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ABSTRACT The fluorescent phospholipid 1-acyl-2-[12-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)aminododecanoyl]phospha-
tidylcholine (NBD-phosphatidylcholine) and the corresponding
aminophospholipid derivatives (NBD-phosphatidylethanol-
amine and NBD-phosphatidylserine) were introduced in the
human erythrocyte membrane by a nonspecific phospholipid
exchange protein purified from corn. The lateral mobility of the
fluorescent phospholipids was measured by using an extension
of the classical photobleaching recovery technique that takes
advantage of a modulated fringe pattern and provides a high
sensitivity. In intact erythrocytes and in ghosts resealed in the
presence of ATP, the fluorescence-contrast curves after
photobleaching decayed biexponentially corresponding to two
lateral diffusion constants. With NBD-phosphatidylcholine,
the majority of the signal corresponded to a "slow" component
(1.08 x 10-9 cm2/sec at 20°C), whereas with the amino
derivatives the majority of the signal corresponded to a "fast"
component (5.14 x 10-9 cm2/sec at 20°C). If the ghosts were
resealed without ATP, the fast component of the aminophos-
pholipids disappeared. We interpret these results as follows: (i)
Provided the cells or the ghosts contain ATP, the three
fluorescent phospholipids distribute spontaneously between
inner and outer leaflets as endogenous phospholipids, namely
NBD-phosphatidylcholine is located in the outer leaflet, while
both aminophospholipids are preferentially located in the inner
leaflet. (ii) The viscosity of the inner leaflet of human eryth-
rocyte membranes is lower than that of the outer leaflet.

ESR as well as fluorescence techniques have been used to
assess the physical properties of the erythrocyte membrane.
Several independent workers have suggested that the outer
monolayer has a higher viscosity (1-3). However, the fluo-
rescence polarization experiments by Schachter et al. (4)
suggested a lower viscosity of the outer monolayer. Photo-
bleaching experiments in turkey erythrocytes by Henis et al. (5)
indicated identical lipid diffusibility in both layers below 24°C
and higher lipid diffusibility in the external layer above 30°C.
However, the same group reported a higher lipid diffusibility in
the internal monolayer of human erythrocytes at 20°C and a
higher lipid diffusibility in the external monolayer at 6°C (6).
Thus the difference in lipid "mobility" or "fluidity" between
inner and outer leaflets is still controversial.
There are several difficulties with these experiments. First,

the selective probing of the inner and outer monolayer could
introduce spurious effects. Henis and collaborators (5, 6)
attempted to compare nonpermeant probes in intact cells and
in leaky ghosts. The drawback of their method was to
compare an intact cell with a modified system and assume
arbitrarily that the membrane fluidity was not affected. An
alternative approach is to compare the results obtained with

selective probes ofthe inner or outer monolayer. In the native
erythrocyte membrane, phosphatidylcholine (PtdCho) is lo-
cated in the outer monolayer while phosphatidylethanolamine
(PtdEtn) and phosphatidylserine (PtdSer) are located mainly in
the inner monolayer (7). It was shown by several groups that
exogenous phospholipids, when introduced in the erythrocytes,
orient themselves as do endogenous phospholipids, providing
the cells contain ATP (8-10). Therefore, in the present study we
have employed fluorescent analogs of several naturally occur-
ing phospholipids to probe separately the fluidity of the inner
and the outer monolayers.
Another difficulty encountered, particularly when compar-

ing different types of experiments, is a lack of rigor in the
definition of the membrane fluidity. The mobility of a
localized probe (either a spin labeled or a fluorescent lipid)
may not reflect a macroscopic property of either membrane
half. For example the environment of a probe attached to the
head group of a phospholipid or near the methyl terminal of
an alkyl chain can be very different and yet belong to the same
monolayer. Besides, both paramagnetic and fluorescent
probes reflect simultaneously local motions and order pa-
rameters (11, 12), and it is usually rather difficult to separate
the contribution of each parameter. These restrictions do not
apply to the measurements of long range lateral diffusion as
determined by using photobleaching techniques. Indeed the
rate of diffusion of a whole molecule is determined indepen-
dently of the local wobbling of a residue.
The present article reports lateral diffusion measurements

performed with phospholipids in ghosts and in intact eryth-
rocytes. These fluorescent phospholipids have a 7-nitrobenz-
2-oxa-1,3-diazol-4-yl (NBD) group at the C12 position of the
A3 chain. They were incorporated into erythrocyte mem-
branes via a nonspecific phospholipid exchange protein (13).
The photobleaching apparatus used for this investigation is
the modulated fringe pattern photobleaching setup described
by Davoust et al. (14) and adapted to the observation of
samples under a light microscope. The high sensitivity of this
apparatus has allowed us to detect unambiguously two
components of the diffusion with aminophospholipids incor-
porated in erythrocytes or in ghosts resealed in the presence
of ATP.

MATERIALS AND METHODS
Fluorescent Phospholipids. 1-acyl-2-[12-(7-nitrobenz-2-

oxa-1,3-diazol-4-yl)aminododecanoyl]phosphatidylcholine
(NBD-PtdCho) and 1-acyl-2-[12-(7-nitrobenz-2-oxa-1,3-diazol-

Abbreviations: NBD, 7-nitrobenz-2-oxa-1,3-diazol-4-yl; PtdCho,
phosphatidylcholine; PtdEtn, phosphatidylethanolamine; PtdSer,
phosphatidylserine; NBD-PtdCho, 1-acyl-2-[12-(NBD)aminododec-
anoyl]PtdCho; NBD-PtdEtn, 1-acyl-2-[12-(NBD)aminododecanoyl]-
PtdEtn; NBD-PtdSer, 1-acyl-2-[12-(NBD)aminododecanoyl]PtdSer.
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4-yl)aminododecanoyl]phosphatidylethanolamine (NBD-
PtdEtn) were purchased from Avanti Polar (Birmingham, AL).
1-acyl-2-[12-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)aminododec-
anoyl]phosphatidylserine (NBD-PtdSer) was synthetized enzy-
matically from NBD-PtdCho by the method of Comfurius and
Zwaal (15).

Preparation of Erythrocytes and Ghosts. Human blood was
drawn from healthy donors into citrate/phosphate/dextrose
buffer, stored at 5TC, and used within 5 days. Erythrocytes
were washed five times with 145 mM NaCl/5 mM KCl/20
mM Hepes, pH 7.4 (buffer A). Pink, resealed ghosts were
prepared by the method of Schwoch and Passow (16). Pink,
resealed ghosts containing 3 mM ATP and a regenerating
system (creatine phosphate and creatine kinase) were pre-
pared as described in Seigneuret and Devaux (8). In several
experiments the final washing of ghosts and erythrocytes was
accomplished in 150 mM NaCl. In all instances, in the final
buffer, MgSO4 was avoided since Mg2" inhibited the phos-
pholipid exchange protein. Two types of leaky ghosts were
prepared: white ghosts were obtained by using the method of
Fairbanks et al. (17) that involves four extensive washings at
low ionic strength before resuspending the membranes in
isotonic buffer; pink, leaky ghosts were obtained as white
ghosts except that the four extensive washings at low ionic
strength were not included.
Membrane Labeling. Fluorescent phospholipid (5 ,g), egg

lecithin (5 Ag), and cholesterol (5 ug) were dried in a glass
tube. Then 500 ,p1 of degassed buffer A was added to the dry
lipids. The mixture was Vortex mixed and afterwards soni-
cated twice for 5 min with an Annemasse Soniflier, using a
small titanium tip. The clear suspension was centrifuged at
40,000 X g for 30 min. Incubation was then as follows: 100 ,l
of the sonicated lipids were mixed with 25 or 50 p.1 of packed
erythrocytes or ghosts, and 50 ,ul of buffer containing the
exchange protein (1.9 mg/ml). The ratio of fluorescent lipids
to endogenous lipids during incubation was thus around 1%.
The incubation lasted 10-15 min at 30°C, then the membranes
were washed with buffer A or 150 mM` NaCl by three
centrifugations at 20,000 x g in an Eppendorf centrifuge.
Two microliters of the pellet was finally deposited on a glass
plate and covered with a coverslip for light microscopic
analysis. In some experiments the lipids were extracted after
incubation and centrifugation, and the ratio of labeled lipids
to endogenous lipids was determined.
Modulated Fringe Pattern Photobleaching. The principle of

the modulated fringe pattern photobleaching has been de-
scribed by Davoust et al. (14). The present apparatus is
adapted to samples observed under a light microscope. A
detailed description can be found in Davoust (18).

Briefly, an argon laser (Spectra Physics model 164-08),
tuned to 488 nm was used as the excitation source for a
fluorescence inverted microscope (Zeiss IM 35), provided
with a home-built temperature control system based on a
nitrogen gas flow regulating the temperature of the objective
lens. A Mach-Zehnder interferometer served to split the
excitation beam into two parts: the observation beam and the
bleaching beam. The observation beam was attenuated by a
factor of approximately 103 by successive reflection and
passage through a dark filter. The bleaching beam was
normally stopped by a microprocessor-controlled electrome-
chanical shutter, which could be operated on command to
deliver a brief (25-100 msec) unattenuated bleaching pulse.
The two laser beams of unequal intensity were recombined
into a single beam. Then, they were passed through a second
interferometer constructed from a 50% beam splitter and two
mobile mirrors mounted on piezoelectric ceramic (2 kHz
modulation). The outcoming beams from the second
interferometer were recombined so as to form interference
fringes in the intermediate image plane of the microscope.
Fringes were then produced through the objective lens on the

sample. An oil-immersion objective lens with a magnification
of x63 was employed, allowing an interfringe spacing of 1 pAm
or less. The power on the sample during the bleaching pulse
was =10 mW distributed over a total area of -0.038 mm2.
Thus the total dose for a 50-msec pulse was -1.1 x 10-3
,4J/,pm2. Fluorescence emission light was collected again
through the objective lens and sent through a dichroic mirror
to the photomultiplier (Hamamatsu R1463-01). The signal
from the photomultiplier was fed to a programmable double
phase lock-in amplifer (Applications des Techniques Nou-
velles en Electronique RDS II, Orsay, France) connected to
a microcomputer (Victor Si).

This set-up enabled us to record the decay of the fluores-
cence contrast between bleached and nonbleached regions of
the sample. Data were plotted either directly or after semi-
logarithmic transformation.

Simulation of the decay curves by one or two exponentials
was performed systematically. A more elaborate analysis based
on the exponential decomposition of the decay curves without
any a priori assumption was also carried out. This latter method
will be explained in a separate paper. The final determination of
the ratio ofthe two components included a correction factor that
took into account the finite bleaching time.

RESULTS
Sonicated vesicles containing a high ratio of fluorescent
phospholipids were incubated with erythrocytes or with
ghosts in the presence of the phospholipid exchange protein.
The amount of incorporation determined by lipid extraction
after centrifugation of the membranes revealed that a maxi-
mum of 20% of the incubated fluorescent lipids were finally
associated with the erythrocytes, under our conditions of
incubation. Hence, the ratio of fluorescent lipids to
endogeneous lipids was in all instances -0.2% (-0.4% if one
assumes a selective incorporation in the outer monolayer).
More quantitative details on the incorporation of labeled
lipids in erythrocytes via the exchange protein will be
published elsewhere. In agreement with the relatively low
level of exogenous lipid incorporation, the cell morphology
did not appear to be affected by the labeling. Adhesion of the
erythrocytes to the glass plate, which is suggested by the
absence of flow, was not accompanied by a shape change, at
least during the time course of these experiments. It is
important to notice that, as a consequence, all photobleach-
ing experiments described below were carried out with
normal discocyte cells.

Fig. 1A shows a typical contrast curve obtained in a single
scan at 20'C with NBD-PtdSer in ghosts resealed in the
presence of ATP. Between 300 and 200 cells are illuminated
in one experiment. The simulated curve superimposed cor-
responds to the addition of two exponentials (see below). If
IO is the level of the signal intensity before bleaching, 'max the
maximum intensity after bleaching, and I. the level of the
plateau, then (I. - Io)/(Imax - IO) gives an indication of the
fraction of immobilized component. This fraction varied
somewhat with the sample and with the area explored on the
same microscope slide and depended upon the number of
centrifugations carried out after membrane labeling. It does
not seem to be representative of the nature of the labeled
phospholipid. Typical values were between 5 and 25%.
Curves similar to those in Fig. 1A have been obtained with

NBD-PtdEtn and NBD-PtdCho. Although similar, the curves
are not identical. They are characterized by slightly different
"apparent relaxation times." The curves displayed in Fig. 1
B and C have been obtained by the computer accumulation
of several recordings performed on the same plate or on
equivalent plates, maintained at 20TC. Fig. 1B corresponds to
ghosts resealed in the presence of ATP while Fig. 1C
corresponds to intact erythrocytes. Apart from an increase in
noise in the latter experiments, results can be considered as
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FIG. 1. Intensities of the modulated fluorescence, recorded after
photobleaching (second harmonic) with various NBD-phospholipid
derivatives in erythrocyte ghosts (A and B) and in erythrocytes (C).
(A) A single recording obtained with NBD-PtdSer in ghosts resealed
in the presence of 3 mM ATP (bleaching time, 25 msec; electronic
time constant, 10 msec; interfringe spacing, 1.67 gm; the fraction of
immobilized component, 15%). The full-line curve is a simulation
obtained with two exponentials corresponding respectively to rl =
110 msec and T2 = 650 msec; the fast component represents 85% of
the signal in this simulation. (B) Accumulated recordings of NBD-
PtdSer, NBD-PtdEtn, and NBD-PtdCho in ghosts resealed in the
presence of 3 mM ATP (bleaching time, 50 msec; time constant, 10
msec; interfringe, 1.67 ,um; number of accumulations: NBD-PtdSer,
10; NBD-PtdEtn, 17; NBD-PtdCho, 16). (C) Accumulated record-
ings in erythrocytes (number of accumulations: NBD-PtdSer, 21;
NBD-PtdEtn, 26; NBD-PtdCho, 12). The curves displayed in B and
C are normalized in such a way that Imax and I. coincide. IO is not
shown for these accumulated curves since they were obtained with
samples having a variable ratio of immobilized component.

identical in ghosts and in erythrocytes. The important finding
is that each phospholipid corresponds to a different relax-
ation time. The apparent time constant for the decrease in
intensity varies in the following order: r(NBD-PtdSer) <
r(NBD-PtdEtn) < r(NBD-PtdCho).
However, as stated before, these curves, except perhaps

for NBD-PtdCho, are not single exponentials. Fig. 2 A-C
shows the semi-logarithmic transformation of the accumu-
lated traces presented in Fig. 1B. If all curves could be fitted
by an expression of the form:

I(t) - Ix = [Imax - Ix] exp(-t/T), [1]

a straight line would be obtained in the semi-logarithmic
display. This is conceivable for NBD-PtdCho but certainly
not for NBD-PtdEtn and NBD-PtdSer. Curve fittings as
shown in Fig. 1A reveal that most decay curves can be fitted
by two exponentials. The ratio of these two components
depends upon the head group of the fluorescent phospholipid
used. Both aminophospholipids (NBD-PtdEtn and NBD-
PtdSer) give photobleaching contrast curves with a large
contribution from a fast component. The results obtained at
three different temperatures and the diffusion coefficient
values are summarized in Table 1.
According to the theory developed by Davoust et al. (14),

the diffusion coefficient D is related to the exponential decay
time constant T by the following formula:

D = i2/(27r)2r [2]
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FIG. 2. Semi-logarithmic transformation of the fluorescence
contrast curves after photobleaching obtained in ghosts. A, B, and C
correspond to the transformation of the three accumulated curves
displayed in Fig. 1B that were obtained with ghosts resealed in the
presence of ATP. A, NBD-PtdCho; B, NBD-PtdEtn; C, NBD-
PtdSer. D, NBD-PtdSer in ghosts resealed without ATP.

where i is the interfringe spacing. The values of the diffusion
coefficients shown in Table 1 correspond to the average ofmore
than 10 measurements in each case. Data with ATP-containing
ghosts and erythrocytes are compared. We found no significant
differences between the ghosts and the intact cells. Note that
the values appearing in Table 1 are unchanged if the
photobleaching experiments are carried out immediately after
the labeling step, which includes 15 min at 30TC, or ifthe labeling
is followed by a several hour incubation at 4TC.
The same series of experiments were performed with

ghosts resealed without ATP. This time the three fluorescent
phospholipids gave, as a first approximation, one compo-
nent, which corresponded to the slow component previously
determined. In other words, the fast component disappears
or is considerably reduced in the absence of ATP. This is
illustrated in Fig. 2D. The same single exponential curve was
obtained with NBD-PtdCho, NBD-PtdEtn, and NBD-PtdSer
in ghosts resealed without ATP and in erythrocytes depleted
of ATP by a several hour incubation at 370C.

Fig. 3 shows a comparison ofNBD-PtdCho incorporated in
leaky ghosts obtained either after a mild treatment (A) or after
extensive washing (B). In contrast to resealed ghosts, pink,
leaky ghosts give rise to a two-component decay curve with
NBD-PtdCho. However, with the white ghosts, i.e., with
thoroughly washed cells, the two components are barely
separable. Finally with all leaky ghosts, no difference could
be detected between NBD-PtdCho, NBD-PtdEtn, and NBD-
PtdSer (not shown).

DISCUSSION
The technique utilized in the present study was introduced by
Davoust et al. (14), as an improvement of the classical
fluorescence recovery after photobleaching (19, 20). A relat-
ed static pattern photobleaching method has been introduced
by Smith and McConnell (21) and used later by other
investigators (22). It shows some of the advantages discussed
here. The modulation existing in our system provides addi-
tional gain in sensitivity as well as very substantial improve-
ment in data analysis.
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Table 1. Lateral diffusion coefficients of fluorescent phospholipids in ghosts resealed with 3 mM
ATP and in erythrocytes

Fast Slow
Fluorescent component, component, % fast

Temp. phospholipid Membrane (cm2/sec) x 109 (cm2/sec) x 109 component

1PC NBD-PtdCho Ghosts 0.63 ± 0.07 0.14 ± 0.02 14 ± 8
RBC 0.63 ± 0.14 0.11 ± 0.02 21 ± 8

NBD-PtdSer Ghosts 0.78 ± 0.06 0.11 ± 0.01 68 ± 8
RBC 0.73 ± 0.11 0.09 ± 0.01 80 ± 8

NBD-PtdEtn Ghosts 0.53 ± 0.09 0.12 ± 0.02 60 ± 8
RBC 0.45 ± 0.09 0.11 ± 0.03 44 ± 8

200C NBD-PtdCho Ghosts 4.69 ± 0.79 1.17 ± 0.20 21 ± 10
RBC 1.09 ± 0.37 <10

NBD-PtdSer Ghosts 5.87 ± 0.58 1.07 + 0.11 80 ± 10
RBC 5.03 ± 0.84 0.91 ± 0.15 78 ± 10

NBD-PtdEtn Ghosts 4.69 ± 0.89 1.12 ± 0.21 57 ± 10
RBC 5.41 ± 1.74 1.10 ± 0.35 50 ± 10

350C NBD-PtdCho Ghosts 9.39 ± 1.64 1.90 ± 0.33 44 ± 15
RBC 8.80 ± 1.48 1.41 ± 0.25 36 ± 15

NBD-PtdSer Ghosts 7.82 ± 1.18 1.76 ± 0.27 76 ± 15
RBC 8.48 ± 1.97 1.35 ± 0.31 78 ± 15

NBD-PtdEtn Ghosts 8.80 ± 2.30 1.76 ± 0.46 60 ± 15
RBC 7.82 ± 3.12 1.68 ± 0.67 56 ± 15

RBC, erythrocytes. The uncertainties of the diffusion coefficient include the mean deviations
resulting from at least 10 decay curves plus an uncertainty related to the simulation of the curves by
two exponentials. Finally the percentage of fast component includes an estimation of the uncertainty
linked to the finite bleaching time. Note that the diffusion coefficients, at 10C, corresponding to the
"fast" component seem significantly different for PtdCho, PtdEtn, and PtdSer.

Pattern photobleaching is particularly adaptable to the
study of erythrocytes, because erythrocytes have a relatively
small size. With a spot photobleaching apparatus, only a very
small area can be illuminated which, in turn, means collecting
a low intensity of fluorescence. Averaging the noise by the
repetition of many photobleaches on the same spot of an

individual cell has been proposed as a means to improve the
signal to noise ratio (23). However, by this procedure the
same cell receives a high dose of damaging radiation. It is a

priori more efficient to average the fluorescence of several
hundred different cells, collected simultaneously by the
pattern method. Not only does this technique increase the
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FIG. 3. Semi-logarithmic transformation of the fluorescence
contrast curves after photobleaching obtained with NBD-PtdCho in
leaky ghosts. Recording conditions as in Fig. 1. A, pink, leaky ghosts;
B, white, leaky ghosts. The simulation ofA indicates the presence of
two exponentials (T -164 msec and T2 650 msec; ratio of the two
components, -50:50). B can be simulated as a single exponential
decay with X 450 msec.

signal to noise ratio without increasing the time of measure-
ment but also it permits one to average over many cells,
thereby minimizing artifacts that may be due to a particular
cell. In addition the light is distributed on a larger surface not
only because many cells share the same laser beam but also
because the fraction of the surface illuminated on each cell
can be larger than with the spot technique. The total dose
during bleaching (=1.1 x 10- AJ/,um2) is approximately 20
times lower than values used in a classical photobleaching
experiment (23).
An additional averaging can be obtained by collecting several

recordings of the same type of experiment. In practice the
accumulation of approximately 10 photobleaches on different
areas of the same plate or of related plates means a total of
approximately 2500 cells averaged within a few minutes, with a
consecutive signal to noise ratio improvement of =50-fold over
a classical photobleaching recovery experiment. That is without
considering the benefit in signal to noise ratio due to the
modulation and phase detection of the signal.
The present technique offers also significant advantages

from the viewpoint of the data analysis. The time dependence
of the intensity of the second harmonic, for a single diffusion
process, follows a single exponential law rigorously. Thus a
straightforward linearization is obtained by semi-logarithmic
transformation of the signal.

In principle, Eq. 2 is only valid when an infinite number of
fringes cover the same cell (14). Fortunately, Davoust has
shown that five or six fringes are sufficient in practice (18).
The interfringe spacings used in our experiments were
between 1.5 and 1.9 Am, which gives, with erythrocytes, a
sufficient number of fringes. Decreasing i further would imply
having very short X values and, therefore, would require
extremely short bleaching times. In fact we could never work
with a bleaching time negligible in comparison with rbecause
of sensitivity problems. This has a consequence in the
determination of the fraction of the two components (but not
in the determination of r values). It explains the relatively
high uncertainty in the determination of the percentage of fast
component (see Table 1).
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The Immobilized Fraction. The "immobilized fraction" is
often referred to as the lipids in strong interaction with
membrane proteins forming long-lived complexes. However,
we think that, at least in the experiments described in this
article, a much simpler and more likely explanation is that the
immobilized lipids are not incorporated in the erythrocyte
membranes. The immobilized fraction would correspond to
the fluorescence emitted by sonicated vesicles that adhere to
the erythrocyte membranes without actually fusing. Since the
diameter ofthese vesicles is much smaller than the interfringe
spacing, they give rise to an apparent immobile fraction. One
may ask why these vesicles still fluoresce in spite of the high
concentration of fluorescent lipids, which would normally
lead to fluorescence quenching. The following two explana-
tions are proposed: (i) the samples have been exposed to an
exchange protein that dilutes the labeled lipids, and (ii) the
bleaching beam destroys a fraction of fluorescent lipids. Both
effects should allow the sonicated vesicles to fluoresce. In
conclusion we think that these "immobilized lipids" are not
representative in any way of the lipid mobility within eryth-
rocyte membranes.

Interpretation of the Diffusion Results in Erythrocytes.
Table 1 shows that in ghosts loaded with ATP and in the
native erythrocytes, the fast diffusing component corre-
sponds to the major fluorescent fraction when using amino-
phospholipids and to a minor fraction when using the
phosphatidylcholine derivative. For each specific phospho-
lipid, the percentage of fast diffusing component is similar to
the percentage of the naturally occuring phospholipid in the
inner monolayer (7). A reasonable conclusion is that the lipid
diffusibility is high in the inner monolayer and low in the outer
monolayer. It follows that the results can be explained within
the framework of the model proposed previously by our
group, on the basis of spin label data in erythrocytes (3, 8).
The interpretation is as follows: (i) The lipids incorporated in
the sealed erythrocyte membrane either by protein-stimulat-
ed exchange or spontaneous partition, are incorporated
initially in the outer monolayer where they diffuse laterally
with a diffusion coefficient equal to 1.08 x 10-9 cm2/sec at
20'C. (ii) Provided the ghosts or the erythrocytes contain
ATP, NBD-PtdSer and, to a lesser extent, NBD-PtdEtn are
rapidly transported towards the inner layer where they
diffuse laterally with a diffusion coefficient equal to -5.14 x
10-9 cm2/sec at 20'C. (iii) As opposed to the amino deriva-
tives, NBD-PtdCho stays essentially in the outer monolayer.
In the absence of ATP all the three exogenous phospholipids
stay in the outer monolayer. (iv) With leaky ghosts, labeled
lipids distribute between both layers regardless of the nature
of the phospholipid head group and give rise to photobleach-
ing decay curves with two components. However, very
likely, extensive centrifugation and washing that are required
for the preparation of "white ghosts" are accompanied by a
redistribution of the endogenous lipids and, hence, the
asymmetry of the viscosity is lost (24).
The present data confirm our findings with spin labeled

lipids, (i) that the reorientation of the aminophospholipids in
erythrocytes is an ATP-dependent phenomenon and (ii) that
the viscosity of the inner monolayer is lower than that of the
outer monolayer in the native erythrocyte membrane.
Comparison with Other Photobleaching Results in Erythro-

cytes. The lateral mobility of fluorescent lipids in human
erythrocyte membranes has been investigated by several
groups, by using the spot photobleaching technique (23,
25-27). Different groups have used different probes as well as
different techniques of incorporation. The results range from
1.6 x 0i-9 cm2/sec to 8.2 x 10-9 cm2/sec at_20C. Bloom
and Webb (23) have discussed several pitfalls of the tech-
nique that might explain the discrepancies. The same authors
were able to compare the diffusion constants in resealed
ghosts and in intact cells (23). For this purpose they used Di

1(5) (3,3'-dioctadecyl indodicarbocyanine iodide), which is
not a phospholipid. Optical absorption due to intracellular
hemoglobin was avoided by using excitation of Di I(5) at 647
nm. The diffusion constants at 250C were found to be very
close: 8.2 x 10-9 cm2/sec for intact cells and 7.8 x 10-9
cm2/sec in resealed ghosts. Our results are in agreement, in
the sense that we find no significant difference between
resealed ghosts and intact cells.

All previous investigators have calculated a single diffusion
coefficient associated with each fluorescence recovery
curve. This is because the sensitivity and the theoretical
analysis of a spot photobleaching recovery curve do not
permit the separation of two close components. In fact the
procedures employed for the incorporation as well as the
nature of the labeled lipids suggest that in most earlier
investigations, only the external monolayer had been probed.
We have shown that only with very specific probes (such as
the PtdSer analog and in this case only if ATP is contained in
the cell) can one investigate the inner monolayer of erythro-
cytes. The present article at least qualitatively confirms the
findings of Rimon et al. (6) concerning the asymmetry of lipid
diffusibility in erythrocyte membranes at high temperature,
but does not support their statement about the inversion of
this asymmetry at low temperature. Possibly the difference is
due to their using leaky ghosts.
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