactions,
terol, lipid domains, Golgi apparatus.

hospholipids and cholesterol (Chol) are the two key lipids
or maintaining the correct functioning of integral mem-
rane proteins at the cell surface. Chol is largely confined
o the cell membrane, constituting 90% of total cellular
ontent (Lange and Ramos, 1983). The Chol content of
ell membranes is strongly regulated, and cells that divide
etain all the enzymes necessary for cholesterogenesis. In
umans, 50% or more of total body Chol is derived from de
ovo synthesis. The microsomal enzyme 3-hydroxy-3-
ethylglutaryl-coenzyme A reductase (HMG-CoA reduc-

ase) constitutes a major rate-limiting step in Chol biosyn-
hesis, thus making this enzyme a target of choice for
harmacological regulation of Chol content. Mevinolin
Mev), the drug used in the present work, is a fungal
etabolite isolated and purified from Aspergillus terrus that
cts as a highly potent inhibitor of this enzyme (Alberts et
l., 1980).

At the cellular level, variations in membrane Chol have
een shown to cause modifications in some cell-surface
nzyme and receptor activities, as in the case of perme-
bility to small water-soluble molecules such as monosac-
harides and ions (Yeagle, 1993). In MDCK cells, LDL
eprivation affects the intracellular trafficking of a model
PI-anchored protein, leading to reduced surface expres-

ion (Hannan and Edidin, 1996). In Golgi membranes,
hol levels play a crucial role in intra-Golgi protein trans-
ort, and need to be carefully regulated to maintain the
tructural and functional organization of the Golgi appara-
us for intracellular transport to occur (Stüven et al., 2003).
t has been reported that Chol depletion specifically affects
he transport of vesicles and causes protein accumulation
t perinuclear regions (Keller and Simons, 1998; Hansen
t al., 2000; Wang et al., 2000; Stüven et al., 2003).

Chol and certain phospholipids are important in the
egulation of the nicotinic acetylcholine receptor (AChR)
unction (McNamee et al., 1982; Criado et al., 1982; see
eviews in Barrantes, 1993, 2003). An increase in receptor-
ediated ion influx was observed upon increasing the Chol

ontent in reconstituted phosphatidylserine/phosphati-
ylethanolamine vesicles (Dalziel et al., 1980; McNamee
t al., 1982). These observations may be related to the
referential affinity for Chol exhibited by purified AChR in
ipid monolayers (Popot et al., 1978; Schindler, 1982) and
ved.
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ilayer systems (Ellena et al., 1983). Chol has also been
eported to be necessary for maintaining the appropriate
ohesive pressure required by the AChR to function in a
ilayer (Schindler, 1982). In addition, Chol is essential for
he preservation of agonist-induced fluxes (Dalziel et al.,
980) and agonist-induced affinity transitions (Criado et
l., 1982). Early studies demonstrated that AChR in native
orpedo membrane fragments exhibited selectivity for the
pin-labeled sterol derivatives androstane and cholestane
Marsh and Barrantes, 1978; Marsh et al., 1981). Labeling
nd tryptic digestion studies demonstrated that the �-M1,
M4 and �M4 segments interact with Chol (Corbin et al.,
998); photoaffinity sterol reagents like the promegestin
romegestone label the AChR transmembrane domain
Blanton et al., 1999); and purified AChR transmembrane
egments �M1, �M4, �M1 and �M4 reconstituted in
solectin, display affinities for two sterols, cholestane and
ndrostane, similar to those of the whole AChR (Barrantes
t al., 2000).

In addition to these molecular interactions, the AChR
rotein and Chol have also been reported to interact at the
ellular level. Brusés et al. (2001) concluded that Chol was
ecessary for the maintenance of the neuronal �7-nicotinic
ChR in somatic spines of ciliary neurons. Here we inves-

igated whether Chol influences the cell-surface trafficking
f the AChR in a model non-neural cell line that stably
xpresses the adult-type muscle AChR. Chinese hamster
vary cells expressing nicotinic acetylcholine receptor
CHO-K1/A5), a cell line developed in our laboratory that
eterologously expresses adult (�2���) mouse AChR
Roccamo et al., 1999) was used to test the effect of
hronic Chol deprivation induced by Mev. The culture of
ells in a lipid-depleted medium containing 0.5 �M Mev for
8 h effectively decreased Chol levels. We studied ligand
inding, AChR distribution, metabolic stability, and some
harmacological properties of the AChR in this cell line
sing the specific non-competitive antagonists [125I]-�-
ungarotoxin and d-tubocurarine. We found no major
hanges in the pharmacological properties of the AChR in
hol-depleted cells, but did observe a marked decrease in

he proportion of receptor protein present at the cell-
urface concomitant with an increase in the intracellular
eceptor levels. Fluorescence microscopy experiments
howed a marked diminution of cell-surface AChR in Chol-
epleted cells and a significant accumulation of intracellu-

ar receptor in the Golgi apparatus, in particular in the
rans-Golgi and trans-Golgi network (TGN) in Chol-
epleted cells, thus suggesting the involvement of Chol in
he trafficking of AChR to the plasmalemma.

EXPERIMENTAL PROCEDURES

aterials

125I]-�-bungarotoxin (�-BTX; 120 �Ci/�mol) was purchased from
ew England Nuclear (Boston, MA, USA). Alexa Fluor488-
onjugated �-BTX (Alexa Fluor488-�-BTX) and Alexa Fluor594–�-
TX were from Molecular Probes, OR, USA. �-BTX, d-tubocura-

ine (d-TC) and carbamoylcholine were from Sigma Chemical Co.
St. Louis, MO, USA). The enhanced yellow fluorescent protein/

uman �1,4-galactosyltransferase (pEYFP-Golgi) vector (Clon- f
ech Laboratories, Inc., Palo Alto, CA, USA) was a kind gift from
r. Jennifer Lippincott-Schwartz and Dr. George Patterson,
ICHHD, Bethesda, MD, USA. Lipofectin Reagent was from
ibco BRL (Life Technologies, Bs. As., Argentina). The monoclo-
al mouse antibody anti-syntaxin 6 (product number: VAM-
V025) was from Stressgen Biotechnologies Corporation,
ictoria, BC, Canada. Alexa Fluor488 F(ab=)2 fragment of goat
nti-mouse IgG was from Molecular Probes. Nutridoma-BO me-
ium with controlled lipid content was purchased from Boehringer,
ngelheim, Germany, and Mev was from Merck, Darmstadt,
ermany.

ell culture under control and Chol-depleted
onditions

he clonal cell line CHO-K1/A5, obtained by stable transfection of
HO-K1 cells (Roccamo et al., 1999), was grown in Ham’s F-12
edium (GIBCO BRL) supplemented with glutamine (Sigma),
0 �g/ml Gentamicin sulfate (Sigma) and 10% bovine fetal serum
Sigma) in a Heraeus Cytoperm incubator maintained at 37 °C
ith a 5% CO2/95% air mixture. The cells were grown in this
edium for 3–5 days. For Chol deprivation experiments, complete
edium was replaced by Nutridoma-BO when cells reached 60–
0% confluence. Nutridoma-BO is a lipid-depleted medium (Ha-
ada et al., 1992) consisting of Ham’s F-12 medium supple-
ented with 1% Nutridoma-SP (Boehringer), 0.1% fetal calf se-

um, 0.2% bovine serum albumin (fatty acid free; Sigma) and
0 �M sodium oleate (Sigma). Cells were further grown for 48
dditional hours under five different conditions: a) complete me-
ium (Ham’s F-12�10% bovine fetal serum), b) complete medium
ontaining 0.5 �M Mev, c) lipid-depleted medium containing Nu-
ridoma-SP (Nutridoma-BO), d) lipid-depleted medium (Nutri-
oma-BO) containing 0.5 �M Mev, and e) lipid-
epleted medium (Nutridoma-BO) containing 5.0 �M Mev.

emperature-induced AChR retention at the Golgi
pparatus

n order to block protein transport and induce protein retention at
he TGN, CHO-K1/A5 cells were incubated at 20 °C for 2.5 h (Xia
t al., 1997).

ransfection with pEYFP-Golgi vector

HO-K1/A5 cells were grown on 25 mm diameter glass coverslips
n Ham’s F-12 medium for 2 days at 37 °C before being submitted
o transient transfection with cDNA coding for the fluorescent
olgi marker pEYFP-Golgi vector using Lipofectin.
wenty-four hours after transfection the complete medium was
eplaced by Nutridoma-SP, and cells were grown for 48 additional
ours with either 0.5 �M or 5.0 �M Mev.

reatment with Brefeldin A

HO-K1/A5 cells were grown for 48 h in Nutridoma-BO supple-
ented with 5.0 �M Mev and further grown with 2.5 �g/ml Brefel-
in A (BFA) for 30 min in the continued presence of Mev.

ipid analysis

ipid extraction from cell cultures was performed as described by
olch et al. (1957). Briefly, CHO-K1/A5 cells were cultured in
0 cm culture dishes in the presence of complete medium for 5
ays, followed by culture in one of the five media described in the
receding section for 48 additional hours. Cells were washed
wice with 50 mM HEPES, pH 7.4, scraped from the dishes with a
ubber policeman using a small volume of buffer, and transferred
o glass tubes. Lipids were extracted with 20 volumes of chloro-

orm: methanol (2:1, v/v) at room temperature for 3 h after dis-
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upting the cells with two 5 s periods using a Branson sonicator.
he crude extracts were subsequently centrifuged, partitioned
ith 0.2 volumes of distilled water and centrifuged again. The

ipid-containing organic phase was dried under nitrogen. Samples
ere resuspended and submitted to thin layer chromatography for

he separation of the glycerophospholipids and determination of
hol content. Phospholipid phosphorous was determined from
ach spot by the method of Rouser et al. (1970), after treatment
ith perchloric acid at 180 °C. Total Chol content was determined

rom an aliquot of the total lipid extracts using an enzymatic
olorimetric method from Wiener laboratories (Rosario,
rgentina). The method is based on the action of Chol hydrolase,
hol oxidase and a peroxidase coupled to a colorimetric assay.
ree Chol content was determined by the same colorimetric
ethod in the absence of Chol hydrolase. Chol esters were de-

ermined upon subtraction of free Chol from total Chol content.

quilibrium and kinetic [125I]-�-BTX binding studies

urface AChR expression was determined by incubating 70 –
0% confluent cells with increasing concentrations (1– 60 nM)
f [125I]-�-BTX in cell culture medium for 1 h at 25 °C. At the end
f the incubation period, dishes were washed twice with Dul-
ecco’s phosphate-buffered saline, cells were removed by
craping, and collected with 0.1 N NaOH. Radioactivity was
easured in a � counter with an efficiency of 80%. Non-specific
inding was determined from the radioactivity remaining in the
ishes after initial preincubation of the cells in 10 �M native
-BTX or 2 mM carbamoylcholine chloride before addition of

125I]-�-BTX. Non-specific binding amounted to 10% in control
nd treated cells.

The metabolic half-life of surface AChR was determined as
n Patrick et al. (1977). Cell cultures were labeled with 10 nM
125I]-�-BTX for 1 h at 37 °C, washed twice and incubated for
he indicated periods. Non-specific binding was determined as
escribed above for the equilibrium experiments. The half-time
f degradation was determined from nonlinear regression anal-
sis of the decay curve corresponding to the radioactivity re-
ained by the cells at different intervals. This followed a mono-
xponential time-course. Kobs was calculated from linear re-
ression analysis of the kinetics of [125I]-�-BTX association at
0 nM final concentration.

Total AChR was determined after lysis of the cells in 10 mM
hosphate buffer, pH 7.4, containing 150 mM NaCl, 5 mM EDTA,
% Triton X-100, 0.02% NaN3, 10 �g/ml BSA, 2 mM phenyl
ethyl sulfonylfluoride, and 10 �g/ml each chymostatin, leupeptin,
epstatin, tosyl-lysine chloromethyl ketone and tosyl phenylala-
ine chloromethyl ketone, all added to the buffer immediately
efore use. Cells were lysed overnight at 4 °C (Green and Clau-
io, 1993) and the binding assay was carried out as described by
chmidt and Raftery (1973). Briefly, 20–40 �l aliquots of the cell

ysate were incubated with 10 mM phosphate buffer containing
00 mM NaCl, 1% Triton X-100 and [125I]-�-BTX (60 nM) in a final
olume of 125 �l. In these cases, unspecific binding was deter-
ined in samples treated 1 h with 2 mM carbamoylcholine chlo-

ide, or boiled for 5 min prior to the binding assay. Unspecific
inding obtained by either procedure amounted to essentially the
ame values, approximately 20–30% of the total binding. The
inding reaction was terminated by the addition of 100 �l of the

ncubation reaction to DE-81 paper strips (Whatman; 2�2 cm
quares for each sample). DE-81 papers were washed in 10 mM
hosphate buffer containing 0.1% Triton X-100 for three 10-min

ntervals. Dried papers were counted in a Beckman Gamma
ounter with 80% efficiency. The intracellular AChR pool was
alculated as the difference between total minus cell-surface

125
I]-�-BTX binding sites. c
nhibition of initial rates of �-BTX binding

etermination of the IC50 for the full antagonist d-TC was carried
ut by measuring the initial rate of [125I]-�-BTX binding after

ncubation of CHO-K1/A5 cells with d-TC. For this purpose, CHO
ells were incubated in a reaction volume of 800 �l of culture
edium containing the desired d-TC concentration for 30 min at

oom temperature. [125I]-�-BTX was added to the medium to give
final concentration of 10 nM. Cells were incubated in the pres-

nce of the iodinated toxin for an additional 20 min. After this
eriod, the medium was removed and cells washed with Dulbec-
o’s buffered saline. Cells were solubilized by the addition of 2 ml
f 0.1 N NaOH and the extracts used for radioactivity counting.

luorescence microscopy

HO-K1/A5 cells were grown on 25 mm diameter glass coverslips
n Ham’s F-12 medium for 2–3 days at 37 °C before cytochemical
xperiments. For Chol deprivation experiments, complete medium
as replaced by Nutridoma-BO and cells were grown for 48
dditional hours either in Nutridoma-BO containing 0.5 �M Mev,
r in Nutridoma-BO containing 5.0 �M Mev. Control cells were
rown in complete medium. Cells were washed twice with PBS.
ell-surface AChR labeling was carried out by incubation of the
ells with Alexa Fluor488-conjugated �-BTX (Alexa Fluor488-�-
TX) at a final concentration of 1 �g/ml in PBS, for 1 h, on ice.
xcess label was removed by washing with PBS prior to
icroscopy.

In order to label intracellular AChR, cell-surface AChR were
aturated by incubation of CHO-K1/A5 cells with 1 �g/ml �-BTX in
BS for 1 h. Cells were then fixed with 4% paraformaldehyde for
0 min and permeabilized with 0.1% Triton X-100 for 20 min.
inally, cells were incubated with Alexa Fluor594–�-BTX at a final
oncentration of 1 �g/ml PBS for 1 h.

For colocalization studies of intracellular AChRs with syntaxin
, immunofluorescence experiments were performed. For this
urpose, CHO-K1/A5 cells cultured with 5.0 �M Mev during 48 h,
ere fixed and permeabilized as described above, and incubated
ith primary antibody (mouse anti-syntaxin, 1:500) during 1 h at

oom temperature in PBS containing 1% BSA. Cells were then
ashed three times with PBS and incubated with secondary
uorophore-conjugated antibody (Alexa Fluor488 goat anti-mouse
gG, 1:5000). Alexa Fluor594–�-BTX (final concentration 1 �g/ml in
BS) was added with the secondary antibody to label intracellular
ChRs. Incubation was performed at room temperature for 1 h in
BS containing 1% BSA. Cells were washed three times with PBS
efore coverslips were mounted.

In the recovery experiments, CHO-K1/A5 cells were incu-
ated for 48 h in Nutridoma-BO medium plus 5.0 �M Mev, and
ubsequently incubated in Ham’s F-12 medium supplemented
ith 10% bovine fetal serum for 24 additional hours. Intracellular
ChRs were labeled as described above.

Fluorescence imaging was carried out using a wide-field im-
ging system (Nikon Eclipse E-600 and TE-300 microscopes).
maging was accomplished with a SBIG model ST-7 digital
harge-coupled device camera (765�510 pixels, 9.0�9.0 �m
ixel size; Santa Barbara, CA, USA), with a KXE-2 Apogee
530�1024 pixel digital charge-coupled device camera (Apogee
ystems, Auburn, CA, USA) thermostatically cooled at 	10 °C,
nd a Hamamatsu Orca CCD camera. The ST-7 CCD camera
as driven by the CCDOPS software package (SBIG Astronom-

cal Instruments, version 5.02), the KXE-2 CCD was controlled
ith the PMIS software package version 4.0 (GKRCC Imaging
oftware, KA) and the Hamamatsu Orca camera was driven by
etaMorph 5.0 software (Universal Imaging Corporation,
owningtown, PA, USA). For all experiments 40� (1.0 NA), 60�

1.4 NA) or 100� (1.4 NA) oil-immersion objectives were used.
ppropriate dichroic and emission filters were employed to avoid

rossover of fluorescence emission. Background images were
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cquired from areas without cells from the same specimen, and
ubtracted from the cell-containing images. Eight-bit or 16-bit TIFF
mages were exported for further off-line analysis.

uantitative fluorescence microscopy analysis

luorescence images were analyzed with the software Scion Im-
ge version 4.0.2 (Scion Corporation, Frederick, MD, USA). Flu-
rescence intensities of the eight- or 16-bit images, corrected for
ackground fluorescence, were measured by delimiting the out-

ines of ROIs. The average fluorescence intensity over distinct
reas of the cell surface was calculated for randomly chosen cells
or each experimental condition. For illustration purposes, images
ere processed using Adobe Photoshop 5.5, scaled with identical
arameters, and pseudo-colored according to a custom designed

ook-up-table. In the case of colocalization studies of the receptor
ith the trans-Golgi/TGN marker protein pEYFP-Golgi vector, or
ith the TGN marker protein syntaxin 6, images were pseudo-
olored according to the corresponding emission wavelength of
he fluorescent conjugated �-BTX and the specific fluorescent
olgi markers respectively, and analyzed using Scion Image.
econvolution of images was performed using custom nearest-
eighbor and blind deconvolution algorithms.

rotein determination

otal protein content was determined by the method of Lowry et
l. (1951) using an aliquot of the cell extracts made with 0.1 N
aOH after radioactivity measurements. Bovine serum albumin
as used as standard.

harmacological data analysis

rude data obtained from saturation isotherms, as well as the
ransformed Scatchard plots, association kinetic constants,
igand-displacement experiments, and half-life of the cell surface
ChR were analyzed using the software Origin 6.0. Statistical
arameters were determined by the Student’s t-test (two-tailed).

able 1. Cholesterol and cholesterol esters content in CHO-K1/A5 ce

ipid Complete Ham
F-12 medium
(5)

holesterol 45
9.5
hol esters 22
5.3
hol esters/Chol 0.48

CHO-K1/A5 cells were grown for 5 days in complete medium (Ham’s
our different experimental conditions (complete medium, complete me
nalysis. Data are expressed as nmol lipid/mg of protein and are the
nalyzed. * P�0.005 with respect to control values.

able 2. Phospholipid content in CHO-K1/A5 cells grown under differ

hospholipid Complete Ham
F-12 medium

S 8.7
1.7
I 7.2
0.6
M 8.3
2.0
C 49.8
3.3
E 26.0
0.1

CHO-K1/A5 cells were grown for 5 days in complete medium (Ham’s
he four experimental conditions listed in the table prior to lipid analy

lycerophospholipids; PE, ethanolamine glycerophospholipids; PI, inositol glyc
RESULTS

hanges in lipid content and composition of CHO-
1/A5 cells upon alteration of Chol metabolism

ables 1 and 2 give the Chol and phospholipid content
nd the lipid composition of control CHO-K1/A5 cells
rown in complete Ham’s F-12 medium, and those

reated with Mev, a specific inhibitor of HMG-CoA reduc-
ase. In control CHO-K1/A5 cells, choline- and ethanol-
mine-glycerophospholipids are the majority glycero-
hospholipids (approximately 50% and approximately
5%, respectively), and phosphatidylserine, phosphati-
ylinositol and sphingomyelin each constitute about
0% of the total (Table 2). No statistically significant
ariations in glycerophospholipid content were observed

n Mev-treated cells (Nutridoma BO�0.5 �M Mev),
hereas the free Chol level decreased approximately
0% in Mev-treated CHO-K1/A5 cells with respect to the
ontrol condition (CHO-K1/A5 cells grown in complete
am’s F-12 medium). The small pool of Chol esters
howed a tendency to diminish upon Mev treatment, but
he differences with respect to control cells were not
tatistically significant (Table 1).

urface and intracellular levels of [125I]-�-BTX sites

inding experiments using [125I]-�-BTX were conducted to
etermine the Bmax and the Kdapp for this competitive
ntagonist in CHO-K1/A5 cells. Saturation was found be-
ween 40 and 60 nM ligand. The Bmax for the cell-surface
ChR obtained from Scatchard analysis was 46% lower in
ev-treated cells (Fig. 1A and Table 3). The diminution of

ell-surface AChR induced by Mev was not accompanied

under different experimental conditionsa

ete
�Mev

Nutridoma
(7)

Nutridoma
�Mev (7)

3 31
7.0 27
5.4*
8 17
3.5 13
5.5

0.54 0.49

s bovine fetal serum) and then cultured for 48 additional hours under
v, Nutridoma BO medium, Nutridoma BO medium�Mev) prior to lipid
.D. Figures in parenthesis indicate the number of individual samples

rimental conditionsa

ete
�Mev

Nutridoma Nutridoma
�Mev

6 8.9
1.4 11.6
2.8
3 9.0
2.7 8.4
0.6
.3 11.1
1.5 10.1
0.6
.4 43.8
2.0 43.5
3.3
.9 27.2
1.1 26.3
3.5

s bovine fetal serum) and then cultured for 48 additional hours under
are expressed as percentages and are the mean
S.D. PC, choline
lls grown

Compl
medium
(6)

37
5.
13
3.
0.36

F-12 plu
dium�Me
mean
S
ent expe

Compl
medium

7.4
1.
8.4
0.
11.0
1
46.4
1
27.0
1

F-12 plu
sis. Data
erophospholipids; PS, phosphatidylserine.



b
i
s
p
l
c
i

K
d

I
A

w
t
o
c
w
t
f
k
(
N
(

a
m
d
H
M
5
l
y
a
e
s
u

(
M
A
3
s

F
s
(
m
4
t

F
b
I
t
D
r
m
c
d

M. F. Pediconi et al. / Neuroscience 128 (2004) 239–249 243
y changes in the affinity for [125I]-�-BTX nor by changes
n the total number of sites (Table 3). The intracellular/cell-
urface AChR ratio was significantly affected in Chol-de-
leted cells: 74
3.3% of the AChR remained in intracel-

ular compartments in cells treated with Mev for 48 h in
omparison to 44
2.1% of the AChR in intracellular pools

n control CHO-K1/A5 cells (Fig. 2).

inetics of [125I]-�-BTX binding and ligand-
isplacement studies

n order to determine whether Chol depletion affected
125

ig. 1. Scatchard plots (A) and displacement curves (B) of [125I]-�-BTX
ites at the cell-surface of CHO-K1/A5 cells grown in complete medium
Ham’s F-12 plus bovine fetal serum; Œ) or grown for 5 days in complete
edium and then in Nutridoma-BO medium (N-BO) with 0.5 �M Mev for
8 additional hours (�). Each point is the mean value of six determina-
ions.
ChR assembly, the kinetics of [ I]-�-BTX association
ith cell-surface AChR was studied next. Almost 90% of
he radioligand was bound to the AChR within the first hour
f the kinetic assay in Mev-treated cells, whereas in control
ells only 67% of the maximum binding was accomplished
ithin this period (Roccamo et al., 1999). Linearization of

he kinetic curves obtained by plotting ln (Beq/Beq-Bt) as a
unction of time (Yamanaka et al., 1986) yielded apparent

on values of 1.2
0.12 h	1 for control CHO-K1/A5 cells
r�0.92) and 2.81
0.06 h	1 for cells grown in
utridoma-BO medium in the presence of 0.5 �M Mev

r�0.99).
The displacement of [125I]-�-BTX by the competitive

ntagonist d-TC was studied in another series of experi-
ents. The reduction of [125I]-�-BTX binding sites pro-
uced by d-TC in CHO-K1/A5 cells grown in complete
am F-12 medium was similar to that of cells grown in
ev-containing Nutridoma medium. Values of IC50 of 5.6–
.7 �M were obtained in both conditions (Fig. 1B). Plots of

og (b/Bmax-b) as a function of ligand concentration
ielded nH values of 1.20
0.25 and 1.29
0.05 for control
nd Chol-depleted cells, respectively. From the two sets of
xperiment we can conclude that the pharmacological re-
ponse to the two cholinergic antagonists is not modified
pon Mev-mediated Chol depletion.

The half-life of the AChR varies among different cells
Gu et al., 1990; Roccamo et al., 1999). Chol depletion by
ev increased the metabolic turnover of the cell-surface
ChR: The half-life of the AChR in Mev treated cells was
.2 h, whereas in control cells t1/2 was 4.2 h (data not
hown).

ig. 2. Proportion of cell-surface and intracellular pools of [125I]-�-BTX
inding sites in CHO-K1/A5 cells grown under different culture conditions.
ntracellular pools (dark bars) were calculated as the difference between
he total minus cell-surface (empty bars) AChR levels in each condition.
ata are mean values
S.D. of nine different samples from three sepa-

ate experiments. Control: CHO-K1/A5 cells grown for 5 days in complete
edium (Ham’s F-12 plus bovine fetal serum). Other cells were grown as

ontrols and Ham’s medium was substituted by the Nutridoma-BO me-
ium (N-BO) with or without 0.5 �M Mev for an additional 48 h.
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ig. 3. Cell-surface fluorescence of Alexa Fluor488–�-BTX in CHO-K1 cells treated with Mev. (a, b) Control cells grown in complete medium (Ham’s
-12 plus bovine fetal serum). (c, d) CHO-K1/A5 cells treated with 0.5 �M Mev. (e, f) Cells treated with 5 �M Mev. (a), (c) and (e) are phase contrast

mages, and (b), (d) and (f) the corresponding fluorescence images. (g) Relative distribution of Alexa Fluor488–�-BTX cell-surface fluorescence
able 3. [125I]-�-BTX binding to CHO-K1/A5 cells grown under different culture conditionsa

Complete
medium

Complete
medium�Mev

Nutridoma Nutridoma
�Mev

urface [125I]-�-BTX 647
30 595
25 575
40 352
34*
dapp cell-surface

125I]-�-BTX
26
2.1 15
2.8 19
0.7 23
5.4

otal [125I]-�-BTX 1155
150 1021
176 1171
138 1348
270

CHO-K1/A5 cells were grown for 5 days in complete medium (Ham’s F-12 plus bovine fetal serum) and then cultured for 48 additional hours under
he four experimental conditions listed in the table prior to the toxin binding assays. Surface and total AChR are expressed as fmol of specifically bound
125I]-�-BTX/mg protein. Bmax and Kdapp were obtained from the transformed Scatchard plots of the saturation isotherms obtained in the presence of
125I]-�-BTX in the 5–60 nM range. Total AChR was determined from solubilized cells as indicated under Experimental Procedures. Results are the
ntensity in CHO-K1/A5 cells treated with Mev at the indicated concentrations. Scale bar�10 �m.
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ell-surface distribution of fluorescent-labeled AChR

he fluorescence staining of AChR with a fluorescent de-
ivative of �-BTX, Alexa Fluor488–�-BTX, exhibited a finely
unctuate distribution over the entire cell surface of CHO-
1/A5 cells (Fig. 3b). Mev treatment significantly reduced
ell-surface fluorescence (Fig. 3d–f). This effect was al-
eady apparent at 0.5 �M Mev (Fig. 3d), with 50% re-
uction of surface receptor-associated specific fluores-
ence (Fig. 3g). Higher (5.0 �M) Mev concentrations pro-
uced essentially the same reduction in cell-surface
uorescence levels (Fig. 3g).

ig. 4. Fluorescence distribution of intracellular Alexa Fluor594–�-BT
ChRs are distributed evenly over the entire cell. (b) Inhibition of Ch
olgi-like accumulation of AChRs. (c) Block of protein transport and r
.5 h at 20 °C as described by Xia et al. (1997) in complete medium)
bserved in Mev-treated cells. Scale bar�10 �m.

ig. 5. Colocalization of intracellular AChR with the trans-Golgi/TGN
reated cells. (a) Intracellular AChR labeled with Alexa Fluor594–�-BTX.
f images (a) and (b). (d) Intracellular AChR labeled with Alexa Fluor59
d) and (e). Scale bar�10 �m.
ntracellular distribution of fluorescent-labeled AChR

ixed, permeabilized CHO-K1/A5 cells exhibited a mostly
niform distribution of Alexa Fluor594–�-BTX fluorescence
ver the entire cell (Fig. 4a). Mev treatment changed this
uorescence pattern. Fluorescence acquired a more com-
artmentalized, perinuclear distribution (Fig. 4b), compat-

ble with the accumulation of AChRs at the Golgi region.
In order to define the precise localization of intracellular

ChR, the artificial accumulation of receptors was induced
y temperature-arrest of transport, i.e. incubation of CHO-
1/A5 cells at 20 °C. This procedure blocks protein trans-

AChRs. (a) Control CHO-K1/A5 cells grown in complete medium.
thesis by 5.0 �M Mev in CHO-K1/A5 cells produced perinuclear and
in the TGN by temperature arrest (incubation of CHO-K1/A5 cells for
beled with Alexa Fluor594–�-BTX shows a similar distribution to that

markers pEYFP-Gal-T and syntaxin 6 in 5.0 �M Mev CHO-K1/A5-
escence corresponding to the fusion protein pEYFP-Gal-T. (c) Overlay
. (e) Immunofluorescence staining of syntaxin 6. (f) Overlay of images
X-labeled
ol biosyn
etention
. AChR la
and TGN
(b) Fluor
4–�-BTX
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ort in CHO-K1 cells, principally at the TGN level (Xia et
l., 1997). The fluorescence pattern of the Alexa Fluor594–
-BTX -labeled AChR in the 20 °C protein-arrested cells
as very similar to that of intracellular AChR in Mev-

reated cells: in both cases fluorescence was associated
ith a Golgi-like compartment (Fig. 4).

In order to confirm the Golgi localization of AChRs in
hol-depleted cells, the AChR-expressing clone CHO-
1/A5 was transiently transfected with the pEYFP-Golgi
ector, which codifies for the pEYFP-Gal-T. Gal-T-GFP
olocalizes in HeLa cells with endogenous Gal-T during all
tages of the cell cycle (Zaal et al., 1999). The enzyme
al-T was shown to be localized in trans-Golgi cisternae

Roth and Berger, 1982) and the TGN (Lucocq et al., 1989;
ilsson et al., 1993). CHO-K1/A5 cells were treated with
ev as in previous experiments and intracellular AChR
as stained with Alexa Fluor594–�-BTX. The most intense
lexa Fluor594–�-BTX fluorescent regions (Fig. 5a) exhib-

ted colocalization with the trans-Golgi/TGN marker (Fig.
c).

In another series of experiments, Chol-depleted CHO-
1/A5 cells were treated with BFA for 30 min in the con-

inued presence of Mev. BFA is a fungal metabolite known
o cause the retrograde traffic to the endoplasmic reticulum

ig. 6. Deconvoluted images of intracellular Alexa Fluor594–�-BTX-lab
edium containing 5.0 �M Mev (a) or further incubated with 2.5 �g/m

ig. 7. Intracellular AChR labeled with Alexa Fluor594–�-BTX in contro
HO-K1/A5 cells treated with 5.0 �M Mev for 48 h (b), or cells treate

edium supplemented with 10% bovine fetal serum for 24 additional hours (c)
ER) of membrane constituents of the cis-, medial- and
rans-Golgi, but not the TGN (Lippincott-Schwartz et al.,
991; Rosa et al., 1992; Banting and Ponnambalam, 1997;
hardin and McCormick, 1999; Watson and Pessin, 2000).
o changes in the distribution of intracellular AChR fluo-

escence were observed upon BFA treatment in Mev-
reated cells, which remained in a clustered perinuclear
ocation, where the TGN and late endosomes are usually
ound (Fig. 6). This is a further indication that AChR accu-
ulation occurred at the TGN level.

To confirm the localization of the AChR accumulated
ntracellularly, immunofluorescence experiments were per-
ormed using anti-syntaxin 6 antibody, a specific marker of
he TGN compartment (Vandenbulcke et al., 2000). Syn-
axin 6 is a member of the syntaxin family, whose constit-
ents are required for several vesicle trafficking pathways.
y immunoelectron microscopy, syntaxin 6 was shown to

ocalize primarily at the TGN and small vesicles in the
icinity of endosome-like structures (Bock et al., 1997).
ntracellular AChR and syntaxin 6 in CHO-K1/A5 cells
reated with 5.0 �M Mev showed a partial overlap of both
uorescent signals (Fig. 5).

When CHO-K1/A5 cells treated with 5.0 �M Mev were
ubsequently cultured in complete Ham’s F-12 medium

R. CHO-K1/A5 cells were grown for 48 h in delipidated Nutridoma-BO
r 30 min, in the continued presence of Mev (b). Scale bar�10 �m.

1/A5 cells (grown in Ham’s F-12 medium plus bovine fetal serum) (a),
b) and subsequently allowed to recover by incubation in Ham’s F-12
eled ACh
l CHO-K
d as in (
. Scale bar�10 �m.
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upplemented with 10% bovine fetal serum for 24 addi-
ional hours, the Alexa Fluor594–�-BTX fluorescence pat-
ern observed in control cells was restored (Fig. 7), thus
emonstrating the reversibility of the Mev effect.

DISCUSSION

nhibition of the Chol-synthesizing enzyme HMG-CoA re-
uctase in AChR-producing CHO-K1/A5 cells with the drug
ev resulted in the diminution of cellular Chol levels, de-

reased the amount of AChR at the cell surface, and
ncreased the amount of AChR retained inside the cell.
ariations in the amount of cell-surface AChR in Chol-
epleted cells might result from alterations in the synthe-
is, assembly, internalization, or trafficking of the receptor.
he first possibility can be discarded right from the outset,
ince no differences were found in the total amount of
ChR measured by [125I]-�-BTX binding between control
nd Mev-treated cells (Table 3).

A second possibility is that the significant decrease in
he amount of the AChR present at the plasmalemma of
ev-treated cells resulted from altered assembly of the

ve subunits. We detected an approximately 2.5-fold in-
rease in the association kinetics of [125I]-�-BTX to the
ChR in Chol-depleted cells. The apparent association

ate constant of �-BTX for the complete oligomeric, as-
embled AChR differs from that of the unassembled �-sub-
nit (Blount and Merlie, 1989). The association kinetics of
cell line expressing only �-subunits has been reported to
e faster than that of cells expressing the full dotation of
uscle subunits, i.e. �2��� (Blount and Merlie, 1988).
owever, in the absence of assembly with other subunits,

he �-subunit is confined to intracellular compartments and
s not transported to the plasma membrane (Blount and

erlie, 1988; Wang et al., 2002). AChR subunits exit the
R only as fully assembled pentamers (Smith et al., 1987;
u et al., 1989; Ross et al., 1991; Gelman et al., 1995). ER
haperones and specific signals within the AChR subunits
ct as part of the quality control machinery regulating
R-to-Golgi trafficking and keeping immature proteins in

he ER (reviewed in Wanamaker et al., 2003). Additional
vidence argues against the possibility of AChR misfolding
s a result of Chol depletion: unassembled AChR displays
ltered displacement curves of small cholinergic ligands
uch as curare (Blount and Merlie, 1991). No differences
ere found here in the ability of d-TC to displace [125I]-�-
TX binding between control and Mev-treated cells; IC50

alues for d-TC upon Chol depletion did not statistically
iffer from those of control cells (Fig. 1B). Similarly, equi-

ibrium binding of [125I]-�-BTX to the AChR exhibited affin-
ties typical of the complete AChR oligomer in Mev-treated
ells (Table 3).

A third possibility is that the decrease in cell-surface
ChR resulted from the impaired stability of newly synthe-
ized receptor molecules at the plasmalemma. If the main-
enance of AChR at the cell surface depended on the
orrect lipid-protein balance at the plasmalemma, varia-
ions in cell surface Chol might alter the microarchitecture

f the membrane domains where the AChR occurs. Data c
ecently reported by Brusés et al. (2001) is in agreement
ith this hypothesis: maintenance of the �7 neuronal
ChR at the plasma membrane of ciliary neurons is indeed
hol-dependent. Our results show that Chol depletion by
ev accelerated the metabolic turnover of the cell-surface
ChR in CHO-K1/A5 cells. The half-life of the AChR in
ev treated cells was shorter than that found in control

ells; this third possibility cannot therefore be discarded.
A fourth possibility is that Chol is implicated in AChR

rafficking to the plasma membrane. Using a temperature-
ependent sphingolipid-deficient clonal CHO cell line, we
bserved that lower levels of sphingomyelin (SM) ad-
ersely affected AChR trafficking to the cell surface, lead-

ng us to suggest that SM could be involved in AChR
rafficking (Roccamo et al., 1999). More recently, we were
ble to measure the affinity of the membrane-bound and
urified Torpedo AChR for a fluorescent SM-derivative;
M exhibits only a moderate affinity for the receptor (Bo-
ini et al., 2002). Chol-SM microdomains or “rafts” are
ostulated to result from preferential interactions between
hese two lipid species, giving rise to lateral segregation
hat facilitates the favored insertion of certain proteins
aving a sterol-sensing domain (Kurzchalia and Parton,
999; Smart et al., 1996).

The perinuclear accumulation and clustering of the
ChR upon Mev treatment (Fig. 4b), the maintenance of

his intracellular distribution after BFA treatment (Fig. 6b),
he AChR colocalization with the trans-Golgi/TGN and
GN markers pEYFP-Golgi vector and syntaxin 6, respec-

ively (Fig. 5c, f), and the reversibility in the Mev effect (Fig.
), all indicate that Mev-induced Chol depletion results in
eceptor accumulation at the trans-Golgi/TGN, and sug-
est the involvement of Chol in receptor trafficking from
his organelle to the plasma membrane. Chol levels in
olgi membranes play a crucial role in intra-Golgi protein

ransport, and the Chol content must be carefully balanced
o allow intracellular transport to occur (Stüven et al.,
003).

“Raft” lipid domains also occur at the Golgi complex,
nd have been shown to serve as platforms in the TGN for
orting in both polarized and nonpolarized cells (Simons
nd van Meer, 1988; van Meer and Simons, 1988; Simons
nd Ikonen 1997). Keller and Simons (1998) reported that
hol depletion specifically affects TGN-derived transport
esicles, but has no effect on ER-to-Golgi traffic. Hansen
t al. (2000) found that Chol depletion affected membrane
rafficking of aminopeptidase N in enterocytes, increasing
asolateral missorting of the protein. GPI-anchored pro-
eins (Brown and Rose, 1992) and carboxypeptidase E
Dhanvantari and Loh, 2000; Zhang et al., 2003) become
aft-associated during passage through the Golgi appara-
us. In agreement with our results, Lovastatin-induced Chol
epletion caused the reversible block of secretory granule
iogenesis, and accumulation of the secretory protein
OMC at the TGN (Wang et al., 2000). Heino et al. (2000)
lso found that the disassembly of the Golgi complex
locks the transport of both Chol and the influenza virus
emagglutinin, an integral transmembrane protein, to the

ell surface. The myristoylated protein rapsyn is co-tar-
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eted with the AChR to the postsynaptic membrane via the
xocytic pathway (Marchand et al., 2000), and in COS-7
ells, the sorting and trafficking of the two proteins is
ediated by association with Chol-sphingolipid-enriched

aft microdomains (Marchand et al., 2002). All these find-
ngs reinforce the view that Chol may be involved not only
n the maintenance of the affinity state transitions at the
lasma membrane (Criado et al., 1984; reviewed in Bar-
antes, 1993) but also in the delivery of newly synthesized
ChR to the cell surface, via association with lipid plat-

orms. In conclusion, the decreased cell-surface AChR
evels upon Chol depletion appear to result from a) inhibi-
ion of AChR trafficking from the Golgi apparatus to the
lasma membrane, with the concomitant accumulation of
ewly synthesized AChRs at the trans-Golgi/TGN level; b)

he decreased stability of cell-surface AChR upon Chol
epletion; or c) a combination of both.
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