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Abstract. Aqueous dispersions of membrane phospho-other temperatures above and below T* only MLVs
lipids comprised of multilamellar vesicles (MLVs) will form. The evidence for the transformation to the critical
spontaneously transform to a stable unilamellar structure@nilamellar state is largely based on the thermodynamic
equivalent to the membrane bilayer, but only at a criticalproperties of phospholipid dispersions as monitored by
temperature T*. Since much of the evidence for thisthe equilibrium behavior of the lipid films which form at
transformation derives from equilibrium thermodynamic the contiguous air-water surface, (Gershfeld & Tajima,
studies, a description of the molecular and topologicall979; Tajima & Gershfeld, 1985; Gershfeld, 1839
events occurring as the critical unilamellar state as-These studies show that at T* an unencumbered bilayer
sembles has not previously been possible. Here we rdorms spontaneously and rapidly, completely covering
port experiments that provide evidence of a spontaneouthe air-water surface; this bilayer exhibits both the den-
topological change from MLVs towards unilamellar sity (Tajima & Gershfeld, 1985) and permeability (Gins-
vesicles (ULVs) at T*. By applying a shearing stress toberg & Gershfeld, 1985) of a typical unilamellar struc-
vesicle suspensions we have observed a decrease of apre. The conditions for the formation of this unilamellar
proximately 25% in the force required to cause bilayersstructure are completely defined by the critical tempera-
to leak; this decrease is confined to temperatures near Tture T* and the lipid composition (Gershfeld, 1388).

The T* values observed agree with those previously ob-  These conditions of temperature and composition
tained by equilibrium methods. Using the method with which define the critical unilamellar state are general and
total lipid extracts from normal biological membranes are applicable to all phospholipid dispersions which form
confirms that T* equals the physiological temperature ofMLVs including the total lipid mixtures obtained from

the original membranes. cell membranes. For the complex membrane lipid mix-
tures from a wide variety of organisms and tissues we
Key words: Critical bilayer state — Unilamellar — have found that T* equals the physiological temperature
Vesicles — Membrane assembly — Phospholipid bilay-Tp of the cell from which the lipids were extracted
ers (Gershfeld, 1986; Ginsberg, Gilbert & Gershfeld, 1991).

Since the critical unilamellar state forms in the disper-
sions under the identical conditions of temperature (T*
Introduction = Tp) and composition that exist in the cell, the neces-
sary and sufficient conditions to define the state, this
Phospholipids in aqueous dispersions will spontaneouslyesult can only mean that the unilamellar structure of the
assemble as a stable unilamellar structure equivalent teell membrane and of the dispersion are identical, and
the membrane bilayer, but only at a critical temperaturethat Tp is a critical point.
T*. At this critical point multilamellar vesicles (MLVS)
transform to a new equilibrium state consisting only of
unilamellar vesicles (ULVs) (Gershfeld, 1988); for all
1 Bilayers which form in dispersions have the lipids distributed sym-
metrically across the bilayer, while in virtually all cell membranes they
R are asymmetrically distributed. We have deduced that because T*
Correspondence td\.L. Gershfeld Tp the membrane bilayer and the bilayer of the dispersion are neces-
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In the present study the response of liposomes to aesicles were loaded with the fluorescent dye 5-(and 6-) carboxyfluo-
shearing force is examined to further characterize thdescein (obtained as mixed isomers from Molecular Probes, Eugene,
critical bilayer state. We have chosen this technigque be®R) by suspending dry lipid in a 04 solution of the dye as sodium

cause the shear modulus is a property reflecting the i salt (pH 7.3) and vortexing vigorously. For most natural lipid mixtures
u uius 1 property Ing Inthis was sufficient to form a visually uniform suspension. With

termolecular forces which maintain bilayer structure, andppmpc, the suspensions contained many large particles which were
therefore allows us to monitor the molecular propertiesSiurther dispersed by several cycles of heating the suspension to 50°C,
of the critical state as the MLVs are transformed intovortexing, and then cooling to 0°C. The extravesicular dye solution
ULVs. Since this transformation necessarily involveswas then removed by passing the suspensions through a Sephadex G-2
opening of bilayers to allow release of internal lamellae,co!umn: typically(50 pg of lipid was suspended in 2 ml of a 0.185
such openings, limited to temperatures near T*, would\2C! solution at pH 7.3, buffered with 10MHEPES.

lead Keni f icl Bil K Fluorescence was measured with a SLM 500C spectrofluorimeter
ead to a weakening of vesicle structure. Bilayer wea “(SLM Instruments), excitation wavelength 492 nm, the excimer emis-

ening on exposure to varying shear stress is quantified agon was monitored at 520 nm. A dilution factor of approximatel§ 10

the bilayer rupture threshold;, the applied shear at on release of all the trapped dye was estimated. This instrument can
which bilayers become “leaky”. The release of a readily measure 1% of this concentration. Thus, very small leaks due
marker from intravesicular agueous spaces is a sensitivé the applied shear could be detected. The total amount of trapped dye
indicator of bilayer rupture (Ginsberg, 1978). For this Was mgasured by adding a _sqlution of a nonionic surfactant to the_
study we used a fluorescent probe, initiaIIy tl,‘,:lppeddspersmn to release all remaining trapped dye at the end of an experi-

L . . -~ ment. In no case did the amount of dye leakage exceed 50% of the
within MLVs at self-quenching concentrations (Wein- amount initially present. All fluorescence measurements were con-

stein, et al. 1977; Chen & Knutson, 1988). When MLVS trolled by computer software developed for specific timed sequences.

rupture, dye in the interlamellar aqueous spaces enteiGonstant temperature control (+0.2°C) was maintained by Peltier mod-

the external solution, becomes diluted and fluoresces. ules attached to the cuvette holder of the instrument. All procedures
The bilayer rupture threshold was measured for li-were routinely_ performed under nitrogen to minimize decomposition

posome suspensions of dimyristoylphosphatidylcholing®y ©x9en of lipids from natural sources.

(DMPC) and egg lecithin (EggPC), materials with T*

values preViOUSly determined by equilibrium methOdS.MEASUREMENT OF THEBILAYER RUPTURE

We show that bilayer weakening occurs, but that it iSTpresHoLD, T,

restricted to temperatures close to T*. An analysis of

bilayer weakening in MLVs as a characteristic propertyApplication of a shearing force to vesicles with simultaneous monitor-

of the MLV-ULV transformation is presented, and we ing of fluorescence was achieved by suspending a rotating disk in a

show that the process directly mirrors the formation”pid dispersion within a cuvetteseeFig. 1a). In general, the shear

of the unilamellar state in the air-water surface at T* stressr generated by a rotating disk in a fluid (Dorfman, 1963) depends
) ?n the viscosity of the fluidy, disk radiusR, and angular velocity as

The shear stress technique is applied to the lipids o
various membranes, where it is again demonstrated that_ ,r./s @
™ = Tp.
wheres is the minimum spacing between the edge of the disk and the
wall of the cuvette. Preliminary studies with DMPC dispersions using
Materials and Methods a nominal spacing fos of .05 cm indicated that bilayer rupture could
not be achieved unless disk speeds exceedédREM. Such shear
Suspensions of MLVs were prepared from DMPC, EggPC (both fromstresses could be attained, but they were accompanied by an unaccept
Avanti Polar Lipids, Alabaster, AL; purity >99%, used without further able increase in temperature of about 5-10°C. We chose instead to
purification) and total lipid extracts of biological membranes (human increase the viscosity of the medium, thereby loweringy introduc-
and rabbit erythrocytes, rabbit and rat central nervous system), obtaineithg small glass beads of known dimensions into the dispersion.
as described previously (Gershfeld, 1986; Ginsberg et al., 1991). The  Beads disturb the laminar flow of fluids and create small eddy
currents whose scale of motion is of the order of the bead radidis
effective eddy viscosity develops that is greater than the viscosity of the
—_— dispersing fluid (Levich, 1962). From Eq. (1) the increase in viscosity
sarily in the same state. This suggests that membrane assembly mayill reduce the angular velocity necessary to produce a given shear.
occur by an equilibrium process that initially yields a bilayer with lipids The eddy viscosityy, ORwr, (Levich, 1962) when substituted into Eq.
symmetrically distributed but metabolic processes are present whiclfl) gives the dependence of shear stress on bead size as:
redistribute the lipids across the bilayer without any overall composi-
tional modifications. It is of interest to note therefore that in red blood T Orw? )
cells (Seigneuret & Devaux, 1984; Zachowski et al., 1986) and platelet
plasma membranes (Suegal., 1987) it has been demonstrated that the This relation was tested using glass beads and meastyrfagDMPC
asymmetric lipid distribution is maintained by metabolism; a slow re- vesicles. With 215 and 11pm diameter glass beads bilayer rupture
laxation of the lipid composition towards a symmetrical, equilibrium occurred at values ab equal to 1.21 x 1®and 1.67 x 18 rad/sec,
distribution across the membrane has been noted when metabolism igspectively, for the same dispersion of DMPC. From equationu2)
disengaged (Seigneuret & Devaux, 1984; Williamson et al., 1992; Wil-is constant, and therefore is independent of the hydrodynamic con-
son, Richter-Lowney & Daleke, 1993). ditions of the experiment. Additional evidence that the intrinsic me-
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Fig. 1. (a) Experimental chamber for monitoring the influence of shearing force on lipid dispersions. A stainless steel rotating disk was susper
in the middle of a disposable cuvette from a small DC motor (MicroMo Electronics). All fluorescence measurements were performed in
atmosphere of nitrogen, the housing support of the stirring motor being constructed to fit snugly into the top of the cuvette thereby providir
gastight seal. To avoid scattering of the incident spectrofluorimeter beam by the disk and the supporting shaft, the cuvette was masked so the
the dispersion below the disk was illuminated. The disk radius was 0.45 cm, chosen to fit cuvettes with a cross-sectional aréa (b) 1 cm
Fluorescence readings F for a typical vesicle suspension (EggPC) plysni2bass beads (Applied Science Laboratosgg text after stirring

at a selected disk speed for 30 sec. Fluorescence intensity was monitored every 15 sec for 15 readings in total. It decreased rapidly with tir
the first five readings due to settling of the beads, followed by a more gradual decline primarily due to the rising of small gas bubbles which f
due to rotation of the disk. The last five readings were averaged to give a value which reflected dye that had leaked from vesicles into the sol
due to the applied shear stress, plus a minor contribution from partially quenched dye in the interlamellar spaces of vesicles. We have confi
that dye leakage has occurred by centrifuging the shear stressed dispersion and measuring the fluorescence of the sgjpdesgarenient of

7, for dye leakage from vesicles. The experiment in Figwhs repeated at varying disk velocityand final fluorescence intensiti€splotted as

a function ofw. Little change in dye leakage was observed until the disk speed reached a value where the rupture threshold was exceeded, whel
increasing speeds yielded increasing leakage of dye. The bilayer rupture thresivalsl characteristic of each lipid dispersion and temperature;
T, measurements were reproducible to +3%.

chanical properties of the vesicles are unaffected by the presence of thebtained by increasing the disk speed until the minimum velocity to
beads is provided in Fig.l2(see beloy The majority of the studies produce dye leakage from vesicles was reached (FBigntic).

were performed with 215um beads because the angular velocities

required to exceed, were then in the most reproducible region of the

DC motor driving the disk, and were low enough that the temperatureResuylts

near the disk rose less than 0.2°C. In general, we apply the shearing

force for intermittent periods of 30 sec to minimize any temperature

rise. Figure Za andb shows the influence of temperature gn

By varying o, the relative influence of shear stress on a lipid for EQQPC and DMPC, respectively. For both lipids the
dispersion could be examined. The bilayer rupture thresholdas  bilayer rupture threshold decreases over a narrow tem-
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Fig. 2. Influence of temperature on the mechanical properties of EQgPC and DMPC vesi@desll)) Shear rupture threshotq for EggPC and
DMPC vesicles, respectively; glass beads si®#: 215 um, (M) 115 um. (c andd) Temperature scanning procedure for measuring T* of EggPC
and DMPC, respectively. Fluorescence intensitys. temperaturesee text for details.

perature interval beginning at 1-3°C below T*. At T*, a Gershfeld, 1985; Gershfeld; 1989 Gershfeld et al.,
minimum 7, is reached, approximately 25% lower than 1993). The minimumr, is reached at T*, where the
that outside this narrow temperature interval. The detransformation to the unilamellar state is completed.
crease inr, at T* is similar for DMPC and EggPC prob- When temperatures exceed T*, the bilayer rupture
ably because at T* all bilayers are in the liquid crystalline threshold characteristic of MLVs is recovered.
state, (Gershfeld, 19&%) with similar mechanical prop- The unique mechanical properties of bilayers at T*
erties. Values of T* for these lipids have previously were further demonstrated by measurements of dye leak-
been determined by equilibrium methods—DMPC: 29°Cage upon extended application of a constant shear stres
(Tajima & Gershfeld, 1985; Gershfeld et al., 1993); at temperatures in the region near T* (Fig. 3). For all
EggPC: 25°C,npublished data Data for DMPC were temperatures apart from T* itself, leakage of dye reaches
obtained using 215 and 14b6m beads. The same rela- a limit independent of the time the shearing force is
tionship between, and T* was observed, indicating that applied. Thus, at T= 28.3° and 28.8° immediately be-
these properties are characteristic of the lipid and indelow T*, and 29.4°C, just above T*, fluorescence in-
pendent of the hydrodynamic conditions of the experi-creased 3-5% with 1 min of the applied shear stress, and
ment. remained unchanged with further application of the con-
Thus, for both EggPC and DMPC bilayer weaken- stant shear stress. However, at T* dye leakage continues
ing, as evidenced by a fall in rupture threshold, is re-without approaching any apparent limit on each applica-
stricted to the temperature interval of the MLV-ULV tion of the shear stress. For temperatures outside the
transformation predicted from equilibrium thermody- critical region this applied shear stress did not affect dye
namic studies (Gershfeld & Tajima, 1979; Tajima & leakage.
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Fig. 3. Effect of continuous application of shear
0.32 stress on fluorescence intenskyof a DMPC
dispersion in the critical region near T* 29°C.
A constant shearing force, slightly less than the
bilayer rupture threshold at a temperature outside
the critical temperature range, was applied for
repeated discrete periods of 30 sec (to a total of
5-6 min). At T* leakage continued upon each
application of the shear stress; the solid line was
calculated by linear regression,= 0.967, For T
= 28.3° and 28.8°C, immediately below T*, and
29.4°C, just above T*,data not showpa small
(B-5%) increase in fluorescence was observed for
the first minute of applied shear. After this initial
period of applied stress dye leakage reached a
limit, within the experimental error of our
measurement, and remained constant independent
0.25 ' ' ' : ' of the time stress was applied. At temperatures

0 1 2 3 4 5 6  below and above the critical region the applied
shear stress had insignificant effect on dye leakage
TIME, MIN (seeFig. 2d).
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As values of T* previously determined by equilib- probably reflects the wider distribution of lipid compo-
rium methods for DMPC and for EggPC agree with thenents. However, the general characteristics of the phe-
present studies, the mechanical approach was adapteditomenon are essentially the same in all cases, with a
provide a rapid temperature scanning procedure for measharply defined transformation exhibited at T*. The val-
suring T* (Fig. 2 andd). At atemperature where MLVs ues of T* for all five biological membranes obtained by
normally form, i.e., either below or above T* for the lipid this method are presented in the Table and compared
in question, a constant value for the applied shear wawith the physiological temperatures Tp of the source
chosen that was just below for the dispersion. The tissues.
temperature was scanned over the entire interval encom-
passing T*. By applying bursts of this shear force atpiscyssion
each temperature, T* was identified, as dye leakage only
occurred at temperatures near it. A stress applied for Bince T* is unaffected by the shearing force, the molecu-
min (two 30-sec bursts) was sufficient to indicate wheth-lar processes underlying the formation of the critical
er vesicles were leaky at each temperatgee(alsd=ig.  unilamellar state are also unaffected; the applied shear
3). For both DMPC and EggPC leak is detected at thesimply accelerates the processes that normally occur
lowest temperature where bilayers begin to weaken dugrhen MLVs are transformed to ULVs. What are these
to the process of transformation to ULVs. With increas-processes? Within the narrow temperature interval near
ing temperature, vesicle leakage induced by shear stre§s, where bilayer weakening occurs, each 30-sec burst
continues until T* is reached. At temperatures exceedof shear can release approximately 5% of the total
ing T* dye leakage is diminished significantly becauseamount of dye in the interlamellar space (Fig.ahdd).
the processes that lead to formation of ULVs are nowDye loss to this extent is consistent with our initial prem-
absent. In the absence of applied shear only relativelyse that the MLV-ULV transformation must involve
trivial amounts of dye leakage may be observed (1-2%bpening of bilayers to permit release of internal lamellae.
hr), in agreement with other studies in which this dyeAs only a limited amount of dye is released at each of
was used to monitor bilayer leakage (Weinstein et al.these temperatures below T*, bilayer opening may be
1977). regarded as a stochastic process in which only a certain

To demonstrate that the shear stress method for dggopulation of lipid molecules has sufficient energy to
termining T* is equally applicable to the more complex form these openings. As T* is approached, this popula-
lipid mixtures in cell membranes, dispersions of the totaltion of molecules increases. At T*, where dye loss from
lipid extracts from five different tissues were prepared.MLVs appears to continue unabated (Fig. 3), the entire
All the samples gave similar results, and the completepopulation of molecules can participate in the transfor-
temperature scans for two of them are presented in Fignation to ULVs, and bilayer opening will continue as
4. In each case the temperature range for the transfoteng as the shear stress is applied or until completion of
mation from MLVs to ULVs is about 3-5 degrees. This the transformation. WheT > T* the equilibrium state is
is somewhat larger than the corresponding range obence more the MLV, and the bilayer opening process is
served with DMPC and EggPC (Figc2and d), and absent.
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Support for these conclusions is provided by recentir, the outermost bilayer of this portion of the liposome
calorimetric studies. According to the heat capacitywill be subjected to a Laplace pressure that is a function
(Cp)-temperature phase diagram for DMPC, a continuunof the curvature and surface tension at each of its sur-
of MLV states exists in a narrow temperature intervalfaces: hydrated bilayer/air for the external and hydrated
approaching T*; once T* is reached only ULVs are pre- bilayer/water for the internal surface. The surface ten-
sent (Gershfeld et al., 1993). This anomaly in Cp paralsion vy for the exterior is(I70 dynes/cm, and for the
lels the narrow temperature interval of bilayer weakeninginterior surfacey = 0 (Gruen & Wolfe, 1982). The por-
as indicated by the decreaserjn The finite limit to dye  tion of the outermost bilayer of the liposome that is still
loss at temperatures just below T* is to be expectedmmersed in water will havey = 0. In the interface a
within this framework i.e., if the bilayer is in a unique pressure difference will therefore exist across the line of
state at each of these temperatures. Only at T* does dyeontact of the liposome particle with the air/water sur-
release continue apparently ceaselessly, the transforméce and act to shear the outermost bilayer along the line
tion from MLVs proceeding until all bilayers are unila- of contact. The outermost bilayer would be severed if
mellar. this shearing force is greater than the cohesive forces

Bilayer weakening offers a possible explanation forwithin the bilayer; the severed bilayer fragment would
how a bilayer might form in the air/water surface at T*. then be free to spread on the air-water surface. Since the
For poorly soluble phospholipid dispersions transport ofLaplace pressure across a bilayer at an air-water surface
lipid to the air/water surface is primarily from liposomes should be present at all temperatures, only because bi-
which enter the interface by Brownian motion. If a por- layer weakening has occurred at T* does the interface
tion of a liposome patrticle in the interface is exposed toshear mechanism come into effect.
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Table. Comparison of critical temperature, T*, for total lipid extracts specific processes in membranes will be subjects of fur-
from normal biomembranes with physiological temperature of thetnear study.
original membrane, Tp

Membrane lipid source  T* °C  Tp°C We thank G. Melvin, W.F. Stevens, Jr. and T. Talbot for their technical
assistance.

Human red blood cells  37.2 37.0
Rabbit red blood cells 39.0 38.6—40.1 (Kozma et al., 13974)

Rabbit cerebellum 394
Rat spinal cord 39.0 35.8-37.6 (Bivin et al., 1979) References
Rat cerebrum 40.0 38.4-39.0 (Obermeyer et al.,
1991¥ Bivin, W.S., Crawford, M.P., Brewer, N.RIn: The Laboratory Rat,
Vol. 1 (H.J. Baker, J.R. Lindsey and S.H. Weisbroth, editors. p. 81.
T* measurements were reproducil®.2°C. No attempt was made to Academic Press, New York, 1979

separate the different types of membrane present in the neural tissu&hen, R.F., Knutson, J.R. 1988. Mechanism of fluorescence concen-
studied. T* for a mixture of the total lipids from all the membranes in tration quenching of carboxyfluorescein in liposomes: energy trans-
a tissue will, in principle, equal values obtained for extracts from each  fer to nonfluorescent dimeré&nal. Biochem172:61-77

individual membrane present (Gershfeld, 18988insberg etal., 1991).  porfman, L.A. 1963. Hydrodynamic Resistance and the Heat Loss of
*Tp values listed are?rectal temperatures, arfiypothalamic tem- Rotating Solids. Oliver and Boyd, Ltd. Edinburgh

peratures. Gershfeld, N.L. 1986. Phospholipid surface bilayers at the air-water

interface. lll. Relation between surface bilayer formation and lipid
bilayer assembly in cell membrandiophys. J50:457-461
Gershfeld, N.L. 1988. The critical unilamellar state: a perspective for

This model for surface bilaver formation also ex membrane bilayer assembBiochim. Biophys. Act888:335-350
y Gershfeld, N.L. 1988. Spontaneous assembly of a phospholipid bi-

plalns Wh_y th? critical umlamel_lar_ state forms_ mUCh_ layer as a critical phenomenon: Influence of temperature, compo-
more rapidly in the surface (within several minutes;  iton and physical state. Phys. Chem93:5256-5261

Tajima & Gershfeld, 1985) compared to its rate of for- gerghreid, N.L., Mudd, C.P., Tajima, K., Berger, R.L. 1993. Critical
mation in the dispersion (many days; Gershfeld et a.|-, temperature for unilamellar vesicle formation in dimyristoylphos-
1993) where the surface forces are absent. Accelerating phatidylcholine dispersions from specific heat measurem@its.

the rate of the topological transformation to ULVs will,  phys. J.65:1174-1179
however, occur in the suspension when a shearing stresershfeld, N.L., Tajima, K. 1979. Spontaneous formation of lecithin
is imposed by the rotating disk. bilayers at the air-water surfacature 279:708-709

The thermodynamic properties of the lipids at T* Ginsberg, L. 1978. Does €acause fusion or lysis of unilamellar
have shown that the surface bilayer and the critical unila- Vesicles™Nature275758-760
mellar state of the dispersion are equivalent structure§insberg, L., Gershfeld, N.L. 1985. Phospholipid surface bilayers at
(Gershfeld, 1989). Our shear stress studies provide in- the :?ur-wate'r interface II._Water_permeablllt)./ of dimyristoylphos-
dependent evidence that the critical unilamellar state in inZE:trsy:_Ch(ZI;IiTsefturST_e kg::’:r::zp%’i Jl':;'fl;;znlzrane bilayer
the surface is a mamfeStatlc.m of processes WhICh. OCCU? assen%bly’ in neurél tiSSl’Je of rat anél squid as a critical phenomenon:
spontaneously in the bulk dlsperS|on. The formation of influence of temperature and membrane protethsMembrane
the critical bilayer state in the air-water surface is likely  Biol. 11965-73
to be accelerated by surface forces. In the bulk dispergryen, b.w.R., Wolfe, J. 1982. Lateral tensions and pressures in mem-
sion, the MLV-ULV transformation in the absence of  branes and lipid monolayerBiochim. Biophys. Act&88:572-580
these surface forces is extremely slow; given sufficientcozma, C., Macklin, W., Cummins, L.M., Mauer, R: The Biology
time at T*, the same unilamellar state would form. of the Laboratory Rabbit. S.H. Weisbroth, R.E. Flatt and A.L.

That bilayer weakening occurs only within a narrow  Kraus, editors. p. 58. Academic Press, New York, 1974
temperature range around T* provides further evidenceevich, V.G. 1962. Physicochemical Hydrodynamics (Prentice-Hall,
that a unique configuration of bilayer lipids exists thatis  Englewood Cliffs, NJ) p. 20 ff and equation (4.19)
manifested in the unilamellar state at T*. Since theseObermeyer, W., Bergmann, B.M., Rechtschaffen, A. 1991. Sleep de-
conditions occur at a singularity in temperature, exhibit a priyation in the rat: XIV. Comparison of waking hypothalamic and
heat capacity anomaly, and a slowing-down of the MLY-  Pe'itoneal temperatureSleepl4:285-293 S
ULV transformation (Gershfeld et al., 1993) all charac- Se|gne_uret, M.,_ Devaux, P.F. 1984: ATP_-dependent asymmetric distri-
teristics of a critical point (Sengers, 1994), we have con- bution of spin-labeled phospholipids in the erythrocyte membrane:

. relation to shape changeBroc. Natl. Acad. Sci. US81:3751~
cluded that the unilamellar state at T* and the membrane 755 P ’

bilayer are critical States,‘ Although we do not _as y(atSengers, J.V. 1994. Effects of critical fluctuations on the thermody-
have a molecular description, bilayer weakening re-  namic and transport properties of supercritical fluitfs. Super-
stricted to the narrow temperature region of T* is a re-  critical Fluids. E. Kiran and J.M.H. Levelt Sengers, editors. pp.
flection of the uniqueness of the molecular interactions 231-271. Kluwer Academic, Netherlands

in the critical bilayer state. How these interactions affectSurie A., Bette-Bobillo, P., Bienvetey A., Fellmann, P., Devaux, P.F.
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induces a loss of phospholipid asymmetry in human erythrocytes

1987. Selective outside-inside translocation of aminophospholipids

in human plateletsBiochemistry26:2972-2978 Biochemistry32:11302-11310
Tajima, K., Gershfeld, N.L. 1985. Phospholipid surface bilayers at theWeinstein, J.N., Yoshikami, S., Henkart, P., Blumenthal, R., Hagins,
air-water interface. . Thermodynamic propertidiophys. J. W.A. 1977. Liposome-cell interaction: transfer and intracellular

47:203-209 release of a trapped fluorescent mark&ciencel95:489—-492
Williamson, P., Kulick, A., Zachowski, A., Schlegel, R.A., Devaux, Zachowski, A., Favre, E., Cribier, S., Hérve., Devaux, P.F. 1986.

P.F. 1992. C# induces transbilayer redistribution of all major Outside-inside translocation of aminophospholipids in the human

phospholipids in human erythrocyteBiochemistry31:6355-6360 erythrocyte membrane is mediated by a specific enzBrachem-
Wilson, J.W., Richter-Lowney, K., Daleke, D.L. 1993. Hyperglycemia istry 25:2585-2590



