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The Naþ/Hþ exchanger 1, which plays an essential role in intracellular pH regulation in most tissues, is also known to be a key actor in both
proliferative and apoptotic processes. Its activation by Hþ is best described by the Monod–Wyman–Changeux model: the dimeric NHE-1
oscillates between a low and a high affinity conformation, the balance between the two forms being defined by the allosteric constant L0. In
this study, influence of cholesterol- and caveolin-rich microdomains on NHE-1 activity was examined by using cholesterol depleting
agents, including methyl-b-cyclodextrin (MBCD). These agents activated NHE-1 by modulating its L0 parameter, which was reverted by
cholesterol repletion. This activation was associated with NHE-1 relocation outside microdomains, and was distinct from NHE-1
mitogenic and hormonal stimulation; indeed MBCD and serum treatments were additive, and serum alone did not change NHE-1
localization. Besides, MBCD activated a serum-insensitive, constitutively active mutated NHE-1 (625KDKEEEIRK635 into KNKQQQIRK).
Finally, the membrane-dependent NHE-1 regulation occurred independently of Mitogen Activated Protein Kinases, especially
Extracellular Regulated Kinase activation, although this kinase was activated by MBCD. In conclusion, localization of NHE-1 in membrane
cholesterol- and caveolin-rich microdomains constitutes a novel physiological negative regulator of NHE-1 activity.
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It is now well recognized that homeostasis of intracellular
pH (pHi) is an important modulator of numerous cell
functions, notably through controlling enzyme activities and
protein–protein interactions (Shrode et al., 1997). Among
the pHi-regulating mechanisms, an isoform of the Naþ/Hþ

exchanger (NHE-1) expressed at the plasma membrane of all
mammalian cells has been the most widely studied and is a key
regulator of intracellular Hþ concentration upon acid loads (for
reviews, see Counillon and Pouyssegur, 2000; Avkiran and
Haworth, 2003). This exchanger uses the energy provided by the
transmembrane sodium gradient to exchange one
intracellular Hþ ion against one extracellular Naþ. It is nearly
inactive at physiological pHi but activates very steeply when the
cytoplasm becomes acidic to reach full activity in less than one
pH unit. This cooperative behavior constitutes an extremely
efficient molecular switch for intracellular pH regulation. We
havepreviously shown that this can be quantitatively explained by
a Monod–Wyman–Changeux mechanism. Briefly, the
transporter, which exists as a dimer in the plasma membrane,
oscillates between a low and a high affinity form for intracellular
protons (Lacroix et al., 2004). This balance, which is notably
affected upon growth factor stimulation, is described by three
constants: two affinity constants for intracellular protons and the
thermodynamic constant associated with the allosteric transition
(the ratio of the low affinity form to the high affinity form, L0).

This exchanger also plays an essential role in cell volume
regulation, and recent studies further imply it as an important
actor of cell signaling, partly due to its properties as a scaffolding
protein (Baumgartner et al., 2004; Bourguignon et al., 2004). In
� 2 0 0 8 W I L E Y - L I S S , I N C .
this context, any alteration of NHE-1 activity may lead to cell
dysfunction, which might ultimately lead to the development of
pathologies. For instance, NHE-1 activation has been related to
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ischaemia/reperfusion alterations (Karmazyn, 1996),
hypertrophy (Karmazyn, 2001), fibrosis (Young and Funder,
2003), and cancer (Cardone et al., 2005). Besides its role in
proliferation processes, NHE-1 activation has also been
reported to be part of apoptotic processes upon diverse stimuli
(Khaled et al., 2001; Huc et al., 2004, 2007; Lagadic-Gossmann
et al., 2004, 2007). In this context, how an NHE-1 activation of
similar amplitude plays a role in such opposite processes
remains to be elucidated and might stem from different
regulation pathways, possibly resulting from differential
phosphorylation (Khaled et al., 2001; Bourguignon et al., 2004;
Mukhin et al., 2004), binding of modulators (Denker et al.,
2000; Garnovskaya et al., 2003), or merely membrane
characteristic changes (Bookstein et al., 1997).

In that respect, NHE-1 has been shown to be coupled to
diverse membrane receptors, notably the G protein-coupled
receptors or the growth factor receptors, whose activation
triggers different protein kinase cascades leading to
phosphorylation of NHE-1 C-terminal cytoplasmic domain
(Counillon and Pouyssegur, 2000; Avkiran and Haworth, 2003).
This latter domain is also capable of binding a number of
proteins including calmodulin (Bertrand et al., 1994),
calcineurin homologous proteins (Karmazyn, 1996), and
phosphatase (Snabaitis et al., 2006) also involved in transporter
regulation.

In the past few years, several data showed evidence that the
biophysical properties of membrane bilayers have relevant
effects on the properties of membrane proteins (Lee, 2004).
NHE-1 is a transmembrane protein which is altered in lipid
modification-related pathologies, such as atherosclerosis (Jung
et al., 2004), cardiomyopathy (Okamoto et al., 1994; Karmazyn,
2001), diabetes (Lagadic-Gossmann et al., 1988; Battisti et al.,
2003), and cancer (Barclay et al., 1955; Cardone et al., 2005).
However, few studies have considered the influence of
membrane lipids on its activity. Membrane fluidity has been
identified as one such modulator (Bookstein et al., 1997; Gorria
et al., 2006). Recently, we have obtained evidence that osmotic
regulation modifies the allosteric balance of NHE-1 and that
membrane curvature and/or tension would by itself modulate
NHE-1 (Lacroix et al., unpublished work). Besides fluidity, plasma
membrane is also characterized by its microstructure, more
particularly by the presence of cholesterol-rich microdomains
which have been notably implicated in the regulation of ion
channels and transporters such as NHE-3 (Li et al., 2001;
Murtazina et al., 2006). Regarding NHE-1, this protein has been
recently found to be mainly located in caveolin-rich membrane
microdomains, both in NHE-1-overexpressing cell models and in
more physiological models, that is, when the endogenous protein
is present at low levels (Bullis et al., 2002; Bourguignon et al.,
2004; Willoughby et al., 2005). However, despite the fact that
Bullis et al. (2002) found an alteration of NHE-1 membrane
distribution upon methyl-b-cyclodextrin (MBCD, an agent
commonly used for destabilizing cholesterol-rich microdomains
by sequestering cholesterol), up to now, no study has thoroughly
evaluated the role of membrane microdomains in the regulation
of NHE-1 allosteric balance in the presence or not of mitogenic
stimulation.

The present study clearly shows that destabilizing membrane
microdomains by depleting membrane cholesterol both alters
NHE-1 membrane microdistribution and activates the Naþ/Hþ

exchange. Moreover, these two phenomena are reverted by
cholesterol repletion of membrane and occur independently of
prior mitogenic stimulation of the transporter.

Materials and Methods
Chemical reagents

MBCD, b-cyclodextrin (BCD), cholesterol, tetrarhodamine
isothiocyanate (TRITC)-conjugated anti-rabbit IgG and the MKK1
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inhibitor PD98059 were purchased from Sigma Chemicals Co
(St Louis, MO). Cholesterol oxidase (CholOx), whose stock
solution was dissolved in dimethyl sulfoxide (Me2SO) and stored at
�208C, was purchased from Calbiochem (France Biochem,
Meudon, France). Rabbit polyclonal anti-NHE-1 antibody (N1P1)
was raised against a fusion protein encoding the last 157 amino
acids of the human NHE-1 C-terminus (Sardet et al., 1990). Goat
polyclonal anti-CD71 was purchased from Santa Cruz
Biotechnology (Tebu-bio SA, Le Perray en Yvelynes, France).
Secondary antibody conjugated to horseradish peroxidase was
from Dako A/S (Glostrup, Denmark). Vybrant1 Alexa Fluor1 488
Lipid Raft Labeling Kit and fluorescein phalloidin were purchased
from Molecular Probes (Invitrogen, Cergy Pontoise, France).

Cell culture and transfection

Exchanger-deficient fibroblasts, PS120 cells (Pouyssegur et al.,
1984), were grown as described by Touret et al. (2001).
Transfections were performed using Fugene 6 (Roche, Meylan,
France). Cell populations stably expressing the mutants were
selected, using 500 mg/ml G418.

Semi-confluent monolayers on plastic dishes or glass coverslips
were serum-depleted for 12–16 h before treatment. Serum-
starved cells or cells exposed to Fetal Calf Serum (FCS, 20%;
20 min) were then treated for 5, 20, and 60 min withMBCD (2mM),
10 min for CholOx (0.1 U/ml) in Cell Suspension Buffer (CSB, Huc
et al., 2004) at 378C. When cholesterol repletion was tested, cells
treated with 2 mM MBCD during 20 min were washed with PBS and
exposed to a mix of 40 mM cholesterol and 2 mM MBCD in
Hepes-buffered solution at 378C during 20 min. When using the
MKK1 inhibitor, cells were pre-treated for 1 h with the inhibitor or
the vehicle (DMSO at a final concentration <0.2%) and then
co-treated with MBCD.

Site-directed mutagenesis

The amino acid sequence 625KDKEEEIRK635 located at the
C-terminal domain of NHE-1 and characterized by the presence of
eight charged residues, was changed into KNKQQQIRK and called
CTERþ. This was performed using double-stranded mutagenesis
(Quickchange site-directed mutagenesis, Stratagene). The different
steps were performed as described by Poet et al. (2001), using
oligonucleotides bearing the appropriate codon changes and
minimizing the possible mismatches (MWG Biotech) on a 1.6 kb
SacI—EcoRI DNA cassette containing the sites of interest. After
sequencing, the mutated cassette was reintroduced by restriction
cutting and subsequent religation in the modified polycistronic
pECE-IRES vector (SV40 promoter) containing the NHE-1 cDNA
(Lacroix et al., 2004). The presence of the mutations was again
checked by automated sequencing (GenomeExpress). The R327E
substitution, which stabilizes the transporter in the low-affinity
conformational state of the allosteric mechanism, has been
previously described (Lacroix et al., 2004).

Measurement of initial rates of NaR/HR exchange

NHE-1-stably transfected PS120 were seeded in 24-well plates.
The cells were then serum-starved for at least 12 h before the
experiments. Prior to acidification, cells were treated for 5 min
with the different agents (0.1 U/ml CholOx, 2 mM MBCD, the 2 mM
MBCD—40 mM cholesterol mix, or 2 mM BCD). They were then
incubated for 5 min in sodium-free solutions containing 2.5 mM
nigericin (Sigma), 140 mM KCl, the pH was adjusted in the range of
5.6–6.8 in the presence of 20 mM of Hepes, MOPS, or MES buffers.
Nigericin was then scavenged by a 5-min incubation in the same
solutions in which nigericin was replaced by 50 mg/ml BSA. The
cells were then rinsed twice in sodium free medium (120 mM
Choline Chloride, 1 mM CaCl2, 1 mM MgCl2, 5 mM Glucose,
buffered at pH 7.0 with 10 mM Hepes). Linear sodium uptake
was carried out for 15–30 sec in the same medium containing
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0.25 mci/ml 22Naþ, at a final Naþ tracer concentration of 0.5 mM.
Uptake was stopped by four rapid rinses in ice-cold phosphate
buffered saline (PBS). Cells were solubilized in 0.1 N NaOH and
radioactivity was measured by scintillation-counting. NHE-1 initial
rates were calculated as the cariporide (10 mM)-sensitive 22Naþ

accumulations, which were in the order of magnitude of a few
thousand counts per minute at the plateau. Growth factor
activation was measured by addition of 20% FCS 10 min before the
acidification. Naþ/Hþ exchange activity in the absence of growth
factors was measured on serum-starved cells for 12 h. To reach
maximal velocities, two wells per experiment were acidified
using the NHþ

4 pre-pulse technique, using a 1-h incubation in
50 mM NH4Cl, 70 mM Choline chloride, 5.4 mM KCl, CaCl2 1 mM,
MgCl2 1.2 mM, Glucose 5 mM, buffered at pH 7.4 with 10 mM
Hepes, either in the presence or not of MBCD. Cells were then
rinsed in 120 mM Choline Chloride, 1 mM CaCl2, 1 mM MgCl2,
5 mM Glucose, buffered at pH 7.0 with 10 mM Hepes. Under these
conditions, intracellular pH dropped to the estimated value of
5.2 (see below). Initial rates of 22Naþ uptake were then measured
as described above.

Intracellular pH measurements

The pHi of PS120-NHE-1 cells was monitored using the
pH-sensitive dye BCECF/AM (20,70-bis(carboxyethyl)-5-6-
carboxyfluorescein/Acetoxy Methylester; 5 mM). Cells were
incubated for 60 min with 50 mM NH4Cl, 90 mM NaCl, 5.4 mM
KCl, 1 mM CaCl2, 1 mM MgCl2, 5 mM Glucose, buffered at
pH 7.4 with 10 mM Hepes, and treated or not with 2 mM MBCD for
5 min. To start the acidification, cells were next rinsed with a
Naþ-free 120 mM Choline Chloride Hepes-buffered solution.
Once a steady-state acid level was reached, pHi recovery was then
triggered by replacing Choline Chloride by NaCl.

During all these steps, which were performed at room
temperature, pHi variations were monitored by the measurement
of BCECF/AM fluorescence. The imaging system consisted of a
Zeiss ICM 405 inverted microscope with a Zeiss 40X objective,
coupled to a video camera. Fluorescence excitation was provided
by a 75 W Xenon lamp (Osram), and was computer-controlled by a
shutter. The excitation beam was filtered through 450 and 490 nm
narrow band interference filters paired with appropriate quartz
neutral-density filters mounted in a computer-controlled
motorized wheel. Therefore, the cells were excited successively at
490 and 450 nm, and each image was digitized and stored on the
computer hard disk. Image treatment was performed using
the AxonR Imaging Workbench (AIW 4.0) software.

At the end of each experiment, the fluorescence signals relative
to pHi were calibrated using the Kþ/Hþ exchanging ionophore
nigericin. For this purpose the cells were successively perfused with
KCl solutions (140 mM KCl, 20 mM Hepes, and 10 mM nigericin)
adjusted to pH 7.6, 7.0, and 6.0. The pHi values were then calculated
from the gray level values using the pH¼ 6.8þ log(R�Rmin/
Rmax�R) equation. These values were then adjusted according to
the experimental calibration using linear interpolation. For the
most acidic pHi values obtained from ammonium acid load
experiments, these were estimated using non-linear interpolation
of the compilation of nine nigericin calibration curves for pHi values
ranging from 7.8 to 5.8.

Purification of cholesterol-rich microdomains

After treatment, cells were washed twice with ice-cold
PBS, lysed in 1 ml buffer MBS-buffered saline [25 mM
2-(N-morpholino)ethanesulfonic acid (pH 6.5), 150 mM NaCl, and
complete protease inhibitor mixture, Sigma] containing 1% Triton
X-100 for 30 min at 48C before passing them through an ice-cold
cylinder cell homogenizer. Lysates were then diluted with 2 ml MBS
buffer containing 80% sucrose (w/v) and placed at the bottom of a
linear sucrose gradient consisting of 8 ml 5–40% sucrose (w/v) in
MBS. Samples were centrifuged at 39,000 rpm using a Beckman
JOURNAL OF CELLULAR PHYSIOLOGY
SW41Ti rotor for 20 h at 48C, and 11 fractions of 1-ml each were
collected from the top of the gradient, and proteins were quantified
according to the Lowry method (Biorad, Marnes la Coquette,
France).

In order to validate the results obtained when applying the
detergent protocol, a conventional detergent-free method
(Song et al., 1996) was also used for isolation of cholesterol-rich
membrane microdomains. Triton X-100 was thus replaced with
sodium carbonate buffer 0.5 M, pH¼ 11, completed with protease
inhibitor mixture (Sigma). Homogenization was carried out
sequentially by using a 23 G needle (15 strokes), then an ice-cold
cylinder cell homogenizer (10 strokes), and finally a sonicator
(three 20 sec bursts). Lysates were then treated as described
above.

Immunostaining

PS120 cells were seeded into 35 mm dishes on glass coverslips and
treated. After washing in PBS, adherent cells were fixed on
coverslips with 4% paraformaldehyde in PBS for 20 min at 48C and
washed three times with PBS. Then, cells were incubated for 30 min
with a blocking-permeabilizing solution (0.2% saponin-2% BSA in
PBS). After washing, cells were incubated with rabbit anti-NHE-1
primary antibody in a blocking-permeabilizing solution for 2 h at
room temperature, washed in PBS and then stained with
TRITC-conjugated anti-rabbit IgG for 1 h at room temperature.
Vybrant1 Alexa Fluor1 488 Lipid Raft Labeling Kit to stain
ganglioside GM1, and fluorescein phalloidin to stain F-actin were
used following instructions provided by the manufacturer.
Thereafter, cells were co-stained by a 15-min incubation in a
blocking solution containing 1 mg/ml DAPI, a fluorescent dye
specific for DNA. After washing, coverslips were mounted with
PBS-glycerol-Dabco. Fluorescence-labeled cells were captured
with a Leica Confocal microscope (Leica Microsystemes SAS,
Rueil-Malmaison, France) or with a DMRXA Leica microscope and
a COHU high performance CCD camera, using Metavue software.
Data are representative of at least three independent experiments.

Cholesterol analysis of lipid raft fractions

Lipids were extracted using the method of Folch (Folch et al.,
1957). Cholesterol concentrations in detergent-resistant (DR)
(i.e., cholesterol-rich fractions) and soluble (S) fractions were
measured using the colorimetric method InfinityTM cholesterol
(ThermoTrace, Melbourne, Australia), following instructions
provided by the manufacturer. Absorbance of samples was
measured at 492 nm on a microplate reader (Multiscan,
Labsystems, Cergy Pontoise, France). Cholesterol concentration
was expressed in mM/mg proteins.

Alkaline phosphatase activity assays

Alkaline phosphatase activity was determined as previously
reported (Parkin et al., 1999; Eckert et al., 2003). Briefly, 100 mL
of sample was incubated with an equal volume of p-
nitrophenylphosphate solution (Sigma). After 20 min of incubation
at 378C, the absorbance was read at 405 nm using a microplate
reader (Multiscan, Labsystems) and levels of p-nitrophenol
production were calculated using a standard curve.

Western blot analysis

Following cell lysis (CytoBusterTM Protein Extraction Reagent,
Calbiochem) or purification of cholesterol-rich domain fractions,
proteins were subjected to electrophoresis as previously
described (Huc et al., 2004). Relative amounts of proteins were
ascertained by Ponceau S red staining of the membranes. The
primary antibodies used for MAPK detection were: anti-human
phospho-p38 MAPK [Thr180/Tyr182], anti-phospho-ERK 1 and
2 [Thr202/Tyr204], and anti-ERK 1/2 antibodies, all provided by
New England BioLabs (Beverly, MA); anti-phospho-JNK [Thr183/
Tyr185] and anti-JNK antibodies provided by Cell Signaling
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(Ozyme, St. Quentin-en-Yvelynes, France) and Calbiochem,
respectively; anti-mouse p38 antibody [p38 (C-20); Santa Cruz
Biotechnology; TEBU, Le Perray-en-Yvelines, France].

For analysis of plasma membrane NHE-1 expression, 20 mg
of membrane proteins prepared from PS120 cells transfected with
WT NHE-1s were run on 7.5% acrylamide gels (Biorad mini gel
system). Immunoblots were carried out as described by Counillon
et al. (1994), using a commercial monoclonal antibody against the
NHE-1 C-terminal end (Chemicon, Millipore, France). Semi-
quantitative analysis was performed on both NHE-1 mature and
non-mature form using densitometric analysis relative to F-actin
(Calbiochem antibody) with the ImageJ software (Rasband, W.S.,
ImageJ, U. S. National Institutes of Health, Bethesda, Maryland,
USA, http://rsb.info.nih.gov/ij/, 1997–2007).

Trypsin accessibility assay

The presence of the mature form of NHE-1 at the plasma
membrane was determined by exposing the cells for 60 sec
to extracellularly-applied trypsin (Invitrogen BRL) at 0.5 mg/ml in
PBS at room temperature. Cells were then rinsed twice with
ice-cold PBS supplemented with 5% BSA. Crude Membranes were
then prepared as described in Counillon et al. (1994). The different
forms of NHE-1 (mature, cleaved and non-mature), either in
control conditions or following MBCD treatment, were visualized
by western-blotting as described above.

Data analysis

Data were fitted using Sigmaplot 2001 (Jandel) with built-in or
user-defined equations as described previously (Lacroix et al.,
2004). The experimental data points (with standard errors of the
mean SEM) correspond to the compilation of at least three
independent experiments, with each experimental data point
determined at least in duplicate. Constants obtained from fitting
our data are provided with the error of the fits and r2

goodness-of-fit factors.

Results
Methyl-b-cyclodextrin and cholesterol oxidase, two
known destabilizing agents of lipid microdomains,
modify NHE-1 activity by modulating the allosteric
equilibrium

The first set of experiments was carried out in order to test the
effects of membrane microdomain alterations by cholesterol
depletion on NHE-1 cooperative regulation in PS120
fibroblasts stably expressing NHE-1 (Pouyssegur et al., 1984).
To this aim, cells were exposed for 5 min to either MBCD
(2 mM) (Kilsdonk et al., 1995) or CholOx (0.1 U/ml)
(Gadda et al., 1997), at different intracellular pH values.
Rapid uptakes of 22Naþ were then measured in
Hepes-buffered solutions (to avoid any participation of the
HCO�

3 -dependent pHi regulating mechanisms). This ensures
initial rate measurements and thus allows the steady-state
determination of the kinetic parameters of Naþ/Hþ exchanger
NHE-1 expressed in the PS120 fibroblasts (Lacroix et al., 2004),
in response to acidifications and to changes in membrane
microstructure. As illustrated in Figure 1A, cell exposure to
MBCD resulted in NHE-1 activation as evidenced by the
leftward shift of the sigmoidal activity curve of NHE-1 measured
at different intracellular pH. No significant variations of maximal
rates of NHE-1 were detected under these conditions (Fig. 1D).
We independently quantified NHE-1 activity by measuring
pH recoveries using BCECF fluorescence after an acidification
induced by NH4Cl pre-pulse. As shown in Figure 1C for
averaged data (and also in Supplementary Fig. 1A for
representative pHi recordings), the exposure to MBCD
resulted in an enhanced NHE-1 mediated pH recovery, above
pH values of about 6.0–6.5, thus confirming the above
JOURNAL OF CELLULAR PHYSIOLOGY
observations. The values of the pH recovery slopes in the
acidic pHi range [5.6–6.2] were compiled and, although the
MBCD treatment might provide a slightly higher slope value, no
significant difference was observed (see inset, Fig. 1C). This
indicates that the maximal rate of the transporter is not
modified by cholesterol depletion and provides an independent
confirmation to our results obtained by 22Naþ uptake
measurement (Fig. 1D).

In order to ensure the specificity of MBCD treatment
toward membrane cholesterol, a cholesterol repletion
protocol was applied; so, following exposure of cells to MBCD,
cells were exposed for 20 min to 2 mM MBCD supplemented
with 40 mM cholesterol. As shown in Figure 1A, such a
maneuver prevented the activation of NHE-1 upon MBCD
exposure. Note also that medium enrichment with cholesterol
in the absence of any prior depletion led to a rightward shift of
the activation curve of NHE-1, thus indicating a negative
allosteric regulation of the exchanger.

The data were fitted using the Monod–Wyman–Changeux
equation, which describes NHE-1 allosteric regulation by
intracellular protons (Lacroix et al., 2004), taking either the L0

allosteric constant or the microscopic affinities for protons as
variables. We found that MBCD treatment fitted best with
decrease in L0 (also observed with CholOx: L0¼ 5952� 513 vs.
975� 52, n¼ 3, control vs. CholOx, respectively), rather than
with a change in the microscopic affinity constants of the system
which gave poor fits with our data. Such a decrease was
inhibited by repletion of cholesterol. In contrast, treatment
with cholesterol alone fitted with a marked increase of L0.
Altogether these results clearly show positive and negative
regulation of NHE-1 by cholesterol depletion and enrichment,
respectively, which are due to the modulation of the allosteric
constant of the transporter (Fig. 1B).

Treatments with methyl-b-cyclodextrin or cholesterol
oxidase alter ganglioside GM1 membrane localization,
but not NHE-1 plasma membrane expression

In order to test the effects of MBCD and CholOx on
cholesterol-rich membrane microdomains, we stained
PS120-NHE-1 cells for ganglioside GM1, using FITC-coupled
cholera toxin which specifically binds to this lipid. Figure 2A shows
that, under control conditions, cells exhibited a punctuate pattern
for GM1 staining, which may correspond to the cholesterol- and
GM1-rich microdomains. Upon cell treatment with the
cholesterol-depleting agents, a disruption of these microdomains
was observed, with a more diffuse pattern for GM1 staining at the
plasma membrane, thusproving theefficacyof both treatments for
altering membrane microstructure in our cell model. To study the
NHE-1 plasma membrane localization, we co-stained the
PS120-NHE-1 fibroblasts with both an antibody against NHE-1
and fluorescein phalloidin to detect F-actin. As shown in
Figure 2B, both MBCD and CholOx did not disturb NHE-1 plasma
membrane localization as NHE-1 remained perfectly co-localized
with F-actin. This was confirmed by analyzing the expression of the
NHE-1 mature form at the plasma membrane. This was
performed by trypsin accessibility assays as well as by
densitometric analysis. Following a 60-sec-cell exposure to
extracellularly-applied trypsin, only the mature NHE-1 inserted in
the plasma membrane is known to be cleaved. As shown in
Figure 2C,D, MBCD did not elicit any changes in the total amounts
of the trypsin-sensitive NHE-1 inserted in the plasma membrane.

Taken together with the kinetic data shown in Figure 1, these
data indicated that cholesterol depleting agents were
responsible for an increase in the gain of NHE-1 cooperative
activation by intracellular protons, without any change in the
protein expression at the plasma membrane. However, based
upon the fact that both these agents were shown to disturb
microdomains in our cell model (as visualized by GM1 staining),



Fig. 1. Modulation of NHE-1 activity by cholesterol in the absence of growth factors. A: PS120-NHE-1 cells were seeded in 24-well plates
and maintained in 0% FCS during 16–18 h prior to acidifications at different intracellular pH values using the nigericin technique as described in
Lacroix et al. (2004). Activities of NHE-1 were determined by measuring fast 22NaR uptakes conducted after treatments aimed at modifying
cholesterolmembranecontentasdescribed inMaterialsandMethodsSection.&:Controlconditions,~: 5minexposureto2mMMBCD,*: 5min
exposure to 40 mM cholesterol following 20 min exposure to MBCD. T: direct addition of 40 mM cholesterol. Plots represent V/Vmax values
as a function of intracellular HR concentration. The error bars correspond to SEM. Note the increase in NHE-1 cooperative response upon
cholesterol depletion and its decrease upon cholesterol addition. B: Modulation of NHE-1 allosteric constant (L0) by cholesterol. Allosteric
constants were calculated from the experimental data presented in part (A) using the Monod–Wyman–Changeux equation for a dimeric
NHE-1 as described in Materials and Methods Section. The number of independent experiments is provided in the figure. The data are quoted as
means W standard error of the mean. The values presented correspond to goodness of the fit factors (rsq) higher than 0.9. Note that an increase in
the value of L0 corresponds to an allosteric inhibition of the transporter. C: Comparison of averaged intracellular pH variations in acidified
fibroblasts treated or not with MBCD. Dark: control conditions, gray: MBCD treatment. NHE-1 transfected fibroblasts were acidified using
a NH4Cl (50 mM; 1 h) pre-pulse. pH recoveries were measured using BCECF fluorescence. Inset: effect of MBCD on the slopes measured at the
acidic pH range of [5.6–6.2]; note that no significant difference was observed. N U 5 independent experiments with 16 cells measured in each
experiment. Error bars are SEM. D: Compilation of the maximal velocities measured as initial rates of cariporide-sensitive 22NaR uptake in NHE-1
transfected fibroblasts. The different bars of the histogram correspond either to control conditions or to fibroblasts treated with CholOx, MBCD,
or MBCD plus 40 mM cholesterol, as described in Materials and Methods Section.
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we next supposed that the NHE-1 cooperative regulation
presently detected might be related to the protein localization
into or outside microdomains.

Methyl-b-cyclodextrin or cholesterol oxidase alter the
distribution of NHE-1 between different membrane
domains in PS120-NHE-1 fibroblasts

In order to gain further insight into the effects of cholesterol
depleting agents on NHE-1 membrane distribution, both
control and treated cells were exposed to Triton X-100 at 48C
and lysates were then centrifuged on a sucrose gradient in
order to get DR (which correspond to cholesterol-rich
membrane microdomains) and soluble fractions (S; which
correspond to the more fluid part of the membrane). Aliquots
from each of the 11 fractions collected from the gradients were
then analyzed by western blotting for the presence of caveolin-1
(cav 1), or transferrin receptor CD71 (a known marker of
S fractions). As shown in Figure 3A, cav 1 expression was
detected in fractions 2–6, whereas CD71 was found in fractions
8–11. The DR fractions were further characterized by a high
concentration of cholesterol, and a high activity of alkaline
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phosphatase, as compared to S fractions. So DR fractions
were distributed from 1 to 7 whereas 8 to 11 fractions define
S fractions. The same observations were made when applying a
detergent-free protocol to isolate cholesterol-rich
microdomains (see Supplementary Fig. 3). The efficacy of
MBCD to alter membrane microstructure was confirmed by
showing a significant decrease (by about 40%) of cholesterol
concentration in pooled DR fractions (1–7; Fig. 3B), as soon as a
5-min treatment with 2 mM MBCD, as well as a redistribution of
caveolin-1 expression (Fig. 3C,D). Similar effects were
observed with a 10 min-treatment with CholOx. We also used
BCD (2 mM, 1 h) to compare the effects of this compound to
those induced by MBCD. As shown in Figure 3B, no effect of
BCD on cholesterol concentration was observed, thus
confirming the specificity of MBCD action on cholesterol.

Regarding NHE-1 distribution, as illustrated in Figure 4A, our
data clearly show the preferential localization of the protein in
DR fractions (since only 2 mg of proteins were loaded on gels
for fractions 1–7, compared to 200 mg for fractions 8–11). As
clearly shown in Figure 4B, the detergent protocol used for
microdomain isolation was not responsible for the observed
distribution of NHE-1 since similar effects were also detected



Fig. 2. Treatments with methyl-b-cyclodextrin or cholesterol oxidase alter ganglioside GM1 membrane distribution, but not NHE-1 plasma
membrane expression. PS120-NHE-1 cells were treated or not with 2 mM MBCD or with 0.1 U/ml CholOx for 1 h or 10 min, respectively. A: After
fixation and permeabilization, immunostaining of cells was performed with Alexa 488 conjugated-cholera toxin subunit B (to visualize GM1
ganglioside; green), followed by an incubation of an anti-Cholera toxin subunit B antibody for crosslinking. Cells were viewed by confocal
fluorescence microscopy (MBCD) or fluorescence microscopy (CholOx). B: After fixation and permeabilization, immunostaining of cells was
performed with a rabbit polyclonal anti-NHE-1 antibody and fluorescein phalloidin to visualize F-actin (green), and with an anti-rabbit antibody
coupled to TRITC (red). Cells were viewed by confocal fluorescence microscopy (magnification 400T). Co-localizations are seen in yellow. The
experimentswererepeatedat leastthreetimes,withsimilarresults.C:ComparisonofthequantitiesofNHE-1attheplasmamembranemeasured
under control conditions or following a MBCD treatment. Trypsin accessibility assay: the presence of the mature form of NHE-1 at the plasma
membrane was determined by exposing the cells for 60 sec to extracellularly-applied trypsin. Under these conditions, only the NHE-1 inserted in
the plasma membrane is cleaved. Trypsin action was then stopped by two rinses (10 sec) with ice-cold PBS supplemented with 5% BSA. Total
membraneswerepreparedasdescribed inMaterialsandMethodsSection.ThedifferentformsofNHE-1(mature,cleavedandnon-mature),either
in control or following MBCD treatment, were visualized by western-blotting. D: Semi-quantitative estimation of the amounts of plasma
membrane NHE-1 following MBCD treatment (white) compared to control conditions (black). After 15 min treatment with MBCD, total
membranes were prepared. Mature and non-mature NHE-1 form amounts were estimated using densitometric analysis after western blotting.
The histogram presented corresponds to the compilation of eight independent determinations. Data were normalized using actin as an internal
standard. Error bars are SEM. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

212 T E K P L I E T A L .
using the detergent-free protocol. Furthermore, a 1-h
treatment with MBCD (2 mM) resulted in the disappearance of
NHE-1 expression from DR fractions; similar effects were
observed following a 10-min treatment with CholOx. As shown
in Figure 4C, western blotting performed on pooled DR or
S fractions (5 and 100 mg of proteins loaded for DR and S,
respectively) indicated that MBCD treatment was already
efficient on redistributing NHE-1 as soon as 5 min. Our results
also showed that CholOx, known to oxidize cholesterol, was
more efficient than MBCD to induce alterations in NHE-1
redistribution, since a 10-min treatment with this compound
was as efficient as a 1-h treatment with MBCD. From
Figure 4A,C, it was clear that, upon both MBCD and CholOx,
NHE-1 was redistributed from cholesterol-rich microdomains
to the more fluid membrane domains; indeed, an increase of
NHE-1 concentration in the S fraction was observed
simultaneously to the decrease in DR fraction. Note also that a
similar effect of MBCD was observed when applying the
non-detergent protocol (Fig. 4B). Finally, cholesterol
repletion following a 20-min treatment with MBCD
prevented NHE-1 redistribution, even inducing a slight
increase of NHE-1 expression in DR fractions (Fig. 4D). This
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therefore points to a direct role for cholesterol in
maintaining NHE-1 in caveolin-rich membrane microdomains,
thereby negatively regulating the exchanger. Note that a
1-h treatment with BCD neither reduced NHE-1 expression
in DR fractions (Fig. 4E), nor affected NHE-1 activity
(see Supplementary Fig. 1).

Altogether, these results demonstrated that cholesterol
modulated both cooperative regulation of NHE-1 and its
localization into cholesterol-rich domains.

These effects are independent and additive to that
of growth factor stimulation

In order to examine whether the modulation of NHE-1 by
growth factors or by microdomain alterations used the same
pathways or were simply independent and additive, we next
characterized NHE-1 response to MBCD after 20 min
of stimulation with 20% serum. As shown in Figure 5A, this
treatment resulted in a leftward shift of the sigmoidal activation
curve of NHE-1. Such an effect was accompanied by a twofold
decrease of the L0 parameter (Fig. 5B). Like in the absence of
serum, repletion of cell membrane with cholesterol reverted



Fig. 3. MBCD and CholOx affect characteristics of membrane microdomains in PS120 cells. Membrane microdomains were isolated as
described in Materials and Methods Section, from PS120-NHE-1 cells, either untreated (A–C), treated with 2 mM MBCD during 5, 20 (B) and
60 (B,C) min, with 0.1 U/ml CholOx during 10 min (B,C), or with 2 mM BCD during 60 min (B). A: Characterization of membrane microdomains in
PS120-NHE-1. For western blot analysis of caveolin 1 and CD71 distribution following cholesterol-rich domain isolation, 2 and 200 mg were
loaded for fractions 1–7 and 8–11, respectively. Histograms are showing cholesterol content and alkaline phosphatase activity (as described in
Materials and Methods Section) corresponding to the 11 fractions. B: Estimates of cholesterol content in pooled detergent resistant (DR; 1–7)
andsoluble(S;8–11) fractions followingMBCD,CholOx,BCDtreatments,expressed in%versuscontrol.Dataaregivenasmeans W SEM(n U 3–5).
MMP < 0.01, t-test, MBCD versus control. C: Western Blot analysis of caveolin 1 distribution in DR fractions after MBCD and CholOx exposures.
Two microgram of proteins were loaded for each fraction. D: Western Blot analysis of caveolin 1 distribution in DR and S fractions after MBCD
and CholOx esposures; 5 and 100 mg of the DR (1–7) and S fractions (8–11) were loaded, respectively. Data were representative of at least
three independent experiments.
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the effects of MBCD whereas enrichment of medium
with cholesterol led to a significant inhibition of NHE-1 activity
(Fig. 5A,B). Therefore, whether NHE-1 was activated by
serum or not, NHE-1 still responded to MBCD. These results
thus clearly indicated that the cooperative regulation of
NHE-1 by mitogens and that by cholesterol membrane
content occurred independently to each other and were
additive. Note that, as expected, a lower L0 was detected in
the presence of serum (Fig. 5B) compared to serum-free
conditions (Fig. 1B).

Like in the absence of serum, a disruption of
GM1-microdomains was observed upon MBCD treatment of
serum-treated cells (Fig. 6A). Furthermore, when looking at the
NHE-1 expression at the plasma membrane in these cells,
we observed that such a compound did not alter NHE-1
co-localization with F-actin (Fig. 6B), although a decrease of
NHE-1 expression in DR fractions along with an increase in
S fractions was detected (Fig. 6C). Besides, it is noteworthy that
the presence of FCS alone did not modify NHE-1 distribution
between DR and S fractions.

Therefore, these data suggest that the regulation of NHE-1
by mitogens and cholesterol membrane content rely upon
independent molecular pathways.
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Methyl-b-cyclodextrin is capable of activating NHE-1
in R327E and the constitutively active CTERR mutants

In order to gain further insight into the modulation of NHE-1
allosteric balance by cholesterol depleting agents, we decided
to test their effects on two NHE-1 mutants: the R327E mutant
for which the R327E substitution stabilizes the transporter in
the low-affinity conformational state of the allosteric
mechanism (Lacroix et al., 2004), and the CTERþ mutant for
which the mutation of three glutamate residues (see Materials
and Methods Section) results in a constitutively active form of
NHE-1, that is consequently poorly sensitive to serum
stimulation (Fig. 8C). As shown in Figure 7, such mutations per
se neither affected cholesterol concentrations in DR fractions
(part A), nor the overall NHE-1 distribution in membrane
microdomains (part B), or its expression in pooled DR and
S fractions (part C).

Analysis of NHE-1 expression in DR and S fractions after
MBCD treatments (20 min) revealed a redistribution of the
NHE-1 mutant form from DR to S fractions, whatever the
mutant under consideration (Fig. 8A). Regarding NHE-1
activity, the R327E mutant was found to be sensitive to serum,
although at a low level, as previously described (Lacroix et al.,



Fig. 4. MBCD and CholOx change NHE-1 membrane distribution. Membrane microdomains were isolated as described in Materials and
Methods Section, from PS120-NHE-1 cells, either untreated (A–E), treated with 2 mM MBCD during 5 (C), 20 (C,D), and 60 (A–C) min, with
0.1 U/ml CholOx during 10 min (A,C), or with 2 mM BCD during 60 min (E), followed or not by cholesterol repletion (Rcholest: 40mM cholesterol,
2 mM MBCD)(D). A,B: Western blot analysis of NHE-1 distribution following cholesterol-rich domain isolation using either a detergent (A) or a
non-detergent (B) based protocol. Two and 200 mg were loaded for fractions 1–7 and 8–11, respectively. C–E: Western blot analysis of NHE-1
distribution on pooled detergent resistant (DR; 1–7: 5 mg) and soluble (S; 8–11: 100 mg) fractions. Data were representative of at least three
independent experiments.
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2004), and a further activation of the transporter was observed
when cells were exposed to MBCD in the presence of 20% of
serum (Fig. 8B,D). This particular behavior confirms that
NHE-1 regulation by MBCD is due to a modulation of L0

allosteric constant.
Regarding the CTERþ mutant, whereas the L0 parameter of

NHE-1 was barely affected by the presence of serum, a
significant decrease of this parameter was nevertheless
detected upon MBCD (Fig. 8C,D). This finding shows that a
mutant which cannot be activated by canonical signaling
pathways can be further activated by cholesterol depletion. This
set of results provides a strong evidence for the existence of
these two distinct regulating pathways for NHE-1.

Effects of methyl-b-cyclodextrin on NHE-1 activity
are independent of ERK activation

NHE-1 has been shown to be regulated by Mitogen Activated
Protein (MAP)-kinases, particularly ERK (Bianchini et al., 1997),
p38 (Khaled et al., 2001), and JNK (Huc et al., 2007). Besides,
MBCD has also been described to activate numerous kinases,
including MAPKs (Furuchi and Anderson, 1998; Wang et al.,
2005). We then decided to test whether MAPK pathways were
involved in NHE-1 activation upon MBCD treatment. We first
evidenced that, under our experimental conditions, ERK was
rapidly phosphorylated in MBCD-treated cells, especially in the
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absence of FCS (Fig. 9A; note that in the presence of FCS, a basal
ERK phosphorylation was already detected, as expected);
besides, no further activation of p38 was observed as compared
to control (Fig. 9B). Regarding JNK, no phosphorylated form
was detected whatever the conditions tested (data not shown).
Following the identification of ERK activation, we then
performed inhibition experiments with PD98059 (PD, 20 mM),
a well-known chemical inhibitor of MKK1/2, the kinases
upstream ERK 1/2 (Dudley et al., 1995). Western blot in
Figure 9A demonstrated that PD treatment prevented ERK
phosphorylation induced by MBCD. However, measurements
of NHE-1 activity at three different acid pH values showed no
effect of ERK inhibition on the stimulation of 22Naþ uptakes by
MBCD, either in absence (Fig. 10A), or in presence of FCS
(Fig. 10B). In this latter case, as expected, inhibition of ERK
activation decreased control NHE-1 activity at pHi 6.4. Thus,
ERK activation following MBCD treatment was not responsible
for NHE-1 activation.

Discussion

NHE-1 is a prominent pHi-regulator, also involved in the
regulation of cell volume, sodium homeostasis, proliferation/
apoptosis balance, cell adherence and migration. . . If its
regulation modalities by pH or by extracellular stimuli, such as
mitogens or hormones, are quite well established (for review,



Fig. 5. Modulationof NHE-1 activity by cholesterol in the presence of growth factors. A:Activity of NHE-1 measured at different intracellular pH
values. Cells expressing WT NHE-1 seeded in 24-well plates were maintained in 20% SVFduring 16–18 handthen acidified atdifferent intracellular
pH values using the nigericin technique (Lacroix et al., 2004). NHE-1 activity was determined by measuring fast 22NaR uptakes conducted
aftertreatmentsaimedatmodifyingcholesterolmembranecontent.&:Controlconditions,~: 5minexposureto2mMMBCD,*:5minexposure
to 40 mM cholesterol following 20 min exposure to MBCD. T: direct addition of 40 mM cholesterol. Plots represent V/Vmax values as a function of
intracellular HR concentration. The error bars correspond to SEM. Note the increase in NHE-1 cooperative response upon cholesterol
depletion and its decrease upon cholesterol addition. B: Modulation of NHE-1 allosteric constant (L0) by cholesterol. Allosteric constants were
calculated from the experimental data presented in part A using the Monod–Wyman–Changeux equation for a dimeric NHE-1. The number of
independentexperiments isprovided inthefigure.Theerrorsonthefitsaregivenaserrorbars.Thevaluespresentedherecorrespondtogoodness
of the fit factors (rsq) higher than 0.9. Note that an increase in the value of L0 corresponds to an allosteric inhibition of the transporter.
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see, Putney et al., 2002), it is only recently that the allosteric
characteristics of this transporter has been described. We
indeed fitted NHE-1 activity curves according to the
Monod–Wyman–Changeux model (Lacroix et al., 2004), thus
considerably simplifying the study of kinetic parameters of this
transporter. Besides, recent works have also focused on the
possible role of NHE-1 as a signaling complex, due to its
function of anchoring for cytoskeleton and scaffolding for
signaling proteins (for review, see, Baumgartner et al., 2004);
however a lot remains to be evaluated regarding these aspects.
Similarly, only a few studies have focused on the role of
membrane characteristics in the control of NHE-1 activity
(Fuster et al., 2004; Cingolani et al., 2005; Alexander and
Grinstein, 2006).

In order to gain further insight into the role of membrane in
controlling the allosteric activity of NHE-1, the present study
was performed to evaluate the role of cholesterol- and
caveolin-rich membrane microdomains. We demonstrate for
the first time that NHE-1, which is preferentially localized in
these microdomains, sees its cooperative regulation
by intracellular protons strongly modulated by this feature.
Indeed, exposure to cholesterol-depleting agents, which
induces a perturbation of membrane microdomains, elicits an
activation of NHE-1. Thus, cholesterol content possibly
modulates membrane NHE-1 localization in or out of
cholesterol-rich domains, and consequently its activity.

Although a role for cholesterol in modulating NHE-1 activity
has been previously suggested (for review, see, Bastiaanse et al.,
1997), nothing was known about its effect on the kinetics of this
transporter. By fitting with the Monod–Wyman–Changeux
equation, we have demonstrated for the first time that the L0

value was reduced upon MBCD or CholOx treatments and
enhanced after cholesterol repletion, with no changes in the
microscopic affinity constants or in Vmax in all cases. As seen
from the comparisons of Figures 1B and 5B, this effect is
observed either in the absence or in the presence of 20% FCS
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stimulation. Because serum treatment reduces the L0 value, the
effects of cholesterol depletion and repletion, although largely
detectable, are comparatively less important in these
conditions than in the absence of serum (see the control and
MBCD conditions). To further investigate this point, we
therefore decided to use two mutants of NHE-1. Regarding the
michaelian R327E NHE-1 mutant, characterized by its loss of
cooperative activation capacity by Hþ, a decrease in membrane
cholesterol level upon exposure to MBCD restored its
cooperative behavior, with the same affinity constant as for the
wild type counterpart. Therefore these results point to a
cholesterol-dependent NHE-1 regulation through an effect on
its allosteric balance characterized by L0 parameter.
Furthermore, when we used the constitutively activated
mutant CTERþ, which was nearly completely insensitive to
growth factors, we observed that cholesterol was still capable
of modulating the activity of this mutant. Noticeably, this
pointed to independent molecular pathways underlying
regulations of NHE-1 by mitogens and cholesterol membrane
content.

In this context, one can propose that cholesterol in the
proximal environment of the transporter might increase
membrane packing, thus exerting a physical constraint on
NHE-1 transmembrane region that would displace the
allosteric balance to the low affinity form. Perturbations of this
nested situation by cholesterol removal (for MBCD) or by
cholesterol oxidation (CholOx) would remove this constraint
and promote ionic exchange by allowing the allosteric balance
to shift toward the high affinity conformation. Such a model is in
accordance with the fact that the allosteric balance of NHE-1 is
modified, without affecting the microscopic affinities of the
proton transport site. It is worth noting here that different
transmembrane proteins such as rhodopsin or cholecystokinin
receptors have been demonstrated as exhibiting a change in
conformation related to an increase in activity upon cholesterol
depletion (Albert and Boesze-Battaglia, 2005; Harikumar et al.,



Fig. 6. NHE-1 activation by MBCDor CholOx in presenceof serum is
also associated with its relocation outside membrane microdomains.
PS120-NHE-1 cells were treated or not with 2 mM MBCD, for 20 min
(A–C), in presence of 20% FCS. A: After fixation and
permeabilization, immunostaining of cells was performed with Alexa
488 conjugated-cholera toxin subunit B (to visualize GM1 ganglioside;
green), followed by an incubation of an anti-Cholera toxin
subunit B antibody for crosslinking. Cells were viewed by confocal
fluorescence microscopy. The experiments were repeated at least
three times, with similar results. B: After fixation and
permeabilization, immunostaining of cells was performed with a
rabbit polyclonal anti-NHE-1 antibody, fluorescein phalloidin to
visualize F-actin (green), and with an anti-rabbit antibody coupled to
TRITC (red). Cells were viewed by confocal fluorescence microscopy
(magnification 400T). Co-localizations are seen in yellow. The
experiments were repeated at least three times, with similar results.
C: Western blot analysis of NHE-1 distribution on pooled detergent
resistant (DR; 1–7: 5 mg) and soluble (S; 8–11: 100 mg) fractions. Data
were representative of at least three independent experiments.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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2005). However, depleting membrane cholesterol is also
known to result in alterations of membrane microstructure,
that is, of membrane cholesterol-enriched microdomains,
especially those containing caveolin (Zidovetzki and Levitan,
2007). Examination of NHE-1 distribution in membrane
microdomains demonstrated that, even upon a very short
exposure to MBCD (5 min, Fig. 4C), the protein was relocated
outside cholesterol-and caveolin-rich microdomains, such a
change being prevented upon cholesterol replenishment.
Activation by relocalization outside membrane microdomains
has also been described for other transporters or channels, for
example, for glucose transporter (GLUT1) (Barnes et al., 2004)
and potassium channel BK (Lam et al., 2004). In contrast, other
microdomain-dependent transporters and channels appear to
be activated by their entry into microdomains, such as Ca2þ

channel CD20 (Janas et al., 2005), P-glycoprotein PgP (Troost
et al., 2004), sodium-glucose co-transporter SGLT1
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(Runembert et al., 2002) or serotonin transporter (Magnani
et al., 2004). Thus, NHE-1 would belong to the group of
membrane proteins whose positive regulation is correlated to a
relocalization of the protein outside cholesterol- and
caveolin-rich membrane microdomains. It is worth noting here
that treatment of PS120-NHE-1 cells with exogenous
sphingomyelinase, which leads, in contrast to MBCD, to
clustering of microdomains (Probodh and Johnston, 2007),
was found to reduce NHE-1 activation by Hþ (Supplementary
Fig. 2). Regarding NHE-3, unlike NHE-1, a decrease in activity
upon MBCD exposure has been previously reported in OK
cells (Murtazina et al., 2006); such an effect appeared to stem
notably from a decrease of the Vmax of the exchange, which was
clearly not the case when considering NHE-1 (see Fig. 1D).
Despite this decrease in Vmax but similar to what was observed
for NHE-1 (see Fig. 2), no change in the surface amount of
NHE-3 was detected upon MBCD treatment. In our case, one
might hypothesize that the redistribution of the exchanger
outside cholesterol- and caveolin-rich microdomains would
favor the transporter to be closer to one of its activators or far
from an inhibitor. For example, such a relocalization might help
calmodulin to bind NHE-1, thereby alleviating the inhibiting
action of the calmodulin binding site of the exchanger
(Wakabayashi et al., 1997). This hypothesis is currently under
investigation.

Other membrane parameters may explain NHE-1 activation
upon cholesterol depletion such as membrane fluidity, a
parameter well known to be modified by cholesterol. One
might then propose that NHE-1 allosteric transition to the high
affinity form may be enhanced by an increase in the fluidity of its
membrane microenvironnement (i.e., in lipid microdomains
with a reduced content in cholesterol or outside
cholesterol-rich microdomains). However, an increase in
membrane fluidity has previously been shown to decrease
NHE-1 Vmax of transport for Naþ without any change in KNa

(Bookstein et al., 1997). By contrast we found no detectable
change in Vmax in our experiments. Another important aspect
that would deserve further investigation is related to
membrane tension and curvature. Indeed, we have recently
observed, similar to Fuster et al. (2004), that membrane
deformation by cup formers (chlorpromazine) and crenators
(arachidonate) induced an allosteric activation and inhibition of
NHE-1, respectively (Lacroix et al., unpublished work).
However, no study has yet determined whether membrane
deformation involves alterations in caveolae composition or,
vice versa, whether changes in lipid microdomains affect
membrane curvature. In this context, since NHE-1 is
preferentially located into caveolae, we could hypothesize that
caveolins could act as mechanical sensors, converting
membrane constraints into intracellular signals, as it has been
previously suggested in endothelial cells (Sedding et al., 2005).

Another important aspect of our work was to test whether
the membrane control of NHE-1 evidenced here was occurring
via a similar pathway as for mitogenic regulation of the
transporter, that is, through C-terminal domain
phosphorylations (Bianchini et al., 1997). We have therefore
examined activation by both MBCD and growth factors
supplied by serum. Our experiments with co-treatments with
MBCD and FCS clearly suggested that NHE-1 was activated
according to different pathways. First, we observed a
cumulative effect of both stimuli on NHE-1 activity. Second,
FCS did not affect NHE-1 localization while activating it. Third,
MBCD was capable to over-activate the R327E mutant form in
presence of FCS and, overall, to activate the CTERþ mutant,
which corresponds to a constitutively active form of NHE-1
(i.e., nearly completely insensitive to FCS). In total, all these
arguments strongly support a NHE-1 regulation pathway up to
now not described, dependent on membrane cholesterol
composition and microstructure, and different from the



Fig. 7. Low affinity NHE-1 mutant (R327E) and constitutively activated NHE-1 mutant (CTERR) cells exhibit the same levels of cholesterol
and NHE-1 into lipid microdomains compared to PS120-NHE-1 cells. Membrane microdomains were isolated as described in Materials and
Methods Section, from untreated PS120-NHE-1, R327E mutant and CTERR mutant cells. A: Estimation of cholesterol content in DR and
S fractions in PS120-NHE-1, R327E mutant and CTERR mutant cells. N U 3 independent experiments. B: Western blot analysis of NHE-1
distribution during cholesterol-rich domain fractionation in PS120-NHE-1, R327E mutant and CTERR mutant cells. Five and 100 mg were
loaded for 1–7 and 8–11 fractions, respectively. C: Western blot analysis of NHE-1 distribution on pooled detergent resistant (DR; 1–7: 5 mg) and
soluble (S; 8–11: 100 mg) fractions. Data were representative of at least three independent experiments.
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mitogenic pathway. However, it was not excluded that MBCD,
by activating signaling cascades, may consequently lead to
NHE-1 activation, notably via MAP kinases (Furuchi and
Anderson, 1998; Wang et al., 2005). Analysis of
phosphorylation profiles of ERK, p38 kinase and JNK were thus
performed and revealed an activation of ERK following MBCD
exposure under our experimental conditions. Measurements
of NHE-1 activity in the presence of an inhibitor of MKK1,
which prevents ERK phosphorylation, showed that
MBCD-induced NHE-1 activation relied neither upon ERK nor
upon other MAPK activation. This might thus point to the
prominent role for membrane environment in the
NHE-1-regulation. These conclusions have to be related to
those obtained from studies on the effects of osmotic pressure.
Indeed, Gillis et al. (2001), as well as our team (Lacroix et al.,
unpublished work) have also predicted a NHE-1 regulation
pathway independently of canonical signaling pathways.
Considering all these data, the present work thus reinforces the
idea that NHE-1, like channels, may be mechanosensitive and
can oscillate between an inactive and an active form.

On a pathophysiological point of view, repercussions of the
cholesterol and caveolae-dependent NHE-1 regulation may be
various, since NHE-1 is an ubiquitous transporter implicated in
multiple cellular functions (pHi and cell volume regulation,
[Naþ]i homeostasis, signaling, mobility, etc.). Indeed, numerous
diseases are known to be related to alterations in lipid synthesis
and oxidation: atherosclerosis, obesity, diabetes, lysosomal
storage diseases (Niemann-Pick disease type C), Alzheimer
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disease,. . . (for review, see, Maxfield and Tabas, 2005).
Knowing that NHE-1 activity has already been described to be
altered in some of these pathologies (Lagadic-Gossmann et al.,
1988; LaPointe and Batlle, 1994; Urcelay et al., 2001; Bourikas
et al., 2003; Jung et al., 2004), one might then expect a link, still
to be established, between alterations of lipid synthesis and
oxidation and those of NHE-1 activity. Moreover, during
various cell dysfunctions, notably in heart (ischemia/reperfusion
sequence, anoxia, or metabolic inhibition), a decrease of
cholesterol content has been detected (Bastiaanse et al., 1997);
in these cases, NHE-1 is also known to be activated and to be
responsible for heart injury (Pedersen et al., 2006). In this
context, cholesterol may be a new factor to consider when
studying the role of NHE-1 activity in the development of
disease-related alterations.

In conclusion, this study demonstrates a new NHE-1
regulation pathway. This pathway is important and original for
at least three reasons: first, it does not involve a direct
modification of the protein by canonical signaling pathways, but
secondly, it involves instead the transporter membrane
environment, that is, cholesterol- and caveolin-enriched
microdomains. Third, this work presents the first
demonstration of a negative regulation mechanism of NHE-1
sensitivity to intracellular protons due to membrane
environment. This is conceptually important, because such a
constitutive negative constraint is required to make NHE-1
activable by other stimuli. Finally, when considering pathological
situations and ageing, our results may have major impact



ig. 8. Low affinity NHE-1 mutant (R327E) and constitutively activated NHE-1 mutant (CTERR) cells are still sensitive to cholesterol
epletion. The R327E mutant is a constitutively allosterically inactivated NHE-1 mutant, whilst the CTERR mutant displays the opposite
henotype. A: Membrane microdomains were isolated as described in Materials and Methods Section, from R327E and CTERR mutants, either
ntreated or treated with 2 mM MBCD for 20 min. Western blot analysis of NHE-1 distribution on pooled detergent resistant (DR; 1–7: 5mg) and
oluble (S; 8–11: 100 mg) fractions. Data were representative of at least three independent experiments. B,C: Dose responses of the R327E and
TERR mutants respectively for intracellular protons, in control conditions (squares), following 20% FCS stimulation (diamonds) or following
BCDtreatment(triangles).D:ComparisonoftheL0valuesfortwomutantsofNHE-1allostericregulation. Initialratesof22NaRfluxesatdifferent
tracellular pH values were measured for the two mutants under the conditions given in the figure. L0 values were calculated using the
onod–Wyman–Changeux equation for a dimeric NHE-1 (Lacroixet al., 2004). For scale reasons, the Logarithms ofL0 were used toconstruct the

istogram instead of L0 values themselves. The number of independent experiments is provided in the figure. The errors on the fits are given as
rror bars. The values presented here correspond to goodness of the fit factors (rsq) higher than 0.9. Note that an increase in the value of L0

orresponds to an allosteric inhibition of the transporter.
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Fig. 9. The MBCD elicited activation of ERK Western blot analysis of ERK (A) and p38 (B) phosphorylation and of total ERK (A) and p38 (B)
content following MBCD (2 mM) exposure for 5 and 15 min, in presence or not of 20% FCS in PS120-NHE-1 (total lysates). In (A), the
effects of inhibiting the ERK pathway by the chemical compound PD98059 (20mM) are also presented. Thirty microgram of proteins were loaded.
M: MBCD. Data were representative of at least three independent experiments.
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Fig. 10. ERKactivationbyMBCDisnotresponsibleforNHE-1activation(A,B)NHE-1activitywasmeasuredatvariousacidicpH,followingMBCD
treatment (2 mM, 5 min), in presence or not of PD98059, and 0% (A) or 20% FCS (B).
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because they establish for the first time a clear link between
membrane lipid content, noticeably cholesterol, and
intracellular pH regulation.
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