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Control of Lipid Membrane Stability by Cholesterol Content

Sophie Raffy and Justin Teissié
Institut de Pharmacologie et de Biologie Structurale du CNRS, UPR 9062, F-31062 Toulouse Cedex, France

ABSTRACT Cholesterol has a concentration-dependent effect on membrane organization. It is able to control the mem-
brane permeability by inducing conformational ordering of the lipid chains. A systematic investigation of lipid bilayer
permeability is described in the present work. It takes advantage of the transmembrane potential difference modulation
induced in vesicles when an external electric field is applied. The magnitude of this modulation is under the control of the
membrane electrical permeability. When brought to a critical value by the external field, the membrane potential difference
induces a new membrane organization. The membrane is then permeable and prone to solubilized membrane protein
back-insertion. This is obtained for an external field strength, which depends on membrane native permeability. This
approach was used to study the cholesterol effect on phosphatidylcholine bilayers. Studies have been performed with lipids
in gel and in fluid states. When cholesterol is present, it does not affect electropermeabilization and electroinsertion in lipids
in the fluid state. When lipids are in the gel state, cholesterol has a dose-dependent effect. When present at 6% (mol/mol),
cholesterol prevents electropermeabilization and electroinsertion. When cholesterol is present at more than 12%, electroper-
meabilization and electroinsertion are obtained under milder field conditions. This is tentatively explained by a cholesterol-
induced alteration of the hydrophobic barrier of the bilayer core. Our results indicate that lipid membrane permeability is
affected by the cholesterol content.

INTRODUCTION

Cholesterol is the major sterol component in most mammavera et al., 1992). When present in small amounts, choles-
lian membranes. It is nonhomogeneously distributed amontgrol does not prefer one lipid phase to another. This results
different organelles. The cholesterol content in the eucaryin a very narrow coexistence region at low cholesterol
otic plasma membrane is usually rather high (e.g., largeconcentrations (Corvera et al., 1992).
than 20 wt% in plasma membranes), whereas it is much less Properties of lecithin-cholesterol model membranes were
in internal membranes. Its level is8 wt% in the Golgi  recently reviewed (Finegold, 1993). It appears that in the
apparatus and~6 wt% in the endoplasmic reticulum, case of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
whereas in the mitochondria it is onty3 wt% (Jamieson below the gel-to-liquid transition temperature, the molecu-
and Robinson, 1977). lar organization of the mixture with cholesterol was strongly
One of the specific physical features of the cholesteroljependent on the sterol content (Mortensen et al., 1988; Hui
molecule is the planar steroid ring, a relatively conforma-and He, 1983). A peculiar system was indeed present at less
tionally rigid structure. This governs much of the interac-than 8%. Cholesterol is present as “impurities” in the bot-
tions of cholesterol in a lipid bilayer. The phase of theom andjor top of the ripple structure. These “defects” are
cholesterol-lipid mixture is a function of the concentration, hroposed to induce leaks. It was confirmed by experiments
temperature, nature of the lipid, and pressure. This depers, Nat permeability in 1,2-dipalmitoyl-sn-glycero-3-phos-
dence directly modulates an expansion of the Iipic_i Sgrfac‘i‘)hocholine (DPPC) bilayers (Corvera et al., 1992), which
produced by cholesterol. As a consequence, binding of,yeq that 5% cholesterol leads to a significant enhance-
membrane-associating SPecies may be influenced (Sqarlaﬁent of the permeability. The modification in bilayer per-
1997). When cholesterol is present in large amounts, it actg,qjjity that occurs according to the cholesterol concen-
as a permeability barrier for the membrane by introducing ., has a biological consequence (Bretscher and Munro,
conformational ordering of the lipid chains. It increases |t51993)_ It seems possible that the variation in small choles-

mechanical stifiness while keeping the membrane quICIterol contents provides for an effective control of the mem-

(Bloom et al., 1991). T_h|s 'S In contrast to ”?? case (.Jf IOWbrane stiffness and morphology, thereby controlling the
cholesterol concentrations, where permeability of bilayers

) . ) vesicle-budding processes as well as the intermembrane
increased dramatically in the phase temperature range (Cor- . . .
distances in the ER and the Golgi apparatus (Lemmich et
al., 1997). A membrane into which proteins are inserted has
to be readily deformable and hence be cholesterol-poor
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the cytosol and the external medium, giving a charge accutilamellar DPPC lipid bilayers containing different amounts
mulation at the membrane interfaces. According to Eq. 1 irof cholesterol X, = 0, 6, 12, and 29 mol%) and on multi-
the Appendix AV is under the control of membrane perme- lamellar egg phosphatidylcholine (egg PC) lipid bilayers
ability. One of the most dramatic consequences of electroeontaining 0 or 29 mol% cholesterol. The rationale behind
pulsation is a loss of membrane impermeability. this work was to investigate whether cholesterol content can
Electropermeabilization of lipid bilayers has been de-control the membrane permeability of egg PC (fluid phase)
scribed both in lipid vesicles (Teissand Tsong, 1981; EI and DPPC (gel phase) liposomes and therefore affect elec-
Mashak and Tsong, 1985; Needham and Hochmuth, 1983ropermeabilization and glycophorin electroinsertion.
Raffy and Teissie1995) and in planar lipid membranes
(Benz and Zimmermann, 1980; Abidor et al., 1979; Weaver,
et al., 1984; Robello and Gliozzi, 1989). The behavior of MVATERIALS AND METHODS
lipid vesicles was rather similar to what was observed withChemicals
cells (.Chemomordik et al:’ 1987), i.e.,'permeabiliz.atiqn WaSEgg sn-3-phosphatidylcholine (egg PC, ref. P7318), 1,2-dipalmitoys-
reverSIb_Ie and a fusogenic state was induced (Ttem’ phosphatidylcholine (DPPC, ref. P5915.), cholesteryol iref. C8667), calcein
1989; Bischl et al., 1982; Hub et al., 1982; Melikyan and (re. c1075), and glycophorin A (ref. G 5017) were purchased from Sigma
Chernomordik, 1989). Permeabilization was shown to best. Louis, MO). Monoclonal antibody antiglycophorin A (ref. 0167) and
very transient in pure lipid systems (Benz and Zimmer-fluorescein labeled goat polyclonal antibody to mouse IgGH(H) F(ab)
mann, 1981). We recently reported that electropermeabili(ref' 0819) were purchased from Immunotech SA (Marseille, France). All
zation of DPPC liposomes, multilamellar vesicles (MLVS), other chemicals and reagents were of analytical grade.
as well as interdigitated-fusion vesicles (IFVs), triggered
glycophorin insertion (Raffy and Teissiel995, 1997). Preparation of lipid vesicles
Therefore the. |Ip|d'-aSSOCIate'd modification support; thq\/lultilamellar vesicles (MLVs) were prepared as follows. Ten milligrams
spontaneous insertion. The direct consequence of this OQT phospholipids mixed with different amounts of cholesterol were dis-
servation for the processes occurring in biological mem-sglved in glass redistilled optical-grade chloroform. They were then evap-
branes is limited by the gel state of DPPC in these experierated under vacuum to complete dryness. One milliliter of 5 mM HEPES
ments. In natural membranes, phospholipids are known t@nd 25 mM NaCl at pH 7.2 was added. The solution was slowly warmed
be in the quuid state. Moreover, they are mixed with Cho-t_o 55°C with gentle_ agitatiop. Thc_e Iipi_d vesicIe; were then centrifuged _four
lesterol, which affects the structural organization of thetlmesoat 12,00 gin a Hettich mlkrollt_er centrifuge (Germany) for 5 min
! at 21°C. The pellet was resuspende@il mMMHEPES, pH 7.2 buffer. The
bilayer (Devaux and Seigneuret, 1985). vesicles obtained had a mean diameter af 6.5 um when observed under
Lipid vesicles are membrane models that are useful for phase-contrast videomicroscope, regardless of the concentration of cho-
showing the involvement of lipid clusters if present in cell lesterol. They were stored at 4°C.
membranes. They appear as suitable systems in the present
case because it was shown th.a't sec'retory independent |°°R§plication of electric pulses to the vesicles
were translocated under conditions in which the transmem-
brane potential difference was not present, a condition thakthe methods were adapted from those previoulsy described (Tetsaiie

. P " 1989). Electropulsation was performed with a CNRS cell electropulsator
Is present in |Ip|d I|posomes (Von Heijne, 1994)' MLVs (Jouan, St. Herblain, France). It delivered square-wave pulses whose

were Chosen. to Ob'fam _Ce”'5|26d Ilposomes. parameters (voltage, pulse duration, number of pulses, and duration be-
Glycophorin, which is known as being competent for tween pulses) were all independently adjustable. Two flat stainless-steel
electroinsertion in mammalian cell membranes, was used agallel electrodes, with an anode-cathode distance of 1.5 mm, connected

a membrane protein. Glycophorin electroinsertion can pédo the voltage generator, gave a uniform electric field for aub®elume.

considered as a model for posttranslational protein inser‘l_’he pulse fleld intensity kept g_constant value during the pglse, regardless
of the pulsing buffer composition. The voltage pulse applied to the cell

f[ion, because the prptein is fully made before in'tegratiorkuspension was monitored with an oscilloscope incorporated into the cell
into membranes. As its transmembrane fragment is only 23ulsator. The field intensities were those directly observed on the oscillo-
amino acids long, it appears to be a reliable model, and thecope. To limit the associated Joule heating, it was not possible to use a
short loop does not seem to require any secretory machineﬁ}"'se intensity higher than 7.5 kV/cm. All experiments were run at 21°C.
for translocation or insertion (Von Heijne, 1995). Its pri-

mary structure shows a Iqrge glycosylateql external paripetermination of permeabilization

then a stretch of hydrophobic amino acids with a transmem- _ o

braneous helical conformation, and a short Cytop|asmiélalce|n efflux was used to monitor permeab|l|zat|on._ MLVs Wgre prepared
f t D ite its intrinsic ch ter. thi tei b inal mMHEPES, 25 mM NacCl (pH 7.2) buffer to which calcein (2.5 mM)
.ragmen - Despite Its intrinsic ¢ 'arac er, this protein can %ad been added. External dye was washed out while dye molecules
isolated from th? membrgne without the' use of detergenfemained trapped between the lipid leaflets. Different groups of liposomes
because of its high electrical charge (Springer et al., 1966were pulsed at each of the different field intensities. Just after application
For that reason, it is very often used in studies on lipid-of the pulses, the vesicles were centrifuged for 5 min at 1200§) and
protein interactions (De Kruijff et al., 1991)_ the vesicle supernatant (5@) was diluted in 2 ml HEPES buffer. The

We studied in thi r the effects of small amount {Iuorescence intensity of this diluted sample of the supernatant was mea-
€ stuaie S pape € effects of small amounts 0sured on a spectrofluorimeter (JY3; Jobin Yvon, Longjumeau, France) with

cholesterol on lipid bilayer permeability and protein inser-,_ - 496 nm andx,,, = 520 nm. Permeabilization was quantified

ext

tion, electropermeabilization, and electroinsertion on mul-through fluorescence intensity.
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Supernatant volume and vesicle density were carefully controlled tathe same whatever the delay between electropulsation and the fluorescence
minimize the possible variations in the measurements of the leakage. measurement.
Electroinsertion is detected by comparing the immunofluorescence sig-
nals between background, nonspecific signals, and experiments.
Determination of electroinsertion Because of the methodology, insertion, when present, was detected only

. ) ) on the outer layer of MLVs. It is not possible to assay the occurrence of
Glycophorin A is soluble in aqueous solvent and may take the form ofinsertion on the internal leaflets.

micelles after its extraction from red blood cells by a detergent-free method

(Springer et al., 1966). Five microliters of glycophorin A,a&a2 mg/ml

concentration in 1 mM HEPES, was added to8®f MLVs (10 mg/ml). RESULTS

The methods were adapted from those previously described in the case of

red blood cells or CHO cells (Mouneimne et al., 1989; El Ouagari et al., Electropermeabilization of egg lecithin MLVs

1993). After 15 min of incubation at 37°C, the electrical pulses were

applied. Immediately after the pulses, the vesicles were washed three timést the working temperature (i.e., 21°C) egg PC is in fluid

with HEPES buffer (pH 7.4) by centrifugation at 12,08@for 5min. The  phase, whereas DPPC is in gel phase. Different groups of
final pellets were resuspended in pDof phosphate-buffered saline (PBS) calcein-loaded egg PC Iiposomes were electropulsed with

(pH 7.4) and incubated at 4°C with Gl of 0.2 mg/ml anti-human diff t electric field int it hil Ise d fi
glycophorin monoclonal antibody for 30 min. They were then washed three ifierent electnic ield Intensiies while puise duraton, num-

times with PBS (pH 7.4) and incubated with.6 of 1 mg/ml fluorescein-  P€r, and frequency (five pulses of 7 ms at 1 Hz) were kept
labeled goat polyclonal antibody to mouse IgG{H.) F(ab)?at37°C for ~ constant. No calcein release was detected in the supernatant
30 min more. The MLVs were finally washed three times in PBS (pH 7.4). as long as the field intensity was lower than 1.3 kV/cm.

Control samples in which vesicles have been subjected to all steps excewbove this strength the dye Ieakage was observed to in-
electrical pulses were used as references for each corresponding case :

Another control was carried out without fluorescein-labeled goat pon—Creas’e with the field Intensity (Flg. A)' This obs_e_rvatlon
clonal antibody. The enhancement of the fluorescent signal was quantifie§NOWs that egg PC MLVs are electropermeabilized when
by spectrofluorimetry X, = 487 nm and\,,, = 520 nm). The signal was  pulses higher than a critical intensity are applied. It should
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FIGURE 1 Control by electric pulse parameters of egg PC MLV and egg PC-cholesterol MLV electropermeabilization. Liposomes were prepared and
loaded with calcein. Permeabilization was assayed by the dye leakage in the external buffer. Five pulses were applied at a frequency of 1 Hz. Egg PC MLVs
(A) Effect of the field intensity with a pulse duration of 7 mB) Effect of the pulse duration at a field intensity of 2.6 kV/cm. Egg PC-cholesterol MLVs

(29% cholesterol): @) Effect of the field intensity with a pulse duration of 7 mB)(Effect of the pulse duration with a field intensity of 2.6 kV/cm.
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be noted that this threshold range is similar to what we had 100 <

previously observed with DPPC MLVs (Raffy and Teissie ] B 0 cholesterol

1995). g 80 B 6 % cholesterol
When the field strength was held at 2.6 kvicm (i.e., < 12 % cholesterol

above the critical permeabilization value), the dye leakage% [ 29 % cholesterol

was observed to be dependent on the pulse duration (fives  °

successive pulses applied at 1 Hz). The leakage increasenf

strongly with pulse durations up to 1 ms and then more § 40 +

slightly (Fig. 1 B). One should notice again that similar @

behavior was reported in the case of DPPC MLVs (Raffy § 20 -

and Teissig1995). This result showed that the fluid state 2

did not prevent membrane permeabilization. o

Electric field intensity (kV/cm)

Electropermeabilization of cholesterol-egg PC

mixed MLVs FIGURE 2 Effect of electric field intensity on permeabilization of

. DPPC/cholesterol liposomes mixtures. Liposomes prepared and loaded
Cholesterol was added to MLVs at a concentration of 29%ith calcein with 0, 6, 12, or 29 mol% cholesterol were pulsed five times

(mol/mol), a value close to what is found in eukaryotic cell at 1 Hz frequency with a 7-ms pulse duration in 1 mM HEPES pulsing
plasma membranes. buffer. Permeabilization was assayed by the dye leakage in the external

The electrical parameters (pulse intensi) and dura- buffer. Experiments were carried out four times.
tion (T)) were varied individually to follow their effect on
electropermeabilization (calcein leakage) while keeping the
pulse number N) and frequency (five pulses at 1 Hz)
constgnt. Dye leakage was detected when thg field streng{ﬁan only 0.6 kV/cm. The same threshold was observed
was higher than 1.3 kV/cm, as observed with pure egqg, :

- . . ; hen cholesterol was present at 29%. With 12% choles-
lecithin vesicles. The extent of leakage increased with an o . o
increase in the field strength before decreasing above thé‘terOI’ the level of leakage rose with increasing electric field
value (Fig. 1C) intensity, when liposomes were pulsed under similar con-

When working at a field strength equal to 2.6 kV/cm, ditions (sameT andN) (Fig. 2).
higher than the threshold, and at a given number of pulses,
calcein leakage was enhanced by longer pulse duration. &Slycophorin A electroinsertion in egg PC MLVs
linear increase was indeed observed (Fid)1

When the liposome cholesterol content was 12%, dye
akage was observed when the field intensity was higher

As shown in Fig. 3, electroinsertion was observed when the

field intensity was higher than 1.3 kV/cm. The amount of

inserted proteins rose with an increase in the field strength
Electropermeabilization of cholesterol-DPPC up to a plateau. Nevertheless, a background of immunoflu-
mixed MLVs orescence was present as shown in Fig. 4. It wd8% of

DPPC MLVs were described as electropermeabilized when
pulsed with a field strength higher than 1.3 kV/cm (five
pulses lasting 7 ms) (Raffy and Teissi®©95). Cholesterol 125
DPPC mixed MLVs were prepared with increasing amounts
of sterol (6, 12, 29% (mol/mol)). These relative contents of
cholesterol were chosen by taking into account the results
for DMPC (Mortensen et al., 1988; Hui and He, 1983).
Different structural organizations of the lipid bilayer were
obtained for these three different percentages when the host
lecithin was in the gel state. Observation of the MLVs under
a phase-contrast microscope did not show any change in
their shape and size from what was detected in pure DPPC
systems when the cholesterol content was increased to 29%
(data not shown).

When low amounts of cholesterol were present (6%), it Electric field intensitv (kVicm)
was not possible to detect the leakage of calcein, even when

. . c g FIGURE 3 Effect of electric field intensity on glycophorin electroinser-
the field Strength was as hlgh as 6.5 kv/em, with five plJlsestion in egg PC liposomes. MLVs were pulsed five times with 7-ms duration

qf 7 ms applied (Fig. 2). It was not POSSible to use higherand a frequency of 1 Hz. Electroinsertion was assayed by means of
field strengths because of the associated Joule heating. immunofluorescence.
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FIGURE 4 Effect of cholesterol on the electroinsertion of glycophorinin FIGURE 5 Effect of electric field intensity on glycophorin electroinser-
egg PC liposomes. Electroinsertion was assayed by means of immunofldion in DPPC-cholesterol mixed MLVs. Liposomes prepared with 0, 6, 12,
orescence. When applied, electropulsation conditions were five pulses of @ 29 mol% cholesterol were pulsed in the presence of the protein five
ms at a frequency of 1 Hz and a field strength of 2.6 kV/cm. Cholesteroltimes at 1 Hz frequency with a 7-ms pulse duration in 1 mM HEPES
was present at 29%. pulsing buffer. Control: Unpulsed MLVs without glycophorinPulsed
control: Pulsed MLVs (2.6 kV/cm) without glycophorirControl + Gly:
Unpulsed MLVs with glycophorin. Electroinsertion was assayed by means

. . . of immunofluorescence.
the signal detected when electroinsertion was present. This

has already been reported in the case of electroinsertion in
DPPC MLVs (Raffy and Teis§jel995). It rose with an increase in field intensity and reached a
plateau value at 1.3 kV/cm. When the level of cholesterol
Glycophorin A electroinsertion in egg was brought to 29% (mol/mol), electroinsertion was again
detected at low field strength (0.6 kV/cm), but in that case,
PC-cholesterol MLVs ; : . . )
the immunofluorescence intensity rose continuously with an
Using the same experimental approaches as in the case ioicrease in field strength.
egg PC liposomes, electroinsertion was performed in mixed A direct comparison of the immunofluorescence of elec-
MLVs (29% cholesterol). An immunofluorescence signaltroinserted glycophorin in the liposomes with different com-
was detected above the background, as in the case of egg POGsitions showed that when the same field strength (2.6
MLVs (Fig. 4). Direct comparison of the observations on kV/cm) was used, the largest signal was detected when 29%
egg PC and egg PC-cholesterol MLVs showed that theholesterol was presentin the DPPC mixed vesicles (Fig. 6).
respective levels of immunofluorescence due to backgroundhis can be explained either by a higher “affinity” of the
or to electroinsertion were similar in the two systems. electropermeabilized layer for glycophorin or by an increase
in the part of the vesicle surface brought to the state com-

etent for insertion.
Glycophorin A electroinsertion in P

DPPC-cholesterol mixed MLVs

Electroinsertion was assayed in systems where the molall?ISCUSSION

percentage of cholesterol was changed (6, 12, 29%). ExpefFhe present investigation shows that as in the case of DPPC
iments on pure DPPC MLVs were repeated (Raffy andarge unilamellar vesicles (LUVs) and MLVs (Teissiad
Teissie 1995). Electroinsertion, which is detected by theTsong, 1981; Raffy and Teissi@995), electropermeabili-
increase in immunofluorescence intensity above the backzation can be performed on egg PC liposomes, where the
ground level, was detected only when the field intensity wadipids are in the fluid phase. The presence of cholesterol at
higher than 1.3 kV/cm. The level of electroinsertion was29% (mol/mol), a concentration found in mammalian cell
then observed to increase with an increase in field strengthlasma membrane, induced minor changes in this process.
(Fig. 5). The same permeabilizing field threshold window of 1.3-2.6
When the level of cholesterol was 6% (mol/mol), no kV/cm was observed. We should mention that these critical
increase in immunofluorescence intensity above the backntensities were the same for DPPC multilamellar liposomes
ground level was observed, regardless of the intensity of théVILVs) (Raffy and Teissie1995) and for DPPC unilamel-
electric field we applied. lar liposomes (IFVs) (Raffy and Teissi@997), where the
When liposomes were formed with 12% cholesterol,lipids were in the gel phase. Our observation that the critical
electroinsertion was present when electropulsation was ogermeabilizing field intensity window for egg PC was not
erated at very low field strengtle(= 0.3 kV/cm) (Fig. 5).  affected by the cholesterol is then relevant to the conclu-
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was observed by an aspiration technique and by making the
assumption that the bilayer was perfectly dielectric that the
so-called breakdown membrane voltage was very high
(more than 1 V) (Needham and Hochmuth, 1989; Zhelev
and Needham, 1993). When cholesterol was present, an
increase in the “breakdown” membrane voltage~a36%

was observed. Both conclusions for when the cholesterol
content was very high (near 50%) are in conflict with the
present study and with results on planar lipid membranes
obtained with a “current-clamp” method (Robello and
(A g Gliozzi, 1989; Genco et al., 1993). It was then observed that

-
z%;. )

801
- cholesterol

[0+ cholesterol

60

40+

20-]

Fluorescence intensity (mV)

the “breakdown” was triggered when the transmembrane
voltage reached a value 6270 mV when the film was

: made with egg PC at pH 7. When cholesterol was present
MLV MLV MLV +GLY MLV +GLY (29%), no change in the permeabilizing transmembrane
electropuised electropuised voltage was detected. We should mention that in Needham’s

— _studies, the relative content of cholesterol was higher than
FIGURE 6 Effect of cholesterol on the electroinsertion of glycophorin in .
what we were using.

DPPC liposomes. Liposomes were prepared with 29 mol% cholesterol. . .
Electroinsertion was assayed by means of immunofluorescence. When When 6% cholesterol was present in DPPC, mixed ves-

applied, electropulsation conditions were five pulses of 7 ms at a frequencicles could not be electropermeabilized. The external field
of 1 Hz and a field strength of 2.6 kv/cm. could not bringAV to its critical value. As the vesicle size
was not affected by the presence of cholesterol, this sug-
gests that thg (A, A,, A,,) parameter (see the Appendix) is

sions on planar membrane electropermeabilization (Gencstrongly reduced in the DPPC MLVs where the cholesterol
et al., 1993). It was observed that the critical voltage forcontent was 6%. Several structural analyses have investi-
electropermeabilization in lipid mixtures was always thegated the organization of such systems. Some disorders
same as for the host lipid (egg PC in our case). As far asvere observed in the gel phase (Vist and Davis, 1990). By
electroinsertion was concerned, the conclusions of thesing?H NMR and differential scanning calorimetry (DSC),
present work are that it took place not only in the gel phaseit was found that a narrow two-phase region was present
as we reported with DPPC (Raffy and Teissl®95), but  between 0 and 6.25% cholesterol, just below the chain-
also in the fluid phase. melting transition of the pure phospholipid, i.e., at a higher

Glycophorin can be inserted into lipid bilayers containingtemperature than the one we were using. X-ray diffraction
cholesterol. From the results on egg PC MLVs, it is clearexperiments indicated a dramatic increase in the bilayer
that cholesterol does not affect the insertion process in theepeat spacing when cholesterol was raised to 5 mol% in the
permeabilized fluid lipid layer (Figs. 1 and 4). It is impor- gel phase in the case of DMPC (Hui and He, 1983). This
tant to point out that electroinsertion is obtained only undewas explained as being due to a reduction in the tilt angle.
field conditions leading to electropermeabilization. This isRecent DSC results showed a sharpening of the DPPC
in line with observations with mammalian cells, where phase transition when cholesterol was present at a low
electroinsertion was observed in the plasma membrangercentage (Harris et al., 1995). All of these results gave a
which is known to be rich in cholesterol and which is in the description of the DPPC bilayers where cholesterol mole-
fluid phase (El Ouagari et al., 1993, 1994). The structurakules were shown to exist as transbilayer, tail-to-tail dimers
modifications of lipids associated with electropermeabiliza-(Harris et al., 1995; Mukherjee and Chattopadhyay, 1996).
tion then create a transient membrane state in which & direct implication of such a description is that cholesterol
spontaneous insertion of membrane proteins takes plaagould induce defects due to the poor packing. This tends to
after electric field application (Raffy and Teissi#995). make the lipid layer leaky, i.e., yields a low value of the
The same conclusion was obtained in the case of DPPQ\, A, A,,) parameter in Eq. 1 (see the Appendix). This was
vesicles (Raffy and Teissied995). The same critical per- indeed predicted by numerical simulations of the thermo-
meabilizing field intensity was observed with egg PC anddynamic properties and passive ionic permeability of lipid-
DPPC. As the vesicle size was the same, taking into accoumholesterol bilayers at low cholesterol concentration (Cor-
our observation that the critical permeabilizing transmem-vera et al., 1992). An increase in permeability was predicted
brane potential difference is a constant (Téismiel Rols, and experimentally observed for Ngpermeability in the
1993), membrane permeability is not affected by the lipidcase of DPPC. These descriptions of the DPPC assemblies
phase state or by the presence of a high cholesterol conceat low cholesterol content again suggest thatgh@,, A,,
tration (29 mol%) for egg PC. A parameter should be lower in these systems than in pure

Previous studies showed that PC bilayers were elecPPC models. The lack of electroinsertion is then a direct
tropermeabilizable. In a work with giant unilamellar vesi- consequence of the fact that electropermeabilization is re-
cles made of SOPC (stearoyloleoylphosphatidylcholine), iquired for insertion to take place.
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A high cholesterol content of mixed DPPC vesicles givesoped in the Appendix. It can be estimated that the value of
conditions in which electropermeabilization is triggered at ag (Ao, A,, Ay) iS ~0.5 for DPPC, egg PC, and egg PC-
lower field intensity (Fig. 2). Again the correlation between cholesterol assemblies but increases to almost 1 in DPPC-
electropermeabilization and electroinsertion is present, asholesterol models with a high cholesterol content, Ag,,
shown by the low critical field for insertion (Fig. 5). Al- close to 0. At 6% cholesterad, (A, A,, Ay,) is less than 0.1
though electropulsation of vesicles without glycophorin in-for a DPPC-cholesterol bilayer, indicating thet is high.
duces a fluorescence increase that is different without or
with cholesterol, this does not affect the main conclusion
that electroinsertion is strongly enhanced when cholesterd\PPENDIX
is present at a high molar ratio in DPPC. The direct ObserApplication of an external field to a lipid bilayer or cell membrane induces
vation of liposomes under the microscope (data not Shownj modulation of the transmembrane potential differend& which is
showed that there was no alteration in the size and shape e$sociated with the dielectric properties of the membrane. The stationary
the mixed MLVs when cholesterol was present at 12% offield effect AV obeys the now classical equation (Neumann, 1989)

29%'. As the critical tran;membrape potgntial difference AV = faE cosfg(Ay, A, Ay 1)
leading to electropermeabilization is obtained for a lower
external field value (less than 0.6 kV/cm), our conclusion isin which f is a shape factor (1.5 in the case of a sphead,the radius of
then that theg (A, A,, A,,) parameter in Eq. 1 (see Appen- the vesicleE is the intensity of the applieq fiel'd, artds thg angle between
dix) has a higher value for a high cholesterol content._the normal of the me_mbrane _and the_ direction of_ the field at_the locus of
.. . interest.g (A,, A, A,,,) is associated with the electrical conductivity of the
Structural organizations of DPPC-cholesterol systems W'“Pnembrane (here the lipid bilayer) and could be given by (Neumann, 1989)
high sterol contents have been the focus of many studies

over the last 30 years (Chapman et al., 1969; Lippert and _ AoAi(2d/a)
Peticolas, 1971; Ladbrooke et al., 1968; Darke et al., 19719()‘0’ Ay Am) = (2ho + M)Ay + 2dI2) (Ao — Am)(A — Ay
Hubbel and McConnell, 1971; Rand and Luzzati, 1968; (2)

McMullen and McElhaney, 1995). The major conclusions . < the buf ductivit. s the | o ductivi
are 1) a dramatic increase in orientational order of the!/N"»is the buffer conductivityl; is the liposome interior conductivity,
e . . . Am IS the conductivity of the membrane, adds the membrane thickness.

phOSphthld hydroc?‘rbon chains; 2_) an associated th'CI_(en' According to the liposome preparation, we introduce the approximation

ing of the hydrophobic part of the bilayer; 3) a progressivethat a, is close tox, and obtain

broadening of the thermal transition region, giving an elim- )

ination of the phase transition between the liquid-crys- G0 A A) = A5(2d/a) 3)

talline phase and the@ and LB’ gel phases; 4) a concom- o R BT BN oA + (2d) (A — Ay)?

itant suppression of the phase pretransition; 5) a decrease in o b ) dered dielacti

the chain tilt angle in the gel phase, when present (Vist anal:goztnf;sas’ t)\e)';m)ari'; ;ane Is considered as a pure dielaglreset to

Davis, 1990), aljd 6) a thickening of the hydrophobic part of Electropermeabilization results from the field-induced transmembrane

the bilayer. A direct consequence was the observation thgibtential difference modulation. Whatever the membrane system (mam-

the enhanced ion transbilayer permeability, which is presentalian cell, yeast protoplast, bacterial protoplasts, liposomes), the critical

in the phase transition region, was abolished in mixecPotential difference is always 200250 mV (Teissid Tsong, 1981;

systems (Papahadjopoulos et al., 1973). It was then ob-°sieand Rols, 1993; Genco et al, 1993; Slawomir et al., 1998). This

L . critical value ofAV,,,is obtained for a critical field strengt,¢,,, such

served that the membrane hydrophobicity was increased igy

DPPC layers when cholesterol was present. A decrease in

membrane defects is associated with a thickening of the AVierm = f9(Ao, Ay Am)@Bperm (4)

membrane (Paula et al., 1996). Formation of effective hy- L . . I .

d hobic barri f f | . . When the composition of liposomes is changed, if their shape and size
_rOp obic barriers to permeation 0 pQ ar species (!'e" Femain unaltered, aAVyerm iS @ constant, the observation of a change in

high value for they (A, A,, A,,) parameter in Eq. 1) requires Eperm iS relevant to a change ig (Ao, A, Ay (i.€., in A,).

cholesterol (Subczynski et al., 1994). These conclusions In our experimentsis 1.5 (spherical shaped,is 2.5 10~®m (using

give experimenta| Support to our observation of a lowera value OfAVpermOf 0.25 V), and the numerical application of Eq. 4 gives

value of the critical permeabilizing field intensity. Time- 0.25 666

resolved fluorescence anisotropy studies of DPPC layers 9o, Ay A) = TEX5E '106 XE_"E (5)

confirmed these conclusions. Cholesterol increases the ' "~ perm perm

membrane order in the core of the |Ip|d Iayer (ThUIbom andg (Ao» A, Ay Values are obtained directly from the experimental determi-

Beddard, 1982; Vincent et al., 1982). nation ofE,.,, i.€., the threshold for dye leakage or glycophorin electro-
From the results shown in Figs. A, andC, and 2 and insertion (Table 1).

previous observations on LUVs (Teissiad Tsong, 1981), A, is acting on the loading time, of the induced potential difference

and by using the evaluation of the permeabilizing mem-MNeumann. 1989)

brane potential difference we obtained for many systems A+ 27,

(~200-250 mV), in agreement with data on planar films 7, = aCy 20N, + arJd(A, + 2)) (6)

(Genco et al., 1993), thg (A,, A,, Ay,) parameter can be
obtained for different systems by the use of Eq. 2, develwhereC,, is the specific membrane capacitance
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TABLE 1 Estimated values of g as a function of the nature Bretscher, M. S., and S. Munro. 1993. Cholesterol and the Golgi apparatus.
and the composition of lipid vesicles* Science261:1280-1281.
T, . Bischl, R., H. Ringsdorf, and U. Zimmermann. 1982. Electric field-
Nature of the lipid bilayer B, (kvicm) Estimatedy induced fusion of Igarge liposomes from natural and polymerizable lipids.
DPPC 1.3 05 FEBS Lett.150:38—42.
Egg PC 1.3 0.5 Chapman, D., R. J. Cherry, M. C. Philips, and D. A. Walker. 1969. Mixed
Egg PC-cholesterol 1.3 0.5 monolayers of phospholipids and cholesteR®ibchim. Biophys. Acta.
DPPC-cholesterol (6 mol%) >6.5 <0.1 183:458-465.
DPPC-cholesterol (12 or 29 mol%) 0.6 1 Chernomordik, L. V., S. I. Sukharev, S. V. Popov, V. F. Pastushenko, A. V.
- - - Sokirko, I. G. Abidor, and Yu. Chizmadzhev. 1987. The electric break-
*See Appendix for details of calculation. down of cell and lipid membranes: the similarity of phenomenologies.

Biochim. Biophys. Acte002:360-373.
Corvera, E., O. G. Mouritsen, M. A. Singer, and M. J. Zuckerman. 1992.

Under our experimental conditions, this can be rewritten as The permeability and the effect of acyl chain length for phospholipid
bilayers containing cholesterol: theory and experim@&ibchim. Bio-
3\ phys. Actal107:261-270.
o= aGy, 202 + a\ /d(3)\ ) (7) Darke, A., E. G. Finer, A. G. Flook, and M. C. Philips. 1971. Complex and
0 ny 0. . . . L . ..
cluster formation in mixed lecithin cholesterol bilayers. Cooperativity of
As checked by fluorescence spectroscopy (Lojewska et al., 1988), motion in lipid systemsFEBS Lett.18:326-330.
affected by\,, but remains less than 1@s. As millisecond pulses were De Kruijff, B., J. De Gier, P. Van Hoogevest, N. Van Der Steen, T. F.
used, this does not affect electropermeabilization. Taraschi, and T. De Kroon. 1991. Effects of an integral membrane

The main consequence of electropermeabilization is to permit a free glycoprotein on phospholipid vesicle fusiom Membrane Fusion. J.

exchange of small molecules and ions across the plasma membrane. This'Viischut and D. Hoeckstra, editors. Dekker, New York. 209-229.

exchange was shown to obey a free diffusion process across the permevaux, P. F., and M. Seigneuret. 1985. Specificity of lipid-protein inter-

abilized part of the cell surface (Rols and Teissi®90). The flow® is actions as determined by spectroscopic technigBehim. Biophys.

mathematically described by Acta. 822:63-125.

El Mashak, E. M., and T. Y. Tsong. 1985. lon selectivity of temperature

Eperm ) induced and electric field induced pores in dipalmitoylphosphatidylcho-
E (if E> Eperm) (8) line vesiclesBiochemistry24:2884—2888.

El Quagari, K., H. Benoist, S. Sixou, and J. Teisgi@894. Electroperme-
abilization mediates a stable insertion of glycophorin A with Chinese
hamster ovary cell membranesur. J. Biochem219:1031-1039.

El Ouagari, K., B. Gabriel, H. Benoist, and J. Teissi®93. Electric
field-mediated glycophorin insertion in cell membrane is a localized
event.Biochim. Biophys. Actal151:105-109.

@ is therefore controlled bi,.,at a given field strength (with all other Finegold, L. 1993. Cholesterol in Membrane Models. CRC Press, Boca

parameters held constant). As,,,is driven by, (Eq. 5), the extend of Raton, FL. o o

dye leakage is under the control @i\, A, A,) (i.e. of A,,). Genco, |., A. Gliozzi, A. Relini, M. Robello, and E. Scalas. 1993. Elec-
Electroinsertion is linearly related to the electropermeabilized fraction trﬁpsoraAtgng‘lZYE)mig'c and asymmetric membrargechim. Bio-

of the cell surface (El Ouagari et al., 1993; Raffy and Téjsk#95, 1997). phys. B

This fraction is controlled by the ratiB,.,{E (Schwister and Deuticke, Harris, J. S., D. E. Epps, S. R. Davio, and F. Jzée 1995. Evidence for
1985: Rols and Teissid990). transbilayer, tail to tail cholesterol dimers in DPPC liposon#schem-

istry. 34:3851-3857.
Hub, H. H., U. Zimmermann, and H. Ringsdorf. 1982. Preparation of large
unilamellar vesiclesFEBS Lett.140:254—-260.
Hubbell, W. L., and H. M. McConnell. 1971. Molecular motion in spin
labelled phospholipids and membrang&sAm. Chem. So083:314-326.
Thanks are due to Mr. Robb for rereading the manuscript and to Dr. M. PHui, S. W. and N. B. He. 1983. Molecular organization in cholesterol-
Rols and Dr. I. Schuller for helpful comments. lecithin bilayers by x-ray and electron diffraction measuremeBis-
chemistry.22:1159-1164.
Jamieson, G. A., and D. M. Robinson. 1977. Mammalian Cell Membranes,
Vol. 2. Butterworth, London.
Ladbrooke, B. D., R. M. Williams, and D. Chapman. 1968. Studies of
lecithin cholesterol water interactions by DSC and x-ray diffraction.
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