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Abstract In mammalian cells, the organic osmolyte

taurine is accumulated by the Na-dependent taurine trans-

porter TauT and released though the volume- and DIDS-

sensitive organic anion channel. Incubating Ehrlich Lettré

tumor cells with methyl-b-cyclodextrin (5 mM, 1 h)

reduces the total cholesterol pool to 60 ± 5% of the control

value. Electron spin resonance data indicate a concomitant

disruption of cholesterol-rich micro-domains. Active tau-

rine uptake, cellular taurine content, and cell volume are

reduced by 50, 20 and 20% compared to control values,

respectively, whereas the passive taurine release is

increased 4.5-fold under isotonic conditions following

cholesterol depletion. However, taurine release under iso-

tonic conditions is insensitive to DIDS and inhibitors of the

volume-regulated anion channel. Uptake and release of

meAIB are similarly affected following cholesterol deple-

tion. Kinetic analysis reveals that cholesterol depletion

increases TauT’s affinity toward taurine but reduces its

maximal transport capacity. Cholesterol depletion has no

impact on TauT regulation by protein kinases A and

C. Phospholipase A2 activity, which is required for the

activation of volume-sensitive organic anion channel

(VSOAC), is increased under isotonic and hypotonic con-

ditions following cholesterol depletion, whereas taurine

release under hypotonic conditions is reduced following

cholesterol depletion. Hence, acute cholesterol depletion of

Ehrlich Lettré cells leads to reduced TauT and VSOAC

activities and at the same time increases the release of

organic osmolytes via a leak pathway different from the

volume-sensitive pathways for amino acids and anions.

Keywords Phospholipase A2 activity �
Lysophospholipids � Cyclodextrin � TauT � VSOAC �
Cell volume regulation

Abbreviations

CRAC Cholesterol recognition/interaction amino acid

consensus

dbcAMP Dibutyryl cyclic AMP

DIDS 4,4-Diisothiocyano-2,2-stilbene acid

DCPIB 4-[(2-Butyl-6,7-dichloro-2-cyclopentyl-2,3-

dihydro-1-oxo-1H-inden-5-yl)oxy]butanoic

acid

ESR Electron spin resonance

MbCD Methyl-b-cyclodextrin

meAIB a-Methylamino-isobutyric acid

NMDG N-Methyl-D-glucamine

PKA Protein kinase A

PKC Protein kinase C

PLA2 Phospholipase A2

PMA Phorbol myristate acetate

ROS Reactive oxygen species

RVD Regulatory volume decrease

VRAC Volume-regulated anion channel

VSOAC Volume-sensitive organic anion channel

TauT Na?-dependent taurine transporter
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Introduction

The interaction between cholesterol and other cell mem-

brane components has been studied extensively in living

cells and unilamellar vesicles made from lipids (Niu and

Litman 2002; Pucadyil and Chattopadhyay 2006) and it has

turned out that cholesterol in the plasma membrane is

sequestered into rafts, i.e., highly ordered micro-domains,

and that localization of proteins to these domains is facil-

itated by specific protein domains, e.g., CRAC (cholesterol

recognition/interaction amino acid consensus) and sterol-

sensing motifs (Epand 1778). Modulation of the cellular

cholesterol content affects not only membrane dynamics

but also the function of various proteins embedded in the

plasma membrane, e.g., receptors (Burger et al. 2000;

Gimpl et al. 2000), transporters for organic osmolytes

(Cheema and Fisher 2008; Liu et al. 2009), gap junctions

(Bastiaanse et al. 1997), Ca2? channels (Bastiaanse et al.

1997), as well as the volume-regulated anion channel

(VRAC; Klausen et al. 2006; Levitan et al. 2000).

Taurine homeostasis: cell function

Cell volume homeostasis is critical to cellular function, and

the cellular strategies utilized to maintain and regulate cell

volume under physiological and pathophysiological condi-

tions have recently been reviewed (Hoffmann et al. 2009;

Lambert 2004; Lambert et al. 2008). The cellular concen-

tration of the organic osmolyte taurine (b-amino ethane-

sulfonic acid) is high in various types of mammalian cells

(Bakker and Berg 2002; Blomstrand and Saltin 1999;

Hoffmann and Lambert 1983; Holopainen et al. 1986;

Kramer et al. 1981), and taurine has, besides its contribution

to the intracellular pool of osmolytes and hence cell vol-

ume, been reported to exhibit anti-oxidative, anti-inflam-

matory and anti-apoptotic effects (Lambert 2004; Lambert

et al. 2008; Lang et al. 2003; Schuller-Levis and Park 2003).

The cellular taurine content is a balance between (a)

endogenous synthesis from cysteine/methionine, (b) active

uptake through the taurine-specific transporter TauT, and

(c) passive release through a volume-sensitive transporter

for organic osmolytes (see Huxtable 1992; Lambert 2004).

TauT-mediated taurine uptake is driven by the electro-

chemical Na? gradient and kinetic analysis indicates that

2–3 Na? ions are required for initiation and effectuation

of the translocation of one taurine molecule across the

plasma membrane (Lambert 2004). TauT that belongs to the

SLC6A family has been cloned (Uchida et al. 1992) and

several TauT isoforms seem to be expressed in, e.g., Ehrlich

ascites tumor cells (Poulsen et al. 2002) and NIH3T3 mouse

fibroblasts (Voss et al. 2004). Taurine uptake via TauT in

Ehrlich ascites tumor cells is subject to regulation by

phosphorylation of the transporter or a putative regulator of

the transporter, i.e., stimulation of protein kinase A (PKA)

results in an increased taurine uptake, whereas stimulation

of protein kinase C (PKC) results in a decreased taurine

uptake and at the same time renders the taurine uptake

process insensible toward PKA regulation (Mollerup and

Lambert 1996). Inhibition of the constitutively active casein

kinase 2 (CK2), on the other hand, reduces the Na?:taurine

stoichiometry and increases the maximal taurine uptake via

TauT in NIH3T3 mouse fibroblasts (Jacobsen et al. 2008).

Inhibition of protein phosphatases in Ehrlich ascites cells

decreases taurine influx to a level similar to that of cells

with activated PKC (Mollerup and Lambert 1998).

Taurine release under isotonic conditions is low but

increases within minutes following hypotonic exposure.

Various transport mechanisms have been proposed to

mediate taurine release, i.e., TauT (working in reverse)

seems to contribute to taurine release under isotonic con-

ditions (Lambert and Hoffmann 1993) and during ischemia

(Saransaari and Oja 1998), whereas a volume-sensitive

organic anion channel, designated VSOAC and permeable

to various organic osmolytes, mediates taurine release

under hypotonic conditions (Hall et al. 1996; Lambert

2004). The molecular identity of VSOAC is yet unknown

and although several anion efflux pathways have all

been suggested to mediate taurine efflux under hypotonic

conditions, i.e., the ubiquitously expressed, VRAC, ICln,

ClC-3, phospholemman and the band 3 anion exchanger

(AE1 isoform) none of them have unambiguously been

demonstrated to fulfill the task. On the other hand, phar-

macological profiling and analysis of the time courses for

activation and inactivation of the taurine and anion efflux

following hypotonic exposure indicate that the swelling-

induced efflux pathways for the organic osmolytes and for

anions in some cell systems could be separate entities

(Diaz et al. 1993; Lambert 1998; Lambert and Hoffmann

1994; Moran et al. 1997; Pasantes-Morales et al. 1998;

Stutzin et al. 1999). Diversity within volume-sensitive

transporters for organic osmolytes has furthermore been

demonstrated for brain cells (Franco et al. 2001; Mongin

et al. 1999) and for polarized epithelial cells (Ullrich et al.

2006).

Activation of the taurine leak pathway in Ehrlich ascites

tumor cells and NIH3T3 fibroblasts involves a phospholi-

pase A2 (PLA2)-mediated release of arachidonic acid from

the nuclear membrane (Pedersen et al. 2000, 2006) and

oxidation of the fatty acid via the 5-lipoxygenase system

(Lambert 2004). In several cell types, osmotic cell swelling

is accompanied by an increased NADPH oxidase activity

and hence an increased production of reactive oxygen

species (ROS; Friis et al. 2008; Lambert 2003a, 2005;

Ørtenblad et al. 2003; Varela et al. 2004), and in the case of

the NIH3T3 fibroblasts, it has been demonstrated that
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activation of the volume-sensitive NADPH oxidase system,

a NOX4-isoform/p22phox complex, occurs at a step down-

stream to the activation of the PLA2 (Friis et al. 2008;

Lambert 2004). The volume-sensitive taurine efflux path-

way is not activated by an increase in ROS per se but once

the efflux pathway has been activated by osmotic cell

swelling its activity becomes significantly potentiated by

ROS (Lambert 2007). Similarly, it was recently demon-

strated that exogenous H2O2 potentiates the swelling-

induced Cl- and K? currents in Ehrlich Lettré tumor cells

(Lambert et al. 2009).

Exposure to cyclodextrins reduces total cholesterol

levels in mammalian cells (Klausen et al. 2006; Yancey

et al. 1996; Zidovetzki and Levitan 2007), and using

fluorescent lipid probes it has been demonstrated that

depletion of cellular cholesterol with methyl-b-cyclodex-

trin (MbCD) increases the lateral diffusion in, e.g., bovine

hippocampal cell membranes (Pucadyil and Chattopadhyay

2006), demonstrating the role of cholesterol in membrane

packing and fluidity. In the present work, we demonstrate

that exposure of Ehrlich Lettré cells to MbCD under iso-

tonic conditions leads to net loss of organic osmolytes and

hence cell shrinkage due to a reduction in their accumu-

lation and a concomitant increase in their release. Cho-

lesterol depletion also stimulates PLA2 activity, which is a

prerequisite for the activation of the volume-sensitive

efflux pathway for the organic osmolyte, but at the same

time reduces the volume-sensitive release of taurine. Thus,

acute reduction of the cellular cholesterol pool reduces

the activity of active transporters and passive, volume-

sensitive transporters for organic osmolytes in Ehrlich

Lettré cells.

Materials and methods

Chemicals

Antibiotics (penicillin, streptomycin), fetal calf serum

(Gibco) and trypsin (109, Gibco) were from Invitrogen,

Denmark. 3H-labeled taurine and arachidonic acid were

from GE Healthcare, UK. N-Methyl-D-glucamine (NMDG),

RPMI-1640 (L-glutamine), MbCD, cholesterol, coprosta-

nol, dibutyryl cyclic AMP (dbcAMP), phorbol myristate

acetate (PMA), melittin, 4,4-diisothiocyano-2,2-stilbene

acid (DIDS) and the spin probe methyl-5-doxyl-sterate

were from Sigma Chemical Co., St. Louis, MO, USA.

DCPIB was from Togris Bioscience, Bristol, UK. NS3728

was a kind gift from Palle Christophersen (Neurosearch,

Ballerup, Denmark). The following stock solutions were

prepared: MbCD (30 mM, serum-free medium), choles-

terol (10 mM, ethanol), coprostanol (10 mM, ethanol),

DIDS (20 mM, ethanol), dbcAMP (100 mM, NaCl

medium), PMA (20 lM, ethanol), DCPIB (30 mM,

ethanol), NS3728 (20 mM, DMSO) and melittin

(1 mg ml(H2O)-1).

Inorganic media

Phosphate-buffered saline (PBS) contained 137 mM NaCl,

2.6 mM KCl, 6.5 mM Na2HPO4, and 1.5 mM KH2PO4.

Isotonic standard NaCl medium contained 143 mM NaCl,

5 mM KCl, 1 mM Na2HPO4, 1 mM CaCl2, 1 mM MgSO4,

and 10 mM N-2-hydroxyethyl piperazine-N0-2-ethanesul-

fonic acid. Hypotonic NaCl media were prepared by

reduction of the NaCl content keeping the concentration of

other ions and buffer constant. Isotonic NMDG medium

was prepared by substitution of NMDGCl for NaCl. pH

was adjusted to 7.4 in all media.

Cell cultures: cholesterol-depletion/-enrichment

Ehrlich Lettré ascites cells (ATCC, USA) were grown in

Cellstar� T75 flasks (75 cm2) or in six-well polyethylene

dishes (9.6 cm2 per well) as monolayer cultures in RPMI-

1640 containing heat-inactivated fetal bovine serum (10%)

and antibiotics (100 U ml(penicillin)-1/0.1 mg ml(strep-

tomycin)-1). Cell lines were kept at 37�C/5% CO2/100%

humidity and passed on every 3–4 days using 0.5% trypsin

in PBS to detach the cells. For cholesterol depletion, cells

grown to 75–85% confluence (estimated by microscopy)

were incubated for 1 h in serum-free RPMI-1640 medium

and subsequently 1 h in RPMI-1640 medium containing

5 mM MbCD (37�C, 5% CO2). Cyclodextrins bind pro-

teins (Ohtani et al. 1989) and serum was omitted from the

medium during the cholesterol depletion to avoid forma-

tion of MbCD protein complexes. Immediately before the

experiment starts, the MbCD medium was removed and

cells were washed in MbCD-free NaCl medium. For cho-

lesterol enrichment, cholesterol was added to cells in NaCl

medium at a final concentration of 10 lM.

Estimation of the cholesterol content

Total cellular cholesterol content, i.e., free cholesterol plus

cholesterol esters, was estimated by an enzymatic colori-

metric assay (CHOD-PAP, Roche Diagnostics, Manheim,

Germany). Cells (80–90% confluence, control, cholesterol

depleted, cholesterol enriched) were washed three times in

10 ml PBS. After removal of the final PBS wash, free

cholesterol plus cholesterol esters were extracted by

addition of 10 ml isopropanol (30 min). The isopropanol

fraction from each flask was carefully transferred to sep-

arate glass containers for the estimation of cholesterol

content. The remains of cells in each flasks were hydro-

lyzed overnight in 2 ml NaOH (1 M) and used for the
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estimation of protein content (lg per flask) using the

Lowry method (Lowry et al. 1951) and bovine serum

albumin (BSA) as standard. The isopropanol was evapo-

rated from the isopropanol fractions and the precipitate

resuspended in 1 ml isopropanol. 10 ll sample was sub-

sequently mixed with 1 ml R1 reagent from the ‘‘CHOD-

PAP’’-kit, left in the dark for at least 40 min and the

absorbance was measured at 500 nm (Beckman-Coulter

DU-800 spectrophotometer). Cholesterol standards in the

range 0–8 lg ml-1 were used for the estimation of the

total cholesterol content in the original flask (lg per flask).

Cholesterol content was finally given relative to the pro-

tein content (lg mg(protein)-1).

Estimation of taurine and meAIB influx

Taurine influx was estimated at room temperature as

described for NIH3T3 fibroblasts (Voss et al. 2004).

Briefly, Ehrlich Lettré cells were grown in six-well

polyethylene dishes (80–90% confluence, 9.6 cm2 per

well) and washed three times by gentle aspiration/addition

of 1 ml experimental solution. Following the final wash,

cells in wells 1–5 were exposed to isotonic NaCl medium

containing 3H-taurine (2.4 9 104 Bq ml-1, 24 nM tau-

rine) for 3, 6, 9, 12 and 15 min, respectively. Cells in the

sixth well were added to isotope-free NaCl medium and

used for the estimation of the average protein content (mg

protein per well) by the Lowry method and using BSA as

standard (0–1.0 mg ml-1). Taurine influx was terminated

by aspiration of the extracellular medium followed by

addition and aspiration of 1 ml ice-cold MgCl2 (100 mM).

Cells were lysed by addition of 200 ll 96% ethanol, the

ethanol was evaporated and the cellular 3H-taurine

radioactivity was subsequently extracted by addition of

1 ml ddH2O (1 h). Water extracts plus two additional

washouts from wells 1 to 5 were transferred to a scintil-

lation vial for the estimation of 3H-labeled taurine radio-

activity (b-scintillation counting, Ultima GoldTM). The

total 3H-taurine radioactivity taken up by the cells (cpm

per well) was estimated as the sum of 3H radioactivity in

the cell extract plus the two water washouts. The cellular

taurine content (cpm per mg protein), estimated from the
3H-taurine content (cpm per well), and the protein content

(mg protein per well) were plotted versus time (see

Fig. 1b) and the taurine influx (nmol g(protein)-1 min-1)

was estimated from the slope of the time plot, the extra-

cellular specific activity (nmol cpm) and counting effi-

ciency for 3H. For the estimation of kinetic parameters

and the effect of sterol replenishment, we used the
3H-taurine content taken up by the cells within the initial

20 min (nmol g(protein)-1). meAIB influx was estimated

in a similar way using 14C-meAIB (4.3 kBq ml-1, 2 lM

meAIB).

Estimation of the fractional rate constant for taurine

and meAIB efflux

Efflux measurements were performed as described previ-

ously (Hall et al. 1996; Lambert 2003a). Ehrlich Lettré

cells, grown to 80% confluence in six-well polyethylene

dishes (9.6 cm2 per well), were loaded for 2 h with 1 ml

growth medium containing 3H-taurine (74 9 103 Bq per

well). The cells were washed with isotonic standard NaCl

medium (three times) to remove excess extracellular
3H-taurine and cellular debris. The efflux was initiated by

aspiration of the medium followed by addition of one

600 ll experimental solution. After 2-min incubation, the

entire medium was transferred to a scintillation vial and

rapidly substituted by 600 ll fresh medium. This procedure

was repeated every 2 min for 20 min. 1 ml NaOH was

added to the well following removal of the extracellular

medium at time 20 min to lyse the cells. The total pool of
3H-labeled taurine in the cell system was estimated as the

sum of 3H-radioactivity in all the efflux samples, the NaOH

lysate plus two final well washouts with ddH2O (b-scin-

tillation counting, Ultima GoldTM). Release of taurine

under the present experimental conditions follows a mono-

exponential equation and the natural logarithm to the

fraction of 3H-labeled taurine remaining in the cells at a

given time was plotted versus time (see Fig 6a). The

fractional rate constant (k, min-1) for the taurine efflux at a

given time point was estimated as the negative slope of the

graph between the time point and the proceeding time point

(see, e.g., Fig. 6a). meAIB efflux was estimated and treated

in a similar way using 14C-meAIB.

Estimation of the fractional arachidonic acid release

Arachidonic acid release was estimated using a similar

protocol as the one used for the estimation of taurine efflux

with the exception that cells were loaded with 3H-arachi-

donic acid (3 lCi per well, 24 h), 1% BSA was added to

the efflux medium to trap released arachidonic acid. The

release of 3H-arachidonic at a given time point is shown as

the total fraction released (%).

Estimation of the cellular amino acid content

The amino acid content was estimated by ortho-phthalal-

dehyde derivatization (OPA) followed by reversed phase

high pressure liquid chromatography (Gilson: 322-Pump,

234-Autoinjector, 155-UV/VIS) as described for NIH3T3

mouse fibroblasts (see Voss et al. 2004). Briefly, Ehrlich

Lettré cells, grown in T75 culture flask to 80% confluence,

were lysed by addition of 1.8 ml of 4% sulfosalicylic acid.

The lysate was scraped from the bottom with a rubber

policeman, and homogenized by several passages through
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a 1.2 mm diameter syringe. Aliquots were denaturated with

NaOH and used for the estimation of the protein content by

the Lowry procedure (BSA as protein standard). The

residual homogenate was centrifuged (20,000g, 10 min),

the supernatant was filtered (Milex-GV, 0.45 lm) and the

amino acids were subsequently separated and quantified by

OPA derivatisation followed by separation on a Nucleosil

column (Macherey-Nagel, C18, 250/4, 5 lM) using gra-

dient elution with acetonitrile/phosphate buffer (12.5 mM,

pH 7.2) and UV absorption (330 nm). Amino acid stan-

dards (0.1 mM) were used for the quantitative estimation

of the content of amino acids. The cellular amino acid

content (lmol g(protein)-1) was estimated from the amino

acid and protein content.

Electron spin resonance (ESR) spectroscopy

Cells were grown in eight T75 culture flasks (80–90%

confluence): four for non-depleted controls and four for

cholesterol depletion. The cells were harvested by

trypsination, and subsequently resuspended in 4 ml serum-

supplemented growth medium. The cells from each

experimental setup were pooled into centrifuge tubes, and

pelleted by centrifugation, at 1,500 rpm for 3 min. After

centrifugation, the supernatant was carefully removed by

aspiration and the pellets were resuspended in 2 ml growth

medium. 1 ml of this cell suspension from each tube was

then transferred to glass tubes coated with a thin film of

spin labels (60 ll 0.1 mM methyl-5-doxyl-sterate dis-

solved in ethanol, solvent evaporated on a rotary evapo-

rator). Each glass tube was shaken for 10 min at 4�C, and

then pelleted once again at 1,500 rpm for 3 min. The

majority of the supernatant was aspirated, and the pelleted

cells were resuspended in the remaining supernatant. 50 ll

cell suspension was transferred to hematocrit-glass tubes,

which was placed in a standard 4 mm OD ESR tube and

placed in the ESR spectrometer (Bruker EMX Plus, Bruker

Biospin Rheinstetten, Germany). The sample temperature

was set to 37�C with the internal temperature controller.

All spectra obtained were X-band spectra (Microwave
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Fig. 1 The effect of cholesterol depletion on cholesterol content

and membrane lipid domains in Ehrlich Lettré cells. a Cells, pre-

incubated for 1 h in serum-free medium, were incubated for

another hour in serum-free medium in the absence (control cells,

open bar) or in the presence of either 5 mM MbCD (depleted

cells, black bar) or 10 lM cholesterol (enriched cells, light grey).

Cholesterol replenishment was obtained by 4 h exposure to 10 lM

cholesterol following 1 h depletion (dark grey bar). Cholesterol

content was estimated by the CHOD-PAP assay as indicated in

‘‘Materials and methods’’. The average cholesterol content is shown

relative to the cholesterol content in control cells, estimated at

0.12 – 0.02 lg cholesterol mg(protein)-1 (n = 4). b ESR spectra

from cholesterol-depleted cells and non-depleted control cells. All

cells were incubated for 2 h in serum-free medium. Cholesterol-

depleted cells were depleted with 5 mM MbCD (1 h). Cells were

harvested by trypsination, pelleted by centrifugation, resuspended

in serum-free medium and subsequently loaded with 5-methyl-

doxyl-sterate as described in ‘‘Materials and methods’’. c The

relative fractions of domains (d) found by simulation of the ESR

spectra. d The order parameters for the individual domains found

by the simulation of the ESR spectra. All simulation were

performed with the EPRSIM program (Strancar et al. 2000)
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frequency &9.43 GHz) recorded with a power of 20 mW,

a modulation frequency of 100 kHz, a modulation ampli-

tude of 1 G and a time constant of 20.48 ms. Spectra were

simulated with the program EPRSIM, version 4.99-2005

(Strancar et al. 2000).

Cell volume measurements

Control cells or cells depleted for cholesterol in serum-free

medium (T175 flasks) were brought into solution by tryp-

sination. Trypsin was inactivated by addition of serum

containing RPMI-1640 after which the cell suspension was

centrifuged for 45 s at 600g. Cells were resuspended in

3 ml standard NaCl medium and incubated for 10 min at

37�C. Absolute cell volumes were estimated after 20-fold

dilution in standard medium (final cell density

& 90,000 cells ml-1) by electronic cell sizing in a Beck-

mann Multisizer III, using the median of the cell volume

distribution curves and latex beads (diameter 15 lm) for

calibration.

Statistical analysis

Data are presented either as individual experiments that are

representative of at least three independent sets of experi-

ments or as mean values ± standard error of the mean

(SEM). Statistical significance was estimated by Student’s

t test (one-tailed). For all statistical evaluations, p val-

ues \0.05 were taken to indicate a significant difference.

Results

Cholesterol depletion and its effect on physical

properties of the cell membranes

The MbCD is a barrel-shaped water soluble structure with

a hydrophobic interior which can accommodate hydro-

phobic molecules (Davis and Brewster 2004). In congru-

ence with previous findings (Klausen et al. 2006), it is

seen from Fig. 1a that the total cholesterol content in

Ehrlich Lettré cells is reduced by 40% following 1-h

incubation with 5 mM MbCD but increased by 40% fol-

lowing supplementation with 10 lM cholesterol for 1 h.

However, reintroducing 10 lM cholesterol for 4 h to cells

depleted for 1 h fails to produce a significant increase in

the cholesterol content. Using electron density (Mathai

et al. 2008) and ESR measurements (Swamy et al. 2006),

it has previously been demonstrated that cholesterol

affects the packing of components within each leaflet of

the plasma membrane. To investigate whether cholesterol

depletion affected the physical properties of the Ehrlich

Lettré cell membranes, we used ESR in combination with

computer simulation (EPRSIM program, Strancar et al.

2000). The most important parameters in the simulations

are the order parameter (S), the fluidity in the form of the

rotational correlation time (s), and the numbers of differ-

ent populations of the spin label and the weight of these.

The order parameter gives information about the degree of

order in the membrane and ranges from 0 in an isotropic

environment to 1 for a perfect crystalline environment.

The fluidity is the inverse of the viscosity and is in the

simulations given as the rotational correlation time, which

is linked to the diffusion constant (D), i.e., s = 1/6D. In a

membrane system, the order parameter is mainly deter-

mined from how large movements the spin label is

capable of, whereas the correlation time is primarily

determined from how fast these movements are. It should

be noted that they manifest themselves in different ways in

the ESR spectra, which makes it possible to reliable sep-

arate these effects. The order of the membrane primarily

modifies the splitting of the spectrum, i.e., the distance

between the outer parts of the signal, whereas the corre-

lation time modulates the width and the shape of the lines.

Figure 1b shows the ESR spectra of the methyl-5-doxyl-

sterate, recorded from cholesterol-depleted (top trace) and

non-depleted control (lower trace) Ehrlich Lettré cells. In

both cases, the best fit was obtained using two populations

with parameters typical for membranes and we therefore

distinguish between these two membrane types, termed

domain 1 and domain 2. The domain weight, i.e., the

relative amount of each domain, is given in Fig. 1c and

the order parameters found for the two domains are shown

in Fig. 1d. Based on the high-order parameter, domain 2 is

taken to represent cholesterol-rich domains. Upon cho-

lesterol depletion, the order parameter for domain 2 is

decreased and the relative weight of domain 2 is

increased. This indicates that cholesterol depletion in the

Ehrlich Lettré cells disrupts cholesterol-rich domains and

the remaining cholesterol becomes scattered into the bulk

membrane.

Cholesterol depletion and its effect on taurine

and meAIB uptake

To test whether cholesterol depletion affects the taurine

homeostasis in Ehrlich Lettré cells, we estimated the cellular

taurine content in non-depleted control cells and in choles-

terol-depleted cells. In five sets of experiments, the cellular

content of glycine, taurine and the taurine precursor hypo-

taurine in unpertubated cells was estimated at 113 ± 23,

69 ± 9 and 40 ± 4 lmol g(protein)-1, respectively. Using

average values for cell volume (3.24 ml(cell water) g(cell

dry weight)-1; Hoffmann et al. 1986) and protein content

(0.78 g(protein) g(cell dry weight)-1; Hoffmann and Lam-

bert 1983), the amino acid content values equal cellular
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concentrations of 28 ± 6 mM glycine, 17 ± 2 mM taurine

and 10 ± 1 mM hypotaurine. Cholesterol depletion

(5 mM MbCD, 1 h) was in five sets of experiments found to

reduce the cellular glycine, taurine and hypotaurine content

to 82 ± 9, 80 ± 9 and 71 ± 1% of the original content,

respectively. Furthermore, estimation of the absolute cell

volume on trypsinized Ehrlich Lettré cells indicated that the

cholesterol depletion reduced the cell volume significantly

by 20%, i.e., from 1,967 ± 56 to 1,576 ± 83 lm3 (3 sets of

paired experiments). It is noted that cholesterol depletion

partly activates the VRAC under isotonic conditions

(Klausen et al. 2006), and as the Ehrlich ascites cells are

permeable to potassium under isotonic condition (Lambert

et al. 1989), it is most likely that the reduction in cell volume

following acute cholesterol depletion reflects net loss of

organic osmolytes as well as KCl.

The data in Figs. 2 and 3 were performed in order to test

whether the reduction in the taurine content following

cholesterol depletion reflected a reduced uptake of amino

acids. From Fig. 2a, it is seen that taurine uptake is reduced

in Ehrlich Lettré cells depleted for 1 h with 5 mM MbCD.

Estimation of the initial taurine influx indicated that the

cholesterol depletion reduced the taurine influx significantly

to approximately 50% of the influx in non-depleted control

cells (Fig. 2c). From Fig. 2b and c, it is seen that the influx

of meAIB, a synthetic amino acid which is a highly selec-

tive substrate for the low affinity, alanine-preferring amino

acid transporter, is also significantly reduced in cholesterol-

depleted cells when compared to control cells. Hence,

cholesterol depletion seems to reduce the accumulation of

organic osmolytes in Ehrlich Lettrè cells via TauT as well

as transporters for neutral amino acids.
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Fig. 2 Taurine and meAIB uptake in Ehrlich Lettré cells following

modulation of the sterol content. The initial 3H-taurine and 14C-

meAIB uptake was followed with time in Ehrlich Lettré cells under

serum-free conditions in control cells, cholesterol-depleted cells

(5 mM MbCD, 1 h), sterol-enriched cells (10 lM cholesterol/copros-

tanol, 1 h) or sterol-repleted cells (5 mM MbCD for 1 h followed

by 10 lM cholesterol/coprostanol for 1 or 2 h). a, b 3H-taurine

and 14C-meAIB uptake (cpm mg(protein-1)) plotted against time

(min) in control cells (open symbols) and cholesterol-depleted cells

(closed symbols). Curves are representative of 26 (taurine) and 3

(meAIB) sets of experiments. c Initial taurine and meAIB influx in

control cells (open bars) and cholesterol-depleted cells (black bars).

Influx (nmol g(protein-1) min-1) was estimated from the slope

(cpm mg(protein)-1 min-1) of curves similar to those shown in a/b
and the extracellular specific activity (cpm nmol-1). Values are given

relative to control values, i.e., 1.06 – 0.08 nmol g(protein)-1 min-1

(taurine, n = 26) and 64 – 46 nmol g(protein)-1 min-1 (meAIB,

n = 3). d Taurine influx in control cells (open bar), cholesterol-

depleted cells (black bar), cholesterol-enriched/cholesterol-repleted

(1 h/2 h) (light grey bars), or coprostanol-enriched/coprostanol-

repleted (1 h/2 h) (dark grey bars). Taurine influx is given relative

to the influx in control cells and represents the mean values from four

sets of paired experiment. *Significantly reduced compared to control

values. #Significantly increased from values in cholesterol-depleted

cells

Cholesterol-induced reduction in the cellular taurine content 1527

123



Acute cholesterol supplementation (10 lM, 1 h) had no

significant effect on the taurine uptake (Fig. 2d). However,

the effect of cholesterol depletion on the taurine uptake is

reversed following reintroduction of cholesterol. This is

seen from Fig. 2d, where normal taurine transport activity

is restored following 2 h cholesterol replenishment. The

effect of cholesterol replenishment on the taurine uptake is

mimicked by coprostanol (5b-cholestan-3b-ol) (Fig. 2d).

Coprostanol is formed by biohydrogenation of cholesterol

(cholestan-3b-ol) and is considered to be a membrane

inactive sterol (Stottrup and Keller 2006; Xu and London

2000). Thus, the configuration of the sterol rings’ structure

seems to be of minor importance for restoration of the

taurine transporter TauT’s activity.

Cholesterol depletion is previously reported to activate

PKC (Kabouridis et al. 2000) and as PKC activation and

PKC-mediated phosphorylation of the taurine transporter

TauT (Ser322) are known to reduce the taurine influx in

several cell types (Han et al. 1999; Lambert 2004), we

tested the effect of PKC activation on the initial taurine

influx in cholesterol-depleted cells as well as non-depleted

control cells. From Fig. 3, it is seen that exposure to PMA

reduces the initial taurine influx to the same degree under

normal control and cholesterol-depleted condition, i.e.,

there is no apparent synergistic effect of cholesterol

depletion and PKC stimulation. Stimulation of PKA with

exogenous addition of 0.5 mM dbcAMP, which is previ-

ously shown to stimulate taurine influx in the non-adherent

Ehrlich ascites tumor cells (Mollerup and Lambert 1996),

has no significant effect on taurine influx in control or

cholesterol-depleted Ehrlich Lettré cells. Thus, the reduc-

tion in taurine uptake following cholesterol depletion does

not seem to reflect modulation of the interaction between

the taurine uptake system and PKC/PKA.

To test whether the reduced taurine influx in cholesterol-

depleted cells could be explained by altered transport

kinetics for TauT, we estimated the taurine influx as a

function of the extracellular taurine concentration (Fig. 4a,

b) and the extracellular Na? concentration (Fig. 4c, d).

Fitting the data to a Michaelis–Menten equation (taurine

saturation experiments) and a Hill type equation (Na?-

dependent taurine uptake), it was found that cholesterol

depletion reduced the maximal taurine uptake (Vmax) by

approximately 50% (Fig. 4b, d) as well as the extracellular

taurine concentration required for half maximal taurine

uptake (Km) (Fig. 4b). The affinity of TauT toward Na?

and the Na?:taurine transport stoichiometry were not

affected by cholesterol depletion (Fig. 4d). The uptake by

the non-saturable component (k value), which has previ-

ously been suggested to represent a second, Na?-dependent

system with low taurine affinity (Lambert 1984), was

similarly reduced to 55 ± 20% by cholesterol depletion

(p = 0.07). It is noted that cholesterol depletion increases

the taurine leak under isotonic conditions (see below),

which would increase the extracellular taurine concentra-

tion during the influx estimation and hence (a) shift the

taurine saturation curve to the right and (b) reduce the

extracellular specific activity for labeled taurine, causing

an under-estimation of the influx (Fig. 4a, cholesterol-

depleted cells). However, the extracellular specific activity

for the artificial substrate meAIB is not affected by leak

from the cells. Thus, even though the increase in the

affinity of TauT toward taurine (Km) and the reduction in

the transport capacity (Vmax) following cholesterol deple-

tion might be overestimated, they are still taken to indicate

that cholesterol depletion affects the taurine-TauT kinetics.
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Fig. 3 The effect of PKA and PKC on taurine uptake in control and

cholesterol-depleted Ehrlich Lettré cells. Taurine uptake was esti-

mated in non-depleted control cells and cholesterol-depleted cells as

indicated in Fig. 2. a, b PMA (10 nM, PKC activation) and dbcAMP

(0.5 mM, PKA activation) were present from 10 min before and

during the influx experiment. Values for taurine uptake are given

relative to values for non-depleted control cells (a) or cholesterol-

depleted control cells (b) and represent 11 (dbcAMP) and 7 (PMA)

sets of paired data. *Significantly different from the respective control

values
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Cholesterol depletion and its effect on taurine release

under isotonic conditions

Release of taurine from Ehrlich Lettré cells follows a

mono-exponential function. This is seen from Fig. 5a

where the natural logarithm to the fraction of 3H-labeled

taurine remaining in preloaded cells is plotted versus time.

Using rate constants, estimated from the slope of the

release curves in control and cholesterol-depleted cells

(Fig. 5a), it is estimated that taurine release under isotonic

conditions is increased approximately 4.5-fold following

cholesterol depletion (Fig. 5c). Release of meAIB is con-

comitantly increased by cholesterol depletion (Fig. 5b, c).

It is noted that taurine efflux can be estimated as the

product of the fractional rate constant (min-1) and the

cellular taurine pool (lmol g(protein)-1), and taking

the reduction in the cellular taurine content following the

cholesterol depletion into consideration (see above), it is

estimated that the cholesterol depletion more than triples

the efflux of taurine under isotonic conditions. From
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Fig. 4 The effect of cholesterol depletion on kinetic transport

parameters for taurine uptake via TauT in Ehrlich Lettré cells. Control

cells were incubated for 2 h in serum-free medium. Cholesterol-

depleted cells were incubated for 1 h in serum-free medium followed

by 1 h in serum-free medium containing 5 mM MbCD. Taurine uptake

(nmol g(protein)-1 at time 20 min) was estimated from the 3H-radio-

activity (cpm) accumulated within the 20 min and the extracellular

specific activity (cpm nmol-1). a Taurine saturation kinetics. Follow-

ing the pre-incubation period, cells were washed in isotonic NaCl

medium containing taurine in the concentration range from 2 to

100 lM and subsequently exposed for 20 min to a similar taurine

concentration plus 3H-labeled taurine. Taurine uptake in non-depleted

control and cholesterol-depleted cells was plotted against the extra-

cellular taurine concentration (lM, [Taurine]). The curves are

representative of six sets of paired experiments. Solid lines represent

data fitted (SigmaPlot 10.0) to a Michaelis–Menten equation: influx =

(Vmax[Taurine])/(Km ? [Taurine]) ? k[Taurine], where Vmax is the

maximal taurine uptake, Km is the extracellular taurine concentration

required for half maximal uptake, and k is a constant. b Kinetic

values for taurine-dependent taurine uptake. Vmax, Km and k values in

control cells were in six experiments estimated at 40.5 – 7.4 nmol

g(protein)-1 20 min-1, 20 – 3 lM taurine, and 0.23 – 0.07 ml

g(protein)-1 20 min-1, respectively. Vmax and Km were estimated in

cholesterol-depleted cells (black bars) and given relative to values

from non-depleted control cells (open bars). Relative values are given

as mean values – SEM of the six independent sets of experiments.

c Na? saturation kinetics. Following the pre-incubation period, cells

were washed in isotonic Na?/NMDG media, where the extracellular

Na? concentration was varied between 0 and 150 mM, adjusting the

osmolarity to isotonicity with NMDGCl and subsequently exposed to
3H-labeled taurine for 20 min. Taurine uptake in non-depleted control

and cholesterol-depleted cells was plotted versus the extracellular Na?

concentration (mM, [Na?]). The curves are representative of five sets

of experiments. The solid lines indicate values fitted (SigmaPlot 10.0)

to a Hill type equation: Y = (Vmax[Na?]n)/((KNa)
n ? [Na?]n), where

Vmax is the maximal taurine uptake, KNa is the Na? concentration

required for half maximal taurine uptake and n is the number of Na?

ions required for initiation of the uptake of one taurine. d Kinetic values

for Na?-dependent taurine uptake. Vmax, KNa and the Na:taurine

stoichiometry in control cells were in five experiments estimated at

68 – 19 nmol g(protein)-1 20 min-1, 77 – 10 mM Na?, and

2.0 – 0.1, respectively. Values in cholesterol-depleted cells (black
bars) are given relative to data from non-depleted, control cells (open
bars). Relative values are given as mean values – SEM of the five

independent sets of experiments. *Significantly reduced compared to

non-depleted, control cells
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Fig. 5d, it is seen that acute sterol enrichment (cholesterol,

coprostanol) has no significant effect on the taurine efflux

under isotonic conditions. On the other hand, 4-h sterol

replenishment partly reverses the effect of cholesterol

depletion, i.e., the taurine release under isotonic conditions

is still significantly increased compared to control cells.

Cholesterol depletion and its effect on PLA2 activity

Stimulation of PLA2 activity and hence mobilization of

arachidonic acid is a prerequisite for the activation of the

volume-sensitive taurine efflux pathway in Ehrlich Lettré

cells (Lambert 2007). To test whether cholesterol depletion

affected the PLA2 activity, we estimated taurine release

(Fig. 6) and arachidonic acid release (Fig. 7) in non-

depleted and cholesterol-depleted Ehrlich Lettré cells fol-

lowing exposure to melittin under isotonic conditions.

Melittin is a cationic, amphiphilic peptide that has no effect

on the kinetic properties of PLA2 per se but is instead

reported to promote substrate replenishment by direct

exchange of the product of the PLA2-mediated hydrolysis

(Cajal and Jain 1997). We have previously demonstrated

that addition of melittin to NIH3T3 cells elicits arachi-

donic acid release (secretory PLA2 and Ca2?-independent

iPLA2 activity) as well as taurine release under isotonic

conditions, and that the swelling-induced and the melittin-

induced signaling pathway for taurine efflux share intra-

cellular signaling elements as well as a common efflux
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Fig. 5 Taurine and meAIB release under isotonic conditions in

Ehrlich Lettré cells following modulation of the sterol content.

Ehrlich Lettré cells were pre-incubated in serum-free medium for 2 h

in the presence of 3H-labeled taurine or 14C-labeled meAIB.

Cholesterol depletion and sterol enrichment were obtained be

exposing the cells during the last 1 h before the efflux experiment

to 5 mM MbCD or 10 lM cholesterol/coprostanol, respectively.

Sterol repletion was performed on cells pre-exposed to MbCD

(5 mM, 1 h), washed and exposed to 10 lM cholesterol or copros-

tanol for 2 or 4 h. Following pre-incubation, the cells were washed

and the efflux experiment conducted in isotonic NaCl medium as

indicated in ‘‘Materials and methods’’. a Taurine release under

isotonic conditions in non-depleted control cells (open symbols) and

cholesterol-depleted (filled symbols) cells. Release is shown as the

change in the fraction of 3H-labeled taurine remaining in the cell (ln
scale) plotted versus time. b meAIB release under isotonic conditions

in non-depleted control cells (open symbols) and cholesterol-depleted

(filled symbols) cells. Release of meAIB was estimated and presented

in the same way as for taurine. c The fractional rate constants (min-1)

for taurine and meAIB release in control and cholesterol-depleted

cells. Rate constants under isotonic conditions were in each case

estimated as the slope of the time traces (6–20 min) in a and b.

Values for cholesterol-depleted cells (black bars) are given relative to

the respective control values from non-depleted cells (open bars), i.e.,

0.0013 ± 0.0001 min-1 (taurine, n = 9) and 0.0066 ± 0.0003

(meAIB, n = 3). d Taurine release following sterol repletion. Taurine

release in control cells (open bar), cholesterol-depleted cells (black
bar), cholesterol-enriched/cholesterol-repleted (2 h/4 h) (light grey
bars), or coprostanol-enriched/coprostanol-repleted (2 h/4 h) (dark
grey bars) are given relative to the release in control cells and

represent the mean values from three sets of experiment. *Values are

significantly increased compared to control cells

1530 K. R. Villumsen et al.

123



pathway (Lambert 2003b). From Fig. 6a, it is seen that

melittin induces a transient release of taurine from Ehrlich

Lettré cells under isotonic conditions and that the effect is

dose-dependent. Cholesterol depletion improves the effect

of melittin (Fig. 6a, compare left and right frame). Using

the maximal rate constant for taurine release obtained

under isotonic conditions, it is estimated that the effect of

1.0 lg ml-1 melittin is a fourfold increase in the fractional

rate constant for taurine release in cholesterol-depleted

cells compared to the non-depleted control cells (Fig. 6b).

From Fig. 7, it is seen that the release of arachidonic acid

from Ehrlich Lettré cells to the extracellular compartment

under isotonic conditions increases with time and that

cholesterol depletion improves the arachidonic acid release

in the absence (Fig. 7a) and the presence of melittin

(0.5 lg ml-1, Fig. 7b). Release of arachidonic acid is also

increased under hypotonic conditions following cholesterol

depletion (Fig. 7c). Thus, cholesterol depletion leads to an

increase in PLA2 activity and taurine release under isotonic

conditions.

Cholesterol depletion and its effect on taurine release

under hypotonic conditions

From Fig. 8, it is seen that taurine release in Ehrlich

Lettré cells is increased under hypotonic conditions

(Fig. 8a, left panel) and that the maximal rate constant for

taurine release, obtained under hypotonic conditions,

increases with decreasing tonicity (Fig. 8b, open bars).

Taurine release is similarly increased under hypotonic

conditions in cholesterol-depleted cells (Fig. 8a, right

panel, b, grey bars). To test whether the increase in tau-

rine release under isotonic conditions following choles-

terol depletion reflected an increased activity of the

volume-sensitive release pathway for organic osmolytes,

we estimated the rate constant for taurine release in non-

depleted control and cholesterol-depleted cells under

isotonic conditions in the presence of 20 lM DIDS, i.e.,

at a concentration sufficient to suppress the volume-

sensitive taurine efflux pathway (Lambert 2004). The

relative rate constants under isotonic conditions for tau-

rine release in DIDS-treated cells compared to cells with

no DIDS were estimated at 1.0 ± 0.2 and 1.8 ± 0.5

(n = 3) in control and cholesterol-depleted cells, respec-

tively. The use of DIDS to inhibit the volume-sensitive

efflux pathway is problematic because of the non-speci-

ficity of this compound for other anion channels and

transporters. However, the anion channel blockers DCPIB

(Raucci Jr et al. 2010) and NS3728 (Poulsen et al. 2010)

were also without any significant effect on the taurine

release under isotonic conditions following cholesterol

depletion, i.e., the relative rate constants for taurine

release in DCPIB-treated cells (10 lM, n = 4) compared

to cells with no DCPIB were 1.1 ± 0.2 and 1.6 ± 0.2 in

control and cholesterol-depleted cells, respectively,

whereas the equivalent values for (NS3728, 5 lM, n = 3)

were 0.5 ± 0.1 and 2.7 ± 0.5. Thus, the increase in

organic osmolyte release following acute cholesterol

depletion under isotonic conditions does not seem to

involve the VRAC or VSOAC. Plotting the maximal rate

constant for the taurine release in cholesterol-depleted

cells under hypotonic conditions relative to the rate con-

stant for cholesterol-depleted cells under isotonic condi-

tions indicates that cholesterol depletion reduces the

swelling-induced taurine release significantly in the range

280–200 mOsm (Fig. 8b, black bars). Hence, cholesterol

depletion seems to reduce TauT as well as VSOAC

activities in Ehrlich Lettré cells.
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Fig. 6 The effect of cholesterol depletion on melittin-induced taurine

release in Ehrlich Lettré cells. Cells were prepared and taurine release

estimated as indicated in 5. 3H-taurine release was followed with time

under isotonic conditions in the absence or presence of melittin (0.5,

1.0 lg ml-1). a Taurine release in non-depleted control (left frame)

and cholesterol-depleted cells (right frame). Release is shown as the

fractional rate constant for taurine release (min-1) plotted versus

time. Melittin when present was added at time zero. b Mean rate

constants (min-1) for taurine release under isotonic conditions

(300 mOsm) and maximal rate constants (min-1) obtained after

melittin exposure. Values were obtained from curves similar to those

presented in a from non-depleted control and cholesterol-depleted

cells. All values are shown as mean values from three sets of

experiments. *Significantly increased compared to non-depleted cells

with the same concentration of melittin
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Discussion

Changes in the cholesterol concentration have a major

impacts on the physical properties of the membrane lipid

bilayer, i.e., reduction in the cholesterol content increases the

membrane fluidity, whereas an increase in the cholesterol

content increases the bilayer thickness and drives the bilayer

into a more rigid state (Xu and London 2000). Several

transport processes and intracellular signaling events depend

on intact cholesterol-rich micro-domains in the cell mem-

brane, i.e., the VRACs in Ehrlich Lettré cells are sensitive to

cholesterol depletion (Klausen et al. 2006), whereas protein

tyrosine kinase activity and Ca2? signaling in T cells have

been associated with lipid rafts (Kabouridis et al. 2000).

Cholesterol depletion affects accumulation and release

of organic osmolytes

In the present investigation, it is demonstrated that acute

cholesterol depletion in Ehrlich Lettré cells under isotonic

conditions results in a reduction in the active taurine

uptake, an increase in the passive taurine release and

consequently net loss of cellular taurine and reduction in

cell volume. Accumulation of the synthetic amino acid

meAIB from Ehrlich Lettré cells under isotonic conditions

is similarly reduced and stimulated, respectively. meAIB

is accumulated via the Na?-dependent A-type transporter

with a low substrate affinity. Hence, cholesterol depletion

seems to reduce accumulation of amino acids and con-

comitantly favor their release. Protein kinases (PKC,

PKA, CK2) have previously been shown to affect taurine

uptake via TauT either through modulation of (a) maxi-

mal transport capacity, (b) affinities of TauT toward Na?

and taurine or (c) Na?, taurine transport stoichiometry

(Lambert 2004). However, shift in PKA/PKC activity

and/or their accessibility to TauT do not seem to be

involved in the reduction in taurine uptake following

cholesterol depletion. On the other hand, kinetic analysis

of taurine uptake indicated that cholesterol depletion is

accompanied by a reduction in the maximal taurine
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Fig. 7 The effect of cholesterol depletion on arachidonic acid release

in Ehrlich Lettré cells. Cells were preloaded with 3H-labeled

arachidonic acid for 24 h and non-depleted control and cholesterol-

depleted cells prepared as described in Fig. 5. Cells were washed

three times in isotonic NaCl medium (300 mOsm) and the release of
3H-arachidonic acid subsequently followed with time in isotonic NaCl

medium or hypotonic NaCl medium (260 mOsm). 1% BSA was

included in the media to trap 3H-arachidonic. 3H-arachidonic release

in non-depleted, control cells (open symbols) and cholesterol-depleted

cells (closed symbols) are expressed in fractions of the total pool (%).

a, b Arachidonic acid release under isotonic conditions in the absence

(a) or presence (b) of melittin (0.5 lg ml-1). c Mean fractional
3H-arachidonic release in control cells (open bars) and cholesterol-

depleted cells (black bars) following 20 min exposure to isotonic

NaCl medium, hypotonic NaCl medium or isotonic NaCl medium

plus melittin (0.5 lg ml-1). Data in a, b and c represent mean values

from three sets of experiments. *Significantly increased by choles-

terol-depletion. #Significantly increased by melittin treatment when

compared to the relevant isotonic condition
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transport capacity of TauT and at the same time in an

increased affinity of TauT toward taurine. This is in

congruence with the effect of cholesterol depletion on

glycine transporter GLYT1 in Chinese hamster ovary

cells (Liu et al. 2009).

Opposing effects of cholesterol depletion on taurine

release under isotonic and hypotonic conditions

PLA2 activity has previously been demonstrated to be a

prerequisite for the activation of the volume-sensitive tau-

rine efflux pathway (Lambert 2004) and the increased PLA2

activity and taurine release seen under isotonic conditions

following cholesterol depletion could be taken to indicate

that the set point for the volume-sensitive transporter for

organic osmolytes had been shifted to a lower value.

However, neither DIDS, which blocks the volume-sensitive

organic osmolyte transporter at a low concentration, nor

DCPIB and NS3728, which block the VRAC, reduced the

taurine release under isotonic conditions in control or cho-

lesterol-depleted cells. Hence, cholesterol depletion does

not seem to shift the volume set point for the activation of

VSOAC or facilitate taurine transport through VRAC. On

the other hand, lysophospholipids which are PLA2 products

have been shown to stimulate taurine release, i.e., lyso-

phosphatidic acid potentiates volume-sensitive taurine loss

in NIH3T3 cells (Friis et al. 2008), whereas lysophospha-

tidylcholine induces taurine loss under isotonic conditions

in various cell lines, e.g., HeLa cells (Lambert and Falktoft

2000; Lambert and Falktoft 2001), NIH3T3 mouse fibro-

blasts (Lambert and Falktoft 2001), C2C12 myotubes

(Lambert et al. 2001), as well as ion current through mec-

hano-gated cation channels (TREK-1, TRAAK) (Maingret

et al. 2000). Hence, PLA2-derived lysophospholipids could

account for some of the effects on osmolyte transport seen

in cholesterol-depleted cells.

VRAC in Ehrlich Lettré cells responds almost similarly

to cholesterol depletion as VSOAC, i.e., mild hyposmotic

exposure (300 mOsm ? 255 mOsm), results in an

increased anion current as well as max current relative to

non-depleted control cells, whereas more severe hypotonic

exposure (300 mOsm ? 190 mOsm) results in identical

current activation and max current in control and choles-

terol-depleted cells (Klausen et al. 2006). However, com-

paring the rate constants for taurine release under hypotonic

conditions to the rate constant for isotonic-depleted control

cells reveals that cholesterol depletion actually reduces

swelling-induced taurine release. PLA2 is involved in the

initiation of the signaling cascade in Ehrlich Lettré cells that

leads to activation of the volume-sensitive taurine efflux

pathway (Hoffmann et al. 2009; Lambert 2004; Lambert

et al. 2008), and as PLA2 activity is stimulated by choles-

terol depletion, we suggest that the volume-sensitive leak

pathway for organic osmolytes (VSOAC) just like Na?-

dependent transporters for amino acids (TauT, System A,

GLYT1) is less active in cholesterol-depleted cells.
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Fig. 8 The effect of cholesterol depletion on taurine release under

hypotonic conditions in Ehrlich Lettré cells. Ehrlich Lettré cells were

pre-incubated in serum-free medium for 2 h in the presence of
3H-labeled taurine and cholesterol depleted as indicated in Fig. 5.

Taurine release was followed with time in isotonic NaCl medium for

6 min and subsequently in hypotonic NaCl medium for another

12 min. The time course shown (6–18 min) represents release under

hypotonic conditions. For time course under isotonic conditions, see

Fig. 5. a Taurine release in non-depleted control cells (left frame) and

cholesterol-depleted cells (right frame) under isotonic (Iso,

300 mOsm) and hypotonic (240 mOsm/200 mOsm). Release is

shown as the fractional rate constant (min-1) plotted versus time.

b Mean rate constants for taurine release under isotonic conditions

(300 mOsm) and maximal rate constants (min-1) obtained under

hypotonic conditions (280–200 mOsm). Values for the maximal rate

constant obtained under hypotonic conditions in non-depleted cells

are given relative to the isotonic value (open bars). Values for the

maximal rate constant obtained under hypotonic conditions in

cholesterol-depleted cells are given relative to the rate constant

obtained under isotonic conditions for either non-depleted control

cells (grey bars) or depleted cells (black bars). All values are shown

as mean values from three sets of experiments. *Significantly

increased compared to non-depleted isotonic control value. #Signifi-

cantly increased compared to depleted isotonic control value
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Cholesterol depletion, which is known to disrupt lipid

micro-domains (Brown and London 2000; Zidovetzki and

Levitan 2007) and to potentiate the anion conductance in

various cell types (Klausen et al. 2006; Levitan et al. 2000;

Romanenko et al. 2004), also potentiates the anion con-

ductance in caveolin-deficient Caco-2 colonocytes as well

as in sphingomyelase-treated Intestine 407 cell (Lim et al.

2006). This limits the role for disruption of cholesterol-rich

domain on volume-sensitive ion transporters (VRAC) and

most probably also the volume-sensitive transporter for

organic osmolytes (VSOAC) following cholesterol deple-

tion and points instead to a direct impact on the transporters

due to modulation of the physical properties of the mem-

brane bilayer. The intracellular signaling cascades and the

volume-sensitive transporters for anions deviate in some

cell lines from the signaling cascades and transporters for

the organic osmolytes (Hoffmann et al. 2009) and as

depletion of plasma membrane cholesterol increases

membrane stiffness (Byfield et al. 2004), it is possible that

the analogous response to cholesterol depletion seen with

VRAC and VSOAC in Ehrlich Lettré cells partly reflects

shift in direct cholesterol interaction with membrane

imbedded, volume-sensitive transporters. Direct interaction

between cholesterol and protein segments has been pro-

posed to stabilize transmembrane domains of the acetyl-

choline receptor and to modulate the structural conversion

of light activated rhodopsin (Burger et al. 2000).

Cholesterol depletion affects the domain distribution

in the membrane lipid bilayer and the activity

of the embedded transporter for taurine

The spin probe data (methyl-5-doxyl-sterate, ESR tech-

nique) indicate that acute cholesterol depletion (MbCD, 1 h)

disrupts lateral membrane domains in Ehrlich Lettrè cells

that are normally stabilized by high, local concentrations of

cholesterol, i.e., the estimated order parameter for the large

ordered domain (domain 2) in cholesterol-depleted cells is

lower than the parameter for the ordered domain in control

cells. This could indicate that cholesterol depletion disrupts

membrane patches that are normally stabilized by choles-

terol and that the remaining cholesterol becomes scattered

into the bulk membrane. In agreement with previous pub-

lications (Klausen et al. 2006), we find that direct supple-

mentation with exogenous cholesterol and acute cholesterol

depletion with MbCD resulted in a significant increase and

reduction in the total cholesterol content, respectively.

However, the observation that TauT activity is partially

regained after 2 h cholesterol replenishment whereas the

volume-sensitive taurine release as well as the total cho-

lesterol content is virtually unchanged could indicate that

TauT and the volume-sensitive taurine transporter localize

to separate sub-compartments of the cell membrane. The

CHOD-PAP assay, used for estimation of the cellular cho-

lesterol level, is sensitive to cholesterol as well as choles-

terol esters, i.e., the change in the cholesterol pool reflects a

shift in membrane bound cholesterol as well as in the pool of

cholesterol esters. Using cyclodextrin-mediated depletion of

radiolabeled cholesterol from CHO-K1 cells (Haynes et al.

2000), mouse L-cells, Fu5AH cells and human skin fibro-

blasts (Yancey et al. 1996), it has been demonstrated that

cyclodextrin removes cholesterol from two separate pools,

i.e., a fast pool (half-time 19–21 s) and a slow pool. The

origin of the cholesterol pools has been discussed and it has

been suggested that (a) they arise from cell membrane

cholesterol (fast pool) and intracellular membranes (slow

pool), or that (b) both pools are present in the cell membrane.

In the latter case, kinetic differences could be due to transfer

between intra- and extracellular leaflet (flip-flop) or that a

fraction of the cholesterol is located to caveolae or rafts

(Haynes et al. 2000; Lange and Steck 2008; Yancey et al.

1996; Zidovetzki and Levitan 2007). It is noted that sterol

replenishment, i.e., reintroduction of cholesterol or copros-

tanol to MbCD-depleted Ehrlich Lettré cells, partly reverses

the depletion-induced reduction in taurine uptake and tau-

rine release under isotonic conditions, which is taken to

indicate that sterols reestablish normal function of amino

acid transporters under isotonic conditions. Incorporation of

a protein in a lipid bilayer requires an increase in the bilayer

surface area and as addition of cholesterol to a phospholipid

bilayer increases the area expansion modulus and hence the

energy to create a vacancy in the bilayer (McIntosh and

Simon 2006), it is feasible that the reduction in TauT and

VSOAC activity in cholesterol-depleted cells is caused by a

reduction in the area expansion modulus and hence the

number of active transporters in the membrane.

In conclusion, MbCD-mediated cholesterol depletion

favors net loss of amino acids in Ehrlich Lettré cells under

isotonic conditions, i.e., accumulation via Na?-dependent

transporters (TauT, System A, GLYT1) is reduced, and

loss via a leak pathway different from the DIDS- and

volume-sensitive leak pathway. The volume-sensitive

transporter for organic osmolytes, on the other hand, is

reduced following cholesterol depletion. The effect on the

taurine uptake reflects a reduction in the maximal taurine

uptake via TauT and an increase in the affinity of TauT

toward taurine, whereas the increased taurine release under

isotonic conditions reflects loss through a transporter dif-

ferent from VSOAC and VRAC. The volume leak pathway

VSOAC is just like TauT less active following cholesterol

depletion, most probably due to reduction in the area

expansion modulus and hence the number of active trans-

porters in the membrane. It is emphasized that cholesterol

depletion leads to a significant reduction in the cell volume

and that cell shrinkage is known to induce apoptosis in

various cells (Hoffmann et al. 2009), i.e., the use of
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cyclodextrins as drug carriers (Davis and Brewster 2004)

might cause unintentional cell damage.
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